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PREFACE

For the proof of the safety and reliability of moderm aircraft with respect to the
effects of natural and induced dynamic environments peculiar to military operations
and requirements. numerous dynamic qualification test methods have been established.
It was the purpose of this Specialists' Meeting

- To review the state of the art of dynamic qualification techniques and test methods
presently applied for military aircraft and helicopters, particularly when carrying
external stores

- To exchange technical information in this field between all AGARD countries;

- To review the background and intentions of related Military Standards publications;

- To try to formulate a common basis for dynamic structural requirements and sub-
stantiation procedures.

The Specialists' Meeting revealed that considerable progress has been made on this
subject in recent years. Thus a general review is quite overdue. However, the way in which
new findings can be brought together in improved standards remained an open question
and deserves further common activities.

H.FORSCHING
Chairman, Sub-Committee on
Dynamic Environmental
Qualification Techniques
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DEVELOPMENT AND USE OF DYNAMIC QUALIFICATION
STANDARDS FOR AIR FORCE STORES

by

ALAN H. BURKHARD
Combined Environments Test Group
Wright Aeronautical Laboratories

AFWALj/FIEE Wright-Patterson AFB OH 45433

OTTO F. MAURER
Structural Vibration Branch

Wright Aeronautical Laboratories
AFWAL/FIBG Wright-Patterson AFB OH 45433

INTRODUCTION

The Cataloging and Standardization Act, (originally enacted by the U.S. Congress
in 1952), requires the achievement of the highest practicable degree in the standard-
ization of items, materials and engineering practices within the Department of Defense.
This legislation was implemented by the Department through the Defense Standardization
and Specification Program (0SF) (1] which formed the basis for the procedural process
and application of most of the presently applicable Military Specifications and
Standards. Military Specifications existed before this legislation and its implemen-
tation, however formal procedures were now available for generating, updating and
utilizing these documents.

At this point it may be the time to introduce some definitions of terms as they are
delineated in Reference 1. In this connection, a standard is described as "A document
that established engineering and technical requirements for processes, pro'cedures,
practices and methods that have been adopted as a standard. Standards may also establish
requirements for selection, application and design criteria for material". A specifi-
cation is delineated as -- "A document prepared specifically to support acquisition
which clearly and accurately describes the essential technical requirements for pur-
chased material. Procedures necessary to determine that the requirements for the P'ur-
chased material covered by the specification have been met shall be included".

The advantages of this standardization are obvious in that it leads to simplifi-
cation of the procurement, development, and production processes by fostering uniformity,
direct comparability, Interchangeability of the standardized objects and procedures and
a concomitant reduction in acquisition and maintenance costs. On the other hand,
standardization may lead to stagnation of technological progress if standards are not
continuously revised, updated or replaced or if existing standards are interpreted and
applied in a rigid manner. The latter consideration under certain conditions may even
negate some of the advantages expected from standardization. This is particularly true
with respect to acceptance and qualification testing. Recognition of this fact has
paved the way in which qualification test standards are now being perceived and utilized.

Traditionally, a procedure or test method contained in a standard was considered
the only way to accomplish the desired test. The test standards were considered the
"Tester's Bible". If it Is In the standard, It must be right or there is some valid
reason why it Is done this way.

When test standards are viewed in this manner, their procedures become dogmatic.
In this environment, common sense, cost effectiveness, and good engineering practice
are ignored and the consideration of passing the test becomes paramount. The reasons
for, or the technical objective of the test become secondary or are disregarded. The
technical discipline of test engineering becomes pejorated to selecting a curve from a
figure and conducting a test by rote.

This was the climate which still prevailed in the 1960's even though some test
standards contained abrogative statements as for example MIL-STD-810 [2] carried the
following sentence on page one:

"When it is known that the equipment will encounter conditions more severe or less
severe than the environmental levels stated herein, the test may be modified by the
equipment specification."

The obvious question is why did the qualification testing standard evolve in this
manner? To answer this question, the state-of-the-art of test techniques and procedures
has to be considered.

HISTORICAL PERSPECTIVE

Prior to 1940, environmental testing as we know It today was practically non-
existent. With World War 11 came the requirement for world wide operations under a
wide variety of environmental conditions. There were few standard procedures for
performing tests and most testing within the Army Air Corps or its successor the Air
Force wes done at Wright Field, Ohio (now called Wright-Patterson Air Force Base). As
the workload Increased, especially for qualification of new equipments, Wright Field
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began to assign tests to industry. Almost immediately, industry laboratories per-
forming tests in accordance with the multitude of military Individual equipment
specifications were faced with varying requirements for the same type test and
inconsistencies in specifying like requirements from one test program to the next 13).

The lack of uniformity in test prograwms and the lack of knowledgeable and
experienced environmental personnel In industry resulted in a need for the issuance of
written standard test methods. The test methods included in such documents were those
testlvl and techniques that seemed to accomplish their intended purpose with the
availabl tes ct equipments. War time priorities resulted in giving little consideration
if a test level or method was cost effective or caused equipments to be over-designed
for environmental effects.

A prime example is the much assaulted temperature -510C (-650 F). Worldwide weather
* does show that the probability of occurrence of surface air temperature below -51

0
C is

quite low [4]. Likewise, there is historicsl information accumulated over many years
found in cold westher testing, that if equipment could withstand and operate under
-51

0
C air temperature, it would be suitable for arctic usage.

The-keg thought is suitability for arctic usage. The arctic environment is not
always -51 and at times it can be even colder. Even so it was found that those
equipment that satisfactorily passed a -51 

0 
C laborator y test would perform adequately

in the arctic environment. Thus, the requirement for -51
0
C was stated in military

requirement documents.

Under dates of 14 and 22 March 1943, the Director of Military Requirements stated 151:

"...in the future all combat aircraft and cargo airplanes, C-60 or larger, for
the Army Air Force (AAF) will be so constructed that all parts thereof will function
normally at all temperatures down to -65 0 outside air temperature...the Material
Command would be held responsible that all such aircraft produced would be capable
of operating under extreme conditions of cold temperatures of -65

0
F..."

th us, -51 C ( -650F) was written into almost every environmental design and test
specification.

The institutionalization of this low temperature limit is typical of most environ-
mental test conditions including vibration tests. Technical judgments made under or
during war time conditions were promulgated and became the way to test. This was
natural because the test conditions were familiar to the technical community. Why
change something that works?

Unfortunately, since the technical judgments which formed the basis for environ-
mental testing were made during a war time environment, cost and technical effectiveness
of such testing were not seriously considered. The Judgments were rocused an how to
rapidly evaluate equipment items so they could be quickly deployed to the field. Cost
of testing and how much overdesign was precipitated by the selected approaches were not
seriously considered.

Another contributor to this problem is that once a test method appears in the
standard,specialized facilities are developed to perform that test. Because these
facilities exist, there is a propensity to perpetuate these test methods. Thus, there
develops an inertia to any change in teat method.

Over the past 20 years, the cost of operating and maintaining equipment in the field
has been growing to where it is an unacceptable percentage of the entire Department of
Defense budget 16, 71. Because specifications and standards were perceived as causing
poor performance, goldplating, delivery delays, or excessive costs, a study task force
examined specifications and standards (8]. It was found, that instead of a problem
with a specification per se it was misinterpretation or misapplication.

"In general, the documents contain much more flexibility than appears to be used
in practice. Most of the instances of 'excessive cost' examined by the Task Force
resulted from a failure to utilize this flexibility in a reasonable way, rather than a
fundamental problem with the specification itself."

A detailed study of one aircraft found that over 50 percent of equipment field
failures were environmentally induced by those environmental stresses included in an
environmental qualification testing program 191. Furthermore, 55 percent of the equip-
ment studied had failure modes that could be correlated with test level waivers,
deviations or complete elimination of a test.

What appeared to have occurred was a climate developed in which it was perceived
that standards were overly conservative, therefore waivers, deviations and the
elimination of requirements were routinely approved. The net result of this climate
was that testing lost credibility and many equipments were not effectively evaluated for
the real field conditions. As a result, equipment performance degraded and maintenance
costs increased. The situation became so acute during 1965-1970 that a major effort
was Initiated to understand and hopefully reduce these problems for externally carried
stores.
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EXTERNALLY CARRIED STORES

In order to approach the actual subject of this presentation, it is considered
opportune at this point to mention that there exists no unified standardization of
structural store testing, neither static nor for that matter dynamic. The main reason
for this can be found in the large diversity of devices which are summarized
under the designation of stores and which raage from fuel tanks, to bombs, airlaunched
missiles, ECM pods, dispensers, etc. Requirements for dynamic or vibration design
criteria and tests are distributed throughout several Military Specifications and
Standards. The major specifications and standards directed toward stores are given
in Reference [10] through 1131. While Reference (10] (MIL-A-8591F) is an up-to-date
documentation of general criteria applicable to the design, test and development of
airborne stores, in contrast Reference [111 (MIL-T-7378A) (USAF) which establishes
requirements for External Fuel Tanks, has been revised last in 1958 and must be con-
sidered obsolete by the technology of today, particularly in its dynamic test require-
ments. This specification, regardless of the structural dynamic properties of a tank,
required a sinusoidal vibration test to be conducted at a frequency of 2000 + 0, -6,
cycles per minute. Reference [12] (MIL-T-7743E) is a test specification for store
suspension and release equipment and the requirements of its current version converning
vibration qualification, to some extent parallels those of an older issue of Reference [2]
(MIL-STD-810). Environmental criteria for Air Launched Weapons are given in Reference [13]
(MIL-STD-1670) which is intended to provide a method for the definition of the total
service environment and its translation into design and qualification criteria. This
standard also refers frequently to MIL-STD-810 for environmental data and excitation and
vibration level calculation techniques. From the frequent citation of MIL-STD-810 in
store testing, it can be inferred that it assumes a central role in the environmental
qualification of stores. Although this test standard is basically intended for application

to military aircraft equipment only, its role appears to have expanded to include also
structural implications. This seems to be confirmed by the introductory sentence to
store vibration testing:

"This vibration test is performed to determine that the assembled store as a
system is constructed to withstand and perform in the expected dynamic environment"

However, if the store system is considered as a piece of aircraft equipment, the
structural dynamic implication is partially reconciled and the store structure for dynamic
qualification purposes can be considered separate from the aircraft. For aeroelastic
qualification, panel flutter excluded, the store still will have to be considered within
the compound of the aircraft structure. Because of this importance of MIL-STD-810 for
store qualification, the development and application of this aspect of the standard will
be discussed in the rest of this paper.

In the past, the recommended procedure for vibration testing of an assembled externally
carried aircraft store was to suspend and vibrate the entire store via its normal mounting
lugs. The vibration levels were usually specified in terms of 5 to lOG sinusoidal input.
Both resonance dwells and sinusoidal sweeps were employed [15].

This type of vibration test had the testing levels specified in terms of an input,
so it is commonly called a controlled input test. The input vibration levels are rigidly
established regardless of how the store responds. The response of the whole store at its
natural frequencies can be several times the input levels. The large amplitude of store
vibration associated with a controlled input test has caused numerous failures in the
laboratory which do not occur in the field, and vice versa [14].

A controlled input test on large stores requires the development of significant
dynamic forces for the 5 or 10G input levels. Elaborate fixtures have been built for the
express purpose of testing assembled stores to these levels [16]. The cost of these large
fixtures for a controlled input assembled store vibration test usually is prohibitive, so
only a few facilities have built such equipment.

To improve the realism in the assembled store vibration test, necessitates an under-
standing of the dynamic environment to which a store is exposed in captive flight.
Dreher, Lakin, and Tolle [14] have extensively analyzed the captive flight environment
of externally carried aircraft stores. They found that the store vibration environment
was basically random over the entire frequency range and was primarily caused by two
distinct sources -- aerodynamic effects (turbulent boundary layer, buffeting, etc.) and
aircraft motion (maneuvers, ground roughness during take-off, air gusts).

The aerodynamic effects cause random pressure fluctuations on the surface of the store.
The surface panels of the store are randomly excited but respond most at their natural
frequencies. The surface panels, in turn, excite the internal structure and equipment in
a store. Therefore, the aerodynamically induced captive flight vibration response of a
store is a function of the surface panel's acceptance of the forcing environment, mass
distribution, and the structure's mechanical impedance. Aerodynamically excited store
vibrations tend to be in the higher frequency range since the structure of a store is
driven by the store surface panels which have their natural frequencies in the higher
frequency range.

Aircraft motion excites the store through its lugs since they are the primary physical
interface between an aircraft and a store. Typical store suspension equipment tends to
have low natural frequencies so that a store is effectively isolated from the aircraft
in terms of higher frequency vibrationaL[1.
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These revelations by this extensive analysis of the captive flight vibration
response of a store resulted in the reformulation of thinking about the nature of
assembled store testing. It was concluded that the assembled store test should be in
terms of random instead of sinusoidal vibration, and another or new testing procedure
is required since all significant store vibration does not occur at those frequencies
associated with the fundamental modes of the whole store.

DUAL ENVIkONMENT TEST CRITERIA

The analysis of measured flight data clearly showed that two distinct sources of
vibration existed for externally carried aircraft stores. Thus, it was proposed that a
realistic assembled store vibration test should utilize acoustic noise for higher
frequencies of vibration and a vibration shaker for the lower frequencies [16]. This
approach was quite novel so that experimental programs were proposed to identify the
limits of this approach.

Measured captive flight data was collected on 30 different stores. This data was
analyzed to determine a prediction criteria for the store vibration environment [17].
Six of these instrumented stores were positioned in a reverberant acoustic chamber. The
acoustic chamber conditions were adjusted until the store responded in the higher
frequency range to the measured captive flight vibration environment [181.

Three of the six stores used in acoustic evaluation were used to evaluate vibration
shaker techniques for assembled store testing. Two test techniques were evaluated. One
approach was to hold and excite the store via its normal mounting lugs. The other
approach was to suspend the store by its normal mounting lugs off a low frequency
isolation system. Vibration excitation is applied via a mechanical connection to the
store at an appropriate location.

It was found that in general a vibration shaker could not practically excite the
entire frequency range of interest. Therefore, vibration shaker testing was only
recommended for simulation of a portion of the entire store vibration spectrum. To
properly control such an assembled store test, it was found desirable to use a controlled
response approach. The controlled response approach is to specify the test requirement
in terms of the level and spectrum the test item must be vibrated to rather than the level
and spectrum to be inputed to the test article.

In general, it was found that uoth acoustic and shaker vibration testing techniques
were necessary to have realistic assembled stores vibration testing [18]. The shaker
covered frequencies where an acoustic test was ineffective and vice versa. Therefore,
a dual environment test is recommended in MIL-STD-810C. This approach has been used on
several recent store programs [19, 20].

Currently, the only vibration test for localized acoustic effects is the proposed
cavity resonance test to be in MIL-STD-810D.

STORE CAVITY RESONANCE

Many stores are used as dispensers which have open cavities that are exposed to the
air stream. Such cavities can have intense acoustic standing waves which result in very
intense but highly localized acoustic noise. Extensive windtunnel and fligh, test
measurements of this phenomenon for typical store cavity conditions have been made [23, 241.
MIL-STD-810D will include a recommended test for this condition using sinusoidal acoustic
excitation.

INTERMI'TENT DYNAMIC EFFECTS

In addition to the always present flight induced store vibration,externally carried
stores can be exposed to dynamics effects that occur intermittently during flight. The
most significant of these are caused by the following sources: firing on-board guns, store
buffet, store launch, and open weapon bays. The dynamic environment caused by each source
will be discussed separately in the next few sections. In general, the method for testing
for these environments is not fully developed.

GUNFIRE INDUCED VIBRATION

The primary source of store vibration, because of the firing of on-board guns, is
the over-pressure pulses that are emitted from the front of the gun muzzle 121]. These
pulses impinge directly on the surface of the store. Thus, the relative location of the
gun and store, whether or not any other structure exists between the gun and store that
would block or attenuate these pressure pulses, and the gun characteristics are all
important factors in determining the vibration of a store caused by the firing of on-board
guns.

Measured gunfire vibration is broadband with well-defined vibration peaks which can
be related to the firing rate of the gun and the natural frequencies of the major store
structural components that Pre most sutceptible to acoustic excitation. The currently
available gunfire vihratio, orediction .ethod in MIL-STD-810D is not directly applicable
to store vibration induced . umfl- In general, the prediction method will predict a
more severe vibration condiL..,n bec se it does not take into account any potential
attenuation of the pressure ....es by aircraft wings, fuselage or adjacent stores.



STORE BUFFETING

Modern high performance aircraft have thrust-to-weight ratios greater than one so
that it is possible to sustain very high angles of attack. Also these aircraft can
establish very severe yaw conditions. These conditions can occur under maneuver and combat
which result in highly aeparated turbulent airflow around the aircraft [22]. Available
flight measurements do not show conclusively that buffet induced vibration is always
caused by the direct impingement of this highly disturbed air or indirectly by the shaking
of the store through the host aircraft.

It is hypothesized that, depending upon the maneuver and the location of the store on
the aircraft, a store could be excited both directly and indirectly during the same
captive flight. The direct impingement of separated flow would induce broadband vibration
with noticeable vibration peaks at the characteristic frequencies of the pressure
fluctuation in the air and the natural frequency of the surface structure of the store.
Indirect excitation would cause broadband vibration with noticeable vibration peak,: at
the natural frequency of the aircraft, pylon, store rack and major store~ structural
elements excited. In general, these frequencies are different. Therefore, a generalized
dynamics test needs to be developed that would cover both types of excitation.

One approach to this problem is outlined in Reference 22. This approach developed a
composite envelope of vibration peaks. This approach generally will overtest the test
item because all of the vibration peaks do not occur simultaneously during captive flight.

STORE LAUNCH

The store launch environment for a store that is not being launched can be very
significant. Consider a cluster of stores being carried on a single pylon. One of these
stores is released by an explosive charge used to eject the store away from the aircraft.
The remaining stores may experience this intense shock repeatedly until they are released.

Likewise missiles that are launched off a rail can experience intense high frequency
vibration. The missile sliding down the rail can be like drawing a bow across violin
strings. Intense vibrations can be excited that influence both the store being launched
and those remaining. These environments need to be understood and appropriate tests
developed.

STORES IN OPEN WEAPON BAYS

Stores carried in the weapon bays of an aircraft norm,1ly experience a much reduced
vibration environment when the weapon bay doors are closed as compared to externally
carried stores. However, with open bay doors, the aeroacoustic environment will be
extremely severe. The flow induce pressure oscillations which consist of discrete cavity
modes superimposed on a random turbulence pressure field under certain circumstances will
be able to cause damage or malfunction even during the short duration of the bay doors
open position [25]. In general, only the lowest frequency cavity resonances will reach
extreme spectral levels with magnitude ratios between maximum discrete tones and random
noise depending on the length to depth ratio of the weapon bay. Usually long and shallow
bays will be dominated by random noise while the deeper bays will exhibit the higher
cavity resonance pressures. Approaches to reduce these pressure oscillations during the
development of an aircraft are not always successful to the point where a completely safe
environment for the store can be generated. Tefoqulictnofa store for the

particular environment of an aircraft will be necessary. A proposed method to simulate
the oscillating pressure distribution over the stove surface for qualification purposes
was presented in [26]. This work is based on measurements of the pressure distributions
on a store located in a very shallow cavity. Further measurements of this type are required
to make this proposed approach more generally applicable.

FUTURE DIRECTION OF DYNAMIC QUALIFICATION TESTING

The trend in the Air Force store dynamic qualificat'on standards is toward a tailored
testing approach. The format of the standard will be such that the test levels cannot
easily become dogmatic. The testing standards will give guidance as to what would be a
good test but the decision will rest with the equipment acquisition community to determine
test levels and duration. The tester will have to make a mission/life analysis to identify
these parameters for each particular application [27].

This approach necessitates further updating of operational environmental information
and improvements in the capabilities to predict the environments to which the stores are
exposed and for which they have to be qualified. In addition, further refinements of test
techniques will have to evolve to render the test simulation closer to realism. Work in
these areas is presently being performed by the U.S. Air Force and Navy.

Since it has to be expected that stores qualified to the standards of one country
will be carried by aircraft of different nations, cooperation should be invited to further
commonality in the practices and procedures to which the stores are qualified.
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Summary

The need for ground testing is assumed and consideration is limited to complete stores.

Guided missiles are not specifically included but some of the arguments must apply equally to this type

of store.

The difficulties encountered in testing stores over a wide frequency band are described. This

wide frequency range has lead to vibration tests using single point excitation with an electrodynamic

shaker, to cover the low frequency regime, and tests using distributed acoustic excitation to cover the
middle and high frequency regimes. Both types of test are discussed in some detail with emphasis on the

particular difficulties encountered with large, comparatively low density thin-skinned stores.

Shortcomings inherent in the current techniques are highlighted and the validity of MIL-STD-

810C as a means of determining test levels in the absence of flight data is examined.

It is concluded that the current two part test technique is not particularly realistic when
applied to the large thin-skinned stores.

Tentative suggestions are made for a more realistic test method.

I. Introduction

Cape Warwick Limited (CWL) is an independent environmental test house supported by MOD

(PE) and has, over the past few years, been required to carry out ground vibration tests on complete,

large stores to simulate the external flight carriage environment. For stores flown on low level high

speed missions this is often the most severe environment they experience, except in the case of some

guided weapons where the air launch or powered free flight phase may be more severe.

A growing understanding of the flight carriage environment has lead to more elaborate test

procedures than those used hitherto for this purpose. Such procedures applied to large low density thin-

skinned stores of the kind currently under development raise considerable difficulties. The tests

represent a fairly radical departure from the earlier practice of qualifying the store almost entirely by

static strength tests, with separate vibration tests on internal components. A final shake of the complete

store was undertaken but this was little better than a simple ruggedness test.

The difficulties encountered with this new breed of store has prompted CWL to examine the

test procedures and the philosophy behind them more closely.

The new stores are large and complex and the internal equipment is such that it is believed

that representative testing of the complete store must be carried out as well as component and sub-

assembly testing. However the difficulties with the complete store are such that it may be pertinent to

ask whether these tests really are necessary. By analogy with aircraft practice and experience there are

arguments to suggest that they are not, at least in the form currently employed

Nevertheless, the ability to test complete stores realistically, if this could be done, has

considerable potefttial. It offers, in principle, the possibility of addressing both the structural and

functioning aspects in one test under representative conditions. Such testing may also be advantageous

in the validation of advanced mathematical modelling techniques.

However, current testing, a major Item in the store development programme, is costly, time

consuming and not particularly realistic, as this paper hopes to illustrate. Tests on the large thin-skinned

stores at CWL have been useful, and have shown up potential failures in particular cases but there is

room for improvement in several areas.



In what follows below guided weapons are not specifically included, since CWL has little
experience of these, but some of the arguments must apply equally to this type of store.

2. The external carriage environment and the implications for ground testing

The environment itself is not properly understood in detail, but the main characteristics are
generally agreed.

Store acceleration responses in this environment show broad band random and stationary
characteristics in general, with substantially gaussian amplitude distribution. The frequency range is
wide; typically from a few liz to 2500 liz or more.

Basically there are two sources of excitation; the aircraft itself, with all its associated inputs
acting through the store suspension points, and unsteady aerodynamic processes in the air flow around the
store, acting directly on, and distributed over, the surface of the store. Several mechanisms are
involved in the two sources, some common to both.

Because the aircraft structure is comparatively large and flexible with many joints the input
to the store from this source tends to be confined to the low frequency region. The aerodynamic input
is broad band but is virtually the only source of high frequency excitation.

Any ground simulation of this environment must recognise the essential nature of the two

sources; the very localised predominantly low frequency input, and the distributed broad band input
extending to high frequencies.

These arguments have lead to the adoption of a two part vibration test technique. Tests using
single point excitation with an electrodynamic shaker are intended to cover the low frequency regime and
tests using acoustic excitation, which by its nature is distributed, to cover the middle and high frequency
regimes. Note that this high frequency test is not an acoustic test as such.

For convenience the two types of test are referred to as low frequency (LF) and high

frequency (HF) respectively, although they overlap.

It is comparatively easy to excite small stores through their suspension equipment for the
LF test (though not necessarily realistic) but it becomes difficult to do this with large heavy stores
(typically 5 metres long weighing up to 1400 Kg), which require large shakers. This is particularly true
if they are required to be tested the right way up, that is with the suspension lugs on top.

Acoustic excitation for these large stores requires fairly extensive test facilities consuming
up to ' MW or so of power to raise the currently required highest input levels.

Even if appropriate facilities are available there are considerable problems in some areas.

This sets the background to the two part test technique as used at CWL to simulate the flight

carriage environment for large low density (but heavy) thin-skinned stores.

There is a lack of flight data for these stores and the only other source of information for
testing purposes is the American Standard MIL-STD-810G, 10 March 1975 which sets out a procedure
for the two-part test and a means for deriving the test levels.

3. Outline of the two part test procedure as defined by MIL-STD-810C 10 March 1975

3. 1. The low frequency (LF) test

This is covered by Method 514. 2, Procedure II B, Table 514. 2 - IV and Figure 514. 2 - 4A,
which define a controlled response test based on acceleration power spectral density. A method is

provided for determining acceleration response envelopes for each of two strong points, one at the
forward and one at the aft end of the store. This is based on the store geometry - in particular the skin
thickness and store cross-sectional radius - the number of missions and the flight conditions.

The input spectrum is set to the shape of the forward response envelope but minus 6dB, then

this basic shape is notched or peaked according to information gained on an initial low level resonance

search. This is intended to position the response peaks at the forward and aft ends of the store such that

they correspond to the derived response spectrum shapes.

There is a choice of mounting arrangements for the store. It can either be mounted directly

onto the shaker table using a suitable fixture, or suspended from a suitable structural frame. In either

case its normal mounting lugs are to be used. The shaker table fixture "shall be such that its induced

resonant frequencies are as high as possible but none below one-third of any fo frequency" (the maximum

LF test frequency). With the structural frame: 'The test setup shall be such that the rigid body modes

(translation and rotation) of vibration for the store, frame, suspension system are between 5 - 20 liz.
Vibration shall be applied to the store by means of a rod or other suitable mounting device running from
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a vibration shaker to a relatively hard structurally supported point on the surface of
the store. " Different input locations may be tried to determine a position which allows both ends of the
store to be raised to the required acceleration levels simultaneously.

Separate tests are to be carried out in the vertical and lateral directions unless it can be
shown that the specified levels in each plane can be raised simultaneously in one test,

Two test levels are required; a functioning level and an endurance level. The levels derived
are weakly dependent on number of missions to be flown N, and test time T, or, more specifically, on
(NI 3T)-.

3. 2. The high frequency (HF) Test

This is called up as additional to the low frequency test and is covered by Method 515. 2,
Procedure II, Table 515. 2-I1 and Figure 515. 2-4. It is not required if the highest frequency of the LF
test is greater than I200Hz.

This test is an acoustically excited controlled input test based on one third octave band sound
pressure level spectra.

The store is required to be mounted on a soft suspension, the natural frequency of which must
be less than 25Hz. A jet engine on an open air test s. and or in a test cell, or an acoustic chamber are
suggested as suitable noise sources, and baffles are to be provided for shaping the noise spectra to the
required profiles.

Three reference planes are defined, at 1/6, l, and 5/6 of the store length, with three micro-
phones, 1200 apart, in each plane. Each microphone must be positioned within 460 mm (18 in) of the store
surface or at one half the distance between the store and the nearest baffle surface, whichever is less.

A method is given for determining the required noise spectrum profiles at each referenct

plane, based on the store geometry, the mission profile and the flight conditions.

Two test levels are required; a functioning level and an endurance level. Again there is the
same dependence on number of missions and testing time as in the LF test.

4. The problem areas

Two particular examples of large low density thin skinned stores, and the tests carried out
on them, are used to illustrate the difficulties described in this section and they are referred to throughout,
as necessary.

Both stores have basic structures of light alloy, comprising thin skins with frames, bulkheads
and longitudinal stiffeners, similar to traditional aircraft practice. They have structure weights of
approximately one half of the total weight in each case. They are shown in outline in Fig. 1 and 2 where
overall dimensions and weights are given, and are chosen to represent two main types.

Store No. 1 is of medium size, has no fins and contains a comparatively large open cavity.

Store No. 2 is large, enclosed and has two horizontal fins. Fig. 3 to 6 show the test arrangements used
for the stores and Fig. 7 to 16 show the results obtained, including comparison with flight in some cases.
They are presented in the form of store acceleration response power spectral density plots. Only the
vertical components of the responses are given and only vertical excitation is considered in the LF tests.
This gives a very much simplified picture but, hopefully, illustrates the points adequately.

Further details on the testing of these stores and the results are given elsewhere in this
paper as necessary.

4. 1. Store support rig for the LF test

Of the two alternatives allowed by MIL-STD-810C the only practicable test arrangement for

large heavy stores is the flexible store support rig. Such a rig must provide adequate constraint to allow
coupling of the shaker to the store without damage to the shaker due to side loads. The shaker should
not support any of the store weight in the static condition. Out of plane responses should be minimised,
since, although it would be convenient to raise the required levels in both planes simultaneously in one

test this is, at best, uncontrolled,

MIL-STD-810C specifies only that the rigid body modes shall be between 5 and 20 Hz.

The rig used for store No. 1 is shown in Fig. 3 together with the frequencies. Identification

of the modes by the words 'vertical', 'lateral', 'pitch', 'roll' etc. is misleading since the mode shapes

are complex. However the behaviour of the store in each mode approximated to the descriptions given
in the figure.
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For store No. 2 the rig was designed using finite element techniques. The resulting 'X'
shaped layout evolved from the finite element work as an arrangement which allowed ad 'Justnsent of the
frequency of each mode fairly independently of the other modes. The sig is shown in Fig. 4, together
with the measured rigid body frequencies, and the shaker arrangement in Fig. 5. The descriptions of

the mode shapes given in Fig. 4 are representative of the motion at the store.

The two rigs have quite different characteristics. The spring rig has more damping than
the I-frame and it exhibits a behaviour in vertical translation (of the store) which approximates to a

I-frame rig has 47 normal modes in the frequency range 3. 5 to 680 Hz. In this analysis information for
modes above the 20th is not reliable but does give an indication of the modal density.

Rig beaiu tfrequencies above the rigid body mode values influences the excitation force
required to raise a given response in the store. In particular, if the excitation is applied close to the
store supports the force required may be comparatively large at some frequencies; sufficient in some
cases to cause unrepresentative local damage to the store. Such damage has occurred with store No. 2
though at much higher test levels than those reported here. This is a particularly difficult problem when
the store has no accessible strong points. In this case local strengthening is required to accept the input.
If this is excessive the store structure becomes unrepresentative.

The difficulty of finding the optimum position for the input, to raise the required level at both
ends of the store simultaneously, is aggravated by the lack of strong areas. Fixtures, both internal to
the store and external, had to be manufactured to allow the shaker to be attached. Under these
circumstances there is a reluctance to experiment with input position since a new fixture has to be provided
almost every time.

When local damage occurs at the input point this could be due to insufficient support of the
store structure at this point, test levels which are too high or a rig impedance which is too nigh. Under4
the pressure of time prevailing in project work it is usually not possible to decide which of these effects
is most relevant.

It is apparent that, so far as unrepresentative damage is concerned, and so long as the
excitation is applied directly to the store, the behaviour of the rig at frequencies above those of the rigid
body modes is important; as important as the necessity to keep the rigid body frequencies low.

Under these circumstances what criteria should be used for acceptable rig dynamic behaviour?
The design, manufacture and commissioning of a rig of this kind is a very significant item in the test
programme.

Regarding the requirement to test in both the vertical and lateral planes, separately, experience
with the spring and X-frame rigs has shown that the out-of-plane responses were indeed low enough to
necessitate the separate tests.

4. 2. Acoustic simulation of aerodynamic inputs

The arrangement used for the HF test is shown in Fig. 6. A large reverberant chamber was
used employing two acoustic horns driven by up to 6 electropneumnatic noise transducers. To raise the
high noise levels required by MIL-STD-810C at the store aft reference plane it was necessary, in the case
of store No. 1, to position the aft end inside the mouth of the horn. This could not be done with store No.
2 because of its length; in this case the fins were removed and the aft end positioned as near to the horn as
possible.

MIL-STD-810C suggests a jet engine on an open air test stand, or in a test cell, as a suitable
noise source. These alternatives were examined but the required high levels could not be raised in an
engine test cell, and could only be raised just inside the jet noise cone in the open air. The open air test
is inconvenient because of weather and security problems. The cost of running an engine solely for such
tests is prohibitive and consequently there is a heavy dependence on the engine running programme.

Acoustic excitation is distributed and does come closer to simulating the aerodynamic input
than is possible with a single mechanical shaker; even if the shaker has an adequate high frequency
performance. However the mechanisms involved in acoustic processes are not the same as those involved
in aerodynamic processes. The spatial correllation of the pressure fluctuations is different in each case.
In addition aerodynamic damping is generated when air flows over a vibrating body; greater than that which
is generated when the body is in stationary air. In the acoustic test the specimen is essentially in still air
so that there is no aerodynamic damping present.

These differences mean, in effect, that the acoustic field is more efficient at producing vibration
in a structure than the aerodynamic processes are. The effect is enhanced or diminished depending upon
the correlation length relative to skin panel dimensions; that is, whether or not panel resonances are
induced,
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There is evidence from tests on a thick-shell store having a sheet metal tail that fin vibration
inputs to the store are not simulated in the acoustic tests. This may be because unsteady lift is generated in
flight which cannot be present in the test, or because of the inherent symmetry of the pressure fluctuations
on each side of a thin fin in a reverberant field.

The noise levels required by MIL-STD-810C and the degree to which they were achieved are
shown in Fig. 7 for store No. 1. These were the best that could be achieved in terms of both overall sound
pressure level and spectrum shape and were on the limits of the acoustic facility used.

An estimate of the sound pressure level spectrum in an attached turbulent boundary layer,
calculated (from Ref. 1) for the aft end of the store, is shown in Fig. 7 for comparison. However it must
be remembered that the test levels are intended to encompass effects from flow separation and buffet as
well as the contribution from the attached boundary layer. In the case of store No. Z the MIL-STD-810C
levels, as such, were not used (see section 4. 3. ). The required and achieved levels for this store are
shown in Fig. 8.

4. 3. Initial derivation of test levels

Having accepted the two-part test procedure it is still necessary to determine the excitation
levels and test durations. The levels depend upon the flight conditions and the store configuration, and the
durations depend upon the purpose of the test (which involves the store mission profile) and on the
acceptability, or otherwise, of accelerated testing.

At CWL, in the absence of any directly relevant flight data for the large low density stores, it
was required that MIL-STD-810C, 10 March 1975 was used as a starting point. It was initially applied to
the testing of store No. I but several interpretations were possible. It became apparent that this store was
outside the scope of the Standard. In particular the cross-sectional shape did not readily fit the
alternatives given. It was difficult to allocate appropriate values for the number of missions and testing
time for this store, which was a development item and not representative of the final vehicle. The
dependence of the MIL-STD-810C derived levels on (N/3T)'4 caused arguments about the exchange between
test level and test time.

The minimum average store weight density allowed by MIL-STD-810C was 401b/ft3 (640 kg/rn 3 )
whereas the calculated value for store No. 1 was only 201lb/ ft3 (320 kg/in 3 ). The lower limiting value forI
the parameter t/RZ was 0. 001 in-I (0. 000039mml1) and the calculated value only 0. 0004in-I (0.000016mm- 1l)

In such cases the standard requires that the limiting values be used. Consequently there was doubt
about the validity of the levels derived from these values when the actual ones were so far out of range.

It was decided that alterations to the test levels should be made as necessary, in the light of
experience, and when flight evidence became available from the stores themselves.

The result of applying the MIL-STD-810C procedure for setting up the iput spectrum in the LF
test (section 3. 1. ) is illustrated in Fig. 9. for store No. 1. In this case there was virtually no choice
about the input location. The nose cone was removed and the exposed front bulkhead stiffened to accept
the input (Fig. 3). The mass and stiffening effect of the fixture was componsated for, to a limited degree,
by the absence of the nose cone. It is notable that in spite of the 8dB notch in the drive spectrum there
is still a strong response at the same frequency at the aft bulkhead, The input was controlled using a
closed loop digital system.

Similar arguments applied to store No. 2 but this came later in the programme when some
experience had been gained with store No. I The levels used for rtore No. 2 were derived from engineering
judgement coloured by results from earlier tests.

With store No. 2 a central excitation point was used (Fig. 5) for a comparatively low level
input, with adequate transmission to each end of the store. The input was controlled on the mean of the
responses at the forward and aft bulkheads, using the digital system.

Derivation of the noise level for use in the HF acoustically excited tests was relatively straight
forward except for the problems associated with number of missions and testing time, mentioned above.
In the case of store No. 1 the MIL-STD-SlOC derived noise spectra were used without alteration, but for
store No. 2 the spectra were modified and the levels reduced slightly.

4. 4. Validity of the tests

The realism of the tests can only be assessed by a comparison of the store acceleration
responses resulting from ground and flight tests. Such comparisons are shown in Fig. 10 to 13 for store
No. 1 and Fig. 14 to 16 for store No. 2. Only limited comparisons are available for store No. 2 due to
accelerometer failures.

The 10-4 g 2 /Ha line is reinforct-d in all figures to aid the eye in making comparisons. No
particular significance attaches to the 10-4 level; it is merely an arbitrary reference.
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In general the responses raised in the ground tests are greater than those from flight; by
orders of magnitude in some cases. Clearly the stores were overtested for the particular flights on the
aircraft used for the tests. However, this does not necessarily imply an overtest in terms of the store
development programme. Worst case test levels would be expected to be higher than average flight levels;
also the aircraft used for the test flights may have given a comparatively smooth ride. There are doubts
as to whether these flight levels can be applied to other aircraft or to different store positions on the
same aircraft.

Bearing these arguments in mind the following broad conclusions can be drawn from the
comparisons.

4.4. 1. Store No. 1

The LF regime

The ground response spectrum levels at the forward bulkhead are roughly the same as those
from flight although the shapes are not in agreement (the response is forced at this position because the
input was located there), as seen from Fig. 10. The ground test levels at the aft bulkhead rise to about
3 times the flight levels (Fig. 11). However the lug pocket levels are considerably higher than flight;
conspicuously so at the aft pocket where the ground levels are around 100 times the flight levels.

The HF regime

In general the ground response levels are the same as those in flight (Fig. 12 and 13) except
for the forward bulkhead values which are approximately 10 times the flight values. This anomalously
high level cannot be explained at present.

The spectrum shapes compare fairly well except that the sharp narrow peaks raised in flight
do not appear in the ground responses.

A possible reason for the good agreement between ground and flight responses in this case
is given in section 4. 5.

4.4.2. Store No. 2

The LF regime

The peaks in the ground test responses are of the order of 10 times the flight levels at the
bulkhead. They are up to 100 times the flight levels at the lug pockets.

There is very little similarity between the ground and flight spectrum shapes (Fig. 14 and 15).

The HF regime

The ground response levels are generally 100 times the flight 1-vels. The spectrum shapes
agree well except for the anomalous strong peak (rising to about 4g 2 /Hz at 300Hz, Fig. 16) at the forward
lug pocket, which is not apparent in the flight responses. There is a peak at this same frequency, also
at the forward lug pocket, in the LF test responses (Fig. 14).

4. 4. 3. The validity of MIL-STD-810C levels

The peak envelopes resulting from the best interpretation of this standard for the LF tests on
store No. 1 are superimposed on Fig. 10 and 11 for comparison with the flight results.

The corresponding envelopes for the LF tests on store No. 2, interpreted for 3 missions
(which gives the lowest levels) are superimposed on Fig. 14 and 15 for the same purpose.

The MIL-STD-810C levels are surprisingly close to the flight peaks for store No. 1; especially
when it is remembered that the MIL-STD-810C envelopes are intended to apply to the peaks only.

In the case of store No. 2 the MIL-STD-810C levels are an order of magnitude higher than the
flight peak levels.

The MIL-STD-810C levels for the HF test generated responses in the streamlined store (store
No. 2) which were 100 times the flight responses. Does this indicate that the standard does not properly
allow for the differences between aerodynamic and acoustic processes (outlined in section 4. 2.) or is it
that the test flights with Store No. Z were unrepresentatively smooth in this frequency range?

4. 4. 4. Some general o 4ervations on the LF tests

The acceleration responses at the lug pockets are generally very high in the LF test. This
applies to both stores and therefore both rigs.

- - -_ L _ M-- - - -
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It is notable that there is very little store response outside the test frequency range with the
spring rig (Fig. 10 and 11) whilst there is considerable response outside the test frequency range with
the X-frame rig (Fig. 14 and 15).

Furthermore the responses outside the test frequency range for store No. Z show some
similarity to the flight responses; more so than they do within the test frequency range.

The implications of these observations are not clear. The dynamic behaviour of the rigs in the
frequency range encompassing the store flexural modes should be examined.

4. 5. Cavity generated vibration

The acceleration responses from store No. I in the HF test show comparatively goodI
agreement with flight levels except that the sharp, tall flight peaks are not raised in the ground tests.
Chaplin (Ref Z) has produced evidence to show that the flight peaks are probably the result of strong
narrow band forcing from aero-acoustic processes in the cavity of the store. The conspicuous peaks in
the flight responses occur because the centre frequencies of the narrow band excitation from the cavity
are near to store structural resonance frequencies. These centre frequencies are dependent upon air-
speed to some extent. Apparent small shifts in frequency and amplitude of the flight peaks with airspeed
(not presented here) are caused by the changing nearness of the excitation centre frequencies to the store
structural resonance frequencies.

Cavity generated inputs may thus be responsible for the overall enhancement of flight response
levels, as well as for the raising of the sharp peaks.

To summarise, the flight response levels for store No. 1 are anomalously high due to the
presence of the cavity.

Broad band excitation, such as that used in the acoustically excited tests, is not as efficient
at raising flexural responses as narrow band excitation such as may be generated in the cavity during flight.
It follows, since there was good agreement between the acoustically excited and flight response levels,
that the acoustic noise levels must have been far higher than would have been required for an enclosed
store.

4. 6. Interpretation of failures during test

If a failure of the specimen occurs during test its validity and importance for design purposes
can only be determined when several questions relating to the failure have been answered.

Wi Is it a genuine failure or a faulty component? Prototypes often use re-worked brackets or
modified components and failures sometimes occur due to this.

(ii) At what time in the test did the failure occur? This will show whether there were anomalies
in the test at the time, and gives an indication of the severity of a genuine fatigue failure.

(III) Is the failure associated with a particular frequency band and if so were the test levels
anomalous in that band?

(iv) Is there a local overtesting problem?

Mv Are the test levels too high?

In practice it is often difficult to answer these questions. Some of them, by their nature,
would require a fairly extensive investigation.

These difficulties are common to all kinds of testing but are particularly relevant in the testing
of these new large stores, which is so time consuming and expensive.

4. 7. Availability of flight data

There is a body of opinion which belives that a new store should be brought to the flight stage
as early as possible and then be flown, fully instrumented, to measure the flight vibration environment,
even if the store is not fully representative of the final vehicle at this stage. However, it is suggested
that with stores of the type described in this paper, which are large and complex, a version which could
be flown very early in development would not be sufficiently representative.

Nevertheless it Is true that in the programme associated with stores I and 2 flight data came
too late to be of much use in modifying the tests to make them more realistic.

The difficulty of obtaining flight data is a genuine problem in this kind of work and reinforces
the need for realism in testing.



5. The im-plications of using current test procedures for other types of store

It may be worth pointing out some of the experience gained with a rigid thick-shell store,
since it has a bearing on some of the difficulties described,

At CWL the two part test procedure has not been applied strictly to any stores other than the
large low density thin skinned type. However, acoustically excited vibration tests have been carried out
on a thick-shell store (1000 lb class) to gain experience in the technique. In these tests, using similar
noise levels and spectrum shapes to those used for store No. 2 in the same reverberant chamnber, the
flight response levels were generally achieved, with reasonable agreement of the spectrum shapes.

In the I-F region the thick-shell shows response levels, both in ground tests and in flight,
that are about 10 times the flight values obtained with store No. 2.

Thus if MIL-.STD-810C was applied to stores having a comparatively rigid, thick-shell it
may well be more successful than it was when applied to stores 1 and 2. The transmissibility of the thick-
shell is much higher. However it is still possible that the lug pocket areas would not be representatively
tested because of the rig constraints in the Li' test. There would be much less likelihood of local over-
testing at the vibration input point but any bands which may have to be fitted around the store at this point
would modify the shell modes.

Structurally, guided weapons fall somewhere between the rigid thick-shell and the low density
stores. Small high density guided weapons may be nearer to the thick-shell type.

6. Conclusions

6. 1. The two part vibration test procedure applied to stores to simulate the external flight carriage
environment is elaborate, time consuming and costly. It is a major item in the store development
programme, but is not particularly realistic; at least in the case of the new large, low density thin-
skinned stores.

6. 2. There are potential advantages in being able to test complete stores realistically, but current
techniques are unrepresentative to the extent that specimen failures during testing are difficult to
interpret.

6. 3. The lack of realism in the current two-part test technique arises mainly from the way in
which the store is supported and the position of the vibration input in the low frequency test, and the
differences between aerodynamic and acoustic processes in the high frequency test.

Specifically, the main problem areas are:

Wi The dynamic criteria to be used in the design of the store support rig for the low frequency
test. The MIL-STD-810C criteria do not appear to be adequate.

(ii) Optimisation of the vibration input for the low frequency test; particularly if the store has no
accessible strong points.

(iii) Determination of the test levels in the absence of flight data; for both the low and high frequency
tests.

6.4. MILSTD-10Capparently gives a considerable overtest for large low density thin skinned
stores. It appears to predict reasonable levels for farily rigid thick-shell structures. In the one case

ofalarge low density store with an open cavity the flight responses were enhanced by narrow band forcing
arisng romaerdynmicprocesses in the cavity. In this case the levels derived from MIL-STD-810C
weremuchnearr totheflight values.

7. Tentative suggestions for a better approach

Although it can be argued by analogy with aircraft practice that the testing of complete stores
should not be necessary, the potential advantages of being able to do this realistically are such that it
seems worthwhile considering how better realism might be achieved.

