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SUMMARY

This report describes the theory, development, and test of a fire-
inerting system for helicopters powered with reciprocating engines.
The feasibility of constructing a lightweight system capable of
operating under typical crash conditions is demonstrated. Areas
requiring additional development are discussed.




CONCLUSIONS

It is concluded that:

1.

A fire-inerting system for helicopters should be in operation
within 0, 20 second or less after first impact.

A '"time to operate' of 0.20 second can be attained in an
operational fire-inerting system,

A fire-inerting system can be installed in a 10, 000-pound
aircraft with as little as 80 pounds increase in overall
weight including coolant.

The construction and installation into cervice aircraft of a
combination manual-automatic fire-inerting system meeting
the above weight and '"time-to-operate''limitations is possible
with the present state of the art,




RECOMM ENDATIONS

It is recommended that:

1. Continuance of this study be made with the turbine engine,
since the primary source of power in many present day and
most future production helicopters is the turbine engine,

2, An operational electrical de-energizing system be developed.
This system must provide for safety while in normal flight,
yet should be simple and afford maximum protection to the
aircraft occupants in a crash.

3. A simple but reliable ope rational fire-inerting-system
triggering device or initiator be developed.

4. Methods of eliminating abraded sparks which have sufficient
intensity to provide ignition be sought and immediately
employed in all new aircraft designs.

5. The feasibility of using a less-flammable hydraulic fluid be
investigated.

6. Techniques that will improve fuel containment be investigated
both theoretically and experimentally,

7. The feasibility of utilizing special surfacing to increase the
surface ignition temperature in operational systems be
evaluated. For example, when metals are surfaced with
certain compounds, such as platinum, their temperature must
be raised an additional 300 to 700 degrees F. to provide ignition
(reference 14).

8. A study of the nature of fuel spillage patterns in helicopter
accidents, and their effect upon ignition source and ignition
delay, be made to provide a better understanding of the
helicopter postcrash fire problem.




INTRODUCTION

Postcrash fire continues to be one of the most significant factors
affecting survival in aviation accidents experienced by the U. S. Army,
particularly with rotary-wing aircraft. Information provided in
reports prepared by the United States Army Board for Aviation
Accident Research (USABAAR) (references 1l and 2) indicates that the
problem of survival in accidents involving postcrash fire is very
significant in fixed-wing accidents and is probably the most critical
factor in rotary-wing accidents. Information provided in these reports
concerning accidents which occurred during the period 1 July 1957
through 30 June 1960 indicates that approximately 63 percent of all
fatalities occurred in rotary-wing accidents which experienced fire.
Thirty-five percent of the fatalities experienced in fixed-wing aircraft
occurred in accidents involving fire.

Because of the damage resulting from impact loads, it is frequently
difficult to determine the exact cause of fire; however, on the basis
of the information available, it is indicated that 75 to 80 percent of
the fires experienced resulted from ruptured fuel tanks or fuel lines.
It is apparent that a reduction in the occurrence of fuel spillage near
potential ignition sources could be instrumental in preventing many
of the postcrash fires and the resultant fatalities.

Several approaches are presently being taken to resolve this problem.
One employs a breakaway fuel tank concept, another utilizes crash-
resistant flammable fluid systems, and another involves the solidify-
ing of the fuel within the tank during impact. This report concerns
still another approach: ignition source inerting.

Aviation Safety Engineering and Research (AvSER) was awarded a
contract by U. S. Army TRECOM to study the feasibility of develop-
ing a crash-fire-inerting system for Army helicopters. Although
several agencies had worked on the fixed-wing crash-fire problem,

no organizations had conducted research aimed at reducing the
incidence of crash-fires in helicopter accidents, After a thorough
review of many fire research reports, researchers at AvSER were
well aware of the known ignition sources and fuel spillage problem
areas which had previously been reported (see References)., Using

this information and other data obtained through laboratory and field
tests, AvSER designed a fire-inerting system, which was dynamically
tested in a full-scale crash of an H~21 helicopter on 12 September 1962.
The research and development done by AvSER in connection with this fire-
inerting system is discussed in the following sections of this report.




ANALYSIS OF THE PROBLEM

Fires occur only when three basic elements are present: a fuel, an
oxidizer, and an ignition source. Postcrash control of all three
elements would be ideal; however, complete control of the oxidizer
({the atmosphere in the crash area) does not appear feasible. Local
control of the oxidizer at specific ignition points is possible as shown
in the work reported by NACA and also by Walter Kidde and AvSER.
Fuel control in the form of fuel containment can effectively reduce fire
hazard and fire volume when leaking fuel is ignited by uncontrolled
sources such as static or friction sparks. The ignition source appears
to be the most feasible of.the three elements to control.

The literature search which preceded the experimental testing in-
cluded a thorough evaluation of the work done on postcrash fire pre-
vention in fixed-wing aircraft at the NACA Lewis Laboratories during
1949-1957 and the subsequent work done by the Walter Kidde Company
for the Air Force in 1953-1958. The NACA tests clearly demonstrated
that ignition source inerting systems capable of preventing fires in
approximately 80 to 90 percent of the potentially survivable fixed-wing
accidents could be based upon the control of only two ignition sources:
(1) the aircraft electrical system, and (2) the aircraft exhaust system.

Past research by other agencies, including the NACA's fixed-wing
crash-fire program (references 8, 9, and 14), has shown the ignition
sources to be:

1. Hot surfaces,

2. Friction and chemical sparks,

3. Engine exhaust flames,

4. Engine induction flames,

5. Electric arcs,

6, Static sparks.

Other considerations made apparent from the study of previous reports
are:




1. Of the four flammable fluids carried in aircraft (gasoline,
hydraulic oil, lubricating oil, and alcohol), from the stand-
point of survival, gasoline is the most dangerous, even though
itignites at a considerably higher temperature than the oils.

2. A fire cannot be started from a hot-surface ignition source if
the hot surface is surrounded by an inert atmosphere.

3. Removing the battery, the inverters, and the generator system
from the circuit is an effective way to eliminate the electrical-
spark ignition source.

4, Engine flames can best be eliminated by leaving the engine
ignition on and allowing the engine to burn the ingested fuel
normally. By cutting the fuel and rapidly "choking off' the
engine with CO,, the internal po. tion of the engine can be
inerted as engine- and aircraft-breakup takes place.:

5. Changes in the surface composition of the exhaust duct material
may, effectively increase the temperature to which the surface
must be heated to induce ignition. Certain surfaces such as
platinum must be heated to temperatures of 300 to 700 degrees
F. greater than for stainless steel to ignite flammable mix-
tures (reference 14).

In the application of fire-inerting systems to any aircraft, the time
factor is of utmost importance; that is, the system must be activated
and must be providing satisfactory inerting at the earliest time at
which ignition could normally take place. As a result of the NACA
tests, it can be concluded that ignitions initially occur in fixed-wing
aircraft approximately 1 second or more after impact. On the basis
of impact tests conducted with three H-25 and two H-21 helicopters by
AvVSER, there is considerable evidence that the time to ignition for
accidents involving rates of descent in the order of 30 to 40 feet per
second may be as little as 0. 20 second. (See Timing of Fire Inerting
gystem under the heading, Experimental Procedure - Preliminary
Testing, page 22.) This low time to ignition is associated with the
close proximity of the fuel cells to the ignition sources in the helicop-
ter. It should be observed that impact at 30 to 40 feet per second
vertical descent would be considered potentially survivable from the
crash injury point of view; but in helicopter accidents, massive fuel
spillage and vaporization close to ignition sources greatly increase the
danger of fire.




Obviously, a fire-inerting system is practical only if it provides inert-
ing within the time limits imposed by the flight characteristics and con-
figuration of the specific aircraft in which it is installed. In view of the
apparent 0,.20-second time constant for the H-25 (and H-21) helicopters,
AvSER has concentrated its present efforts upon the development and
testing of a system applicable to an H-21 aircraft. Emphasis was
placed on the inerting of the engine and engine exhaust system, under
the hypothesis that the electrical system can readily be inerted in 0. 20
second. This was demonstrated as a side experiment in the subsequent
test of the engine system, although no effort was made to devel p a
prototype electrical inerting system suitable for installation ona service
aircraft. This is considered to be a routine developmental project.




DESIGN OBJECTIVES

The basic requirements established for the experimental engine inerting
system were:

1. To cool all hot surfaces to 2 temperature below the ignition
temperature of flammable fuels and oils.

2. To prevent combustible mixtures from contacting hot surfaces
until all such surfaces have been cooled below the ignition temp-
erature of the mixtures,

3. To inert the interior of the engine, from the induction system
to the exhaust system outlets so that flames do not appear at
the engine air intake or exhaust.

4. To shut off fuel and oil supply at the engine.

5. To provide the above functions with a weight limitation of 100
pounds and a time-to-inert of 0, 20 second or less when sub-
jected to crash environments typical of a severe, but poten-
tially survivable accident,

The approaches used by AvSER to accomplish each of these objectives
will be discussed individually, Many experiments, some of which are
discussed in this report, were conducted to establish the specific re-
quirements of the system described above.

