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FOREWORD

This report was prepared by Andrew Szego, Karim Premji and
Robert D. Appleyard of the Reséarch and Enqgineering Group of
Explosafe Division, Vulcan Industrial Packaging Limited, Toronto,
Ontario. The work reported herein was carried out under a joint
U.S. Air Force/Canadiun Government Contract No. F33615-77-C-3115,
Project 3048, Task 304807, Werk Unit 30480782, "Evaluation of
Explosa’» Suppression Material", and was administered by the
Fire Protection Dianch, Aero Propulsicn Laboratory, Air Force
Wright Aeronautical Laboratories (AFWAL), Air Force Systems Command,
Wright Patterson Air Force Base, Ohio, with Thomas A. Hogan,
AFWAL/POSH, as Project Engineer.

The report describes the results of work conducted during the
period July, 1977 to July, 1980.

The authors wish to express their special thanks to Mr. T. A. Hogan,
AFWAL/POSH, Mr, T. O. Reed, ASD/ENFEF, Mr. C. Pedriani, AVRADCOM,
and all the individuvals and organizations who contributed towards
this effort. The authors would like to express their apprecia-

tion to Mr. W. E. Bessant and Mr. R. A. Kemp, Department of Industry,
Trade and Commerce, Government of Canada, and also Mr. D. C. Webb,
Director of Defence Production, MCLDDP, Government of Canada, and
his predecessors Mr. E. A. Coolen and Mr. E. Johnston for their
valuable assistance and contribution.
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SUMMARY

Fuel tank ullage explosion resulting from ignition of vapors by j ‘
various means is a major cause of military aircraft loss in b
, combat. Over the years, many concepts which seek to prevent or
3 suppress such explosions have been explored. Nitrogen dilution,
chemical quenching and polyurethane foam explosion suppression

.

L

materials have emerged as the primary candidate systems.

This report presents the results of a four-year performance study
and qualification test program conducted on Explosafe, one of the
latest, most advanced explosion suppression materialt. This is an
expanded metal mesh manufactured from thin aluminum foil. Coiled,

A ot el sl

g Ly

or otherwise layered into a three dimensional structure of con-
trolled density, it can be shaped to match the interior geometry

of fuel tanks and installed through existing access areas.
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The system has the passive, logistics-free advantages of the foam
i filler materials, yet, because of its metallic nature, it 1s free
i of limitations on operating temperature; 1is hydrolytically

i stable; and does not encourage electrostatic charge generation

during fuel filling operations - the primary disadvantages of

polyurethane foam materials.

A weight optimized configuration of thickness, expansion, web
strand width and layering of the aluminum foil has been established
] at 2 1b/ft3. The performance of this optimized arrangement has

L. been proven satisfactory from the standpoints of ballistic impact,

e it e S S

i . . . . . . ,
Co slosh, vibration, compaction, contamination, corrosion, static
attenuation, fuel displacerment, fuel retention, handling and

installation. While installaticn and removal can present some

difficulties, the system in its present fcvm is equal or superior
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to tan¥ fil’~" materials previously used or contemplated for
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equivalent explosion protection, and is now ready for use in

T TR

airborne applications.
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Even though the dry weight of the material is somewhat greater
than that of other explosion suppressant materials, its overall
effect on aircraft range is comparable due to its lower tuel

retention and displacement characteristics.

The Explosafe explosion suppression system has been developed by
the Explosafe Division of Vulcan Industrial Packaging Limited
(VIPL) of Canada, and is currently in use in a variety of surface
vehicles. In view of the many proven advantages offered by the
Explosafe system in reducing or eliminating fuel tank explosion
hazards, it must be concluded that the system now merits serious

consideration for application wherever such hazards exist.

Initial combustion tests on Explosafe conducted at Wright-
Patterson Air Force Base, Aero Propulsion Laboratory were suffi-
ciently promising to warrant a program of tests and demonstrations
to study all factois relating to the use of Explosafe as a passive
system for aircraft fuel tank protection. The program was
conducted by the USAF and VIPL under a jnint USAF-Canadian
Government contract. The positive results obtained have justified
the extensive effort involved in determining the practicality of

the system for future airborne applications.
The test program was divided into two phases:

a) Phase I was conducted jointly by AFWAL and the
US Army to characterize the explosion suppression
performance of the system, with regard to its
manufacturing variables, in "worst case" labora-
tory and full scale ballistic environments. This

work is reported as Task I.

b) Phase II was conducted by the manufacturer of the
material, sub~contracted by the Canadian Government.
Their responsibilities were: to determine if the
material would withstand operational and environ-
mental conditions to which it would be subject in
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ailrborne military service; to demonstrate that

the material would not affect aircraft operation;
to explore the feasibility of its installation;

and to define the physical properties and
operational penalties of the system. These various

areas of study are reported in Tasks II through 1IV.

Task I

In Task I, the evaluation conducted hv AFWAL studied the effects
of material orientation, specific weight and specific surface
area on performance using electrical discharge ignition of a
"worst cese" propane/air mixture. It was concluded that the
material orientation was not significant and the optimum material
was one having a specific weight of 2 lb/ft3 nanufactured from
.002 inch foil. This material met the overpressure rezquirements
of MIL-B-83054 B for types I, II and IV with a material maximum

allowable void volume of 10%.

The US Army evaluated a narrower range of material variables by
subjecting them to typical ballistic threats in tanks of varying
sizes. The optimum selection was confirmed and demonstrated the
ab®lity to withstand threats up to 23 mm HEI-T with acceptable
overpressures in typically voided configurations. The report
describes further tests wherein an external wing tank equipped
with the optimum material was exposed to the same threats and

dramatically demonstrated the pertformance.

Task II
In Task II, the manufacturer defined the materials' properties

and its effect on fuel systems. The relationships of material
specific weight and specific surface area to foil expansion and
thickness were established. The level of entrained sclid con-
tamination was measured under both laboratory and field conditions,

successfully meeting the military r2quirement.

The penalties of fuel displacement and fuel retention were defined,

again under both laboratory and field conditions. This data is
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used to evaluate the system weight penalty and effect on usable
fuel in a typical fuel tank. In & static system comparison with
the latest type of polyurethane foam explosion suppression, the
lighter weight of the latter is offset by the greater usable fuel
of the Explosafe system. In a dynamic situation, further reduc-
tion in fuel retention with the polyurethane foam and the Explosafe
material can be anticipated,

The material was found to have no effect on fuel system operation
with regard to flow, flight inversion, and vent icing character-
istics. The additional benefit of slosh suppression was evaluated,
demonstrating reduction in dynamic wave forces by an order of
magnitude. In a study of the electrostatic charging/discharging
characteristics of a fuel system using the material, reduced

charge generation (no spark discharges) and the potential of
continuous, safe charge dissipation were noted.

Task III

In Task III, the material was subiected to typical operational
stresses and environmental exposures which included static
loading, dynamic slosh, dynamic slosh with vibration in both
metal and bladder tanks, dynamic vibration alone, and exposure to
fuels, additives, and typical corrosive fuel contaminants. In
each field of study, the material itself proved to be acceptable
with insignificant effects on tank structures, coatings and
environments.

Task IV

Finally, in Task IV, the feasibility of installing the material

in fuel tanks of increasing complexity culminating in the center
wingbox tank of a Fairchild-Republic A-10 2ircraft was studied.
Access was limited to existing apertures and a maximum void
limitation of 10% was defined. fThe installations in the more
simple fuel tanks were easily accomplished and, while demanding
much design consideration and a great number of individual sec~-
tions, the wingbox installation also was successfully demonstrated.
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The test program has yielded a wealth of information on this

candidate's performance, properties, manufacturing techniques i %
and design criteria., This information is the basis of a military ;
specification presently being drafted. . ;

b
Explosafe explosion suppression material meeting that specifi- 1

cation and engineered to conform with the design criteria is

yy

- e

qualified for consideration for use in wmilitary aircraft. Actual
selection for use will be determined by specific advanced

s S

airrcraft system survivability needs and assessment of specific

"

advantages offered compared to other state-of-the-art protection
measures.
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SECTION I

INTRODUCTION ;

Background

The problem of £ =1 tank explosions.has been with us since the

inventicn of the internal~combustion engine. The hazard is

amplified under the ballistic threat to aircraft in combat. 1In

fact, the most vulnerable parts of an aircraft are the fuel tanks.

In the 1960's, a polyurethane foam capable of suppressing explo-

sions was demonstrated by U.S. and British authorities.
passive

The
nature of this type of system and its ascociated reduc-

tion in logistic problems, together with full time protection,

made it a viable alternative to the existing fuel tank inerting

schemes employed at that time. The USAF experience in South East

Asia further exemplified the vulnerability of its aircraft in the

fuel tank area. The tropical climate of South East Asia sub-

jected the foam to extremes of temperature and humidity which

revealed deficiencies. The foremost was a lack of hydrolytic

stability (humidity resistance)., Limited service life of 2 to

5 years was experienced with the foam, and as breakdown occurred,

fuel systems became contaminated and fuel filters were clogged.

The Air Force realized these problems and in 1967 initiated a
Technical Need (TN) for a high temperature explosion suppression
material for aircraft fuel tanks and dry bay areas (Reference 1).
In 1970 another TN was initiated to evaluate advanced flame
arrestor technology for aircraft fuel tanks.
was updated to include the Explosafe material

In 1974 this TN
{Reference 2),.

The objectives of both these TNs were two-fold:

a)

to provide alternate materials to the present
polyester polyurethane foam for use in high

performance aircraft where temneratures can
exceed 200°F,
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b) to provide improved materials in terms of

humidity resistance for use in current systems
where temperatures do not exceed 200°F.

Explosafe, a fuel tank explosion suppression system, has been
1 under development for some 25 years. In its present form it is

an expanded aluminum foil matrix that was conceived in the late
1960's. Being metallic the material is able to withstand the
high temperature environments and the aluminum alloy selected
can tolerate high humidity. It therefore satisfies the TN
expressed by the USAF.

e A = =
D o ahl it i) it il W . s S -

The Explosafe material is manufactured by slitting, then expand-
ing a thin aluminum alloy foil. The resulting material is then
} coiled or fan-folded into a 3-dimensional batt. In the first

: operation, a rotary gang-slitter is used to impart an offset

‘< series of interrupted slits to a 14 inch wide web of material.
The width of each inter-connected strand, typically .055 inch
wide, is determined by the thickness of the slitting knife
employed. The second operation is a transition of the web from
the slit to the expanded state. This is performed by advancing
the slit web, held by its edge, continuously over a pair of
divergent triangular arms. As the foil strands are sepoarated,
they form the sides of a series of irregular hexagons, as
illustrated in Figure 1, and they also twist out of the plane of

the web. This strand incline gives the web an increased effective
thickness.
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To prevent nesting of the inclined strands, adjacent layers of

the material are inverted as shown in Figure 2, resulting in an
edge to edge lay-up. The density of the material is thus con-

X trolled and settling or shifting eliminated. Opposed in this

' way, two webs can then be coiled into cylindrical batts. The
preferred method of fanfolding however is shown in Figure 3. The
E_ web, creased perpendicular to its direction of travel, is allowed
to fold along these regularly placed indentations. Using a single
web the resultant layers contain strands twisted in the required
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Figure 1. Transition from Slit to Expanded Foil
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Figure 2. Layer Spacing in Opposed-Strand Leéyup
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Fanfolding Expanded Foil into Rectangular Batt

Figure 3.
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opposite directions. The use of two opposed webs doubles the

output of the fanfolder while maintaining the reversed layup.