The main area for concern is the low and middle frequency regime. Although there is
considerable excitation up to frequencies of 2500 Hz and beyond :here seems very little evidence that this
high frequency input causes design problems in general. Clearly there will be specific cases where this
is not true; for example when electrical relays, or structural skin panels have resonances in this
frequency range. However such problems should not require tests on the complete store.



Most store acceleration response spectra in the external carriage environment show, broadly,
three regimes. There is a low frequency regime extending up to about 200 Hz or so in which the
responses seem to depend on the type of aircraft, the store position on the aircraft and the flight conditions.
There is a middle frequency region in which the responses exhibit the flexural peaks associated with the
store modes, and depend on store configuration and airspeed, and a high frequency region where the
response is essentially broad band and forced, and depends mainly on airspeed.

These characteristics suggest that the low frequency responses involve store rigid body modes
on a flexible aircraft, middle frequency responses involve the store flexural modes coupled with the air-
craft modes if the store frequencies are comparatively low (stores I and 2 fall into this category), or
largely decoupled from the aircraft if the store flexural frequencies are high enough.

It follows that the large flexible stores, at least, cannot be -realistically tested without some
representation of the aircraft influence; that is the coupling between the aircraft and store modes. This
implies that even if these stores could be attached directly to a shaker by means of their suspension
equipment the tests could not be realistic.

The obvious weakness of the current low frequency test is that the vibration input is applied
to the store itself. It must be considerably more -realistic to apply the excitation to the rig, provided
the rig has suitable dynamic characteristics. If the rig could be so designed that it behaved similar to
an aircraft structure in the relevant degrees of freedom over the relevant frequency range, the store
should experience realistic inputs. But what kind of characteristics should the rig excitation have?

There is evidence to suggest, from flight tests with an instrumented rigid thick-shell store
(Ref. 3) that the contribution to the store vibration input from the aircraft engines is very small, if not
negligible. In this work the aircraft was tethered to the ground and the engines set to the thrust required
for 550 Kt. Under these Conditions the Store response levels were about one tenth of the levels recorded
in straight and level flight at the same thrust setting, (This is not entirely satisfactory because the
engines would be operating under unrealistic conditions in the tethered case, and the airframe was in
contact with the ground via its undercarriage, but it seems unlikely that the engine influence would
increase several times in flight).

These results would suggest that the important source of excitation of the aircraft in the
present context is gust type loading and low frequency atmospheric turbulence. Consequently it seems
that the advocated compliant rig should be excited with something resembling a gust -time history.

It would be a large task to design and develop such a rig; one which would have to be
approached in stages. If more than Z or 3 degrees of freedom proved to be necessary the task may be
impossible. It is suggested that a feasibility study should be carried owr.
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POSITION OF ACCELEROMETERS
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5.2 m
( 205 on)
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Figure 5
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STORES SUSPENDED FROM
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ELECTROPNEUMATIC 90.6m 3 3200ft 3 )  PLAN VIEW OF

NOISE TRANSDUCERS REVERBERANT
2 LING ALTEC TYPE CHAMBER

EPT 94. B
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REQUIRED SPECTRA ( ENDURANCE ENVELOPES FOR
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Figure 7
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120 DURING 4 HOUR RUN)

100 200 500 1000 2000

-J

j50

- . CENTRE REFERENCE

150 151

MINIMUM n, (3 MEASUREMENTS)
a3.I

120

D 100 200 500 1000 2000
0

,50 -,

140 - .. - FORWARD REFERENCE
150 151 -PANE

MINUMUM 130 - - -
-  

(6 MEASUREMENTS)

120-

100 200 500 1000 2000
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Figure 8
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10+1

GROUND TEST
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LOW FREQUENCY MECHANICALLY EXCITED TEST SPECTRA
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Figure 10
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Figure I I
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1.1

GROUND TEST
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Figure 12
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Figure 13
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PEAK RESPONSE
ENVELOPE FROM GROUND TEST
MIL-STD-810C FOR
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COMPARED WITH FLIGHT SPECTRAL
FORWARD END

Figure 14
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PEAK RESPONSE ENVELOPE
FROM MiL -STD - 8.
FOR 3 MISSIONS-
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COMPARED WITH FLIGHT SPECTRA, AFT END

Figure I 5
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PROGRES DANS L'ELABORATION
DES PROGRAMMES DESSAIS D'ENVIRONNEMENT MECANIQIJE

par

M.Coquelet
Centre d'Essais Atronautique de Toulouse

23 Ave Henri Guillamet
31056 Toulouse Cedex

France

Les 6quipements earonautiques, qu'ils sojent placfs bans des charges extbrieures ou dens

touts autre partie de l'aviol, sont soumis aux vibrations d'ambiance cr66es par is vol ( engendr~es par
lee moteurs, par learodynamique ou par i'uitilisation des armements

5e pose alors .' Iling~nisur concepteur de syst?!e ls probl~me be Ia qualification be ec

6quipements vis-a-vis be ces contraintes vibratoires

- Quelie proc6dure be qualification appliquer ?

- Quelle s~vtrit6 adopter pour " couvrir " l'uitilisation be I'6aouipemsnt

1)Les normes d'essais be vibration d'6puipements

La r~ponse aus questions postes plus haut peut se chercee bans uns certaine exp~rience

issue du passe et qui est concentr~e clans certainee normes ou documents bont les principaux sort lee

suivants:

-MIL-STIJ-BlO B, 6labor6e sue USA en 1967 et bont sort issues en grande partie les normes

frangalses AIR AI04 11972) et F.A.M-T-13 f1979).

- G 100 britannique 6labor~s en 1969.

-MIL-STD-B10 C 6labor~s aux USA en 1975 et qui introbuit de nouvelles m~thodee bl'#Iatora-

tion du spectre vibratoire fond~es Sur uine analyse des tacteure be bimensionnetent, en

particulier pour lee charges ext~rieuree.

- t14A/1016lA (ref.3). Ce document a 6t6 6labor6 cur une base internationale et donne des

critt'res be s~vtrit6 pour iss avione civils.

Devant Ilabonbance be cette documentation, on pourrait penser que tout a BAAt nit et 'Bcrit

et q.,' . parafl bifficile be progresser blans is domains be l'ac[1lioration des conditions be cualifica-

tion bee ;quipemente.

11 est B porter au crB-bit des r~dacteure des normes qu'ite ajent eu la eageese be tojiours

er ciser gus eel tee-ci n'B~taient qu'un guide et qoe " scii 6tait (3tabli gun l'(guipement 6tait soumys

B) ,n environmememt eetimtB diff,,rent be celi irdiqs blans Ia norme. ii 'ta>t prif~frable de is predn

e" compte "

0- r'erqo it bomc lee I itee imi ret s s documents :i Is dummen t .me in
t
'e V-'(ra le des

-iveaja die vibiration auxquele or- peut s'atedre 'sais me peuvert prtemure ccvrii avc rrtcisscn

toutes lee confijuratione b'installation d'un 'guipement sur n'importe quel aviom.

C'est ainsi gu'uin 
t
guipement qualifaB, selon une Certaine moIMe peot Vem~telleMemt 8tre 8I-

mensborne be faion insutfisante, o I I'inverse @tre artifcillememt hambicapA di pint be -ue poios

oi cou.

La prise be conscience be met btat be fail en France a co'-duit 1--s ibdustnies et lee ald"I-

mistratione eoimp,,tentee I entreprendre dei)s rateqoriec d'action:

-Amt!liorer Is qualit6 des normes, en approfondiesant Ies mritirsee die C"mix 1 (I,vit

Lette action veut 8tre men~te sur Line base internaitiomale.

.in bonner lee moyene be mesurer, guand cela est nicsssaire, l'e-vironnement vitratoire

rtel h I'eiplacement d'un 6qoipement, afin d'en tirer tin, prxaiime d'eessai plus ir.allste.

La premii're parti de e cette rconff;rence tra itera donm ties niru'S 5VI
t 

tt)I'ies eI

vi, la crmparaisnn aver lee moirm OU documents.

1-a semcnnde pirtie espnsera in point o. n eUt isr18 rtin m.rtmn .~t.I.

ratioin ties nnrmee.
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20) Mesures vibratuires relev~es en vol

En 1976i, i a tBt cr66; en France une banque de oonn6es oss enregastrements vibratoires re-
lev~s sur avian. La gestion de catte banque a ist6 corfa~e au Centre d'Essais A6.ronau'vqje dsecl~e
qul seLffurce de reeweillir:

- les donn, es cnsponxbles sur ins avic'rs d'ttat fra-,ais

- Las IDInPe5 qua psuvent 1.1 apporter les cosstructeurs

L'ensemole dle ces informations sont contenues dans divers ooc~.ments q-. couvre-t ins a'rc-

nefs les plu5 variss, teis gue:

- A 300 14, Laravelle, Nord 2nG

- Ces'a 41 1

- Nord '5Ul et Transali

- Mirage F1, Jaguar, Aiphajet, Mirage HII, Mirage IV/

- Mirage 20010.

Les planches n
01 

6 9 pr~sentent guelgues r~sultats typigjes contenus dans cet'e bano~e de
donn6es

- Plancne nQl A 300 - Pylone central

- Plancne n12 C160-Transail - Plarcher de soute

- Planche n'3 N2501 - Moteur droit

- Blanche n
0
4 Caravelle - B~ti d'essai en cabine

- Planche n
0
5 M4irage III - Mesures sur r~acteur

- Plancne n16 Mirage F1 - Soute radio arrilre

- Planche n
0
7 AiphaJet - Radio sonde

- Blanche n
0
8 Mirage 2000 - flonio

- Blanche n
0
9 Mirage Fl avec charge ventrals - Attache avant

Les planches or(,ssnt6ss montrent qifune synth~se g6n6rale de ces informations n'est pas

axsbe. Cependant, les conclusions gtinrales gui se dt gagsnt indiguent

- Ls D0160-ED 14 prec-ente des niveaus d'Sss5ai asses r6alistes, sau' en ce gui concerns es

basses fr~guences.

- La norme MIL-STD-810 C ne rend pas compte de ph~nom nss ponctuels tels gune las 
9
r~g~e-cs

moteur ow Is comportarnent localis6 des charges sst~rieures.

30) Etablissement des spectres d'sssai partir des donn~es rslevdss en vol

La banqus de donn6ss une fois constitu~e, il imports de pouvoir l'esploiter pour pouvoir

estraire des sp6szifications d'es~ai, destin6es A Atre ins~r6es dans uns norms ow non.

En effet, il n'est Ia plupart du temps pas r6aliste de vouloir couvrir Ia vie d'u" Cowics-

cent en simulant iss centaines voire milliers d'hsures sur ufl excitateLIr, pour des raisons 6videntes

de coOt et de d6lai.

On est done amen6A 4laborsr des m6tnodes de compression de temps telles qus les essais

ainsi effectu6s restent repr~sentatifs du comportement de ig uipement sur axion.

En France, ce probl !me slest pas6 en premiLre urgence dans is domains des missiles oui sont

sounds I des contraintes vibratoires essentiellement dans ies phases de transport logistigue et d'em-

port tactique.

Un groups de travail de sp~cialistes a t6t constituF& au Bureau de Normalisation pour 'A(,-

ronautiqus et les r~sultats de ses travaus font l'objet d'une s~ris de Recommandations ( voir ref.2

RE A~ro 612-10 - G
t
n~ralit6s

RE A~ro 612-11 - Guide de choix cs c~thodes d'6tablissement des sp~cifications d' essai

RE A~ro 612-12 - M6thodologie

RE A~ro 612-13 - Etablissecent des spcifications d'essaispar Ia c~thode des enveloppes

de densitA spectrals

RE Abro 612-14 - Etablissecent des sp~cifications d'essais par la ctthode d'6quivalen-

ce des niveaux extrAm,!s ow du doccaqe par fatigue

RE Afro 612-15 - Etablissecent des sp~cifications d'essais par Ia e -thode d'61icination

des valeurs non contraignantes

Pc AAro 612-;6 - Synth~bse-type des niveaus rencontra sur v~hicuies terrestres (612-16)
h IS marina ( 612-17) et a~riens (612-18)



,c'oma tqument Ias11 uf t Ian'ts niMt' -des Ia 5es' F.> 117a L..,

-"taedes ave looces ile uen Sit," 5052 tIL, ' 1 1

,:e 1,-2rwamert r, ai
: L I I 'de,5 5t a '.:JSiA a

-Aume-at a' lidsF 't-d-~ fa~les S~s~ a-- CI- -

r ,--'ne- t r,"eal.

: .r e a ie a'vs ai N j it 1a

-,uqman tat ion inral des l vaaua ie a ra, -r'm te i'

i'o_ z l1as v ib rat ions aI.at *-iti x .5 Cr-)r -

u i~va lanca e ba "rveaau satrgrnes c- cama as pa:'at

Catte metnoda consiste )

t- >tr m inaer Iles c o rt a- jt &s eaxotr Pnas a. -resrI e-r ue '-I I a

- it e zmizr laes c c- , rasi- 1 Hs da f al,:,I

_ :-denser ces Paso 7 ,mat s e- sr-n'rt c ai'sses <'Scud

j:#e d' ssai :l~ is I d a d,,rte ri-aeln c'empl--,.

3- -Elimination des vale-,r 'p itSC Il

La process~s as: i sutva-t :

- ToLDuc sles n iv ae ad i'ae vi r o-emae- t iale in f6,r ise r s Sur- seuil arbitra trace-: cr-c-:s -e sy-:
Pas Pris an consid,'ratlor-.

- Tous las a iveaux d 'passant le sauil sc": classl's an amoitiae at frAp a'-te at :r- s sC5cC.i
former des sipuiencas d'essai.

lDurt'e d'ecsai : 5 5% Pa ij Pur~A r, ella e'tl

L ' ,4 tsi-s a t ion da e es dai ff irae- taes me t dae s.c'sse 1la CCo'-a s sa a Cd .e IeE-- i rr'--ar- tLa.
A titre espirimantal, il a #tA itab21 des s~nth ses-:vpp ow: Canre-t ,e id'spa :'cros
ment riel en l'absence pa mecures particulisrec.

Des scemplac be onnclec synth~tiquss cant prdcentics vlancss et~al1

A t it re I ebeampia e, l' (la bor at io n b e s p c if i ca t ions - ca draes -slnu r I, :'Pt C'as&'esrtii

act pr,-ssnt4 plancha 12.

40) Prcprt~c bans la coop~ration internationals

Bans Is dosrine be l'aviation cammerciale, sine tradition Pa cocpfrati- i-:ar-atio-ale

s'ect progrssivement d~velopp(-edspuis 10 ans environ au sair be Ia RTEA et aaCieX~

Le rD 160-ED 14 a fAt6 issu en 197' cur la Lace b'un travail aupsal nr. partIcIp_ aes e
centants des LISA, de la Grande-Bretagne, be la FRE", be 193 at be la Fran-ce.

En 1978-79 a 6t6 sntrsprise la premi~re r(a ision du document, * diti ' 1 IQ6' sor is r.4"' -

rsnce DO 16DA - ED14A qui pr~ssots des amiliaratic cubstantiallas par rapport A la pramli ra versirn

be 1975.

La philosophis be ass am ilaratians, fonbiae cur l'espfriaa ce europ'en-e de vCorde. a
expasis au 4O6ms IMP A Williamsburg par MM. PAYNE & NOYI ER Pa British Airospaca vo'ir Ref. 1'
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Is la comparaicon be qualitiI b'un iquipemeat due I'on bAsiterait monler -.ur, un asion tonstruit bane iun

autre pays.

D'autre part, icc proqrammec en coapeiration r(icents, en rarticulier la Nacelie OcTLT'
CThomson DIP - Martin Marietta ) impose utin bifinitian commune be sp,'tifiratinns.

Ceci a dane conduit 1'AITj ( Acmcia~ian pour ins Sciences et Techniqes be 1'!-nviro-reno

Aprendre contact Aver ses homolaques amfricains, britanniquec at allemands pauli tenter be rif'c'hir
ensemble A I'amAiioration be 1,o norms amiricalne MIL-%)TD-B10 C.
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QUALIFICATION OF EQUIPMENT FOR GUNFIRE INDUCED VIBRATION
by

A. Peacock
Group Leader Specialist Functions, Stress Office

British Aerospace Public Limited Company
Aircraft Group

Warton Division
Preston

U.K.

SUMMARY

For the Tornado Mk 1 aircraft, the method used to ensure that equipments withstand
gunfire induced vibrations are described. The derivation of test spectra from rig and
aircraft measurements is explained. Test failures and in service malfunctions are
reviewed. A comparison with Mil specification is made. Proposals for research and for
clearance of the next aircraft are given.

1. INTRODUCTION

The Tornado Mk 1 is a twin-engined, two seat, supersonic aircraft. It has a
variable wing geometry to provide flexibility to meet the multi role requirements of its
three sponsoring countries, West Germnany, Italy and the United Kingdom. It is designed
and manufactured jointly by MBB in West Germany, Aeritalia in Italy and British
Aerospace, Warton Division in the United Kingdom.

British Aerospace have design responsibilities for the front fuselage in which the
fixed armament, comprising 2 x 27 mm IWKA - Mauser cannon are installed. They can be
fired at either High or Low rates of fire.

A large number oi equipments are mounted ft. the vicinity of the gun and are
therefore subject to the relatively brief but intense vibrations caused by gun firing.

Figures 1 - 6 illustrate the aircraft and the positions of the guns and equipment.

The methods used to ensure that the equipments withstand gunfire induced vibrations
are described.

Recommendations for clearing future aircraft and for further research are made.

2. BACKGROUND

Since, at least, the early 1950's equipments havo been cleared for use on aircraft
by testing to levels completely defined by specifications such as Mil-Std 810 Method 514,
USA, and BSG 100, UK, refs 1 and 2. The test vibrations applied were generally very
severe compared with actual vibrations which occurred on aircraft, but did not cause
undue hardship to the equipment d'~signer, and resulted in an acceptable failure rate.

Until the mid 1960's no special design features or additional vibration qualification
was required to cater for gunfire induced vibration. Nevertheless, equipment failures
due to gunfire vibrations were infrequent.

About this time, due to introducing more powerful guns and changes in equipment
design, eg. introduction of miniature amplifiers, measurements were made on several
aircraft. Using data from aircraft F-4E, SUU-16 and F-5A, R.W. Sevy and J. Clark
developed a gunfire vibration prediction technique, ref. 3, which was the philosophy
behind the first gunfire vibration specification, ref. 4.

A major difference between this ref. 4 specification and refs. 1 and 2 specifications,
was that it required random vibration testing, over the frequency range 150-2000 liz,
whereas clearance to refs. 1 and 2 could be achieved by sinusoidal testing. For more
detailed comparison of spectra see paragraph 6.

3. EVALUATION

3.1 Initial Design

During the initial design phase, in the late 1960's, it was considered that:-

the failure rate due to gunfiring, of equipment qualified to ref. 1, would be
acceptable.

until measurements become available, it was not possible to specify a
realistic vibration level.

The ref. 4 gunfire vibration specification would be unrealistic.



42 For equipments close to the gun, it is not possible to meet the ref. 4 gunfire
vibration requirements. Therefore, if ref. 4 is used, a large number of
equipments would have to be repositioned.

Later information indicates that these assumptions are correct.

It was typical for designers to qualify equipments to the normal vibration
requirements of ref. 1.

It was decided:-

To measure vibrations on a gun rig which consisted of a front fuselage.

Not to install anti-vibration mounts in the initial design.

To leave room to install anti-vibration mounts if measurements show that this
is desirable.

3.2 First Measurements

3.2.1 On rig

The first vibration measurements were made on a gun rig, which represented the
aircraft structural standard forward of Frame 8000, ie. the forward 8 metres of the
aircraft. See figs. 5 and 6. The canopy was omitted and the cockpit area was empty
apart from structure representing the ejection seats in mass. Equipment shelves and
secondary structure were included. Equipments were represented by models or prototype
units of the correct mass.

Vibrations were measured, in all three directions, at eighteen locations on
shelves and on structure adjacent to shelf attachments. The levels were fairly high and
significantly above the .04g2 /Hz, 'no test' level, of ref. 4.

3.2.2 On aircraft in Butts (Anti-Vibration Mounts Not Installed)

At this time the first prototype aircraft fitted with guns became available.
It was installed in the butts and extensive vibration measurements were taken during
gunfiring. Although different in detail the levels were similar to those measured on the
rig.

3.3 Installation of Anti-Vibration Mounts

Equipment specialists advised that the levels which were measured on the equipments
nearest to the gun muzzle could possibly result in redesign being required. It was
desirable to reduce high frequency vibrations, about 100 Hz, say, but low frequencies,
below 100 Hz, were not considered to be a problem. (It is noted that for testing to the
ref. 4, Mil-Spec, the maximum level is applied over the 300-1,000 Hz range and vibrations
are not applied below 150 Hz).

Therefore, for equipments mounted within 2.5 metres of the gun muzzles, other than
those in the forward equipment crate (see fig. 5); anti-vibration n,.,unts (which attenuate
high frequencies but amplify low frequencies) were installed between structure and
equipment shelves, or for equipment attached directly to structure, between the structure
and equipment.

Since the resulting increase in deflection at the lower frequencies could reduce
the accuracy of one of the pilots' instruments, the forward equipment mounting was not
changed. The design of the main crate mounts included rubber bushes, which are a form of
anti-vibration mount.

Anti-vibration mounts were not installed in the cockpits or at equipment or shelves
more than 2.5 metres from the gun muzzles, since the measured levels were not as severe.

3.3.1 Gun Rig Measureme-ts

TIh: a modification was made on the gun rig and vibrations again measured. As
expected, the levels at higher frequencies were significantly a tte uated, but at relatively
low frccuencies were amplified. However the 'no test' level 0.04g9/Hz was exceeded on
most equipments.

3.3.2 On aircraft in Butts (Anti-Vibration Mounts Installed)

Following installations of the anti-vibration mounts, the prototype aircraft was
returned to the butts and extensive vibration measurements were again performed. In some
cases, at some frequencies, the levels were higher than measured on the gun rc'.

3.4 Clearance for Prototype Airfiring. Table Testing

Prior to airfiring, it was necessary to demonstrate that 'safety critical' , ie.
failure of which could result in loss of aircraft or crew, equipments would not fail or
malfunction due to gunfire induced vibrations.
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Each of the, approx. 30, safety critical equipments was installed on a vibration
table and vibrated, to levels, measured on the aircraft during butt firing or on the rig,
for five minutes in each axis.

In order to minimise delay between completion of butt firing and3 air firing, the
first equipments were table tested to levels measured on the rig.

Where aircraft butt levels exceeded rig levels repeat testing to the butt levels
was carried out.

If failures occurred, equipment was modified and the test repeated.

3.5 Prototype Aircraft Air Firing Trials Table Testing

3.5.1 Initial Trials

During the initial airfiring trials, the vibrations measured in each flight, were
compared with the levels to which safety critical equipments had been tested, before
clearing the aircraft for the next flight.

The airfirirng levels were generally lower than the butt levels. However, for
nine equipments, in one or more axes, air firing levels exceeded butt levels over part of
the frequency range. For these equipments and axes, repeat table testing was carried out
at the air firing levels.

Since, the increase in levels did not coincide with equipment resonant frequencies,
the overall grms was less during air firing, and the rate of equipment malfunction had
not increased as a result of gunfiring; it was not considered necessary to delay the next
flight until table testing had been completed.

3.5.2 Full Prototype Clearance

During the aircraft life, the total duration of gunfiring will be more than 5
minutes. It was therefore decided to increase the table test time for each equipment and
axes to a total of 15 minutes. In the additional testing, levels measured during air
firing have been used.

3.6 Pre-Series Aircraft Measurements

A pre-series aircraft, with equipments and structure more representative of the

production standard has been instrumented to measure gunfire induced vibrations.

Levels at the radar, which was not installed on the prototype aircraft, have been
measured during butt firing and will be measured during air firing.

Measurements at a few of the same locations as for the prototype aircraft,
generally showed similar levels. Therefore it was not necessary to repeat the table
testing on any equipment.

3.7 Production Equipment Clearance

Production equipments which are either 'safety critical' i.e. failure of which
could result in loss of aircraft or crew, or 'mission critical' I..e. failure of which
could result in the mission being aborted, have been table tested to gunfire induced
vibrations. 4

About 70 equipments were tested compared with 30 prototype equipments. The
increase is due to a large number of safety critical equipments as well as the inclusion
of mission critical equipments. (The number of safety critical prototype equipments is
relatively small due to the aircraft being monitored by telemetry).

At several times in the whole programme a review was undertaken to see whether a
pragmatic solution and demonstration by careful testing on the ground and in the air
could suffice. However, in view of the importance of the programme, a rigorous approach
was specified.

4. COMPARISON OF VIBRATION LEVELS. DERIVATION OF TABLE TEST SPECTRA

4.1 Measurements

During rig firing, vibrations were measured on wooden mass correct dummy equipments
and also on aircraft structure, ani equipment shelves.

On the aircraft during butt firing, measurements were made on safety critical
equipments, and at a few locatione on aircraft structure and equipment shelves. This
involved the use of both ground and aircraft instrumentation.

During air firing, only 9 vibrations could be recorded during each shoot. But a
switch allowed 3 different sets of 9 vibrations to be measured in each flight. In total
measurements were made in all three directions on or adjacent to about twenty equipments,
and in one or two directions on or adjacent to,a further ten equipments. The majority of
the accelerometers were mounted on the equipments, with only a few mounted on the sheaves
adjacent to the equipments.
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In every shoot a minimum of ten rounds were fired from the gun, sin~jle gun
firing; or each gun, both guns firing.

4.2 Comparison of Levels

Levels during firing at the low raite of fire were generally lowel u~i,. 4uring
firing at the high rate of fire but poi Tt~-.: t!'' Iru :r ;I>I

rate and its harmonics.

The levels during flight are generally less thirn the levels during butt firing.
But for some equipments the in-flight levels were higher over part of the frequency rang e,
see fig. 7.

No change in vibration level with 'g' or speed has been observed see fig. 8. There
is scatter between levels measured at nominally identical flight conditions see fig. 9.

On both rig and aircraft, vibrations were measured for two gun and single gun
firing, and for both rates of fire.

4.3 Table Test Spectra

The method of obtaining table test spectra is shown in figure 10.

For initial clearance, prototype equipment was tested to the envelope of measured
levels at the high rate of fire. The sinusoidal vibrations which occur at the gunfire
frequency and its harmonics weie not applied.

For clearance of production equipment and final clearance of prototype equipment,
the test levels were the envelope of levels measured on aircraft or rig, increased by
3 dB over the full frequency range. This is a factor of 2 (= antilog 1 on
(acceleration)

2 and a factor of 1.414 (= /2) on acceleration. 10 10
The factor is similar to that used for aircraft metallic structures which are designed and
tested to 1.5 times the maximum accelerations which are expected to occur. Sinusoidal
vibrations which occur at the gunfire frequency and its harmonics were applied. The
production equipment was tested to high and low rate of fire, and to butt levels. Since
the test levels included a safety factor, it was not necessary to factor the test times,
which are therefore based on predicted gun usage.

For initial prototype clearance, where the vibrations were measured on wooden dummy
equipments on the rig, the dummy equipment was installed on the vibration table to obtain
input test spectra. The test equipment was then installed on the table and the same input
levels applied.

During table testing of prototype equipment to vibrations measured on aircraft, the
control accelerometer on the test equipment was mounted at the identical position to the
accelerometer on the aircraft, and it was no longer necessary to obtain input levels.

For many production equipments, vibrations measured on another equipment mounted on
the same shelf were used. That equipment had to be installed on the vibration table in
order to determine input spectra.

The test spectra for a typical equipment is shown in graphical and tabular form in
figures 11 and 12 respectively.

5 EQUIPMENT FAILURES. TABLE TEST EXPERIENCE/SERVICE EXPERIENCE

5.1 Table Test Experience

During table testing, some circuit breakers tripped and contactors bounced. Design
modification consisted of changing the local stiffness of the equipment structure upon
which the breakers or contactors were mounted. One solution was to mount circuit
breakers on aproprietary damping panel, the outer layers being metal and the inner layer a
proprietary damping material.

Other failures consisted of nuts backing off, soldered joints failing and
amplifiers coming loose from cards. These were easily solved by small changes in the
locking method, position of hold down wires, or bonding to cards. Many of these failures
were due to the quality control during build of the test box being lower than for aircraft
equipment. Use of the correct quantity of 'Araldite', a proprietary glue, solved several
of the problems.

5.2 In Service Experience

For the aircraft which has carried out the most gunfiring, an analysis of thc
defect rate over a fifteen month period prior to airborne gunfiring, and a fifteen month
pericd during airborne gunfiring trials, showed that gunfire vibration has little effect
on defect rate either collectively or on individual items, see fiq. 11 16 equipment
defects were attributed to gun firing vibration. These equipments all had faults that were
highlighted during the firing of the guns. The faults, stripped threads, loose wires;
earth wires disconnected, incorrect crimps and incorrectly fitted printed circuit boards
would very likely have eventually been exposed during normal flying and were largely a
function of quality control.
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6. COMPARISON OF TEST SPECTRA WITH MIL-SPECS

For equipment installed in the forward equipment crate, a comparison of test spectra
obtained from MIL SPECS, refs. 4 and 5, with the spectra we derived from measurements on
aircraft is shown in figures 14 and 15. The levels measured during one air firing shoot
are shown for comparison.

Major diffexences between the specifications are:-

6.1 Mil-Std 810B Method 519.1 Vibration Gunfire

Random vibration testing is required over the frequency range 150-2000 Hz, with
constant maximum level between 300 and 1,000 Hz. No vibration below 150 Hz and no
sinusoidal inputs are required.

Except for a reduction for equipments whose mass is greater than 80 lbs, the levels
are completely defined by the distance of the equipment from the centroid of the gun muzzles
and the kinetic energy of the rovnds when leaving the muzzle. Levels decay with distance
from the centroid of the gun muzzle.

Testing is for 15 minutes in each of the three axes.

If the maximum level is less than .04g 2 /Hz testing is not required.

6.2 Mil-Std 81OC Method 5192 Vibration Gunfire

Random vibration applied over the range from 0.8 times the gunfire frequency to
2,000 Hz and swept sinusoidal vibrations at the gunfire frequency and its first three
harmonics. (Sweep range is 0.8f, to 1.2fl, 1.6f1 to 2.4fi, 2.4fl to 3.6f] and 3.2fl to
4.8f I where f, is the gunfire frequency).

Unlike 81OB Method 519.1, the random level varies over the frequency range. In
addition to energy of the round when leaving the gun muzzle, and distance from the centroid
of the gun muzzles, the levels are dependent upon whether the equipment is mounted on
primary or secondary structure, and other parameters such as distance from aircraft
surface, whether the gun protrudes clear of the aircraft etc.

It is noted that, in this specification the energy of the rounds is 'explosive
energy minus kinetic energy' whereas the 81OB Method 519.1 it is 'kinetic energy' alone.

Testing is for 15 minutes in each of the three axes.

Unlike 810B Method 519.1, a minimum level below which testing can be deleted is
not specified.

For equipments mounted on secondary structure, the random levels are up to 23 dB
lower and the sinusoidal levels up to 17 dB higher than if they were s'milarly mounted
but on a primary structure. See figs. 14 and 15.

6.3 BAe's Test Spectra

Random vibration is applied over the frequency range 10-2,000 Hz, and, if measured
on aircraft, sinusoidal vibrations at the gunfire frequency and its first three harmonics.

Sinusoidal vibrations do not always occur and are rarely required at more than the
gunfire and one other harmonic.

Total test time is 21 minutes in each of the three axes. (10 minutes to low rate
of fire, airfiring, 5 minutes to high rate of fire, airfiring 1 minute high rate of fire
butt firing).

6.4 Comparison

If the forward equipment crate is primary structure, which we consider to be the
case, figures 14and 15show that the later Mil-Spec, Mil-Std 81OC Method 519.2, test
requirements are more severe than those we have determined from measurements on aircraft.

If the Mil-Spec levels for equipment onsecondary structure were used, the sinusoidal
levels would have been excessive but the random levels too low.

Within the scope of this paper it is not possible to detail the pragmatic relation
between the sinusoidal testing to ref. 1 and gunfire induced random vibrations.

7. RESEARCH PROPOSALS

Research is required to obtain a better understanding of gunfire induced vibrations.

7.1 The current specifications mainly take account of the gun blast energy and the
distance from the muzzle to the equipment. It is recommended that a mathematical model
should be developed to take account of structural stiffness and damping. The large bank of
data which exists within the industry can be used in the development of the model.
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7.2 In theory, it should be possible to reduce vibrations by changes to the blast
deflector, and to the aircraft structure in the immediate vicinity of the muzzle.

Several 'ad hoc' modifications to the deflector and fuselage structure were tested
on the gun rig, but made only small changes to equipment vibrations. Further theoretical
and test work to determine optimum blast deflector design is recommuended.

8 PROPOSAL FOR CLEARANCE OF EQUIPMENT ON FUTURE AIRCRAFT

In the initial design phase, the 'normal' random vibration test spectra of ref. 6,
which is dependent on engine conditions and aircraft flight envelope; the gunfire test
spectra of ref. 5; and gunfire test spectra used for the current aircraft, factored by
gun blast energy, will be compared.

For the region where the gunfire spectra are significantly above the 'normal'
vibration levels, all equipments, or the shelves on which the equipments arE mounted, will
be anti-vibration mounted.

Only one vibration test, to cover 'normal' and 'gunfire induced' vibrations, will be
carried out on each equipment.

For 'safety critical' equipments the level at every frequency will be the greater of
the 'normal' or 'gunfire induced' vibrations. Any sinusoidal input, which may be required
at gunfire frequency, will be obtained from measurements on our aircraft, since the ref. 2
levels are excessive (see para. 6).

For equipments which are not safety critical, the test spectra will be not less than
the 'normal' spectra of ref. 6, but co~n be less than the gunfire test spectra, which are
inevitably very severe compared with vibrations which occur on aircraft. It is expected
that this will be sufficient to achieve an acceptable in service defect rate, see para. 5.2.

Butt and airfiring measurements will be required on prototype aircraft to confirm
that the test levels applied to safety critical equipments have not been exceeded.
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FIG9
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FIG9
SINGLE GUN FIRING AT I'g'
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Fig 15

Comparison of test spectra with Mil-Specification

sinusoidal Inputs at Gunfire Frequency

A. Mil Std. 810 B method 519.1 No sinusoidal inputs required.

B. Mil Std. 810 C method 519.2

B.I Equipment mounted on primary structure

Sinusoidal sweep from 0.8 X to 1.2 X.

f, = X Hz G peak 5.0

f, = 2X Hz G peak 5.0

f, = 3X Hz G peak 5.4

fl = 4X Hz G peak 5.7

B.2 Equipment mounted on secondary structure

Sinusoidal sweep from 0.8 X to 1.2 X

fl = X Hz G peak 41.9

f, = 2X Hz G peak 42.3

fl = 3X Hz G peak 16.1

f, = 4X Hz G peak 7.1

C. BAe test spectra

2.0 g peak at X Hz.
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SUMMARY

Vibration prediction methods and qualification test procedures
are presented for F-16 equipment. Measured vibration levels are
also compared to the predictions.

The most severe vibratory environment is produced by the muzzle
blast pressure during gunfiring. Gunfiring vibration was measured
during the YF-16 prototype program which indicated a correlation
between vibration levels and distance from the gun port. Vibration
data is presented verifying this relationship. Vibration qualifica-
tion testing for the gunfiring environment uses a sweeping sinu-
soidal test level to simulate the gunfiring harmonics combined with
a random background level which represents the vibration caused by
the muzzle blast noise.

Nongunfiring random vibration test levels are shown for F-16
airframe zones. The prediction procedures were based on a rela-
tionshin between vibration and dynamic pressure using measured data
from other aircraft.

Vibration levels have been measured on fuselage mounted stores.
Predicted levels using Military Standards appear to be overly con-
servative when compared to the measured levels.

Other measured dynamic environments are presented which
include; (1) wing tip missile response to store ejection from
wing pylons and to jet wake encounter, (2) buffet response at
high-angles-of-attack. It is shown that high-angle-of-attack
operation does not induce significant vibratory levels on the
F-16.

INTRODUCTION

The development of vibration qualification criteria for new aircraft systems
generally uses Military Standards as guides. The requirements of the Military Stan-
dards are updated using applicable measured data from other aircraft. F-16 vibration
qualification criteria was derived in a similar manner using measured data from the
YF-16 prototype program and the F-1ll in conjunction with the procedures of MIL-STD-
810.

A principal concern was the effect of gunfiring on equipment located in the
vicinity of the gun muzzle. The relative location of the gun and equipment bays is
shown in Figure 1.
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AT

GUNPORT

AFT EQUIPMENT BAY

FORWARD EQUIPMENT BAY

FIGURE 1 F-16 GENERAL STRUCTURAL CONFIGURATION

Basic armament for the F-16 includes a six barrel 20mm gun and air-to-air missiles
on each wing tip. The gunport is located adjacent to the aft equipment bay (aft of the
crew compartment). The gun mechanism and cartridge drum are mounted in the center
fuselage section, just forward of the wing. Equipment components located in the aft bay
are subjected to the highest vibration on the airplane due to the muzzle blast pressure
at the gunfiring rate of 100 rounds-per-second. The forward equipment bay, in front of
the cockpit, receives a relatively small amount of gunfiring vibration.

Other features of the F-16 include capabilities as a multirole high performance
(speed and load factor) tactical fighter with air-to-air and air-to-ground weapon
delivery. It is powered by a single afterburning turbofan engine (Pratt and Whitney
FIOO-PW-100) with a maximum thrust in the 25,000 pound class. Stores of various types
can be carried on underwing pylons, on the fuselage centerline, and on each side of the
inlet.

A nongunfiring vibration criteria was derived in addition to the gunfiring vibration
levels for equipment located throughout the airplane. External stores were
not covered in the initial F-16 vibration criteria. All stores used at the beginning of
the program were existing stores, already qualified for other high performance airplanes.

A measurement program was conducted to verify that the equipment qualification
levels were adequate. Included in the measurement survey was an investigation of low
frequency vibratory response due to store ejection, buffet, and jet wake encounter.
Measurements were also recorded on two fuselage mounted external stores.
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GUNFIRING VIBRATION

During the development of the prototype YF-16, there was some concern for equipment
located in the aft equipment bay and the cockpit area near the gunport. There was also
a concern for the pilot when subjected to the muzzle blast noise. At the beginning of
the program, military specifications did not cover the gunfiring environment. Conse-
quently, a ground gunfiring test was conducted on the YF-16 to investigate cockpit noise,
stress levels on structure around the gunport, and performance of the 20mm gun and to
measure vibration levels.

Results from this ground gunfiring investigation provided a verification of the
adequacy of the structural design to withstand the muzzle blast pressure loads. A
redesign of the instrument Danel was required with vibration isolators installed to
protect the instruments which were only qualified to 2g's.

A lead/vinyl sheet material was added to the cockpit sidewalls to reduce the noise
entering the cockpit. Pilots comment that the gunfiring noise is "noticeably loud but
does not cause discomfort." Microphone measurements indicate no problems when the
pilot is wearing a standard helmet.

The vibration measurements were used to derive a correlation between vibration and
distance from the gunport. A least-square statistical analysis was performed on the

measured data and the 95% confidence line represents the vibration-versus-distance
relationship plotted on log-log paper as shown in Figure 2. The roll-off at the higher
levels was obtained from F-111 gunfiring data. The equation for the straight line
portion of the curve (from 45 to 300 cm) is:

+ g's = 890/D(cm) (1)

where: D - Distance from gunport

100 -- -..
YF-16 PEAK VIBRATION LEVELS .......................

& - GROUND GUNFIRING ... .............. ..............

S......... ...... .. G'S VS. DISTANCE CURVE

+1 o ... .. ...
95% CONFIDENCE

... ................
00

VREGRESSION LINE M UNOR 44

4 . . .......

10 100 CENTIMETERS

VECTOR DISTANCE FROM GUNPORT - (0)

FrGURE 2 YF-16 MEASURED GUNFIRING VIBRATION

Gunfiring also produces random vibration due to muzzle blast noise. This random
vibration is most noticeable in the 300 Hz to 1000 Hz frequency range. The gunfiring
measurements were analyzed in terms of Power Spectral Density (g2/Hz) to determine the
random background vibration levels.
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A curve was derived for the random background vibration in the same manner used
to develop the sinusoidal level. Gunfiring random vibration relative to distance from
the gunport may be obtained from the following:

2
g /Hz = 3.8/D(cm) (2)

Figure 3 shows the sinusoidal and random vibration levels as a function of the dis-
tance from the gunport. The sinusoidal curve is the same as shown in Figure 2.
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. . .. . .NDOM,, or:i

a. 01

10 100 INCHES
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FIGURE 3 GUNFIRING VIBRATION VERSUS DISTANCE FROM GUNPORT

The above curves are used to define the vibration levies required in qualification
test procedures.

GUNFIRING QUALIFICATION TEST

The vibration qualification test for gunfiring consists of a sweeping sinusoid
combined with a random background level. The frequency spectrum for the test is pre-
sented in Figure 4.

Gp - +10% FREQ BAND SNSIA G)+'

.75Gp - .so.- ___K __RANDOM (G..) g2/Hz

.25Gp-\\oAll

zi

100 200 300o 4D0 1000 2000
FREQUENCY -Hz

FIGURE 4 FREQUENCY SPECTRUM FOR COMBINED RANDOM AND SINUSIDAL
GUNFIRING VIBRATION
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The solid line is the sinusoid which is swept from 90 Hz to 1000 Hz following
the peaks and valleys shown. The peaks represent the first four harmonics of the
gunfiring rate with a +10% frequency band on each side of the harmonic. The dashed
line is the random vibration background level. The maximum level occurs between 300 Hz
to 1000 Hz and reduces at 4dB/octave to 100 Hz and 6dB/octave to 2000 Hz. Values for
maximum sinusoidal level (Gp) and random level (Gr) are obtained from equations (1)
and (2) or from the curves on Figure 3.

Test duration required for the F-16 is one hour of sinusoidal sweeping per axis
plus six resonance dwells in the harmonics for 5 minutes each. Five minutes at dwell
plus sweep time is equivalent to 50,000 rounds which is the specification requirements.

GUNFIRING VIBRATION MEASUREMENTS

A typical spectral analysis of a gunfiring burst is shown in Figure 5. The plot
shows the response at the harmonics of the 100 rounds per second firing rate.

1o ~ ~~ -- -- -.. . . -. .. --- ---- --- .. . . ... . .. . .... . -- --.. . - -- --..... - ----L 7-- ---- --
10

CENTRAL INTERFACE UN IT . : .. . . .
7. (250 cm From Gunport)

GUNFIRING (.8M/3,000 FT)

* . ... .... ..

............. . . . . . . ............ ..... .... ... ... . . .. . . -- - .! - i
. .I .. . . .

....... ...... -

.10
20 100 1000

FREQUENCY Hz

FIGURE 5 SPECTRUM PLOT FOR GUNFIRING VIBRATION

The significant peak levels from this type of analysis are the data points plotted
in Figure 6. Gunfiring vibration from 24 accelerometers located at a distance of
100 cm to 320 cm from the gunport is included on Figure 6.

Inflight gunfiring vibration measured on the F-16A (single seat) and F-16B (two
seats) are compared to the curve derived from the YF-16 ground gunfiring test. This
comparison provides a verification of the adequacy of the prediction procedure for
inflight F-16 gunfiring. , ii.... .... :: :] ii i _............ .............. . i" v B T o ...... -

F-16 GUNFIRING VIBRATION

+10

{:v ::r-0 -o F-16A.. ........ . ..i ..........

i~ ~~ ~ ~ ~~ ..... ..i : ": ... > '?

I . -... :. ..--. .

10 100 INCHES

10 100 CENTIMETERS
VECTOR DISTANCE FROM GUNPORT

FIGURE 6 F-16 MEASURED GUNFIRING VIBRATION

|-
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NON-GUNFIRING VIBRATION

Other significant vibratory environments are associated with jet engine exhaust

noise and inflight aerodynamic flow. The extreme aft engine location on the F-16

eliminated jet exhaust noise as a vibratory problem.

The increase in flow turbulence in the aft fuselage causes higher vibration than

seen in the forward fuselage with smooth surfaces and no discontinuities. The F-16

is divided into four fuselage zones of vibration plus the wing and tail zones. Figure 7

shows thi zones along with the maximum g
2
/Hz required for performance qualification

testing.

~-Zone IA + 1B IZone 2A -0*oe3Zne3
BHD 88 7 .280

PERFORMANCE

TEST LEVELS

MAX g
2
/Hz .025 040 .070 .250

Wing Zone 2B

.140 g 2Hz

FIGURE 7 F-16 ZONES OF VIBRATION

The maximum predicted random vibration level for each zone was derived using YF-16

and F-Ill measured data. It was established that the random vibration levels varied

as the square of dynamic pressure according to the following equation.

W o  . Kq
2  (3)

where: W = random vibration level at a given flight condition (g 2/Hz)

K = a constant depending on airframe location

q = dynamic pressure (N/cm
2 

or lbs/ft
2
)

Thus, it is seen that the maximum vibration levels will occur at the maximum operational

dynamic pressure. The value of the constant (K) is provided in the procedures of

MIL-STD-810C (Method 514.2) or can be established from measured data. Constants (K)

were established for each F-l6 zone and the maximum operational dynamic pressure used to

compute the performance level (Wo ) for each 7one presented in Figure 8.

TEST LEVELS

AIRCRAFT ZONES MAX PSD a
2
/Hz

ENDURANCE PERFORMANCE A

IA - Fwd Fuselage .033 .025 .02

IB - Aft Equip. Bay .053 .040 .02

2A - Center Fuselage .093 .070 .04

28 - Wing Except Tip .186 .140 .04

2C - Wing Tip + Launcher .186 .140 04

3A - Aft Fuselage .330 .250 .04

3B - Engine Mounted Equip. -

3C - Her. Tail & Vert. Tail Except Tip .370 .280 .04

3D - Vertical Tall Tip .370 .280 .04

SUPPLEMENTARY SINUSOIDAL TEST Peak 0 Peak g

2C - Wing Tip + Launcher (4-10 Hz) 7.5 5.0

3D - Vertical Tail Tip (15-20 Hz) 10.0 7.5

FIGURE 8 VIBRATION QUALIFICATION TEST LEVELS
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FIGURE 9 FREQUENCY SPECTRUM FOR RANDOM VIBRATION TEST

The frequency spectrum of Figure 0 was obtained from MIL-STD-810C. The "A" level
is the value for low frequency random vibration given in Figure 8.