COOLING OF HOT SURFACES

By the use of a pyrometer, thermocouples, and pyrometric paints, the
maximum operating temperature of various heated components of an
operating helicopter engine was obtained. Next, the highest temper-
ature to which the flammable fluids could be exposed without ignition
was determined. Based upon the literature study and tests conducted
by AvSER, 400 degrees F. was chosen as the safe temperature to which
the hot surfaces must be cooled (see Appendix II), It was found that,
for the H-21, the exhaust collector ring was the only item which re-
quired cooling. Water was selected as the exhaust collector ring
coolant in this study. Obviously, for cold-weather operation, suitable
additives will be required to lower the freezing point, or other coolants
must be used.



The actual quantity of water needed was determined by the mass and
initial temperature of the hot components. The coolant flow rate
(which is directly related to the area of the hot surface) is governed

by the rate at which the water can be converted to steam. The ideal
situation, from the standpoint of weight and efficiency, would be to
discharge the water spray at the exact rate that it could be converted
to steam. However, as a safety margin the coolant must be discharged
at a slightly higher rate to allow for spill-off and inefficient spray
coverage.

In order to hasten the development of an inert atmosphere, gaseous
nitrogen was mixed with the water and distributed through the spray
tubes to the exhaust collector ring. Thus, with the steam and nitrogen
being discharged simultaneously, an inert atmosphere was created
more rapidly than if water alone had been used.

The introduction of nitrogen into the coolant also serves two additional
functions:

1. It propels the water droplets to the spray-tube extremities and
maintains a more constant pressure throughout the distribution
system (reference 6),

2. It permits the use of larger spray discharge outlets, thus
helping to eliminate the spray outlet clogging problem
(reference 6).

The nitrogen-water mixture was carried to the desired locations through
spray distribution tubes located between the exhaust collector ring and
the shroud (Figures 1A, 1B).* The shroud is an effective retainer of
the water spray and of the steam formed therefrom; however, between
the engine cylinder-head exhaust outlet and the point where the individ-
ual exhaust pipes enter the shroud, there are nine unshrouded sections
of the exhaust manifold, each approximately 4 inches long. It was de-
termined by testing that the most effective way to retain water droplets
in this area and to insure better wetting (thus, the best cooling) was to
wrap the exposed exhaust pipe with 80-mesh stainless steel wire screen

* In the H-21 helicopter, the exhaust collector ring is shrouded. The
clearances between the exhaust collector ring and the shroud vary
from 1/4 inch to 3/4 inch. A cooling fan in front of the R1820-103
engine forces air between the exhaust collector ring and the shroud.




pressed into a waffle pattern (Figure 2). Because the waffle pattern
allows the water to flow back and forth under the individual channels
created by the waffle grid, the coolant spill-off is reduced. According
to earlier studies, it was determined that the 80-mesh screen most
effectively allowed the vaporized steam to escape and yet retained
much of the water (reference 6).

‘

SPRAY MANIFOLD

SPRAY TUBE

Figure 1A. Spray Distribution Tube Layout
With the shroud removed, the spray tube layout and spray manifold are
visible on the actual test aircraft (postcrash photo).

Figure 1B. Schematic of Spray Distribution Tube Layout
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Figure 2. Coolant Retaining Screen.
Early spray tube layout is shown on the exhaust collector ring of the
test bed aircraft. The shroud has been removed for the photograph.

The size of the coolant distribution tubes was based upon the smallest
practical size that would insure satisfactory flow (reference 6). The
spray distribution tubes were contoured to the exhaust collector ring
in a manner that would insure a complete wetting of the collector ring
surface with minimum restriction of the normal airflow through the
shroud.

The diameter of the nitrogen-water spray orifices in the distribution
tubes was 0.022 inch. This was the smallest diameter hole that ex-
perience had shown as being acceptable from the standpoint of clogging.
The tubing eventually selected for the spray distribution system was

. 180-inch I. D. stainless steel. The number of spray orifices per
individual distribution tube was determined on the basis of best coolant
coverage without reducing nitrogen-water flow at the orifices toward
the ends of the tubes (reference 6).

There were 24 spray distribution tubes on the R1820-103 radial engine
exhaust system, 12 tubes per side. The distribution tubes were
attached to a spray distribution manifold (12 tubes per manifold). The
spray manifold was coupled directly into a nitrogen-water aspirator or
mixing chamber as shown in Figure 3 A,

11
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Figure 3A. Spray Distribution Manifold.
Details identified by arrows are (A) aspirator (B) mixing chamber
(C) explosive-actuated valve for the water (D) explosive-actuated
valve for nitrogen.

H20 INLET

EXPLOSIVE ACTUATED VALVES

§<—N2 INLET

MIXING CHAMBER

ASPIRATOR
12 SPRAY DISTRIBUTION

TUBES

Figure 3B. Schematic of Spray Distribution Manifold.
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As a result of extensive testing (see Experimental Procedure, page 24),
it was determined that the diameter of the two orifices in the aspirator
should be 0. 055 inch for the nitrogen and 0. 082 inch for the water.

The best driving pressure was determined to be 200 psi maintained
during actual operation.

The quantity of water needed to cool one-third of the exhaust manifold
to 400 degrees F. was determined experimentally to be 3 quarts; thus,
for the entire engine manifold, 9 quarts were required. Actually 10
quarts were used. The extra quart was provided for a margin of
safety. The quantity of nitrogen needed was determined to be that
contained in a 200-cubic-inch pressure vessel at 2, 000 psi.

N2 HIGH-PRESSURE
RESERVOIR

N, HIGH-PRESSURE
H20 ACCUMULATOR MANIFOLD

RESERVOIR

N, LOW-PRESSURE

MANIFOLD " J | _N, PRESSURE TRANSDUCER
300 P.S.1. STATIC

200 P.s.1, —
DURING OPERATION : FILTER

H20 sEC—N——-
N2 HIGH PRESS. uuumemms

25905 DISTRIBUTION 85, N, LOW PRESS, )
;443 "4, MANIFOLD, 3“*"5 z
12 PER N, /H,0 e
SIDE

Figure 4. N,-H,O Spray System Schematic.

Figure 4 shows a schematic of the system. It can be observed that the
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high pressure nitrogen passed through two parallel regulators and into

a low pressure (300 psi static, 200 psi during operation) manifold. One
end of the N, low-pressure manifold connected via flex tube to the aspi-
rator. The other end of the manifold, which connected to the "air'" side

of a 2-1/2-gallon-capacity accumulator, provided the driving pressure
for the water.

A positive flow of the water, regardless of the reservoir orientation,
was assured because an accumulator has a flexible diaphram that sep-

arates the nitrogen from the water. From the accumulator, water
was carried via flex line to the aspirator.

Filters were incorporated in the system to eliminate the possibility of

foreign particles interfering with the operation. To eliminate any time
delay that would result due to an air space in the water-line, air-bleed
valves were used to allow complete filling of the lines with water prior
to the test. Explosive actuated valves were used to start the water and
nitrogen flow into the aspirator. Figure 5 shows a sketch of the valve.

ELECTRICAL CONNECTOR FOR
IGNI."I‘ING EXPLOSIVE CHARGE

\ —1. 50"

. EXPLOSIVE
CHARGE

SHEAR
|/ PIN

PISTON

3.‘ E‘uZ"'

"O'" RING
SEALS

T

=%
-

OUTLET

INLET

Y

Figure 5. Explosive-Operated Valve.
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Care was taken to insure that all the valves and aspirator-manifold
components were placed well within the confines of the engine itself to
protect them from crash damage. If these items were not protected by
the engine ahd tlte engine should move through the aircraft during the
crash, the various components could be damaged and the system ren-
dered useless.

Ejgure 6 shows how the spray manifold was mounted on an intercylinder
deflector located between two cylinders on the radial engine.

The water and nitrogen reservoirs and the two regulators were mounted
on the inside of the engime compartment near the engine. A flex line
connected the reservoirs to the explosive valves. This allowed for
movement of the engine within the airframe without interrupting the
coolant or nitrogen flow.

INTERNAL INERTING SYSTEM

While the steam and nitrogen from the water-spray system effectively
inert the atmosphere surrounding the hot surfaces, exhaust flames
(and sometimes induction system flames) remain as a potential ignition
source. According to previous research (reference 6), it has been
established that effective induction system and exhaust system inerting
could be accomplished by injecting CO, into the induction system to
dilute the entering fuel-air mixture to the point of nonflammability.

It was decided for the AvSER full-scale crash test to close the butterfly
throttle-valve in the carburetor at impact, thus allowing only 'idle"’
air into the engine. At the same time, COj, would be injected into the
compressor stage of the engine at an average rate of 0. 5 pound per
second. (See Experimental Procedure, CO, System, page 28). Closing
the butterfly throttle-valve also lessens the possibility of ejection and
loss of CO,; by reverse flow through the carburetor. This valve was
closed by CO, pressure acting through a series of mechanical linkages.
The CO, bottle was mounted on the top rear of the carburetor in a
relatively protected area. The mechanical linkage on the side of the
carburetor, of which the throttle-valve closing mechanism was a part,
was also in a relatively protected area. Figure 7 shows a side view

of the mechanism after the actual crash.

15
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Figure 7. Carburetor Butterfly and Fuel Shutoff System.
This is a postcrash photograph of the left side of the carburetor. The
butterfly valve shaft (A) and the fuel cutoff (B) are visible. The CO,
bottle, bracket and pressure lines have been removed for the photograph.

