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FOREWORD

This technical report represents the author's views and opinfons
concurning use of composite materials (Sandwich) in the constructica
ard fabrication of mobile military shelters, The discussions within
this report are tpplicable to shelters that require attached mobilizers
which do not fully support the shelter underside. These are predominantly
in use today and apparently will be used in future proarams.

The informetion herein contained reviews the cerera) past history
of sandwich construction and incorporates observations of past proorams
which revealed specific difficulties and deficiencies of construction,

This report is intended to be used as a guide for those oraanizations
which have a need for 1ightweight-high strength sheiters, It 1s not the
intentfon of this article to degrade any specific construction techniques

but rather to point cut construction areas of vital concern which should
be critically considered.

This report is oriented to construction requirements that must be
taflored to specific miiitary specificatfon parameters. Al applicable
techniques presently in use today may not be specifically discussed in

the report, however, observations to date definitely indizate particular
shortcomings in design.

Progress in sandwich construction today 1s extremely competitive,

and use of new materials and adhesives may offer end items which are
both reliable and efficient.

Document contains information embargoed from relsase to Siro-Soviet
Bloc Countries by AFR 400-10, “Strategic Trade Control Program.”

This technical report has been reviewed and 13 approved
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ABSTRACT

The need for transportabl: shelters today is quite apparent as one
considers the complexity of systems requirements in the field of communt.
cations, reconnaissance, and interpretation, Field use of such units
requires exceptional strength while possessing optimum 1ightweight
characteristics, Sandwich construction offers these characteristics,
The common cores presently in use are paper honeycomb and modified
polyurethane foams, Both types of cores are in use and both types
of construction exhibit some poor qualities that are inherent in each.
The author wishes to point out the principal design parameters that
should be of concern to those interested in details of such type con-
struction, The best criteria of shelter evaluation is an established
test program followed by visual observations after field usage relative
to operating time. The presentation herein includes the tw. basic
panel constructions (honeycomb and foam), their merits and limitations,
their appliication and design requirements within the state-of-the-art
today, Strictly speaking, the foam construction with structural mem-

bers is not in the true sense a sandwich, It is a combination sand-
wich, and intermal mewbers,
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SECTION A
INTRODUCTION

The primary purpose of this report s to review sandwich con-
Structfon as applicable to honeycomb and plastic cores,
includes the experiences tions of such
tures subjected to field prototype and production unfts
under vartous test programs, be understood that this susmary
includes opinfons of the ablishes a conci
both timely and relevant to military procurements of shelters,
report fs being especially writtem to support test p
as a check on designs, Complementa
formaticn obtatned on wiits that have } usage, Tests and
actual time duration of éxposure to all forms of
are the best criteria for predicticn on performan
adequate and trouble f

essential that all factors contributing to the ba

of temperature, water, wind, stresses, strains, and

considered with relatfon to time exposure. This report covers sfg.
r;tﬁcant aspects of work fn this field that has been conducted in the
ast decade.




SECTION 8
SHELTER CONSIDERATIONS

1. OBJECTIVE

The major considerations that must be taken into account when
considering honeycomb sandwich design are the WATER ENTRAPMENT and
delamination problems that mey occur after constant field applica-
tion, Recognizing that fatlures and unsatisfactory field reports do,
at times, confiict with theoretical desion predictions, the need for
test become apparent. Inasmuch as the use of Kraft paper
mm cores appear to be coming back into shelter use, it is
completely justifiable that users fully realize the damaging effects
of water in paper honeycomb cores., It should be stressed however,
that paper honeycomb cores can be efficiently used in a multitude of
varfous applications. Minor us well as major differences in design
capabilities will be brought out in a later section,

Both honeycomd and plastic foam cores are herein discussed to

scquaint the reader with previous performance characteristics, With-

- out proper design, quality control, testing, and field evaluation
over a given period of time, certain risks are being taken that can
substantfally increase inftial manufacturing costs by virtve of re-
quired increased maintenance, The major problem with sandwich honey-
comb would most 1ikely be MATER MIGRATION which is not inherent in
the unicellular foam type panels. Some uncertainty and risk is en-
countered when individuals believe that panels can be manufactured
and guaranteed to be hermetically sealed, ind matntatn that seal
under al) environments and fmposed mobile conditions,

2. NISTORY

The introduction of hMghly wobi{le lightweioht shelters into the
military {nventory to hows2 ground electronic equipment required de-
sign cmsiderations of the physical forces that deplowment and usace
dictate;. The mobility requirements for shelters often expose these
wnits to cyclfc and secondary stresses which are fsportant in structurs!
work, The bonding of & variety of materials to produce 2 sandwich in-
varisbly {sposes t roles on the use and type of adhesives in-
volved. The final ftem must be of a durasble nature, somewhat elastic,
amd possess high retention of its shape ond size. Careful consideration
of detafls s therefore required fn the design so that the sandwich
structure (shelter) functions so as %o seet present mfiitary specifica-
tions. The application of forces to such structures, which tend to
produce cracks or separstion perwitting the entrance of water, is
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1ikely to lead to significant damage that may eventually become a
substantial faflure. The availability of new materials or new forms
of old materials such as a sandwich structure led to development of
1ightweight military shelters., The so called hel{copter 1iftable
shelters were originally designed around 1953, At that time various
companies strongly competed in the shelter manufacturing arena, Initial
structural success was not immediately cbtained t111 after exhsustive
testing periods. During the perind of evaluation of various types of
shelters, the use of foam over honeycomb was generally adopted as the
material most likely tp meet with success following disclosure of
particular consistent pane! failures. Generally, water absorption
into paper honeycomd type panels was quite evident, Consistent U2la-
mination wis prevalent which was a direct result of deterioration of
the honeycomb core, Examples of panel failures were obsarved on a
honeycomb Aeronca shelte: which was tested at RADC, A prototype
modular shelter of honeycomb also possessed inherent delamination
problems. Project Four Wheels also contrituted to the general swing

 from honeycomb to foam core types. Detrimertal water ion

effects in honeycomb were aiso evidenced at ERDL and st USASRDL.