The Explosafe Division of Vulcan Industrial Packaging Limited,
(VIPL) is the developer of this technology. A Canadian Company,
VIPL is involved in the world-wide marketing of the material.

L Scope

The Explosafe system was introduced to the Air Force as a possi-
i ble candidate in the search for an improved method of explosion
suppression. Tests conducted by AFWAL/POSH and ASD/ENFEF during
the third quarter of 1975 verified its ability to suppress
explosions, In fact, the explosion suppression performance on
i this initial screening was equal to the large pore polyurethane
- foams. This performance, together with tha advantages of being
k metallic, justified a research and development program to assess
and qualify the material for use in aircraft fuel tanks. This
was initiated in the form of a joint Canadian Government/USAF
program to evaluate Explosafe. The contractor on this program
was the Canadian Commercial Corp. who, in turn, sub-contracted
Vulcan Industrial Packaging Limited, Explosafe Division, to

]
ﬁ carry out the contractor portion of the program.

E: The technical requirements of the program were divided between
h. the contractor, who became responsible for the gualification

g testing, and the USAF/US Army who jointly assumed responsibility
) for the explosion suppression performance evoluation.

Objectives
The program was divided into four tasks:

Task I - Performance Testing
Phase I
; Parallel series of tests were to be performed by VIPL and AFWAL

to assess the effects of material orientation on suppression

performance. On completion of this program, a trade off study
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was to be conducted to evaluate, under labcratory conditions,
optimum material configurations.

Phase II

Tests were to be conducted to assess the ballistic response of
the material in its optimum configurations. This would be con-
ducted jointly by the USAF and the US Army, and include API and
HEI-T impacts. Blast attenuation and explosion suppression were
to be investigated in a full scale simulator.

Task II - Material Properties and Effects on Fuel Systems

Tests were to be conducted on production explosion suppression
material to establish significant physical properties and
characteristics. Although emphasis was placed on the products'
specific weight and its fuel displacement and fluid retention
characteristics, tests were also to be performed to assess the
operational characteristics of slosh suppression and electro-
static charge digsipation., Resistance imposed on fuel flow,
susceptibility to vent icing under worst case airflow conditions
and foil~en.rained so;id contamination were also to be examined.

Task III ~ Operational and Environmental Effects on Materials
Operational

Static tests were necessary to determine the ability of the
material to withstand steady loads imposed either by storage or
'g' forces in operation. The effects of operational vibration
were to be determined by c¢ycling the material through typical
frequencies and amplitudes while fuel was flowing. The continu-
ous flow would allow continual monitoring of contaminants being
generated by the vibration by intermittent filter sampling.

A simultanecus slosh and vibration test was to be conducted on
a rubber bladder tank fully packed with the material to evaluate
the interaction of the material with the soft, inner wall surface
of the tank, and to assess the reaction of the foil to internse
operating conditions. Here, disintegration, settling and com-

pacting of the foil would be pertinent points of assessment.
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In addition, two dynamic slosh tests were to be performed on a
specially prepared 200 gallon external pylon tank packed with the
material. Under investigation would be the influence of the
material on typical sealant and corrosion preventive fuel tank
coatings. Again, friability of the foil, and measurable

settling or shrinkage of the material were factors to be
appraised, together with shifts in orientation of the material.
The slosh attenuating characteristic of the foil was to be
photographically documented.

Both types of tests represent life-time fuel tank operating
conditions.

Environmental

The chemical compatibility of the material with fuels, additives,
tank construction/fuel system components materials, and fuel
contaminants such as water were of primary concern to the
evaluation. Tests and literature surveys were to be conducted
in each of these areas to ascertain the durability and inert
properties of the material in simulated or comparable environ-
ments and to determine its limitations, if any.

Task IV - Installation Studies

Installation studies were to be conducted on a range of aircraft

fuel tanks to determine the feasibility of designing the material
for installation into tanks of various complexity, and to
evaluate techniques associated with shaping and bundling the
material to accomplish these installations. The studvy was to be
performed in three phases. Successive phases would deal with
techniques required to design, fabricate and install the material
into tanks of increasing complexity, culminating in installation
for a fighter type wing tark complete with all associated

integral plumbing.
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SECTION 1II

TASK I - PERFORMANCE TESTING

1.0 COMBUSTION

1.1 Procedure

The procedure for comparatively evaluating explosion suppression
performance has been established by MIL-B-83054B and is exten-
sively described in Reference 3. Summarizing, the procedure

consists of inserting the srecimen system in a pressure resistant
v test chamber, known as a flame tube, having a minimum total 1
volume of 5.0 cubic feet and a 100 square inch cross-~sectional

area. The flame tube used by the AFWAL is 7.5 cubic feet with 1
a cross-section of 144 square inches. A propane/air mixture of i

the ratio which previously has been found to result in the
highest combustion overpressure is created within the chamber,

T SR

verified by bomb sampling, and ignited with a high enexgy spark
g source having a minimum 0.25 millijoules energy. Evaluation of
o the performance is based on the recorded overpressure vs time _
r curve, with particular reference to peak overpressure and !
pressure rise time, with respect to the initial conditions. i
Visual observations of the reaction within the chamber and the
condition of the specimens after test are also considered.

e

The testing conducted kv AFWAL is fully reported in Reference 3,
o and it is on the results recorded therein that the Explosafe

explosion suppression system is to be evaluated. VIPL c¢onducted
a parallel test program to confirm and augment the AFWAL effort.

sl kb o i UMY 5 3 i il -

Small deviations in the test apparatus and procedure exist but
the VIPL test contributed to the analysis of the AFWAL results.
The VIPL apparatus and proceduresare described in Appendix A.

= 1.2 Results

The AFWAL test results are summarized here. 1
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2.1 Orientation Study
The program studied the effeccs of the material orientation

within the test chamber relative to the direction of flame
propagation. The material, being a layered, asymmetric cell

structure, might be expected to affect the flame propagation by
virtue of the different surface area and cell geometry presented
to an oncoming flame front in the three mutually perpendicular

planes as illustrated in Figure 4.

The tests were conducted with the 3 mil material at an expansion
of 38 inches yielding a specific weight of 2.75 lb/ft3 and a
specific surface area of 130.6 ftz/ft3, Initial pressures of
14.7 psia and 17.7 psia were tested. Some of the material sub-
mitted for these tests was oversized and, in modifying, was
subject to damage and undersizing. Also, other material had
shrunk during transportation and was therefore undersized. The
resultant gaps between material and flame tube walls may have
resulted in scatter and inconsistencies in the test data. It was
decided to repeat the tests. However, the remainder of the
program had to be started and with the intent of selecting the
'worst case' orientation for all subsequent testing, the data
was reviewed. Despite the inconsistencies and scatter, it was
possible to conclude that the orientation did not affect the
suppression performance. The S33 orientation, as illustrated

in Figure 4, was then selected for the subsequent testing
because of its ease of handling and installation.

The repeat testing was c¢nnducted at the end of the program and
Figure 5 illustrates the data. It is evident that the data
scatter is greater than the inconsistent difference between each
orientation, confirming the conclusion made from the first set

of resultes.

1.2.2 Optinization Study

The secord part of the combustion test program explored the
effects of material specific weight and specific surface area
on suppression performance. The intent was to define, if

10
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possible, an optimum material with regard to weight and per-
formance, and involved testing with a range of material thick-
nesses, several expansion widths and combustion void levels (Vc).

A summary of the results is presented in Table 1.

Figures 6 and 7 depict all the results plotted as combustion
overpressure versus specific weight at initial pressures of

14.7 psia and 17.7 psia respectively. It is immediately apparent
that there is a general trend of reducing overpressure as

specific weight increases.

However, the individual sets of data for each foil thickness
show a secondary effect which conflicts with the general trend;
e.g. in Figure 7, the 2 mil foil at a specific weight of

2.17 lb/ft3 consistently outperforms the 2 mil foil at the
higher 2.33 1b/ft> and both of these outperform the 3 mil foil
up to a specific weight of 2.75 lb/ft3. The graphs suggest that
for each thickness of material there is an optimum density.

The surface area of the Explosafe material is a function of the
expansion and is sensibly indcpendent of material thickness
(strand edge area is ignored). Table 2 records this information
as well as other properties of the samples under test. Figure 8
depicts some of the typical results obtained at an initial
pressure of 17.7 psia plotting combustion overpressure versus
material expansion (and hence surface area) for the 2 mil and

3 mil materials at various void levels. The overpressure with
the 3 mil material is always lower than that with the 2 mil,
confirming the general trend of reducing overpressure as specific
weight is increased. The curves again show the secondary effect
noted above which produces an optimum for each foil tlickness.

To explain this behavior we will consider the properties of the
material which influence the supprescion performance, and examine
the work conducted by VIPL to augment the AFWAL testing.

13
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TABLE 1. COMBUSTION OVERPRESSURE TEST RESULTS
APl (psid) - Left Transducer
Combustion Expansion Pos Initial Pressure {(psia)
Void 14.7 17.7
Vc Thickness (mil)
(%) (Inches) 1.5 2.0 3.0 1.5 2.0 3.0
0 32 6.4 5.0 3.5 12.5 7.5 6.5
35 8.0 8.2
38 8.8 6.0 16,1 9.1
44 9.4 13.3 1l.6
10 32 7.6 5.5 18.5 13.0 8.5
35 8.0 12.8
38 12.5 9.0 21.5 13.0
44 12.8 19.8 18.2
20 32 20.5 8.8 23.0 20.6 14.5
35 11.2 19.3
38 16.8 11.5 25.0 13.2
44 13.4 25.3 26.8
30 32 29.0 12.5 37.0 31.0 25.0
35 25.5 29.3
38 24.8 15.3 38.0 30.0
44 16.6 34.0 33.0
40 32 37.5 26.5 45.0 43.0
35 37.0
38 23.6 35.5
44 24.0 51.0 4l1.8
14
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The Explosafe material is not a flame arrestor and the basic
reason for its ability to suppress combustion overpressure is
the rapid absorption of heat as the reaction proceeds. That
ability is influenced by the mass of the material and by its
surface area - these parameters were expected to contrcl the
heat capacity of the system and the heat transfer rate that could

be achieved respectively. Figures 6 and 7 have shown this to be
é: generally true with respect to the mass, but Figure 8 clearly
. demonstrates that there is a point beyond which increasing the
i surface area (reducing expansion) has a negative return and
| suppression performance deteriorates. This would defy the laws

of thermodynamics, therefore, there has to be some secondary
. mechanism by which changing the expansion of the foil affects
N the heat absorption.