FUEL-OIL SHUTOFF SYSTEM

Shutting-off of the fuel supply at the carburetor was necessary for the
internal inerting of the engine. This was accomplished by moving the
carburetor mixture contro] to idle cutoff through a mechanical linkage
actuated by CO, pressure after the explosive valve on the CO2 system

was fired. A schematic drawing of this system is shown in Figure 8.

17



CO2 PRESSURE RESERVOIR

EXPLOSIVE-
OPERATED VALVE

| —
\ DISTRIBUTION OIL

MANIFOLD CUTOFF
LFUEL CUTOFF VALVE
VALVE

CARBURETOR

BUTTERFLY
CLOSING LEVER

INTERNAL
BLOWER

ENGINE PLENUM AREA

Figure 8. CO, System Schematic.

The oil was shut off at the point of its highest temperature, the engine
outlet, prior to entering the oil cooler. The oil cutoff valve (Figure 9)
was a modified Whitaker sliding-gate valve. The slow, electrically
operated motor actuator normally used on this engine installation was
replaced with a pneumatic rotary actuator having approximately 90
degrees of travel. Carbon dioxide was piped to the valve so that, when




this system was triggered, the pressure rotated the actuator, thus
closing the sliding-gate valve. To reduce the possibility of damage
during impact, the valve assembly was mounted near the engine in a
protected area.

' POTENTIOMETER

N

OIL VALVE

Figure 9. Oil Cutoff Valve.
A rotary pneumatic actuator replaced the electric motor on a standard
Whitaker sliding-gate valve. A potentiometer was mounted on the valve
to allow the recording of the valve position.

HYDRAULIC AND TRANSMISSION LUBRICATION SYSTEM

In the H-21 helicopter, there are three auxiliary systems using flam-
mable fluids: one for the brakes (hydraulic), one for the flight con-
trols (hydraulic), and one for lubrication of the transmission (oil).
All of these systems involve small quantities of fluid and are in rea-
sonably protected areas; thus, they provide a relatively small fire
potential. No modifications to these systems were made.

ELECTRICAL SYSTEM

As previously stated, the primary objective of this study was to deter-
mine the feasibility of inerting the engine (internally and externally)
within the time limit of 0. 20 second after impact. The inerting of the
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electrical system was not stressed in this experiment. However, to
demonstrate the feasibility of inerting the electrical system within the
0. 20-second tim e limit, the following measures were taken. To re-
strain the battery more effectively, the battery tiedown was reinforced.
The immediate a rea surrounding the battery was filled with a plastic
foam to absorb some of the crash shock, to help insulate the area, and
to provide better restraint. (See Figure 10.) Insulated explosive cable
cutters were installed on the hot side of the battery and at the generator
electrical outlet. In an installation on service aircraft, a disconnect
capable of being reset while in flight would probably be used instead of
the cable cutter.

1/

/ %//Mf
f:ﬁﬁﬁﬁﬁ
)

CABLE
CUTTER

Figure 10. Battery-Box Area Modification.
An explosive cable cutter was mounted directly to the battery box. The
immediate space surrounding the box was filled with foam plastic to
help absorb the shock and to aid in insulating the area, and the two tie-

downs were strengthened considerably.
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Upon activation, the cable cutters were arranged to sever the main
battery and generator cables in order to isolate the battery and gener-
ator. Because the power output from the inverters was not needed for
the test flight, the inverters were left in the '"off'' position. (See
Experimental Procedure - Electrical De-energizing, page 28, and
Appendix I.) Figure 1l is a picture of the cable cutter.

Figure 11. Explosive-Operated Cable Cutter.

INITIATION SYSTEM

The initiation system employed by NACA (references 6, 7, and 9)
included rubber-strip-type deformation switches, cable-type deforma-
tion switches, skin deformation switches, and engine reaction switches.
This system was so designed that several switches had to be activated
to trigger the inerting system. In principle, such multiple switches
provide a safety margin for the flying personnel.

For the crash test described here, three simple multi-directional
impact switches and three contact switches were used. The three
impact switches were mounted on the landing gear, and the three

contact switches were installed on the bottom of the fuselage. Any one
of the six switches was capable of triggering the system. All six were
closed on, or shortly after, first contact of the aircraft with the ground.
This initiation system cannot be considered adequate for operational air-
craft. Further study of initiation systems will be required to develop a
simple, reliable, and operaticnally safe method of triggering the inerting
system.
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EXPERIMENTAL PROCEDURE - PRELIMINARY TESTING

TIMING OF THE FIRE-INERTING SYSTEM

In determining how fast the entire system had to be in operation to pre-
vent ignition, AvSER considered the previously reported fixed-wing
crash-fire data. The time between impact and ignition reported in the
NACA studies (reference 9) is shown in the following table for several
crash fires conducted on the NACA program.

Time. in Seconds After Impact At

Ignition Source Which Ignitions Were Observed

Hot Surfaces (Exhaust System) 1.3, 0.7, 1.9, 3.8

Exhaust Flames il 1. 3y 2005 3:15,71.9
Electrical Systems

Arcs 1.0 -~

Bulb Filaments 0.6 °

Induction Flames 2.2, 3.5 't

Electrostatic Sparks 2.4

Chemical Agents 4.4, 3.5, 3.5

For an H-21 helicopter crashed by AvSER, a fire was observed starting
to propagate through the fuel vapors approximately 0, 58 second after
impact with the ground. In earlier AvSER helicopter drop tests (water
in the tanks in place of fuel), it was observed that fuel tank ruptures
had taken place and massive ''fuel' spillage was in progress by 0. 20
second after impact,

After analyzing NACA's fixed-wing data, as well as AvSER's helicopter
data, it was decided that for best protection against ignition, a fire
inerting system for helicopters should be in operation in 0. 20 second
after first contact of the aircraft with the ground.

The length of time the spray system was required to remain in operation
for inerting and cooling the engine exhaust ducting was determined
experimentally. It was discovered that if the surface temperature of
the exhaust collector ring was rapidly brought down to 400 degrees F.
and the spray system was immediately turned off, the external surface
of the exhaust collector ring started to reheat through conduction from
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the hotter inner portions. By progressive tests, it was determined
that a N,-H,O spray application for 27 to 30 seconds could lower the
external surface temperature of the exhaust collector ring to 180 to
220 degrees F., and that at the termination of the spray the reheat
process would raise the temperature of the exhaust collector ring to
380 degrees F. at the most critical points of the system.

DEVELOPMENT OF THE NITROGEN- WATER SPRAY SYSTEM

The water spray system requirements were obtained directly from a
flyable H-21 helicopter. The test equipment was mounted on a 4- by
7-foot access panel, attached to the left side of the fuselage in the
main landing gear area, near the plenum chamber. See Figure 12.

. Figure 12. H-21 Test Bed.
This photograph shows the acecess board mounted on the side of the

flyable helicopter. The equipment pictured above was used to develop
a workable nitrogen-water spray system.
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Items mounted on the access board consisted of a water reservoir, a
high-pressure nitrogen reservoir, pressure regulators, needle valves
for N, and HZO flow rate adjustment, filters, and solenoid valves. *

It also held an additional low pressure air supply (for injecting the
fuel-air mixtures in the 'time to suppress tests'' discussed below)
and the necessary wiring circuits for measuring, with thermocouples,
the actual exhaust manifold cooling rates during the tests.

Figures 13 and 14 are typical of many such curves obtained with
various orifice combinations. From these data it was determined

that the most effective orifice sizes were 0.055 inch for N, and
0.082-inch for Hzo. The actual quantity of Nz and Hzo needed was also
established in these tests.

The effectiveness of the inert atmosphere surrounding the exhaust
collector ring was determined by 'fire suppression' tests. While
the engine was running at maximum operating temperature, raw
fuels were sprayed into the space between the shroud and the exhaust
collector ring. The spray was controlled by the regulated, low-
pressure air in a movable spray gun. When a definite fire was
established, the nitrogen-water systermm was activated and the time
between activation of the inerting system and fire suppression was
observed. Figure 15 is a photograph of the test panel in operation.
A fire is visible extending out of the shroud on top of the extension
attached to the exhaust collector ring.

By using an exhaust extension, (Figure 16), normal engine torching
and the test fires were separated. The flammmable fluid spray gun seen
in Figure 16 was moved from one area to.another while testing the in-
erting effect of the nitrogen-water spray system. Alsc visible in this

figure is the spark-plug arrangement set up to insure immediate igni-
tion of the flammable fluids.

While it was definitely established that, with the engine running, a fire
could be ignited by the hot exhaust collector ring, it was at times diffi-
cult to get the proper mixture. The high-speed air flow between the
exhaust collector ring and the shroud helped to act as a heat dissipater
(reference 15), thus making it more difficult to ignite the fuel at the
higher engine rpm. To insure a definite ignition source for the flamm-
able fluids for the tests, a spark-plug and magneto system was used.

* Solenoid valves were used in the early testing for convenience in place
of explosive valves. In timing the operation of the system from initi-
ation to the desired cooling temperature, the operating time for the
solenoid valve action was taken into consideration.
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Figure 15. Fire Suppression Test.
Fire is visible in the space between the exhaust extension and the
shroud, during the early 'time to suppress'' fire tests.