VIBRATION QUALIFICATION TEST (NONGUNFIRING)

The F-16 random vibration qualification testing is patterned after the procedures
outlined in MIL-STD-810C. Two tests are required.

(I) Performance Tests - The equipment component must meet specified performance
while being vibrated at the performance test levels. These test levels are
the levels which occur at the maximum flight condition that the F-16 can fly.
One hour of testing in each of the three orthogonal axes is required using

the Figure 8 performance levels and Figure 9 frequency spectrum.

(2) Endurance Tests - This test is an accelerated level so that a relatively

short test will be equivalent to the equipment service life. Equipment
functioning is not required during the test but must meet specified per-
formance after the test. The endurance test level is determined from
the following equation.

W ° = (q/qmx)2(W)(N/T)k (4)

where: q = maximum dynamic pressure
^,-ax

q - limit dynamic pressure 5.8N/cm
2 

(1200 lbs/ft
2

W = performance vibration level

N = number of high performance flight hours

T = test duration (hours)

The number of missions flown in the high dynamic pressure range are obtained from
an aircraft usage document. For the F-16, approximately 300 flight hours are accumu-
lated over the service life of the airplane at dynamic pressures greater than 1200

pounds per square foot. The dynamic pressure limit is the value prescribed in MIL-STD-
810C. A higher limit could be used but then the number of flight hours would be less
which should give about the same results.

The endurance test levels shown in Figure 8 are about one-third higher than the
performance levels.

A supplementary sinusoidal test is required for equipment mounted on the wing tips
and tail tips. These low frequency sinusoidal levels represent the structural response

of the basic modes of vibration.

LA
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VIBRATION MEASUREMENT SURVEY

Seventy accelerometers were located near equipment components to investigate a
wide range of flight conditions. The general locations of these transducers are shown
below in Figure 10.

, /
ACCESSORY DRIVE RADAR ARiIING

GEAR BOX/ AfMPLIFIE!

FIRE CONT CotIPUTER F CRAFF DISPEATSER

(R/H MUIP SAY) MAT CHI

HIC Oil HEAD REST

I NSTRUMtENT PANIEL m
F IR AV IONICS 

M ISSIL E" R IU --

F'FD AVIONICS PA YCENITER SHELF '

RADAR LPRF
(INBDOUTBD)

,ECS TU BINE STA I PYLON RID

STA 7 PYLO'l STRUCT- -- ECS RELAY PANIEL -J/R RID

-AFT EQ)UIP BAY 1IC

FS RELAY PANEL
L- Itl CONSOLE

--FLT COEIT SYS ACCELS
-TROTTLE iAIDLE

.UD 65 RADAR * MICROPIHONE
ANTENNA CENTER PEDESTAL A TRIAXAL ACCEL

CENTRAL INTERFACE UNIT E SINGLE AXIS ACCEL
BASE OF IUD tIOUNT

RADAR TRA:NSHITTER (FID.AFT)

FIGURE 10 TRANSDUCER LOCATIONS FOR VIBRATION SURVEY

The purpose of the vibration survey is to verify the adequacy of the predicted
vibration qualification test levels presented in Figure 8. Most of the transducers
are located in the equipment bays and in the cockpit to measure the gunfiring environment.

DATA ANALYSIS AND PRESENTATION

Data analysis of the recorded vibration levels is accomplished in a manner which
provides a direct comparison between the predicted levels and the measured environment.
For gunfiring, a narrow band frequency analysis is performed to obtain peak g's versus
frequency. The significant levels in the gunfiring harmonics are plotted versus dis-
tance from the gunport. The results are similar to the earlier test on the YF-16 proto-
type airplane (Figure 2). The regression line has the same slope and the equation for
vibration versus distance remains the same.

Acceleration spectral density analysis (g2 /Hz) is used to analyze nongunfiring
random vibration. Maximum response levels and the corresponding frequency are plotted
on g2 /Hz-versus-frequency plots to show a comparison between measured data and the
required vibration test envelope.

FORWARD EQUIPMENT BAY VIBRATION

The following figures show the required vibration test level for several aircraft
zones along with measured data. Figures 11 and 12 present data for the forward fuse-
lage (Zone 1A). In Figure 11, it can be seen that the requirad test level is adequate
for the radar equipment area and is conservative in the low frequency range.
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.10 ZONE 1A (BHD 88 FO) NONG'UNFIRmG VIBRATION

- -- PERFORMANICELEL...... ..... ..... .... ..r ~ .. .... ...... i •. ..i6PS6ll kNDU2CE LEVEL
.. ........... i :t ...... V i l
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10 15 100 1000 2000

FREQUENCY - Hz

FIGURE 11 VIBRATION MEASUREMENTS IN THE FORWARD EQUIPMENT BAY

Consequently, thI radar specified test levels were reduced to the dashed line

shown. The maximum g /Hz (above 500 Hz) remained the same as specified in the F-16
Environmental Criteria Document (16PS011B). The points shown on these plots represent
several flight conditions, including take-off, transonic flight, and high performance
flight.

COCKPIT VIBRATION

Figure 12 shows the data measured in the cockpit. The cockpit is part of Zone 1A

and is shown separately only to see if the vibration levels are different from the
equipment bay.

ZONE 1A (BHD 88 - Ps 158) . ..
NONGUNFIRING VIBRATION

. ............. .. PERPORHA14CE LEVEL ' .

16PS011 ENIDURAN4CE LEVEL--

REC.0MENDED ES LEVL E.001 ....o. .. ... .....

10... 13 ! i i o'o 1000- -';' -i--i ' 200

:::::.: I- T PANEL ::::: ::::::::::: :: B "

. ...00 ... . .. . .... ... .. . . . . . . . . .. . . . . .

'=" ~ ~ ~~~~ ~~~ .! :...:...i:= :: [ . ........

20o 15 100 1000 2000

FREQUENCY - Hz

FIGURE 12 VIBRATION MEASUREMENTS IN THE COCKPIT

The cockpit measurements indicate the same amount of conservation in the require-
ments for the low frequency range as noted for the forward equipment bay. The instru-
ment panel vibration levels are insignificant. This proves the effectiveness of the
rubber gromets supporting the instrument panel for the nongunfiring environment as

well as gunfiring.
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AFT EQUIPMENT BAY VIBRATION

The highest nongunfiring level measured in the aft equipment bay (Zone IB) was
recorded at the base of the Fire Control Computer (FCC). Four flight conditions are
shown in Figure 13. This type of presentation is an envelope of the maximum response
levels recorded for a particular flight condition. An inspection of the data shows that
high dynamic pressure flight produces the highest vibration level. The low frequency
response is caused by atmospheric turbulence associated with flight over the desert at
Edwards Air Force Base, California.

(-TAKEOFF

A- .95M/7,400 FT ZONE 1B_E3- 1.37M/7,400 FT .

.I0 . " : !PERFORMANC E ,/ -! .E D R N E ": " - - -- --- - " - "" .

1

Ni
00

10 100 1o00

FREQUENCY - HZ

FIGURE 13 VIBRATION MEASUREMENTS IN THE AFT EQUIPMENT BAY

The endurance and performance test levels for Zone lB are included on the data
plot. No change in specified test levels was recommended for the aft equipment bay
(Zone 1B) or for any of the remaining aircraft zones.

AFT FUSELAGE VIBRATION

Measured vibration levels in the aft fuselage were well within the required test
level except in the dragchute compartment. The dragchute compartment is an extension
of the rudder island structure directly above the engine exhaust nozzle. Either the
dragchute or an ECM Package is installed in this compartment on the Norwegian
and Belguim airplanes. Figure 14 shows a sketch of the aft fuselage with the location
of the triaxial accelerometer on the ECM Package aft rail.

0 - -3 / 0,0 FT ..... ;. u }.
O-l.M/I.OO VTZONE 3A

A-.3'/)OOO0 FT (S/b OUT) NOUANCE TEST LEVEL
E0- .81/30,000 FT 7G WUT (21'-') ' -RVoKMce

..... .... ECK PACKAGE - ! . ! i : :T'

10 100 1000
FREQUENCY (HZ)

FIGURE 14 AFT FUSELAGE V'6RATION IN THE DRAG CHUTE COMPARTMENT
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Three flight conditions are presented in Figure 14. High vibration levels occur
when the speed brakes are extended which provides overall vibration levels about twicE
as high as level flight. As expected, the high "G" wind-up-turn produced low fre-
quency response of the structure. Maneuvers are investigated further in the section on
"Other Dynamic Environment."

Measurements recorded during a maximum power takeoff were surprisingly low, con-
sidering the closeness of the dragchute structure to the engine exhaust nozzle. The
overall vibration level during takeoff was about half as high as the level flight
measurements.

WING VIBRATION

An envelope of vibration data from two triaxial accelerometers located on the wing
tip and wing front spar are presented in Figure 15. Transonic flight and subsonic
maneuvers produce higher vibration than recorded during the high performance flight.
The predicted vibration test requirements are considered adequate for this zone of the
airplane.

:ENDURANCE TEST LEVEL
PERFORMANCE

.10 *-.85M/l500O FT 6. 7G WUT
0-.95M/5000 FT UT
A-12M/10000 FT ,

01 -
....... .. ....

.001 .. __.. .

10 100 1000 2000

FREQUENCY - HZ

FIGURE 15 VIBRATION MEASUREMENTS IN THE WING

OTHER DYNAMIC ENVIRONMENTS

Equipment located on the wing tip and in the tip of the vertical tail must
operate in transient environments produced by some relatively severe flight conditions,
such as:

1. Wing tip response due to store ejection from wing pylons.
2. Jet wake encountered while chasing a maneuvering aircraft.
3. Maneuvers which produce high angle-of-attack.

STORE EJECTION SHOCK LOADS

Figure 16 shows the amplitude and duration of the wing tip response when a 2000
pound store is ejected from pylon Stations 3 and 7, (BL 120) while pulling a 4G
maneuver. A shock test of 30 G's with a 40 millisecond duration is required for wing
tip equipment.
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STA 363 STA;49

40 - 30 Gf s/4o MfLLfSEC 4o

S20 20

-20
-JV

-20-20

.2 .4 .6 .2 .4 .6
TIME-SEC TIME-SEC

(A) MISSILE STA 409 (B) MISSILE STA 363

FIGURE 16 WING TIP RESPONSE DUE TO STORE EJECTION

AIRCRAFT WAKE ENCOUNTER

Aircraft wake encounter can represent a severe environment during air combat
maneuvering. During air-to-air gunnery training, fighter aircraft frequently pass
within a few hundred feet of one another. Although experienced pilots attempt to avoid
directly penetrating the wake of another aircraft, this is not always possible. During
flight testing, the F-16 deliberately flew through the wake of a maneuvering aircraft
to investigate wing loads. The result was a large rolling moment applied to the air-
craft plus wing tip missile oscillations. The wing tip dynamic response was similar in
amplitude to the response measurements for store ejection. Consequently, the wing tip
shock test requirement representing store ejection, is also adequate for the dynamic
environment of jet wake encounter.

MANEUVER BUFFET

Maneuver buffet was investigated with accelerometers on the wing tip launcher and
on the vertical tail tip. The results of the buffet investigation indicated that more
response was due to low altitude atmospheric turbulence than was caused by maneuvers.
Vibration data was recorded during sustained turns to provide a constant angle-of-attack
(-<). The flights were flown at 30,000 feet to eliminate the effects of atmospheric
turbulence. High angles-of-attack usually produce severe buffeting on the tail sur-
faces. However, the F-16 flew to an angle-of-attack of 240 without recording high
levels on the tail. Figure 17 shows the vertical tail frequency spectrum for a 5.8G
wind-up-turn and low altitude flying with atmospheric turbulence.
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FIGURE 17 VERTICAL TAIL LATERAL RESPONSE

A real time oscillograph record is shown in Figure 18 to evaluate the low fre-

quency response. Peak g's is more easily understood and can be compared to the
supplementary sinusoidal requirement for fin tip equipment.

AT ATOZ37

+15 G FIN TIP FWD AT012

0

+15 G+15 G 1 SEC... F IN , F T IP AFT AT013

0

FIGURE 18 VERTICAL TAIL OSCILLOGRAPH RECORDS

These records show a randomly fluctuating amplitude with a maximum peak of +12 C's.
The supplementary sinusoidal test level of +10 G's (presented in Figure 8) appears to
be a good requirement for the vertical tail.

Wing tip records were similar to the vertical tail. Low altitude flight with
atmospheric turbulence produced higher levels than sustained wind-up-turns at high
altitude. The tip response was randomly fluctuating with maximum peaks of +10 G's.

EXTERNAL STORES

The vibratory environment associated with externally carried stores is a function
of the shape and size of the store and the amount of turbulent airflow around the
store. Aircraft vibration is not generally transmitted to the store but aircraft
performance capabilities may influence the store environment.
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A vibration estimation can be performed for several types of stores using the
procedures of MIL-STD-810. However, electronic pods are not covered in the predic-
tion procedures; therefore, a vibration survey was conducted on two electronic pods
on the F-16 to investigate the vibration environment for this type of store. Figure 19
shows the results from eight accelerometers on a lightweight pod (70 pounds) attached
to the inlet pylon on the R/H side.

Inlet spillage when the throttle is retarded was expected to be the worst flight
condition for a lightweight pod on the inlet. However, the results indicated that high
speed/low altitude flight and high angle-of-attack all produce about the same level of
vibration.

0 -TAKEOFF

A-I.3M/5000 FT
0- . 9M/10000 FT RETARD THROTTLE PAVE PENNY
*-.8M/30000 FT 6G WUT (24°o.).......... ... . .

.107777
N...... .. PERFORMANCE TEST LEVEL

.01.
_01 _ _ _ _ _ _ _

10 100 1000
FREQUENCY (HZ)

FIGURE 19 PAVE PENNY POD VIBRATION MEASUREMENTS

The other pod surveyed was a relatively heavy (320 pounds) laser designator pod
which was also attached to an inlet pylon. The flight test program investigated the
transonic flight region along with maneuvers. In Figure 20, it can be seen that the
only significant vibration occurs in the high frequency range. When comparing the
lightweight pod to the heavy pod, there is much less low frequency response recorded
for the heavy pod.

1 .0 ------ - . . . . .

~I~DFWD1ALF

.10 77 7

i : : (4G WUT) " Ij

01 .

,,O~l "" O,,.. O.j - TAKEOFF

10 100 1000

FREQUENCY (H?)

FIGURE 20 ATLIS 1I POD VIBRATION MEASUREMENTS
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Included in Figure 20, is the calculated test level using MIL-STD-810 prediction

procedures. The required levels appear to be too conservative. This conservatism is
caused by a factor of four increase in the estimated levels because there is no pre-
diction category for electronic pods. Eliminating the factor of four would produce
more reasonable test levels.

Another store survey was conducted on a B-61 weapon (700 pounds) mounted to the
fuselage centerline pylon. Sixteen accelerometers were recorded at 1.2M at 500 feet
above ground level. Figure 21 shows the levels which envelop the maximum data at
four locations on the store.
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FIGURE 21 B-61 VIBRATION MEASUREMENTS

Considerable atmospheric turbulence is associated with flight at 1.2M at 500 feet
above ground level and this is indicated by the nose and tail response at low fre-
quencies.

Included on Figure 21 are the predicted test levels using the calculation proce-
dures of MIL-STD-810. Here again, the predicted levels are conservative whe compared
with measured data. However, the predicted levels are not unreasonable and ne low
measurements may be due to the compact, aerodynamically clean configuration of the B-61
weapon.

In conclusion, the vibration prediction procedure for equipment installed in stores
is adequate for missiles and bombs. However, the military specification should be updated
to include additional stores categories, especially electronic pods,
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Summary

The vibration test spectra used for an F-I5 Eagle were
based on analytical predictions combined with measured data
from similar aircraft. The low frequency vibration below
approximately 50 Hertz results primarily from aircraft response
to gusts, buffet, landing, and taxi excitation. Vibration at
higher frequencies is primarily associated with acoustical
excitation and gunfire. The airplane was divided into regions
of comparable vibration levels. The test levels were derived
using the predicted spectra and applying factors to define a
performance and an endurance test. F-15 flight measured data
were used to update these predictions for the present test
spectra.

Introduction

This paper is intended to define the vibration criteria used for the F-15 aircraft
initially and the effects of measured data on updating the original criteria. As might be
expected the original criteria were based on analytical predictions that were modified by
experimental data accumulated on similar aircraft. Since the F-IS is a high performance
air superiority type aircraft similar to the series of F-4 Phantoms, it was felt the
environments of these aircraft would be similar and therefore experimental data obtained
on an F-4 were used in shaping the environment for the F-15. The philosophy of testing
for the F-15 was an extension of an apparent successful philosophy used on the Phantom.
The test procedures derived were consistent with those of MIL-STD-810.

The basic philosophy here is to define the minimum test levels required to
demonstratd confidence that whatever equipment is being tested will survive the
environment that it will be exposed to and for the period of time for which the total
aircraft is being designed. It is recognized that whatever prediction methods are used
will not accurately define the actual environment the equipment will see for any location
in the aircraft and for all flight profiles that will be flown. The intent is to predict
parts of the aircraft that will have different levels of vibration severity and take
advantage of these different levels in locating equipment and determine the gusceptibility
of the equipment to these levels. Testing to these levels should emphasize ti'e detection
of weaknesses in the equipment design rather than the ability to pass a somewhat arbitrary
test level.

An interior arrangement of the F-15 is shown in Figure 1 showing most of the
equipment installed in the forward one-third of the aircraft. The avionic equipment is
located primarily in the forward fuselage in three equipment bays. These equipment bays
are located forward of the cockpit, below the cockpit, and on both sides of the nose-wheel-
well, compartment. In addition to the basic aerodynamic and engine effects on the
vibration environment, other significant impacts on the F-15 vibration environment are the
internal gun, the environmental control system, and ihe accessory drive system. The
internal gun is mounted in the right hand wing root with a muzzle blast deflector and
recoil adapters that minimize the impact on the avionic equipment. Mechanically trans-
mitted gunfire-induced vibrations are minimized because of the mass of the gun supporting
structure and the long transmission path. The environmental control system which provides
cooling for all equipment and the cockpit is located in the center fuselage just aft of
the cockpit. The accessory-drive system which is the link between the engine and rotating
equipment such as the hydraulic pump, generator, and jet fuel starter is located in the
aft part of the fuselage and produces a significant environment on its own. The F-IS
design flight profile along with the air ruperiority mission have been incorporated into
the environmental vibration levels to be discussed herein.

Original Criteria

The design of the F-15 was a continuation of fighter aircraft design by McDonnell
Aircraft Company (MCAIR) and therefore, a continuation of the vibration philosophies used
on similar aircraft such as the F-4, F-3H, and F-101. The test levels specified for the
P-15 implement the requirements of MIL-STD-810 modified by available analytical and
empirical data. The original definition of vibration for the F-IS divided the aircraft
into 10 regions as shown in Figure 2. These regions define test requirements for any
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equipment located within that region. Regions 1 through 5 define the vibration environ-
ment of the basic aircraft for normal operating conditions. Regions 6 and 7 define
vibration environment for external stores; while regions 8, 9, and 10 define vibration
areas that are affected by gunfire and will need a supplemental gunfire requirement. Each
zone consists of two separate requirements, a totally sinusoidal requirement for
non-electronic equipment and a sine-plus-random requirement for electronic equipment.

-/

Figure 1. F.15 Internal Arrangement

NON-GUNFIRE GUNFIRE

REGIONGIO I

REGION 4 QIMN ONE OEGN

7 REGION 8

REGION 4 REGION 9

REGIONON 3' -EN

Figure 2. Vibration Reionsl
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Conditions considered in predicting the F-15 vibration levels included engine ground
runs, taxi, afterburner takeoff and climb out, maximum dynamic pressure conditions, gusts,
high-load-factor windup turns, transonic flight, deceleration, landing, and gunfire. k'rom
these analyses it was determined that the F-15 low frequency vibration, below
approximately 50 Hertz, results primarily from the aircraft response to gusts, landings,
and taxi excitation. Vibration at frequencies above the aircraft's basic structural

frequencies is primarily associated with acoustical excitations and gunfire.

Figure 3 presents a representative spectrum for the original test levels and presents
both sinusoidal and random vibration levels for non-gunfire flight conditions. Figure 4
presents the gunfire requirements for a wing-root-mounted 20mm gun. Techniques used in
deriving these curves are covered in the following paragraphs. The test curves reflect
both a performance level test and an endurance level test for the non-gunfire and
performance only for the gunfire.

The performance level test is a short duration test (5 minutes) designed to show the
equipment can operate satisfactorily while being vibrated to the worst environment
experienced on any given flight. The long endurance level test (30 minutes) conducted at
a higher level is intended to demonstrate the equipment will not be damaged or degraded by
exposure to the performance level vibration for a long duration (4000 hours).
Satisfactory operation is demonstrated only before and after this test. There is also a
supplemental real-time gunfire test of both sinusoidal and random testing for equipment
located in regions affected by the gun mounted in the wing root.
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Acoustically Induced Vibration

Vibrations associated with higher Octaves are caused primarily by engine and boundary
layer noise. Estimates of these acoustically induced vibration levels for Regions 1, 2,
and 3 of the F-15 were made, utilizing a technique correlating the internal vibration
level with the external sound pressure level. This correlation technique was developed by
P. T. Mahaffey and K. W. Smith in "A Method for Predicting Environmental Vibration Levels
in Jet-Powered Vehicles," (Reference 1). The vibration prediction procedure may be broken
down into the following steps:

1. Determine overall external sound presure levels
2. Determine the frequency spectrum of the noise field at selected locations on the

airframe
3. Using the frequency spectrum and overall sound pressure levels from above,

determine the octave band sound pressure levels
4. Using sound pressure level versus acceleration correlation curves, determine the

vibration level in each octave.

In order to develop confidence in this technique, a comparison was made between the
results obtained in Reference I and available measured data utilizing an RF-4C aircraft
(Reference 2). In each case, the correlation technique does a reasonably good jub of
predicting the vibration levels. It is believed this prediction technique provided
realistic estimates of the acoustically induced vibration environments for the F-15 since
the check case, the RF-4C, has aft engine locations and structural parameters similar to
the F-15.

The vibration prediction procedure may be used to determine the internal vibration
levels corresponding to any flight condition; however, typical fighter-type aircraft
encounter their most severe acoustically induced vibration levels during afterburner
runup, low-altitude transonic, or high-altitude maximum velocity flight.

The first step towards defining the acoustic environment was the identification of
the external noise sources. Boundary layer noise, in both smooth flow and areas of
separated flow, engine noise, and auxiliary power unit noise are the primary external
noise sources on the aircraft. In the following sections, methods of predicting these
noise sources are established and substantiated for use in the design and test criteria.

The F-15 external boundary layer noise has been predicted utilizing an empirical
approach with verification provided by data measured on F-4 aircraft. Figure 5 presents
the overall external boundary layer noise levels for the F-15 throughout the primary
mission.

"Methods of Flight Vehicle Noise Prediction" (Reference 3), presents a method for
predicting the overall boundary layer noise level (SPL) which is equation (1).

SPL, db - 20 Logjo (Dynamic Pressure, PSF) + 86 (1)
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Figure 5. F.15 Overall External Boundary Layer Noise

Levels for the Primary Mission

Measured data from "Vibration and Acoustic Measurements on the RF-4C", (Reference 2),
are presented in Figure 6. From this figure it can be seen that equation (1) provides an
adequate and generally conservative prediction of the overall boundary layer noise levels

at both subsonic and supersonic flight conditions.
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Figure 6. Measured Overall Sound Pressure Level

An empirically modified approach to the determination of the bounddry ayur noise
frequency spectrum is presented in "Structural Vibrations in Space Vehicles" (Reference
4). This approach provides an octave band distribution that has good correlation with F-4
supersonic data. For the subsonic case, it was necessary to modify the spectrum to
increase the power in the lower octave bands. Figure 7 presents sample comparisons ot
measured octave band frequency spectrums from RF-4C versus data predicted by methods ot
Reference 4.
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Figure 7. Octave Band Distribution Measured vs Predicted

Jet Engine Noise

The F-15 Pratt & Whitney F100 engines are turbofan engines. The jet engine noise is
generated at the jet exhaust and the inlet noise is generated by the fan and compressor.
The inlet noise is normally 10 to 20 db lower at the source than the jet exhaust noise at
its source. Since the F-15 installation has an inlet duct approximately 18-feet long, the
inlet noise effects on the forward aircraft area will be of less importance. "On
Prediction of Acoustic Environments from Rockets" (Reference 5) presents a method of
predicting jet engine noise. MCAIR has modified this basic prediction technique based on
data from "Noise Produced by Aircraft During Ground Runup Operations" (Reference 6) and
correlation with data from "Methods of Flight Vehicle Noise Prediction" (Reference 3).
This prediction technique gives the sound power level as a function of the expanded jet
exit velocity and nozzle exit diameter.

To determine the sound pressure level (SPL) at any point other than the source, the
reduction of SPL due to the sound radiating from a source must be accounted for. The loss
can be from spherical expansion of sound (no reflecting plane) or hemispherical expansion
(with a reflecting plane). For spherical expansion, the loss is determined by equation 2.

SPL, db = -10 Logl0 4 (Distance, Ft)
2  

(2)

For hemispherical expansion, the loss is determined by equation 3.

SPL, db = -10 Logl0 2 (Distance, Ft)
2  

(3)

In addition, a distance from the nozzle correction was required to obtain good
correlation with data from "Methods of Flight Vehicle Noise Prediction" (Reference 3).

The predicted jet engine overall noise levels on the F-15 for ground runup at maximum
afterburner power are presented in Figure 8. For ground runup at military power, the
overall noise levels will be nine db lower. In flight, the engine noise field is dimin-
ished and translated downstream. Figure 9 presents the jet engine noise frequency
spectrum.

Steps 1, 2, and 3 of the pre,: -tion procedure were performed to determine the octave
band sound pressure levels for eac of the flight conditions. Figure 10 presents these
data for Region 1. This figure indicates that for Region I the maximum sound pressure
level occurs during low altitude transonic flight. This same procedure was used to
predict the sound pressure levels for Regions 2 and 3. These conditions then established
the maximum predicted vibration levels in each regLUn. Figure 11 was utilized to
establish the vibration levels and Figure 12 presents tht- predicted sinusoidal and random
vibration levels so established for Region I.
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The first phase of the analysis was conducted using the digital program "LAND", to
compute main gear reactions during landing. This reaction was obtained on a rigid
aircraft, and included the flexibility ap3 damping of the main gear and tire. To obtain
the flexible aircraft response due to landing, a direct analog computer was used to model
the flexibility of the fuselage and wing, using a beam-rod analog. The main gear
reactions from the "LAND" program were used as the forcing function on the analog
computer, and time histories of the accelerations at various points on the aircraft were
obtained.

Gust

The evaluation of aircraft response to turbulence for the f-15 is based on the
treatment of the vertical wind gust input as a random continuous time function. The
vibratory accelerations of the aircraft are calculated by power spectral density methods
for a representative cruise condition in the air superiority mission. The condition is
for a gross weight of 32,700 pounds and a Mach number of 0.88 at an altitude of 42,7U0
feet. Six aircraft degrees-of-freedom were included in the analysis. They consisted of
rigid body pitch and vertical translation, the first two normal vibrations modes for the
wing, and the first two free-free fuselage vertical bending modes. The power spectral
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density of the acceleration along the aircraft fuselage and along the wing elastic axis
were calculated for a root-mean-square gust velocity input of three feet-per-second. This
level of gust intensity is defined in AFFDL-TR-66-5B (Reference 7), as being a composite
average for all gusts encountered during flight. The peaks in the acceleration response
occur at frequencies of .4, 5.7, 12.4, and 24.4 Hz. These frequencies correspond to the
aircraft short period (rigid body pitch), first fuselage bending, and first and second
wing modes, respectively. The responses in the short period mode and first wing modes
predominate, with the remaining mk.:as contributing a lesser account. These results are
used to define the low frequency fuselage environment. Representative sinusoidal
vibration levels for each resonant vibration frequency can be approximated from the area
under each response peak in the power spectral-density response plots. The results of
this evaluation are compared to the landing and taxi requirements in Figure 13.
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Figure 13. Low Frequency Vibration Displacement, Fuselage

Taxi

Taxi analyses were conducted on a dynamic idealization of the F-15 to determine
equipment vibration environments. This analysis was conducted on the CEAC direct analog
computer, utilizing photo formers to generate the landing gear input to the wing. This
input was computed, with a digital program, on a rigid airplane idealization, which
included the nonlinear effects of tire and strut. A maximum of two consecutive i-cosine
shaped bumps were considered for the runway shape, with two-inch amplitudes and 30-inch
lengths. The results of this analysis are compared with the F-15 equipment vibration
qualification test levels in this report. These test levels, which are based on landing
analyses and surveys of similar aircraft, are shown in Figure 13 and are adequate for the
average acceleration experienced during taxi.

Gunfire

Due to the wing root location of the internal gun system, the inlet duct and blast
diffuser protect the avionic equipment bays from any significant blast pressures.
Acoustically induced vibration from gunfire, therefore, does not represent the most severe
vibration environment in equipment bays forward of the muzzle. Gunfire will, however,
induce structure-borne vibration of significant levels in areas adjacent to the gun
system, due to oscillatory recoil forces. These recoil forces will induce substantial
vibratory response in the frequency range from the fundamental frequency of the lowest
firing rate (4000 shots per minute) to several harmonics about the highest firing rate
(6000 shots per minute).

Predictions of the vibration environment in areas surrounding the gun system were
based on experience gained on the MCAIR F-4E program. Figure 14 presents the maximum
acceleration levels measured during the F-4E program versus distance from the gun breech.
These levels are applicable to a 20mm gun system. These levels are then used to determine
the gunfire qualification test levels presented in Figure 4.

A review of the gunfire data obtained during the development of the F-4E gun system
indicates a sinusoidal test will most closely simulate the gunfire fundamental firing
frequency environment. These spectra are supplemented by the random curves of Figure 4.
The gunfire test procedures used represent a "real time" test.
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Test Curves From Predictions

Test levels for vibration are established to insure satisfactory operation of the
equipment in the environment in which it will be placed (performance) and to demonstrate
an operational life requirement (endurance). Vibration testing to insure compliance with
each of these requirements, performance and endurance, may be accomplished using either
sinusoidal or random testing. Estimates of the required minimum test levels, using either
testing technique, are presented herein.

The predicted high frequency vibration levels derived earlier and presented in Figure
12 represent "average" vibration levels expected in Region I. Therefore, they must be
adjusted by a series of factors, shown in Figure 15, to arrive at information which may be
considered generally applicable for qualification testing. The low frequency vibration
levels of gusts, landing, and taxi are computed short duration maxima and, therefore,
require no additional factoring to derive test levels.

FACTORS TO CONVERT FROM
TYPE OF PREDICTED LEVELS PERFORMANCE ENDURANCE

VIBRATION TO TEST LEVELS TEST LEVEL TEST LEVEL
TESTING

W(al (bI Ccl (d)

SINUSOIDAL 1.5 1.7 1.3 1.7 TO 2.5 al (b Cc) = 3.3 (a) ( i) d) 5.6 TO 8.3

RANDOM 1.5 - 1.3 1.75 TO 1.85 (a) cl - 2.0 (a) Icl (d) - 3.4 TO 3.6

(a) - Factor to account for not measuring or predicting most severe environment OP134W 5

(b) - Conversion of sinusoidal data from root mea-square (rmst to zero-top eak for 1/3 octave bands
(c) Factor to account for testing separateV for each axis whereas vibration occurs along all axes simultaneously

In service environment.
(d) - Accelerated life factor applied to performance test levels to obtain endurance lest levels (varies wth octave

band and region of the aircraft).

Figure 15. Summary of Factors Employed In Converting Predicted
Levels to Test Levels

For sinusoidal performance testing, utilizing test procedures called out in Rererence
8, the predicted levels shown in Figure 12 are multiplied by the factors described above.
The performance levels, thus calculated are shown as the dashed lines and are compared to
the levels specified as the minimum performance test levels in Figure 16 for Region 1. In
no case are performance test levels less than 3 g's called out for frequencies of 40 Hertz
or greater since this is considered to be the minimum level for a meaningful test. Test
levels at frequencies below 50 Hertz are based on the results of the aircraft response to
gusts, landings, and taxiing, as well as comparison with published data on fighter
aircraft.

For random performance testing, utilizing test procedures called out in Reference 8,
the spectrum shape shown in Figure 16 covering the 50 to 2000 Hz bandwidth was derived
from the predicted 1/3 octave band vibration spectra for Region 1. This same spectrum
shape is used for all random testing between 50 and 2000 Hz. For frequencies below 50 Hz,
equipment is tested sinusoidally to the performance levels previously developed.

To weight the vibration level in each region as a function of flight condition, it is
necessary to have information on the projected operational usage of the aircratt. A
tabulation, derived from a mission analysis for the F-15 showing the breakdown of
utilization at different flight conditions is presented as Figure 17. The flight time and
predicted vibration level for each flight condition are used in equation (2) to derive the
vibration level for a 30-minute accelerated life endurance test for sinupoidal vibration
and a two-hour test for random vibration. This accelerated life vibration test will
impose upon the equipment fatigue damage equivalent to the operational life ot the
aircraft.
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Figure 16. Vibration Test Levels

PERCENT
FLIGHT CONDITION FLIGHT HOURS

TIME

GROUND RUNUP AND TAKEOFF - 53

AT CRUISE SPEED AT LOW ALTITUDE 20 800

ABOVE CRUISE SPEED AT LOW ALTITUDE 10 400

AT CRUISE SPEED AT HIGH ALTITUDE 55 2,200

IN SUPERSONIC FLIGHT 1 40

IN CLIMBS AND DESCENTS 14 560

TOTAL 100 4,053

Figure 17. Times f Various Flight Conditions
Based on F-15 Mission Analysis

For sinusoidal endurance testing, utilizing test procedures called out in Reference
8, an accelerated life factor was derived by the technique developed in Reference 9.
Endurance test levels are established within the limitations that they should at least
equal performance test levels. The structure of the equipment being tested behave fairly
linearly at these levels relative to the performance test levels and they should result in
realistic test times. This may be accomplished by use of stress versus number of cycles
to failure curves (S-N diagrams). Since an item of equipment is usually made up of a
number of different materials, the test level is patterned for the material with the most
critical S-N curve. For typical equipment, this most critical S-N curve results in a time
compression factor of

Pliht Time (Reference Acceleration 8 . 7 
(4)

\ Equivalent Time/ (Actual Acceleration /
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Utilizing this procedure, the required sinusoidal endurance levels were calculated
for Region I. These calculated endurance levels, shown as the dashed lines, are compared
to the levels specified as the minimum endurance test levels in Figure 18. In no case are
endurance test levels less than 3 g's called out for frequencies of 50 Hertz or greater.
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Figure 18. Vibration Test Levels

For random endurance testing, utilizing test procedures called out in Reference 8, a
technique equivalent to that developed for establishing the sinusoidal endurance test was
used to determine the accelerated life factor. Using the same critical S-N curve selected
for sinusoidal endurance testing, the relationship developed in Reference 9 between
acceleration power spectral density (PSD) and time for a random input is

( Flight Time = Reference PSD 435

Equivalent Time/ \Actual Acceleration (5)

The same procedure, used in calculating the sinusoidal endurance levels, is employed
whereby the required test PSD level necessary to yield fatigue damage equivalent to the
operational life of the aircraft is determined for a two-hour accelerated life test.
Figure 18 presents the required random vibration test levels for a two hour endurance test
for Region I. For frequencies below 50 Hertz, sinusoidal testing to the levels previously
determined is utilized, that is, no life factor is used for frequencies below 50 Hertz.

Flight Measurement Program

The flight test program consisted of selecting representative locations throughout
the airplane and installing tri-axial accelerometers at these locations. Figure 19 gives
an indication of relative emphasis on the more significant parts of the airplane where
most of the equipment is installed. The flight conditions where significant vibration
levels were anticipated were called out as shown in Figure 20. These flight test
conditions were intended to cover the complete aircraft envelope. Although specific test
points were specified for the flight test program it is significant to note that these
points may not be attained nor duplicated exactly for each set of measurands. These
deviations will be accounted for in the adjustment factors applied to the data.
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NON.GUNFIRE GUNFIRE

MANEUVER MANEUVER

TAXI GROUND GUNFIRE

MIL POWER TAKEOFF FLIGHT GUNFIRE

A/B TAKEOFF 1 9, 180 KEAS

CLIMB 10,000 FT 1 g, MACH 0.85
1 g, MACH 0.9

1 g, MACH 0.8 1 g, MACH 0.95
1 g, MACH 0.9
1 g, MACH 0.95 1 g, MACH 0.9

I g, MACH 1.12 25,000 FT 1 g, MACH 0.95

10,000 FT WIND-UP TURN 1 g, MACH 1.47

ROLLING PULL-OUT 1 g, 180 KEAS
SYM PULL-UP 400 1 g, MACH 0.95
A/B ACCELERATION 40,000 FT 1 gMACH 1.6
S/B DECELERATION 1g, MACH 20

1 g.MACH 20

1 g, MACH 0.8

1 g, MACH 0.9
1 g, MACH 0.95
1 g, MACH 1.12

25,000 FT 1 g, MACH 1.47

WIND-UP TURN
ROLLING PULL-OUT
SYM PULL-UP
A/B ACCELERATION
S/B DECELERATION

1 g, MACH 0.8
1 g, MACH 0.9
1 g, MACH 0.95
1 g, MACH 1.12
1 g. MACH 1.5

40,000 FT 1 g, MACH 2.0
WIND-UP TURN
ROLLING PULL-OUT
SYM PULL-UP
A/B ACCELERATION
S/B DECELERATION

S/B DESCENT

DESCENT

LANDING APPROACH

TOUCH DOWN

ROLLOUT

ENGINE GRD RUN

AIR-TO-AIR MISSILE SEP

AIR-TO-GRD STORE SEP

TANK JETTISON-I/B PYLON

Figure 20. Flight Conditions for Vibralion Data

Once data are obtained for all test points, the acceleration-versus-time strip-charts
are reviewed for specific points where further data reduction is to be performed. For
these points, one-third octave and power spectral density analyses are performed.

For each set of measurands the data are collected for all flight conditions flown and
data are overlaid on the same plot to accumulate a composite curve for that location. Two
types of composite curves were made: (1) One-third octave plots showing inches double
amplitude versus frequency for the sinusoidal data and (2) g

2
/HZ versus frequency for the

random data. One-third octave data are accumulated on the same plot to obtain the rel-
ative frequency contributions of all flight conditions. These plots are used to define
the measured data for the sinusoidal test criteria. Examples of measured composites are
shown in Figure 21 for both sinusoidal and random data.
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Figure 21. Region I Vibration Levels - Non-Gunf ire

Forward Fuselage

For random data, the composite of all the measured data in the axis or axes of
interest is accumulated on the same PSD plot similar to the sinusoidal one-third octaves.
Then, envelope the Composite peaks and compute the overall RMS level (G0 (RMS)). Then
lower the entire envelope uniformly such that its overall RMS level matches the maximum
overall RMS level of the measured data.

2
G2 /Hz (Ref) = (G20/Hz) ( Gm) (6)

This spectrum is then treated similar to predicted data. A similar composite was
made of the low frequency data in the frequency range of 5-11 HZ, which corresponds to the
fuselage fundamental modes. Data are presented as a function of fuselage location and
compared to the existing specification which reflects the fundamental bending mode shape.
This '.omparison I- shown In Figure 22.
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Figure 22. Low Frequency Vibration Levels and Specification Requirements

Region 1

Zoning

After review of the composite data for each location, all locations that show similar
levels are then collected to form a region similar to the regions used for thle predicted
data. These new regions aro defined in Figures 23 and 24 for both non-gunfire and
gunf ire.

Test Curve-s Irom Measured Data

Once the data were accumulated as composite curves and grouped into representative
regions it was then necessary to establish test curves for performance and endurance
testing. The method used to establish test curves was simiiar to that used for
establishing test curves from predicted data.

REGION 8 EOUIPMENT MOUJNTED TO ENGINE

REGION 9 STORE STATIONS 3,4,6, AND 7

REGION 10 STORE STATIONS 2,.5. AND 8

REGION 11 STORE STATIONS I AND 9-TTO

REGION REGION3 REGIO 2STATIEW 8OXNGU

SSATONS1ON
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Figure 24. Vibratlon Regions
Gunfire

To obtain the performance spectrum, multiply the composite spectrum by the factors a
and c from Figure 15. Factor "a" (=1.5) accounts for not measuring the most severe
environment and factor "c" (=1.3) accounts for measuring separately along each axis when
vibration occurs in all three axes simultaneously. This process was used for both
sinusoidal and random spectra. The factors for the random spectrum are applied to the
power spectral density as follows:

G2/ilZ (Ref) (ac)2 = G2/HZ (Pert.)

To obtain the endurance spectra multiply the performance spectra by the accelerated
life factor for the service life desired.

For a service life of 4000 hours the accelerated life factor is;

Sinusoidal

1/n
Go-p (End) = / (7)

Go-p (Perf.) .5

Where To is the number of hours the equipment will be exposed to this environment in

a 4000 hour lifetime.

Similarly for the random spectra this equation becomes;

Random

G2/f/Z (End.) = (To\2/n

G2/HZ (Perf.) 2

These resulting test curves are shown in Figures 25 and 26.
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Figure 26. Region 13 Gunfire Vibration Test Levels

Conclusions

This program shows there is a definite need to adjust the vibration requirement for
jet aircraft to take advantage of the differences in severity of vibration in locating and
testing of equipment that might be susceptible to vibration. It is intended to emphasize
the importance of using the vibration test level as an investigative tool as opposed to
arriving at some absolute test level to be used as a demonstration of meeting a
specification. The philosophy used for the F-15 was one of trying to determine basic
weaknesses in an equipment design and to initiate redesigns based on time to failure as
well as levels used.

Measured vibration data used for comparison with the original predictions were
obtained well into the design and production phase of the F-15. They indicated the
vibration test levels should be generally higher in the frequency range above 200 Hz and
below 50 Hz and lower in the frequency range from 50 - 200 Hz. Based on this comparison
with predictions, the original qualifications were considered adequate since most of the
equipment critical frequencies fall in the 50 - 200 Hz range.
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SUMMARY

Equipment for later versions of the Harrier and all versions of the Hawk
aircraft has been cleared for flight vibration using test procedures based on the
current British Standard, 3G100. The rationale used in applying this Specification,
and the flight vibration test procedures are briefly outlined from a practical viewpoint.

1.0. INTRODUCTION

The VTOL Harrier aircraft was developed from the Kestrel prototype,
and entered service with the RAF as the Harrier GR.Mk.1. It is known as the
AVBA in the United States. The two latest variants are the Sea Harrier FRS
Mk.l for the Royal Navy and the McDonnell-Douglas AV8B.

The Hawk is an advanced jet trainer, with strike capability, and is
currently in service with the RAF and a number of other air forces. It is
powered by a single Rolls-Royce Adour engine.

All equipment vibration specifications for these aircraft have been
based on BS3G100 since 1969 when it replaced BS2GIO0, so what follows is
essentially a practical account of using BS3G100 for about twelve years.

2.0. OUTLINE OF BS3GI0 AND SOME COMMENTS.

The essential provisions are:

(i) Initial and final resonance searches.
(ii) Vibration endurance test with wide-band random the preferred

method; frequency ranges 10-60Hz and 60-1000Hz.
(iii) Choice of standard test levels, .0005 g

2
/Hz to .05 g

2
/Hz (Fig.]).

(iv) Alternative test methods for vibration endurance test = sinusoisal
sweep (Fig.2), narrow-band random or resonance dwell.

(v) Vibration endurance test time determined by equipment usage, but
maximum 50 hours (divided into 20 hours vertical, 20 hours lateral,
10 hours longitudinal).

Some general comments on applying it are:

(a) The use of standard test levels in constant g
2
/Hz, but with a

possible change at 60Hz is both simnle and adequate for most
purposes.

(b) Suppliers are required to discuss any proposals for the use of
two of the permitted test methods - resonance dwell and narrow-
band random sweep. Resonance dwell is really only suitable for
structurally simple equipment where the resonances are well-defined
and obvious. Modern miniaturised equipment, which may contain
undetectable resonances obviously cannot be tested by this method.
There is no objection, in principle, to narrow-band random testing,
and it has some theoretical advantages over swept sinusoidal
testing, for example the amplitude distribution of the excitation
may reoresent random flight vibration more closely. The difficulty
is that there is a temptation to make the power spectral density
level within the narrow band equal to that specified for wide-band
testing. Due to the sweep, each equipment resonance is excited for
only a small proportion of the time, so the total test time has to
be considerably increased. This can be compensated by an incr2ase
in spectral density, but the factor will depend on the particular
test equipment, so agreement between the p2rties concerned is essential.

(c) The determination of the duration of the vibration endurance
test from the proposed utilisation of the equipment, as suggested
in SS31I00, is very difficult in practice, and tends to spoil the

essential simplicity of the specification. For Harrier and Hawk
equipment this calculation, in any case, tends to require the
maximum 50 hours, so this has always been specified. This test
time is far longer than is required by any other national

specification, and there may be a case for reducing it, at least
for simpler equipment.
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3.0. GENERAL PROCEDURES.

At the design stage of an aircraft, a great deal of equipment must be
ordered well before a prototype exists. Some vibration test requirements
must be issued, and these can only be based on standard specifications or
measurements on similar aircraft. It is as well to err on the high side at
this stage, both to ensure safety, and also because it is far easier,
contractually, to reduce the requirements than to increase them. Cases where
suppliers are having difficulty can be treated individually, on merit.
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I As soon as possible in the flight development programme vibration
measurements are made, and a much more realistic specification can be issued.

In the case of aircraft with a long development life such as the Harrier it
is found that much more equipment tends to be purchased against the test-based
specification than the original arbitrary specification. It is desirable to
carry out the vibration flight tests immediately after flight flutter tests.
Tnis is the earliest time that the whole flight envelope can be covered, and
instrumentation requirements are similar, although the positioning of the
accelerometers for flight vibration recordings, and the recording bandwidth,
will be different from the flutter requirements. We believe that it is worth
retaining the flutter accelerometers as an extra set of vibration pick ups
to obtain useful data on the vibration of aircraft extremities.