To emphasize the injurious effect of moisture on honeycomb, an
actual case was reported as follows:

During dehumidification tests on an environmental controller,
2 Project Two Wheels shelier was used as the controlled area. The
shelter had been used in the field, but showed no evidence of panel
damage. The panels were constructed of honeycomb paper sandwich
between aluminum skins,

The specific test being conducted was tc maintain B0°F snd
S0% Relative Humidity in the shelter with an outside ambient of
+125°F and 29X Relative Humidity., The envirocrmental controller
veducad the sensible hest tzwperature to the rvquired +80F, bt
the relotive imidity would not reduce to the required 50X, Con-
densate from the evaporator wis flowing thrugh the overflow pipe,
but the Pelaiive Humidity remmined tonstant. The environments! ,
controller was completely checked: Refrigersnt pressures, blower RPM
snd the cxpansion valve, A1l were within operatine tolerance. The
only source of moisture Teft was ¢n the sheiter itself, Panels, seams,
acoess ports, otc;, were examined without disclosure of any abnorws!
condition. Ftnally, a hole of approximstely 2 inches in diameter was
bored through the outside skin of a wall panel. Investication showed
that the honeycomb material was satursted with moisture and crumbled
undey winor hend probing movements. Veter was vistbly present,
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Hu attempt wai taade to explain hi the material became saturated
dbut substitution of another 1ike shelter resulted in achifevement of
the required inside conditions.

Such results, and other simi’ar informaticn gathered at the time,
~>sulted in 3 tendency to use foam as the basfc core material instead
of pursuing the use of honeycomb. Foam, Leing unicellular, exhibited
no appreciaizie water ghsarption de icienc’es and possessed high in-
suiative characteristics,

Fcam has been used to & greater extent until recent resurgence of
use of honeycomb, New :amesives and betler control techniques used
today may therefore at come time contrihute ¥o suctessiul honeycomd
shelters, Time and usage may pive their fu:l potential; however. the
use of foam construction is vec-mmended until such time as honevcomb
units are standardized, The Toam units, as being prodiced today, offer
the most advanced lightweight high-payload mechanical structure designs
and techniques which have successfully proven their ability in field
service operations of all kinds. This type of monolithic construction
made of aluminum skins bonded continuously with 2poxy resin and welded
to an integral frame is,to date, the best possible lightweight structure
meeting most of the severe test requirements of military specifications.

The use of other shelter panel constructions has been quite limited.
Balsa cores, sponge rubber type cores and even the well-known honeycomb
core parnels have not been predominantly used for shelteyr applications.
A3 a result of the meny test programs conducted in the early years of
evoiution of these shelters, nerformance requirements today, for almost
any sheltar, revolve around specification MIL-S-52059,

3. PRESENT DESIGN CRITERIA

Requiremeat: for transportable shelters which house all sorts of
aquipments involved in oc-wnications, reconnaissance and inteiligence,
and data processing, are normally established by the military users in
conjunction with engineering assistance from appropriate government
sguncies, The haroware that is normally produced as a result of
spacifications developed vrom requirements, improves with time and
usage, Az deficiencies cevelop, the particular problems are dealt
with accordingly ana improvements are msde through specification
changes. Current specivications on ¢ .iterzare therefore an accumula-
ted refirament of inftial work which was governed by structural en-
ginearing xialysis bated on engineering assumpiicsis. These specifica-
tions for shaitars,as we know them today, are optimum in design and
possess sirinrgant requijoments that we know can be met, & list of
these requireserts {s prossnted so that the resder mry beceme ac-
quainted with the governing factors that contribute to an essentially
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reliable shelter as dictated by current requirements, These re-
quirements may differ slightly for the different services; however
they are a representative sample of the basic design needs to satisfy
most users.

Four basic requirements must generally be fulfilled in the actual
designs these are as follows:

a., Structural Design

b, Thermal and Neise Transmissibility
c. Electromagnetic Shielding

4. Transportability

Structural Design

: There are several types of lcads that are imposed on shelters
which they must withstand without degradation. These loads are the
static loads impcsed by ice and snow and the internal equipments and
also the static and dynamic loads caused by constant and buffeting
winds. Included also are the more critical dynamic loads encountered
in transportation, These transportation loads will be reviewed under
the transportability section, 3

The foliowing requirements are therefore those which have
been =ctablishaed and are consistently used: o

{1) Ice Load - 2 {iches of glazed .ce measured radially
;0 all exposed surfaces,

(2) Snow Load - 40 pounds per square foot (normally
applied to roof surfaces).

(3) Wind Load - 87 knots (100.14 wph) unguyed and 109
knots guyed.

(4) Floor Load - 150 1b/per square foot (uniforwiy
distributed) and 250 1b corcentrated losds (specified over a smal) arez).

) This floor loading is cosmonly used for shelters in the
8' x 8 x 12' sfze and hes been established for payloads wp teo 5000
_1bs, The floor load specified can adequately support 14,200 pounds
without any consideration of factor of safely fnvolved for the size
sheiter indicated. . It was evident thet equipments within these units
normally approached these loads and therefore set this criteria,
supported,of course, by physical testing.




It should be noted thit in the wind load requirement, the
spacification of 87 knots for the unguyed condition 1s slightly
misideding, The condition that actually determines whether guying or
anchorng is required is the resisting moment to overturning. The
resisting moment 1s a function of the equipment load and center of
gravity within the shelter, If the load is light, ther invariably
quying may even be necessary at wind loads of say 60 knots.. Sliding
may also occur when total loads are evaluated against wind loads, Atir
i» motion possesses considerable kinetic energy and is usually defined
&8s the product of one-half the air density and the square of the re-
su>tant design velocfty (in this case 100 mph}. To {1lustrate the
force exerted on the sfde wall of an 8' x 12' shelter, the wind
pressure may be calculated from the mathemutical expression

Pw + 0042 Y2 where V is in mph
This expression takes care of the shape coefficient and iis simple

deviation is noet included, However, the constant ,0042 is a oenerally

sccepted conversion factor for flat plates as exhibited by a shelter
wall 96 square feet in size,

It is readiiy seen that for a 100 mph wind the exerted pressure
per square foot is considerable:

Py-= 0042 x TR = 42 1b/ftd

which leads to a 2032 pound force acting on the 95 square feet of
exposed wall surface.