The only other characteristic of the material affected by expan-
sion is the geometry of the cells. While, as noted earlier, the
material is not a flame arrestor, it could locally quench a
combustion reaction, particularly at the strand bond regions and
interlayer contact points. The expansion controls the geometry
and number of these areas and therefore, would influence the
degree of gquenching. By so doing, a secondary mechanism of

. suppression would be obtained; that of influencing the amount of

heat released by the reaction. .

To explore these theories, VIPL produced material with smaller
cells for any given expansion by using a reduced strand width
(.040 v .055 inch). The properties of the two materials are
identical with respect to specific weight and surface area. A
full series of tests was conducted on the .040 inch strand width,
3 mil thick material with several expansions at various void
levels and the two initial pressures. The test data is recorded
in Table A-lof Appendix A and is summarized in Table 3. The

‘ overpressures with the two cell geometries are illustraced in

ii Figures 9 and 10.
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The smaller cells consistently result in reduced overpressure
and it is believed this is due to the quenching effects argued
in the foregoing paragraphs. Further study of this phenomena,
using combustion efficiency measurements, will yield a more
definite conclusion.

During the testing of the reduced strand width foil, measure-
ments of flame propagation speeds were made and yielded greater
insight into the materials' ability to control the combustion
reaction. The results are recorded in Table 3. Figure 1l
depicts the flame propagation speeds in the fully packed
configuration (Vc = () and, here, the primary reason for the
shape of the suppression vs expansion characteristics is
apparent. It has been deduced that the cell geometry relates
the turbulence of the reaction and the porosity of the material
in an inverse manner, i.e. as the cells are reduced in size the
turbulence increases and the porosity reduces. At some point
these parameters combine to yield a minimum flame propagation
speed, which, in turn, extends the duration of the reaction so
that the heat is released over a longer time allowing greater
heat absorption and reduced overpressure.

Summarizing, the material suppresses combustion overpressure in

four ways:

a) by the amount of heat absorption, which is
related to specific weight,

b) by the rate of heat absorption, which is
related to surface area,

c) by the amount of heat release of the combustion
reaction, which is related to the gquenching
controlled by cell geometry,

d} by the rate of heat release, which is related
to flame propagation speed controlled by cell
geometry.
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1.3 Conclusions

The purpose of evaluating the Explosafe material in the ‘'worst
case' conditions of the flame tube was to define an optimum
material with regard to weight, preferably having comparable

L suppression performance to the polyurethane foams in use Ly the
; .
USAF.

"

Tolerable void level with respect to acceptable over-
pressure and duvability of the material during handling and

: installation were additional factors to be considered in the
' selection process.

TR T

The optimum material was then to be used in
the remaining tests of the joint USAF/U.S. Army and VIPL program
where the material would be evaluated for aircraft use.

After evaluating each of the material thicknesses over the range
of specific weights offered, the 2 mil material at approvimately
2 1lb/ft” was determined tu be the optimum. MIL-B-83054B, the
? specification for polyurethane foam, reguires that at a void

e T TR (P ey

level of 20% and an initial pressure of 17.7 psia, the combustion
" overpressure in the flame tube test shall not exceed 15 psid.
i .
With the selected Explosafe material, a maximum void level of

only 10% is permissible in order to meet the overpressure limit.
The 3 mil material offered better performance and could tolerate
higher void levels but the weight penalty was greater. The

S g

1.5 mil material offered substantial weight savings but over-
pressures exceeded 15 psid with a 10% void.

e e T

The 2 lb/ft3 material is a little lighter than that which in this

gauge yielded the best performance - the 36 inch expansion
2.1 lb/ft3 type.

Pt B

In the event that better performance was more
important than weight, this density could be specified. Con-
versely, if weight consideration was more important than per-

- ey e T
A g

formance and/or the application was capable of withstanding

higher overpressure, then a lighter density or higher void level
could be specified.

|

praewpe e TSR

The durability of the 2 mil/3 mil materials was considered

satisfactory. The 1.5 mil material was easily deformed.

T A

25




1.4 Recommendations

The alternative strand width material, .040 rather than .055 inch,
has demonstrated significant improvement in performence without
incurring weight penalty. The tests were only conducted cn the

3 mil material and were carried out by VIPL. It is recommended
that more extensive testing be conducted by VIPL using the 2 mil

material. If the testing confirms the improved performance, then

AFWAL should undertake to validate the results with their own

test program. The change offers three possible benefits - signi-

ficant weight savings, higher permissible void level, or extension
of the system to pressure limited applications.

It is also recommended that in the interest of further weight

reduction, means of increasing the durability of the 1.5 mil
material be explored.

2.0 BALLISTICS
2.1 Procedure - Rigid Tank

A ballistic optimization program was conducted by the Applied
Technology Laboratory, U.S. Army and Mobility R & D Lakoratories
(SAVDL-EU-MOS) , Fort Eustis,Virginia. The work is fully reported
in Reference 3 and the test procedure and results will be
summarized in this report for completeness.

The concept of the ballistic test is to determine the effective-
ness of an explosion suppression system in a typical environment
by direct measurement of the combustion pressure attenuation. To
tbis end, a rigid, rectangular steel tank capable of withstanding
both the high explosive blast of typical projectiles and the
subsequent fuel/air combustion overpressure is used as a test
chamber. The volume of the basic chamber can be increased by the
removal of sidepanels and the addition of extension tanks on up
to three sides. The basic tank and the tank with all extensions
are illustrated in Figures 12, and 13, respectively. During the
course of the testing, it was decided to conduct further tests on
the 2 mil material in an intermediate tank volume made up of the

basic tank plus the aft extension only, as illustrated in Figure 14.
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ENTRANCE / PHOTO YIEW
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HEIGHT = 17.25 -’
VOLUME = 15.55 cu.f+. ;
Figure 12. Ballistic Test Tank - Basic
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‘;l Figure 15, is a schematic diagram of the test site and equipment,
kii After being evacuated to 1 psia, the test tank, containing the
specimen suppression system, is pressurized with a propane/air
mixture of the ratio resulting in the highest overpressure for
the particular projectile as determined by base~line tests. The
Wl mixture ratio is controlled by the partial pressure method and
g the gases assumed to obey the idesl gas laws. The ratio is cou~
\ firmed by bomb sampling anl the tank pressure is then returned
to ambient. by venting prior to firing.

; A high speed camera is provided to record the internal events
‘ through a viewing port, and aumerous transducers monitor the blast
i and combustion pressures at selected locations. This data ie

e stored on magnetic tape for later retrieval.

The projectiles are fired from a 23 mm Mann barrel directed at
the front face of the tank on which there is mounted a detachable
entry plate. Projectile velocity is measured by screens located
in the trajectory and the moment of impact is recorded with the
transducer data via an electrically conductive grid mounted on

the entry plate.

2,2, Results -« Rigid Tank

X The test program was designed to evaluate the three thickresses
cf foil at the optimum 28 inch expansion determined by the AFWAL
flame tube test program. Two tank volumes were to be tested with
both, fully packed and 40% voided installations. The suppression
! performance was to be ctudied with two types of projectile - the
23 mm HEI-T and .30 cal. API M-l ammunition.

Baseline testing with the basic test tank (volume of 15.55 cubic

: feet) and the same tank with the aft extension and two side

“ extensions (volume of 40.24 cubic feet) determined that maximum
peak combustion overpressure occurred at a gas concentration of
4.0 volume percent propane in air with the HEI-T ignition source.

‘? With the .30 cal. API ammunition, the equivalent concentration

il was found to be 4.5. volume percent. These, then, were the
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mixtures used for the subsequent evaluation tests.

The test results with the HEI-T ignition source are summarized
in Table 4. Note that the average peak overpressure is recorded
?: here and is an arithmetic mean of 4 measurements with the large
{ ' tank, 5 measurements with the intermediate tank and 3 measure-

i ments with the basic tank.,

E Theory predicts that during the constant volume deflagration of

F propane/air mixture initiated by a simple ignition source in a

3 rigid tank, the pressure is uniform throughout the tank. This
was not the case in these tests, however, because of the ignition

source characteristics: the source was large relative to the tank
g and moved from one end of the tank to the other at a speed

f greatly in excess of flame fiont propagation speeds for this gas
iw mixture; the incendiary particles released by the projectile

L were scattered throughout the tank and persisted for about one
second resulting in numerous ignition sources; the release of
fragments during projectile detonation caused numerous impacts
and hence local ignition sites at the walls of the tank. The
combustion of the gas mixture, therefore, did not depend on flame

i il . eldesmati ot el Gal, ool .

front propagation.

P

Despite these factors and the resulting variance, the relative
magnitude of the pressure measurements was essentially predicta-
ble. Generally, the transducers located close to the projectile
entrance recorded higher pressures than those further away and
the transducer orienved to record the reflected pressure wave
measured the hignest pressure. Location of transducers in voided
areas did not noticeably affect this behavior. The results in
the large and small tanks are summarized in the bar charts of
Figures 16 and 17, respectively. In most cases, decreasing the
density of the Explosafe material by changing to a thinner gauge
resulted in increased overpressure as might be expected from the
flame tube tests in the previous section. 0Of particular interest

N P A

AT TR ot -

g: is the reduction in overpressures as the tank volume is increased.
ii This observation concurs with unreported work conducted by VIPL
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BALLISTIC TEST RESULTS SUMMARY ~ 23mm HEI-T

Tank Filler Tank Volume Installation Average Peak
Material (cu.ft.) Configuration Combustion Pressure

15.55 Fully Packed 6.8 psig

.003 in x 38 in 15.55 40% Void at Entry 40.5 psig
gxggnili)%w bensity 15.55% 40% Void at Rear i2.2 psig
: ’ 40.24 Fully Packed 3.0 psig
40.24 40% Void at Entry 27.4 psig

40.24 40% Void at Rear 13.8 psig

15,55 Fully Packed 7.6 psig

15.55 40% void at Entry 47.0 psig

15.55 40% Void at Rear 15.5 psig

29.93 7.6% Void at Entry 11.7 psig

é002 ;? x 38 in 29,93 128 Void at Rear 7.1 p3ig

xpansion .
2,00 1b/£t3 Dorsity 29.93 Tt Vol ot manry and 7.9 psig
29.93 22% Void at Entry 14.2 psig
15% Void at Entry and

29,93 12% Void at Rear 11.5 psig

40.24 Fully Packed 5.6 psig

40,24 40% Void at Entry 23.2 psiy

40.24 40% Void at Rear 30.3 psig

15.55 Fully Packed 12.3 psig

15.55 Fully Packed - 2nd Test 14.5 peiy

.0015 in x 38 in 15.55 4% Void at Entry 41.8 poig
?ngniéxﬁ Density  5+55 40% Void at Kear 28.0 psig
40.24 Fully Packed 5.5 psig

40,24 40% Void at Entry 23.3 puig

40,24 40% Void at Rear 22.3 psig
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on various tanks having a wide range of volumes using single
point capacitor discharge spark ignition.