At B.Ae. Kingston, environmental specifications are administered by the
Airworthiness and Avionics Departments, but a Structural Dynamics Specialist
checks Suppliers test proposals and, after the tests have be carried out, the
final report.

Twelve years ago some Suppliers in the UK were puzzled by references to
power spectral density, but fortunately the position has now changed, and most
are familiar with wide-band random test requirements and can carry them out.

4.0. HARRIER.

Original equipment for Harrier development batch aircraft was purchased
against the current British Standard at that time, BS2GlO0 (Grade A). Fairly
comprehensive flight vibration measurements were made in 1966. In those days
soectral analysis was carried out with tape loops and analogue filters : 1/3 -
octave analysis was normal. As a result of the measurements the vibration test
levels were changed, but the method remained sinusoidal. With the introduction
of BS3GIOO in 1969, this was adopted as a framework for a revised test specification
and wide-band random tests were specified for the first time on this aircraft.
Fig.3 shows the vibration regions adopted. A rationale, based on BS3GIO0, and
described below in 7.0. for converting other test specifications for comparison
with the requirements was laid down.

Vibration levels on the Harr er tend to be high, well above the highest
category proposed by BS3ClOO ( .05 g /Hz) in aft regions, largely due to excitation
of the tail by jet noise. In these regions the highest vibration is encountered
on the ground. Vertical take off and landing do not produce excessive vibration,
since the jets are then deflected downwards, well away from the aircraft structure.
As with most highly manoeuvrable aircraft, the worst vibration in flight is
associated with high angle of attack in turns.

5.0. HAWK.

BS3G0 was used to set the equipment test levels (at .02 g 2/Hz) initially.
Subsequent measurements (Fig.4 shows typical accelerometer locations) have shown
this to have been a reasonable choice. It is exceeded at the extremities of the
aircraft, generally not in those regions occupied by sensitive equipment. As
would be expected, it is those manoeuvres involving separated wing flow, high - g
turns, and since this is a trainer, spins, which produce the worst vibration.

Gum - Po- K

E

FIG. 3 HARRIER VIBRATION ZONES

-jA
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FIG.4 TYPICAL HAWK ACCELEROMETER POSITIONS

6.0. FLIGHT VIBRATION TESTS.

In principle, power spectra, like Fig.5, normally in g
2
/Hz, are

required at each accelerometer location in each manoeuvre for several
aircraft configurations. In practice, this could lead to a formidable
number of spectra, most of which would show negligible vibration level.
One way to avoid this is to produce a continuous record of mean square

or root mean square vibration level in various frequency bands. Fig.6,
for example, shows the RMS output from two pickups for the whole of a
Harrier test flight. The pilot's voice track and identification pulses
enable each manoeuvre to be identified, and oower spectra can be produced
covering significant manoeuvres only. It is desirable to divide the
total frequency band into four or five contiquous narrow bands to give
a rough idea of spectrum shape; if the choice of which spectra are to be
produced is based on the total RMS (Fig.6), high spectral densities in
particular narrow frequency bands may be missed. The averaging time of
such a device is important. Simple lag smoothing, with a time constant
in the order of 0.2 - 0.5 second has been found suitable.

6.1. Non-stationarity.

The main analysis problem, particularly with small,
manoeuvrable aircraft, is non-stationaritv of the signals. This is
illustrated by the record (Fig.7) from a 4;g turn in a Harrier test flight.
The record of total RMS vibration shows that in this extreme case the

most severe vibration exists for less than one second. Care is necessary
to ensure that this worst vibration is captured by the analyser, and that
an excessive period of lower level does not 'dilute' the power density
measurement,. Also, a power spectrum based on (say) only a half-second
of data will be statistically unreliable. There appears to be no entirely
satisfactory answer to this problem, but the following could be considered:

(a) Use of the "shock spectrum" rather than the conventional
averaged power spectrum. The shock spectrum records the
maximum response of a variable-frequency single-degree-of-
freedom filter to the signal.

(b) Ensemble averaging of a number of similar manoeuvres.

(c) Flight procedures can be modified to contrive a lon er
data sample in some cases - for example a turn may be

prolonged.

(d) Factors may be applied to the power density measurement
to allow for the non-stationarity. These can perhaps
be based on the ratio of peak to mean of the wide-band
response. This has occasionally been justified by showing
that the spectrum shape does not change appreciably for
considerable changes in total response at one aircraft
location.

7.0. VIBRATION TEST RATIONALE.

If power spectra are measured in flight, and subsequently equipment
is subjected to the same spectral density on a test table, for a period
of time representing the life of the equipment, then no factors, with one

oossible exception, need to be applied, in theory. (This exception, less
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important now than formerly, when relatively coarse analysis bands were
used, is a correction for the fact that aircraft structural resonances
could have much narrower band-width than the analyser, so significant peaks
in the spectrum could be smoothed out).

The ideal situation mentioned above, of course, is never attained:
the testing may be sinusoidal rather than random; it is perhaps carried
out for 3 hours instead of 6000 hours, and is of constant amplitude (at
any frequency) rather than variable. Some set of rules for converting a
random signal to an'iequivalent" sine wave, or increasing amplitudes to
allow reduction in test time, are required. It is relatively easy to define
a set of rules : the problem is that they do not usually bear close inspection.
They mostly involve Miner's law, and fatigue damage proportional to some power
of test amplitude. Nevertheless, it is essential to have some rules for
conversion, and all we can do is to ensure that they are conservative, as far
as possible, and are not used out of context, that is to say they are valid
only for equipment survival, not functioning. For the sake of consistency,
our rules are based on BS3GIO0, as follows:

(1) Vibration amplitude scaling may only be such as
to increase test levels, due to the possible
exis-tence of a fatigue limit (i.e. that level of
stress below which failure would never occur).

(2) Damage proportional to the fifth power of amplitude
is assumed, so, for example if the test amplitude is
doubled, the time may be reduced by a factor of 32.
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(3) Random power spectral density may be converted to a
sine wave by the relationship

d =118441f

Where d = sinusoidal amplitude (mm)
S = power spectral density (g2/Hz)
Q =magnification at resonance
f =frequency (Hz)

This expression can be reproduced if the implicit factors are
known:
(a) The RMS of the sine wave must be 1.27 times that of the

random wave based on Miner's law and fifth power damage.

(b) Amplitude scaling by 2.09 to reduce test time by a factor
of 40, because of the short time actually spent at resonance
in a swept sinusoidal test. (The sinusoidal test time can
then be equal to the random in test time).

The formula is used to convert the standard random levels (FigI1) to
equivalent sinusoidal levels (Fig.2) by fixing Q at the average value of 10. In
Fig.2 the resulting line is shown for one spectral density, together with the
approximation used in the specification.

By means of these relationships (however dubious their derivation) it is
possible to translate one specification into another, and this often has to be
done, in order to see whether equipment tested to say MIL-STO-810B (USA) or
AIR 7304 (France) meets the requirements for Harrier or Hawk.

The above applies, of course, only to relatively compact equipment which
can reasonably be considered to be attached to aircraft structure at a point.
Structures, and this must include external stores and equipment racks will
generally require a more realistic and complete treatment.

7.1. Survival or Operation Tests.

Comment should be made on the imiportant difference between survival
and correct operation of the equipment being tested. As far as survival is
concerned, an overtest is usually permissible, and there is much to be said for
the old, very severe, sinusoidal tests. Such a test will find the insufficiently-
supported pipe, wire, capacitor, circuit board, etc, and the cure is usually
obvious. There is a class of very difficult problems, however, not involving
structural failure, but incorrect operation, often due to "microphony". Radar
and other high-frequency devices are prone to this problem :the small dimensional

8.. changes caused by vibration, although not damaging, cause the device to operate

incorrectly. Cockpit instruments can also mis-read seriously due to vibration.
In cases like this the onus is upon the aircraft manufacturer to

deiethe vibration environment very precisely, far more precisely than for
suvvlpurposes. Usually special test flights with carefully placed accelerometers

aerequired, and the actual random spectra must be reproduced faithfully during

8..CONCLUDING REMARKS.
The aims of this account of equipment vibration qualification at British

Aerospace, Kingston, have been, first, to introduce our national specification
BSGOand secondly to present our current test philosophy for comparison with

ohrfirms, as a preamble to future international standardisation. No originality
iclaimed for the procedures described, and in general they should not necessarily

betknas representing those in use At nt'ier sites within British Aerospace.
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Summary

The paper describes the mechanisms of noise generation for the purpose of acoustic quali-

fication tests. Special emphasis is given to the modal density of acoustic noise fields

in enclosures, such as reverberation chambers. A test program shows, that for small com-

ponents a sufficient modal density can be achieved in relative small test chambers.

Where applicable small chambers are favourable because of the lower test costs. The

author finds that this advantage can not be used because of the global nature of the

test spectrum, defined in MIL-STD-810 C. He therefore suggests to specify two test spec-

tra: one for tests with small components and one for tests with bigger assemblies.

1. Introduction

The dynamic qualification of aerospace equipment is usually achieved by the following

two tests:

- the vibration test, which incorporates electro dynamic or electro pneumatic

shakers and a mechanical fixture to couple the exciters with the test item

- the acoustic noise test, in which the test item is placed inside an enclo-

sure and excited by fluctuating pressure fields.

The acoustic noise test is not a substitute for the vibration test but rather a

complement, because of the two reasons:

- the acoustic excitation covers a wider range, especially in the high

frequencies

- the acoustic pressures are acting on the whole surface of the test item

which again gives a better coupling in the high frequencies.

The essential part of the specifications for acoustic noise tests are the frequency-

spectra such as shown in Fig. 1. The spectra are usually defined either in Oct.- or

1/3 Oct.-values. The specification further asks for a suitable reverberation chamber

to produce a diffuse sound field and a uniform sound energy density throughout the

enclosure.

The acoustic spectrum can either be based on measured or estimated values as in the

case of the SHUTTLE-spectrum, or it is given in a standardized form such as in the

MIL-STD-810 C.

The comparison of the two spectra in Fig. 1 shows that the SHUTTLE-spectrum is more

individual in so far, as it approximates the real conditions as close as possible

(shape of spectrum, low frequency end, width of tolerance band).



The acoustic test spectrum specified by MIL-STD-810 C is of more global nature. It
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cover most of the practical cases.

The obvious advantage of MIL-STD-810 C is, that a simple test method is provided to

the user. Less advantageous is the fact, that due to the global nature, the real

loading of the test specimen can vary considerably and that in some cases unnecessary

test effort is created.

In order to illustrate this situation a small test program has been conducted, which

will be discussed under chapter 3. For a better understanding it is however neces-

sary to explain the mechanism of noise generation in more detail

2. Noise Generation System

In Fig. 2 the general arrangement of a noise generation system is presented. The in-

dividual components contribute through their acoustical characteristics to the noise

spectrum, achievable in the test chamber.

- Noise Generator, its relevant data are the acoustic power, trequency range

of modulation, magnitude of overtones, noise content of the turbulent

gas flow.

- Exponential Horn, the shape determines the efficiency of acoustic coupling

and the cut-off frequency at the low end.

- Reverberation Chamber, the size and shape determine the density of acoustic

chamber modes, the treatment of the surface governs the absorbtion factor.

- Medium, the molecular absorbtion depends on the transmitting medium in use.

For instance N2 has lower molecular damping than air at high frequencies

and therefore gives rise to higher sound pressure levels.

- Test Item, depending on the size of the test item the acoustic chamber

modes and the absorbtion are affected.

For the commonly used electro pneumatic noise generation the system works such, that

pressurized gas (Air, N.) is modulated by opening and closing slots, through which

the gas has to pass. Each opening creates a pressure shock, which is expanded through

the exponential horn and transmitted to the test chamber. The modulation is achieved

according to wide band signals so that a broad frequency range of pressure fluctua-

tions is obtained.

These driving pressures excite resonances in the test chamber which give rise to the

sound pressure level at the corresponding frequencies. The resonances can be consid-

ered as three dimensional standing waves, their patterns are usually desulibed as the

chamber modes. The wave length of the chamber modes is inversely proportional to their

frequencies. In other words: low frequency modes need large dimensions of the test

chamber, otherwise they can not be excited.

For example, if a chamber mode at the frequency 100 Hz is required, then it is neces-

sary that at least one dimension of the chamber is in the order of 3 m ler~gth.

of course a single mode is not sufficient, to provide a uniform sound energy density

as asked by the specification. A general recommendation is to have at least 20 modes

in the lowest octave band of interest.



From this it can be derived, that in order to have a good nodal density at 100 Hz the

chamber must have dimensions of 4 to 5 meters or a volume of about 100 in3.

These relationships are not explained in MIL-STD-810 C, nor in the new draft of

ISO/DIS 2671.2. The reason probably is to keep these standardized specifications as

simple as possible for the user.

On the other hand it is worthwhile to know the lowest Oct. band that has to have

sufficient modal density for a specific test item. With this knowledge a better match-

ing in regard to the necessary chamber size is possible.

In order to illustrate this on a real component the following test work was performed.

3. Acoustic Test Program

An electronic box, as shown in Fig. 3, was instrumented with two accelerometers, one

on the outside casing, one on an inside plate. This box was tested in three different

acoustic chamberst

- Small Chamber, V = 5 inl, (Fig. 4)

- Medium Chamber, V = 206 inl, (Fig. 5)

- Large Chamber, V = 800 in
3  (Fig. 6)

In each chamber an acoustic spectrum was generated with a spectral distribution accord-

ing to the MIL-STD-810 C specification, and with an Overall Sound Pressure Level

(OASPL) of 150 db.

The response of the electronic box and the fluctuating pressures of the exciting noise

field were analysed in terms of power spectral densities (psd) by means of a digital

computer with a virtuel filter bandwidth of 2,4 Hz.

The results of these measurements are contained in Fig. 7 and 8. From Fig. 7 the PSD-

plots of the fluctuating pressures inside the three test chambers can be seen.

The large chamber (V =800 in') shows a sharp increase in acoustic energy at about

40 - 50 hz, which can be attributed to the cut-off frequency of the exponential horn

(37 Hz). From there the distribution towards the higher frequencies is relatively

smooth with no pronounced peaks and troughs.

The plot for the medium chamber (V = 206 M3 ) exhibits at the low frequency end a

similar rise at about 100 Hz. Between 100 Hz and 150 Hz there is a remarkable gap,

but onwards from 150 Hz the energy distribution is continuous.

The small chamber (V = 5 ml) finally contains very pronounced peaks and troughs up to

approximately 500 Hz. From there the energy distribution becomes more uniform.

These troughs at the low frequencies result from lacking chamber modes. This becomes

clear by the indication of the lowest 20 modes octave band.

In Fig. 8 the vibration response of the electronic box is presented. As can be easily

seen from the plots, the same vibration response is measured, regardless in which of

the three chambers the box was tested.

This result is not surprising, as the dominant vibration response occurs in a frequen-

cy range (500 - 750 Hz) in which all three test chambers have uniform and nearly

equal energy distribution (Fig. 7).

The identity of vibration response would have been completely diminished, if a test

item were investigated whose dominant resonances lie at about 100 Hz or even lower.
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At such low frequencies the small chamber would not give any meaningful results. The

same would apply to the medium chamber for frequencies between 30 - 80 Hiz.

4. Conclusions

What conclusions can be drawn from this experiment?

- In order to perform a good qualification test it is necessary to have a

sufficient modal density of the acoustic excitation in the frequency

range, in which the test item exhibits its dominant vibration response.

- Small test items, such as electronic boxes etc. do not need the lower

end of the frequency spectrum (63 Hiz) as defined in MIL-STD-810 C.

- Big test items, such as a Spacelab Pallet nay need an extension towards

the lower frequencies which goes beyond the 63 liz band. In this case a

sufficient modal density must be maintained even in the 31 Hz Oct. band.

- As a conclusion from these different requirements it is suggested to

specify not only one standardized spectrum, according to which all kinds

of acoustic noise tests have to be performed, as presently prescribed

by MIL-STD-810 C. Instead of this it would be more meaningful to have

two spectra. One which contains the low frequencies which are neces-

sary in testing bigger parts, such as assemblies etc. The other spectrum~

should begin at about 125 Hz with a horizontal part between 250 Hz and

2 kliz.

The second spectrum should be identical with ISO/DIS 2671.2 in its

final version, because both are intented for the same test items,

namely electronic components (Fig. 9).

5. List of Figures

Fig. 1. Test Spectra
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VIBRATION QUALIFICATION OF EXTERNAL A/C STORES AND EQUIPMENT
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ABSTRACT

Prediction Methods for a first assessment of vibration levels and spectra are
described and application results are compared with measured vibration environment in
relevant flight conditions. Some remarks, concerning signal nature and analysis technique
are given in the first part of this paper.

A second part deals with the technique of simulating a representative dynamic
environment in the laboratory especially for external store configurations. Different
mounting and excitation methods as well as selection of shaker control reference signals
are compared and discussed. Requirements for test facilities, for instance mounting
rigs and shaker capabilities are also presented.

1. INTRODUCTION

The purpose of the environmental qualification of an equipment is to prove its
resistance against environmental influences. Equipment design and development is based
upon contractual defined environmental conditions (declaration of design and perfor-
mance). These requirements have strong influence upon the development costs of an
equipment. Normally, no flight measurements are available at this time to evaluate
the real environmental conditions - in our case the vibrations. At best, measurements
on similar equipment under similar installation conditions can be taken into account
for defining the qualification spectra. Therefore, predicted levels and test procedure
as given in standards are used for the development phase. During the prototype phase,
measurements have to be taken to confirm or finalize the formal qualification test
levels for production equipment. At this time, the equipment design is normally fixed
and further modifications are expensive. Therefore, the prediction method should meet
the real environmental conditions as close as possible to avoid overtesting or under-
testing the equipment. A step forward to a more realistic simulation of vibration
environment was reached, when sinusoidal testing was replaced by random testing which
is incorporated in MIL-STD. 810 C (US-Standard), BS 3G.100 (British Standard) and
AIR 7304 (French Standard).

VIR RATTI O
AERODYNAMIC D YNKA MIC V VIBRATIO N

ENGINE NOISE E A V R 0 U ATOR

TRANSONIC EFFECTS OF I X T E R K A L S T 0 R E

BUFFET S T R U C T U R E OR

ETC. I QEQUI PM N T

GXX G yy

x - 5
TY POWER SPECTRAL DENSITIES

H i TRANSFER FUNCTION

FIG. 1 COHERENCE BETWEEN EXCITATION AND VIBRATION



Systematic considerations of the sources of excitation, e. g. aerodynamic and
engine noise, are able to improve the prediction methods. Not only the nature and
severity of excitation source, however, is responsible for the vibration of an indivi-
dual equipment, also the transmissibility characteristic of the structure is of impor-
tance. Local resonances or low damped modes may lead to severe conditions not covered
in predicted spectra (following the standard). This applies especially for external
store configurations with relatively low attachment frequencies.

To get a representative simulation under laboratory conditions the dynamic be-
haviour of the structure as well as the environmental conditions and exposure time
must be taken into account. The test procedures and levels have to be defined in
accordance with the capabilities of the test laboratory, and the test time has to be
limited with respect to the costs by equivalent test time compression.

2. COMMON METHODS OF LEVEL PREDICTION

The MIL-STD. 810 C, Method 514.2 (US-Standard), for instance, defines the test
procedure and level prediction for vibration qualification. For equipment and assembled
stores the qualification test with wideband random excitation consists of three parts:
Initially, the first half of the "functional test" is performed which covers the maxi-
mum vibrations during captive flight phase. Next step is the "endurance test" which
serves as a "fatigue test" with equivalent increased levels related to the short labora-
tory test time. Last, the second part of the "functional test" is carried out. The
functional test normally lasts 1 hour per axis, during which the equipment must func-
tion. The duration of the endurance test is about 1 - 2 hours, at which the test speci-
men is not operating. In order to allow a flexible adaptation of qualification levels
in severity and frequency limits, a series of basic parameters is used in the predic-
tion of vibration levels: the number of anticipated service missions, the max. aero-
dynamic pressure, the averaged store weight density and the store geometry. The kind
of store mounting configuration is regarded by additional factors. In this way, for
every individual store an individual test spectrum is provided.

MIL-STD 810 C BS3G,100 AIR 7304

TEST SEQUENCE FUNCTIONAL TEST IRESONANCE SEARCH RESONANCE SEARCH

ENDURANCE TEST IENDURANCE TEST , ENDURANCE TEST
FUNCTIONAL TEST IRESONANCE SEARCH RESONANCE SEARCHI +

EXCITATION TYPE RANDOM: ISINE SWEEP: SINE SWEEP;

(15) 20- 10-1000 Hz 5-2000 HZ
MAX. 2000 HZ JRANDOM: 10-60 HZ, RANDOM:

160-1000 HZ 10-2000 Az

TEST TIME 1/2 - 1 ./2 50 HOURS FOR 2 1/2
HOURS/AXIS 10-60 Hz HOURS/AXIS

6 50 HOURS FOR
60-1000 HZ

LEVEL DEPENDENT ON EQUIPMENT LOCATIONIEQUIPMENT LOCATION EQUIPMENT LOCATION

MAX. AIRSPEED !VIBRATION CATEGORYI EQUIPMENT WEIGHT

ENGINE NOISE DEFINED BY FLIGHT

EQUIPMENT WEIGHT CONDITIONS

NO. OF MISSIONS

ETC.

NOTE: NORMAL QUALIFICATION TEST FOR EQUIPMENT INSTALLED IN MILITARY

AIRCRAFTS, IF DIFFERENT TEST METHODS ARE PROPOSED, THE RANDOM
TEST WAS SELECTED,

FIG. 2 STANDARD COMPARISON

In the British Standard BS 3G.100 no specific test procedure for assembled exter-
nal stores is supplied. Generally, a vibration qualification test consists of an initial
and final resonance search to investigate the structural behaviour of the test specimen
on the basis of a sine sweep excitation, and an "endurance test" which covers the
accumulated service time, related to higher vibration levels to get test times4 50 hours
with narrow band and <50 hours wide band random excitation. For test level definition
the duration times and vibration categories of all ground and flight conditions are
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estimated and accumulated at the most severe vibration category, using an equivalent
damage concept. During this test, the specimen shall operate without malfunction. Five
vibration categories are supplied which were selected in accordance with the equipment
location and flight condition. The frequency range of the narrow and wideband random
test is 10 - 60 Hz and 60 - 1000 Hz respectively.

The test sequence of the French Standard AIR 7304 is similar to the British Stan-
dard% After an initial resonance search with a sine sweep excitation, an endurance
test is conducted, followed by a final resonance search. The endurance test for military
aircrafts lasts 2 1/2 hours per axis, the excitation is a wide band random from 10 to
2000 Hz with a level dependent on the location of equipment. Vibration levels for quali-
fication of external stores are not supplied. Under certain circumstances the vibration
level may be reduced up to 50 % with equivalent test time increase.

The levels predicted with the above described methods are frequently adapted
and finalized on the basis of measurements of the prototype phase. For definition of
qualification levels, the aircraft may be subdivided in several zones of different
severity of vibration. As an example, qualification zones of aircraft and stores are
shown in Fig. 3.

2

-7 E f- 1  '-3Z _

(6

FIG. 3 SUBDIVISION IN SEVERAL VIBRATION ZONES

3. VIBRATION MEASUREMENTS AND ANALYSIS FOR EXTERNAL STORE CONFIGURATIONS

For an assessment of realistic test requirements measurements taken on aircraft
carried stores will be considered in the following. The analysis technique will be
discussed and some measured levels will be compared to 14IL-STD predictions. Further-
more, some special flight conditions will be shown which are not covered by level pre-
diction in accordance with standards.

3.1 Pickup Installation and Anialysis Technique

For direct comparison of measured vibrations with qualification data, or definition
of qualification spectra, it is recommended to instrument an external store with accelero-
meters at stiff points of the nose and tail section (primary structure). If desired, the
vibrations can also be measured at the attachment point of any individual internal equip-
ment to define the dynamic environment of this device.

To get a flight vibration survey over the full mission profile (e.g. take of f. straight
and level flight, mncneuvres with high g-load, buffeting and transonic conditions, landing),
time slices of representative vibrations have to be selected from the performed flights
for analysis. A time slice which is assigned for analysis should have stationary or nearly
stationary flight condition and a length which allows an average minimum of 20 to 30 com-
puter time blocks to minimize accidental effects with short duration.

Useful information for flight vibration survey includes tabled overall MS values and
peak values related to different flight conditions as well as frequency spectra (power
spectral density xPSD) and representative time histories.

For comparison with qualification level, vibration measurements of the full mission
profile are needed, especially of the transonic range (Ma 0.90 - 0.951 and manoeuvres
with high g-load. If such a flight condition is not available in performed flights, an
extrapolation over the Mach number can be helpful. A typical curve for the overall vibra-
tion level against airspeed is given in Fig. 4.
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FIG. 4 TYPICAL VIBRATION LEVEL

vs MACH NUMBER

0 0.5 1.0 1.5 MACH NO.

Safety factors have to be applied because of differing frequency spectral distri-
butions which leads to transgression of the smooth predicted vibration spectra within
single frequency ranges. Further safety factors may be added because of higher peak to
RMS-ratio in flight than in qualification testing, where a ratio of about 3 is usual in
accordance with the Gaussian distribution.

3.2 Measured Vibration Environment and Comparison to Qualification Level

3.2.1 Air to Air Missile

The measured dynamic environment of an air to air missile carried on the wing pylon
is shown in Fig. 5.
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FIG. 5 MISSILE ENVIRONMENT UNDER STABILIZED FLIGHT CONDITION
The diagram contains the overall RMdS vibration level versus Mach number of the

pickups attached to a stiff point in the nose and tail section of the store. The vibra-
tion on the nose is about equal in y- and z-axis and, therefore, plotted as one line.
The range between Ma 0.85 and 1.0 is drawn as a dashed line because of uncertainties
due to transonic effects. This diagram shows only the vibration level of the straiqht
and level flight. To demonstrate the influence of manoeuvres with various g-loads,
Fig. 6 shows measurements taken at a store nose section. The vibration level of a manoeuvre
condition for this store increases strongly with the g-load. In the tail section, only
minor differences were found between straight and level flight and manoeuvres.
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FIG. 6 MISSILE ENVIRONMENT vs MANOEUVRE LOAD Nz



The maximum analyzed overall R14S value in Fig. 5 is about 5.8 g. For all flight
operation conditions and related exposure times, an equivalent endurance vibration level
related to I hour was calculated as described in 4.3. From this procedure, an endurance
overall RMS value of 11.3 g for the z-axis of the tail section is resulting including
a factor of + 3 db to cover differing spectral distributions and narrowband peaks. The
endurance test level predicted according to MIL Std. 81OC-514, Procedure IIA has a RMS
value of 9.1 g established with the minimum level of 0,04 ga/Hz. The predicted value,
therefore, does not fully satisfy the real requirement.

3.2.2 Instrument Pod

In the following, measurements of a middle sized underwing instrument pod are pre-
sented to show particular effects of vibrations during manoeuvres and to illustrate the
distribution of vibrations over the length of the store. The store is shown in Fig. 7.
All accelerometers are attached to stiff points of the store structure to pick up a
representative vibration of the section.

SID( VIEW
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FIG. 7 PICKUP INSTALLATION iN INSTRUMENT POD

Vibration data up to about Ma 0.9 were measured and analyzed. They give a good
indication of problems which can occur and have to be taken into account during the
definition phase of final qualification of equipment and assembled stores.

In Fig. 8, a survey of vibration overall RMS levels up to 2000 Hz at constant alti-
tude in subsonic range taken from straight and level flights and manoeuvres up to a
maximum of 2 g as well as take off and thrust reverse phase are presented.
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FIG. 8 VIBRATION ENVIRONMENT OF INSTRUMENT POD



For comparison with these data the predicted vibration RMS levels according to
MIL-Std. 810 C, Method 514, procedure II A, valid for installed equipment are tabled:

forward half of pod rear half of pod

functional test 6.1 g RMS 12.3 g RMS

endurance test 8.0 g RMS 14.4 g RMS

The measurements indicate the following trends:

a) The vibration levels in the forward half of the store are lower than the levels of
the rear half (factor of about 4). This is in correlation to the prediction in
MIL-Std. 810 C. Of particular interest are the vibration levels in the attachment
area of the store: They are lower than the vibration levels of the nose section
during stabilized flight as well as durina manoeuvres.

b) As shown in Fig. 8, the vibrations during manoeuvres are always higher than the
vibrations during straight and level flight. Also ground operations (take off,
thrust reverse) produce a noticeable vibration level.

TAKE OFF STAB. FLIGHT MANOEUVRE THRUST REVERSE

MACH NO. 0.76 MACH NO. 0.76

RMS = 1.65 G RMS = 0.98 G RMS - 5.09 G RMS = 4.09 G

POWER SPEC.OEHSITY POWER SPEC DENSITY POWER SPEC DENSITY POWER SPEC DENSITY

001 G2MI.. PREDICTION
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486 6 8 2288 1608 28 06 46 Wil 1268 166 206 8 4O 84 1800 164 8 28 40e 800 1280 608 B 60

W go HZ I Ias 0N t Z is, 0 HZ
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5g312g 11 g

T, . . . . . t, ---- ,_
1 288 206 306 4666 5060 t 2888 280 O 3080 4888 5860 1886 2866 3806 4866 5600 6 Isis 2686 3688 4688 5808

SE 0 C 10- 05 SEC I - 'SEC 1:_ 9 SEC

FIG. 9 SPECTRA AND TIME HISTORIES OF DIFFERENT FLIGHT CONDITIONS

c) The spectral distribution above 200 Hz is about the same for all flight conditions,
as shown in Fig. 9. In the low frequency range ( < 200 Hz) significantly higher
values are noted in the manoeuvre case, especially in the frequency of the low
damped wing torsion-store pitch mode. This leads to high vibration levels not
covered in any level prediction method.

The predicted qualification spectrum for the full flight envelope, according to

MIL-Std. 810 C, procedure IIA, is compared in Fig. 9 with a Mach 0.76 manoeuvre case.

3.2.3 Missile Launcher

The following measurements presented are taken from flights with a launcher for a

large heavy missile carried on fuselage station or i/b wing station. In Fig. 10, the

available results are given in terms of overall RMS values. Large differences were found

in frequency spectra and overall vibration level between the two stations: The vibration

levels of the launcher carried at fuselage station are up to 4 times higher than those

of the launcher carried at i/b wing station. This may be caused by the more disturbed

airflow in the vicinity of a/c fuselage. It is also of interest that, in some cases, the

vibrations of the forward section of launcher are higher than those of the aft section.
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FIG. 10 VIBRATION ENVIRONMENT OF A LAUNCHER AND MISSILE

Considering relevant methods of level prediction for equipment installed in a
launcher, either one of the two procedures in ?41L-Std. 810C may be used: procedure IA,
if the launcher is classified as a pylon, or procedure II, if the launcher is classified
as an external store. The resulting overall RMS values are tabled in the following.

functional test endurance test

Procedure IA 17.1 g 26.5 g

fwd. half rear half fwd. half rear half

Procedure LEA 6.9 g 9.8 g J 8.1 g 10.2 g

The shown flight vibration measurements of launcher indicates, that the use
of the levels predicted from procedure IA is closer to real environmental conditions
than that from procedure II.

4. VIBRATION QUALIFICATION TESTS IN LABORATORIES

The vibration qualification should be performed under conditions which avoid over-
testing as well as insufficient qualification. Therefore the mounting of the equipment
or store in conjunction with the location of the control reference has to be carried out
in such a way that representative vibrations are resulting. Also, the test spectra
should have realistic levels and distributions. A vibration survey for all planned
missions may be helpful. The final selection of qualification levels and test setup
requires a long time experience and practice to perform a successful work.

4.1 Test Setup

4.1.1 Equipment

Commion practice in testing individual equipment is to mount the test specimen by
its normal mounting devices to the shaker table directly or by means of a rigid fixture.
For vibration control, the attachment plane is taken as equipment input reference.

Predicted data or data obtained from measurements normally provide representative
vibration values for the primary structure. In specific cases of equipment mounted on
shelves or trays the transmissibility characteristic has to be taken into account.
Examples are given in Fig. 11.
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FIG. 11 EQUIPMENT INSTALLED IN STORE

If the transfer function between primary structure and equipment input can be
assessed or measured, the test specimen can be attached rigidly to the shaker table, and
the defined qualification spectrum of primary structure can be translated to equipment
input by Gyy IHwl2 . Gxx

Gxx PSD of primary structure

Gyy PSD of secondary structure

HiW Transfer function

An example of such a transfer function is given in Fig. 12. For comparison, the
predicted transfer function according to MIL-Std. 810C, Method 519 is plotted as a
dashed line where the fundamental resonance frequency is set to 100 Hz.
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For shock mounted equipment, experience shows that sometimes the required vibration
at the equipment input can not be produced by excitation via shock mounts because of low
pass characteristic of mounting devices. In such a case, a combined test with acoustic
excitation can be helpful, where the high frequency content of equipment vibration
mainly is produced by acoustic noise.

4.1.2 Assembled Stores

The vibration qualification of the assembled store has the purpose to check all
internal equipment in their real position and installation and can also be used to get
confidence about other subsystem components, e.g. suspension devices.

The test levels predicted according to MIL-Std. 810C (Method 514, Procedure 1IB,
assembled stores) are response levels with reference to the vibration of suitable hard
points at forward and rear end of the store. Only at defined resonances the full vibra-
tion level is applied. At frequencies outside of resonances the vibration level is
decreased by 6 dB from the level specified for the forward end of store. Therefore, to
get realistic dynamic behaviour the mounting has to be simulated as close as possible.

In MIL-Std., two mounting methods are proposed. Sketches are given in Fig. 13.
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MOUNTING METHOD A MOUNTING METHOD B

FIG. 13 TEST SETUP

In mounting method A, the store is suspended by its normal mounting arrangement
from a rig. The shaker is connected to a stiff structural point of the store by means
of a rod. In alternate mounting method B, The store is attached to the shaker with a
stiff rig using its normal mounting lugs.

The mounting method A allows to establish different vibration levels at the for-
ward and rear reference point of store by varying the shaker attachment point. Also, it
permits excitation of the fundamental modes roll, pitch and yaw.

Considering the excitation by the boundary layer noise where the forces are acting
directly on the store skin, the attachment of the exciter to the store allows a more
representative excitation than introducing excitation from the suspension points as
used in method B. If the excitation of the store is transmitted from the wing or fuse-
lage, which appears to be the case for manoeuvre buffet, mounting method B permits a
force input closer to the real environment.

4.2 Remarks to Qualification Procedure

4.2.1 Level Prediction according to MIL-Std. 8OC

In British and French standards no level prediction of external stores is provided.
According to MIL-Std. 810C, the qualification level is given by the following formula:
The power spectral density for the lower frequency range (see Fig. 14) is given by

W, = 5 10-3 . Ao B1 * C " D*E 1  [G2 / HZ]

The factors A ..... E permit the adaption to the characteristics of store and store
configuration. For thl upper frequency range, the level is predicted by

W2= 5 *10-5 ( )2 .2-B2. C2 D2 E, [G 2 / HZ]

0 is the averaged store weight density and q the max. flight dynamic pressure with
certain limitation. The factors A . E have the same function as above mentioned for
factors A .... E . For endurance et, hese values are multiplied by the "time compres-
sion fatigue faclor" whereby T is the test time per axis and N the number of antici-
pated service mission. WENDN T 1114

W2

ASSEMBLED STORE W EQUIPMENT

W1 W

20 F1  FO HZ 20 F1  F2  2000 HZ

FIG. 14 QUALIFICATION SPECTRA ACC. TO MIL-STD 810C, METHOD 514, PROCEDURE II
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The speczrum shape is shown in Fig. 14. For equipment installed in stores, a
frequency range from 20 to 2000 Hz is required. For assembled stores, the frequency
range is extended from 20 Hz to a flexible frequency limit f which depends on the
store skin thickness t and the one-half diameter of store R ?n the following way:

F, = 105.(. t HZ]

F2  = F1 + 1000 [HZ]

F0  = F1 + 100 [ HZ]

Further regulations are given for exceptional cases which are not presented here.

4.2.2 Level Specification

As already shown in some comparisons (see 3.2) vibration level prediction often
has limited correlation to the real environment. This is due to the high number of
parameters influencing the store vibrations. Therefore, the most confident way for
definition of qualification spectra and le~vels is the use of real measurements. For
this purpose especially flight conditions and configurations with high vibration
levels are of interest. For definition of test levels an accumulation procedure
(see 4.3) can be applied. Safety factors may be introduced to account for the possi-
bility of not measuring the most severe environment and to ensure enveloping narrow-
band peaks.

But in many cases, adequate measurements are not available in time. Therefore, the
qualification level may be specified according to MIL-Std. 810C, Method 514. For equip-
ment installed in stores, the level depends on the location inside the store. If the
equipment is in the rear half, the power spectral density is 2 or 4 times higher than at
installation in the forward half. With reference to measurements presented in 3.2.2,
the vibrations in the middle of the store near the attachment points are even lower
than those of the nose section. Therefore, a store could be divided into a forward, a
center and an aft vibration zone, whereby the qualification level of the forward and
center zone may be the same. Further measurements can provide a broader basis for
zoning.

4.2.3 Level Adjustment

The qualification spectra are related to equipment input in case of test of an
individual equipment and to store response reference points at the nose and tail section
in case of test of assembled stores, whereby the full vibration level has to be applied
only at "significant resonance response peaks", the rest of the spectrum is 6 dB down
from the calculated values for the forward half of store. For determination of "signi-
ficant resonance response peaks" a random vibration shall be applied using an input
spectrum defined for the store mounted forward accelerometer, but 6 dB down from the
calculated level.

In case of excitation of store via suspension points (mounting method B, see
Fig. 15), the input spectrum may be related to the suspension rack. Resonance peaks are
identified by an output level at store forward and rear reference points 6 dB or higher
than the input level.

-~ j INPUT REFERENCE

_ _ _ ~ J IPOINT

REAR

FRADPOINT/

REEEC OC FORWARD REAR
PITMAUEETREFERENCE REFERENCE

IPOIT POINT
D)EVIC NTE

777717/77 /77 77'777771-j 7  /777_77/77 7
MOUNTING METHD A MOUNTING METHOD B

FIG. 15 REFERENCE POINTS ON TEST SETUP
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In case of mounting method A, the excitation is introduced by shaker, linked to
the store skin. The definition of resonance peaks based on 6 dB amplification between
store response and input acceleration is not practicable. A reasonable way for identi-
fying resonances is the computation of transfer function between store response accele-
ration and shaker force at reduced excitation level. During the qualification test run,
the power spectral densities for the resonance frequencies shall be equal or higher
than those defined for qualification. The rest of the spectrum shall have a level of
6 dB down from the specified level.

4.2.4 Functional and Endurance Test

In ?41L-Std. 810C it is foreseen first to perform half an hour of the functional
vibration test, followed by the endurance test and the second half of a hour of the
functional test. The reason of this test sequence is to show the correct function of
test specimen before and after "fatigue" (endurance) test. Only during functional test,
the test specimen shall be operating as in normal service.

The factor between functional and endurance test level is the "fatigue" factor

(K. N) 1/c
T

which relates longer actual service tine to the short laboratory test time with higher
levels. N is the number of anticipated service missions, whereby every mission is
assessed to one hour, and T is the test time. The value K< represents the portion of
mission time spent in high dynamic vibration environment and is estimated to 1/3 in
MIL-Std. 810 C. For the value c, in the exponent, the number 4 is established. It is
derived from material data. The French standard AIR 7304 also provides an o( of 4. In
British standard BS 3G.100, a value c( of 2.5 is used. This leads to levels in BS which
are even higher. Practical experience indicates that the fatigue factor is assessed too
pessimistic. With respect to the mission profile of a fighter aircraft, about 5 percent
of the mission time are spent in high vibration environment (Ma 0.9 - 0.95, manoeuvres,
take of f, landing etc.). Therefore, a value k = 1/20 seems to be a realistic number for
introduction into the fatigue factor formula.

if a failure occurs during the endurance test, the following functional test will
show the resulting malfunctions. An examination of the unit will reveal the failure mode.
It should be taken in mind, however, that the endurance test level is an increased level
due to time compression and the fact that this concept has some restrictions. Especially
in case of nonlinear system behaviour of mechanical or electronic components, it has to
be checked whether realistic dynamic qualification requires longer endurance test time
with reduced level or whether equipment modification is necessary.

4.2.5 Testing at low Frequencies

As mentioned in 4.1.2, in conjunction with an adequate simulation of store sus-
pension and an excitation of the store at a point outside the center of gravity, also
the fundamental modes pitch, roll and yaw can be excited to get a realistic store
vibration behaviour in this frequency range. For this purpose, the frequency band has
to be extended to the lowest frequency of interest (down to 4 Hz for heavy stores).

During high buffet manoeuvres the vibration level of the low frequency range
(<200 Hz) exceeds the specified levels by far (see 3.2.21. These vibrations can

be covered adequately by an additional qualification test with a sine sweep, belonging
from the lowest frequency of interest up to about 100 or 200 Hz, because the time
history of a buffet manoeuvre is often more harmonic in nature (see Fig. 9).

The definition of such an additional test requirement should be based on suitable
flight vibration measurements.

4.3 Accumulation of Vibration Levels for Endurance Test

The intention of the level accumulation is to get test spectra for the endurance
test. To avoid impracticable long test times especially in conjunction with high costs,
the vibration levels related to real time have to be translated to short time by
equivalent level increase.

Following the ?41L-Std. 810C the endurance ("fatigue") test level is given by an
increase of the functional level by the "fatigue factor" (see 4.2.4), dependent upon
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number of service missions and test time. I., British standard BS 3G.100, a general
accumulation method is used to define the .r.urance qualification level.

To develop laboratory test levels from flight vibration measurements or to get
data for comparison of real measurements to qualification endurance level, an accumula-
tion procedure can be applied. The basis for this procedure is the collection of all
operation conditions and exposure times of the store and the related vibration levels.

For example, the British Standard BS 3G.100 distinguishes 10 different vibration
severity categories (see Fig. 16).

1. ATMOSPHERIC TURBULENCE (SEVERE)

2. ATMOSPHERIC TURBULENCE (NORMAL)

3. UNPREPARED RUNWAY OPERATION

4. NORMAL RUNWAY OPERATION

5. HIGH EXTERNAL NOISE LEVELS >140 DB

6. HIGH EXTERNAL NOISE LEVELS >150 DB

7. HIGH EXTERNAL NOISE LEVELS > 160 DB

8. AERODYNAMIC BUFFETING OR TRANSONIC FLIGHT

9. LOW - LEVEL HIGH SPEED FLIGHT

10. CRUISE (SUPERSONIC)

(Table 1 of BS 3G.100 Part 2, Section 3, Subsection 3.1)

FIG. 16 DIVISION IN VIBRATION SEVERITY CATEGORIES

Also different store configurations have to be taken into account.

For the time compression with equivalent vibration level increase a relation be-
tween vibration level and test time is needed. The MIL-Std. 810C gives the following
formula: oT

where W , W are Power Spectral Densities (g' / Hz), T1 , T2 represent the teat time, and
the exp~nen? U is assessed to 4 for electronic equipment. Concerning the overall RMS
value, the formula alters to R 2

R M S2  T,
where RMS = overall RMS value.

After selection of a reference vibration level which has to be higher or equal
to the highest measured or assessed level, all flight conditions with their vibration
levels and exposure times as expected during the full aircraft life can be translated
to the reference vibration level by equivalent time reduction. The sum of the "norma-
lized" exposure times together with the reference vibration level is the basis for
definition or endurance test.

To cover differences in the real spectrum compared to the smooth qualification
spectrum and to ensure enveloping narrow band peaks, a safety factor can be intro-
duced, which may have a value of about 3 dB.

A diminution of validity of time reduction with equivalent level increase is Ihe
assumption of a linear system behaviour, which is not fully given at most aircraft stores.
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5. SPECIAL DYNAMIC ENVIRONMENT

The dynamic environment during flight can be significantly increased by vibroacoustic
phenomena or transient excitation, caused by launching a missile, firing pyrotechnic de-
vices from dispenser pods etc.. Examples are given to show the need of implementation in
qualification tests.

5.1 Vibroacoustic Phenomena in Cavities

Gaps between multiple store carriers and fuselage or open windows on pods can lead
to significant aerodynamic cavity flow interactions producing large fluctuating pressures
about stores and related components. Flight vibration analysis of relevant cases show
clear harmonic signal content at dominant frequencies. Measured responses at primary
structure revealed up to 15 g peak in discrete frequencies (see Fig. 17).
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FIG, 1.7 ANALYSIS OF VIBRATIONS CAUSED BY CAVITIES

Such phenomena are not predictable, however, they have lo be taken into account in

dynamic qualification procedures.

5.2 Blast and Impulsive Loading

During launching phase of a missile or during sequential firing of pyrotechnic de-
vices from dispenser pods high vibrations can be produced which are superimposed to aero-
dynamic and engine noise excited environment. As shown in Fig. 18, short impulse dura-
tion produces high frequency vibration of considerable accelerations. To cover sequential
firing in laboratory qualification tests, shock pulse sequences of short pulse duration,
high density random or a combination of both with accumulated real time can be applied.
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FIG. 18 TIME HISTORY OF FIRING FROM A DISPENSER POD
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6. SUMMARY AND CONCLUSIONS

Considering present standard procedures considerable progress in realistic dynamic
environmental testing has been reached compared to earlier stages. Random test procedures
e.g. in MIL.Std. 810C as well as systematic aerodynamic pressure and engine noise related
prediction methods f, test tailorinq marked substantial evolution in this field. Vibra-
tion measurements on modern fighter aircrafts however, indicates that even more know-
ledge about dynamic system behaviour and about excitation sources is necessary to im-
prove prediction and environmental test technique. Trends in aircraft structural design
as well as operational requirements result sometimes in increasing vibration problems.
Of major interest in this field is the implementation of buffet-, buzz- and transonic
effects which may lead to additional testing of the low frequency band for store confi-
gurations.

Broad dissemination of flight vibration measurements is helpful for prediction of
qualification level.