For world-wide use application, the structure should withstand
temperatures cf -65°F to +160°F and inherently must possess resistant
characteristics to salt fog, fungus, sunshine, sand and dust and
humidity as specified in MIL-STD-810,

In summation, and in additionto requirements of mobflity, en-
vironment, electrical, etc., the mechanical requirements are numerous
and severe and must be met under all kinds of conditions the equip-

ment may encounter. These requiremeits as employed under wost military
specifications tn lude such tests as:

{1) Shelter drops; flat side, corner and rotational at (2)

l(tm.gnpentun. {b) low temperature (-65°F) and {c} high temperature

(2) Transportability
(3) Rail Transport

e



(4) Vehicular Transport

(5) Three-point suspension

(6) Fording ‘

(7) Air Tightness

{8) Overall coefficient of heat transfer
(9) Lifting and towing eye tests

(10) Door, roof, access steps, hardware and mounting member
load tests.

Thermal and Noise Transmissibility

The overall "U" factors that are obtainable today generally
range from 0,30 to 0.35 Btu/hr./sq ft./°F and are a function of the
shelter design with respect to materials used. Honeycomb, when filled
with shredded foam, may attain these exact foam values. The number of
openings, louvers, doorways, inlets and other functional features does
have an effect on the overall heat transfer value when comparina shelters.
It 1s obvious that the better the insulating medium and the lower the
overall "U" factor of the structure,the less heat will be gained or lost
to the external air and in effect will reduce the problems of temperature
control,

The transmission of noise, both within and external to the
shelters, always poses a difficult problem to cope with. The con-
fined areas generally associated with shelters and the emitted noises
are a consistent source of aqgravation to the human cperators. Notse
will be simply treated in another part of this report: however, for
information, interior shelter noise level requirements are presently
restricted to those shown in Table A below:

TABLE A
NOISE LEVEL REQUIREMENTS

Octave Band Center Octave Band Sound Pressure Lev:;é
Frequencies (cps) (In Decibels Ref 0.0002 dynes/cw*)

63 87
125 77
250 68
500 61

1000 58
2000 . 55
4000 53
8000 52




Elgctromagnetic Shielding

Requirements for shielding generally vary based on the
aeed for shielding nsulting from the type of operatfon being per-
vYormed, Shielding 1s usually required to protect equipment within
thy shelter from axtemally generated signals or to protect intemally
generated signals from being emitted out of the sheiter. Shelters are
g«n&l’z shielded to at least 60 db over a frequency range of 150 KC

10,900 megacycles. This is inherently obtained through todays con-
struction technfcues. Higher attenvation requirements, however, will
i?ou greater penaities such as increased weight and cost, It is
felt that equipmant shielding with a moderate demana on shelter shielding
wuld be msre effective, Shielding characteristics are highly vulner-
able to chma since continuity of external skins and door closure
pressures (200s1) MUST BE maintained at all times, Shielding also in-
corporates use of filters and necessary attenuation vequired for all
openings including cable interconnections, and junction aress.

Shielding requirewents are covered under MIL-STD-285.

Transportability

Transportad1ity requirements perhaps impose the severest
of actions which involve impacts, shock, and vibration. The shelters
must withstand the shock and vibrations as imposed by Cargo afrcraft,
helicopters, railroads and road trensportation. In railroad humping
at 9 wiles per hour spproximately 30 g's of force are impartad to the
test ftem., In 18 inch flat and rotational drops recordings of 25 to
40 g¢'s have been established for payloads in the 5000 pound range,
These tests all sisulate, as closely as possible, the conditions ex-
pacted to be encountered. Vibration and shock criteria applicadle
are subject to meet the rigorous standards of MIL-STD 810,

There are other practical considerations that have been
introducad 1n the shelter desion field. Yo mention a few, weight and
stzearekent to a mintmum, air tightness s preserved, mofsture resis-
tance 1s required, water fording must be accomplished and varying
altitude and tesperature operations must be included for overall
performance.

These requiraments are intended to show the high quality
design and components nedded to mset all the specified conditions
found in numerous sheltsr specifications today. The shelter sust
adept to these loads and sust withstand the constant abuse, without
structural damege, for as long as its predicted 1ife span,
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Mobility aspects for these shelters must fall within the scope
of MIL-M-80900. This specification covers four typas of general re-
quirements for the mobility of military vehicles, each type being sub-
divided into groups according to the running gear or equipsent being
procured,

Type 1 - Mobility on improved level surfaces.

Type 11 - Mobilfty over partially impmved terrain,
Type I11- Mobility over highways and unimproved terrain.
Type IV - Mobility over snow and ice.

In general, Type I mobility specifies 5 to 7 1/2 mph speeds;
Type 11 specifies 20 to <5 mph speeds, and Type 111 specifies 50 to
60 mph speeds on level paved highways,

4. RFLATIONSHIP OF SHELYER VOLUMES, LENGTHS, AND WEIGHT

In order to facilitate determination of the probadie weight of
a shelter for a given length, width, and height, a trial and error
approach was indicated. The results of many curves were manipulated
in order to obtain the approximate curves represented by Fig., 1, For
the approximation, definite shelter weight values and volumes were
known, especially those at the extreme ends of the chart. The shelters
under consideration were those that have been manufactured within the
last three years and included width by hefght dimensions that renged
from 7 feet by 7 feet to 8 feet x B feet. The lengths of the units
included those from 12 feet in length to 23 feet in length, The chart
represents bare shelter weights with incorporated planums and wiring.
With so meny varying characteristics for each indfvidual shelter, such
as removgble panels, number of openings,distribution of equipment loads,
size variation, etc,, the problem of plotting such variables, with
quantity relationships being non-linear, appeared ﬂnnctiui. The
curves were, therefore, fitted to known condétioms and further checked
against varying volumes. The resulting curee does,in effect, represent
2 good approximetion of weight vs. length for different height and
width combinations. Fig. | basically considers present day foamd
sheiters with structural wall stiffeners an integral part of the panels.

The accompanying Table B gives the volumes obtained from extermnal
dimensions of various possible shelter sizes,
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TABLE 8

VOLUME (cu. ft.)

Length 8'x8' 7.5'x7.5° 7'x1!
12! 768 615 588
14" 896 788 686
16’ 1024 900 704
18" 1152 1013 882
20" 1280 1125 980
22! 1408 1238 1078

P

e ?%

As an example, to {1lustrate the results obtained from the aqraph in
Fig. 1, a 7°x7'x12' shelter would weigh approximately 1390 1bs, with
2 tot2) volume of 590 cu feet. Known shelter weights of the Mobile
Wing facility very closely approximate these values, Again, an 8'x8'x}2’
shelter would weigh approximately 1500 1bs with a total volume of 770 cu
feet, The weight of a 7.5'x7.5'x12' shelter can be obtained in a like
manner from the confiquration of the curves. The results appear adequate
for ciose approximation within tolerable limits for system planning.