The effects of void location should also be noted. In the
majority of cases the overpressure measured with the projectile
entering a filled area of the tank is lower than when it enters
a voided area. This strongly suggests that the filler mass
absorbs a significant portidn of the projectile blast resulting
in reduced initial pressure for the subsequent combustion and
hence decreased overpressure. This effect is less noticeable as
the tank volume is increased, as might be expected.

Damage to the material by the projectile was proportional to the
naterial thickness, TFigures 18, 19, and 20, show typical damage
to 1.5, 2, and 3 mil materials respectively. Figure 21 compares
the 2 mil, 3 mil and typical reticulated polyurethane foam (RPF).
The 3 mil and RPF have comparable damage; the 2 mil slightly more.

The test results obtained with the .030 cal. M-1 API ignition
source are summarized in Table 5. Only the 1.5 and 2 mil
materials were tested with each of the largest and basic test
tanks under fully packed and 40% voided conditions. The average
pressures are derived from 5 measurements with the largest
volume and 4 with the small volume. The transducer data showed
much less variance than with the HEI~T, obviously due to the
absence of a detonation subsequent to entry. The trends are
clearly evident from the table and are therefore not plotted in
graph form. 1In general, higher combustion pressure attenuation
is achieved than with the HEI-T, particularly with the larger
volume tank. This also is probably a result of the absence of a
detonation by the projectile. The exception to this observation,
however, is the very high pressures measured in the grossly
voided small tank where the projectile enterad the void. This
suggests that the location of the incendiary activation in small,
grossly voided tanks may be a significant factor in determining
peak combustion pressure.
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Damage Inflicted cn 1.5 mil Explosafe Material by 23mm HEI-T

Figure 18.

i T S, el v e i

per P = ST

L

e . i i W T ol i M e sl . St .

A i A S




I-TI9d wugz Aq [eTI93el s3esoTdxd [TW (°g UO pPo3dTITJusl sbeweq

‘6T @anbtg

1

L4
*

%,
%

2V

S, T

O T L T S - - P S - T T Y T s o, e

38

I
J

e

o it ™o

P




SaE

TLTAGETTe ¢ m Tme om

I

i AR U e b i o

39

il

Damage Inflicted on 3.0 mil Explosafe Material by 23mm HEI-T

Figure 20.
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g; The relationship of combustion overpressure to density demon-
strated with the HEI-T projectile was less than clear in these

g tests. In fact, with the large volume tank the 1.5 mil material

4 achieved similar attenuation to the 2 mil,and with the small tank

?

E the 1.5 mil achieved higher attenuation than the more dense 2 mil.
’ This anomaly defies explanation at this point but may simply
reflect the large degree of data scatter experienced with the

gross voided conficurations.

2.3 Procedure - External Wing Tank

Prior to the foregoing test program, a ballistic evaluation of
two, 100 gallon wing tanks packed with Explosafe was made by the
same agency at the request of the Naval Air Development Center.
The wing tanks were manufactured by the Kellett Corporation and
their installation with Explosafe is duscribed in Appendix D 4.
Briefly, the installation was made with the 2 mil material
expanded to 38 inch web width, yielding a packing density of
2,15 lb/ft3. Total void for components amounted to £.6% of the
tank volume.

e A, A M bl Y.k

P T T ———

-

The test concept was basically identical to that with the rigid
tank program, i.e., fill the tank with a combustible fuel/air
mixture, impact it with typical combat threats and measure the
reaction with pressure transducers and high speed photography.
The combustible fuel/air mixture used was targeted to be 1l.4%

1
i

JP-4 in air by volume and was achieved by circulating the ullage
\ vapors from a JP-4 storage tank through the test article until a
combustible condition was obtained, as illustrated in Figure 22.
The vapor content was monitored with an MSA Lira Infrared
Hydrocarbon Analyzer depicted in Figure 23.

Kulite model KHS pressure transducers were mounted in three
locations - the sump drains at each end and a mounting eye
adaptor modified to accept the transducer. The signals were

] recorded or a Sangamo Sabre VI magnetic tape recorded for subse-
E~ quent analysis. Projectile impact time was recorded on the tape
é‘ by a signal from electronic grid paper affixed to the tank. Two
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3
;

high speed cameras (¢00 frames/second) monitored the entrance and
exit sides of the tank and photographic documentation was made
with an Arriflex camera at 24 frames/second. A Hycam, operating
at 200 frames/second, was also used during the HEI tests and
still photographs were taken before, during and after each test.

Projectiles were fired by single shot Mann barrels and light

screens measured the projectile velocity along its traiectory.

2.4 Results - External Wing Tank

Seven tests were conducted on the two 100 gallon wing tanks,
4 with the Explosafe material installed and 3 with it removed.
The data is summarized in Table 6.

In Test #1,the 0.30 cal. MI incendiary projectile at 2000 ft/sec
caused a slight pressure rise of about 3 psig and no damage to
the tank, save the clean entry and exit holes. The high speed

films showed internal incendiary activation at both entry and
exit.

Test #2 was a repeat of #1 with the holes patched with heavy duty
green tape. OSubstantially the same results were obtained with a
pressure rise of 4 psig.

The second tank was prepared for test #3 and this was impacted

with a 0.50 ccl. API M-8 projectile at 90° yaw  (i.e. tumbled)
and 2000 ft/sec. Agein,the only damage sustained was entry and
exit holes with a pressure rise of 3 psig. High speed footage

again showed incendiary activation.

Because these small caliber API impacts did not appear to present
a severe threat, it was decided to use the Soviet 23 mm HEI-T with
M9-25 (delay) fuses. Tank #2 was patched with tape and impacted
at 2093 ft/sec with this projectile. The 5° and 40° cones of
damage typical of this threat can be seen in Figure 24, taken
from the exit side. Only a few fragments in the 150° cone pene-

trated the tank. Pressure rise was limited to akbout 5 psig and a
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small rfire caured by residual fuel in the tank was extinguished

with C02.

In order to gain some baseline knowledge of the vulnerability of
this type of tank to an ullage explosion, it was decided to remove
the Explosafe material from tank #1, which had only the 0.30 cal.
damage, and impact it with the 0.30 cal. Ml projectile. The holes
were covered with .040 inch aluminum plate. In test #5 a pres-
sure rise of 80.5 psig was obtained, yet the tank sustained no damage
Rapid venting was recorded on the high speed cameras at the wound
sites and one of the bolted access plates. This test was repeated
with substantially the same result and a 60 psig pressure rise.
The suppression performance of the Explosafe material is worthy of
note here. Attenuation ratios of between 15 and 26 were obtained
with this threat.

Since the tank was still relatively undamaged, it was decided to
test its ability to tolerate the 23 mm HEI-T without the Explosafe.
All the damage areas were patched with 0.040 inch thick aluminum
secured with sheet metal screws and sealed with RTV. In test #7

the tank was impacted with a 23 mm HEI-T (delay fuse) at 2000 ft/sec
and the damage was catastrophic as shown in Figures 25, 26, and 27.
The recorded pressure rise was over 100 psig. Compared to test #5
with Explosafe, this yields an attenuation greater than 20:1 and the

comparative damage needs no comment.

This brief test program, although conducted prior to the optimiza-
tion program, used the material which that program selected as
optimum. The tests serve as confirmation of that selection and

the combustion attenuation achieved was very close to that measured
with the 15.55 cu ft test tank (116 gallons) - 7.6 psig in the
optimization tests and 5 psig in the 100 gallon wing tank.

2.5. Conclusions,

The purpose of the ballistic test program was to evaluate the
suppression performance of the Explosafe material in typical
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environments with a restricted study of the effects of material
density (as determined by foil gauge), tank -rolume, and combus-
tion volume (void).

The tests with the 23 mm HEI-T projectile concurred with the

flame tube t-2sting in that similar combustion overpressures were
obtained for all the materials in both void configurations.
Inverse relationships between tank volume and combustion pressure
and between material density and combustion pressure were demon-
strated. A further dspendence between projectile entry lccation
with respect to vco_ded areas and combustion pressure was revealed,
particularly with the smaller volume tank.

The tests using the .030 cal. M-1 API ammunition generally achieved
higher combustion attenuation than with the HEI-T. The dependen-
cies of combustion pressure on threat entry to void location and

on tank volune were confirmed. The effect of material density

was confusing, however, at .imes contradicting the trend noted
in the HEI~-T and flame tube tests.

In comparing the three densities of muterial tested, the factors
of weight, performance, durability during handling and suscepti-
bility to projectile damage were considered. It was concluded
that the 2 mil material was the optimum having acceptable per-
formance in the fully packed to 15% void configurations with
comparable damage from the projectile to the 3 mil but approxi-
mate ly twco-thirds the weight of the 3 mil. Damage to the 1.5 mil
material was evcessive while the higher weight of the 3 mil cculd
only be justitfied for performance critical applications.

The excellert .. rformance of the selected material was dramati-
cally demonstratec in earlier tests conducted on 100 gallon
exterral tanks with the 23 mm HEI-T.
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SECTION III
TASK 1II - MATERIAL PROPERTIES AND CHARACTERISTICS

1.0 PHYSICBL FROPERTIES

1.1 Procedure

Expansion Characteristicy

As an aid in the optimized design and fabrication of Explosafe-
protected systems, a series of tests were performed by VIPL to
identify the following data as function of Final Expanded Web-
width - (w):

a) AV - Surface area per unit volume of expanded
foil.

b) Dp - Layers of expanded foil per inch of batt
thickness.

c) P - Density, (Specific Weight) per unit
volume of expanded foil.

Two studies were carried out on .055 inch strand width material,
with the foil thickness being held at .003 inch and .002 inch,
respectively. A further study centered around a .040 inch wide

strand using .003 inch material thickness.

The sample preparation procedure followed throughout these series
of tests consists of fanfolding a number cf layers of material
expanded to a range of web-widths from the raw foil web 14.0 inches

wide.

Test samples were placed on a tert bench, layers horizontal, with
a load representing a cons .:..nt pressure positioned centrally on
the batt. Layer count and batt iieight (thickness), length, and
width were measured and recorded. With the load removed, the batt

weight was determined.