The use of coimonly applied test procedures and agreement about test setup and test
time e.g. in assembled store testing is an important task to get a better basis in
comparing qualification test results.

Statistic monitoring of laboratory test produced failures, and comparison and
evaluation of in-service occured malfunctions and other problems provide a useful
information in assessing the realism of dynamic environmental testing.
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AIRCRAFT FUEL TANK SLOSH AND VIBRATION TEST

by
Dipl.Phys. Helmut Zimmermann, VFW,
Abt. Dynamik/Aeroelastik
2800 Bremen, Germany

Summa ry

A dynamic qualification test for a subsonic and a supersonic external drop tank for a
European fighter is presented. The requirements for this qualification test are derived
from Mil-T-7378A of the USAF. The test rig and the specimens are described and the
measuring results are discussed. For the supersonic tank as well as for the subsonic tank
the measuring results show, that for a certain slosh angle an eigenfrequency of the rig
increases the amplitudes at the excitation position and the accelerations on the tank.

For the subsonic tank it seems that a tank eigenfrequency will be excited for the nose
down position of the tank. The qualification requirements are critically examined and
proposals for improvements are given.

It is proposed that instead of using an arbitrary vibration amplitude and frequency for
excitation, frequency ranges and amplitudes which are averaged out of flight measurements
at the tank attachment points on the aircraft be used and that the demand for a certain
input amplitude at the top of the attachment bulkheads and an output amplitude at the
bottom of the attachment bulkheads be deleted.

1. Introduction

The tank slosh and vibration tests should provide confidence in the structural integrity
of external fuel tanks and in the reliability and performance of their equipment under
conditions which they will encounter during their service life.

External fuel tanks and their equipment are exposed to a wide variety of dynamic environ-
ments during ground and flight operations. The dynamic environment is due to:

a) manoeuvre movements of the aircraft and its rigid body movements,

b) frequency responses due to dynamic loading of the aircraft by gusts, landing impacts
etc. and aircraft internally generated vibrations such as hydraulic pumps, engine
vibrations etc., which are transmitted via the attachment points of the tanks in
form of accelerations.

For the qualification of an external tank and its equipment useful methods for predicting
the dynamic environments are needed. The qualification tests for a tank should be inde-
pendent of the special aircraft type for which the tank is used. Therefore it is necessary
to generalize and accumulate the different dynamic environmental conditions an external
fuel tank is exposed to.

The structural loads of the tanks caused by manoeuvres are influenced by their fuel
content and for intermediate fuel states the loads are amplified by the sloshing of
the fuel.

Due to the different dynamic loadings mentioned above a unique combination of slosh and
vibration loadings in a qualification test appears basically sound in concept, since
it provides some confidence in the structural integrity of the fuel tanks. In the
Mil-T-7378A a slosh and vibration qualification test procedure is given. For the dynamic
qualification of different external drop tanks, developed in several countries of the
western world this test procedure was used in its main points.

II. Test Requirements for Subsonic and Supersonic Drop Tanks for a European fighter

For the subsonic and supersonic drop tanks of an European fighter the slosh and vibration
tests are outlined in requirements which are in agreement with the Mil-T-7378A.
The requirements used in their main parts, say the following:

1. Tank and Test Rig

Each drop tank will be mounted in a test rig using a dummy pylon. This will incorporate
the M.A.C.E. attachment units and fuel, air and electrical connectors as per the air-
craft installation.

acknowledgment: The slosh and vibration test for the drop tanks were performed at IABG.
The author thanks Mr. Dipl.-Ing. Raasch of IABG for putting the test
material at his disposal, and for significant contributions to the dis-
cussion.
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The test rig will be capable of a pitch movement of 150 of the tank horizontal fuselage
datum, and simultaneously vibrating the tank at a f-equency of 2000 cycles per minute
or to the most damaging frequency normally experienced on the aircraft. The tank centre
line when mounted on this assembly shall be at least 2o ins. from the slosh azis. Each
tank will be assembled in the test ri~j and filled two thirds full of water at ambient
cemperature, i.e. centre compartment full the remainino quantity proportioned between
forward and aft compartments in the ratio of their respective- volumes.

2. Slosh-, Vibration frequencies and amplitudes

If practical, the slosh cycling will be commenced first at a frequency of 16 to 2o cycles
per minute (preferably 17 c.p.m.). Vibration will then be applied at a frequency of 1940
to 2000 cycles per minute (preferably 1970 c.p.m.) with a minimum peak to peak amplitude
of 0.020 inches measured at the tank attachment points and a minimum average peak to peak
amplitude between the top and bottom of the tank at the bulkheads below the attachments
of 0.032 inches. These amplitudes are to be recorded over a period of at least 30
seconds to obtain mean peak signal values.

3. Tank Calibration and strain gauges monitoring

Each tank will be strain gauged adjacent to the forward and aft joints. The strain will
be calibrated against bending moment at the joint by applying loads at the nose and tail.
By monitoring the strain gauges, the bending moments at the forward and aft joints will
be checked and these must not exceed 10% of the ultimate design bending moments.

* 4. Test time

The two thirds full pressurised tank is to be simultaneously slosh and vibration tested
for 25 hours. No leakage or structural failure is permissible during this test.

* 5. Vibration

* Following the slosh and vibration test, the tank will be completely filled with water and
pressurised. It will be vibrated only for a period of 10 minutes at a frequency of 1940
to 2000 cycles per minute and mean peak to peak amplitudes at the bulkheads below the
attachments specified in point 2.

6. Inspection

No dampness or leakage at any point other than filler caps is permitted during either of
above tests. Following the tests, the tank is to be drained and a leakage check acceptable
to the procuring agency conducted. The tank shall be opened and inspected for evidence
of failure such as sagged panels, buckled plates, loose bulkheads, rivets or severe metal
wear. Any leakage during or after slosh, vibration or structural damage shall be cause
for rejection.

III. Test Specimens

In this report the slosh and vibration tests carried out on subsonic (1500 1),and super-
sonic (1000 1) external drop tanks are described.
Fig. 1 shows in principle an external drop tank. Each tank is composed of three compart-
ments.

1, 2 10 ACEEOMTR

FIG. 1 KTH FTEDRP N
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For example for the subsonic tank with a total capacity of 1500 1 for the combined slosh
and vibration tests the centre section was completely full with 569 1 while the forward
and aft sections were filled in the ratio of the front and rear compartment capacities,
until the total tank was filled to 2/3 of its capacity. This means that the forward
compartment was filled with 271 1 and the aft compartment with 181 1. Adjacent to the
joints on the top and the bottom you see the strain gauges for monitoring the bending
moments.

The figure shows the location of the ten accelerometers, two each on the forward and aft
compartment and three at each bulkhead below the attachment points positioned at the top
in the middle and at the bottom of the bulkhead. The acceleration outputs of the accelero-
meters 3, 5, 6 and 8 at the top and the bottom of the bulkheads below the attachment points
were integrated to obtain the average displacement according to the requirement. The
requirement demands that the peak to peak displacement averaged between the top and the
bottom at each bulkhead be at least 0,032 inches as a mean value over a period of 30
seconds.

A displacement pick-up at the tank attachment was used to control the stroke of.the cylinder
for the vibration movement and to monitor that the applied vibration at the attachment had
a peak to peak amplitude of at least 0,02 inches.

IV. Description of the combined slosh and vibration test rig and measuring equipment

The slosh and vibration test for the subsonic and supersonic tank were carried out by the
IABG (Industrie-Anlagen-Betriebsgesellschaft) of Germany in Ottobrunn.
Fig. 2 shows a sketch of the slosh and vibration test rig with the tank assembled.

FIG. 2 TEST RIG

PIG.3 EJECTION RAM UNIT
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The tank was fixed with the original ejection ram unit, shown in Fig. 3, to a frame which
was laterally supported by rubber bearings. The rubber bearings had a very small rigidity
in the vertical plane and a very large rigidity in the horizontal plane. The vibration
were induced into the frame by a 6000 daN hydraulic cylinder. The centre line of the tank
was 1200 mm above the slosh axis. The slosh movements were generated by a 160 kN hydrau-
lic cylinder. From this figure 2 you can recognize that the whole rig is turned round
a pivot to introduce the sloshing movement. The frame which holds the tank, the
vibration exciter (hydraulic cylinder) and the different accelerometers on the tank, as
well as the measurinq equipment is shown in Fig. 4 and 5.

NMIf-

I1

FIG.4 TEST RIG WITH TANK

'I'

I1(. Ti',T PIG IN INCIINED POSITION
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Fig. 5 shows the rig in an inclined position. Fig. 4 shows also the pivot and the
cylinder for the slosh movement.

V. Combined Slosh and Vibration Test and Results

As well the subsonic as the supersonic external drop tank were submitted to a 25 hours
combined slosh and vibration test. For this test the dir ressure in each of the tanks
mounted to 103 KPa, the mean vibration frequency was 32,8 Hz, and he amplitude

- 0,25 mm. The mean slosh frequency was 0,3 Hz and the slosh angle - 150. During these
tests some interruptions occured because of cracks occuring adjacent to the attachment
saddles of the tank but these thing will not be considered in this report. During the
tests following measuring results were recorded.

- stroke of the cylinder for the vibration movement
- stroke of the cylinder for the slosh movement
- ten acceleration pick-ups
- two strain gauge bridges attached near the aft and forward joints.

For the supersonic tank the vibration amplitude was not kept constant, because of a
resonance of the test systems when the nose of the tank was up. However, the requirements
for the mean value of the amplitudes at the top and the bottom of the attachment bulkheads
were fulfilled. They are higher than 0,032 inches for the two bulkheads for the super-
sonic as well as for the subsonic tank.
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FIG.6 RECORDED MEASURING RESULTS FOR THE SUPERSONIC TANK
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FIG.7 RECORDED MEASURING RESULTS FOR THE SUPERSONIC TANK

Let us start with discussing the results for the supersonic tank. Fig. 6 and 7 show the
measuring results for a time period for the ten accelerometers, from K(1 to K1o, the
two bending moments track K1u and K12, the vibration amplitude K13 and the slosh
amplitude K14. The sign definition for the slosh movement record of the tank is as
follows: the maximum means nose down, the minimum means nose up.
The figures show big peaks in the vibration amplitudes after the minimum of the slosh
amplitude (nose up) . With the exception of the signal of the accelerometer located at
the rear position of the tank the signals of all the accelerometers show at the same
time magnified amplitudes. These magnifications occur with the same period as the
slosh frequency. The strain gauge bridges show bigger signals during the sloshing
movement of the tank from nose down to nose up than for the sloshing movement from nose
up to nose down. The signal of the accelerometer at the rear position of the tank
shows the same amplitude magnification as the signals from the strain gauge bridges.
The signals of the accelerometers in the front position of the tank show the highest
magnified amplitudes for the time after the tank has its most nose up position and
the signals of the accelerometers adjacent to the joints of the tank the smallest
magnified amplitudes. When the tank goes from nose down to nose up the signals of the
rear and the front accelerometers are the biggest of all.
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FIG.9 RECORDED MEASURING RESULTS FOR THE SUPERSONIC TANK

Fig. 8 and 9 show the same recorded sig lals in a magnified time scale. They show the
same behaviour. There exists no phase shift between the signals of the accelerometers
X1 to K6. Between the signals of the accelerometers X8. X9 and K10 seems to be a phase
shift of nearly 900. The preceling discussion of the results of the record show clearly
that the magnified signals of ast of the accelerometers during the sloshing down movement
of the tank do not signify, that the tank itself runs in a resonance but that the rig
system has a resonance for thj, arrangement. However, it doesn't seem possible to
localize this resonance problem from these records.
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Let us now discuss the recorded signals for the subsonic tank. Fig. 10 and 11 show the
signals for the accelerometers and the slosh and vibration amplitudes in the same arrange-
ment as for the supersonic tank. After the minimum of the slosh angle (nose up) is reached
the signals of all accelerometers except that of the accelerometer at the rear position
of the tank show magnified amplitudes. The explanation for this behaviour is the same as
for the supersonic tank. There exists a resonance of the rig systems but the tank itself
does not have a resonance. Except for the signals of the accelerometers in the front part
the signals of all other accelerometers show magnified signals when the sloshing angle
is near to the nose down position of the tank. The accelerometer at the most aft position
on the tank shows this signal behaviour most strongly, The signals of the strain gauge
bridges show more or less the same significant behaviour. This can be an indication, that
the tank runs in resonance near the nose down position.

FIG.12 RECORDED MEASURING RESULTS FOR THE SUBSONIC TANK
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Fig. 12 and 13 show the same signals as Fig. 1o and 11 but for a magnified time scale.
Therefore, they gave no further confirmation that the tank possibly runs in a resonance
in the nose down position. An additional indication that for the nose down position of
the tank there exists a resonance of the tank is qiven by measurenent results with I ')we
vibration frequencies. There the magnified amplitudes for the accelerometers in the nose
down position of the tank disappear.

VI. Eigenfrequency calculation

It seems difficult to accomplish ground resonance tests with the tank in the rig for the
different slosh angle position, while the eigenfrequencies of the test rig including the
tank colour the measured results. For other external drop tanks attempts to correlate such
rig test results with ground resonance test results proved inconclusive. Therefore we tried
to calculate the lowest eigenfrequency of the subsonic tank for different suspensions for
the tank and different fuel distributions. Fig. 14 gives the results for the different con-
figurations. The rigged tank means that the tank is suspended in a similar way as in the
test rig, but without rig stiffnesses. For the nose down and nose up position a mass distri-
bution for the water was used as calculated for the slosh angles of +150 or -150. The calcu-
lation results show that for the horizontal position of the tank and the nose down position
the lowest eigenfrequency lies near to the vibration frequency in the test. That is not a
confirmation but only an additional indication that the test for the subsonic tank was run
near to the eigenfrequency of the tank. But the main acceleration peaks are given by the
resonance of the rig.

SYSTEM LOADS FREQUENCY

00 _ 92.4 Hz

0o 34.9 Hz

(0). 26 Hz

-150

~ 4S.2 Hz

34 Hz

FREE -F REE

0. 129 Hz

0- 52 Hz

O 41 Hz

FIG.14 EIGENFREQUENCIES OF

THE TANK-SYSTEM

VII Experience obtained by the Test

The most significant experiences obtained by these slosh and vibration tests appear to be the
following

a) It seems difficult to build a test rig which is stiff enough, so that test rig eigenfre-
quencies in the required frequency vibration range can be prevented, when a simultaneous
slosh and vibration test is required.

b) For a simultaneous slosh and vibration test the vibration amplitude on he tank cannot
be kept constant.

c) In spite of the imperfections of the requirements due to the real vibration loads of an
external drop tank on the aircraft and the weaknesses of the test rig to kcep a nearly
constant amplitude with simultaneous slosh and vibration excitation, structural weak
points of the tank were discovered during the test.

d) Since the requirements for the vibration frequencies and the vibration amplitudes on the
tank do not correlate to the frequencies and amplitudes which exist for a real tank con-
figuration on the aircraft, certifying external drop tanks in this way will not
necessarily guarantee a proper work of the tank and its equipment on the aircraft.
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VIII Recommendations for improvements of the requirements

Normally a fatigue test will be done for an aircraft structure. The load spectra which are
used for these endurance tests are composed of the real loads an aircraft structure is
exposed to during its life time. For the qualification of an external drop tank a similar
procedure must be elaborated. For this a sloshing test similar to the requirements of the
Mil-T-7378A seems reasonable. But it must be checked if the amplitude of the loads gene-
rated by these tests compare with the most frequently encountered loads on a tank on the
aircraft. The frequency of 0,3 Hz for the slosh movement covers the requirement for the
time rates for loadings by manoeuvres. The requirement for the frequency of the vibration
seems arbitrary. The requirement for a certain excitation amplitude at a certain frequency
is justified as long as a correspondance of these frequencies and amplitudes to the fre-
quencies and amplitudes at the corresponding points on the aircraft exists. Requirements
for certain differences in the mean amplitudes at the top and the bottom of the bulkheads
under the attachment points are difficult to understand. A requirement for certain diffe-
rences in the mean amplitudes at the top and the bottom means that the stiffer the tank
the higher the excitation amplitude necessary - in this way you can destroy everything -
or you have to excite in an eigenfrequency of the tank. Therefore, for the excitation fre-
quencies and amplitudes such frequencies and amplitudes must be used which exist at the
attachment points of the tanks on the aircraft during flight, landing and taxiing. For the
frequencies and amplitudes the real frequency ranges and real amplitudes averaged between
the different profile segments must be used.

From the first impression it seems that the requirements for the sloshing movement can be
done independent of the aircraft type. The excitation vibration frequency ranges and ampli-
tudes perhaps can be different for different aircraft types. The signals of the accelero-
meters and the strain gauges have to be used only for monitoring. On the aircraft the low
frequency and high frequency loads are superimposed. Therefore a combined slosh and
vibration test seems necessary. As we have seen above a combined slosh and vibration test
for a tank can lead to an overloading of the tank specimens caused by an eigenfrequency
of the test rig in the test frequency range. To prevent such eigenfrequencies in the rig
seems very difficult.

The requirement for a vibration test with the full tank after the combined slosh and
vibration test with the tank 2/3 full is successfully finished is not clear. The opinion
of the Author is, to delete this vibration test for the full tank.

IX Conclusion

Experiences with the qualification tests carried out on the external drop tanks for a
fighter aircraft show that the requirements cf the Mil-T-7378A for the qualification test
should be improved in some points. It is essential that for such qualification tests the
input frequencies and amplitudes must correspond to frequencies and amplitudes at the
tank attachment points on the aircraft during their profile segments. Furthermore, on the
given values for input and output amplitudes must be deleted and it can be deleted by
using more realistic frequency and amplitude spectra.

I-Ll i. . I I l B i i i " - - - . . - . .
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THE STRUCTURAL DYNAMIC INTERFACE
REQUIRED FOR DEVELOPING HELICOPTER

TARGET ACQUISITION SYSTEMS
by
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Development and Qualification Directorate

ARMY AVIATION RESEARCH AND DEVELOPMENT CO1MAND
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SUMMARY

The paper gives a brief description of the helicopter vibration environment. Two development
programs are used as examples to show how vibration sensitive target acquisition systems can be
interfaced to the helicopter. The systems are the Target Acquisition Data System/Pilot Night Vision
System mounted to the nose of the Army's new Advanced Attack Helicopter and the Stand-Off Target
Acquisition System mounted underneath the Army's BLACK HAWK helicopter. The qualification strategy
and specific testing performed and to be performed are included.

1. INTRODUCTION

The helicopter presents to the designer of equipment a rather unique vibration environment.
This environment can be characterized as complex periodic. The exciting frequencies are very well
defined and are directly related to rotating system rotational speeds. "Exciting" amplitudes are a
function of the structural dynamic interface between helicopter and equipment. Therefore, "exciting"
is really a misnomer. A more appropriate term would be "interface" amplitude. By choosing
appropriate structural dynamic properties the helicopter designer and the equipment designer can
minimize the interface amplitudes of vibration. It is especially important that they do this for
items of equipment whose performance is especially sensitive to vibration. Helicopter target
acquisition systems, both passive, with their sensitive electro-optical elements, and active with
their long radar reflectors, generally fall into this class of equipment. Therefore, it Is extremely
important for the Government to structure its development and qualification programs for such systems
to allow designers to consider and take advantage of the unique structural dynamic environment the
helicopter offers. Two examples of how these programs should be structured are presented. The
Department of the Amy Materiels and Acquisition Readiness Command (DARCOM) was given program manage-
ment and development responsibility for the Target Acquisition Data System/Pilot Night Vision System
(TADS/PNVS). The Program Manager's staff worked out of the Army Aviation Research and Development
Comand (AVRADCOM) and received technical management support from AVPADCOM. AVPADCOM also formulated
the airframe interfacing and airworthiness requirements for the Stand-off Target Acquisition System
(SOTAS). Program management of SOTAS was given to the Electronics Research and Development Command
(ERADCOM).

2. THE HELICOPTER STRUCTURAL DYNAMIC ENVIRONMENT

Helicopters have fundamentally different vibration environments than fixed wing aircraft.
Therefore, helicopter vibration qualification test requirements and structural dynamic interface
requirements for equipment mounted on or in helicoptersahould be quite different than those for fixed
wing aircraft. A vibration qualification test spectrum put together from enveloping maximum flight
test measurements from the extremes of a store mounted on the F-15 fixed wing fighter (Reference 1)
is compared in Figure 1 to a combined set of similar maximum measurements made on a light weight
rocket launchelr mounted on the AH-IS Cobra helicopter gun ship (Reference 2). The rocket launcher
peaks presented are the worst case measurements taken from triaxial accelerometers mounted at the
front and rear of the launcher. Flight conditions are worst case taken from eight two hc.ur flights
flown to a typical mission profile. Spectrum analyses were performed from 0 to 100 Hz with a 1.0
Hz bandpass. Figure 2 presentsa composite spectral plot of maximum accelerations taken from seven
triaxial accelerometers mounted on the instrument panel and in the avionics bay of the OH-5R (Bell
Kiowa) helicopter. Flights included a wide range of steady state and maneuvering conditions
(Reference 3). Spectral data analyses were performed from 0 to 500 Hz with a I Rz bandpass. The
Cobra is a two bladed helicopter with a main rotor rotational frequency of 5.4 Rz. The O-S is a
two bladed helicopter with a main rotor rotational frequency of 5.9 Hz. Figures 1 & 2 show that
the primary responses on these helicopters occur at integer multiples of the number of blades times
the rotor rotational speed. If a rotor's blades are reasonably tracked to run in the same plane
and mass umbalance is properly contained, then the only significant loads transfered from the
rotating system to the fixed (airframe) system are steady loads and oscillatory loads which occur
at integer multiples of the number of blades times rotor rotational speeO (Reference 4). This fact
and the data presented in Figures 1 & 2 suggest that helicopter vibrations are primarily due to rotor
excitation and not due to air stream excitation as in fixed wing aircraft. Oscillatory excitations
in helicopters result from loads carried through both the rotor shaft and blade vortex-airframe

.:ace interactions.
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Figure 3 shows the mine sweep vibration test spectrum from KIL-STD-810 A & C that is frequently
applied, along with sinusoidal resonant dwells, toward qualification of helicopter equipment and also
external stores mouted on helicopters. An can be seen from comparison with Figures I & 2. this test
4n nc way elmtera or reembles a true helicopter vibration e vlronment. This test was originally
aprlied to qualify black boxes, and black boxes which were qualified to this standard have shoewn good
relibility in the field. Therefore, the test gained credibility and consequently was applied to
qualify a variety of equipment types, somtimes with very poor results (References 7 & 5).

The test worked wall for black boxes because It is In most cases a severe over test. A severe
over test produces a weight penalty by requiring more structure than necessary. However, in the case
of black boxes this weight penlty is probably quite small. Most dynamics related failures of
equipsint mounted on helicopter occur because the piece of equipment, an mounted to the helicopter,
has a resonance near a major helicopter forcing frequency. Major helicopter forcing frequencies lie
between 4 and 60 Hx. Most black boxes have no resonant frequencies below 100 lit. Thus. even though
the ML-STD-810C test does not force helicopter-equipment compatblbity, compatibility does exist for
black boxes.

moo .6
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Figure 3 MIL STD-810 B and C Sine Sweep Test

Any Item whose performance is structural dynamically sensitve and/or strength requirements/weight
sensttve to structural dynamics should receive proper consideration In the design phase to the
structural dynamics of the aircraft or sircrafts it will fly on. Qualification to MIL-STD-AlOC
vibration requirements does not do that. In addition such qualification ignores the normal real world
flight equipment devleopment cycle of design, test, flight test, redesign, more flight test, product-
ion readiness, and then production.

3.* THE TADS/PIVS DEVEIOPMENTg PROGRAM

The Target Acquisition Designation System (TADS) and Pilot Night Vision Sensor (PKVS) are mounted
on the nosae of the A&(-64 Advanced Attack Helicopter (Figure 4). Hughes Helicopters, nc. R) Is
the prime contractor for AH-64 development and also has system integration responsibility for the
AH-64 fire control system. The TADS/PNVS is to be supplied CFE to Hughes. The AH-64 has a four
bladed articulated main rotor and a set of 2 two bladed teetering tail rotors. The TADS consist of an
optical sensor, a TV sensor. A Forward Looking Infrared Sensor OFUR), a laser Range Finder Designator
and a laser spot tracl-er all mounted on a closely pecked servo controlled four gimbal stabilized plat-
form which isolates these sighting systems from helicopter vibration inputs and compensates for linear
and angular motions of the helicopter. The primary structural dynamic design considerations wars; the
placement of any installed system resonances away from ARI-64 forcing frequencies, stabilized platform
stiffness to minimize relative displacement between sensors and stabilization servo-system feedback
elements, and the avoidance of platform resonances that would impact the stabilization servo system
(See Reference Fj for a dtscussion of the related problem of designing Sights to be mounted above the
helicopter rotor).

Figure ~ ETH( I Tag I AqusIIonIO Ditin Sy m/io NIht VisioT SyteADAS:PV
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The TADS/PNVS competitive development began in 1977 with Martin Marietta and Northrop as
competing contractors. Both were given contracts to build flightworthy systems which would be
competitively evaluated in flight tests.

A very limited flight test was conducted on an early AR-64 prototype to define a vibration specifica-
tion to go into the Prime Item Development Specification (P.I.D.S.), and to which the competing TAMS
units would be designed to perform to System Level Specifications (target detection, acquisition, and
designation ranges). Instrumentation consisted of linear and angular triaxial accelerometers mounted
on the nose of the AH-64. A data record was taken at a 130 knot flight condition and spectrum
analysis was performed from 0 to 200 Hz with a 10 Hz bandpass. Spectrum based on this analysis were
included in the P.I.D.S. (Figure 5). Both AVRADCOM and RR realized that this was not the definitive
description of the vibration environment on the AH-64 nose. However, it was considered to be a good
design goal since this was an early prototype aircraft with special emphasis to be given during air-
craft development to reducing the overall aircraft vibrations, especially at the crew seat and
consequently at the aircraft nose. The original contractual requirement for vibration qualification
testing of the TADS/PNVS bulklead mounted equipment was based on Method 514.1 category C of MIL-STD-
8lOB and consisted of both one hour of sinusoidal sweeps per axis and four 10 minute dwells F*r axis
at AH-64 forcing frequencies and 810B levels. This test was to be performed prior to first flights.
Early in the competitive program the Army, Hughes Helicopters, and both competing contractors agreed
that this particular qualification test was inappropriate because the test did not represent the true
helicopter vibration environment and might therefore force unnecessary design changes, some of which
might degrade system performance. and "use up" or destroy a useful flight test article. Consequently,
the Army constructed a limited environmental vibration qualification test to be conducted prior to
first flight that would substantiate system performance and prove airworthiness (Table 1). The 3
waveforms applied as test Level 1. system operational, were based on the P.I.D.S. vibration levels.
System Stabilization performance wa measured during this part of the test so that specification
performance could be evaluated. The Level 2 and nonoperating waveforms were derived from flight test
data acquired up to that time on two AH-64's with aerodynamically representative mock ups of the
competitor's TADS mounted on each. Level 2 represented the worst case vibration environment under
which the TADS could be expected to be used. Stabilization performance was evaluated during the Level
2 portion of the test. The nonoperating levels represented the worst case vibration environment that
the units would experience during flight. Performance was evaluated pre and post test. No degradation
was allowed. The vibration qualification test of the TADS/PNVS turret was delayed until the single
contractor maturity phase of the program.
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Figure 5 TADS/PNVS Vibration Performance Specification



TABLE I

TADS/PNVS LIMITED ENVIRONMENTAL
VIBRATION TEST

Vertical, g Longitudinal, g Lateral, g

Input
Component Level 1 Level 2 Non- Level 1 Level 2 Non- Level 1 Level 2 Non-

Frequency OP.* OP. OP. OP. OP. OP. OP. OP. OP.

4.4 Hz 0.08 0.1 0.35 0.035 0.05 0.15 0.06 0.08 0.26

14.4 -- 0.94 0.35 -- 0.04 0.15 0.07 0.23

19.3 0.42 0.3 1.65 0.18 0.39 0.69 0.28 0.71 1.24

38.5 0.04 0.12 0.53 0.13 0.94 1.64 0.05 0.38 0.66

58.0 0.04 0.06 0.21 0.04 0.12 0.21 0.03 0.09 0.16

77.0 -- 0.11 -- 0.06 0.11 -- 0.06 0.11

*OP Operating

Test duration 15 minutes per axis, each level.

Extensive flight vibration surveys prior to the competitive TADS/PNVS fly-off on the two proto-
type A-64's with the associate contractors' TADS Installed on their respective aircraft were conduct-
ed for the following purposest

a) To obtain design information so that the associated contractors could optimize their systems
prior to the TABS/PNVS fly-off.

b) To determine if there were significant differences in the nduced vibration environments
between the prototypes that would affect the results of the fly-off.

c) To obtain the vibration information necessary for updating the TADS/PNVS P.I.D.S. for the
maturity phase of the TADS/PVS development.

d) To obtain the vibration data necessary for contructing a realistic maturity phase environ-
mental vibration test.

Any system whose performance is sensitive to aircraft vibration levels will greatly benefit from
such a survey followed by a system optimization period priot to formal systems evaluation. Consequent-
ly. if the System Developer Progra Faager is technically responsible end/or if the development
progrm is properly structured initially, then the information necessary to construct a realistic
vibration qualification test will be vailable in the development cycle. GOidelines for constructing
the qualification test, eventually r.med the Life Cycle Vibration Qualification Test, were formulated
by AVhADCOM end agreed to by both Fughes Helicopters and the two competing associate contractors.
These guidelines were based roughly on standard helicopter fatigue methodology (Reference 2). The
guidelines were as follows:

The TADS PNVS turret vibration qualification test will be constructed based on the AH-64 System
Specification Flight Spectrum (Table II) end flight test measurements. For each important
frequency in each direction there will be en agreed to vibration level. The level will be based on
the worst case measurement of, or projection for each flight condition or load factor in the
table. The following conservative factors will be applied to the agreed to levels:

a) A quadrupling of spectrum time because only one item will be tested.

b) A 1.25 mltiplier to each level to accoumt for aircraft differences.

c) A single axis multiplier to each level. This factor being defined as the ratio of the
magnitude of the resultant to that of the largest of its vertical, lateral, or longitudinal
components and compensate@ for single axis testing versus mltiple axis aircraft excitation.

d) A Gooda correction in the vertical direction to account for the absence of the load factor
induced steady stress during each maneuver.
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TABLE II

AH-64 SYSTEM SPECIFICATION FLIGHT
SPECTRUM

Maneuver Spectrum Level Flight Spectrum

Load Minutes at Minutes Flight Minutes Minutes
Factor Load Factor Cunf ire Condition X10

3  
Cunfire

3.00g 3 .5 VH* 6.92

2.75 10 .6 13.83

2.50 28 .7 34.59

2.25 93 1 .8 34.59

2.00 333 2 .9 34.59

1.75 1,000 7 1.0 23.06 1,300

1.50 3,333 23 1.2 6.92

1.25 30,000 540 Sideward 16.14
& Rearward

.75 4,200

.50 373 HOGE* 53.03

.25 42 Ground 6.93
Conditions

.00 7
657 hrs 3,843 hrs

VH Level Flight Speed at Maximum Continuous Power

HOGE Hover Out of Ground Effect

After all levels have been agreed upon md all conservative factors have been applied, the long time
low levels can be collapsed to short time higher levels by use of the S/N curve shape of the material
in the system with the worst fatigue properties. The time reduction to be applied is based on the eim
of the amplitudes of the different frequency components at each condition as shown in Figure 6. Cyclic
load application shall be assmed to occur at 19.2 Rz (main rotor 4 per revolution frequency). After
appropriate test levels and tiee have been agreed to the levels will be combined into a complex
periodic input such an in Table III where the phase relationships of the different harmonic@ are
constantly changing (Reference 2).

Tet g S2XLife g VdS I
Level Sl Level

I
S -

Stressli !

~~Cycles n
Cycle i. teat at equivalent Cycles in life at

test load level, a load level.

Figure 6 Test Time and g Level Adjustments Using a Typical S/N Curve
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TABLE III

TADS/PNVS LIFE CYCLE VIBRATION
QUALIFICATION TEST

Input Component Vertical Lateral Lonzitudinal

Frequencies W/O G.F. W/G.F.* W/O G.F. W/G.F. W/O G.E. W/G.F.

MR 1/rev* 4.8 Hz .32 g .32 .1 .1 .03 .03

Gunfire 12.0 Hz - Pulse - Pulse - Pulse

MR 3/rev 14.4 Hz .09 .09 .2 .2 .04 .04

MR 4/rev 19.2 Hz 1.56 1.56 2.02 2.02 .36 .36

TR l/rev 23.6 Hz .11 .11 .13 .13 .06 .06

MR 8/rev 38.4 Hz .46 .46 .16 .16 .37 .37

MR 12/sec 57.6 Hz .12 .12 .05 .05 .24 .24

Test Time - Hrs. 1.78 1.1 0.45 0.2 1.0 1.4

* G.F. Gunfire

MR l/rev Main Rotor Rotations per second

MR 4/rev 4 times Main Rotor Rotations per second

TR Tail Rotor

Martin Marietta won the competiv fly-off and was awarded the maturity phase development contract.
negotiations have lead to three structiral dynamic considerations as follows-

a) Vibration levels to which the sysem ws to perform to system level specifications (target
detection, acquisition, and designation ranges) were dropped. Instead, Martin agreed to
aet system level specifications within the flight operating envelope of the weapon systems.

The original P.ID.S. vibration design levels proved to be quite representative of the
vibration levels within the weapons firing envelope and the contractor bettered the stabili-
zation goal in his total error budget by a good margin.

b) A reduced version of the Limited Environmental Test (LET) was incorporated into the product-

ion verification testing to be performed an every delivered unit. The LET proved to be a
valuable aid in ferreting out workmanship defects in the development units prior to Install-
atlon on the aircraft. Units that underwent LET testing prior to flight test proved far
more reliable than those that were flight tested without LET testing.

c) Electronic Components not mounted on the AR-64 nose, which consist of "black boxes" mounted
in the aircraft avionics bays, were to be qualified to the ML-STD-10C, 5 to 500 Hz, 58
sweeps.

The Life Cycle Vibration Qualification test for the Stabilized Turret System described in Table
III was adopted. The test was developed based on the above AVRAICOM guidelines.

4. THE SOTAS DEVELOPMENT PROGRAM

The Stand-off Target Acquisition System (SOTAS) Is desinged to detect slowly moving ground or
near ground targets such as armoured columns or helicopters at long stand-off ranges in s severe radar
Jaming environment and to provide the target movement information in near real time to battlefield
commaders. The system consists of a modified UH-60 BLACK HAWK designated the EH-60C built by
Sikorsky Aircraft and a radar antenna with an extension retraction pedestal and an equipment rack
built by Motorola (Figure 7). The aircraft sain landing gear has been modified to retract a total

of 45 inches n-flight. The antenna then extends about 21 inches from its stowed position beneath
the belly of the aircraft. The antenna is then free to rotate through a full 160 end perform Its
target acquisition function. The heart of the antenna is an 18 ft reflector that handles an array of
radar feed horns and must allow only small elastic deformations under the influence of aircraft



IV ll-8

vibrations in order to achieve the desired anti-jming performance. The total system error budget
allows only .01 inches relative deflection, due to aircraft vibration, across the 18 ft reflector.
The mission requires the antenna to perform primarily between 60 and RO knots airspeed with mild
helicopter maneuvers, which is the flight regime where helicopter vibrations are at a minimum.

Figure 7 SOTAS Airborn System Suspended Shake Test
Sikorsky and Motorola were designated as co-equal prime contractors for the airborne equipment

with Sikorsky responsible for the helicopter modifications and Motorola responsible for the antenna,
pedestal, and equipment rack. AVRADCOM was asked to provide airworthiness requirements for the
system and to provide those requirements necessary for a successful Interface between the two prines.
The AVRADCOM structural dynamic requirements were based on prior helicopter store development program
experience (References 2 & 5) and TADS/IPNVS experience and include:

a) A fairly stringent requirement on allowable aircraft vibration at the helicopter floor-
pedestal interface that went into the Sikorsky ER-60C specification. This was to make the
airframe manufacturer responsible for providing an acceptable operating environment for the
radar system.

b) A requirement In the Motorola specification that the antenna-pedestal and the equipment
rack have no as-mounted to the helicopter resonant frequencies of major modes near helicopter

forcing frequencies. The helicopter
forcing frequencies are usually well defined. Fulfillment of this requirement assures
dynamic compatibility between radar and aircraft. It minimizes total system vibration
amplitudes and consequently helps the airframe manufacturer meet his vibration requirement
and the radar manufacturer meet his system level performance requirements.

c) A requirement on Motorola that the antenna-pedestal structure have a fatigue life equal to
the total life expectancy of the system, in this case, 20,000 hours. The AV1ADCOM position
was that the SOTAS antenna might well be fatigue critical since it is to operate in both a
helicopter induced oscillatory load environment and has its own rotating antenna produced
oscillatory loads. This fatigue life requirement was to replace any proposed system level
vibration qualification test. Although a fatigue life requirement is much more expensive
to comply with than a total system vibration test, (i), it assures structural compatibility
between radar and airframe, (ii) it allows for proper structural weight optimization, (ii) it
guarantees that the radar structure will last the life of the aircraft system (therefore,
perhaps greatly reducing life cycle cost), (iv) and it precludes unnecessary and perhaps
counter producive design changes often forced on a contractor who is made to comply with an
arbitrary vibration test.

d) A requirement that all electronic components (black boxes) pass the MhIL-STD-8lOC vibration
test.

The airworthiness qualification program was structured to cell for close cooperation between
contractors and includest

a) Interfacing the two contractors' mathematical models (NASTRAN) during the design phase to
assure system freedom from improper resonances and also to do forced response studies
to evaluate system performance In the specified aircraft vibration environment.

b) Suspended shake tests of the airborne system to determine actual system structural dynamic
properties. The shake test is also the proper place to try out fixes to potential problems
prior to flight.



c) A flight loads and vibration survey of a full scale structural dynamic model of the anteonna-
pedestal prior to full up radar cystem flight teats.

d) A single article antnne.-padestal fatigue test based oan flight loads measurements.

5. CONCLUSIONS

The helicopter vibration environment is complex periodic in nature. This provides unique
opportunities for the equipment designer to minimize equipment helicopter interface vibration
amplitudes and consequently optimize system performance.

Development progrsams for system whose performance is sasitive to vibration should be structured
to optimize interface dynamics.

Dynamic qualification techniques are available that ,ake this possible. These may include life
cycle vibration qualification tests based on early program flight test data or structural fatigue
tests and electronics component level vibration testing.
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SUMMARY

This paper demonstrates problems occuring in connection with the dynamic qualification
of equipment and external stores for light military helicopters. Special features of the
helicopter vibratory environment are discussed. Some general recommendations for the pro-
cedure of dynamic qualification for use with helicopters are given.

An approach in dynamic qualification of relatively heavy equipment is presented using
the example of combining the MBB BO 105 helicopter with HOT anti-tank missile launchers.
To obtain a basic understanding of the dynamic behaviour of the helicopter with external
stores, during the design phase, preliminary dynamic calculations are made for the iso-
lated stores. The results are compared with the qualification requirements, to influence
the final design. Shake tests are done with the separated external stores. The experi-
mental results are introduced in the dynamic calculations to obtain more realistic in-
formation about natural frequencies and response characteristics of the total system,
helicopter plus external stores, with regard to the harmonic main rotor excitation.
Flight test vibration measurements conclude the dynamic qualification.

1. INTRODUCTION

The dynamic behaviour of a rotary wing aircaft is characterized - in contrast to a
fixed wing aircraft - by the existence of discrete vibration peaks at fixed well known
frequencies. This typical vibratory spectrum is caused by the dynamical system of the
helicopter, consisting of main and tail rotor, several gearboxes, driveshafts, and engi-
nes. All these components rotate with different but nearly constant speeds. The exci-
tation which is responsible for the most severe vibrations has its origin in the main
rotor and is conditional upon the helicopter flight principle itself. The nonuniform air
flow through the main rotor in forward flight produces periodically variable air loads
on the rotor blades leading to sinusoidal excitation forces and moments at the rotor hub.
These rotor vibratory loads consist of so-called "number-of-blades" harmonic components
with the frequencies nR, 2nR, etc., where n is the number of rotor blades and Q the ro-
tor rotational speed. In general, the nP1 harmonic is the predominant helicopter excita-
tion. In consequence, it is an important task for the dynanicist to avoid natural modes
of helicopter equipment close to these main excitation frequencies.

Another special feature of the helicopter is that equipment and external stores which
are heavy in relation to the structural weight of the fuselage may considerably change
existing vibration modes locally or as a whole. Therefore, in many cases, the dynamic
qualification for relatively heavy equipment cannot only be treated separately, in par-
ticular for light helicopters. on the contrary, additional theoretical as well as experi-
mental work has to be done, w~ith equipment and external stores respectively, as a part
of the helicopter structure. The purpose of the present paper is to demonstrate the prob-
lems occuring with the dynamic qualification of heavy equipment at the example of the HOT
anti-tank missile launchers used with the PAH-1 helicopter.

2. SPECIAL FEATURES OF HELICOPTER VIBRATORY ENVIRONMENT

As mentioned in the introduction, the vibratory loads in a helicopter fundamentally
differ from those in other aircraft. In the main, in a rotary wing aircraft, the desig-
ner is concerned with severe vibrations at a few significant excitation frequencies below
100 Hz. In Fig. I a typical vibration spectrum of the BO 105 helicopter is shown. Natu-
rally, there also exist higher disturbing frequencies, as for example the tooth frequen-
cies of the gear wheels which, however, play a minor part. In most cases, the main prob-
lem consists in isolating equipment from high-level low-frequency vibration loads which
vary with the individual helicopter types. Due to the extremely light construction of
the fuselage, it is easy to understand that rotor excitations are transmitted to various
points of the helicopter very differently. Hence, the vibrational loading of equipment
depends strongly on the installation place which is nearly always determined by priority
operating reasons. Therefore, in many cases special vibration isolating or vibration
absorbing provisions have to be taken. As a rule, by applying such precautions, problems
which are conmected with higher-frequency vibrations are no longer to be expected.
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Fig. I Typia vbrto spectrum of B0 105
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With respect to the environmental loads which have to be born and thus also with respect
to the vibratory loads, equipment which is provided for installation in a helicopter
is usually qualified according to well defined standards. Applicable test methods are
summarized in sufficiently known prescriptions such as the American MIL-STD-8 10 or the
French AIR NORME. Among others, in these catalogues of test procedures, one requires the
simulation of appropriate vibration loadings for the isolated equipment in the laboratory
by use of a shaking table. The test conditions and, in particular, the excitation levels
depend on excitation frequency, weight of the test specimen, installation position and
type of suspension in the aircraft. From our experience, excepting certain restrictions,
these standardized qualification methods are well suited for light equipment, such as in-
dicating instruments and other electronic devices. This is particularly valid when vibra-
tion isolating suspensions are applied.

It is obvious that devices which are provided for use with helicopters should not have
any natural frequencies in the range of the well known main excitation frequencies.
However, particularly for relatively heavy built-in or built-on equipment, it is in many
cases extremely difficult to fulfil the requireme~ts of the above-mentioned standards
within the low-frequency range. In the critical range containing the dominating first
"number-of-blades" harmonic excitation, the permitt-d acceleration values of 2 g are
reached or even exceeded in a lot of helicopters, especially at unfavorable installation
places. The high-frequency range (frequency range to be tested: 5 - 500 Hz and 5 - 2000 Hz
respectively) is essentially relevant only to members,such as plug connections, electronic
plate assemblies, etc., where resonance dwell tests, as required among others by MIL-STD-
81OB and AIR NORME 7304, certainly dictate a severe examination for the test sample. It
is open to question, whether resonance dwell tests are sensible in any case or whether,
instead of these, dwell tests at the predominant helicopter blade passage frequencies are
to be preferred [1]. Compared with edition B, MIL-STD-810C does not include resonance
dwell tests for helicopters. In addition, edition C makes a distinction between helicopter
built-in equipment and external stores. Dwelling at the helicopter typical excitation fre-
quencies, however, is specified at least for external stores. Often, it would be advisable
to perform 8imilar dwell tests with equipment such as a roof mounted sight, for example 121.

Naturally, the dynamic qualification of the isolated equipment by use of a vibration
exciter is meaningful, but according to our experience, in many cases not sufficient. For
example, installing equipment whose mass amounts to about 5 - 20% of the pure structural
weight in a light helicopter is common and frequent practice. Such heavy equipment may
significantly change existing vibration modes locally or of the whole fuselage, depending
where it is connected to the helicopter structure. In this manner, the severe helicopter
specific basic excitation is, in most cases, further increased for equipment and external
stores. For these reasons, it nay be necessary to perform, in addition to a shake test of
the isolated equipment, more extensive theoretical as well as experimental investigations
with the combination, equipment and carrier. In the following chapter, a corresponding
approach using the example of a pylon for external stores is presented.

3. EXAMPLE OF A DYNAMIC QUALIFICATION PROCEDURE FOR HEAVY EXTERNAL STORES

The problems which the dynamic qualification of relatively heavy equipment raises, in
connection with light helicopters, are demonstrated in the following, by the example of
the pylons for the HOT missile launchers of the BO 105 P (PAH-1) helicopter. As is seen
in Fig. 2, pylons which can be armed with a battery of three HOT anti-tank missilos oach,
have been attached to both sides of the aircraft. The loaded launchers, originally designed
for use on ground restricted vehicles, have a mass of about 150 kg each and weigh therefore,
for example nearly twice as much as the engines. The design of the pylons and their hinged
mounts in the area of the floor structure of the fuselage has been essentially based on
statical aspects. It is easy to understand, however, that the attachment of such large
masses at such exposed places might influence the vibratory behaviour of the whole heli-
copter. For this reason, besides the obvious requirement that the isolated launchers have



12-3

no resonance points close to the main excitation frequencies, the dynamics of the total
system, helicopter plus external stores, have to be considered with care.