The chart should aid in determining relative shelter weights for
s{zes under consideration, .

For an accurate and complete shelter comparative snalysis, some
critical observations must be made such as: what are the losd carrying
capacities of each unit, what {s included such as wiring, plenums,
facks, etc. and also what type of shielding criteris 1s involved, Time
did not permit such an evaluation an: curves for honeycomdb comstruction
are also mot Indicated due to lack of definite Inforwmation.

n




SECTION C

SANDMICH DESIGN
1. Introduction

A typical design ss 11lustrated in Fig 2 and 2A 1s essentially
composed of two or more materfals oriented and distributed in such
& mnner as to provide a structural element, The core, usually a
low density material, may be honeycomb, foam, balsa, etc. faced with
skins made of metals or plastics, Since most military shelters of
sandwich desfign are faced with aluminum skins, the discussions are
concerned with these and cores of honeycomd and polyurethane foam
only, The structural performance of such types of sandwiches fs
primrily dependent upon the ability of achesives to secure a firm bond
between skins and core. The chofce of achesives used should take into
consideration the application to which it 1s to be subjected, Varying
environmental and mobflity conditions such as those aenerated by military
nesds, {mposz severe requirements that require high stable bonding strengths.
Quality control in the application of adhesives requires strict adherence
to the rules of cleanliness. Metallic surfaces to which bonding takes
place should be thoroughly cleaned and surfaces adequately prenared to
insure no antrapment of contaminants. In the use of honeycomb, as opposed
to poured foam chamistry, the honeycomb cores MUST be accurately machined
to within several thousandths of an inch. The machinina process must
be clean to avoid crumbling or shredding of the honeycomb edoe which
accepts the adhesive. This control over s{zed honeycomb must be main-
tafned to insure complete surface bond to eliminate possibility of
having areas of unbonded surfaces which affect the integrity of the
sandwich, Fig. 3 11lustrates cood bonding practice versus a poor bonding
condition. Phenolic impregnated Kraft honeycomd s more economical than
foam when bought as a basic materfal. This fact sy be offset however,
by production tachnique requiresents, ‘

In genersl, the sandwich element provides a hgh strength to weight
ratfo structure that has many uses for meny applications. The strength
of these sandiriches can be effictent)y fincreased by increasing core
density (cell size or foam forwmlation), increasing surface skin thick-
sess, sandwich thickness or any combination of core and skin. The chofce
to develop strengths desfred 1s priserily one of destgn.

Existing shelter structures in the field today have more or less
standerdized or maturial Simnsions, The dimensfons and thicknesses
predominantly usad have been optisized through desfon, test, and usaqe.
Core densities of 2 to 4 peunds per cubic fout are common, with floor
and roof sections wtilizing the higher demsfties. Aluwinum metailic
skins are generally 022" thick and the sandeich is approximetely
2 to 2 1/2 inctas wide. Althowgh susceptible to puncture, field repairs
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cen be mede ta take cave of such occurrences, A thinner skin would
puncture more frequentiy and a heavier skin would add to overall

weight, Thest dimensional criteria have been established and used t.
acquire the strengths desired and maintain the lowest possible structure
weight, No significent changes in reducing the present weight of such
structures hava deen sccomplished in the last 10 years,

s, Couparvetive Datx: Foam vs, Honeycomd

As praviouziy mentioned, two of the chief types of panel con-
struction used in building lightweight modile sheiters are the foam
and honeycomb sendwich designs. Each of these constructfons has its
adventanes and disadvanitages and the choice depends on a number of
Tactors, nomely:

(1} Honeycomd punels are usuvally thicker than foam panels for
simflar service,

(2} Honeycomb panels may be siightly lighter, but this ad-
vantage ic often cawcelled when each individual cell {s filled with
threcded Toam to get as qood heat transfer valves as the foam con-
struction permits,

(3) The bond between the metal faces and the core of a honey-
comb panel is assumed heavier since the cell openings adjacent to the
skins have te be well filled with adhesive, as {11lustrated in Fig, 3,
to obtzin transfer of face to core Toads. Impregnated scrim cloths
ave usad to 2ffectively get a good bond. This adds weight and cost.

(4) As sheiters require sections of fncreased strength by
virtue of localized load concentrations, foam panels allow the use
of stiffening members for this purpose. Honeycomb panel construction
does not by ftself permit strengthening any particular lccation to
accommodate & concentrated load, See {lluscration of Fig. 4,

{5) Panels of shelters are extremelv vulnerable to curface
damage. In foam punels, breaks or punctures ere a winor event as the
bay section involved can be ecasily repaired on site, Punctures and
breaks in honeycowb panels are more serious and 1f allowed to progress,
the detrimental result is of major proportions. Qace wmoisture i¢
adwitted, an entire panel may de lost and the use af the shalter
my be jeopardized awaiting panel replacement. These effects are
shown in Fig. 5.
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(7) The metal faces or skins of hone
thicker than those used in foam pa

comb cell walls,

(8) Honeycomb panels are usua
designed for the same service,

(9) In considering costs, it i believed that

are more expensivec t

mity of honeycomb construction is more df

a good desfgn,

(10)  Honeycomb shelte

been through speci

consideration,

(12) Foam panel construction is

for inclusion of ball
higher resistance to
his can be accomplis
horizontal shear, a p

heavier
be distributed over a
absorded without core
moisture admission, in
pair is made,

Reference is made

to ftem (6) on inserts. The current use of epoxy
plugs used in conjuncti

The routing of the hon
through a small openin
compound, and the time
operation, It §s felt

imple
that as the requirement for inserts increases,
and these are many in s

fication tests such as the S-141 and S-280 requi

(11)  Honeycom shelters' inherent fragility
requires special shock absorbing skids, Costs and transmissibﬂity of
shock and vibration flexible skids under

(13) Honeycomb panels, being stiffer and generally having
face materials than fo

ke ol e

accept {nserts at any location: however
thought to be expensive and time consuming, with the