1.2 Results
The »esults of the studies are recorded in Appendix B 1 and B 2,
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the former covering the ,003 inch material with both ,055 inch
and .040 inch strandwidths and the latter covering the .002 inch
material with ,055 inch strandwidth.

The results are summarized in tables 7A and 7B for the .003
inch and .002 inch foils respectively. All the values here are i
1

taken from the graphs drawn via a least squares fit of the

experimental results. Individual samples of material may vary

Y from these nominal values because of process and raw material i
i

deviations.

1.3 Recommendations |
Promising results were reported in the previous section on the
performance of the .040 inch strandwidth material. Those tests

‘ were conducted with material .003 inch thick.

.

i,

? In the event that tests with the .002 inch thick material are
i equallr  pressive, the expansion characteristics of the .002
inch thick x .040 inch strandwidth material shculd be established.

2.0 CENTRAINED SOLID CONTAMINATIOCN
; 2.). Procedure - Laboratory Method
{\ Two cylindrical specimens of Explosafe material were tested for
levels of entrained solid contamination to requirements outlined
in section 4.6.15 of MIL-B~83054B (USAF). Gravimetric analyses
to determine total contaminants were performed per procedure
specified in ASTM D-2276-73 (Re-approved 1978), method A2,
| entitled "Determination of Particulate Contaminant by Laboratory
Filtration". Each sample measured 8.25 inches in diameter by
! 8.00 inches high and was cut from a single, rectangular, fan-
P folded batt fresh off the production line. The finished sample
dimensions correspond to a material volume of 0.25 cubic feet.
s Sample No. 1 weighed 239.4 grams, Sample No. 2 weighed 240.5

2 ot i N o ittt it it

j

grams.
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The tollowing are the foil specifications:

Alloy: Aluminum 3003

Temper: H24

Thickness: 0.002 inch

Expansion: 38 inches

Stacking: 13,75 layers/inch (110 layers total)
Batch No: 1-51355-01, Reynolds Aluminum Co.

Preparation of Apparatus
All glassware and other equipment to be used was cleaned follow-

ing the procedure outlined in “Preparation of Apparatus" (ASTM
D2276-73). They were washed in warm water containing detergent,
rinsed with warm water, then rinsed with deionized distilled
water followed by rinsing with isopropyl alcohol, and finally
with petroleum ether (boiling range 35-60°C). The petroleum
ether used had been pre-filtered through 0.45um cellulose
acetate/nitrate membrane filters while 0.50um teflon filters were
vused to pre-filter isopropyl alcohol as, in this case, the
cellulose acetate/nitrate filters Jere not compatible.

The test and control membrane filters used were 47mm diameter
MF-Millipore (cellulose acetate/nitrate), Type AA (0.8um pore
size). These were oven-dried for 30 minutes av 90°C and then
cooled for 3C minutes to allow them to come to equilibrium with
ambient air temperature and humidity prior to weighing on a

5 decimal place balance.

Experimental Procedure

Each specimen was placed in the center of the tumbler of a
U.S. Testing Company model 6523 dry rleaning machine. About

4 litersof reagent grade iso-octane fluid was freshly filtered
into a filtering flask through an MF Millipore, Type AA (47mm,
0.8um) membrane filter. About 3 liters of this fluid was poured
into the tumbler and the test cycle was run at 45 rpm for
exactly 5 minutes. At the end of the test cycle, the specimen
was raised above the fluid level in the tumbler and allowed to
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drairn for 5 minutes. The test fluid was filtered through the
pre-weighed test and control filters. The remaining 1 liter
of pre-filtered iso-octane was used to rinse the particulate
matter from the tumblers onto the filter. A solvent filtering
dispenser was used at this stage to direct a hard jet of fluid
into the tumbler and on the inner wall of the funnel to wash
the particulate matter down onto the filter. The tests and
control filters were removed from the filter base and placed in
a covered, glass petri dish.

The above procedure was repeated for the second Explosafe sample.
Prior to these runs, 2 blank runs had also been performed. All
the filters were oven dried, cooled to ambient conditions,
deionized, and weighed. First, total weights of all the matter
collected were recorded. Then, a second weighing was taken after
removing a flake of aluminum foil off one of the filters.

2.2. Results - Laboratory Method

The results are shown in Table 8. The weights of particulates
were calculated as outlined in section 9, "Calculation and
Report", Method A, of ASTM D2276-73. The initial weight, wl, cf
the test membrane filter was subtracted from the final weight, Wz.
Similarly, the initial weight of the control membrane filter was
subtracted from the final weight. The weight of the contaminants

18 (wz-wl)test - (WZ-wl)control
in milligrams per cubic foot of material.

and is reported, after correction,

Visual inspection of the residue in the filters showed the
contamination, for the most part, to be gray dirt interspersed
with specks of fine aluminum dust.

The contaminant weights recorded were 13.9 and 12.2 milligrams

per cubic foot for the two samples, respectively. The latter
figure was lowered to 8.6 milligrams per cubic foot after removing
a flake of aluminum foil off the filter. The average weignt of
the contaminants was 13.05mg when the foil flake was included and
11.25mg with the foil flake remowved.
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Discussion of Results

When the test fluid is poured out from the dry cleaning rig, it
flows over the lip of the tumbler and into the groove behind the
curled edge where it picks up dirt. On the first blank run,
noticeable quantity of dirt was picked up and transferrxed onto
the filter. Therefore, this blank run has been ignored. The
groove behind the lip was difficult to reach and clean. After
further attempts at cleaning, another blank run was performed

Shadt: otk fie ol s aiCe o o, _ b
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and a minute quantity of dirt was once again noticed on the
filter. The increase in weight of the filter was 0.20 milli-
grams and this value was used to correct the particulate weights

e

in subsequent tests.

et i s el wid Al i

Upon initial over drying, the membrane filter curled noticeably

and lost some weight. Since the filter material is reported to

g e e

be hydrophilic, water is picked up again when it is cooled under
room *emperature and humidity conditions. The amount of water

i i

e

lost and picked up again was found to vary. This accounts for

R e

the negative weights which appear in Table 8. Less water had
been re-absorbed after the second drying than after the first.
The need for using a control filter is thus made apparent, and
it is essential that this be weighed immediately after weighing
the test filter.

T e T

2.3 Procedure - Field Fill and Drain Method

In conjunction with the dynamic slosh test described in Task III,
the 200-gallon external pylon tank packed with Explosafe (see
Appendix D 3 for Explosafe installation details) was subjected to
three fill and drain cycles under supervision of AFWAL/POSH and
ASD/ENFEF representatives. The tank was filled with JP-8 fuel
from 55-gallon drums and a sample of fuel was taken at the inlet

s

XIS TS N T e

during each fueling. After a soak time of 30 minutes fuel samples

were taken from the tank's jiffy drain during each defueling at

i B e e e O e

the beginning, mid point and end of the drain cycle. Sample con- P

'"
f

tainers used were 1 quart bottles precleaned in accordance with .
ASTM procedure D2276-73., Determination of the increase in q

150
o
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contamination level in the drain samples in relationship to the
fill sample was done in accordance with ASTM procedure D2276-73,
Appendix A 2,

To save defueling time, the fuel was evacuated via the fuel pick-
up tube with the tank pressurized by air to about 9 psig. The
defueling was stopped at the mid fuel level (as seen through the
tank's observation windows) and once again, at the point of cavita-
tion. Drain samples were taken at each stop after relieving the
tank of air pressure.

2.4 Results - Field Fill and Drain Method
Although the test fuel had been clay treated, considerable amount
of water was seen in the fill samples. Some particles of dirt

were also observed in the first fill sample. It was for this
reason that the fuel pick-up tube of the pump was raised a few
inches from the bottom of the supply drums during fueling. 1In
doing so, the supply of new fuel was exhausted halfway through

the third fill as only enough fuel for three, 200-gallon fills

was supplied. The remainder of the tank was, nevertheless, filled
with contaminated fuel drained from the first and second fills,
using fuel only from the top third of the barrel. This complete
£ill was necessary as fuel retention and displacement tests, which
are described in para. 3.0 of this section were carried out simul-
taneously with the fuel contamination test.

Table 9 lists the contamination results of the first and second
fills and drains. They average 1.33 milligrams of solids per gallon
for the first drain, reducing to 0.52 milligrams per gallon for

the second drain. The residue collected consisted of dirt, fiber,
and aluminum dust.

The data for the third fill and drain is not listed in the table
because contaminuted fuel was used for this run. It is however,
attached as Appendix B 3. It should be pointed out that the low
baseline contamination level for fill 3 is misleading as this was

derived from the inlet sample taken before the fresh fuel supply
was exhausted.
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2.5 Conclusions

2.5.1 Laboratory Method

The aluminum flake removed off the test filter was, in essence,

a part of the explosion suppression material and is not considered
to be a contaminant.

When computations are made of contamination
values,

the weight of such foil flakes should be disregarded.

The
true contamination level,

thus averaged, is 11.25 milligrams per

cubic foot of Explosafe material. This fiqure is close to the

11.0 milligrams of entrained contaminants allowed per cubic foot

for reticulated polyurethane suppression material, according to
MIL-B-83054B.

2.5.2 Field Fill and Drain Method

The above mentioned USAF criteria requires fuel tanks equipped
with explosion suppression material to be filled and drained a
minimum of three times, or repeatedly, if necessary, until the
increase in fuel contamination is not greater than 1 milligram

per gallon. This criteria was met by Explosafe after just two
fill and drain cycles.

2.5.3 General

The low levels of contamination recorded are, to some extent,

tied to the develcpment, by Explosafe Division, of a high-speed,
continuous foil slitting machine equipped with a rotary slitter
head. Shearing of foil with rota.y slitters is cleaner when
compared with conventional guillotine type shearing methods,
resulting in generation of less free and partially attached
slitter dust. When aggravated by slosh, both types of dust

particles can be dislodged from the foil to contaminate the
fuel.

Photomicrographs shown in Figures 28 and 29 dramatize the

difference in the slit edges of foil cut by the two shearing
methods.
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Figure 28.

Slit Edge of Aluminum Foil Cut by Rotary Shears
(Magnification: 850x)

Figure 29,

Slit Edge of Aluminum Foil Cut by Guillotine
Shears (Magnification: 850X)
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2.6 Recommendationq

The fine specks of aluminum dust observed on the filter pads ori-
ginate from the web slitting and batt shaping operations during
manufacturing. Although low levels of entrained contaminants
were recorded, the figures can still be rerluced if dirt and
slitter dust is removed by in-line installation of commercially
available web cleaning equipment. If desired, further reduction
in contamination level of finished batts can be accomplished by

a combination of Freon vapor and distillate spray rinsing.