Fig. 2 BO 105 P (PAH-1) helicopter

3. 1 DYNAMIC QUALIFICATION OF SEPARATED STORES

The dynamical qualification of the launcher itself - MA V-11TU1*S,,(

has been done according to the French AIR NORME 7304. I
For that, the launcher was fixed on a shaking table in 2g
a similar manner to its mounting on the pylon and has
been subjected to the tests listed below, in the fre- W 0, ..---
quency rango between 5 Hz and 500 Hz:

1. Resonance search

2. Sinusoidal cycling (2.5 hrs along each axis)

3. Resonance dwell (20 min along each axis at the
most severe resonant frequencies)

4. Noise like excitation.

The excitation for points 2 and 3 has been set according W i5 0
to Fig. 3.

Fig. 3 Vibration test curve
(AIR NORE 7304)

3.2 NATURAL MODES OF ISOLATED PYLON AND STORE ASSEMBLY

During the design phase of the pylon a first dynamic structural calculation has been
performed for the combination,pylon plus launcher. Complicated structural components re-
quire an idealization with correspondingly capacious details. In many cases, however, it
is more practical to choose a more simple model for such parts, which is sufficient to
enable only the most important deformations to be calculated. The result of this rough
estimation was that the natural frequencies for the first modes of the isolated ramp,
complete with three HOT missiles, were adequately below the dominant 4/rev excitation
frequency, that is, that the design of the pylon could be realized without any modifica-
tion.

The next step was the manufacture of the first prototype of the pylon. The vibration
behaviour of the isolated clamped ramp has been investigated experimentally by shake
tests with impulse excitation in the vertical and horizontal plane. The frequency analy-
sis of the measured accelerations yielded natural frequencies of 16.5 Hz for the first
vertical vibrational mode and 22.3 Hz for the first longitudinal vibrational mode. These
measured values have been used as a base for correcting the input data of the theoretical
model of the pylon. Repeated calculations using the same boundary conditions as in the
experiment have proved the validity of the assumptions made for the idealization of the
ramp (Fig. 4).
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Fig. 4 Shake test and finite element calculation of clamped ramp

3.3 COMBINATION OF EXTERNAL STORES AND HELICOPTER STRUCTURE

Theoretical Model of Helicopter Structure

Fuselage and heavy equipment or external stores form a unit with mutual influences on
each other. Therefore, as pointed out previously, it is absolutely necessary to investi-
gate the dynamical behaviour of the launchers attached to the helicopter structure. At
first, this was done theoretically by integrating the adapted model of the pylon in the
finite-element-model (FEM) of the PAH-I helicopter.

Fig. 5 Finite-element-model of PAH-1 helicopter

The finite-element-model with 4872 degrees of freedom, shown in Fig. 5, considers all
the requirements of stress analysis and has been developed for this task. Between this
idealization and the hardware exists a nearly one- to-one correspondence. In most cases,
such a refinement is not required for dynamic calculations. In our example, the number of
degrees of freedom has been reduced to a set of 135 which represents 3% of the original
model size. The selection of these degrees of freedom conforms to the natural modes which
are of interest in the investigated frequency range. For the proper choice of the analysis
set, the possibility that large concentrated masses like the ramps overlaid on a relati-
vely light structure might have a great influence on the complexity of the vibrational
modes had to be taken into account.

Here it may be mentioned that the finite element data set used for the PAH-1 helicop-
ter is developed from the data set for the BO 105 helicopter which has been proved experi-
mentally by a modal survey test. Structurally, both helicopters differ only in a few de-
tails from each other, such as some modifications of the cabin roof, reinforcement of some
fuselage stringers, thickening of the tail boom skin panels, and enlargement of the tail
plane. According to our experience, the essential fundamental and higher harmonic modes of
the helicopter fuselage can be changed within only narrow limits by structural modifica-
tions or installations of additional equipment. Therefore, as a consequence of the struc-
tural similarity of the aircraft it is also possible to achieve realistic dynamicai results
for the PAH-1 helicopter.

A model of this order is only amenable to dynamic calculations by use of special pro-
cedures such as the NASTRAN multi-level-substructuring-method (Fig. 6). In our case, the
aircraft has been divided into seven substructures or superelements (SE). An additional
element has been introduced for the missile launchers. This technique is very effective
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for parametric studies of the influences of local structural modifications or locally
fastened equipments and external stores on the dynamics of the whole helicopter. After
altering a certain device, only the sibstructures lying in a direct line to the so-
called residual structure have to be recalculated (see sketch on the right of Fiq. 6).
The matrices of the other superelements remain unchanged.

taw .... o

Fig. 6 Substructures of PAH-i finite element-model

Vibratory Behaviour of Helicopter Structure in Combination with External Stores

The ramps have been included in the calculation as described above. The natural modes
of the pylons coupled with the fuselage structure are shown in Fig. 7. There exist double
modes in the vertical as well as in the
horizontal plane. These modes where the
ramps vibrate in phase and out of phase K W*TI1 , RON OF

to each other appear only in connection
with the fuselage structure. As a con-
sequence of the flexibility of the at- - ---

tachment points and the elasticity of
the fuselage, the natural frequencies
have been distinctly reduced in rela-
tion to the isolated ramp tFig. 4). P'AW. 11 NO "W'

The next task was to check the
positions of the additional modes in
the frequency spectrum of the helicop-
ter. In Fig. 8 a survey of the com-
plete natural frequencies and modes
respectively up to 30 Hz is given. On
the left side, the results of the fi-
nite element calculation for the PAH-1 ,. m M1 IT %W

helicopter, with and without ramps, ,1 A POIP9

are tabulated. For comparison, corres-
ponding results from calculation and
modal survey test for the BO 105 heli- Fig. 7 Natural modes of ramps combined with helicopter

copter are recorded on the right side. structure
For more details see [3]. Regarding the table one can see that the fundamental pitching
and lateral modes of the fuselage are close to the rotational speed of the main rotor.
Higher modes of the fuselage lie near the 4/rev frequency. In between, a set of natural
modes appears which are dominated by certain parts of the helicopter, such as engines,

$M.-emMckuIIuN Fe MOmA IM, ,m,. NI l l

Poo mi i
iN "r iwflTwr o-

6m "- 1,FTf ORO Fm.1111 6'

io- -I I -to

:-: _isi
-A 3: 1111*111 a I M

21,91 to 1

Fig. 8 Natural frequencies and modes of PAS-1 and W0 105 helicopter
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rotor-transmission unit,tail boom, stabilizers, and also the missile launchers (marked
by arrows).

The modes caused by the ramps are located sufficiently away from the dominant exci-
tation frequencies. From this point of view, any modification of pylon stiffness or
mounting attachment was not necessary.

Two normal fuselage modes appear in the most critical region near the dominating
4/rev rotor excitation:

2nd pitching mode of fuselage,
1st torsional mode of fuselage.

These two modes of the PAH-1 helicopter with and without ramps are demonstrated in Figs.
9 and 10. Additionally, a comparison between calculated and measured results for the

Fig. 9 2nd pitching mode of PAH-1 and BO 105 helicopter

L

Fig. 10 Ist torsional mode of PAH-1 and 80 105 helicopter

BO 105 helicopter is again shown. As expected, good agreement occurs between the mode
shapes of the various versions. It is not difficult to understand that the natural fre-
quency for the 2nd pitching mode is hardly influenced by the missile launchers. Due to
the outrigging heavy weights of the launchers, however, the calculated natural frequency
for the torsional mode has been distinctly shifted towards the 4/rev frequency of the

main rotor.

i ii I , ': / From Fig. 8 we can learn that for
._ - the BO 105 helicopter the measured natu-

ral frequencies of the considered modes
' - lie at about 2 Hz below the calculated

true for the PAH-1 helicopter the vibra-
tory behaviour of the aircraft with ex-
ternal stores would be more favourable
than that of the basic helicopter.

The oscillatory motions in the case
It NtFR PAPH- I W PAMM ([NtFR PAH-1 W114011T RAM of the torsional mode are illustrated in

Q I (.t RAR FRO 7.2 H71 LIFT RAP FO 24. H11 Fig. 11 by means of cross-sections of the
fuselage in the ramps area. In both cases,

Fig. It Cross-sectional mode shapes of PAH~1 helicopter with and without ramps, the helicopter
with and without ramps vibrates torsionally about the iongitudi-

''' . . .:. . . . 1 I . . . . i 1 . . . -- - . .
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nal axis. The missile launchers oscillate out of phase to the fuselage which results
in a nodal point in the center of each ramp.

At this point, it would have been advisable to examine by a finite element response
calculation for several loading configurations of the launchers to what extent these two
modes can be excited by realistic 4/rev main rotor forces and moments. In this way, vibra-
tion levels at the launchers can be predicted in an early design stage. Because of other
than technical reasons we were not able to do such response calculations in the present
example.

Vibration Flight Test Results

Concluding the dynamic qualification procedure for the PAH-I HOT launchers, vibration
measurements have been performed at different flight conditions. Some features of the
PAH-I flight tests with ramps in level flight are shown in Fig. 12: amplitudes and phase

00 10 10 . ,a. A11t 1

0.11 0

p~ w o ~~ .0 0 O0I. . 0 L

1.00 100 1.0 aQI 10 2 P

IV00 IN III0.0 1.0 00

0 too 1 0 o0 o .m 0 o oo

Fig. 12 Flight test vibration measurements for PAH-1 helicopter with ramps

angles of the interesting 4/rev acceleration components at several measuring points of
main gearbox and ramps. Maximum vibration levels occur in transition flight (20- 30 kts).

In the entire horizontal flight ,LIW, MY If' t IIMAIM

range, the 4/rev acceleration compo- ,l .1'6 LWIlV (W"-1 W

nents do not exceed the 1 g limit. Thus, 01 111W 11I I00 TEST t1 001ON

the qualification requirements based on II + TWI l6 NIXI( rlW01 WI

the AIR NORME 7304 have been met. In 00
Fig. 13 an attempt is made to show for ,
the torsional mode a correspondence .02 Id ot 0

between the FEM-eigenvalue computation 11 s'
and the flight test measurements by ,,,., TEST f1(P tAj..ATII(
qualitatively contrasting the mode 1 I COWRIS 00 1 0

shapes of the fuselage cross-section ,m -
in the ramps area as a component re- 0

presentation. This is admissible with S f 0 S
some restrictions since the natural 0,
frequency for the considered mode is o 0 o
located close to the 4/rev excitation 0

frequency. Some correlation has been I f f f t f t
obtained in particular in the case of OU INI( ( 10 U C,, OU, 11 1 ENT[*OUT Wr OR ff(0 out dif#,tQ0 I IN0 5,

the vibratory motion in the vertical 1 (I 1,,0 ,,10-1 (O 1i TR
plane.

Fig. 13 Fuselage cross-section of PAH-l helicopter:
comparison between flight test and FEM-calculation

4. CONCLUDING REMARKS

The vibratory load in a helicopter is characterized by high-level sinusoidal excita-
tions at a few discrete frequencies. This low-frequency vibration load has its origin in
the main rotor and is caused by the nonuniform air flow through the rotor in forward
flight. In general, the first "number-of-blades" harmonic is the predominant helicopter
excitation. Compared with this harmonic, other existing higher disturbing frequencies
are negligible in many cases.

Dynamic qualification by use of sinusoidal cycling, dwell tests, etc., following well
introduced standards is a common practice. However, it is often difficult to meet the re-
quirements of these standards within the low-frequency range.

......



In particular heavy equipment and external stores may significantly influence the
vibrational behaviour of the adjoining parts of the structure or even of the whole fuse-
lage. Thus, the severe basic vibratory loading of a helicopter is increased in most cases.
In addition to laboratory vibration tests with the separated equipment, more extensive
investigations have to be done with helicopter and equipment as a unit.

The presented example of the approach in design ard dynamic qualification of the HOT
anti-tank missile launchers for the PAH-1 helicopter does not claim to be a universally
valid procedure, but it gives at least an idea of the problems which may occur in combi-
ning heavy equipment with a light helicopter. In that special case, the requirement for
a 2 g acceleration limit for the 4/rev excitation could be met. Fundamentally, for many
applications, it would be desirable to increase the admissible vibration levels in the
low-frequency range and, in general, to replace resonance dwell tests by dwell tests at
the individual main excitation frequencies. With MIL-STD-810C a good step has been made
in this direction by allowing a 3 g vibration level for external stores in connection
with the UH-I helicopter.
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The paper outlines the dynamic regime imposed on helicopter-borne stores and equipment, highlighting
the differences between the rotary and fixed-wing environments. The need for helicopter requiremente to
be addressed in particular is discussed.

The influence of a number of contributory factors to the dynamic environment arising from varying
military applications covering both land and sea Operation is discussed. The interests of, and implica-
tions for WBL as a supplier of helicopters to both UK and Overseas customers are outlined.

The dynamic criteria for design and test currently employed by WHL are given, explaining the
particular influence of discrete sinusoidal forcing on the helicopter environment. The evolution of
these standards and their consolidation through flight and service experience is described.

The paper concludes by offering some views on the future development of dynamic qualification
criteria for rotary-winged aircraft.

I. INTROIXCTION

The vibration environment in helicopters differs from that in jet aircraft by one important
feature, the exisence of diecrete peaks of vibration at fixed frequencies. These peaks are generated by
the rotating cponents in the helicopter, such as the main and tail rotors, engines and gear meshing. The
rotor speed under normal flight conditions is essentially constant, varying by only about five percent and
therefore these vibration peaks have fixed frequencies.

The vibration spectrum in the cockpit of a four-bladed, medium size helicopter (the Lynx) is shown
in figure 1 for a steady forward speed of 140 kts. The lower frequency end of this spectrum is dominated
by peaks at multiples of the main rotor passing frequency (ICR, BR etc; 41R = four per main rotor revolution).
The peaks at the higher frequency end, above about 400O Ez. are generated by the meshing of gears in the
gearboxes (principally the main rotor gearbox) and by the various shafts in, and connected to, the engines.

The relative levels of these peaks differ in various regions of the helicopter depending on the
proximity of the sources of the various peaks and the geometry of the aircraft construction. However, the
vibration in all regions of the Lynx is dominated by vibration at the four per revolution frequency of
the main rotor (IjR) at about 21.7 Hz. Regions near the engines and main rotor gearbox also experience
significant forcings from these two items.

An obvious requirement for helicopter equipment is the avoidance of natural frequencies at or near
to the frequencies of the major vibration peaks in the helicopter vibration spectrum. The frequencies of
these major vibration peaks are defined as avoid frequencies. Normally, a narrow frequency band is defined
to allow for slight variations in rotor speed and aircraft configaration, and to avoid exciting any major
but slightly off-resonant modes of vibration in the equipment. Each type of helicopter will have different
frequency avoid bands and depending on the relative levels at the various frequencies in the different
areas of each aircraft, different avoid bands can be defined for the various regions.

Since the vibration environment of the equipment is dominated by discrete frequency peaks of
vibration, it is logical to use some of these frequencies for endurance testing of the equipment.
Normally about four frequencies are chosen for the endurance testing.

Vibration qualification to Westland Helicopters (WL) standards follow the following P.-quenoe:

a) Initial resonance search,

b) Eadurance tests,

0) by frequency sweeps,
ii) by discrete frequency teats.

c) Final resonance search.

The above tests are required for full type clearance. For equipment under development, limited
type testing mayr be required before the start of flight teat. and this normally includes parts (a),
(bi) and a reduced (bit).
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Each type of helicopter is different having different numbers of main rotor blades and rotor speeds
which gives the need for specific reqiiirements for each type of helicopter. Especially important are the
different frequencies of the avoid biAnds and endurance tests.

2. DEVLOPENr OF REQUIREMEN1TS

Over the past 20 years the qualification requirements of WHL have become more specific. Examples of
this development are given below for two types of helicopters, followed by a detailed discussion of the
Lynx helicopter in the next section.

2.1 Scout and Wasp Helicopters (1962 Specification)

These aircraft are four bladed light helicopters.

The requirement states that the equipment may be subject to vibration in the range of 5 to 150 Hz.
with the amplitudes given in figure 2. This amplitude curve is used for the resonance soarch, but no
requirement is given for the frequency sweep rate. Four frequency avoid bands are given covering the first
and fourth main rotor orders, and the first, second and third tail rotor orders. A fixed frequency
endurance test is defined using three frequencies covering the fourth main rotor order and the first and
second tail rotor orders, It is not mandatory for the equipment to operate during the endurance testing
but WHlL must be consulted. There is no requirement for a final resonance search.

This single test is required for equipment mounted in all regions of the aircraft. No distinction
is made for different vibration levels in the various parts of the aircraft.

2.2 Sea King and Commando Helicopters (1966 Specification)

These two helicopters are large five-bladed aircraft.

The specification recognises the existence of different levels of vibration in the various regions
of the helicopter. The original specification covered two regions; within and outside of the power unit
region. Updates in 1976 brought in two other regions; externally mounted equipment and panel mounted
equipment. Different frequency ranges are specified for each region.

A resonance search is required using curve D of figure 3a for equipment within and outside the
power unit region (3-600 Hz. and 3-150 Hz. respectively) or the severe flight curve of figure 3b for
externally mounted equipment (3-176 Hz.).

The curves in figure 3a are the same as those in Av.P.970 which was taken from measurements on
British and American helicopters. Curve D represents the acceptable limit for the more severe vibrations
which mayr occur during short period flying conditions such as maximum speed or maximum engine power.
This curve is similar to that used for the Scout and Wasp helicopters described in the previous section.

Isolated panel mounted equipment is tested at a constant amplitude to 1.100 inches up to 16 Hz.
followed by a constant accel eration of t2.g to 160 Hz. Testing in three mutually perpendicular planes
is required.

Endurance tests are required covering the fifth anO ienth main rotor orders and fifth tail rotor
orders in all regions of the helicopter, with the addition of a high frequency test at 400 Hz. for equip-
ment in the power unit region. The equipment is required to operate normally during the testing and at
completion of testing to have suffered no damage.

Any etq pment which is driven mechanically from the aircraft engine, rotor or transmission may be
required to be subject to a torsional vibration test at the frequency of the input shafts.

3. THE LYNX HELICOPTER (written in 1977)

The Lynx specification is more detailed than previous specifications and is based upon major
international specifications with additions and modifications by WHlL.

The first step needed to write the vibration specification is the determination of the major
forcing frequencies. Once the design of the aircraft is known, these frequencies can be calculsted and
listed on a vibration order chart. An abbreviated chart for the Lynx is shown in figure 14. Many
of the frequencies on this chart can be correlated with peaks on the vibration spectrum of the Lynx
helicopter shown in figure 1.

The majority of the low frequency energy occurs at the main and tail rotor blade Passing frequencies.
The mid and high frequency peaks are generated by the meshing of gears in the various gearboxes, and the
rotation of the major shafts. All regions of the helicopter are dominated by a vibration peak at the
four per revolution passing frequency of the main rotor. The other rotor orders are also important,
especially-the first and ei~tth.

Components mounted on or close to gearboxes are subjected to excitation at the meshing
frequency of the gears and in some cases also at the rotational frequencies of the shafts into these
gearboxes. The same applies to components mounted near to the engines.

The aircraft has been divided into several regions and the vibration ordier sheet enables the forcirng
frequency bands to be defined for each region. For the Lynx, six regions have been defined. All the
regions are subject to main rotor forcing with the addition of extra frequencies from nearby components.
These forcing frequency bands are shown In figure 5. Equipment with rotating parts driven by an external
source also include the operating frequency of its input shaft as an avoid frequency.



The equipment is subjected to an initial resonance 
search and for this purpose the various regions1-

of the helicopter have been identified and given a letter code. These are shown in Figure 6. The letter
code refers to the amplitude curves shown in figure 7. Note that the curves are similar to those in RTCA
DO0 160 with some modifications end additions made by WHL.

The various regions reflect the different levels of vibration. The lowest levels are on isolated
equipment such as instrument panels and equipment racks (curve P). The main fuselage and non-isolated
racks are subject to the general level of vibration in the airframe (Curve N). The extremities of the
aircraft, on the tall and uhnderearriage sponsons are subjected to higher levels at the lower frequencies
(Curve V) because of the magnification due to their geometric positions and their relative flexibility.

Externally mounted equipment is tested to slightly higher levels (Curve X) than the extremities of
the aircraft. Curve X was derived from vibration measurements taken in-flight of various aircraft.

The high frequency excitation of components mounted on, or near to the engines and gearboxes, is
reflected in the higher levels at the high frequency end of Curve W.

These curves are used to define the amplitude of the initial resonance search using a sweep rate
not exceeding 1 octave per minute. The test is carried out in three mutually perpendicular directions.
The daaping(Q) factors of any resonances are recorded.

Any resonances in the avoid bands are either removed by structural modifications, or if this is not
practicable and the resonances have low damping an endurance test is carried out at the resonant frequency
using the appropriate (measured) input levels.

An endurance test is carried out in two stages by a sweep test and constant frequency endurance test.
For the sweep test, the appropriate curve in figure 7 is used for a one hour sweep in each of the three
perpendicular directions at a sweep rate of one octave/minute.

Following this, a fixed frequency endurance test is carried out using the frequencies and amplitudes
given in figure 8. The timesare divided equally between each of the three perpendicular directions.

A final resonance search is them made in the same manner as the initial resonance search to
determine if there are any changes in the resonant frequencies.

The next few figures show comparisons of measured vibration levels in the Lynx with the vibration
level curves of figure 7. The Lynx haa two major versions, the Navel and Utility (Army). The two veraions
possess very similar vibration levels as figures 9 and 10 show. In these two figures, the vibration
levels in the cockpit and cabin are compared with curve N which is the test curve for the main fuselage
and non-isolated instrument racks. On these figures, the main vibration at about 22 Hz. can be seen.
Very few other frequencies are important except for the gearbox-meshing and engine frequencies at around
500 Hz. especially for the Utility Lynx.

The vibration levels on the starboard engine of a Naval Lynx are shown in fig. 11. These levels
are compared with curve W. The much higher levels at the engine frequencies can be seen at around 500 Hz.

Two types of external stores are shown in figure 12 which are compared with curve X. The generally
higher levels at the lower frequencies can be seen.

The specification of the life of equipment for the Lynx helicopter states that the minimm ultimate
life of equipment should be 7000 hours or'100000 duty cycles. The minimum ultimate life is defined as
the period of use at the end of which, for any reason (e.g. material fatigue, deterioration or economic
reasons) the equipment may no longer be used. Therefore, the vibration qualification of equipment should
qualify the equipment for a life of 7000 flying hours.

The main endurance testing of the equipment is carried out at the fixed frequencies and levels shown
in figure 8. These are accelerated tests and must be sufficiently rigorous to ensure a life of 7000 hours.I
The equivalent service life of equipment tested to these levels can be calculated using the method of
test acceleration given in BS 3G 100. Thie standard makes the assumption that for equal fatigue damage
at different vibration levels, the test duration varies inversely with the fifth power of the displace-
aent or acceleration level.

Figure 13& shown the endurance testing levels and periods for the various aircraft regions. Using
a service life of 7000 hours at the various frequencies, the implied service vibration levels can be
calculated by the equal fatigue damage law. This calculation has been aade, and the resulting service
vibration levels are shown in figure 1 3b.

Comparing the service levels with the measured levels on figures 9 to 12 shows that the vibration
levels experienced for equipment In regions N and X (figure 9 , 10 and '12) are lower than the 7000 hr.
levels given in figure 13b. Therefore, components in these regions which meet the full specification
should have operating lives in excess of 7000 flying hours.

However, equipment in region W, on or near the engines (including the engines themselves, figure 1i),
are marginally above the 7000 hours vibration levels at 22 Hs. Rut theme component. have much shorter
overhaul times than the 7000 hours.

The above vibration levels have all been taken from steady forward flight measurements at cruise
speeds of around 140 knots. The levels vary with the flight condition, i.e. whether hovering, climbing,
aircraft weight and e.g. etc. Generally, for the Lynx the lowest 1 vibration In steady forwari flight
in the cabin occurs at speeds of between 70 to 90 knote with the levels being approximately half those
shown in the figures. The levels can also vary with the location in the aircraft. For exfle the
co-pilot of the Lynx (port side) receives a such rougher ride than the pilot by a factor of two or three.
The levels at hover are relatively low.
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Rotor speed also plays a part giving changes in the lower levels of vibration by factors of up to
two or three. The rotor speed can be changed by up to 5%and the various parts of the airfra,-'e are
affected differently. In some areas the 14R vibration can increase, in others decrease.

Equipment on the aircraft will, fr a large proportion of the time, experience vibration levels
much lower than those shown on figures 9 to 12, and for very short periods experience higher levels (up
to about 50% higher). However, these higher levels do niot generally exceed the levels defined by the
endurance testing curves.

A final check on the vibration levels experienced by the equipment is sometimes made with the
equipment in situ on the aircraft. This i*s especially important for the larger pieces of equipment whose
mass or stiffness may alter the dynamic char~.tteristics9 of structure rif the aircraft to which it is
mounted, such as for example , a large piece of avionics equipment itountel into racking.

The checks take the form of a 'book test' to determine the resonant frequencies of the equipment
and mountings. If any resonances are found close to the major exciting frequencies of, principajly, the
ma4.n rotor orders, then design modifications are made to the mounting to move the resonant frequencies away
from the exciting frequencies. The way the equipmsent is mounted will affect frequencies as will the
impedaneeQ of the structure to which it. is attached. Thus rig tests are only an indication of local equip-
ment problems, and not of rigid-body attachment modes.

14. SPECIFICATIONS OF HELICOPTERS CURRENTLY BEING DESMGED

Specifications for aircraft which are currently being designed are similar to the Lynx specification
described in the previous section. For example, the same vibration level curves as shown in figure 7 are
used. Different frequency avoid bands are defined for each new design, and these are used for the fixed
frequency endurance tests.

5. RANDOM AND SINUSOIDAL EXCITATION

The object of any specification is to prescribe a series of tests which will show whether the item
under test can withstand a vibratory environment for a certain length of time. To achieve this, the test
environment must be representative of the service environment and the duration of the test must be related
to the time in the service environment.

As shown in the previous sections, the helicopter vibration environment is very different from that
of the fixed-wing aircraft. In fixed wing aircraft the vibration is principally a broad-band random
spectrum compared with the discrete frequency spectrum found in helicopters. The result of this difference
is that in the fixed-wing environment all of the resonances in the applicable frequency band will be excited
to some degree. In the helicopter, however, the natural frequencies of the equipment should not be close
to the major exciting frequencies because these are defined as frequency avoid bands. For these reasons,
the endurance testing for helicopters is carried out in fixed frequencies and for fixed wing aircraft a
random vibration test is more appropriate.

There is no definite equivalenoe between sinusoidal and random vibration. Therefore VEIL does not
accept equipment tested to a random vibration test such as that specified in BS 3G.100. Further fixed-
frequency endurance testing is insisted on, along the lines of the previous sections. It is not always
necessary to repeat all of the tests demanded by WEIL's own specifications because parts may have already
been covered, such as for example the initial and final resonance searches and sometimes the one-hour
frequency sweep.

The most important part of the equipment specification is the endurance testing and there is no
easy or convenient method of relating the amount of damage incurred under sinusoidal and random excitation.
Therefore, any bought-out equipment (i.e. equipment purchased by VEIL for fitting to an aircraft for a
customer) will not be accepted without being subjected ( substantially) to tests specified for that aircraft.

However, much of the equipment will bave already been subjected to testing to outside specifications
for fitting to other aircraft. The extra testing required by the helicopter user incurs expense for the
customer or equipment manufaclurer which could be reduced if the need for the extra testing was obviated.

A reliable correlation is required between the damage incurred under sinusoidal and random
excitation. At present there are many correlation curves and formulae available, some of which give
different comparisons of the damage, implying widely different lives for the equipment. Until this
situation is resolved, by extensive experimental work, VEIL will continue to require testing to its own
specificat ions.

6. CONCLUDING REMARKS

Dyrnamic environmental testing..required by VEIL follows the lines of the major international specifica-
tions with resonance searches and endurance testing. The vibration levels of the tests are similar to
international specifications with some modifications and additions made by VEIL based on their experience.
All bought-out equipment mtist be subjected to testing to the relevant specification.

However, there are cases where the vibration levels required by the specifications are too severe
and designing to these levels would incur 6xtra expense or a weight penalty from the increased ruggedness.
In these cases, the vibration levels are usually reduced to reflect the lower measured values.

Failure to meet the specification does not necessarily mean rejecting the equipment. The type of
failure will be considered and the equipment may be accepted for, say, a shorter life..

If the equipment has been subiected to testing to outside specifications, extra testing is usually
required, especially the endurance testing, to fully approve the equipment.
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Much of this extra testing could be obviated if reliable correlations could be established between
the damage incurred under random and sinusoidal testing.

Specifications for the immediate future seem likely to follow very closely the present specifications.
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VIMWATI0W ORMDS Ez

.R lot main rotor order ........ 5.3
2 ............................ 1 .6
4R ............................ 21.2
IT 1st tail rotor order ........ 30.7

8R ............................ 42.i4Pylon tail drive shaft .......... 59.7 VIMTION ORDERS FOR LYNX
Forward tail drive shaft ........ 70.1
Main drive shaft ................ 100.0
4T ............................ 123.0
8T ......................... 245.0
Meshing m.g.b. conformal gears.. 446.0
ingine .......................... 451.0

Meshing tail gearbox ............ 1135.0
Meshing intermediate gearbox .... 1613.0
Meshing m.g.b. input bevels ..... 2110.0

(a) All regions

1 x Main rotor shaft (IR) 5.2 to 5.9 Hz

2 x Main rotor shaft (2R) 10.4 to 11.7 Hz

4 x main rotor shaft (4R) 20.8 to 23.4 Hz

8 x Main rotor shaft (8R) 41.6 to 46.8 Hz

(b) On or in close proximity to engine

All orders given at (a) plus:-

I x Forward tail drive shaft 68.8 to 77.4 Hz

I x Main drive shaft 98.3 to 110.8 Hz

I x Free turbine 440 to 590 Hz

I x Compressor 490 to 720 Hz

(c) Or or in close proximity to main rotor gearbox

All orders given at (a) plus:-

I x Forward tail drive shaft 68.8 to 77.4 Hz

I x Main drive shaft 98.3 to 110.8 Hz FIGUR

I x Meshing M.G.B. conformal gears 438 to 492 Rz
2 x Mashing M.G.B. conformal gears 875 to 985 lz

I x Mashing M.G.B. input bevels 2,070 to 2,330 Hz

(d) Tail cone and tail pylon

All orders given at (a) plus:-

I x Tail rotor shaft 30.1 to 33.8 Hz

I x Pylon tail drive shaft 58.6 to 66.0 Hz
I x Forward tail drive shaft 68.8 to 77.4 Hz

4 x Tail rotor shaft 120.4 to 135.5 lz

(a) Intermediate gearbox

All orders given at (a) and (d) plus:-

I x Mashing intermediate gearbox 1,563 to 1,780 Uz
(f) Tail rotor aearbox

All orders given at (a) plust-

I x Tail rotor shaft 30.1 to 33.8 lIz
I x Pylon tail drive shaft 58.7 to 66.0 Ha

4 z Tail rotor shaft 120.4 to 135.5 Hs
I x Meshing tail gearbox 1.114 to 1,253 Ha

(g) Equipment with rotating parts driven by an external source shall

include the normal operating frequency range of its input shaft

as an avoid frequency band.

Lm FORCING H(EM UCY BUM
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FIGU=E 6 TSTING wEGIONS OL LYNx
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(a) Programe for equipment tested to curves N. P. V or X
3 x WO

6 
cycles @ 22 Hz - 37.9 hours

3 x 06 cycles @ 22 Hz = 37.9 hours

3 x W0 cycles @ 44 Hz - 18.9 hours

3 x 10
6 

cycles @ 128 Hz - 6.5 hours

(b) Programme for equipment tested to curve W

6
3 x 106 cycles 0 22 Hz - 37.9 hours

3 x 106 cycles @ 44 Hz - 18.9 hours FIGURE 8
3 x 106 cycles @ 128 Hz - 6.5 hours

3 x 106 cycles @ 500 Hz - 1.7 hours

(c) For equipment driven by external means the 128 Hz test of
6

programse (a) or (b) shall be replaced by one of 3 x 10 cycles

at its own drive frequency at a level given by the specified

test curve.
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Application of Modal Synthesis Techniques for the Dynamic

Qualification of Wings with Stores

by

E. Breitbach
DFVLR-AVA Goettingen

Institute of Aeroelasticity
Bunsenstr.10, D-3400 Goettingen, Germany

Summary

Dynamic qualification as well as flutter clearance of modern combat aircraft is usually
burdened by considerable computational and test effort due to the great variety of dif-
ferent external stores configurations. It is shown that modal synthesis techniques such
as modal correction and modal coupling approaches are convenient in substantially reduc-
ing the test effort to only a few representative trial configurations which may be taken
as a basis for establishing reliable mathematical models of all other configurations. Em-
phasis is also placed on how to deal with special phenomena due to nonlinearities, in
particular combinations of backlash and dry friction, in the connecting parts between
wing, pylon and store which may significantly infringe on the validity of the linear math-
ematical models as used in ground and flight vibration testing.

1. Introduction

Accurate prediction of the flutter and dynamic response behavior of aircraft requires full
knowledge of the elastodynamic properties usually determined by extensive dynamic ground
and flight testing complemented by thorough numerical analyses. Especially the develop-
ment of modern combat aircraft is burdened by extremely high test and computational ef-
fort due to the great variety of different underwing stores carried within the range of
missions. In particular, ground vibration testing would exceed any reasonable cost frame
if the number of different external stores configurations would require an equivalent num-
ber of ground vibration tests (GVT).

Modal synthesis can help to ease this problem considerably by ground vibration testing
only a few representative external stores configurations, whereas the modal characteris-
tics of the much more numerous remaining configurations can be determined in a purely
numerical way by means of modal correction or modal coupling procedures. Since the mid-
fifties, much fundamental work has been devoted to these techniques, particularly in the
USA and UK where some key publications related to modal synthesis originated, see for in-
stance Refs.[1],[2],[3],[4].

In the last decade the capability of modal synthesis has been extended to structures, the
dynamic properties of which are given only in terms of measured modal data without any
knowledge of the geometrical mass, stiffness and damping distribution, see Refs.[51,[6],
(71,8],(9]. A comprehensive survey of the state of the art in modal synthesis is given
in Ref.[1O]. All these references may be taken as a useful basis for elaborating modal
synthesis techniques for special application to wing-with-stores dynamics.

Ground and flight test experience has shown that many peculiar phenomena are due to struc-
tural nonlinearities locally concentrated not only in the connecting parts between wing,
pylon and store, but also in the control mechanism and other parts of aircraft structures.
Standard structural dynamics methods such as GVT or flight vibration test techniques have
structural linearity as a common basis. Consequently, all these approaches fail if applied
to nonlinear systems. To overcome this problem, modal synthesis can be employed success-
fully as an essential part of an overall concept to identify nonlinear systems. This con-
cept consists basically of ground vibration testing, modal synthesis and special approach-
es to identify the elastodynamic behavior of nonlinear coupling elements. How this con-
cept can be applied to real structures is demonstrated in Ref. [8] for the example of an
airplane with nonlinearities in the control system.

Application to other systems such as wing-with-stores combinations raises no additional
problems. The main steps towards a complete nonlinear mathematical model may be described
as follows:

0 Decomposing the nonlinear structure into linear subsystems and nonlinear con-
necting elements - or, if modal correction is applied, establishing a linearized
test configuration with the nonlinear elements replaced by linear ones;

0 Ground vibration testing the linearized subsystems (if modal coupling is applied)
or the linearized test configuration (if modal correction is applied);

0 Experimental identification of the nonlinear connecting elements;

0 Setting up the equations of motion of the complete nonlinear system by means of
modal synthesis approaches.

Further emphasis has to be placed on the convergence problem due to frequency range trun-
cation and inconsistent boundary or coupling conditions. It will be shown that interface
loading is a promising means to ease this problem considerably.
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Finally, attention will be drawn to a troublesome phenomenon especially detected in non-
linear wing/store connections. It will be shown how this problem can be explained by
using the concept of an oscilZator with one and one-haZf degrees of freedom, Ref. (111.

2. Fundamental relations

Before coping with problems involving structural nonlinearities, the basic equations of
motion of an elastodynamic system are derived on the simplified precondition of linearity
and viscous damping (later on replaced by so-called structural damping defined as the
imaginary part of a complex stiffness). Formulation in the time domain in terms of the
physical deflections u(t) leads to

(1) A U(t) + B u(t) + C u(t) = Pt)

where

A mass matrix

B viscous damping matrix

C stiffness matrix

P(t) column matrix of external forces

u(t) column matrix of the dynamic response to P(t) where .(t) and M(t)
are first and second order differentials with respect to time t

Applyinq to Eq.(1) the modal transformation

(2) u(t) = 0 q(t)

where

0 modal matrix with the normal mode shapes Or , (r = 1,2,...,n) of the
conservative undamped system as columns

q(t) column matrix of the generalized coordinates

and left-hand multiplication by the transposed OT changes Eq.(1) into

(3) M q(t) + D q(t) + K q(t) = Qjt)

where

M = OT A 0 diagonal matrix of the generali2ed masses Mr

D = OT B 0 generalized damping matrix, not necessarily diagonal, with the
coefficients Drs

K = OT C 0 diagonal matrix of the generalized stiffnesses Kr = Mr w' with
wr denoting the (circular) normal frequency

Q(t) = OT P(t) column matrix of the generalized forces Qr(t)

In the case of an harmonic excitation

(4) Q(t) = Q ejwt  
I j = /--I

the structure responds harmonically as well

(5) q(t) = q ej~t

where w designates the (circular) excitation frequency. Insertion of Eqs. (4) and (5)
into Eq.(3) and replacement of the viscous-type damping definition by the ccMpZex stjffne8ss
definition leads to

(6) (- w1M + j + K)q = Q

Another fundamental relation repeatedly used in the following sections is a simplified
form of Lagrange's equations:

(7) ( k) 3S-- = 0 , rn,2.

where

Ek kinetic energy

Es  stiffness or potential energy.

-A . .
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3. Modal correction method

The so-called modal correction method, Refs.15),[7],(8], has been applied successfully for
more than a decade to problems with relatively small changes of mass, damping and stiff-
ness. As far as wing-with-stores problems are concerned modal correction can be used basi-
cally to account for changes of the mass inertia properties of stores and of pylon stiff-
ness as well as damping.

3.1 Modal mass inertia correction

Let the difference between the mass inertia properties of two different types of inter-
changeable underwing stores be represented by changes of mass m , mass moments of inertia
)xOYOz and the location of the center of gravity (XCG,YCG,ZCG) , then the difference
between the kinetic energies of the two stores can be expressed by

(8) AEk = Ek 2 - Eki

The subscripts i and 2 indicate the basic configuration 1 measured in a ground vibra-
tion test and any changed configuration 2. The energy terms Ek1  and Ek2 can be written
as follows:

(9) Eki = Ui Ii i , i = ,2

According to Figure I the displacement vectors
= i iu i i i i)T(10) u (u , Uy , a ,ay , a i 1,2

and the mass inertia matrices

(11) Ii  =Mi xi

Oyi

are formulated with respect to the centers of gravity (xcGYcG,zCG) CG=1,2 , where
X 2 =XxI X , Y2 =Y Y z2=z+Az

underwing pylon

Figure 1: Aircraft underwing store with pylon.

Expressing vector u2 by vector ul leads to the transformation

(12) U2 = T ui

where
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0 Az -Ay

1I -Az 0 Ax

1I Ay -Ax 0
(13) T = - + -

I 1

01

Then, the change of the kinetic energy is

14) AEk = uT(T 12 T -

Applying the modal transformation

(15) ul = 01 q

and subsequently Lagrange's operation (7) to Eq.(14) results in the modal correction ma-
trix

(16) AM = TTT 2 T -

where the modal matrix 0D contains the measured modal displacements of the underwing
store of the basic test configuration as column vectors:

(17) 0 (Ur , u Uzr' , xr' air' 1 a)T
r r yr' u1  xr zr

Addition of matrix AM to M in Eq.(3) or (6) results in the equations of motion of the
changed systems. Then, taking into consideration all changes of mass inertia properties
in the changed configuration 2 leads with a number of L stores (Z = 1,2,...,L) to the
equations of motion

L1
(18) - 12(M + XAMZ) + jD + K q = Q

£= 1

The capability of modal mass inertia correction has been proved successfully for some ap-
plications, one of which is described in Ref.[12]. The system investigated is a simple
swept back wing model carrying two underwing stores as sketched in Figure 2. The mass in-
ertia properties of the two stores i (inner) and o (outer) are listed in Table 1, giving
the masses, the mass moments of inertia, the center of gravity locations (measured from
the pylon center line), and the radii of gyration in configurations 1 and 2.

/CG ......

Store o

y Store i

x

Figure 2: Swept back wing model carrying two underwing stores.
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Configuration 1 Configuration 2

Store i Store o Store i Store o

m[kg] 5.003 4.723 5.003 4.723

ex(kg cm2 l] 21.05 19.79 21.05 19.79

0Y '0 z  
379.83 375.35 379.83 375.35

[kg cm']

xCG[cm] 0.23 5 5.23 0

rG[cm] 8.72 10.22 10.16 8.91

Table 1: Modal correction application to a wing-with-stores model,
mass inertia properties of the external stores mass m
mass moments of inertia Ox,Ove z , center of gravity
location xCG , radius of gyration rG

The first and third columns in Table 2 show the measured normal frequencies of the basic
test configuration 1 and the normal frequencies of configuration 2 resulting from a modal
correction calculation. The second column contains the measured normal frequencies of
configuration 2 validating the modal correction results. The greatest error between the
modal correction results and the appertaining test results is 4.2% in mode 5:

Normal frequency Normal frequency [Hz]

Normal [Hz]
mode Config.1 Config.2

measured measured calculated
(Modal correction)

r=1 7.71 7.64 7.65

2 9.07 10.78 10.86

3 10.65 8.83 8.65

4 12.42 14.73 14.63

5 14.62 11.84 12.34

6 33.53 35.76 35.99

7 48.19 44.97 44.99

8 61.82 62.59 63.14

9 100.46 99.82 102.02

Table 2: Modal correction application to a wing-with-stores model,
measured normal frequencies of the basic test configuration I
and related measured and modal correction results of the
changed configuration 2.

3.2 Modal stiffness correction

The modal correction approach can also be used to deal with stiffness changes in underwing
store pylons which may occur if alterations of the mission requirements lead to pylon de-
sign changes. A quite similar case may arise due to changes of the attachment conditions
(fixation forces) at the store/pylon and pylon/wing interfaces.

Let the change of the pylon stiffness be represented by the 12 x 12 matrix



(19) AC = C2 - CI

where the pylon stiffness matrices C1  and C2 are related to the basic test configura-
tion I and the changed configuration 2, then the difference b tween the pylon stiffness
energies Es, and Es2  can be expressed accordingly by

(20) AtEs  = T T 6C up

As can be seen from Figure 3 the coiumn vector up comprises the arbitrary displacements
uA and u at the interfaces A and B

upi
(21) = U

where

(22) u = (U
i
, U i, 

i
, a , ay, ai T i = A,B

2 yp

A

By aplyingthe mdal tansfomatio

X A7

A1

(23) Up pq

to Eq. (20), tiE converts to

By .......... .. th moda transformation
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1 qT T(24) AEs  = Tp COp q

where matrix

A A A A
Opau It0p2' 4 pr' D pn

(25) 0p =

( , 0 . pr, f

contains the normal mode deflections at the interfaces A and B , measured in a ground
vibration test on the basic test configuration 1. Thus

(26) i 1 r i I i i i T(26= rUr, Uyrr Uzr, Qxr, ayr' azr) i = AB

Application of Lagrange's operation (7) to Eq.(24) leads to the modal stiffness correction
matrix

(27a) AK T AC D

which must simply be added to matrix K in Eq.(1) or (6). In the case of more than one
pylon stiffness change, the modal stiffness correction matrix Eq.(27a) has to be replaced
by

L
(27b) AK : AKE1=1

where index I = 1,2,...,L stands for the number of pylons changed.

CX

Figure 4: Sweepable wing with pivot stiffness c.

To date, there is a lack of experience with practical applications to underwing stores
systems and only little experience with other systems. Just to illustrate how successfull
modal stiffness correction may be, the stifiness change in the wing pivot of a sweepable
wing, see Filre4, is given as an example. An increase of the wing pivot stiffness
coi,646.7 N-m/rad (basic configuration 1) by Ac=661.5 N-m/rad up to C0a2=1308.2 N-m/rad
(changed configuration 2) leads to the normal frequencies as given in Table 3. The first
column of Table 3 contains the normal frequencies of the basic configu-ation whereas the
two other columns show the results of the modal stiffness correction method compared with
validating measured data. The agreement between calculation and test is surprisingly good
for such a large stiffness change of more than twice the value of the basic configuration.
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Normal frequencies fr (Hz]
Normal
Mode Basic Config. Changed Config.

measured measured calculated

r=1 3.14 3.32 3.32

2 4.38 4.34 4.39

3 4.65 5.03 4.97

4 6.18 6.76 6.74

5 6.75 7.99 7.45

6 15.4 15.06 15.4

Table 3: Application of the modal correction method to a sweepable wing
with the wing pivot stiffness c01 = 646.7 N-m/rad increased by
Ac = 661.5 N-m/rad up to ca2 = 1308.2 N-m/rad

3.3 Some remarks to practical application of modal correction

After derivation of the fundamentals of the modal correction approach in the foregoing sec-
tions, some open questions still remain concerning the practical application to real under-
wing stores problems.

To make proper use of the modal correction approach the following requirements have to be
fulfilled:

* The modal deflections Oir and Oyr Br according to Eqs. (17) and (26) are to
be measured in the basic test conf guraions as accurately as possible. Redundant
numbers of measuring pickups are recommended;

0 The basic test configurations have to be conditioned in such a way that orthogonal
sets of normal modes can be measured to guarantee consistent mathematical models
such as required for modal correction calculations. Concretely speaking, the ever
existent nonlinear effects have to be suppressed for instance by testing at low
force levels, thus keeping the nonlinear elements in fairly linear amplitude
ranges.