. Inserts for

ycomb panels are generally
nels to obtafn support for the honey-

1Ny stiffer than foamed paneis

honeycomb panels
han foam panels as desfgned for similar use, Unifor-

fficult to achieve to establigh

rs have not been time tested nor have they
re,

(g9 absorbing quality)
drop test has beep a8 factor for

istic barriers which

threat from fragment penetration. Usin foam,
hed without sacrificing the

amed panels, allow for impact forces to
greater core area; thus, larger forces can be
damage, However, if the face Sheet {s ruptured,
time, may destroy the panel unless famedfate re.

on with fnserts appears to be a laborfous operatfon,
eycomb core, the removal of the routed material

9, the inclusion of the insert into the potting
required for cure, is not an apparent s

ome instances, man hours and labor cost fncreases
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could become si?iiﬁcmt Immediate insert application can not be
made in the field, since approximately 24 curing hours are required
to attain full strength.

b. Panel Restraints

Basically there are certain limitations in the design of panels
that deserve significant recognition. General overall shelter criteria
call for 1ightweight structure design that implies use of lightweight
panels, This eriteria predicts limitations to the ruggedness of a

panel and limits the structural strength of parels. Sandwich con-
structfon as known today, offers high strength to weight ratio desiogns
that allow for minimal structures weight to meec critical end usage
requirements. It is readily noted that an increase in weight of panels
by virtue of increase in core density or & ircrease in thickness of
the panel or skins would increase both the riggedncss of the panel

and its structural capability., As time progressed, and developments
produced the first sandwich constructed chelters, an average wall
thickness and skin gage dimentions vecame wore or less established.
These optimum dimensions were directly related in response to providing
a structural capcbiiity, low coefficic t of heat tronswission, and
lightweight characteristics to ;uit the military nexds.

As a matter of intercst, 1t should oe poirted out that a basic
limitation in regard to honeycomb panels should nct be overlooked.
Once such a type panel is cunstructed for a particular load and weight
distridbution, its overall cimensions and wright are therefore fixed.
Then for a family of such itnits, a lcad carrying capatity should be
established for the design load any any other lower loads. With in-
serts that can be installed at any iime, shelters can be manufactured
prior to actual knowledge of layout. However, once heavier loads are
introduced other than that which the panels have been designed fon a
problem would, in effect, exist., Thicker cores and heavier skin sur-
faces would be required to adapt to the increased load. Honeycomd
panels imply that core thicknesses and skin surfaces would vary with
varying load conditions, increasing shelier weight accordingly. If
8 standard shelter had to be desi to meet MMH carrying
capacity requirement of statistically determined weights, 1t would
necessariily be of thicker walls and probably weigh more when com-
pared to available foam shelters,

¢. Response to Vibration snd Shock
(1) vibration: This sectfon deals with perhaps the first known
test of fts kind performed on & complete equipment installed shelter.

The sheltsr in question is the Image Interpretation Central, commonly
referred to as the 1IC and developed under an RADC spmsond contract,
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The shelter, of foam-in-place construction, was subjected to a vibration
criteria of 15 to 55 cycles per second through a total excurcion of 0.015
inches double amplitude. The scan from 15 to 55 to 15 cps was accomplished
in a period of 80 seconds, the cycling being continued for a total time
of 45 minutes. The vibration fixture was mounted to the vihration equip-
mnt in- the vertical axis as shown in Fig. 7. Vibration pickups were
located at various points for all tests performed. The vertical, lonai-
tudinal, and lateral planes were all subjected to the vibrational inputs
as indicated. The severity of this test did not affect the shelter but
{ndicated a multitude of equipment design deficiencies which had to be
subsequently corrected. Data such as this indicated the shelter per-
formance and its high grade of stability under vibrational forces.

(2) Shock: Shock fnputs to a shelter, by virtue of railroad
humpis;, inposes approximately a 30g load upon impact and the
road tests provide further information as to tynes of shock and forces
that are imparted to shelters. These forces cenerally reach maximum
crests of approximately 24 q's.

It 1s well to point out that honeycomb shelters are not known
to have been subjected to these types of abuses.

d. Quality Control

The basic objective of a quality control program is to fnsura
8 degree of quality which is consistent with intended requirements of
the user. The aspect of quality control is more significant in honey-
comb than in foas.

(1) Honeycomb: To insure uniform quality in honeycomb cores,
it 1s i{mportant that the raw Kraft paper used in their construction be
of uniform quality. This material must meet rigid standards as the
fintshed product {5 so largely dependent upon the uniformitv of {ts
priucipal material paper. A close quality control system where each
batch of paper received {s sampled, tested, and properly stored and
conditioned, {s necessary. There are 2 number of physical tests which
can be made as the stock is received to determine {f a vendor s meeting
specification requirements. These tests should perhaps include the
following in the physical category.

(a) Conditioning Faper: (ASTM Desianation D685-44) - The
strength and dimensions Of Kraft papers vary consideradly with the amount
of moisture content they contain. It is, therefore, necessary that the
untreated paper be conditioned prior to both testing and treatment,

This 13 accomplished in conditioning chambers, where both tesperatures
and relative humidity can be accurately controlled. Here the paver is
held until an equilibrium condition is reached before testing or using

the mterial.
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~ (b) Paper Thickness Tesi (ASTM D64S-SBT, Method D):
The mniformity of thickness in papers is very important in honeycomd
core mnufacture since the strength property is involved. Loss of
required thickness can wesken a section considerably. The test s
accomplished by use of a special type of psper wmicrometer ewploving
small special discs with tension control so as not to compress the
paper t0 any appreciable extent in taking measurements.

(c) The Mullen ur Bursting Strength of Peper Test (ASTM

Designation D774-46): This single test gives more information on the

fcal charecteristics of paper than any other individual test, It
will show the strenqth required to puncture paper in pounds per square
inch, the mchinhe and cruss-machine direction of manufacture, fibre
direction and fibre length. The test is performed in a special in-
strument called a "Mullen Tester® which may be either hand operated
or mtor driven, It essentially consists of a two plate clamping
fixture, a rubber disphragm which is actuated hydraulically against the
paper over a | square inch area wnt{l the paper ruptures. A gauge in
the hyraulic 1ine measures the force 1n pounds at which the paper
bursts. Examination of the ruptured test specimen reveals the other
information Yisted above.

(d) The Scott Temsile Test (ASTM Designation DB28.48):

This test determines the tensile strength of paper. Tests are made

in both the machine direction and cross-machine direction on strips of
paper 1/2 inches to 2 inches wide., The specimens are clamped in jaws
50 that the length of paper between them 1s at least 5 times the width
but no greater then 15 times the width. The Scott or similar testers
separate the jaws at a constant rate of speed and record the force
necessary to break the paper in pounds, indicated on a dial arrangement.