Figure 16. Exhaust Extension.
The protruding pipe (A) is an extension of the exhaust collector ring.
The movable spray gun (B) was used for spraying flammable fluids into
the area between the exhaust collector ring and the shroud. A spark
plug (C) was used to provide positive ignition in some of the fire sup-
pression tests.
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DEVELOPMENT OF THE CO, SYSTEM

In designing the COZ system, several factors were considered, includ-
ing (a) the rate of COp discharge required to inert the interior of the
engine, (b) the duration of the COp being discharged, and (c) the effect
of engine-compartment temperature on the CO, system pressure.

It can be shown that the following conditions exist upon closing the butter-
fly throttle-valve and injecting the CO;, into the compressor section of
the R-1820-103 engine.

1. The air flow into the engine is reduced from approximately 1.4
pounds/second, (assuming 2500 rpm and 40 inches of Hg mani-
fold pressure) to approximately 0. 35 pound /second, assuming
2500 rpm and 10 inches of Hg manifold pressure (absolute).

2. The injected CO;, (0.50 pound/second will dilute the incoming
air-fuel mixture to the point of nonflammability,

In tests measuring time from fuel cutoff until engine stoppage, it was
established that, depending upon the engine rpm at the start of engine
shut-down, the engine coasted for 3 to 6 seconds with the blades dis-
engaged. For this reason, it was decided to provide the CO; injection
for at least 8 seconds, thus insuring COZ flow during the entire engine
stopping period.

In determining the size of the CO, reservoir, one must consider the
engine compartment operating temperature, since an increase in
temperature results in rapid pressure buildup within the COp
reservoir. From tests, it was determined that the temperature in the
engine compartment varied from 120 to 150 degrees F. during normal
operation. A standard 200-cubic-inch CO, reservoir filled with 4-1/2
pounds of CO; (58 percent full), which would provide an adequate safety
margin at 180 degrees F., was selected for use in the AvSER test.
Since it. is desirable to have the CO, bottle as close as possible to the
discharge points, the bottle was installed on the top rear of the carbur-
etor.

DEVELOPMENT OF THE ELECTRICAL DE-ENERGIZING SYSTEM

Electrical ignition of the flammable fluids in aircraft accidents may
occur from:
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1, Sparks or arcs resulting from short circuits in wiring.

2. Sparks or arcs from starters, magnetos, generators, batteries,
and inverters.

3. Spark discharges from the brushes of rotating equipment,

4, Electric arcs created by the separation of contacts in an
electric circuit, such as in a voltage regulator.

In designing an electrical de-energizing system, the primary items
to be inerted are the battery, the generator, the magnetos, and the
inverter, All but the magnetos present no special problem. The
magnetos, however, present a point of special interest. A spark of
an intensity to ignite the fuel is emitted 18 times per 2 engine revolu-
tions (2 magnetos), with separate wires running to 18 spark plugs.

A potential fire ignition source is obviously established. However,

to de-energize the magnetos at the time of impact would result in not
igniting the fuel being inducted into the engine. Any raw fuel in the
engine after impact would be forced out through the exhaust system.
Since the exhaust system is considerably hotter than the ignition
temperature of the mixture, an exhaust system fire would frequently
occur, with good possibility of igniting fuel spilled from various sources
during impact.

According to references 6 and 9, the safest way to insure against an
induction or exhaust fire i1s to leave the ignition system on during the
crash sequence. Fortunately, in the H-21 helicopter, the spark
ignition wires are shielded fairly well and are located in an area that,
judging from H-21 accident experience, remains reasonably intact.
Therefore, it was decided to leave the ignition system in operation
during the crash.

By removing the battery from the aircraft circuit and at the same
time eliminating the output of the generator and the inverter, the
electrical system is eliminated as a potential ignition source. In
this test, the generator was to be removed from the system by an
insulated, explosive-actuated cable cutter installed on the generator
output line. The battery was to be isolated likewise by cutting the
"hot'' side at the battery box. The explosive-operated cutter is
shown in Figure 11.
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For this crash test, it was decided that, since the inverter was not
needed for actual flight, the inverter would be left in the '"off'' position.
The inverter does provide a potential source of ignition (reference
Appendix I), and for service aircraft a disconnect at the inverter must
be provided.

It is anticipated that in future tests, fast-acting relays or devices

providing a rapid recycle capability will be used to inert both the AC
and DC power systems.
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EXPERIMENTAL PROCEDURE - CRASH TEST

The intent of the crash, from the standpoint of the fire-inerting system, *
was to test the operation of the system under crash conditions. A

small external fuel tank was used to provide an additional safety mar-
gin by reducing the quantity of flammable fluids on board.

FUEL-TANK MODIFICATION

Fuel for the test flight was supplied from an 18-gallon tank mounted
outside the aircraft on the left horizontal stabilizer. The fuel was
gravity fed to the carburetor through a flexible line allowing for 2
feet of engine displacement. The aircraft main fuel tank was sealed
off and filled with 200 gallons of water. Approximately 3-1/2 gallons
of aviation gasoline were also left in the tank., The fuel was limited
in this way so that if a postcrash fire occurred it would not destroy
salvable test equipment needed for later tests and so that a better
analysis of damage to the aircraft could be made.

* The helicopter contained anthropomorphic dummies and experi-
mental seats and litters. The fire-inerting system was only a
small portion of the overall crash test. See TRECOM Technical
reports on U, S. Army H-21 Helicopter Crash Test, 7 September
1962; TRECOM 63-3, Dynamic Test of an Aircraft Litter Installation,
U. S. Army Transportation Research Command, Fort Eustis,
Virginia, March 1963; TRECOM 63-24, Dynamic Test of a Commer-
cial-Type Passenger Seat Installation in an H-21 Helicopter, U. S.
Army Transportation Research Command, Fort Eustis, Virginia,
June 1963; TRECOM 63-62, Dynamic Test of an Experimental Troop
Seat Installation in an H-21 Helicopter, U. S. Army Transportation
Research Command, Fort Eustis, Virginia, November 1962; and H-21
Helicopter Airframe Deformation Under a Dynamic Crash Condition,
report to be published. 31




INSTRUMENTATION

A list of the instrumentation related to this experiment is presented

in the following table.

INSTRUMENTATION LIST

Device Provided Location

Specification

High-Speed Displacement/time 4 on ground
Motion Picture for helicopter 1l on aircraft
Camera

Normal-Speed General photographic

Motion Picture coverage 4 on ground
Camera
Pressure Operational Timing 1 N system

Transducers ofN, + COZ systems 1 CO;, system

Potentiometer Operational timing 1 fuel cutoff
of fuel/oil cutoff 1 oil cutoff

Recording Amplitude-time 4 each at

Oscillograph records of trans- ground con-
ducer outputs trol point

Photograph- Zero time for 2 each

Oscillograph camera film and
Data Correla- oscillograph record
tion Device

Photosonics 1B high G
tolerance, 500 fps 16mm
Ektachrome ER 430

2 Kodak 16mm 64 fps,
2 Bolex 16 mm 24 fps,
Kodachrome II

0 - 2000-psi
pressure transducer

Potentiometer trans-
ducer

CEC mvdel 5-114,26
channel recording

oscillograph with re-
lated power supplies

Photo flash bulbs
mounted in field of
view of cameras
Firing pulse to bulbs
recorded on oscillo-
graph record for

correlation.
Voltage Timing for high- Ground con~- 120-volt'AC generator,
Generator speed cameras trol point 60 cps timing in cameras.
Also recorded on oscillo-
graph records.
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TEST CRASH

The test flight, conducted by radio control, resulted in the flight
path shown in Figure 251, Appendix III. The conditions at impact
are shown in Figure 17.

ROLL 4° LEFT oltote
PITCH 3° NOSE UP T e
YAW NEGLIGIBLE i
v
//
,.
HORIZONTAL VEL( pd MAXIMUM ALTITUDE
48 FEET PER SECOND 5 57 FEET
L
L’
%3 ERTICAL VELOCITY
RESULTANT FLIGHT PATH // 40 FEET PER SECOND S

VELOCITY-62.5 FEET ».

Figure 17. Velocity and Attitude at Impact.

As the aircraft struck the ground and skidded forward, it yawed to the
right and came to rest at approximately 45 degrees from the line of
flight and in the upright position as shown in Figure 18. The sequence
of photographs (Figure 25) presented in Appendix III illustrates the
kinematic behavior of the aircraft during the first 3 seconds following
impact. At 1.46 seconds after nose-wheel impact, a fire involving
the 3-1/2 gallons of aviation gasoline in the main fuel tank appeared.
The possible ignition sources are discussed in the following section.

Figure 18. Postcrash View,
This photograph illustrates the final resting position of the helicopter.
The forward portion of the helicopter is yawed approximately 45 degrees
from the line of flight (arrow) and the aft section is yawed an additional

15 degrees.
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EXPERIMENTAL RESULTS

An on-the-spot postcrash investigation revealed the following:

OVERALL AFT SECTION OF HELICOPTER

The aft section remained relatively intact during the crash. The fire,
which was first visible on the bottom near the main landing gear V-brace
attachment, enveloped the tail section by propagation along the ground.
Because the fuel load had been limited, the fire damage was confined
generally to wire insulation, rubberized canvas baffling, and miscell-
aneous thin aluminum tubes.