3.0 FUEI'J DISPLACEMENT AND RETENTION
3.1 Procedure - laboratory Mcthod

Fuel and water displacement and retention tests were performed on
material of 2 different thicknesses, expanded to a range of densi-
ties. Procedural guidelines were taken from paragraphs 4.6.9,
4.6.9.1 and 4.6.10.1 of MIL-B-83054B. Deviations are incorporated
below.

The test rig (Figure 30) consisted of the 7 x 7 x 10 inch galva-
nized sheet tank called out in paragraph 4.6.10.1 for retention
testing. Approximately 6.5 inches above the bottom of one of the

tank walls, an overflow hole was provided for displacement testing.

Jet A-1 fuel and distilled water were used as test fluids. Fluid
temperatures and densities were recorded during the testing. All
test fuels were filtered. 1In the water tests, only 2 runs were
performed in each batch of distilled water. All water tests were
run first. Tests were conducted at ambient conditions using foil
cut intc 6 x 6 X 6 inch cubes, weighed within 0.1 gm accuracy.

For displacement tests, the tank was filled with fluid past
overflowing and allowed to drain through the overflow hole until
the flow stopped. Each test specimen was slowly lowered into the
test fluid onto stainless steel rods positioned on the bottom of
the tank to support the specimen. Batts were oriented with layers

horizontal to approximate a worse case condition. Displaced fluid
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Figure 30. Retention and Displacement Test Rig
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was collected in a dry, graduated cylinder and the volume of

fluid was recorded £or each specimen.

To obtain the re+*ention values, the fluid in the rig was drained
through the drain valve located in the bottom of the tank. Flow

rate was monitored by a flow rotameter and held to 500 * 50 cc/
| minute by continuous adjustment of an in-line flow valve, to
compensate for head loss.

A e T

On completion of drainage, each sample was allcwed to stand for
é an additional 2 minutes, then carefully removed from the test

rig and weighed.,

Qu 3.2. Results - Laboratory Method

The test results of water and fuel volumes displaced and

rei -« ' W foll are shown in Table 10. Figures 31 and 32 show

( ..cent volume displacement versus material specific

“:i1e water and Jet A~1 fuel tests, respecitively.
oL - 35 and 34 show the plots of percent volume retention
versus material specific weight for the water and Jet A-1 fuel
tests, respectively. The raw data appears in 'l'able B4-1 of
Appendix B 4.

Percent of volume displaced was calculated using the following

formulia:

Displacement (% Volume) = Displacad Fluid Volume

Specimen Volume % 100

Fluid retention values were calculated using specimen weights
obtained before and after wetting:

Retention (% Volume) = (Wet Specimen Wt. - Dry Specimen Wt.
Sample Vol. x Density of Fuel

x 100

Displacement values obtained by the laboratory method are com-

pared in Table 10 with values obtained by calculation.
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Displacement by Calculation (%) Density of Explosafe % 100

Density of 3003 Al. ~
Alloy

= Density of kxplosafe
leg.4%/ftJ

x 100

3.3 Procedure - Field Method

Full scale fuel displacement and retention tests were conducted
in conjunction with the dynamic slosh test No. 2 described in
Section IV. The 200-gallon external pylon tank was 97% packed
with 2 mil Explosafe having a material density of 2,2 lb/ft3.

The material packing density for this installation was 2.13 lb/ft
of tank volume. Appendix D 3 gives the pertinent installation
data.

3

Prior to testing, the tank was leveled in both planes. The
quantity of fuel in gallons, its temperature and density were
recorded for each filling.

In order to calculate displacument and retention values, the
total volume of the tank withcut Explosafe was first determined
by filling 1t completely with JP-8 fuel and noting the gquantity
of the fuel (Fill 1), Fill 2 wvas performed to obtain the fuel
displacement value. The dry tank, packed with dry Explosafe,
was filled with clay treated JP-8 fuel. The guantity of fuel
displaced by the foil was given by the difference between

Fill 1 and Fill 2.

A soak time of 30 minutes was allowed before defueling the tank.
To save time, the fuel was evacuated via the fuel pick-up tube
instead of through the drain, with the tank pressurized to about
9 psig. Defueling was stcpped at the point of cavitation. The
fuel remain...g in the sump was not drained. The tank was once
again filled (Fill 3) with JP-8 fuel. The quantity of fuel
recorded in this £fill gave the systems' usable fuel with
Explosafe.
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The fuel was evacuated through the fuel pick-up tube, as before.
At the point of cavitation, the defueling was stopped and the
tank was relieved of air pressure. The fuel remaining in the
sump was drained through the tank's jiffy drain and the quantity
collected was measured. The sum of the usable fuel and the
quantity collected from the sump gave the drainable fuel volume
for the tank packed with foil. The difference between Fill 2
volume and the drainable fuel volume gave the quantity of fuel
retained by the foil plus an indeterminate quantity of un-
drainable or trapped fuel. Fill 4 was conducted to verify the

retention value obtained in Fill 3.

3.4 Results ~ Field Methond
The results obtained are listed in Table 11l.

The quantity of fuel displaced by Explosafe was calculated as

follows:

[

Fill 1 vVolume - Fill 2 Volume % 100
F1ll 1 Volume

201.;0EW%99.2 % 100

= 1.09% (or 2.2 gallons)

Displacement (%)

Since the tank was 97% packed with foil, the extrapolated dis-
placement value for a fully packed tank would be 2.27 gallons or

1.13%.

The quantity of fuel retained by Explosafe was calculated as

follows:

Usable Fuel = Fill 3 Volume
= 196.45 gallons

Usable Fuel + Fuel from Sump
196.45 + 0.67
= 197.12 gallons

Drainable Fuel

i
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Retention (%) = Fill 2 Vol. - Drainable Fuel

(includes trapped fuel) F111 1 Volume x 100

= 199.2 - 197.12

701, 4 x 100

= 1.03% (or 2.08 gall~ns)
Verification of Retention:
Retention (%) = Fill 2 Vol. - Fill 4 Vol. x 100
(includes trapped fuel) Fi1l 1 Volume

= 199,2 - 197.0

701, 4 x 100

= 1.09% (or 2.2 gallons)

Average Fuel Retention (%) = 1.06% (or 2.14 gallons)

This figure is representative of a 97% packed tank. Extrapola-
tion for a fully packed tank cannot be made as the retention
figure includes an indeterminate, but constant quantity of
trapped fuel.

3.5 Discussion

For Fill 1, the fuel pumped into the tank was weighed and the
gquantity in gallons was calculated. Fills 2 through 4 were per-
formed at another facility where weighing facilities were not
available. The fuel quantity in gallons was, therefore, read off
directly from the fuel servicing meter.

The displacement value of 1.09% obtained in this test is 13%
below the value of 1.26% obtained by calculation for Explosafe

of similar density (see Table 10). This error may be attributed
to the inconsistency in if.he fuel meter reading of Fill 2 with the
weighed fuel reading of Fill 1.

The average retention value of 1.06% for the 2.3 lb/ft3 packing
density is also at variance with the laboratory value of 0.9%,
extrapolated from Figure 34, for Explosafe of similar density
and packing factor. Error in fuel qguantity readings would

probably have been consistent in this case and cancelled out as
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all fills for retention testing were gauged through the fuel meter.
The higher retention value, therefore, must include a quantity of
undirainabkle fuel trapped within the tank due to internal obstruc-
tions. This undrainable quantity is speculated to be approximately
equal to the difference (0.16% or 0.32 gallons) between the observed
and labcratory retention values.

3.6 System Weight P2nalty and Usable Fuel
In order to evaluate the material's penalties imposed on an air-

craft an analysis was made for various mission profiles by com-
paring the range of an aircraft at various gross weights with and
without the explosion suppression material. For example, the
objective of an aircraft mission may be for maximum range or it
may be for maximum cargo or armament payload. The following dis-
cussion was provided by AFWAL/POSH and ASD/ENFEF in an attempt

to correlate the material weight, fuel displacement and fuel
retention penalty factors into realistic mission profiles and to
compare the resultant range reduction to the baseline aircraft
that has no explosion protection in the tanks.

The analysis used a typical cargo and fighter aircraft, that are
presently modified with the Type IV coarse pore blue foam (Refer-
ence 3). The baseline aircraft parameters (maximum gross weight,
empty weight, fuel tank volumes, and capacities in Table 12A) were
taken from the applicable aircraft technical orders (T.0.) and

the prototype foam installation reports.

The basic material densities for the various protection materials
included l.3#/ft3 for the blue couarse and fine pore foams, 2.2#/ft3
for the Explosafc, and 0.6#/ft3 for the Promel (nylon).

The packing factor (P.F.) reference represents the ratio of
material weight actually used in the kit to that required to
completely fill the tank volume. The effective voiding is there-
fore the difference between 1.0 and the quoted packing factor,
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TABLE 12: FUEL TANK SURVEY
Baseliine Max imum Empty Fuel Tank Fuel Capacity 4
Aircxr- St Gross Weight Weight Volume Usable Fuel E
(1bs) (1bs) (gallons) (ft3) (gallons) (lbs) i
cargo 155,000 68,626 10,040 1,345 9,680 62,920 3
i
LFighter 55,000 30, 235 1,316 176 1,277 8,301 ‘
r
Table 12A: Baseline Aircraft Parameters %
Protection | Dry Kit | Packing | Maximum Usable | Displacement Retention
Material (1bs) Factor Fuel (lbs) (%) {1bs) (%) {1bs)
Baseline - - 62,920 - - -- -
Coarse Foam
; (1.34/£t3) 1,682 0.96 60,504 2.0 1,208 2.0 1,208
i rxplosafe
(2.2#/£t3) 2,804 0.95 61,545 1.3 177 1.0 598
? Promel
bu (D.6#/£L3) 776 0.96 60,021 0.¢ 483 4.0 2,416
’ Fine Foam
(L.3#/£¢3) 874 0.50 61,033 2.0 629 4.0 |1,258
! - p
i i
) Takle 12B: Cargo Aircraft a
b i
3 ]
b 4
5 Procvection | Dry Kit | Packing | Maximum Usable | Displacement Retention i
3 Material (1bs) Factor Fuel? (1bs) ) (Ibs) | %) | (1bs) |
l Baseline - - 8,301 —— - - -
|
‘ Coarse Foam 18% 0.82 8,029 2.0 136 2.0 | 136
[‘f Explosafe 323 0.84 8,140 1.3 91 | 1.0 70
s Prome] 87 0.82 7,975 0.8 54 4.0 272
f; Fine Pore 113 0.50 8,055 2.0 83 4.0 163

EFuel density is 6.5 pcunds/gallon.
Quantities represent protected (fuseclage) tanks only.

Table 12C:

Fighter Ai.craft
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assuminrg the P.F. is 1.0 or less. Packing factors greater than
1.0 indicated that the packing material, when installed, is in a

"compressed" condition.