{e) The Elmendorf Tearing Strength Test (ASTM Designatfon
0689-44): The £lmendorf! tester deterwines the tearing strength of
paper. This instrument measures the tearing stremgth of paper as
force in grams to tesr the peper in either the machine or cross-machine
direction over s predetermined distance. The device s supplied with
8 cutter to start the tear, & smell paper cutting bosrd with knife and
a spacer block to obtatn the corvect specimen size. Tables are pro-
vided tn order to calculate the force {n grams from the reading abtatned
on the instrument scale,

Information orn paper testing apparetus mey be made avaflsble
from the Howe and Funch Cospany.

hese tests are indicated to acquaint the reader +'th
standards used in the paper industry., Inherently, the tolers :s and
controls t{awvolved in honeycomb menufacture for attaimment of a good
quality product are critical,




b. Foam: In quality control for foams, the foam saterial {is
generally checked for chemical composition and so marked for maximum
storage time. Sample pours are tested for cell structure and compression
strenqth. During foaming, mold temperatures and pressures are care-
fully monitored,
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e, Moise Transmission Characteristics

Trensmission loss characteristics of sandwich or foem core
Hightweight panels are not easily determinable nor simple., There
{¢ also very little literature avaflable for infcrmation in the area
¢” acoustical daia related tc this type of siruziure. The noise reduction
field 1s hosever vigorousiy treated in many texts om rOst other tywpes
of pamels., It 1s not the intent herein to elaborate on all the analvtical
parimeters involved, but due to the tasic similarity of honeycomb and
foim panels a simple discussion is offered to show an apparent trans-

- wissfon loss relationship.

The transmizsion loss characteristics for these specific types
of panels are not simple since the coincidence frequency (f.) may occur
v th: audible dands. In the "Noise Reduction” text by Ber&ek, page

,?-;'522, the critical frequency (lowest frequzncy at which wave coincidence
. isevs) ts shown by the approx!mete formula

& /zm
"TMMa V T

where:
C = speed of sound in air in feet per second
d s penter-to-oenter spacing of surface sheets in feet

"s‘ tuta) surface mass of panel including the core in sluas
per square feet

t = thickness of one surface zheet iz fret

£ » Youngs Modulus for the surface sieet materfal in pounds
" per square feet

for a given panel of 2.5 inch thickness with aluwinum stins of
R mils thickness and &3swaing a honeych or foax core of 2 pounds per
asdic foot demsity, both structural elemonts behave as a single pane!l

‘abhove their critical frequencies. The calculation below in accordance

with the given equation for f¢ yields spproximately 123 cps and is
mliamc to both types of panels.

d= 2.5 in = 0.208 ft.
0.032 1a = 0.0027 ft.
c= 1128 ft/«ec
£ = 10,000,000 15/402 = 1,440,000,000 #/Ft2
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Mg 1s derived as foliows:
For Aluminum Skins (density - .101 pounds per cubic fnch)

2 x .632 in x 144 in x 0.101_1b
| TRZ , im0
Mg = U7 ¥t sect

A
- (2) (.032) (144) {.101) 1b-se
. & 132.7]) 0.14 ?I???#ii

or 0.14 slugs/#t2
0012 16 x 2.5 in x 144 in?
P J—— i o
Hsc WW!SQC‘

{.o002){2,

L 0.01% 39;{5—{

or 0.013¢ slugs/Fe”
Therefore Mg = “SA + "SC
= 0.14 + 0.0134
- 0.1534 slugs/ft’

Now

(1128)2 { (2) (0.1534
fe " [ZNI.VAVIDZ08) ¥ !U.&H U,leﬁgi

= (960,000)(0.000281)

= 123 cps

This low value for (fc) indicates that reduced tramsmission loss
will hold tarough the speech band {500,1000,2000 cps Octaves), The effect

of this reduced performence »s & sound barrier {s {1lustrated on page

287, Beranek, “Noise Reduction. In the reqgion above (f.), demping is

a sajor contributor to any transwission loss. Control of the damping

characteristics of foam materials has been resdily achisved by varistions

in composition,
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The plotted data as shown in Fig., 8 was taken with a GR-1558-
AP Octave band analyzer. The luw and uneven losses were anticipated
for such & Tightweight and frregular structure (e.g., many breckets, §
channels, etc.). The curve given for honeycomb panels appears to ‘
be in error and {s, in Tight of the uniform 3db per octave slope,
probably somewhat imaginative. {See note below)

It ¢ .. be concluded that, with all available data, the foam
panel may be designed to be more efficient as & sound barrier, but not
to the extent of havina high superiority. The lack of information in
this area 1s consistent with shelter manufacturers' reluctance to
submit definitive data.

The recorded data for a foam type panel 1s indicated below:
Octave { ¢
Band Readinn Reading 5
Frequency Inside Qutside Loss :
: cPs SPL(db) SPL(db) (db)
31.5 | 67 76 9 K
B 63 78 86 8 s
125 73 82 9 §
250 77 88 n L
500 72 86 14 g
1000 - 72 85 13 B L
S 2000 6 75 14 3
SN 4000 59 73 14 Py '
SR 8000 50 68 18 B .
16000 50 53 unk 2
B A 4 88 14 X
i ALLFASS 82 93 N A
'1. | The NR obtained {s equivalent to transmission loss since
¥ B special integration at close proximity to the panel was used for ail !
v " reading. ! ¥
LT . NOTE: It should be undarstood that the curve as plotted in Figure 8 : -
s should not be compared for evaluation, since the upper honeycomb Curve . i
S is the only representativae data available, and as stated before, is :
e erroneous. It is quite possible that it would fall below or close o . »
' ;’.‘f the foam type curve. The 11lustration suggests only what may be expected : i
P in current data.
l% y N 4




2. ZLore Properties

a. Heneycomb: Honeycowb cores designed for shelter structures
are phenolic vesin {mpregnated Kraft paper base materizls. The weioht
of the paper and the resin content may vary depending on whether the
panels are for the floor, roof, sides, ends, or doors of tiie shelter,

In gersral, there are twe types or grales of treated core matzrial used,
the 60 pound and *Pe 125 pound paper, each of which may be impreanated
with phenoiic resin contents of 10-12% or 18-20%, Most panels utilize
tne higher vresin content for the floor and roof ranels with the heavier
base paper, while the vertical panels may be either, dependine uvon the
strength requiraments and the weiaght limitations of the shelter,

Honeycomb core material combines strength, stiffness and
insulating properties in a Tightweight structure.