ENGINE COMPARTMENT AREA

1. The aluminum hollow push-pull throttle-linkage tube (rod assembly,
throttle, 22C2338) which runs between the cross-beam-assembly
bell crank and the engine-supported bell crank was burned in two.

2. The aluminum mixture control rod that runs parallel to the throttle
linkage was reduced to approximately 50 percent of its original
cross section. (See Figure 19.) While the magnitude and duration
of the engine compartment fire were relatively small, the
seriousness of the situation is clearly illustrated. Of the two
engine control linkages used by the pilot, one was rendered use-
less and the other was severely damaged. Should this have occ-
urred in an in-flight fire, primary engine control would have been
lost. The use of steel linkages for such control rods would be
preferable.

Figure 19. Mixture Control Rod.
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10.

11.

No structural failures occurred in the fuselage motor-mount
attachments.

The engine motor-mount assemblies (Lord Mounts) remained
intact.

The generator cable cutter fired, initiating the cutter timing
pulse, but failed to sever the cable due to an inadequate powder

charge.

The battery cable cutter fired, initiating the cutter timing pulse,
but failed to sever the cable due to an inadequate powder charge.

The mounting assembly for the N3-H,O system and regulators
held satisfactorily, with only a minimum of deformation resulting.

The mounting assembly for the spray manifold, Np-H,O explosive-
operated valves, and the aspirator remained undamaged.

The CO, system mounting brackets held satisfactorily.

The entire spray distribution tube network remained intact and
undamaged.

All of the explosive charges, two per valve (10 total) and one
per cable cutter (2 total), fired.

SEQUENCE OF INERTING OPERATIONS

The sequence in which certain events occurred during the crash is
shown in Figure 20. (See Appcodix V.) It will be observed that:

The first contact at time zero was at the nose wheel.
The main gear contacted the ground at 0,052 second.

The fire-inerting system was triggeréed 0.069 second after
nose wheel contact.

The battery and generator cable cutters fired at 0,074 second.

By 0.075 second after impact a definite flow occurred in the N,

and COp systems.
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10.

11.

By 0.090 second the fuel supply was cut off at the carburetor.

By 0.120 second after impact the oil line was closed at the
engine.

At 0.124 second, the aircraft fuselage underbelly impacted the
ground.

The first indication of cooling took place at 0. 200 second after
nose wheel impact.

The first visible indication of fuel spillage occurred at 0. 370
second.

The first visible fire appeared at 1.462 seconds.
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EVALUATION

INITIATION SYSTEM

The initiation system functioned as designed with all inertia switches
and all contact switches (total of 6 switches) being closed.

The battery for the initiation system (located in the plenum chamber)
survived the crash satisfactorily; however, ‘the wires leading from the
battery to the various explosive charges were burned, with evidence of
shorting. Upon examination, it was discovered that the burned wires
were pinched during breakup of the structure. Since the battery is no
longer needed after the fuselage strikes the ground, it should have been
de-energized after it had triggered the system. A more refined system
being planned for future tests will accomplish this. Armor and other
safety devices can be provided for those portions of the initiation system
which cannot be immediately de-energized.

NITROGEN-WATER SPRAY SYSTEM

The nitrogen-water system apparently functioned satisfactorily. The
explosive-operated valves fired at 0. 069 second after nose-wheel con-
tact; by the time the fuselage contacted the runway (.124 second from
nose-wheel contact), the entire spray system was in operation. Ther-
mocouples on the exhaust ducting gave first indication of spray cooling
at 0. 20 second after impact. Because three of the six thermocouples
were dislodged during the crash, an accurate evaluation of the overall
cooling effectiveness was not possible. However, since three of the
thermocouples gave valid readings and since the effectiveness of the
spray cooling system was verified during the numerous static tests
(Figure 13), it can be assumed that satisfactory cooling was achieved.

A postcrash check of the equipment revealed that the H,O reservoir
accumulator, the Np pressure vessel, the regulators, and the low-
pressure manifold were undamaged. The engine-mounted explosive
valves, the spray manifold, the aspirator, and the entire spray dis-
tribution tube network also survived the crash with no damage.

CO, SYSTEM

The CO, system functioned as designed. In 0.070 to 0. 075 second after
impact, the CO, system was starting to discharge into the carburetor.
By 0.09 second, the gas pressure had closed the carburetor butterfly
valve and had moved the mixture linkage in the carburetor to idle cutoff.

38




By 0.12 second, the gas pressure had fully closed the oil cutoff valve.
The effectiveness of the CO; injection into the carburetor is best eval-
uated by the fact that no flame is apparent at the exhaust outlet in any

of the high-speed pictures.

ELECTRICAL INERTING SYSTEM

The electrical inerting system did not functian as designed. Though
sections of cable were satisfactorily severed in static tests, both the
battery and generator cables were not completely severed in the final
crash flight. However, it should be pointed out here, that in a final
inerting system, fast-acting relays would probably be used in place
of cable cutters. This would provide a re-cycle capability.

INSTRUMENTATION

The pressure transducers used on the N and CO, systems for indica-
ting that these systems were turned on, operated satisfactorily. How-
ever, by installing the pressure transducers downstream of the 'on-
off'' explosive valves, a better initial pressure surge indication would
result. The two potentiometers used to record movement of the fuel
and oil cutoff functioned satisfactorily.

FIRE

The main fuel tank contained 200 gallons of water and approximately
3-1/2 gallons of aviation gasoline. It can be assumed that this fuel
was lying on top of the 200 gallons of water at impact. Liquid was
observed streaming from the fuselage mid-section 0,40 second after
impact as shown in Figure 21. As the aircraft skidded forward and
yawed to the right, a large ''fuel" pattern developed directly under the
aft portion of the helicopter. At l.462 seconds after impact, ignition
of the gasoline vapors occurred. Based upon high-speed film and post-
crash investigation, the fire was ignited by one of two sources:

1. Abraded sparks from the steel landing gear V-brace attach-
ment points on the belly of the fuselage. See Figure 22.

From study of the high-speed films, ignition appeared to
occur external to the fuselage, as seen in Figure 23.
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2. Shorted wires running from the initiation system battery
mounted in the plenum chamber. During the postcrash
investigation, it was observed that the wires leading from
this battery were pinched in two places between torn structure.
The wire insulation appeared to be burned from the inside out,
thus indicating a shorted wire.

ABRADED SPARK PROBLEM

A study has been made by NACA (reference 5) to determine whether
common aircraft metals produce friction sparks capable of igniting
combustibles that might be spilled in an airplane crash. Samples of
aluminum, titanium, magnesium, chrome-molybdenum steel, and
stainless steel were dragged over both concrete and asphalt runways
while combustible mixtures of gasoline, JP-4 fuel, kerosene, and
preheated oil were sprayed around the sample.

No ignitions occurred from aluminum at bearing pressures up to 1455
pounds per square inch and slide speeds up to 40 miles per hour. From
a study of these results and of related literature, it is believed that
aluminum would not be an ignition source even at higher bearing pres-
sures and slide speeds. Titanium, magnesium, chrome-molybdenum
steel, and stainless steel produced friction sparks that ignited the
combustibles at sliding speeds and bearing pressures well below those
that could be expected in a crash.

A solution to the spark ignition problem may be to clad dangerous
metals with aluminum or other non sparking materials like beryllium-
copper. Only those parts which may contact the ground in a crash need
to be clad. The proper use of clading for this purpose needs further
evaluation in realistic tests.
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Figure 21. Fuel Flow at 0.40 Second After Impact.

Figure 22. Lower Landing Gear V-Brace Attachments.
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Figure 23. Sequence Photographs Showing Fire Initiation.

23A Series photograph taken from a 480-fps motion picture
camera at 1.441 seconds after impact, no fire visible.

23B Same scene as above. Sketch is to help identify parts
of the picture that are obscured during the 16mm en-
largement and printing reproductions.
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23C At 1.462 seconds after impact, fire is first visible
along the bottom of the aircraft where the landing gear
V-brace punctured the skin near the rear landing gear

attachment point (see Figure 23B).

FIRE

23D Schematic of photo above.
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23E At 1.4¢(3 seconds after impact the flame is starting
to propagate fore and aft along the ground surface.

23F Schematic of above photograph.
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23G At 1.5136 seconds after impact the fire has propagated
forward about 6 feet and aft to the wedged-open forward
portion of the engine-plenum-chamber doors.

23H Schematic of photo above.
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231 By 1.5444 seconds the fire has started to build. The
vapors are on fire in the plenum chamber and in the
area occupied by the fuel tank.

23J Schematic of above photo.

46



23K Burning fuel vapors in the forward portion of the

plenum chamber and fuel tank area are starting to

spout from the access doors and the skin rupture.

Time: 1.5652 seconds after impact.
No flame has appeared in the engine compartinent. As the aircraft
continues to yaw to the right and the tail seities to the grpund, the
flame propagates along the surface of the spilled fuel and eventually
engulfs the tail section.

\%\/

=

P s //}

231, Schematic of above photograph.
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APPENDIX I, THE INVERTER AS A FIRE IGNITION SOURCE

Several tests were conducted with the H-21 inverter* to determine
whether a fire could actually be started by the commutator sparks or
by the 115-volt, 500-cycle alternating current being generated.

