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The test facility (Figure 3) is equipped with an elevated test platform on which
the test specimen can be mounted in the desired position. As in the previous airflow

• test program , a large hydraulic actuator with its associated plumbing was used to pitch
• the wing to the desired angle-of-attack (Figure 4). All changes in the angle-of-attack

were controlled remotely by the hydraulic pump and a sensor accurate to 0.1 degree
attached to the fixtures (Figure 5).

Each of the tests made use of a 33- by 36-inch free jet nozzle which was capable
• of cha nneling the bleed air from two jet engines into velocities ranging from

app roximately 1 50 knots TAS (tru e airspeed) minimum (both , engines operating) to
approximately 550 knots TAS maximum at the nozzle exit.

Placement of the test specimen relative to the free jet nozzle varied during the
firs t series of tests. For the firs t C~ m easuremen ts, the test specim en was eithe r
centered (in height) relative to the fre e jet nozzle (see Figu re 1 depicting the same
configuration used for tests reported in Volume I) or located approximately parallel to
the lower surface of the free jet nozzle. For all remaining tests, the airfoil was located
appro ximately 8 inches below the centerline of the free jet nozzle.

A Hewlett-Packard 2100S minicomputer was used to record , store , red uce, and
print the test data .

TEST INSTRUMENTATION

The test instrumentation and equipment used to control and record the various
• test parameters in this program are :

1. Pitot-static probes installed in the airflow duct to measure airflow velocity, and
at selected locatio ns on the test specimen to measure local airflow velocities.

• 2. “Strip-A-Tube ” type static probes to measure local static pressures to be used to
calculate the local coefficient .

3. Thermocouples for airflow temperature , fuel tem perature , and fire detection .
4. Closed circuit television used to monitor the reaction of the test specimen

during testing .
5. Infrared television used in conjunction with the thermocouples to establish the

presence of a fire .
6. Motion picture camera coverage -24 frames/sec and 250 frames/sec .
7. Still photographs .
8. Fuel ignition source .
9. Wing angle-of-attack positioner and sensor .
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Figure 3. Range 3 Vertical Facility.
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TEST DESCRIPTION AND RESULTS

COEFFICIENT OF PRES SURE MEASUREMENTS

The objective of this phase of the test program was to determine the quality of airflow
simulation used in tests reported in Volume I. A series of in-house computer runs was made ,
using BGK (Bauer , Garabedian , and Korn ) transonic airfoil code including turbulent bound-
ary layer calculations, in order to establish the static pressure distribution (pressure coeffi-
cient) of the undam aged A-7 replica wing in actual fligh t conditions corresponding to the
nominal airflow velocity obtainable in the test facility. To compare the actual static pressure
distribution with the predicted values, the test specimen was instrumented with “Strip-A-
Tube” along the centerline of the airflow (Figu re 2). A series of test runs with the test speci-
men centered and in a low position relative to the centerline of the airflow was conducted
at different angles-of-attack and compared to the predicted values. Figures 6 through 9

I p-p 00contain the compansons between the predicted and actual Cp ~~~ = 
1/2 ~~ V00

2

for the various angles-of-attack used. As can be observed in each of the figures, there was a
significan t difference between the predicted and actual C~, values. This was due to the large
dimensions of the test specimen in relation to the size of the available airflow. In previous
tests with a small-scale airfoil model placed close to the nozzle exit , predicted static pressure
distribution agreed closely with the measured values. Due to time and financial constrain t
and scaling problems, the size of the test specimen relative to airflow dimensions was not
changed. However, in an attempt to delay the rapid equilibrium of the airflow static pres-
sure with the ambient static pressure, a modification to the test setup was made. The• modification consisted of installing a combination of wing fences and an adjustable deflec-

• 

- 
tor plate extending from the free jet nozzle to the 25% chord of the test specimen (Fig-
ures 10 and I I ) .  After completion of the modification , a series of static pressure measure-
ments was made over the airfoil with the “Strip-A-Tube”. The adjustment deflector plate
was positioned at -4 1/2 degrees (down), 0 or +4 1/2 degrees (up) relative to the horizontal ,
and the angle-of attack was varied from 0 to +9 degrees. Figures 12 through 15 show the
comparison between the measured and calculated static pressures. Although there was some
improvement near the leading edge of the test specimen , the remainder of the airfoil showed
little change. Improvement near thy leading edge occurred when the deflector plate was
positioned at +4 1/2 degrees rela iive to the horizont al.
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To determine the significance of C~ on the blowout velocity, a limited number of
tests were conducted at two different C~, values. Since the leading edge was the only
section of the airfoil where significantly different static pressures could be established ,
the leading edge was modified for these tests. The modification consisted of installing