The packing factors {Table 12B and 12C) for the blue foam were
calculated from data provided during actual prototype installations
and represent the average of all tanks. As an example the cargo
aircraft foam kit was designed with a P.F. of 0.85 for the wing
tanks, 1.08 for the auxiliary tanks and 1.04 for the external
tanks, resulting in an average of .96 (Table 12B). For the fighter
aircraft the fuselage tanks were the only tanks containing foam
and the packing factors ranged from 0.46 to 1.12. The wing and
external tanks were unprotected. The one cell in the fighter
aircraft that was limited to a P.F. of 0.46 was maintained for all
other candidate materials under study. The overall P.F. of the
foam installation for the fighter was 0.82.

The values for the Explosafe were derived by limiting its P.F. at

.50 in the tanks where the foani. was less than 0.90, by maintaining

the same P.F. where the foam was between 0.90 and 1.00 and by limiting
its P.F, at 1.00 in the several cases where the foam exceeded 1.00.
The P.F. limit of .90 for Explosafe is based on its suppression
performance as noted in the combustion section of this report.

These assumptions resulted in overall P.F. for the Explosafe of

(.95 for the cargo aircraft and 0.84 for the fighter aircraft.

The P.F. for the Promel was maintained the same as for the coarse
pore foam. The fine pore (voided) foam configuration was maintained
at a packing factor of 0.50. The explosion suppression performance
of the fine pore foam permits the use of higher voiding levels over

other materials with the same basic level of protection.

Once the material kit weight and packing factor wvalues were estab-
lisheC as shown in Tables 12B and 12C, the appropriate fuel displace-

m2nt and retention penalty factcrs were calculated and the usable
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fuel volumes determined. It should be noted that the fuel dis
placement and retention penalty values were calculated using

the baseline (unprotected) usable fuel volume as a basis and were
é further reduced by the overall packing factor that was established
E, for each materiai kit.

As an example the fuel displacement was calculated as follows:

Fuel Displacement (pounds) = (baseline usable gallons) x
(% displacement) x (packing factor) x (fuel density).

Y . ol U RN oo i st

The maximum usable fuel volume for each suppression material
was then calculated by reducing the baseline usable fuel volume

by the sum of the displacement and fuel retention penalty factors.

BRI o NN C

In an attempt to determine the explosion suppression materials

R e iac N

impact on the aircraft mission, several extreme cases of utiliza-
tion were evaluated. When the suppression materials are added

to the aircraft the effect is to increase the aircraft empty
weight which results in a reduction of the amount of fuel and/or
cargo (pevload) that can be loaded onto the aircraft.

(TR R SRS " Y- R |

G ok

When the usable fuel is traded off to stay within the established
gross weight limitation and the baseline cargo weight maintained
this usable fuel is calculated as follows:

-

Available usable fuel = (gross weight) - (aircraft empty
weight) ~ (cargo weight) - (unusable fuel weight) - (kit
weight) - (fuel retention weight).

i
j

This formula can alsc be used to determine the maximum cargo
weight when the maximum available fuel is maintained.

Study A and B utilized maximum available fuel and study C and D

utilized available payloads (cargo). Realistically. these extrecmes
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show how the various materials®’ weight and fuel volume penalties
directly impact the aircraft mission, since it is difficult to
determine a material weight impact other than to assume a payload/
fuel load tradeoff on a pound for pound basis. The resulting
mission impact is expressed in terms of aircraft range and a range

reduction from the baseline configuration without fuel tank pro-
tection.

The following mission conditions were examined for both study
aircraft involved. Long range cruise missions at 20,000 ft for
standard day conditions. Engine run up, taxi, takeoff, climb
and cruise fuel usage estimates were made utilizing aircraft
performanue data loczted in the applicable aircraft T.O. ‘Each
aircraft was assumed to have landed with a 5% normal baseline
fuel reserve in the tanks. The ranges for each mission were
extrapolated from the appropriate charts in the aircraft T.O.
that are based on the cruise and landing weights.

For the maximum fuel load studies A and B (Tables 13 and 14),

the aircraft fuel volume is maintained at maximum as dictated

by the protection material's fuel displacement/retention charac-
teristics. Since the aircraft is gross weight limited for take-
off, two extreme but fixed payload (cargo) weights were examined.
The two payload extremes chosen included no payload (Study 3)

and 75% of normal baseline payload (Study B), both of which
resulted in aircraft gross weights that were below the maximum
limits established (cargo 155,000#; fighter 55,000%).

For the maximum payload studies C and D (Tables 13 and 14) the
baseline payload for each configuration was maximized, thus
requiring that the usable fuel be reduced to accommodate the
increase in aircraft weight resulting from the explosion sup-
pression material's kasic dry weight and fuel retention. This
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TABLE 13: RANGL COMPARISON, CARGO AIRCRAFT

3 Ringe| Protection {Usable Range Penalty Takeoffl Remarks .

: Material Fuel | (Nautical Weight !

A (Density) (1bs) Miles) (%) (1bs) [

" i

s A Baseline 62,920 4,080 0.0 132,326 | Maximum Fuel Study: :
Coarse Cargo Load is O# with ;
Pore Foam 60,502 3,930 3.7 132,798 maximum fuel load. 1

3 Explosafe |61,542 3,990 2.2 134,349 i

'

b Promel 60,021 3,900 4.4 132,619

' Fine :

2 Fore Foam |61,035 3,970 2.7 132,574

L i

; ' B Baseline 62,920 3,860 0.0 149,332 Maximum Fuel Study: |

E Coarse Cargo load is 17,006# !

i Pore Foam 60,502 3,670 4.9 149,803 (75% Baseline Cargo 1

¥ Load) with maximum ¥

; Explosafe 61,542 3,750 2.8 151, 355 fuel locad.

:

b

3 Promel 60,021 3,630 6.0 149,625

p Fine

b Pore Foam 61,035 3,700 4.1 149,579

;

} C Baseline 62,920 3,770 0.0 155,000 Maximum Payload Study:

; Coarsge Cargo is 22,674% with

; Pore Foam 60,028 3,550 5.8 baseline aircraft fully

¢ loaded with fuel.

Explosafe |59,521 3,490 7.4

3 Promel 59,729 3,530 6.4

i Fine

-~ Pore PFoam 60,788 3,600 4.5

{ _

R D Baseline 47,190 2,680 0.0 155,000 Maximum Payload Study:

L Coarse Cargo is 38,404# with

& Pore Foam _ {44,300 2,480 7.5 baseline aircraft at .

, 75% full fuel load. 1

e Explosafe 43,789 2,450 8.6 :

’ Promel 43,998 2,460 8.2 ;

- Fine }

g. Pore Foam [45,058 2,530 5.6

! lTakeoff weight = Empty weight + cargo + unusuable fuel + usable fuel + kit _

L weight + retained fuel 4
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RANGE COMPARISCN, FIGHTER AIRCRAFT

Range | Protection | Usable Range Penalty| Takeoff Remarks
Materj .l Fuel (Nautical Weight
(Density) (lbs) Miles) (%) (1bs)

A Baseline 17,206 951 0.0 47,937 Maximum Fuel Study:
Coarse Armament Payload is
Pore Foam | 16,934 932 2.0 7,988 O# with maximum fuel

load.
Explosafe 17,045 939 1.3 48,167
Promel 16,880 932 2.0 48,003
Fine
Pore Foam | 16,960 935 1.7 47,966

B Baseline 17,206 659 0.0 535,234 Maximum Fuel Study:
Coarse Armament Fayload is
Pore Foam | 16,934 645 2.0 53,285 5,297# (75% Bacgeline

Armament Paylead) with
Explosafe 17,745 647 1.8 53,373 maximum fuel load.
Promel 16,880 645 2.1 53, 300
Fine
Pore Foan 16,960 646 2.0 53,263

C Baseline 17,206 590 0.0 55,000 Maximum Payload Study:
Coarse Armamest* Payload is
Pore Foam | 16,881 574 2.7 7,063% with baseline

aircraft fully loaded
Explosafe 16,484 571 5.2 with fuel.
| Promel 16,848 573 2.9
Fine
Pore Foam 15,926 577 2.2

lFuel quantity is total in protected (8,301#) and unprotected tanks (8,905#).
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reduction in fuel is required to maintain each aircraft within

its maximum gross weight limitations. Tor Study C, the maximum
pavload 1s that which is obtained on the baseline aircraft when
it is fully loaded with fuel. For study D (cargo aircraft only),

. R ol Ml

the cargo is increased to a value that would be obtained on the
baseline aircraft with a 75% fuel load. Both configurations

assum: maximum gross weights for both aircraft types.

The pcnalty values in Tables 13 and 14 represent the percentage

of range that is lost from the baseline range value due to the
material's combined weight and fuel volume penalties imposed on
the aircraft. Notice that the range penalty of the Explosafe is
less than the blue coarse pore foam under maximum fuel volume
conditions but that it is greater under the maximum payload condi-
tions.

When considering the range impact of the two extreme study condi-
tions, one must remember in "real life" the tradeoif factors cculd
likely involve both usable fuel and cargo weight depe;iding on the
mission, which could make the range values come closer together
for each suppression material. The fighter aircraft penalties

are much lower than the cargo aircraft presumably due to the
limited use of the arrestor material in the fuselage tanks orly
which is approxirately half the total aircraft fuel volume.

4.0 EFFECT ON FUEL FLOW

As part ot the Environmental Type Exposures assessment requirements,

tests were run to show the materials effect on fuel flow. These
tests, performed by McDonnell Aircraft as part of the work on USAF
PRAM Program, (Reference 4), consisted of two types of tests
designed to fetermine the pressure drop through foil and to assess
its response to a 1 g reversal with half full fuei tanks. Tests on
the effect of fu=l flow reported in USAF PRAM Program Final Report
show the resvlts included in the two following paragraphs. The
reader is directed to this reference for comparison with performance
tests on other suppression materials. Material supplied for these
tests were specified as .003 inch thick foil.
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4.1 Procedure - Pressure Drop

RPN N T

Using the test set-up shown in Figure 35, the pressure drop

versus flow characteristics were determined. The test was
initiated by pumping JP—-4 fuel through a 7.5 inch diameter
Lucite tube containing either 9 or 27 inch long pieces of the
respective fnil configurations. As the flow rate of “he fuel
| was rlowly increased, the fuil was observed for signs of batt

collapse. At each incremental flow rate, intermittent pressure

3 measurements were recorded.

e 4.2 Results - Pressure Drop

The result of tests described in Paragraph 4.1 using flow rates

ranging from 40 to 120 gpm is shown in Table 15. It should be
noted that foil shows no signs of collapse nor any noticeable
movement or distortion when subjected to this test.