The inverter was installed on a test platform and wired so that it could
be controlled from a remote station. The cooling fan was removed,
primarily to eliminate the forced air flow through the inverter, thus
creating a more favorable situation from the standpoint of ignition
(references 9, 14, and 15). The AC output wires were arranged in such
a way that they simulated an actual wire being severed, thus creating
electrical sparks associated with the arcing of broken wires.

With the inverter in operation, aviation gasoline, hydraulic fluid, and
lubricating oil were sprayed into and around the commutator area. No
ignition occurred. The flammable fluids were also sprayed directly on
open-air arcs produced between the AC output leads. In some 20 tests,
no ignition took place.

In order to create more effectively a combustible zone or area, a cotton
wick was dampened with the same flammable fluids. The wick was placed
in the inverter next to the commutator sparks, The degree of wetting was
varied in order to insure, at one time or another, conditions most suit-
able for ignition. No ignition could be detected.

The same wick arrangement was placed adjacent to the 400-cycle, 115-
volt AC arc. Ignition readily took place.

From these tests, it was concluded that the likelihood of fire ignition
from the commutator sparks is practically negligible; however, the
115-volt, 400-cycle alternating current does present a potential
ignition source.

It was shown by actual test that the time between DC input cutoff to the
inverter and AC output cutoff within the inverter was 0. 385 second.” |
Thus, based upon the desired time of 0. 20 second for inerting, cutting
of the DC power supply to the inverter would not accomplish the desired
result. It is recommended that the AC output also be cutoff at the in-

- verter outlet.

* Inverter - Class A, 500 Volt Amp, 3 Phase, AN3533-1, input 27.5 VDC,
37 Amp. DC output, 3 Phase, 115 Volts, 400 Cycles. 500 Volt Amp.

0.90 Power Factor Mfg. Bendix.
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APPENDIX II, IGNITION BY HEATED SURFACES

Hot engine metal is a potential ignition source for the various flammable
fluids carried aboard aircraft. In determining the temperature to which
the hot surfaces must be cooled in order to prevent ignition, a thorough

review of the available literature was made.

While there are some differences of opinion as to what this temperature
should be, there remain several conditions that are mutually agreed upon.
These are:

1. As the temperature of the combustible fluid increases, the rate
at which its vapors are given off increases. Thus, if ignition
is to take place, it will do so more quickly with a hot fluid, since
a combustible mixture will be reached earlier.

2. A relation between surface temperature and contact time required
for ignition is given in Figure 24 for JP-4 fuel (reference 8),
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Figure 24, JP-4 Ignition Delay vs. Surface Temperature
(From Reference 8).
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Two main trends are evident:

a. The required contact time decreases with increasing
surface temperature.

b. When the combustible atmosphere is at a higher pressure,
which exists within an engine during the initial stages
of a crash, ignition is possible at a lower surface
temperature for a given contact time.

3. Most of the experimental data on ignition of combustible atmos-
pheres flowing over hot surfaces were obtained with single-~
constituent hydrocarbon fuels under conditions that hardly
approximate those in a reciprocating or jet engine.

4, Assuming all things equal (exposure time, pressure, combustible
mixture, etc.), JP-4 has a lower flat-plate ignition temperature
than aviation gasoline, and the lower grades of gasoline have
lower flat-plate ignition temperatures than the higher grades
(reference 14).

5. Reduced fuel volatility would not increase the ignition temperature
of the fuel but would reduce the vapor volume in which an ignition
source is hazardous.

According to early tests, one authority in the field (reference 14)
contends that for complete immunity to fires ignited by the exhaust
system, the surface temperatures should not be greater than 500
degrees F. (turbine fuels not considered).

Another authority (reference 9) was of the opinion that cooling the ex-
haust system to 760 degrees F. would be adequate. This author con-
tends that since oil ignites at a lower temperature than gasoline, it
determines the design cooling temperature. Further, he contends that
0ils and hydraulic fluids would normally, upon delayed spillage, flow

by gravity to the lower portions of the engine. Thus, not only would it
take time to reach the hot spots, but also it would be in a liquid form.
rather than in a mist, According to reference 9, oils kept in a liquid
state possess a higher ignition temperature than oils in vapor or mist
form. Thus, the chances of their being ignited below 750 degrees F.

in a liquid form are extremely low. Any oil that hits the manifold during
the time that a water-spray cooling system is in operation, and the
temperature of the manifold is above 750 degrees ¥., would be evaporated
along with the water and carried away.
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After the water spray had terminated, the water would settle in the
lower portions of the engine area where the flammable fluids would
flow by wetting conduction.

In later tests where turbine fuels were involved (reference 8) an
experimental approach to the safe-temperature problem was under-
taken. The hot surfaces were simply cooled by a water-spray method,
and the duration of the spray was recorded. After each spraying,
flammable fluids were sprayed on the hot surfaces. It was soon deter-
mined what duration of coolant spray was required, for a given engine
location, to reduce the temperature low enough so that when the reheat
phenomenon (see page 22) occurred, ignition would not take place.

Based upon the literature reviewed, it was decided to cool the hot
surfaces to at least 400 degrees F. in the H-21 fire-inerting system.
This would provide a safety factor in the event of poor coolant dis-

tribution due to damage to the system during impact or to other causes.
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PHOTOGRAPHS OF CRASH FLIGHT

APPENDIX III,
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APPENDIX 1V, FIRE-INERTING-SYSTEM WEIGHT

Water accumulator . .

Nitrogen bottle, regulators, high and low manifolds . . .

Carbon dioxide bottle, valve, and distribution manifolds.

Oil cutoff valve . . . .

Fuel and butterfly closing mechanism .

e e o o 8 + @

Aspirator, squib valves, and spray manifold. . .

Connecting flex lines .

Spray distribution tubes . . . . . .

Nitrogen-water mounting bracket . .

Carbon dioxide mounting bracket . . . . .

Water .

Carbon Dioxide . .

Nitrogen . .
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Pounds

16.00

16. 00

9.25

3.25
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COMPENDIUM

Based upon statistical studies (Reference 1 and 2) it appears that, of
all Army aircraft which burn following a crash, helicopters have
the lowest survival rate. Aviation Safety Engineering and Research
(AvSER), a division of the Flight Safety Foundation, was awarded a
contract to investigate the problems arising in the development and
employment of a fire-inerting system appropriate to the impact con-
ditions occurring in potentially survivable helicopter accidents which
normally result in fire.

The literature search which preceded the experimental testing included
a thorough evaluation of the work done on postcrash fire prevention in
fixed-wing aircraft at the NACA Lewis Laboratories during 1949-1957
and the subsequent work done by the Walter Kidde Company for the

Air Force in 1953-1958. The NACA reports clearly demonstrated that
fire-inerting systems capable of preventing fires in approximately 80
to 90 percent of the potentially survivable fixed-wing accidents could
be based upon the control of only two ignition sources: (l) the aircraft
electrical system and (2) the aircraft exhaust system including inerting
of both hot gases and hot surfaces.

Postcrash fires occur only when three basic elements are present -

a fuel, an oxidizer, and an ignition source. Control of all three elements
would be ideal: however, complete control of the oxidizer (the atmosphere
in the crash area) does not appear feasible, although local control of

the oxidizer at specific ignition points is possible as shown in the work
reported by NACA and also by Walter Kidde and AvSER., However, fuel
control in the form of fuel containment can effectively reduce fire hazard
and fire volume when leaking fuel is ignited from controlled sources such
as static or friction sparks. The ignition source appears to be the most
feasible of the three elements to control.

In the application of fire-inerting systems to any aircraft, the time-
factor is of utmost importance; that is, the system must be activated
and must be giving satisfactory inerting at the earliest time at which
ignition would normally take place. As a result of the NACA tests, it

is believed that for fixed-wing aircraft this is generally about one second
or greater. On the basis of impact tests conducted with three H-25

and two H-21 helicopters by AvSER, there is considerable evidence that
the time to ignition for accidents involving rates of descent of the order
of 30 to 40 feet per second may be as little as 0,20 second. This low
time to ignition is associated with the close proximity of the fuel cells

to the ignition sources in the helicopter and with the massive fuel spillage
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and vaporization occurring in the high vertical G impacts in accidents
occurring at these rates of descent. It should be observed that accidents
within the 30 to 40 feet per second vertical descent are potentially sur-
vivable from the crash injury point of view.

Obviously, a fire-inerting system is practical only if it provides inerting
within the time limits imposed by the flight characteristics and configuration
of the specific aircraft in which it is installed. In view of the apparent
0. 20 second time constant for the H-25 (and H-21) helicopters, AvSER
has concentrated its present efforts upon the development and testing

of a system applicable to an H-21 aircraft. Emphasis was placed on the
inerting of the engine and engine exhaust system, under the hypothesis
that the electrical system can readily be inerted in 0. 20 second. This
fact was demonstrated as a side experiment in the subsequent test of the
engine system, althcugh no effort was made to develop a prototype
electrical inerting system suitable for installation on a service aircraft.
This is considered to be a routine developmental project.

The basic requirements established for the experimental engine inerting
system described in this report were:

1. To cool all hot surfaces to temperature below the ignition
temperature of flammable fuels and oils. -

2. To provide local oxidizer control over all hot surfaces until
cooling of such surfaces drops below the ignition temperature
of the flammable fluids.