0 Unlike the determination of the mass inertia matrices Ii and I2 , see Eq.(11),
which can be measured easily, the determination of the pylon stiffness matrices
C1  and C2  requires more attention. They can be determined either by measuring
the flexibility matrices C 11 and C71 in static tests or by carrying out dy-
namic tests on the real store/pylon system clamped with the wingside end of the
pylon to a foundation. The foundation has to be rigid except for the backup
structure in the vicinity of the pylon fixation which should be a replica of the
actual wing/pylon interface. This test could also be carried out with the store/
pylon system left on the wing but with the wing kept at rest, which in many cases
is not simple to accomplish. On the condition that stores can usually be consid-
ered rigid in a frequency range of interest this dynamic test delivers a total of
six normal ,iodes ORr , r=1,2,...,6 collected in the modal matrix OR , and the
related normal frequencies wRr , generalized masses MRr and damping loss
angles YRr . With these data in hand the stiffness matrix Ci , (i=1,2) , of the
pylon can be calculated easily from the modal retransformation

(28) Ci = ((D T)-KR OR-1

where matrix KR contains the generalized stiffnesses KRr=wRr MRr as diagonal
elements.

A computer software package for general application of the modal correction approach has
been elaborated at the DFVLR in the Institute of Aeroelasticity and published in Ref.[13].

4. Modal coupling

Aside from the modal correction approach modal coupling offers an alternative way to tackle
underwing stores problems. The basic relations of this method are described in many pub-
lications, for instance it, Refs.[5],[6],[8],[9],[10].

One can basically distinguish between three different types of coupling conditions:

* Rigid coupling
In the case of coupling two substructures with interfaces which can be considered
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approximately rigid, the displacements at the coupling points have to fulfill
the compatibility condition;

* Flexible coupling
If substructures are coupled together by means of flexible elements, a special
coupling approach can be used provided that the elastomechanic properties of
the flexible elements are known;

0 Mixed coupling

It often occurs that a coupling element has to be considered rigid with respect
to some of its degrees of freedom whereas the others may be treated as flex-
ible.

By neglecting external forces and structural damping for the sake of simplifying the der-
ivation, the elastodynamic equations of motion of the complete system with the coupling
elements removed can be written as follows:

(29) (- &M + K)q = 0

where for the case of two substructures A and B

(30) M = 
+  - , K = 

+

(31) q = ((qA)T, (q B)T)T

The way in which Eq.(29) must be changed due to rigid, flexible or mixed coupling is dis-
cussed in the following sections in a general way before arriving at the special problem
of underwing stores configurations. A computer software package comprising these three
types of substructure coupling has been worked out at the DFVLR Institute of Aeroelasti-
city and published in Ref.(14].

4.1 Flexible coupling

The flexible coupling approach, described in Refs[5],[6],[8] and [91, commences by formu-
lating the stiffness energy of a coupling element between two arbitrary substructures A
and B . Thus we obtain

(32) E 1u cu ,

where C denotes the stiffness matrix of the coupling element and

(3 3) u F  = { - -

nvectors uF and u contain the arbitrary displacements at the coupling points
of the substructures A and B , respectively. By developing vector up into the modal
series expansion

(34) UF = q

where

F 0
( 3 ) 0 ' F - -] I0 B F

Eq. (32) can be transformed into

(36) Es - IqT c®,q

The submatrices o and O contain normal mode displacements at the coupling points as
part of the normal modes of the uncoupled substructures A and B , respectively.

Application of Lagrange's operation (7) to Eq. (36) results in the modal coupling matrix

(37) AK = 0T C F

Adding AK to matrix K in Eq. (29) leads to the equations of motion of the substructures
A and B coupled by a flexible spring element described by matrix C
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4.2 Rigid coupling

Rigid coupling of two substructures A and B , described for instance in Refs.(4] and
[5], requires fulfillment of the compatibility condition in the coupling points

(38) uft-uA 0

where column matrices uA and uR contain the displacements at the coupling points of
the substructures A and B , respectively. Eq.(38) can be expanded again into a series
of the normal mode displacements at the coupling points such as

(39) Gq = 0

where

(40) G = [l i

By partitioning matrix G into an invertable square matrix • and a matrix V* Eq. (39)

can be reordered as follows:

(41) Gq 0 o Gq = 0

where {p*}

(42) ~ f.

By using relation (42) the column matrix p may be expressed by the column matrix p* as
follows:

(43) p = -0 p*

so that column vector q can be expressed by the relation

(44) q = T p*

where

(45) T =--- ---

meaning that matrix • must not be singular. Application of the reo. ering scheme (41)
to Eq. (29) and application of transformation (44) leads to the equations of motion of the
coupled system

(46) TT(- w2M + K)T p* = 0

As to the order of the column matrices q , p and p* it has to be mentioned that if
nA and nB are the numbers of generalized degrees of freedom of the uncoupled substruc-
tures A and B and if nC is the number of constraints, then

q is of order (nA + nB) x 1

p is of order nC x 1

p* is of order (nA + nB - nc) x 1

4.2.1 Some remarks to the problem of statically overdeterminate coupling

In contrast to the flexible coupling approach rigid coupling entails in all cases a loss
of degrees of freedom due to the compatibility condition at the coupling points. Thus, ful-
fillment of the compatibility condition as usually expressed by a number of n constraints
leads to a reduction of the generalized coordinates by the number of constrain s. No dis-
advantage results unless a case of statically overdeterminate coupling is considered. The
most extreme situation imaginable may be characterized by

(471 nA  , nB  = nC

which no longer makes sense because of a total loss of degrees of freedom. Thus, problems
with statically overdeterminate coupling conditions must be treated delicately. The prob-
lem may be eased somewhat by

0 Using the flexible coupling or mixed coupZing approach as far as possible ean
though the coupling joints are reZativeZy stiff;
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0 Using more normal modes, i.e. generalized coordinates of the substructures in
question, which is not always possible especially if the modal data are exper-
imentally determined.

4.2.2 An approach to establish independent coordinates

The determination of the transformation matrix T , Eq.(45), can be seriously hampered by
the requirement that a square matrix I be found which may be inverted. This process can
be facilitated considerably by means of the so-called "zero eigenvalue theorem" published
in Ref.[15] where a comprehensive proof is given. The mathematical background of this ap-
proach is also described for instance in Ref. [16] especially aiming at a method to deter-
mine the rank of a matrix by considering the well-known Gram's determinant.

With special view to the rigid coupling method described above, the mathematical problem
can be characterized as follows: a transformation matrix T has to be determined so that
transformation (44) relates the dependent coordinates ; to a set of independent coordi-
nates p* . The following steps must be performed to attain this aim:

* Calculate a matrix

(48) E = GT G

then E will be symmetric of order (nA + nB ) x (nA + nB) and positive
semi-definite;

Determine the eigenvaZues Xi , (i = 1,2,...,nA + nB) of matrix E and
corresponding modal matrix H the columns of which represent the eigen-
vectors Hi of matrix E

* Identify the columns of H which correspond to the zero eigenvalues of
matrix E . This step requires special attention as to calculation round-
offs which can affect the rigorous distinction between the finite eigen-
values and the zero eigenvalues to be identified.

* Arrange the eigenvectors Hi corresponding to the zero eigenvalues in a
matrix which is the required transformation matrix T of order
(nA + nB) x (nA + nB - nc) . The number of constraints nc is equivalent
to the number of positive eigenvalues.

4.3 Mixed coupling

As is well known, coupling conditions sometimes occur which cannot be categorized clearly
as purely rigid coupling or purely flexible coupling. This special type of coupling is
termed mixed coupling which can best be explained with the example of a wing-with-stores
system. As is evident from Figure 3 the flexible coupling conditions are the ones relatedto the displacements u , ug, , a a , aR . The coupling stiffnesses related to the de-
grees of freedom within the pylon symmetry plane are usually much higher by more than one
order of magnitude, so that these connections can be considered rigid. Due to this fact,
coupling between a wing and an underwing store by means of a pylon can be carried out in
good approximation by satisfying the compatibility conditions

ux u

(49) U oz Z

In such a case of mixed coupling conditions, the equations of motion can be formulated as
follows:

(50) TT(_ w2Mi + K + K)T p* = 0

where matrix T accounts for the rigid coupling conditions. Matrix AR relating to the
flexible coupling conditions is basically equivalent to Eq. (37) but reordered in accord-
ance with Eq.(41).

4.4 Exemplary application of the mixed coupling approach

To give an impression of how the modal coupling approach works, the swept back wing model
with two underwing stores as shown in Figure 2 was subjected to the first applicat.on of
this approach, see Ref.[5]. The model was decomposed into the clean wing (stores removed)
and the two stores as substructures. The modal data of the clean wing system were deter-
mined in a GVT. The two stores can be considered rigid with mass inertia properties as
listed below

m = d.14 kg Ox - 132.1 kg cm'

XCG YCG = ZCG = 0 Oy . Oz - 895 kg cm'
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The measured normal frequencies of the clean wing substructure are given in Table 4. The
stiffness matrices of the pylons were determined by measuring the flexibility matrix as
described in Section 3.3.

Normal mode r=1 2 3 4 5 6

Normal
frequency 11.6 66.06 97.52 163.20 183.87 288.03

[Hz]

Table 4: Normal frequencies of the clean wing.

Application of the mixed modal coupling approach resulted in a list of normal frequencies
of the coupled system given in Table 5 together with a set of corresponding normal fre-
quencies measured in a GVT.

Normal Normal frequency tHz]

mode calculated measured

r=1 6.85 7.51

2 6.86 7.74

3 8.20 8.36

4 21.37 20.46

5 21.48 20.66

6 27.86 27.44

Table 5: Normal frequencies of the coupled wing-with-stores system.

Agreement between the measured and the modal coupling results is fairly good with maximum
errors of about -10% for the first two values, which is probably due to mismeasurements
of the pylon yaw stiffness whereas the other values show much better agreement. The agree-
ment is not nearly as good at higher frequencies which may have been caused by improper
loads at the substructure interfaces and frequency range truncation. These problems will
be discussed in the following section.

4.5 Convergence problem

Whether a modal coupling calculation results in a satisfactory description of the elasto-
dynamic behavior of the complete system depends on the conditions under which the differ-
ent substructures have been tested. First of all, for every substructure only a limited
number of normal modes can be measured. This truncation of the frequency range may result
in convergence problems. Even more difficult to cope with is the problem arising from the
requirement that the dynamic load distribution in the substructure GVT must be closely
representative of the dynamic load distribution in the complete system. In other words,
the normal modes of the substructures must contain dynamic load distributions, a super-
position of which rapidly converges to the dynamic load distribution in the complete sys-
tem. This load conditioning problem may best be illustrated by the example of a halfwing
with one underwing store as sketched in Figure 5.

Dummy moss

4 \

s-S

Complete Test Configurotor A Test Confiqurotion B
System with dummy underwing store

Figure 5: Wing-wi.h-store system.
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In the general case of an aircraft with various interchangeable stores, it proves conven-
ient to decompose the complete system into two types of different substructures conditioned
in such a way that they can serve as basic GVT configurations of type A (clean wing air-
craft) and B (stores). For the simple wing-with-store system depicted in Figure 5, config-
uration A consists of the clean wing structure with the pylonlstore system replaced by a
nearly rigid dummy mass, approximately representing the mass inertia properties of the
store. The dummy is rigidly coupled to the wing, i.e. without any flexible interface ele-
ments.

Test configuration B consists of the pylonlstore unit fixed to a heavy seismic block at
the wingside end of the pylon. As for the fixation mechanism and the GVT to be carried
out on this configuration, the same conditions as recgmmended in Section 3.3 have to be
fulfilled. The result is a set of gix normal modes r with the pertaining normal mode
characteristics Mr, f r and ¥Er (r = 1,2,...,6)

According to Figure 5 the main steps to be conducted in establishing the mathematical

model of the complete system may be described as follows:

1. GVT on configuration A (clean wing plus mass dummy);

2. GVT on configuration B (store/pylon system);

3. Removal of the dummy mass from configuration A by means of a modal correction
calculation (by subtracting a modal correction matrix AMA from matrix MA);

4. Coupling of subsystem B to the clean wing system by means c7f rigid coupling.

There are no serious problems in carrying out steps 1, 2 and 3. However, step 4 entails
a special problem deserving closer consideration. It is obvious that coupling substructure
B rigidly to the clean wing aircraft involves not only the above-mentioned set of six
elastic normal modes 01r but also the rigid body modes 08 of the storelpylon system
in free-free condition. Due to the various boundary conditions these two mode sets '-

Er
and 08 r are not mutually orthogonal. This inconsistency generally results in off-diagonal
elements in the generalized mass matrix

, BB B BM MOE
(51) M B = ((DB T A

H BS = --B -

MEO I

where

AB positive definite mass matrix of the storejpylon system;

(52) OB B

and

MB = (00)T AB B diagonal matrix of the generalized masses MBr corre-
sponding to the rigid body modes OB of the storelpylon
system in free-free condition; Or

B (0j)T A bB diagonal matrix of the generalized masses Mr corre-
sponding to the elastic normal modes 0Er of configura-

tion B;

B= (BT AB 0B matrix fully occupied due tp the nonorthogonality of the
normal modes gr and or I = (Mo)T•

As experience has shown, a mass matrix AB  stemming for instance from finite element
analysis is fairly correct and usually much closer to the physical reality than the com-
plementary analytical stiffness matrix CB can be. Thus, matrix MBE can be determined
easily on the basis of the normal modes 'Vr and Or and the mass matrix A9

The generalized stiffness matrix can be written as follows:

0 KOE

(53) KB . (0B)T C B 0 = - - - - - -

X B K
EO I E

where, because (OB)T C8 = 0 with CB  semi-definite,

00(54a) KE - (BO)T CB 08 0

(54b) KB . (0B)T CBB = 0OE 0

(54c) K (K T

I E8 - OE. . . ,, -- , .. . . .I
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Furthermore

KB = ((B)T CB B

E E E

is a diagonal matrix comprising the generalized stiffnesses Kyr=(wr)'Mr with Wr de-

noting the r-th circular normal 
frequency.

Thus, Eqs. (51) through (55) show that the mathematical model of the storeJpylon system
can be established despite the nonorthogonality of the normal modes Or and iDB in a
relatively simple way without any information on the stiffness distribution of te storel
pylon unit. The only store/pylon data required are:

* A complete set of modal data related to the rigid body degrees of freedom
(diagonal matrix M and normal mode shapes 0r ) ;

* A complete set of modal data measured in a GVT in configuration B (diagonal
matrix MB, normal mode shapes r and normal frequencies Er

A reliable mass matrix AB to calculate matrix MB A(M )T
OE EO

Setting up the mathematical model of the complete wing-with-store system requires also
the knowledge of the elastic normal modes and the related modal data of configuration A
and, in the case of rigid coupling, the transformation matrix T

5. Effects of localized nonlinearities

The world of structural dynamics is not always as linear as described in the foregoing
chapters, though a great many problems can be solved quite successfully on such a simpli-
fied linear basis. In the past decade, it has become increasingly evident that a total
disregard of nonlinear effects may in a considerable number of cases lead to severe mis-
predictions of the real elastodynamic behavior of aircraft structures and also to misinter-
pretations of ground and flight test results. The effects of structural nonlinearities on
the dynamic and aeroelastic behavior of aircraft has been dealt with in numerous publica-
tions, see for instance Refs.[17],[18],[19], which place special emphasis on locally con-
centrated nonlinearities in the control mechanism.

r T -- Store Rnit Sym

S Store Yaw Syrr

Resonance * tore Yaw A/S
reqouncy 4 Port Store PitchFrequency ". I !.se or ,
[Hz /STBD Store Pitch

r Sto~e Pitch Sym

4.6- -- -

0.
0 2 4 6 8 10

Input Power [NmA I

Figure 6: Re. inance frequencies of low-frequency store modes versus input power.
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There are also a few publications, Refs.[20],[21],[22], concerned with nonlinearities in
wing-with-stores configurations. Measurements on a sweepable wing aircraft with underwing
stores illustrate impressively how seriously the dynamic behavior of the store modes may
be inflicted by backlash-friction (hysteresis-type) nonlinearities such as occur in wing/
store connections, Ref.[20]. Thus, Figure 6 shows the variation of store roll, yaw and
pitch mode frequencies versus input power. Not only a drop of the yaw mode frequency ver-
sus input power and frequency crossing incients between the yaw and the pitch mode but
also strong asymmetry effects have been identified. In particular Ref. [21] focusses on
the influence of an hysteresis-type nonlinearity in the store yaw degree of freedom on the
flutter behavior of the same type of sweepable wing aircraft. That aircraft with fixed wing
can also be seriously affected by nonlinearities in the pylon connections between stores
and wing was clearly found in the course of developing an active flutter suppression sys-
tem for the F-4F aircraft, Ref. [22]. Figure 7 shows measured frequency versus airspeed plots
for the wing bending mode and the store roll mode indicating a significant frequency jump
due to differences in the vibration amplitude level. It is obvious that this kind of non-
linearity may severely hamper not only the evaluation of ground and flight vibration tests
but also analytical flutter prediction and the design of optimum control laws for active
flutter suppression.

Store Roll Mode
90I

Frequency 
A

(Hz) 8.0

70
Small Amplitudes A

TLarge Amplitudes v

0 300 400 500 (K TS)

Airspeed

Wing Bending
5.2

Frequency
(Hz) 5.0

8 Small Amplitudes a

TLarge Amplitudes v

0 300 400 500 (K TS)
Airspeed

Figure 7: Frequency discontinuity due to structural nonlinearities.

5.1 Application of modal synthesis to nonlinear systems

To overcome these problems the methods of analytical flutter prediction and also ground
and flight vibraticn testing techniques have to be extended to systems with localized non-
linearities. A promising concept for attaining this goal may be elaborated on the basis of
the above-described modal -?nthesis approaches in combination with methods to identify non-
linear joints and connecting elements.

With special regard to aircraft wing-with-stores configurations, such a concept may essen-
tially consist of two parts no matter whether modal correction or modal coupling is applied.
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5.1.1 Nonlinear modal correction concept

a Determination of the modal data of a test configuration artificially linearized
by replacing the nonlinear elements by linear and slightly damped dummy devices.

Alternatively, linearization can also be attained approximately by keeping the
test forces for all normal modes within the range where nonlinearities behave
nearly linearly. This may be at low exciting forces (as suggested in Section 3.3)
before damping forces reach the transition point between "static" and "gliding"
friction or, far beyond this point, at higher force levels asymptotically con-
verging to another nearly linear force deflection range;

0 Identification of the nonlinearities in the connecting parts between wing, pylon
and store as to allow simple formulation of the nonlinear equations of motion on
the basis of the modal data of the artificially linearized test structure with
nonlinear modal correction matrices accounting for the nonlinearities.

5.1.2 Nonlinear modal coupling concept

0 Decomposition of an aircraft with underwing stores into the clean wing system and
the different stores as largely linear substructures and the pylons as nonlinear
connecting elements. Measurement of the substructure modal data in GVT;

0 Identification of the pylon connection nonlinearities in the same way as described
for the nonlinear modal correction concept.

5.2 Identification and mathematical modelling of nonlinear connecting elements

The elastodynamic behavior of localized nonlinearities such as those typically occurring
in aircraft control mechanisms or in the connecting parts between wing and underwing stores
can be determined with good approximation based on the priciple of energetic equivazence
in terms of equivalent amplitude-dependent stiffness and damping values.

Let F(B,6) be the force deflection diagram of a nonlinear joint either in measured or
analytical form, then the equivalent stiffness and damping can be calculated by means of

27

(56) Ce(B) = F(B cos p,-wB sin P) cos P dw

D=0

and 21

(57) 'e(B) = F(B cos t,-wB sin (P) sin (P dP(57 eB) C; (B) ,BB J
tp=0

where F(B,B) is the periodic force function in response to an harmonic displacement

function

(58) 'B = B coscP

and where

(59) (P = Wt

is the integration variable with the circular frequency w and time t . According to
Eq. (57) the equivalent damping coefficient is defined as damping loss angle.

Fortunately, F is for a preponderant number of aeroelastic problems merely a function of
deflection 6 , i.e. F=F(B) , which holds true especially for underwing stores problems.
This property features not only a simpler solution of the integrals (56) and (57) but also
less test effort.

The integrals (56) and (57) can be solved analytically if function F(B) can be approxi-
mated sectionwise by a number of straight lines. As may be seen from Ref. [18] such a solu-
tion becomes more complicated the greater the number of different straight line sections
necessary to obtain a curve fitting sufficiently close to the nonlinear force deflection
diagram. This situation is even more aggravated for cases with force deflection diagrams
changing shape from amplitude to amplitude, thus requiring an individual curve fitting for
every amplitude level. The shortcomings of such a sectionwise analytical integration can
be avoided by an experimental approach characterized by simplicity, greater accuracy and
broader ger.eral applicability.

5.3 Determination of the equivalent stiffness and damping values by means of an experimen-
tal approach

A closer look at the integrals (56) and (57) reveals the fact that C (B) is merely the
real part J1 of the first harmonic J1 of the periodic force F divided by B . In
the same way Ye(B) can be interpreted as the imaginary part J7 of J, divided by

.. . . . . . . . . . I II l I I --
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C (B) B

(60a) C (B) = B

(60b) Ye(B) = C (B)B =

For this reason it is obvious that the terms C (B) and Ye(B) can be determined by
co-quad1 analysis which is well known from the GVT technique. This analysis can be carried
out either by means of a digitized time series analysis or by applying a more conventional
analogue circuit, the block diagram of which is shown in Figure 8. It consists of two parts
each of which is identically composed of a multiplier M, , an extreme low-pass filter LP
and a second multiplier M2 . The following operations are consecutively executed:

0 Multiplication of the periodic force function F(B)=F(B cos () with the reference
voltage cos ( in phase with the harmonic deflection function B = B cos W which
can be written as

n1(61) FMB Cos (P = Cos W (J cos nko + Jn sin n o)

0 Filtering out all the time-variant components from the output of multiplier M,
leads to the time-invariant term 1/2 Jj which after multiplication with 2/B
results in the equivalent stiffness in accordance with Eq. (60a).

Furthermore, the second part of the circuit delivers the term 1/2 J, which
after multiplication with 2/C (B)B results in the equivalent damping loss
angle Ye(B) as defined in Eq. (60b).

This procedure requires a special displacement-controlled excitation, forcing the nonlinear
test specimen to carry out an harmonic deflection B cos q . In reaction to this require-
ment the exciting force becomes periodic and may be measured by commercial force gauges.
Moreover the excitation frequency must be extremely low (quasi-static) to avoid disturb-
ing effects due to inertia forces.

F ( cos) 2

s Y F(Bcos) cos E C;" (B)

M = Mult iplier
LP Low pass filler

Figure 8: Block diagram to determine the equivalent stiffness
and damping values of nonlinear elements.

In extending this procedure to measurements at higher frequencies with mass inertia forces

thus having the same order of magnitude as the equivalent stiffness forces, we insert into
Eq.(61) not only the quasi-static periodic force F(B) but also the additional mass in-
ertia force. Let the test setup for measuring the equivalent stiffness and damping coeffi-
cients C (B) and Y (B) of a nonlinear element be represented by a longitudinal single-
degree-of-freedom oscillator. Then forcing the system to an harmonic vibration B =BCos tP

Co(incidence)-quad(rature) analysis is identical to a vector component analysis deliver-
ing real and imaginary parts of the first harmonic of a periodic signal in relation to
a given phase reference.

I.-J



14-18

with a finite frequency results not only in damping and stiffness forces but also in a
mass inertia force mg=-mw2B cos tP which is added to F(B) in Eq.(61).

After low-pass filtering the product

162) (FIB) - mw'B cos cos o

we obtain in accordance with Eqs. (60) and (61)

(63) J- = B(C (B) - .am)

as the first harmonic of the periodic dynamic force F(B)+mg . By keeping the deflection
amplitude B=const at two different frequencies w, and W2 we measure two different
values of J :

(64a) J (w,) = B(C (B) - w~m)

(64b) J1 (w,) = B(C (B)-w m)

Under the condition of m being invariant with respect to frequency changes, the equiva-
lent stiffness value C;(B) can be determined from Eqs.(64) as follows:

(65) C'(B) 2

Mass inertia forces have no effect on the determination of J7 because low-pass filtering

of the expression

(66) (FIB) - mw2 B cos () sin p

results in

(67) J7 = Ye(B)C (B) B

which is equivalent to Eq. (60b).

5.4 Experimental verification

To get an idea of the accuracy and limitations of the approach just described, verification
tests were performed on a simple one-degree-of-freedom oscillator with nonlinear stiffness.
The system was harmonically excited at several amplitude levels for each of which both the
resonance frequency and the corresponding input energy were measured by means of the phase
resonance criterion. With these data and the correct mass inertia properties in hand the
equivalent stiffness and damping coefficients were recalculated.

5
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1Figure 9: Nonlinear force deflection diagram.
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The test specimen in question is characterized by the force deflection diagram plotted in
Figure 9. The related equivalent stiffness (in terms of resonance frequency) and damping
values are given in Figure 10 as functions of deflection amplitude B showing good agree-
ment between the results oT the equivalent linearization approach and the dynamic verifi-
cation measurements thus justifying the procedure suggested in Section 5.3.
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Figure 10: Equivalent stiffness (in terms of resonance frequency) and
damping coefficients of an hysteresis-type nonlinearity.

5.5 Integration of nonlinearities into the equations of motion

Once the modal data of the linearized basic system (in the case of modal correction) or
subsystems (in the case of modal coupling) and the dynamic behavior of the nonlinear con-
necting elements are determined, the nonlinear equations of motion can be formulated ac-
cording to Ref.[8]:

0 For the case of nonZinear modal stiffness correction
by adding to matrix K in the equations of motion (3) or (6) of the linearized
basic test structure a nonlinear modal correction matrix

(68) AK = AKNL - AKL

where in accordance with Eq. (27a)

(69) AKL = OT CL p

and

(70) AKNL= CNL p

Matrix CL accounts for the pylon connection stiffness in the linearized test
configuration whereas matrix CNL contains the nonlinear stiffness properties
of the pylon connection as determined on the basis of the energetic equivalence,
see Section 5.3.

For the case of nonZinear modal (flexible) coupling
by adding to matrix K in the equations of motion (29) of the uncoupled linear-
ized substructures in accordance with Eq. (37) a nonlinear modal coupling matrix

(71) AK = OF C 0FCNL OF

where matrix CNL accounts for the nonlinear pylon connection stiffness as deter-
mined on the basis of the energetic equivalence, see Section 5.3.

In order to enable a consistent experimental determination of matrix CNL , Eqs.(70) and
(71), the reference axis for the pylon connection should be chosen in such a way that no
coupling between the different degrees of freedom (see Figure 3) is present, i.e. off-
diagonal elements of matrix CNL should be zero as far as possible.

5.6 Effects of pylon nonlinearities in the light of the "one and one-half degrees-of-
freedom oscillator"

Recent windtunnel flutter tests on a halfwing model with sweepable wing and an underwing
store and with nonlinearities in both the storelpylon connection and the wing sweep mech-
anism produced rather poor agreement between the test results and corresponding nonlinear
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flutter calculations. Further inquiry disclosed a physical phenomenon which may be ex-
plained by differences in the excitation energy transport due to various exciter posi-
tions. Thus, in other words, aircraft with underwing stores show different dynamic re-
sponses depending on whether they are excited from the wingside or from the pylonside.
This behavior has been confirmed by a number of ground and flight vibration tests on air-
craft external stores configurations.

wingside

dry friction iU t)
damper c pylon stiffness

backlash F (17) = ke (ir2 - i) m store mass
_ __ F(fM) nonlinear force deflection diagram

2 Mof the store pivot mechanism
,c ke equivalent damping

U wing deflection

.114 __4x, Mt

Figure 11: Sketch of an oscillator with one and one-half degrees o- freedom.

The physical background of this phenomenon can best be illuminated by studying a largely
simplified oscillator, see Figure 11, consisting of a mass m , linear stiffness c and
nonlinear backlash friction-type damping represented by the equivalent damping term ke
The coefficients m and c stand for the store mass inertia and the pylon stiffness,
respectively. The elements ke and c are connected to each other in a series arrange-
ment. With direct excitation P(t) at the store and with the wingside kept at rest, each
of the two third-order differential equations, see Ref.[11], written in terms of x, and
x2 describes the vibration behavior of the oscillator:

c c. 1. c
(72a) R, + -L x + - x = - + - p

ke m e __

(72b) X2 + R 2 k = C P

ke m 2 eFji

In the case of harmonic excitation p= PejWt the relation between the deflection ampli-
tudes X, and X2 of the harmonic responses xl = x l e j wt is defined by

Xl kew
(73) -2 = 1 + j -

Let the system be excited from the wingside by a wing vibration u(t) then the vibration
behavior is defined again by each of the two third-order differential equations written
in terms of yl=xl-u and y2=-x2-u:

(74a) c c

ke m e

(74b) Y Y2C+ 2 Y-2

which in the case of an harmonic wing vibration u=UeJut leads to the relation

X1 ke
(75) T2 =

It turns out that by keeping ke in Eqs.(73) and (75) (wingside and storeside excitation)
at the same constant value and thus equating the relative motions X2 and Y2  in the
damped element, the vibration behavior varies completely with the way the system is excit-
ed.
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6. Conclusion

The modal coupling methods as well as the modal correction approach constitute a promis-
ing tool to deal with problems arising especially in conjunction with flutter clearance
and dynamic qualification of combat aircraft with numerous underwing stores configurations.
As is shown, all these methods can be employed without any information of the stiffness
distribution. A reliable mass model attained for instance from a finite element analysis,
the elastodynamic properties of the store/wing connections and the modal data (generalized
masses, normal frequencies and normal mode shapes) of the different substructures (in the
case of modal coupling) and of a basic test structure (in the case of modal correction)
are the only prerequisites to set up the equations of motion of the coupled system. Con-
sequently, all these approaches can be employed largely on the basis of measured data.
Moreover, some emphasis has been placed on the convergence problem due to frequency range
truncation and inconsistent boundary or coupling conditions. It has been shown that inter-
face loading is a convenient tool to ease this problem considerably.

Finally, attention has been drawn to increasingly troublesome problems due to localized
nonlinearities in the wing/pylon/store connections. An experimental approach based on the
well-known idea of the energetic equivalence was presented turning out to be a useful
means to identify the dynamic behavior of nonlinear joints and connecting elements in a
way conveniently adapted to establishing nonlinear equations of motion of an aircraft with
external stores.
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SUMMARY

A method was developed to improve environment vibration prediction methods, particularly in the lower
frequency range where high acoustic excitation is expected on STOL aircraft. A rigorous mathematical
spectral analysis approach was used which simulated the structure with finite element models (FEM) and
used measured and calculated acoustic input data for the forcing function. Calculated and measured
vibrations levels were compared on a medium sized Upper Surface Blowing (USB) STOL aircraft.

The development of a method for prediction of the external acoustic environment of USB flap-type STOL
aircraft was also accomplished. The method compares favorably with actual measurements and represents
a significant improvement in acoustic prediction methods for aircraft with USB type flaps. The method
includes scaling factors for engine size, thrust, aircraft size, and other parameters.

Finally, noise and vibration levels were predicted on a small STOL aircraft and later compared to
measured data.

I. INTRODUCTION

Short-takeoff-and-landing (STOL) aircraft usually have more severe vibration and acoustic environment
in which the crew and equipment operate compared with conventional aircraft. The direct impingement of
engine exhaust gases on flaps of upper surface blowing (USB) and lower surface blowing (LSB)
configurations poses a potential problem of intense flap vibration. In addition, STOL engines are
large and usually placed close to the fuselage, which increases even more the expected intensity of the
external noise field to which the fuselage is subjected. As a result of potential transmitted flap
vibration and the more intense external noise field, STOL aircraft interior vibration levels are
expected to be substantially higher than for conventional aircraft, especially at lower frequencies.

Traditionally environmental vibration prediction has been accomplished by statistical energy methods
(SEA). Statistical energy methods provide meaningful answers when many closely spaced modes are
involved. At the lower frequencies of fundamental aircraft modes, this requirement is not satisfied
and SEA breaks down. Also, a second very common approach to environmental vibration prediction is to
use scaling methods in which the characteristics of existing aircraft having known vibration levels are
scaled to new similar aircraft. Himelblau, Fuller, and Scharton give a good summary of these methods
(Reference 1). For this study, with the concern fr low frequencies and the desire for more accurate
vibration prediction capability, it was decided to use classical methods of modal analysis to predict
vibration levels.

There has been considerable research conducted by acoustic engineers on structural excitation and its
effect on noise transmission and internal noise. The paper by E. H. Dowell "Master Plan for Prediction
of Vehicle Interior Noise" (Reference 2), has an excellent bibliography with 171 titles. Many of these
papers have a direct relationship to the aircraft vibration prediction problem. From a review of
several of these papers, it was decided to try two approaches, one using periodic structure theory and
one using a finite element analysis (FEA) approach to develop modal analyses for predicting vibration
levels.

The plan followed in this study to develop a more rigorous approach to aircraft vibration prediction
was to study the noise and vibration characteristics of the Boeing YC-14, a medium sized STOL transport
(gross weight 104,300 kilograms). Specifically, the following steps were taken:

1) Develop an acoustic field prediction method as a function of engine size, distance from "
fuselage, thrust, temperature, etc., so that parameter studies could be done on various
aircraft configurations.

2) Compare predicted YC-14 noise data with measured YC-14 noise data.
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3) Analyze a YC-14 USB flap and fuselage section using FEA and periodic structure theory and
finite element methods and then predict structural vibration levels using measured YC-14
noise data.

4) Compare the predicted to the measured YC-14 acceleration response data, and select one
approach.

5) Then, if the comparisons were acceptable, predict noise and vibration levels on a small STOL
aircraft and compare with measured data.

The work which is summarized in this paper was accomplished under contract with the U.S. Air Force
Wright Aeronautical Laboratories, Dayton, Ohio.

II. ACOUSTIC FIELD PREDICTION METHOD

The method used to predict the acoustic field was developed under U.S. Air Force and NASA contracts.
Reference 3 gives a detailed description of this method.

This prediction method provides one-third octave band estimates of fluctuating pressures on USB STOL
aircraft surfaces primarily aft of the nozzle exit plane, and in direct view of the engine exhaust
field. Predictions can be made in terms of engine size, distance from fuselage, thrust, low velocity
and temperature, and flap impingement effects. The method was developed by studying YC-14 measured
noise data. For example, Figure 1 shows how the exterior fuselage noise spectra varies during
takeoff. Figure 2 shows how fuselage noise spectra varies with USB flap angle. All sound pressure
levels (SPL) presented in this paper are given in dB, namely:

PressureSPL(ln dB) = 10 loglo Ref. Pressure

where the reference pressure is 200 pico-bars or 200 x 10
"7 Newtons per square meter.

The method estimates the following separate noise spectra and is summed to give the total noise.

o Jet mixing noise in the presence of a scrubbed wing/flap system with or without vortex
generators

o Near-nozzle noise

o Trailing-edge noise

o Noise associated with (partial) separation of the exhaust flow from flaps

o Turbulent boundary layer noise

o Exhaust shock noise

Figure 3 shows a typical general arrangement of the component noise spectra making up the total noise
estimates.

Comparisons of Measured vs Estimated Acoustic Data

Measurements were taken on the flap and on the fuselage during takeoff and flight and with various
extensions of the flaps. In general the comparisons were fairly good with the predictions being
slightly conservative. Figure 4 shows noise data at a point on the wing in the exhaust flow during
STOL approach. Figure 5 is a point on the flap, and Figure 6 shows a point on the fuselage during
takeoff.

III. PREDICTION BY PERIODIC STRUCTURE THEORY

In this approach the structural response is predicted by to first calculating the frequency response
functions of the periodic structure and then calulating the Power Spectral Density of the structural
response due to broadband random excitation. This broadband random excitation Is the measured or
predicted convected random pressure field resulting from jet noise. A detailed mathematical
description of this method is contained in References 4 and 5 and will not be repeated here.
Proponents of this method point out that it simulates the effects of structural discontiniities
provided by fuselage frames and stringers, and at the same time limits the computer storage requirement
to that necessary for modeling only a single periodic unit. For an unpressurized fuselage, such as the
Boeing YC-14 prototype (Figure 7), two structural models are required to cover frequencies below 250
Hz: a periodic skin-stringer model (Figure 8), and a periodic frame-stiffened cylinder (Figure 9). In
both the skin-stringer panel model and the frame-stiffened model, the structure is assumed to be
infinitely long. This assumption is used in the analysis because it leads to great simplification in
formulating and solving the problem numerically, but is is not essential (Reference 6).

The periodic method was used to estimate vibration response of a section of fuselage structure.
Comparisons with test data is discussed later in this paper.
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IV. PREDICTION BY FINITE ELEMENT METHODS

In the FEA method a finite element computer program is used to calculate the influence coefficients of

a structure. Then, with the structural mass the resonant modes of the structure are calculated:

[[n [M] - I 1 ]1 ja =0E ] M [ ) ) a =0 (1 )

where

[1]] influence coefficient matrix from FEA

[M] = mass matrix

2 resonant frequency

(61 = structural deflections

The eigenvectors from the solution of Eq. (1) are used to form generalized coordinates:

fat - [ 1Iq) (2)

where

[,] = matrix of eigenvectors

q = generalized coodinates

The equations of motion of the structure are then

[f 4)i1] (q) + (+2 c,} C 2 w2 (#'*)t ] (qj []' {FJiii 11(3)

where

(0, 14 4ii)] - generalized mass matrix (diagonal)

= percent of critical damping

[2 (#'M 4.t] = generalized stiffness rritrix (diagonal)

(F) - sinusoidal forces due to unit pressures as a
function of frequency

Equation (3) is then used to develop frequency response functions of a structure.

The output power spectrums are calcuated as follows:

t( 1 W - J [CPSD] JH1  (4)

where

*i[ ] output power spectrum at station i

LHJt • frequency respons, 'unctions at ch station due to

excitation at stat
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conjugate transpose of CH)I

[CPSD] =Matrtx of power spectral densities end crosspower

spectral densities due to sound pressure levels at

various locations on the structure.

The root mean square response for each station are calculated as follows:

- 112

A. Ca) d w 3 (5)
0

where

A1 = root mean square response at Station i

The above-described finite element approach was used to calculate flap response and fuselage eponse
using the same section of fuselage that was analyze4 using the periodic structures theory.

V. FLAP STRUCTURE VIBRATION PREDICTION

The USB flap which lies in the exhaust of the YC-14 engine is 240 inches by 60 inches and weighs 1150
pounds (522 kilograms). A simple 27-node finite element plate model was developed and the first ten
frequencies ranged from 32 Hz to 281 Hz.

One of the major difficulties in vibration prediction when using the modal method or the periodic
method is estimating structural damping. As an indication of the importance of strutural damping, RMS
acceleration for two accelerometers were calculated for structural damping values of g = 0.3, 0.06,
0.09, 0.12, and 0.15, see Figure 10. As one can see, the effect of damping is significant and when
compared to VC-14 test data, a value of 0.15 gives the best comparison. The measured and calculated
power spectrum density of two accelerometers are shown in Figures 11 and 1M. As can be seen, fairly
good results can be obtained using simple models.

All acceleration power spectral densities presented in this paper are given dB, namely:

Acc. PS0
Acceleration PSO (in dB) = 10 loglo Ref. Acc. PS

where the reference acceleration PSD is I G 2/Hz, and G is the acceleration of gravity.

VI. FUSELAGE STRUCTURE VIBRATION PREDICTION USING FEA

Finite Element Modeling

In order to simplify the modeling and at the same time cover a broad frequency range (25 to 1000 Hz),
three models were developed: one for the low frequency range (25 to 100 ft), one for the intermediate
frequency range (100 to 300 Hz), and one for the high frequency range (above 300 Hz). Figures 13 to 15
show how these models relate to actual fuselage structure.

All the models used beam and plate elements. The low frequency range model used 66 nodes and the nodes
were located at the intersections of every third frame and every fourth stringer. The section of
fuselage used was 10 frames and one-half of fuselage circumference.

The intermediate frequency range model used 35 nodes. The nodes were located at the intersections of
each frame and stringer as well as on each stringer midway between frames. The nodal density was 24
times that of the low frequency range model. The section of fuselage used was four frames and five
stringers.

The high frequency model used 81 nodes and were contained between two frames and four stringers. The
nodes were distributed in seven rows between the frames and between the first and fourth stringers.
The nodal density was 8 to 16 times that of the intermediate frequency model.

Modal Analysis

Twenty modes (13 to 117 Hz) were calculated for the low frequency range model; eight modes (60 to 354
Hz) were calculated for the midfrequency range model; and twenty modes (269 to 987) were calculated for
the high frequency range model. The modal frequencies for the models are listed in Figure 16.
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Vibration Prediction

Mleasured acoustic data was used to calculate structural response. Figure 17 shows the microphone
locations for acoustic data measurement from which the data was interpolated for the model acoustic
loading. The measured noise level shown in Figure g is an example of noise data taken with maximum
engine thrust during ground run-up.

At e same time the noise data was being taken, fuselage response data was being taken. The response
of tree accelerometers are shown in Figures 18, 19 and 20. One is on a stringer, one on a frame, and
one on a skin panel. Also shown in these figures are the predicted responses for the low and
intermediate range frequency models.

Figures 21 and 22 show the same noise data and the predicted response using the high frequency range
model for a stringer and a skin panel. For this frequency range fuselage frames have little effect on
structural response.

The comparisons appear reasonable, however, the vibrations are somewhat overpredicted at low
frequencies.

VII. FUSELAGE VIBRATION PREDICION USING PERIODIC STRUCTURE THEORY

Two models of the YC-14 fuselage were developed for use with the periodic structure theory (see Figures
2 and 3). The frame-stiffened cylinder model was expected to predict responses up to 150 Hz and the
skin-stringer model above 150 Hz. The noise excitation was based on one microphone and the
acceleration response was on the fuselage skin near the microphone. The comparison between measured
and predicted is shown in Figure 23. The frame-stiffened cylinder model did not seem to predict the
low frequency response very well. Although further work might have shown the reason for the
difference, it was decided to use the FEA method for verifying the vibration prediction technique on a
small STOL aircraft.

VIII. STRUCTURAL VIBRATION
PREDICTION--SMALL STOL AIRCRAFT

The QSRA (Quiet Short Range Aircraft) airplane was chosen for the study of a small STOL Aircraft. The
QSRA is a 50,000-pound (22,680 kilograms), four-engine, over-the-wing blowing, STOL airplane which was
converted from a DeHaviland Buffalo for NASA by The Boeing Company (Figure 24). The vibration
prediction analysis was done on this airplane before the airplane was delivered to NASA and before
vibration and noise measurements were made by NASA.

QSRA USB Flap

A 31-node FEA model of the USB flap using beam and plate elements was developed for calculating modes.
The flap was 52 by 76 inches (1.32 by 1.93 meters). The first 20 modal frequencies ranged from 150 Hz
t . 1048 Hz.

The acoustic input was calculated using the method described in Section IV of this paper. The
resulting vibration at one point on the QSRA USB flap is shown in Figure 25. Also shown on this figure
is measured data taken by NASA at the flap actuator attachment. The calculated values are somewhat
higher than the measured values, however, one would expect the accelerations to be lower at the flap
attachment than on the flap itself.

QSRA Fuselage

The QSRA FEA fuselage model was a 77-node beam and plate model representing skins, frames, and
stringers of the upper quarter of the fuselage aft of the USB flaps. In the conversion of the Buffalo
to the QSRA, the skin panels at this part of the fuselage were replaced with bonded aluminum and
honeycomb panels as a protection from sonic fatigue. The FEA model represented the skin panels as flat
plates.

The first 20 modal frequencies ranged from 165 Hz to 761 Hz. The acoustic input was calculated
according to the method discussed in Section IV of this paper. The resulting vibration prediction at
one point on the fuselage is shown in Figure 26, along with measured data. A comparison between
predicted and measured shows fairly good agreement.

IX. CONCLUSIONS

Methods used in the past for predicting environmental vibration levels have proven to be very useful,
for example, scaling methods where configuratons are similar, and statistical energy methods where
structural modes are closely spaced. These methods have not been very successful at low frequencies
and when modes are widely spaced. This was of particular concern due to the high energy noise at low
frequencies for STOL aircraft.

In this study it has been shown that finite element analyses and classical modal methods can also be
useful in predicting environmental vibrational levels. In addition, it is a more powerful method
useful over a wide range of frequencies including those areas where SEA breaks down.



With the noise prediction method described in this study for USB STOL aircraft the FEA modal analysis
approach is a feasible technique during preliminary design when structural details are being
configurated and equipment specifications are being written. It requires, however, that one has the
knowledge of the level of structural damping to be expected from different kinds of structure.
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Figure 8. Periodic Skin Stringer Model
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MODEL III
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Figure 15. High Frequency Fuselage Model /I

MODE FREQUENCIES, Hz
NUMBE R

LOW FREQUENCY INTERMEDIATE HIGH FREQUENCY
RANGE FREQUENCY RANGE RANGE

1 13 60 270

2 25 146 326

3 39 190 376

4 52 235 388

5 61 284 431

6 62 336 488

7 73 342 523

8 77 354 553

9 84 634

10 89 742

11 90 748

12 93 800

13 100 830

14 101 840

15 105 848

16 108 868

17 109 908

18 110 964

19 113 983

20 117 987

Figure 16. Modal Frequencies
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SUMMARY

A scheme for predicting the blast pressures from aircraft guns is presented which
extends existing theory. The predictions correlate well with some experimental measure-
ments of gun blast pressures in free space. Blast pressures were also measured experi-
mentally on a surface in the vicinity of the muzzle of a 7.62 mm rifle but these could
only be satisfactorily predicted in regions where the classical theory of regular
reflection of shock waves could be applied. These results are discussed in relation to
the surface blast pressures from aircraft mounted guns.