For property data, see Table €. (Values shown are subject
to variance as literature is not consistent.)




-
TABLE C
PROPERTIES OF HONEYCOMB CORES
. |
. S Material: 604-20 Type 30
| ;; :;. Density, lbs/cu.ft. 2.1

. Compression Strenagth, psi) O%R.H. 150

) 50%R.H. 120

] )100%R . H. 3

Shear Strength, psi (TL plan) O%R.H, 75

) 50%R.H. 70

Y100%R H, 21

Strength, psi (TW plan) O%R.H. 40

) 50%R.H. 375
ne )100%R. H, n

Heat transfer, K Factor)
2tu/hr/sq.ft./F°/in)
For 2" thick)

; /2" empty cells)
‘ 1/2" foam filled cells)

.20-.28
12-.17

Transmissfon Loss (db)

: » Frequency (CPS) 100 - 12.5

! 200 - 15,5
" 500 - 9.5

" 1000 - 22.5
Cell Sizes (1/4, 3/8, 1/2, 3/4 and 1 inch)

REF: Afrcomb Test & Tech Data; Zero Mfq. Co.

3

125#-35 Type 20 -
3.6
460
340
90
205
192
74
120
13
34




(b) Foam: Foam cores designed for panels used in shelter
structures are a relatively new and versatile class of chemical
cospounds known &t *he polyurethanes, Both rigid and flexible plastic

foams arc availzble. The foamed in place construction is usuully of the

polyuther isocyanate rigid expandable plastic foam. The combination of

properties of urethane foems miikes an ideal construction material for

shelter panels, The material is lightweight, stable, has excellent

thermal insulation, is a fairly good adhesive and where Structurs) '
strength is of importance, the higher range of densities may be used. *

Paneis are constructed by:

(2} Pour filling (foaming) the cavity formed by the face
sheets (skins) and the supporting frame., Experience in the pre-
treatmeat of the metal perts and the fabrication techniques of venting,
foaming control, pouring and stop curing have made it possible to foam
£i11 the largest type panels within the state-of-the-art today.

(b) Cutting slabs of rigid foam to the proper thickness,
size, and shape. Then an epoxy adhesive coating is metered and spraynd
onto the surfaces of the metal and foam to be joined. Finally, cured
under pressure, the alumiaum face sheets, supporting members, thermal
barriers and frame ave bonded into a light, rigid, flat and xmootn
surfaced panel, Foam & nsities from 2 pounds to 10 pounds per cubic
foot are used, sometimes in the same shelter, depending upon the re-
quirements of the function, weight, location, etc. of the various panels,

See property data Table D,

e anpttns
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TABLE D
PROPERTIES OF FOAM CORES

Material: Polyether - Isocyanate carbon dioxide expanded
Machine  Mix  Slab  Stock
Density, 1bs/cu.ft. 2.0 4.0 2.0 4.0
. Tensile Strength, psi 46 80 54 94

Conmgression Strenath, psi

10% deflection at R.T. 30 122 n 137
Shear Strenath, psi 28 52
Moisture Absorption, 1bs/sq.ft. .078 067 .07 .06

Heat Transfer, K factor

Btu/hr/sq.ft./F*/in 120 220 136,250
Stability, 20 cycles Excellent-constant dimensions
1 cycle - 16 hrs at 100°F, 100%R.H./2hrs at 15°F/6 hrs at R.T,
| % Closed Cells 92 9% 90 89.7
Sound Absorption, NRC .60-.70 .80-.90 .55-.65 .75-.85

T e e <

®

Ref: Craig Systems, Inc.




D. GENERAL COMMENTS AND CONCLUSIONS

Basically, foam type shelters have been tried and tested co that
performence can be predicted with reascnadlie assurance of meeting present
day criteria. The thermal conductivity or K factors for many formulations
of the polyurethane foams is equal or lower than the K factor for mineral
wooi-~-glass or mfk (0.27), cotton fibre batt (0.26), wood fibre (0.25), or
masonfte (0.33).' Thus the advantages of good fnsulating properties,

Tow density, combined with high load carrying canacity, and ability to
be foamed in place make polyurethane foams in ideal material for sand-
wich core application. These structures have been efficiently used and
have been built to all sizes ranging from & feet in length to 23 feet
in Tength. The general height and widthhave been restricted to 8 feet
for accomsodation into cargo aircraft.

Honeycomb type shélters were procured in the past on a limited basis
and at that time were observed to pcssess inherent deficienctes. Failures
of facings near edges where concentrated loads were present often appesred.
More often, the presence of moisture within panels was noticeable throush
increased shelter weight and panel tests. Admission of moisture into
honeycomb panels mast be prevented. Care and good destgn should be in-
corporated in the fabrication of edoe members or the weight advantage
gained through use of sandwich construction may be Vost. Subjection
of these shelters to the various critical environments through
a time span, cannot be over amphasized, since time ‘nvolved in operational
use is still the best index of the qualitv of a hoaeycomb shelter. As a
result of the return trend to honeycomb, it is becomina increasinqgly siq-
nificant that these types of shelters should undergo complete structural and
climatic tests. It {s recommended that tssts be conducted and the be-
havior of these units be observed and recorded so that in the event of a
recurrence of old mofsture problems, an unnecessary large shelter in-
ventory need not be involved. If new techniques and materials do solve
the old problems, the competition is welcomed, which may fnsure some new
fnnovations in design,

The higher rigidity of honeycomb panels over foamed panels, considered
an advantage, 1s offset in a completed shelter since foam constructed
panels in a shelter offer better shock absorbing characteristics, better
t"nml properties, as well as slightly better noise sbsorption characteris-
t csl

Your attention is invited to the appendix of this report where recent
information discloses leng standing honeycomb problems in aircraft, and
the approach used in containing these problems. It ¢ also important
that one recognizes the level or deqree of quality recuired for afrcraft
as compared to that required for shelter;.