3. To inert the interior of the engine from the induction system
to the exhaust system outlets,

4. To shut off fuel and oil supply to the engine.

5. To provide the above functions with a weight limitation of 100
pounds and a time-to-inerting limitation of 0. 20 second, when
subjected to a crash environment typical of a severe, but
potentially survivable accident.

Many experiments, some of which are discussed in the report, were

conducted in order to establish the specific requirements of the system
to provide the functions described above.
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A workable fire-inerting system was designed and installed on an H-21
helicopter. On September 12, 1962, the system was dymamically crash
tested when the helicopter was flown into a typical accident by radio control.

This report discusses the design criteria established, the experimental
procedures used, and the experimental results obtained; and it gives an
evaluation of the various separate systerns. Basically all systems
functioned as designed, a fact which suggests the feasibility of providing
engine inerting in the 0.20 second specified. Itis almost certain, however,
that fuel did not reach the engine itself within this period, due in part
to the small fuel load carried. The aircraft was flown on an auxiliary
tank, while the main tank was filled with 200 gallons of water topped
with 3-1/2 gallons of aviation gasoline to minimize damage to other
experiments in the main cabin in event of fire. Additional experiments
will be required to estabiish that complete inerting can be accomplished
in such short time intervals when large quantities of fuel are aboard.

It is of considerable interest to note that, even though only 3-1/2 gallons
of spilled fuel were available in the crash, ignition did occur. High-speed
photographs show the first flame to be in the vicinity of steel bolts and
fittings on the landing gear on the right hand side of the aircraft, where
ignition from abraded sparks would be expected. This problem can be
eliminated through the use of suitable non-sparking materials on those
portions of the aircraft most likely to come in contact with the ground

in an impact. The presence of the fire in this test clearly emphasizes

the effort which must be made to control fuel, oxidizer, and ignition
sources if fire inerting is to be accomplished.

This test may be considered satisfactory from the standpoint of the
demonstration of the operational capability of the engine inerting system
under impact conditions; however, additional work is needed prior to
installation of an inerting system in service aircraft, including the
development of:

Reliable, lightweight hardware for the engine inerting system.
The electrical inerting system.

A fail-safe initiating system.,

Fuel containment.

. Extension to jet engines.

Ln.b.wwl—-

69




DISTRIBUTION

U. 5. Army Test and Evaluation Command

U. S. Army Infantry Center

U. §. Army Command and General Staff College

Axrmy War College

U. S. Army Arctic Test Board

U. S. Army Armor Board

U. S. Army Aviation Test Board

U. S. Army Aviation Test Activity, Edwaerds AFB

Deputy Chief of Staff for Logistics, D/A

Army Research Office, Durham

Naval Air Test Center

Army Research Office, OCRD

U. 5. Army Aviation Center

U. S. Army Combat Developments Command
Aviation Agency

Deputy Chief of Staff for Military Operations, D/A

U. S. Army Quartermaster School

U. S. Army Combat Developments Command
Transportation Agency

S. Army Transportation Board

Army Aviation and Surface Materiel Command

Army Transportation Center and Fort Eustis

Army Transportation School

Army Transportation Research Command

. 5. Army Airborne, Electronics and Special
Warfare Board ,

Office of the United States Army Attache

U. S. Army Research and Development Group (Europe)

T C Liaison Officer, U. S. Army Aviation School

Hq USATDS .

Air Force Systems Command, Andrews AFB

Air University Library, Maxwell AFB

Air Force Systems Command, Wright-Patterson AFB

Chief of Naval Operations

Bureau of Naval Weapons

David Taylor Model Basin

Hgq, U. S. Marine Corps

Marine Corps Landing Force Development Center

Marine Corps Educational Center

U. S. Coast Guard

cocacs

71

NN DN D e et et s e s N =)

—

Pt et et et bt A bt b bt =t U = [N e



National Aviation Facilities Experimental.Center

NASA-LRC, Langley Station

Manned Spacecraft Center, NASA

Liewis Research Center, NASA

NASA Representative, Scientific and Technical
Information Facility

U. S. Government Printing Office

Defense Documentation Center

U. S. Army Medical Research and Development Command

U. S. Army Medical Research Laboratory

Human Resources Research Office

Director of Army Aviation, ODCSOPS

Aviation Safety Division, ODCSOPS

Director of Safety, ODCSPER

U. S. Army Materiel Command Aviation Field Office

Bureau of Medicine and Surgery

The Surgeon General

Armed Forces Institute of Pathology

U. S. Air Force Directorate of Flight Safety
Research, Norton AFB

U. S. Army Board for Aviation Accident Research

U. S. Army Aviation Human Research Unit

U. S. Army Representative, U. S. Naval Aviation
Safety Center

U. S. Naval Aviation Safety Center

Naval Air Materiel Center

Naval Air Development Center

Wright Development Division, Wright-Patterson AFB

Civil Aeromedical Research Institute, FAA

National Library of Medicine

Air Force Flight Test Center, Edwards AFB

Helicopter Utility Squadron TWO, Lakehurst

Aviation Research and Development Services, FAA

Bureau of Flight Standards, FAA

Bureau of Safety, Civil Aeronautics Board

U. S. Public Health Service

National Institutes of Health

U. S. Strike Command

U. S. Army Mobility Command

U. S. Army Materiel Command

National Library of Medicine

72

v - NDUTWN = NWNNDNO =N - W

—

00 W = N NN DN NN DN B =W N —




(L1)888=DNV ~LLT
-$% VQ 39wI3U0D

gxoydoorey
sutfug Juny
-eooadioey 10J
wajshg Funjzeus
9317 ysein ® jo
388 ] pue jusundo
~1easq ‘Axoeyy

QILIISSVTIONN |

(L)888-DINV -LLI

¥ VO JoRIjU0D 7

s1eidootrey
sujfug Bup
-gaoadiosey 10}
weisds Jupizeur
9d1J ysexD ® Jo
1sa ], pue jusumdo

~Teasg ‘Azosyl ..H_
AMOFTHL 'euozlly ‘xtusocyd ‘gd1eassy

QITIISSYTONND |

(penuiuos) uorzoniisuos pue uoieiado
3o Azoey) syi saqrissep jxodex syl

(3xodey payrsseE[oun) (L)eB8-DWV-LLT

2] 'TOIZTIVIOLPZOVI qFRL WODIHIVEN -¥#F Vd I9EI3U0D

( (L)8g8-DWV-LLI-¥% VO 19®IUCD)
‘enrr ‘°dd 3, ‘€961 asquadeq ‘6%
-£9 "ON 3xoday TedTUYOAL WODIHL surfug Bun
mozaen 4 ‘d pu® ‘g yd ‘smoquan] -eooadioey aeor
‘M ‘[ ‘uosixaqoy 'H 'S ‘SHALJOD weisdg Bupzou;
-IMTEH EANIONE DNILYOOHJIDEYE =114 YselD ® JO
"HOJd WALSAS ONILYINI-FYLI HSVHED 189 pue juswdo

sxaydoorfeHq

1| Vv 40 1STL ANV INIWJOTIAIA -1easq ‘Azosyy
A¥YOTH]L 'Tuczily ‘X[usoyg ‘YoIeesay

..n_

(penurjuos) worlonIjsuod pue uorjeiado
3o Axosy) a3 saqirosep Jrodax sl
(3xodey parpisseroun) (L)888-DWV-LLT

( (L)888-DNV ~LLT-¥¥ VO 10®I3U0D)
‘enit ‘°*dd 7, ‘€961 zequedsqg ‘6%
-¢9 "oN jrodey Tedtuyds] WOODIHL surfuy Bun
‘IToxien *J ‘g pu® ‘g ‘yd ‘moquin] -wdoxdidey 10}
‘M ‘[ ‘umosizaqoy ‘H 'S ‘ST IJOD weysdg Bupjzsug
-ITEH INONT DNILVDOHdIDEY 2a14 yseid ® jo

¥OJd WHELSAS ONILYINI-THII HSVHED 3891 pue juawdo
v 40 1LSEL ANV LNIWJOTIATA -T2a2q ‘Aroay]

s1aydoorrey

pue Surzseurfuy Ljayeg uonetay QgHALIISSYTONN

*TOTZIVIOLPZOVT M5BL WODTHIVSN -¥#% VA I9®IjU0D °F

‘1 _
A¥0OAH]L 'BUOTIIV ‘XIueoyd 'ysivesay

pue BurzeourSuy Ljeyeg uoneray gIIIISSYVIONN

_.“ﬂuanﬂnou_._ UOTIINIJEUCD pue uoylerado
jo Azoey; eyl seqiiosap jxodaz siqy

(3z0dey parpiese(oupn)

‘2| "TOTZTIVIOLYZOVI ML WODHEHULIVSN

((L)8g8~DWV ~LLI-P¥F VA I2EIUOD)
‘suqrr ‘'dd z. ‘€961 zequuadeq ‘6F
~£9 "oN xodey redTUYISL WODIHL
‘[oxaen ‘g ‘0 PuU® ‘g Yd ‘moguany
"M 'L 'u0s3xeqoy ‘H 'S ‘SHIIJOD
“TTEH ENIDNH DNILVDOOUdIDEYH
HO4 WHLSAS ONILYIANI-THIA HSVHD
¥ 40 LSEL NV LNIWJOTIAIQ
AHOFTHL 'Buozily ‘xiusoyg ‘ydIessey
‘ pue Surzssurduy Ajeyeg uonelay
(penurjuod) worjonijsuod pur uoljerado
jo Azost) oy} seqriosep jxodaz siyg