LIST OF SYMBOLS

ae speed of sound in the propellent at the muzzle

*a0  speed of sound in the ambient gas

ar  speed of sound in the propellent at ambient conditions

c calibre of gun

c. stretched calibre

f angular distribution parameter

I total impulse behind blast wave

I+ positive impulse behind blast wave

K is a constant for a given explosive

m(t) mass of expelled propellent

M muzzle exit Mach number

MI  Mach number of incident blast front

p peak pressure within blast wave

Pe muzzle pressure

P0  ambient pressure

P1  peak pressure within incident blast wave at a surface

P2  peak pressure within reflected blast wave at a surface

Ps peak pressure within Mach stem

R radial distance from muzzle

R# radial distance from x0

rs 8 radius of hypothetical charge

r' radius of hypothetical charge accounting for forward speed of gun

distance from detonation point to surface of hypothetical charge

t time from instant the projectile leaves muzzle

t time (t) of arrival of blast front

U forward velocity of the gun

W excess energy driving the blast wave



x axial distance from muzzle (x> 0 is direction of fire)

x 0  axial distance to apparent gun blast origin

x D axial distance to Mach disc

y lateral distance from gun axis

z height of gun from surface parallel to gun axis

a index expressing dependence of overpressure on R/c

a e critical angle of incidence

a0  angle of incident blast wave at a surface

a2  angle of reflected blast wave at a surface

y ratio of specific heats in the ambient gas

Y e ratio of specific heats in the propellent gas

C specific energy of propellent relative to ambient conditions

8 angle from gun axis with origin at the muzzle

6' angle from gun axis with origin at x0

0 = po/P 1 , incident pressure ratio

r duration of positive overpressure blast phase

1 INTRODUCTION

There are various operating situations in which the blast from guns is a cause for
concern. For instance the blast can be a hazard to the personnel who operate the guns
or, for guns installed on aircraft, it may cause a variety of malfunctions from faulty
behaviour of instruments to aero-engine surge. In this paper the main interest is in
the prediction of blast pressures due to firing guns in military aircraft and on
determining the blast loading on nearby surfaces such as the aircraft fuselage where
the fatigue life of the structure could be affected.

A description of the blast from a gun can be found, for example, in the papers by
Schmidt and Shearl and Klingenberg2 . From a single shot two blast fields are produced,
as depicted in Figs 1 and 2. The first is the precursor field which is created when
the accelerating projectile forces the air ahead of it out of the barrel. The second
is a consequence of the sudden expansion of the propellent gas after the projectile
leaves the muzzle. Both flow fields exhibit the supersonic underexpanded jet
characteristic 3 ,4 of a 'shock bottle', formed by the intercepting shock and Mach disc.
The precursor flow field, with its muzzle pressure of around 10 to 20 bar, is quickly
enveloped by the more intense propellent field, whose initial muzzle pressures are
typically 400 to 600 bar. Consequently it is usual to ignore the precursor in the
theoretical modelling of gun blast, as this assumption is only likely to lead to
significant errors in the initial stages of the propellent flow field development5 .

In addition the propellent flow is affected by the projectile until it draws
clear of the contact surface; in particular the presence of the projectile initially
inhibits the forward motion of the Mach disc (see Figs 3c, 3d and 4). Eventually the
projectile, which moves at approximately constant speed, overtakes the expanded gas and
emerges with its own shock system. At some stage after this happens the Mach disc
reaches its limiting forward position and for a while remains stationary with almost
steady conditions within the shock bottle before moving inwards as the barrel empties.

There are several papers6 - 1 3 which discuss numerical solutions to the propellent
flow field. Erdos and Del Guidice6 have extended Oswatitsch's 7 spherically symmetric
model to include a translating origin but ignore the projectile. They use a combination
of the method of characteristics and MacCormack's finite difference procedure1 4 to deter-
mine the field along the axis of symmetry. On the other hand other authors8 - 1 3 adopt a
cyclindrically symmetric model and take account of the projectile. Some of these8-il
use particle-in-cell finite differences 1 5 whilst Traci et a1 12 use the slightly faster
fluid-in-cell technique1 6 . Taylor and LinI 3 use a finite-difference method with time-
steps chosen in accordance with Godunov's stability theory 1 7 and spacial coverage by
means of sweeping in alternate directions, le the ADI ('alternate directions implicit')
procedure. For the cylindrically symmetric model the cheapest computer code is claimed
by Taylor and Lin and is at least an order of magnitude faster than the rivals 8 -1 2 .
None of these papers provide convincing overall agreement with experiment although
Taylor and Lin and Erdos and Del Guidice illustrate good comparisons with experiment for
the time histories of the axial positions of the shock fronts. However all the techni-
ques exhibit poor accuracy in determining the blast front pressures because of numerical
shock smoothing.
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The propellent blast front is created in much the same way as the blast from
detonating an explosive charge although, because of choked conditions at the muzzle,
for a gun the energy deposition is at more-or-less constant rate rather than being

instntaeou, as is assumed for conventional spherical charges. There are a few
papers511 8 -2 which employ this resemblance to derive scaling rules for guns. Westine1 8

assumes similarity with a conventional explosive to derive a variation on Hopkinson's
scaling rule. But the correlations he obtains do not take account of the variation of
blast pressures with angle to the gun axis. This variation is modelled by Smith1 9 ,2 0

who draws on an analogy with a moving explosive releasing energy at a constant rate.
Schmidt et a15 have applied the same distribution function as that derived by Smith
but assume the distance from the muzzle to the Mach disc, x. , to be the fundamental
scaling length rather than calibre. They obtain good correlation over a wide range of
muzzle velocities. Indeed since the shock bottle represents the source region for the
blast it would seem natural to use a scale based on xD - In addition we might expect
to find the apparent blast origin to be located within the shock bottle, at say xD/2
rather than at the muzzle.

In the present paper we have adopted a similar model to Smith's but assume an
origin positioned on the gun axis between the muzzle and Mach disc, instead of att
muzzle. These models are characterised by a parameter f first used by Thornhilly
who suggested that the net linear momentum in the blast field of a gun could be simulated
by taking an equivalent fixed spherical charge and detonating it off-centre; see Fig 5.
This would generate the strongest blast in the direction of most explosive (as seen from
the detonation point) which would be chosen as the direction in which the gun pointed.
Then f is the ratio of the off-centre distance of the detonation point divided by the
true radius of the sphere of explosive; further analysis is given in the Appendix. The
value proposed later is f = 0.5 rather than f = 0.8 used by Smith and this reduction
leads to a weaker directionality in the blast field, which is shown later to improve
substantially the correlation with experiment.

Our interest is in determining the reflected blast pressures at a surface. Smith 2 2

and Mabey and Capps2 3 obtained experimental data from which they reach the puzzling
conclusion that the blast pressure is factored by 2 or less at a nearby surface. This

* may be true of weak blast waves where acoustic theory can be applied to give pressure
doubling but for the strong blasts involved here we would expect, from shock reflection

* theory, that a factor of 3 or 4 would be more appropriate. Indeed Yagla 24 has reasonable
success in applying classical reflection theory to the problem of predicting Naval gun
blast overpressures on a ship deck. Therefore in order to establish whether shock
reflection theory can be applied to gun blast interactions with a surface near to the
muzzle we have carried out experiments, which are described in section 2.

2 EXPERIMENTAL DETAILS

Two experiments were performed with a NATO rifle of calibre, c, of 7.62 mm using
standard L2A2 ammunition. one was designed to measure the blast pressure field in a
reflection-free environment and the other was arranged to measure the pressures on a
large flat surface. In both experiments the measurements were recorded on a 14 track
tape recorder with a bandwidth of 40 kHz.

2.1 Free-field measurements

In the first experiment measurements were made using four standard & inch microphones
and seven blast gauges manufactured by the Atomic Weapons Research Establishment (AWRE)
comprising 2 of type B19 and 5 of type B21. The B19 and B21 gauges, illustrated in
Fig 6, have a nominal sensitivity of 2000 pico coulomb/bar and were used in the near-field
to measure pressures in excess of 0.03 bar.

The experimental configuration is shown in Fig 7. Pressure measurements were made
in the same horizontal plane as the rifle which was mounted 1.5 m (200 calibres) above
the ground. The j inch microphones and the directional B19 gauges were used to measure
pressures along radial lines from 0 = 00 to 1500 in increments of 300, where the 6 = 00
radial is along the gun axis in the direction of fire, and at radial distances of R/c from
100 to 800. The omnidirectional B21 gauges were arranged in an array parallel to the gun
axis at stand-off distances of z/c = 11.5, 21.5, 30 and 60 and at axial distances of x/c
from -70 to 126.

Far-field pressure measurements below 0.05 bar were made with the i inch micro-
phones; these were mounted vertically (with reference to Fig 7) on low-frequency wire
supports with the microphone diaphragms at grazing incidence to the blast wave. The
time at which the round left the muzzle was assessed from a strain gauge bridge designed
to measure the hoop stress near the end of the barrel and from a pressure probe mounted
externally at 1 cm to the rear of the muzzle.

In Fig 8 a comparison is made between the pressure-time histories measured
simultaneously by a *t inch microphone and a B19 gauge; bo~th positioned at R/c = 200,
0 = 900. The traces are almost identical and agree to within about 6% for the measured
Seak overpressure. This is typical of the agreement obtained with all the gauges and
inch microphones and gave confidence in the measured results. Also to ensure that

ground reflections did not contaminate the measurements appropriate nearby areas of thle
ground were covered with acoustic foam wedges, each 300 mm high with a base of 150 mm
square, having effective attenuation down to about 200 Hz. The ground treatment is shown
to have been effective by the comiparison made in Fig 8.
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2.2 Measurement on a surface

For the second experiment the rifle was mounted above a large horizontal rectangular
plate, of dimensions 1.113 m x 0.914 m x 0.013 m, which could be offset from the gun ax s
by vertical displacements of z/c = 6.5, 11.5, 16.5 and 21.5. The general arrangement,
as shown in Figs 9 and 10, consists of eight pressure transducers mounted flush with the
surface of the plate at axial positions x/c =-14, 0, 14, 28, 42, 56, 70 with y/c = 0 and
and at the lateral position x/c = 0, y/c = 14. Typical pressure-time histories are shown
in Fig 11. These clearly show the precursor wave being overtaken by the propellent blast
and later the appearance of the sonic boom of the projectile, which is only visible in
the most distant recording taken.

3 PREDICTION SCHEME

We propose to use the theory of Smith1 9 ,2 0 for predicting the blast pressures about
a gun, but with significant modifications to improve the fit with experimental results.
Smith noted that, in the middle distance, the blast from a gun is similar to that of a
moving explosive with a steady release of energy. An approximation to the effects of
forward motion had been derived by Thornhill 21 for an explosion with an instantaneous
energy release and Smith modified Thornbill's transformation to take account of a slower
release of energy. It should be observed that in the middle-distance no exact solution
exists to the equations describing a stationary blast and therefore Thornhill's and
Smith's theories are methods of interpreting experimentally derived data. Smith assumes
that the main difference between the blast distributions about similar guns arises
through variations in the momentum of the propellent gas exhausts. Once the effects of
this momentum are accounted for all similar guns (:'& guns having about the same muzzle
velocity and thermodynamic properties) can be related to the same hypothetical static
explosive, having a constant rate of energy release. These steps, which are implicit
in Smith's theory, enable him to derive relations first for the blast pressure as a
function of the effective radial distance in a static spherical explosive with a constant
rate of energy release and then for the ratio of effective distance to true radial distance
from a gun as a function of a distribution parameter f and anglo - . There is, however,
some uncertainty about the centre from which these distances are measured; this was arbit-
rarily assumed by Smith to be the muzzle but for the reasons given below we feel sometninq
more accurate is needed. We accordingly use a slightly different approacn althouga the
principle is the same, and we can thus work back from a measured blast distribution to
an effective distance and hence to the properties of the hypothetical static explosive.
The technique for obtaining these properties, in the form of standard non-dimensional
curves, is discussed later in this section.

From inspection of Fig 3a it will be observed that the almost spherical blast
contours appear to originate from a non-stationary point, x0 , on the axis of the gun.
Within the timescale depicted in Figs 3a and 3b analysis suggests that x0  settles
down to around xD/2 , where xD  is the axial distance to the Mach disc. During the
following period, which is that of interest in the present work, the trajectory of the
Mach disc closely follows the location of the Mach disc for a corresponding steady jet

4

taken to have the same nozzle exit conditions as the instantaneous muzzle conditions.
It is assumed that this value of xD  represents a satisfactory approximation to the
observed value and is given by

xD/c 0.7 Me(ePe/ 0 )

where M is the exit Mach number (typically unity in this case) , is the muzzle
pressure? P0  is the ambient pressure and ye is the ratio of specific heats of the
propellent exhaust. We shall assume that the blast origin is at the point x0 = xD/2
instead of Smith's assumption of an origin at the muzzle. Polar co-ordinates (R,O) at
the muzzle are simply related to polar co-ordinates (R',,') at x0  through

RI = JR2 + x -2Rx 0 cos 0 Y (3-1)

and 0' = tan - ' JR sin l/(R cos 0 - x 0 ) . (3-2)

The blast pressures about a gun are strongest to the front and weakest to the
rear as a consequence of the forward momentum possessed by the propellent. This can be
simulated by stretching the calibre, c, to give an effective calibre, c", which is
increased and reduced in the positive and negative x directions respectively; viz

c"- + U2 + aU [(
+oe + ' + ae- f2 sin'i, (3-3)

c [ f Co/,

This is derived from equations (A-4) and (A-5) of the Appendix by assurmins that the rad-
ius of the blast source is proportiona) to calibre. Here the distribution parameter, f,
satisfies
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a +u22
e =K( + + aeU)f( - f-/5)

a0io -7 (3-4f)

and the specific energy of the propellant relative to ambient conditions is

a
2  a

2 - a
2

Se e r (3-5)

2 y e ( -e

where ae  is the acoustic speed at the muzzle,

a0 is the acoustic speed in ambient conditions,

ar is the acoustic speed in the propellant gas at ambient temperature and pressure,

U is the forward velocity of the gun

and K is a constant for a given explosive such that if V(8,t) is the mean velocity
of the explosion products within a conical element 6e of a stationary explosion of
energy E,V(8,-) = Kc/a0 . Values of the parameters for the 7.62mm rifle, can be found
in Table 1. In the following discussion the forward velocity, U, of the gun will be
assumed to be zero.

The non-dimensional constant K is thus related to the asymptotic value of the
blast momentum in a completely spherical blast system as t - - . To determine K, Smith
first assumes that the close-in similarity solution of Rogers 2 5 for a stationary explosion
at a constant rate of energy release will apply in the middle-distance for guns; thus

p Po_ . (3-6)

where (p - p0 )/p0  is the non-dimensional peak overpressure within the blast wave
Then from experimental measurements of the variation of (p - p0 )/p0  with , Smith uses
relation (3-6) to determine the distribution of c" around the gun at a distance of
R/c = 20. Smith found that, with the origin at the muzzle, f = 0.8 gave the best fit
to the data for a 7.62 mm rifle and from the expression (3-4) he derived the value
K = 0.166. If the same assumptions are made and K is derived from measurements at
R/c = 20, then the same value would be obtained from the experiments described in
section 2. However the derivation gave cause for concern since it appeared inappropriate
to evaluate the asymptotic constant K from values taken so close to the muzzle. As a
result, although theory and experiment agreed well in the region of R/c = 20, poor
correlation was obtained with experiment at larger distanceg from the muzzle and wasespecially noticeable at the extreme angles, 6 - 00 and 180

Strictly speaking the evaluation of K is only valid after the time when the pro-
pellant flow ceases to influence the blast front. Then the blast from guns and explosives
begins to behave in a similar fashion. However analysis of experimental results suggests
that this is not likely to occur before the blast front reaches R'/c = 100. At this
stage the weak blast wave theory of Bethe 2 6 can be expected to apply; then

p-P0 , og - (3-7)

where a = 1.17 for R'/c" = 100.

In Fig 12 we have displayed the overpressure distribution about x0 as a function
of 8' at R'/c = 30, 60, 100, 300 and 800. These correspond to the experimental meas-
urements for a 7.62mm rifle and we have assumed x0 /c = 8 from noting, in Fig 4, that
X /c 4 16 is the maximum forward position of the Mach disc. One of the effects of
cRoosing an origin at x rather than at the muzzle is that there is a weaker angular
dependence close-in to tRe blast; for instance at R'/c = 30, where we have applied
relation (3-6), the best fit is obtained with f = 0.6. At the other radial distances
relation (3-7) was applied and in these cases the value of f giving the 'best fit'
varied between 0.6 at R'/c = 60 to 0.5 at R'/c = 800. This is consistent with our
expectation that K will increase with time as the mass of the propellant exhaust 2
increases. (The similarity solution with steady release of energy has momentum - t,
whereas mass -t so that to satisfy the momentum equation per unit mass, equation (3-4),
K must increase with time.) For f = 0.5 we find K = 0.245 and this is the value we
propose using in the prediction scheme.

To determine the reference blast characteristics of the equivalent stationary
explosive we note from equation (3-3) that there is an angle 0' for which there is no

Roger solution strictly applies to p/p0  rather than (p - Po)/Po which is not a
similarity parameter, but since it is implicit that P0 is negligible the form (3-6)
also holds in the region of validity.



stretching of calibre ( c" = c) to account for the propellant momentum. For a static

gun with f = 0.5 this is 0' = cos- (0.25) z 75c. From the experimental measurements
of a 7.62mm rifle the non-dimensional parameters

P -p0  tsa 0  1a0  Ia0

P0  c and +0

have been evaluated in the direction 0' = 75°0 and are plotted as a function of RI/c
in Fig 13. Here t is the time of arrival of the blast wave measured from the instant
when the round leaves the barrel, r is the duration of the positive blast phase and
I is the positive impulse. The curves differ from those originally derived by Smith,
partly through having a different origin and partly through being based on a different
way of evaluating the experimental data; gy not using filtering techniques.

It is presumed that these curves will apply to all guns with about the same mu7z?,
velocity and thermodynamic properties as the 7.62mm rifle and that K = 0.245. To
estimate the blast pressures about a different gun, details of the propellant muzzle
conditions and velocity of the gun are needed to determine f using equation (3-4).
Thenthe apparent change in calibre can be calculated from equation (3-3) and used instead
of c to interpret the standard curves of Fig 13.

The effect of altitude can also be estimated from the scaling rule suggested by
Smith; viz

2 dmn
P0 a0 c 2 dm (3-8)

where p0  is the ambient pressure, m is the mass of propellInt and a0  is tile local
speed of sound. He then obtains the relationship

c poao )

where the accents denote values at altitude. This should be used in conjunction with
equation (3-3), multiplying the calibre ratios together, and used to interpret tne
standard curves. The validity of this scaling rule has been demonstrated by Mabey and
Capps 2 3 .

4 FREE-FIELD COMPARISONS

In Figs 14 and 15 comparisons are made between theoretical predictions ind experi-
mental measurements of the blast pressure distribution about a 7.62mm rifle. Included
in these comparisons is the prediction from Smith's original scheme. It will be observed
that the latter generally overpredicts the pressures at low values of 0 and under-
predicts those at high values of o . In general the current predictions, based on an
origin at x and a different distribution parameter (f = 0.5), give reasonable agree-
ment with thR experimental measurements. The predictions are shown for x /c = 6 and
x0 /c = 8. It is difficult to discern which of the two predictions, either 0 that with
x0 /c = 6 or x0 /c = 8 produces the better correlation with the experimental data. Indeed,
as expected, only in the regions close to the muzzle (at say R/c < 40) is a significant
difference observed between the predictions. Now we noted earlier that the apparent
origin, x3 , seemed to be related to the Mach disc position, x_, through x /2.
However it should be observed from Fig 4 that by the time the M ch disc reac es it
maximum forward position (x /c 16) the blast front has already propagated out to
R/c = 40. Thus at early times, where the Mach disc has not reached its maximum forward
position and the blast wavefront is within the range R/c . 40 , the smaller value of
xn , x0 /c = 6 , might be expected to be more appropriate. Strictly speaking our -iodel
sou ld include a moving origin since at these early times both the Mach disc and apparent
origin are raiidly varying with time as is clearly seen from the time of arrival curves
illustrated in Fig 3. As a compromise the fixed value x /c = 6 , rather than x0 /c = 8
will be used in the prediction scheme and this fits the data reasonably well down to
R/c = 10.

Deviations of the current predictions from the experimental results are most
significant to the rear of the gun where the measured pressures are lower than predicted.
This apparent shadow region could be related to the limiting angle of Prandtl-Meyer
expansion at the muzzle.

It is also interesting to note that in Fig 14, for = 00. the blast wave initially
decays very slowly near the muzzle. Here the linear injection of momentum and energy tend
to dominate the blast-wave propagation at the expense of spherical symmetry.

An overpressure sc inq, c 2(p - p ) A r , eroposed by Westine 18 for - 90 has
been used in Fig 16 to rompare some aircra~t ';uns. Here

m V 
2

W = I.p S 2
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where Ep is the propellant energy, Z is the length of the barrel, m is the mass of

projectile and V its velocity. Relevant data for the various guns are given in Table I
together with Wesiine's scale parameter. The experimental data collapse well according
to the scaling, being in general bounded above and below by our predictions for the 27mm
and 7.62mm gun, respectively. Westine's correlations for army and naval guns are also
included in this figure and it should be observed that aircraft guns have a substantially
different correlation.

1Westine's scaling is less successful at 00 ang 1800 for which some data are
presented in Fig 17. It produces some collapse 8t 0 with scatter about our prediction
for the 27mm gun but produces no collapse at 180 . This is perhaps not so surprising
because Westins scaling in effect makes an allowance for the energy addition due to the
moving propellant gases but none for their momentum and this discrepancy should be most
significant along the gun axis while having little significance at 90 .5 The discrepancies
are not resolved by applying the correlation proposed by Schmidt et .z

5 INTERACTION OF GUN BLAST WITH A SURFACE

A gun mounted on the side of the fuselage of a military aircraft is likely to
produce much more severe blast loading of the aircraft structure than a gun located in
remote areas such as on the wings or nose of the aircraft. In the latter situations the
blast can be considered as though initially propagating into free space. On the other
hand for a gun installed on the side of the fuselage the blast wave will be affected
from early times by interactions with the adjacent fuselage surface.

In this section we shall be concerned with predicting the blast pressures on a
surface in close proximity to the muzzle. A cross-sectional view of the developing blast
wave as it interacts with an unyielding surface is illustrated in Fig 18. The view is in
the plane of the muzzle looking down the barrel.

The presence of the unyielding surface introduces additional shocks into the
system which are associated with the reflection of the incident blast wave at the surface.
In theoretical terms the situation can be modelled by the familiar source and image system
with a blast field having the characteristics of that produced by two guns firing simul-
taneously. Along the surface line the blast wave may be reflected either as a regular
reflection or as a Mach reflection. Discussion of the properties of reflection of shocks
and blast waves can be found in Refs 27 to 30.

5.1 Regular reflection

Regular reflection of blast waves occurs in much the same way as the reflection of
acoustic waves, with the incident and reflected wavefronts merging at a single point on
the surface as illustrated in Fig 18. However for oblique incidence the angle of reflec-
tion only equals that of the incident wave in the acoustic limit of a weak blast wave.

Since the reflected wave moves into a gas which is preheated and compressed by the
incident wave it travels faster than the latter. There is a critical angle (a a
where a0 is defined in Fig 18) beyond which part of the reflected wave catches upewith

the incident wave and merges with it to produce a single shock. This is the second
reflection process called Mach reflection. The single merged shock is often called the
Mach stem and is indicated in Fig 18.

Below the critical angle of incidence regular reflection prevails. On the surface
the coincidence of the two shocks will give rise to larger overpressures than would be
observed in free space. For instance at normal incidence the peak instantaneous reflected
overpressure is given by

p2  + P = 2(pI - p0) + )(2 u) (5-1)

IIwhere (iou 2)  is the dynamic pressure immediately behind the incident wave front,

P1 - P0  is the peak incident overpressure, P2 - P0  is the peak reflected overpressure

and y is the ratio of specific heats in the ambient gas. For weak blast waves
approaching the acoustic limit of (p, - p0Vp0 <I the dynamic pressure can be neglected

in (5-1), since (+pu ) (p - p0)2/p0(y + 1), and the familiar pressure doubling of

acoustic waves is then obtained. However at high incident overpressures the dynamic
pressure cannot be neglected and then, for y = 1.4 , reflected overpressures approaching
the asymptotic value of eight times the incident wave are predicted. Such a magnifica-
tion As unlikely to be experienced for the pressures involved in gun blast but factors
of around 4 have been measured.

It should be noted that oblique reflection can result in stronger reflected over-
pressure ratios than at normal incidence, as is shown in Fig 19, although this only
occurs at relatively weak shock overpressures.

For oblique incidence the reflected overpressure can be expressed in terms of the
incident overpr sure In the usual way, by applying the Rankine-Hugoniot relations, and
it can be Ahown19 that,
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(I - 0 )t0  - ( - l)t2  2 (5-2)

I + W o + (C0 + )t0  1 + P 2 + (C2 + )t2

and 62(1 P) (t0 - t2 ) + 6{(l -
2 

- (t0 - t2 )
2 

- (W + t - (t - t2 ) 0 (5-3)

where k /k/P1 I = tan("k) , and j 
= 

(y - 1)/( + 1) Here the suffix k

takes the value 0 for the incident wave and the value 2 for the reflected wave. From
the angle of the incident wave, a0 I equation (5-2) is used to calculate 3 and equation

(5-3) to calculate the angle of the reflected wave, a2 ' and finally equation (5-2) is

applied again to obtain 2 " Equation (5-3) is a quadratic in t2 and therefore there

are two solutions for regular reflection at a surface. Only the solution with the smaller

angle, a2 ' is of physical relevance since this is the only solution providing continuity

with the solution (5-1) at normal incidence (a0 = 0).

As the angle of incidence, a ' is increased we find that for fixed incident

pressure ratio, 0 ' a stage is re ched when the two roots to the quadratic become

imaginary. At this and higher angles there is no solution to regular reflection. The

extreme wave angle, ae ' satisfies a cubic relation2 9 and the solution is shown in Fig 20

as a function of the incident pressure ratio. It is around 400 for a strong shock but
increases as the shock is weakened and approaches 900 in the acoustic limit. Above this
extreme angle of incidence Mach reflection occurs.

The above analysis is possible because for the reflection of a plane shock at an
infinite wall with a0 < ¢ e coordinates can be found which move with the point of contact

between the shock and the wall, in which a steady solution exists. This is no longer
possible when a0 ' 'e since the point of contact has already been engulfed by the waves

from earlier reflections which form the Mach stem, and this reflection pattern is known
as Mach reflection.

5.2 Mach reflection

In the region of Mach reflection approximate jchniques need to be used to calcu-
late the overpressure across the Mach stem. Kinney suggests that an adequate approxima-
tion can be obtained by assuming the Mach stem is straight and at right angles to the
reflecting surface. Then provided the properties of the Mach stem are slowly varying,
the Mach number Ms of the stem ([e the velocity of the stem front divided by the speed

of sound in the ambient air) can be approximated by M1 /sin(a 0 ) . Here a0  is to be

understood as the angle at which the incident blast wave would have intercepted the
boundary in the absence of a Mach stem and M1 is the Mach number of the incident blast

wave. M is related to the incident overpressure through the expression

Pl - 0 2 2
- 1) (5-4)

P0

which is derived from the Rankine-Hugoniot relations for normal shocks. A similar
equation, with suffix I replaced by suffix s , can be applied to determine the peak
overpressure, P. - P0 , within the Mach stem shock.

5.3 Predicted and measured surface pressures

To determine the peak reflected overpressure on a surface it is necessary to have
details of (i) the overpressure across the incident wave and (ii) the angle of the blast
wave front with the surface. The first of these, the incident overpressure, can be
determined from the prediction scheme outlined in section 3. Comparisons between the
predicted and measured free-field blast pressures at surface positions are shown in
Fig 21 for a 7.62mm rifle.

The angle of incidence, s0 between the blast front and a surface parallel to the

gun axis can be deduced from the theory of section 3 and satisfies

cot( = tan(0') n(l -f 2 sin2001, - (I -n)f cos 0' (5-5)

n( l - f2 sin
2(,)f - (I-n)f sin 0' cos 0'

where the index n is associated with the relationship (t s5 /c") a (R'/c")n and is
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determined from the standard curves in Fig 13. If m0 < 0e then the equations (5-2)

and (5-3) for regular reflection should be applied or alternatively if a0 ae then
the approximations for Mach reflection can be used.

In Fig 22 the predicted and measured peak overpressures on a large flat plate,
parallel to the gun axis, are compared at two gun heights, z/c = 11.5 and 21.5, for the
7.62mm rifle. Where regular reflection is applicable reasonable agreement is obtained
between the predicted and measured overpressures. However less satisfactory correl tion
is obtained in the region of Mach reflection at z/c = 11.5 , where the measured k -
pressures for positive x are considerably greater than those predicted. The por
correlation for Mach reflection probably arises through violation of the initial assump-
tions in the approximation; specifically the Mach stem may grow much faster than
permitted. Indeed if the gun is very close to the surface the incident and reflected
waves may quickly fuze into a single blast wave everywhere. Then a distant observer
would appear to measure the blast field of two coincident guns; or, equivalently, that
of a single gun with twice the blast energy. Such behaviour is often referred to as a
surface burst.

The surface burst behaviour can be accounted for in the theory of section 3 by
simply factoring the calibre by /Z. This follows from the scale rule (3-8) and the
requirement of a doubling of the blast energy. Calculations from such considerations
should only be applicable in the distant field for a gun very close to a large flat
surface.

The predicted peak overpressures for a surface burst are shown in Fig 22 for a
7.62mm rifle and these compare favourably with the experimental measurements at extreme
locations; although for interest the prediction has been extended into the near field.
Surface burst calculations are also presented in Fig 17 for the 27mm gun. It should be
noted that a significant proportion of the experimental data for a 27mm gun on a repre-
sentative fuselage is bracketed by the free-field and surface burst predictions.

6 CONCLUSIONS

A method is described for determining the blast pressures about the muzzle of a
gun from properties of the propellent exhaust. The technique is based on Smith'sl

9 ,2 0

analogy of gun blast with an explosive releasing energy at a constant rate and having
strong directional effects due to the momentum of the propellant gas flow. A distribu-
tion function is derived by a method similar to that used by Smith2 0 but including a
modification which allows the apparent centre of the explosion to be in the shock bottle
at a distance x /c = 6 from the muzzle. In addition the parameter f is assigned a
value 0.5 insteaa of 0.8; f gives a measure of the contribution of the linear momentum
to the blast field arising from the fact that the gases are fired out of the gun barrel.
The calculated value of f is not constant and falls with increasing distance; f = 0.5
approximates to the asymptotic value for large distance.

Pressure predictions based on this model agree well with experimental data for a
7.62mm rifle and a 27mm aircraft gun. For other guns a reasonable correlation is obtained
with Westine's 1 8 scaling at 900 to the gun axis. The latter scaling does not apply on the
gun axis and specifically at 1800 there appears to be a strong shadow region for some guns.

Gun blast measurements were also obtained experimentally on surfaces near to the gun
muzzle and it is shown that these can be predicted with reasonable accuracy if regular
reflection occurs, although in the region of Mach reflection there is still considerable
room for improvement. The indications are that better results can be obtained by means of
surface burst predictions Uie where the incident and reflected waves are assumed to
coalesce) and this is recommended for the distant field of a fuselage-mounted gun.
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Table I

GUN PARAMETERS

Calibre, c (mm) 30 27 20 7.62 5.56

Barrel length, 1/c (calibre) 42.8 71.8 76 70.7 84.5

Mass of propellant, m (kg) 0.046 - 0.0389 0.002851 0.001782P
Mass of projectile, m (kg) 0.219 - 0.098 0.0093 0.003506
Muzzle velocity, V (m/s) 780 - 1006 846 945

Propellant exit velocity,
a (m/s) - - 900 980 -

e
Propellant acoustic speed,
ar at ambient temperature
(298 K) (m/s) - 300

Propellant temperature at

exit (K) - - 2577 - 2500

Ratio of specific heats, e

for the propellant 1.25 - 1.25 1.286 1.24

Initial muzzle pressure (Pa) - - 235 670 600

Specific impulse, Ip of
propellant (J/kg) 955000 - 955000 955000 986400

Excess energy, W (J) 109100 211900 99008 6250 5465
clc2 1I -8 -9 -9 -9 -9Westise's scale, cI/V (Pa

- ) 1.058 x 10 6.675 K 10 6.14 x 10 5.00 x 10 2.66 x 10

Copyright V. Controller HMSO, London 1981
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Appendix

THEORETICAL DISCUSSION OF GUN BLAST MODEL

In this Appendix we shall follow the theoretical arguments of Thornhill and of
Smith 1 9,20 to derive the theoretical results used in our model, section 3, for predicting
the blast from guns. The basic concept adopted by Thornhill is to assume that if a sphere
of explosive charge is detonated at its centre while in motion, the blast distribution will
be approximately the same as if an identical spherical stationary charge had been detonated
off-centre. The principle here is that the linear momentum of the moving charge must be
preserved in the blast field, which would not occur for a centrally-detonated stationary
charge. When a fixed stationary charge is detonated off-centre, however, it may be deduced
that the amount of momentum in a given direction will vary in accordance with the amount of
explosive within a cone radiating in that direction from the detonating point. There will
thus be a net component of linear momentum in the direction from the detonation point to the
charge centre, which should then coincide with the direction of the gun barrel. The concept
must be understood in a hypothetical sense. In an experiment in which a spherical charge
is detonated off-centre in free space, no net linear momentum would accrue so that the
charge must be thought of as fixed in some way with the reaction force generating the linear
momentum. Even so, there would be no extra energy supply and the 'energy excess' would be
cancelled by expansion waves; these too must be disregarded as they are in the conical
model. Details of the blast field can then be determined from those of a stationary charge.

Let us assume that at time t the mass m(t) of exhausted propellant is contained
within a sphere centred a distance x0 from the muzzle in the direction of fire and on
the gun axis. Suppose for the moment that there is no net forward momentum of the exhaust-
ing gases; this will be included later. Consider a cone with semi-angle € and apex x0
extending outwards to the spherical shock front at a radius r = R(t) . The mass of
propellant within this cone is jm(t) (1 - cos f) . A radial velocity V(¢,t) is then
defined such that the total momentum of the system within the cone is Jm(t) (l - cos t)
V(s,t) .

Conservation of momentum for the system within this cone can be expressed as

R(t)

(1 -cos ) [m(t)V(s,t)] = 21T sin2 f (p -po)rdr

0

where p is the gas pressure and the suffix 0 denotes ambient conditions. Then integra-
tion of this expression results in

t R(t)

m(t)V( ,t) = 87 cos 2 ( q) (p-p)rdrdt

0 0

which, on changing the order of integration, can be rewritten as

m(t)V(O,t) = 8f cos2\() rI(r)dr (A-1)

0

where I(r) = J (p-p 0 )dt

T(r)

is the total impulse per unit area and T(r) is the time at which the blast front reaches
r . Non-dimensionalising (A-i) and taking the limit as * -0, t - we obtain

P0 L3 [jj{ Ia0d

= 8 -j--- J= an (A-2)

where L is a typical length and a0 is the speed of sound in the ambient gas.

The mass of propellant m(t) increases linearly with t at early times but must
eventually reach a constant value equal to the total propellant mass that was originally
in the barrel; ie m(-) = constant . This is typically reached within 1 ms of shot
emergence. Thus 1(r) must decay sufficiently rapidly for V(0,=) to be bounded at
large times. We therefore assume
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0L p~ p0 L ~L 8i

is a finite quantity and thus

poL 3

m(-)V(o,-) = K - (A-3)
a0

This represents an asymptotic expression for the momentum in any direction within an
explosive system which has no net momentum. We now create a model based on the above to
produce a system having net momentum appropriate to the exhausting gases of static and
moving guns.

The propellant gases emerge from the gun at local sonic speed ae and gain this
velocity at the expense of the internal energy of the gas. The excess energy is Em(t)
where

a2 2 -a 2

e ae r
Sye(Ye-1)

and ar is the speed of sound in the propellant gas at ambient temperature and Ye is the
ratio of specific heats for the propellant gas. If in addition the gun moves with velocity
U the total excess energy relative to the free stream is

ra+U )
2  a 2- a2

m(t)[N_ +

which reduces to m(t) [E + (U2 /2) + aeU] . A new propellant mass m'(t) is defined by

M'(t) = MMt) (E + (U
2
/2) + Uae) (A-4)

so that the new system has the same specific energy, c, as the stationary blast system.

Consider now the effective origin to be displaced towards the muzzle by a fraction
f of the source radius r; (or radius of equivalent spherical charge) to the point xsso that x 0 -X5 = rf (see Fig 5) where r. = r s j(  + (U2/2) I Ua e)/' and r s  is the

radius that the actual charge would have if spherical. It is assumed that the propellant
contained within two rigid right circular cones with infinitessimally displaced semi-angles
0', e' +do' will produce a blast wave element which is identical to that of a zero-net-
momentum source with radius

r - r'[f cos el + (I -f 2 sin26)1]. (A-5)

The mass of propellant within the cones separated by do' is

3m' 2nr sin e'rdrde'
4w(r,')3

and therefore in the limit of t = the momentum equation in the axial direction is

71 r,1
m'(t)(ae + U) = V(O,-) cos e'l 2!ljt 2wr sin(BI)rdr do'

Performing the integrations we obtain

2 (U 2 /2 +.
ae + U V(0,-)lf I- L e2 (A-6)
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Since in the distant field the blast from a gun is similar to that from an instantaneous

explosion we can apply the combined Hopkinson and Sach's rule p0 L
3 = m. to (A-3)

together with (A-6) to give

ae + U + (U2/2) + Ua (A-)
___ = K )f(A-7)0 a f l

To use these results in a prediction scheme it is assumed that the source radius r
is proportional to the calibre c and that K is a constant for all similar guns. For
a specific static gun (U = 0) the value of K can be determined from the value of f
which provides the best fit of (A-5) to the experimental data. (Details of this procedure
can be found in section 3.) The radial line O' = cos-l(f/2) corresponds to the direction
of zero momentum and it is assumed that experimental data taken along this line will be
applicable to all similar guns. These data form the non-dimensional standard curves given
in Fig 13. At other angles these curves are interpreted in terms of the stretched calibre
c" (= cr /rs ) instead of c . For differences in propellant flow and forward speed f is
determined from (A-6) and c" is evaluated from (A-5).

I,
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DEVELOPMENT OF A TAPED RANDOM VIBRATION TECHNIQUE
FOR ACCEPTANCE TESTING

by
John Devitt, Richard Pokallus, Joseph Popolo & Eugene Baird

Grumman Aerospace Corporation
Bethpage, New York

11714
U.S.A.

SUMMARY

The use of random vibration as a screen for latent workmanship problems normally
found in avionic equipment, has proven to be significantly more effective than the sinu-
soidal form of excitation normally employed. This has been demonstrated and is now
required for acceptance testing by various DoD agencies.

The paper describes the results of a program to develop an economical technique for
generating random vibration utilizing an audio tape deck.

The results indicate that compensating factors can be developed to account for the
variations that exist in generically identical equipment. Using these factors synthetic
random tapes were generated.

BACKGROUND

The benefits of random vibration as a quality screening test for avionics equipment
has now been extensively documented and is utilized by most major aerospace manufacturers.
Unfortunately, smaller equipment manufacturers and suppliers have been unable or unwilling
to implement random vibration screening programs because of the expense of random test
equipment. To adapt a sinusoidal vibration system to random capability costs between
$40,000 and $60,000 today. To help solve this problem, we undertook a program for the
Navy to develop an inexpensive method of performing random screening tests using a tape
cassette recorder, with the presumption that most small manufacturers already possess
electrodynamic shaker Systems and sinusoidal vibration control equipment.

A technique was developed to permit manufacturers to safely perform random acceptance
tests without the addition of expensive random control equipment and high-skill technicians.

TAPED RANDOM METHOD

The use of a prerecorded random signal on a tape cassette to perform random vibration
tests on a routine basis requires that the dynamic characteristics of all the system com-
ponents, i.e., the tape cassette, tape deck, shaker system, and the test article, remain
relatively constant over the long term of the production run. Each of these factors was
extensively examined in this study.

Three tape decks were evaluated in the program, all being good quality stereo cas-
sette A.M. recorders and priced in the $500 range. The tape cassettes were standard low-
noise types, recommended by the recorder manufacturer. No problems in the day-to-day
operation of the cassette decks were encountered and their frequency response characteris-
tics remained invariant. It should be noted that none of the tape decks tested had com-
pletely flat response characteristics over the frequency range of the random test (20 to
2000 Hz). The drop in output at low frequencies (in the range of -4 dB) was compensated
during the development of the synthesized random tape.

No significant deviations were noted in the day-to-day characteristics of any of the
shaker systems used in the program. However, care must be taken to assure that any vari-
ables, such as shaker field current, amplifier plate voltage, etc., are the same for each
test run.

The final system component, i.e., the test article, may be different for each run in
a production screening program and while production techniques should assure that each
product is mechanically identical, minor viarations due to manufacturing and assembly
tolerances can be expected. How these minor variations will affect the dynamic charac-
teristics of the shaker system is dependent to a great extent on the mass ratio between
the test artitle and the shaker armature and fixture. As would be expected, a 10 oz.
realy package fastened to a 60 lb. fixture and armature is not going to significantly
affect the acceleration at the package interface with the fixture. In this study, eight
different products ranging in weight from 20 to 60 lbs. were evaluated, and the ratio of
test article mass to fixture/armature mass was in the range of 1:2. The evaluation was
made by comparing the system transfer function ratio E/g (input voltage to the shaker
per amplifier -* acceleration measured at the control accelerometer) for 1.0 g sinusoidal

sweeps on several samples of a particular test article. The results can be summarized
as follows:
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(1) Variations in Amplitude

o 1 dB in non-resonant frequency ranges
o 3 dB at resonance or anti-resonance frequencies

(2) Variation in Frequency of Resonances and Anti-Resonances

* +3% in range of 20 to 1000 Hz
* +5% in range of 1000 to 2000 Hz

These variations can be compensated for when preparing the random tape by reducing
voltage peaks and widening voltage valleys so that the net result to the test article
is the desired input.

PREPARING THE RANDOM TAPE

There are two essential elements in the preparation of a random tape:

(1) Tne dynamic characteristics of the test system must be analyzed.

(2) A random noise equalization and analysis system must be used for synthesizing the
random spectrum. Since the small manufacturer with limited test equipment cannot
readily supply either of these two elements, the procedure was tailored to permit
the manufacturer to use an outside facility (major contractor, commercial test lab,
or random taping service) to accomplish this task.

The actual implementation of the procedure consists of the following:

(1) The manufacturer configures his shaker system with the test article installed in the
manner used for all production acceptance tests. He then runs a normal servo con-
trolled sine sweep at 1.0 g acceleration while recording (on the tape cassette) the
control acceleration and the input voltage to the shaker power amplifier (e.g.. the
test system signature (See Fig. 1). This tape cassette is then delivered to the
outside facility to prepare the random tape.

(2) The random tape facility plays the manufacturer's tape through a spectral analyzer
to determine the system transfer function (See Fig. 2). This transfer function is
modified to reflect the required test spectrum (See Fig. 3) and any compensation
factors required (i.e., for tape recorder characteristics, variance and non-lineari-
ties in the test article) and a synthetic random voltage spectrum is analytically
derived (See Fig. 4). This random voltage spectrum is used to generate a random
voltage time history which is recorded on the tape cassette. The finished tape
cassette is then returned to the test article manufacturer.

TESTING WITH THE RANDOM TAPE

The tape is played directly into the shaker power amplifier with the amplitude ad-
justed by a simple gain control and the control accelerometer monitored with a true rms
meter (See Fig. 5). The simplicity of this system leads naturally to the question of
test safety as well as spectrum verification. We will discuss the latter question of
spectrum verification first, since it is integrally concerned with test safety.

The lack of a spectrum analyzer by the small manufacturer using the tape makes the
verification of the random spectrum impossible to perform directly during the random
vibration test. However, before performing the random test, the system transfer charac-
teristics are verified by playing the original system signature sine sweep recirding
through the test article manufacturer's shaker system. The recorded sine voltage should
produce a 1.0 g sine sweep on the shaker system if the sine characteristics are unchanged.
The acceleration is monitored on the rms meter and any significant deviations from 1.0 g
are noted. The study showed that most of these problems were associ. ad with improper
test fixturing and were readily detected during the low level sine sweep. These problems
can and must be corrected prior to running the random vibration tests on the production
unit.

After verifying the system transfer function, a verification of the actual random
acceleration spectrum can be performed if desired. To accomplish this, the output ac-
celeration during the acceptance test on the first test article is recorded or, tape.
This tape is then sent to a facility having a spectral analyzer, and the result is
compared with the desired acceptance teat spectrum.

The question of test safety is often brought up when discussing "open-loop" testing
such as this tape system employs. "Open-loop" testing refers to the fact that there is
no automatic amplitude control of the acceleration level as there is in the conventional
"closed-loop" servo system.
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It is the authors' conclusion that this "open-loop" system is inherently a safer
system for steady-state random tests than most of the "closed-loop" automatic analog ran-
dom systems in use today. These closed-loop systems typically have 80 individual servo
systems automatically adjusting the spectral energy of the shaker. An opening in the
feedback loop or a malfunction of any of these servo systems will automatically drive
the system output higher in one or all frequency bands until noticed by the operator
who then halts the test. with the tape system the operator adjusts the gain only once
at the start of the test to the required amplitude. An opening in the accelerometer
path will not alter the test level. And since the spectrum shape is prerecorded, no
changes in the drive spectrum can occur.

A further benefit of open-loop testing is realized in the case of a structural fail-
ure in the test article. In an automatic random system, the servos will automatically
adjust the input spectrum to compensate for a change in voltage requirements (such as
that caused by the failure of one of the four attachment fasteners of a test article).
This often promotes progressive failures because of the servos' blind attempt to maintain
the test level. However, with the "open-loop" tape system, the failure of a test article
attachment fastener causes a change in the dynamic characteristics of the system, result-
ing in an abrupt change in the Grins (since the pre-recorded spectrum voltage is Improperly
shaped for this "three-attachment" configuration). The test operator thus noticing the
change can easily shut down the system before any further damage occurs.

CONCLUSIONS

The study program clearly indicates that the tape cassette approach to random vibra-
tion screening tests is a viable low-cost alternative to the conventional automatic equal-
ization system approach. It can be readily implemented by any manufacturer with a sinu-
soidal vibration system to provide true random (Gaussian probability distribution with
3$rpeaks) test spectrums under controlled tolerances. while there may be complicated
test setups and spectrums that do not lend themselves to this method, the authors in their
continuing use of the taped random method have not encountered any significant problems
with test articles as large as 350 lbs. tested on a 30.000 force-pound shaker system.
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