Theating, ventilating and air conditioning auide 1956 Vol. 34 pp 1718172,
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APPENDIX

Control of Water Entragment
in C-141 Honeycomb Panels

by L. A. Wilson, Supervisor, Quality Engineering and L. E. Meade, Manager,
Composite Structures Program (condensed)

WATER ENTRY {s one of the inherent problems encountered by the entire
industry in the use of honeycomb. During the initial years o honey-
comb use in the aircraft field, water was generally overlooked until
visible external damage was observed. As a result, the airlines--for
example--have a mandatory maintenance program of water-entrapment-
caused repair or replacement. The airlines have continually monitorea
for face sheet delamination, core damage, and corrosion with subsequent
repairs using fasteners or heat for baking water out. This activity has
prevented any known accidents due to water entry.

Lockheed-Georgia extensively reviewed approaches to water entry
contrci as emplioyed in the inlustry. It was obvious that more advanced
procedures than those currently in use were required, One of cur first
steps was to disregard the assumption that a honeycomd sandwich panel is
sealed by 1ts adhesive along the bond line. Use of new specifications
governing the overall process of bonding and sealing honeycomb sandwich
and increased testing, we believe, has made the honeycomb structures on
the C-141 the most water resistant of any currently in use.

IMPROVEMENT IN WATER ENTRY CONTROL has been noticeable through the radio-
graphic monitoring of C.-141 aircraft by Lockheed-Georgia Ouality Assurance.
This is particularly significant since the C-141 has more honeycomd
structure than any afrcraft flying, and we regard in-service monitorirg

as very {important.

By means of laboratory and field testing, Lockheed-Georafa has found
that water can enter honeycomd panels by three major methods.

DAMAGE-The first and most obvious occurs when the honeycomb sandwich
has been damaged by being overstressed or crushed or punctured, or
by having fasteners replaced without resealing or by unintentionally
:crapinq'o{f the sealant. This type of problem must be controlled
n the field. ‘
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WATER ENTRY SHOULD BE REGARDED AS SOMETHING TO CONTROL AND NOT TOL 'RATE

BREATHING.Honeycomb core, becausz it {s sealed, contains atmospheric
pressure and can cause some biow-out of sealant damace, Afterwards, at
qround level, the reduced pressure in the sandwich causes moisture-laden
ambient air to enter. This occurs on a cyclic basis. An added worry is
having encuch moisture accumulate to cause core damace by freezing when
retumina to high altitudes. The C-141 minimizes this nroblem by the
use of non-nerforated core, with no intercellular connections.

WICKING-Due to the use of fabric carriers in the adhesive film, some
water entry has been found oresent only in the center of the nanels.
These isolated cells caused much consternation until the wickina prin-
ciple was discovered. Yater can enter bv canillary action (wickina)
slong a trimmed edoe and trave! alona a carrier fiber or strand until

{1t reaches a point where the adhesive does not nrovide an entire sheath-
1ike coverina of the fiber. At this point the water enters the cell
(Figures 6 and 7). A1l trimmed edges of panels are sealed on the C-141
to eViminate this type of wzter entrv.

tegee .
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Lockheed-Georgia devoted considerable time to monitoring and evaluating
the water entry rate in honeycomb test panels in order to have the ability
to determine the amounts of water entrapped. Obvicusly the rate of entry

is variable, depending primarily upon such factors as the damage and the
degree of exposure,

The efiect of gross amounts of water can b. detected visually or by
"coin® tappin? the honeycomb skin. When ‘hese methods reveal weter, &
repatr or replacement 1s usually necessary because the panel has de-

lamination in that area (Figure 8). We do not recommend vaiting untii
this occurs, but prefer to incorporate preventive measures.




KOST LOGICA TIME TC DETECT WATER sntrapmert ts before core dzouge or
delamination can occur. To detect water ectrapment it this stace Lock-
heed uses and vecommends X-vay methods. Flthough new methods foi water
detaction ere continually being evaluated, vadiographic methods contfnue
to resain the best means.

Due to the possinility of core damage, yanel deiamination, and
corrssion, water entry should be regarded =t something to control and
not to tolerate. When entrapped water is prosent, steps should de
taken to remove {t prior to damage. Nater can not be allowed to
sccumstate {n the > panels of contro’ surfaces even though
within thecretical weight unbalance tolerances.

REFAIR. The best way to remove the water is to c¢ot 1t cut the same way

ft got in, but in »n accelerated manner. To do this, heat is usually
esployed with some enlarged exit path provided. After this {s done,
resealing is performed with 2xacting techniques. The recommended meliods
and techniques for repair ¢f Lockheed-Georgia panels kave been deignated
in T.0. 1C-141A-3. The gereral manual removal methods are summarized as
follows:

LMATER REMOVAL PROCEDURE
Once the presence of water has been established:

1. Dril) MO holes into cavity containing water and drain water as
thoroughly as possible,

2. Rewove resmaining moisture Ly heating to 150 +10°F vYor 6-12 fours.
A vacum may be used to aid drying, provided care is tghen not
to collapse core., Llow density core (2.3 to 3.& Ids/fi°] =~vautres
control of vacuum to 10 in Hg maximum.

3. Use :adiographic fnspection to deterwmine exteni of moisture re-
wovil,

4, Pebake 1f mofsture is st?1] preseat and re-sxamin:,

S. Repair holes with rivets dipped n MIL-S-8802 sealant and se2al
panel in accordance with dirsctions in T.0.1C-141A-3, paying
particular attention to resealirg the zssemdly in the area(s)
of inftial aoisture entry. '

.REPAIR OF DAMAGED AREAS
If damage to bonds and/or core results from the freeiing of liguid,

damage should be repaired as prescribea by 7.0, 1C-141A-3, Repairs
can only be made after water has been removed.
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CONCLUSTIONS

The inescavable fact is that honeycombd sandwich {s the best material pre-
sently in use for providing the necessary weight-to-strength ratios re-
quired for modern cargo aircraft. The C-141 uses more honeycomb struc-
ture than any aircraft presently in service--over 600 individual penels
representing approximately 6000 square feet of area.

Although water entry has been sionificantly reduced, it may stil
sccasionally occur due to damage, the nature of honeycomb constructiion
ane use, as well as the effect of atmospheric pressure.
sopzetrs to be something which can be easily contreiled buc should never
be overiooked. By employing a system of preventive control, aircraft
in service wi1l have no significant proilems as the result of water
entry. Periodic mounitoring b X-ray will give the necessary information
to determine wiether iny water removal cr repair may be necessary.

oy Lockheed Afrcraft Corporation, 1366, and reprinted by

Lockheed permission.”
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