(3zodey perpisserouf)
*TOTZTIVIOLPZOV T YSBL WODTHIVSN
( (L)888-DWV -LLT-¥% VO Io®Iu0D)
'snqqr ‘rdd 7. ‘€961 zequusdeq ‘6%
=£9 oy 3xoday Tedmuydal WODTHIL
‘toxzed g g PUE ‘Q'Yd ‘moquing
'M ‘[ ‘uosixaqoy ‘H 'S ‘SHIILJ0D
-I'TEH ANIONE ONILVOONdIDTY
HOJd WHLSAS ONILYIANI-THII HSVHED
¥V A0 1SIL ANV INTFWJOTIAIQ

| pue Burzesurtfusy Ljeyes wonjwtay



- v A »
*3893 yseID [EN)OE UE Ul PIjRI}SUOWSP ST *3893 YSeID [EN}DE UE Ul PIJRIJSUOWDP ST
joedurr 1933 PUOISS (7 °(Q UNIIM uorjexado ur woyshs | joeduur 93y PuOdIS (7 *Q UIYPRIM uonyerado ur walsds
® yons Buroerd jo A311qIsesy oy] ‘jyeidare paroamod ® yons Suroerd jo Ljiqisesy ayl ‘Pexdare pazamod
-aurqany o3 orqesrdde pue xo3dodrray surBus-uoystd -surqanj o3 ajqeoridde pue x9idoorfay surdua-uoysid
® 1oy pouBisep weisks Surjazaur-aiyy Tejyusutzadxe ue o ® 103 pouSisep uraysds Sunjasur-a11y yRIusUIIISdXS U JO
*3893 YseId [eNjde Ue Ul PIjeIjSUOWIP ST . *1593 YSBID [ENIIR UR Ul PIIRIJSUOWAP ST
1oeduuy 1935 puodes (Z ‘0 UrYIIm uorjerado ur wlss 1oedurr 1933e PUODIS (Z *Q UIYIIM uorjeaado ur ureysds
® gons Suroerd jo LJ111qIsedy 9YL ‘IFerdIre paxamod ® yons Buroerd yo A31qisesy Y], “eadare paxamod
-autqan3 o3 orqeorjdde pue xa3dod1ray surSus-uoysid -surqanj o3 arqeorjdde pue x93doorrey surdus-uoysid

® 103 poulisop weisis Bunjrsur-a1yy Tejusurtaadxae ue jo ® 103 pouSisop we3sks Bunpraur-aiyy Tejuswtzadxa ue jo




(1)888-DAV-LLT |
-5 Va 39213900

S 5%

' 8293d00I[H

suruy Suny
-eooxdioey x0%
woisdg Supaaug
911 YysexD ® Jo
1s9], pue juswdo
-19A9q ‘Axosyy

(penurjuos) uworlonijsuos pue uopjezado
Jo Axoey} ayj saqiiosap jrodar siygg

(3zodey pamissersun) (1L)888-DINV-LL1

‘2| "TOTZTIV IOLPZOV I M8BL WODIAHIVSN -$P VQ 3de1IU0)

((1L)gg8-DWV-LLI-¥% VO 19BIU0D)

*snrqy ‘tdd 2; ‘€961 asquaoeq ‘6%
~€9 "ON 1zodey TEITUYIAL WODHYL sutduy 8uny
'Ifoxxen I 0 pu® ' 'yg ‘moquin] -eooxdidosy 103
‘MO 'uwosizaqoy ‘H 'S 'SHAILJLOD woalsig Sunjzeug

I'THH INIDNE DNILVOOHJIDHEY °I1q ysedd e Jo
¥YOJ WHLSAS DNILYINI-THII HSYHD 3891 pue juawdo

sx93doo1To

‘1| Vv J0 1STL ANV INTIWJOTIATA
AHOEH]L ‘Tuczlay ‘Xiusoyd ‘yolessay

QIIJISSY'IONN |

(1)888-OWV -LLT
|¢¢. .<.Q aU.ﬂHudOQ..

sxajdoorrel

auiBuy Juny
-eooxdi1oay 107
wajsfg Surzzeuy
911 d YyseixD ® Jo
189 pue juswdo
-19aag ‘Aaoay],

{penurjuod) uo1}INIJFUCD puE uoljeIado
jo Axoer) a1} seqriossp jxodaz sy

(1z0dey perisseroun)

( (L)888-DWV-LLI-¥¥ VO 19®IjU0D)
‘enyrr ‘+dd 7; ‘€961 zaquanag ‘6%
-£9 ‘oN 3zoday redmuYOL] WOOHYUL
roxzen ‘g O pu® ' 'Yd ‘moquin]
‘M [ 'uosiasqoy "H 'S SHALJOD
-I'TEH INIONT ONILY208dIDEH
HMOd WHILSAS DNILEINI-HHIA HSYHD
‘1] v J0 1s3L ANV INIWJOTIAZA
AH0OFH]L ‘RUCZIIY 'XIU20Ug ‘yoITasay

dIIIISSVIONN |

pue Burzseurfuyg £jereg uwoneray

-1eAaag ‘Aaoayg,

(penurjuos) woloNIjsUoeD pue uorjezado
jo Azosyl oy seqriossp jzodea siyg

(1zodey peyneseroun)
‘2| *1012TVI0LPZOV T M8l WODIHLIVSA
( (L)g88-DWV -LLTI-#% VO 1081jucy)
*enqrr ‘*dd 21 'e961 Iaquiasxy 6%
-9 *oN 3zodey TedmuYdel WOOEHL
‘lmoxaen g ‘A pue ‘g 'yd ‘moquany
‘M ‘[ ‘uosizeqoy ‘H 'S ‘SHTLIJOD
-I'TEH INIDONT ONILVIOHJIDTY -
HOJ WILSAS ONILHINI-THIL HSVHD
‘1] V¥ 40 1LSTL ANV INIWNLOTIAIA
A¥OTHL ‘®Uoziay ‘Xjusoyg ‘yoresssy

pue SurzesmBuy Ajeyeg uworgeray QIAIIISSVIONN

(Liggg-oWv=LLT
2] *TOTZIVIOLFZOVT Mool WODTULIVSN -F% VO 32eijucy 'z

sxaidoorray
aurBug Jun
-edoxdioeyg 10]
urejsdg Funzeu]
2114 YyseID) ® JO
153 pu® juswdo
-Teaa(g ‘AxoayJ,

pue Supzesurfug Ajeyeg uoneiay
(panuijuod) TOIONIISUOD puT uolIeRIedo
3o Lzo09y] o913 saqriossp jrodsi siygp

(310day pernrsseroun)
‘T0TZTVI0LPZOV I M5l WODEULVYSN
( (L)888-DNV -LLT-F% VO 19®Im0D)
'snqr ‘tdd 7. ‘€961 zequedsg ‘6%
=€9 "ON 310dey [edUYdeL WODIHL
‘Troaxed ‘d 'd PU® ‘g 'yd ‘moquany
‘M ‘[ 'u0SiIaqoy 'H 'S ‘SHILLOD
| ~I'TEH INIONT ONILVOOHJIDTYH
¥OJd WA LSAS ONILYANI-THIL HSYHD
‘1| v 40 1STL ANV ILNIWJOTIATA
AMOZHL 'euUozZHY ‘X[uloyd ‘yosreesay

AIIJAISSVIONN |

pue BurzesurBug Ajejes uwonjelay




*3893 YseId [enjde UL U P3jeI}SUOWP ST
joedunt I933e PUOIIE (7 *0 UIYIIM uorjexado ur wajsds

® yons Suroerd jo L3i[iqise’dy oyl ‘IFexdare paromod
-aurqan} o3 Irqedrjdde pue z93doorrey surdus-uoysid

® 103 poulissp weshs Surizaur-a11y rejuewrIadxod Ue yo

*3893 YSBID [EN)OE UE Ul PIIBIISUCWIIP ST

joedut 2933 puodds (7 ‘0 UIYIIM uoryexado ur weysds

© yons Surderd yo Arqisesy oyl ‘IFerdatre pazamod
-aurqany 03 arqeatdde pue za3doorfey surdus-uoysid

® 203 poulisop weishs Jurjazsur-o11y [ejuswWIIIadXe Ue JO

3893 YS®BID [BNIDE U U PIIJBIISUOWSP SI
joeduwr 1933e PUOdas 07 *Q UIYItm uorjexado ur wayshs

e yons Juroerd yo Ayiqisesy ay], ‘PeidIire pazamod
-ourqinj o3 arqedrjdde pue x9idooirey aurBus-uojsid

® 107 pauSisop waysds Burjaaur-axry rejuswrradxs ue yo

3§93 YS®ID [ENIOR U Ul PIJRIISUOWSIP ST
joedwr x93 PUODIS (F °( UIYIIM uoljriado ur uralsds

® yons Suroerd yo Anriqisesy oyJ, ‘jyeioire paxamod
-aurqany o3 afqedsrjdde pue x93door[ey durduo-uoysid

® 103 pouSisop wo3lsds Surjzsur-sa1y Tejudwrradxs ue yo



UNCLASSIFIED

UNCLASSIFIED