TABLE 15. FUEL FLOW VERSUS PRESSURE DROP TEST DATA

Ef, Batt JP=~4 JP-4 Pressure Drop

P Material Length |Flow Rate

o Configuration (in) (gpm) (in) (psi)

Lo

Fl Foil sheets, 27 40 5.0 0.14

X perpendicular

b to directien 27 °0 3.0 0.25

%. of fuel flow 27 80 18.0 0.50

27 1.00 27.5 0.76

; 27 120 38.0 ° 1.06 No noticeable |

movement -3

9 40 1.5 0.042
9 60 5.5 0.10 o
9 80 7.0 0.19
9 107 9.5 0.26
9 120 14.5 0.40 No noticeable

- unvement
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4.3 Procedure - Fuel Drop

The effect of fuel falling under a lg drop condition through
Explosafe expanded foil, was evaluated using the test set-up
shown in Figure 36. This simulated an aircraft 1 g reversal
with a half full fuel tank. The test fixture was divided into
upper and lower halves by a .072 inch thick aluminum plate valve

i
4

located at the mia-height of the test fixture.

With the plate (valve) inserted, JP-4 fuel was added to the
upper half of the test fixture. The test was then initiated
by allowing the weight attached to the valve to fall, thereby
removing the plate and permitting the fuel to fall into the

lower half of the fixture. The test was recorded by tank pres-
¢ sure transducers and motion picture coverage.

‘V?’:ﬁ"’: B R

4.4 Results - Fuel Drop

el o Sl . " ik S AN i e ol i SR .« il m o SRR

: Table 15 shows {he data ohtained in dropping fuel through a
' foil-filled container. Data obtained suggests no significant
i; change on fuel system operation,
.’.‘)
[ TABLE 16. ONE "G" DROP TEST DATA
-
E" , —
: Time for Fuel Time for Top Average
' Test to Impact Tank to Velocity
; Configuration Tank Bottom Empty Thru Foil
E‘ (sec) (sec) (ft/sec)
o
b
: Solid batt,
4 tank top
ramoved,
= 3/4 in. dia. 2.80 3.00 0.72
3 drain hole at
, tank hottom. !
|
 : i
2 )
| |
=
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Figure 36. Test Set-Up for Fuel Drop Tests
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4.5 Conclusions

The foil doces not collapse, distort or move when subjected to a

rapid pressure drop, nor does it have any significant effect on
the fuel system operation.

5.0 VENT ICING

5.1 Procedure

Simulated Vent Icing tests were conducted by McDonnell Aircraft

(Reference 4) to estakblish the material's susceptibility to icing

using the test set-up shown in Figure 37. The test was conducted

to show the relative icing susceptibility of expanded foil when

subjected to worst case vent flow conditions. The foil test speci-

mens were placed in a two-foot cube box equipped with a 2 inch

diameter inlet and outlet, and a viewing window directly above
the inlet.

The worst case icing conditions which were based on the test
results presented in ASJ-TMm :66-1, consisted of:

o Inlet air velocity of 50 fps (approximately 5 lb/min).

0 Saturated inlet air, between 0°F and 25°F.
0o Foil temperature same as alr temperature

These conditions were achieved by cooling ambient air with cold
gaseous nitrogen, then adding an air/water spray as required to

obtain the desired inlet temperature and humidity, at a total flow

rate of about 5 lb/min. The test was initiated when the average

foil temperature was within 5°F of the inlet temperature and con-
tinued for specific time intervals.
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5.2 Results

The results of this test are shown in Table 17 and illustrated

in Figure 38.

Cenditions outlined in paragraph 4.0 apply.
pressure drop,

The presented data was obtained from Reference 4.

inlet void was deleted.

To obtain appreciable
The Explosafe material

showed the lowest pressure drop of all the materials tested under
the PRAM Program.

TABLE 17. VENT ICING TEST DATA
Test Time | AP in. Inlet Avg. Foil | Airfiow
Configuration { min. Water |Temp °F Temp °F ib/min
3.2 23 18 5.35 Inlet
2 pressure
0. 3.8 23 18 tap in
Mo void at 5.0 23 18 inlet
inlet 8.3 23 18 pipe.
R 15.8 23 18

5.3

Conclusions

The material should not preseat problems during rapid descent, and

it is not essential to void the area loucal to a vent inlet.

This

practice is recommended, however, to ensure sustained performance

in the event of foreign matter passing through the vent.
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6.0 SUCSH SUPPRESSION

An investigation of the effects of slosh on aircraft fuel system
cemponents is a standard military gualification test procedure.
To our knowledge, however, no exercise has ever been undertaken
to measure the forces exerted by sloshing fluid on a surface of
interest, e.qg., the end wall of a tank or internal baffles. The
level of such forces is of particular interest to designers who
must sometimes oversize components or joints and fasteners so

that they are able to withstand the cyclic stresses imposed upon
them.

The suppression of slosh is an additional feature of the
Explosafe explosion suppression system and has in fact been the
sole requirement of the customer in some ingtances. In concept
with the AFWAL study of the effects of material orientation and
density on explosion suppression performance, VIFPL elected to

carry out a quantitative study of the effects of these variables
on slosh suppression.

6.1 Procedure

The test rig is depicted in Figure 39. A table is oscillated
back and forth on tracks by an electric motor/gear/crank arrange-
ment. The frequency of oscillation can be varied continuously,
by means cf an adjustable V-belt drive, between 20 and 62 oscil-
lations per minute. A 17-5/8 x 7 x 7 inches open top tank is
rigidly mounted to the table. 1Inside the tank, % inch from one
end, there is mounted a transducer consisting of a vertical
.050-inch gauge aluminum plate having a projected face of

6.6 inches wide x 6.5 inches high, with a 90° bend of 0.25 inch
radius along one side in the vertical plane. At the end of the
radius the plate is rigidly attached to one sidewall of %the tank.
Two strain-gauges are attached to each side of the bend and
connected to form a strain-gauge bridge whose elesctrical res-
ponse when energized is proportionai to the stress in the bend.
The transducer is protected by a wide-diamond rigid screen
mecunted to the tank sidewalls 0.5 iaches distant to permit free
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flexure of the plate. The remainder of the tank is the specimen

section.

When the tank is partly filled with test fluid and oscillated,
the resultant waves cause the plate to flex about the 90° bend.
The strain gauge output (in millivolts) is proportional to the
load on the plate as illustrated by the calibration shown in
Table 18. The calibration factor is 200 gm/mv. The lcocad is in
turn a measure of the kinetic energy stored in the wave. The
output is recorded on light sensitive paper via a Honeywell
1858 CRT visicorder and allows one system to be compared to
another or to a datum obtained without a specimen of the
Explosafe material. The frequency of oscillation is recorded
with the transducer signal via a pulsed signal activated by a
probe and microswitch on one end of the table.

Test procedure is as follows:

a) Activate recorier and record baseline transducer
signal.

b) Oscillate tank at desired frequency and record the
transducer vesponse for 10 seconds. This is the
signal due to the inertia of the plate and on which
the signal due to the sloshing fluid will be
superimposed.

c) Add test fluid tc tank (0.89 Imperial gallons of
water, dved to improve visibility).

d) Insert test specimen into tank.

e) Activate recorder to record baseline transducer
signal.

f) Oscillate the tank at the set frequency and
record the transducer output for 10 seconds.

6.2 Results
The tesl program examined t ~ effects of material orientation,

material density as determined by expansion, and frequency
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of oscillation. Material thickness (gauge) was held constant

since this does not affect the geometry of the material. 8Six

orientations were investigated and are illustrated in Figure 40.
Orientations A, B, and C are those studied in the AFWAL work and j
were respectively designated s34, S$32, and S33. Orientations A¥,
B*, and C* are simply the material of A, B and C rotated 90?
relative toc the axis of the tank to study the effect of the
material geometry in the vertical plane while that in the hori-

zontal plane is held constant. This was necessary because when

a wave moves along a tank, there is fluid movement in the vertical
plane as well as the horizontal. The vertical plane geometry of
the material offers varying resistance to this motion.

Sl . DR -

Witl each of the material orientations, five frequencies of
oscillation and a range of material densities were tested. 1In
the datum tests without the Explosafe material, the frequency was ,
limited to a maximum of 39 cscillations per minute by the height *

1
q
of the waves. Consequently, only four frequencies were studied i
in this case. 1

The transducer registers a quasi-sinusoidal response of which

tive portion is the receding wave and is redundant. Figure 41
depicts a typical test recording.

{

the positive portion is due to the approaching wave. The nega- g;
|
As noted earlier, the transducer signal includes a response due to %
the inertia of the transducer itself and this must be subtracted |
|

from each particular result to obtain the response due to the

1

ﬂ

|

wave alone. i
%

Considering the positive half of the cycle only, the net maximum

force on the transducer due to the wave was derived for each test y
in the following manner:

Fp = C (Vag - Vst)
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where Fp = net force on transducer dur to wave -gm.

" C = Transducer calibration factor -gm/mVv.

; VAf = Positi-e peak transducer response (mV) at
K frequency f with test fluid (and specimen).
f st = F 3itive peak transducer response (mV) at

P frequency f without test fluid.

These data are recorded in Tables 19, 20, and 21 and are graphi-

cally illustrated in Figures 42 through 48.
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Figures 42, 43, and 44 illustrate the variation of the waveforce

with different expansions of material at constant orientations
and the lines connect data points for like frequencies. Orientea-

tion A (Figure 42) shows a mixed behavior with the upper and

lower fregquencies having a posi.ive slope (force increasing with

expansion) while the middle {requenci=s have overall negative
Orientation B

slopes (force decreasing as expant .on increases).,
(Figure 43) shows little variation with respect to expansion for

3 the lower frequencies but the slopes tend to negative for the 4
p' upper frequencies,i.e., force reducing as expansion is increased. .
i Orientation C (Figuie 44) shows consistently positive slopes, i.e., '

e

o force increasing as expansion is increased, with the slope

increasing as the frequency is increased.
§

The relative suppressing effects of the different orientations i

become very clear when the waveforce is plotted against frequency
and 47 illustrate

for particular expansions. Figures 45, 46
this for expansions of 35~3/4, 40 and 44 inches with the lines

connecting data points for like orientation. These graphs show

t
i
that the slosh suppressing ability of the three orthogonal orien- 3:

tations is, in order of increasing ability: A, C, B. Consistently,

orientation B is superior to the other two, and further, its rela-

tive superiority increases with increasing expansion. ;
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The relative effect of all the orientations compared to the
results obtained without the Explosafe material is depicted in

'Figure 48. Here the waveforce versus frequency is plotted for
an expansion of 40 inches with the three orientations.

Two slosh suppressing mechanisms were suspected. Firstly, the

2 density of the material was expected to directly affect the

' suppression ability - the more material in the tank, the more
the slosh would be suppressed. Secondly, the degree of twist
inparted to the strands of material by the expansion process was
expected to directly affect the suppressing ability. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>