• a fuel pan and torch in the leading edge along with a 4-inch simulated dam age area
(flap ahead of hole), as seen in Figure 16. Attempts were made to ignite JP-4 at
various fuel levels and angles-of-attack. These tests proved to be unsuccessful due to
the amount of air entering the damaged section, driving the fuel-air mixture overrich ,
and thus preventing ignition. An alternate approach using JP-5 at a low fuel level and
at a 7.5 degree angle-of-attack did prove successful. Each test was conducted several
times with the blowout velocity remaining reasonably consistent. The data from these
tests are plotted in Figure 17 , which shows that the higher (and more realistic) Cp
corresponded to a higher blowout velocity than did the low C~, Since only a limited amount
of data exist , it is not known if the higher blowout velocities for high Cp prevail for
other chord locations, fuel level, fuel types, or different damage sizes and configura-
tions. However, since the blowout velocity does have a significant impact upon the
vulnerability of an aircraft , this information needs to be established.

BOUNDARY LAYER MEASUREMENTS

Due to fuel entrainment out of the damage area observed during the tests
reported in Volume 1, a series of measurements was made to assess local flow effects
and to establish the degree of boundary layer simulation attainable with the modified
test setup. Two rakes were constructed for installation at the 25 and 38% chord
locations on the upper surface of the test specimen. Each rake had six tubes spaced
1 inch apart. During the series of tests, both the angle-of-attack and deflector plate
were varied at discrete values. The results of these tests were inconclusive due to the
coarse spacing between the probes. Two new probes were constructed with tu be
spacings approximately 1/4 inch apart for the firs t 2 inches and 1 inch apart out to
6 inches. The probes were installed in the same location as the previous probes
(Figure 18) and the entire series of tests rerun. Figures 19 through 22 show the results
of these tests. The boundary layer was thicker for the deflector plate oriented at
+4.5 degrees and was smallest at the deflector plate orie~tation of —4.5 degrees.

21
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Estimates of the boundary layer thickness were made by: ( 1) utilizing the
boundary layer features of the BGK computer program and (2) making simple flat
plate calculations. The BGK program uses a Squire-Young boundary layer calculation
scheme and is designed to be compatible with the inviscid calculation regarding shock
wave location and integral property prediction , i.e. displacement thickness, 6~, momen-
tum thickness, 0, and form factor, H. The local boundary layer thickn ess, 6, was
calculated from the relation obtained in “Boundary Layer Theory.”2

6 = ô 4 ( H + 1) / ( H ~ I) ( I )

2SchHchtin~, H., “Boundary Layer Theory,” 6th EdItion , Mc( raw.HiII, footnote, p. 630.
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There is limited evidence that this procedure is valid in the presence of shock waves.
It can be determined from Figures 14 and 15 that the critical pressure coefficients are
exceeded locally near the leading edge, indicating that shock waves were present.

As a means of comparison with another method , a more conventional flat plate
solution was also attempted. A key consideration for this method is the proper
assignment of the transition location. In the BGK method, the normal procedure is to
locate the transition at the minimum pressure point. This was normally within 5% of
the leading edge, and the same procedure was used for the flat plate calculations. The
formula for this case is:

6 = (~~~)~~l/ 5 (2)

where

6 = thickness of boundary layer at x

x = chordwise distance from leading edge -

U = free stream velocity

v = kinematic viscosity.

Results of the two methods appear in Figure 23 for a case corresponding to
Figures 12 through 15 at three chordwise locations (25, 38 and 50%). It is noted that
the two methods do not yield the same results. The strong adverse pressure gradient
induced by local shocks and airfoil curvatu re has the effect of thickening the boundary
layer over and above the magnitude predicted by the flat plate method. While the
trend of the BGK method results supports this, the absolute levels should at least

I - match the flat plate values at zero angle-of-attack. The most probable boundary layer
thickness is a combination of the trend yielded by the BGK method and the
magnitude yielded by the flat plate method.

• Additional boundary layer measurements were made for the lower surface of the
test specimen to determine the lower surface flow at varying deflect or plate and
angle-of-attack values. This was accomplished by installing a pitot rake on the lower
wing surface at the quarter chord. As seen in Figures 24 and 25, the quantity of
airflow past the lower surface, especially at small angles-of-attack, is substantially less
than that over the upper surface.
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Figure 24. Boundary Layer Velocity Measurements for Lower Surface of
Test Specimen Taken at 25% Chord.
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Figure 25. Boundary Layer Velocity Measurements for Lower Surface of
Test Specimen Taken at 25% Chord.
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BLOWOUT VELOC ITIES

The objective of this series of tests was to determine the influence of boundary
layer thickness, damage size and angle-of-attack upon the blowout velocity. The 38%
chord location was selected as the damage location since the stat ic pressure at this
point did not appear sensitive to the deflector plate position (C~ was very low
compared to realistic values regardless of plate position) while this boundary layer
could be controlled with the deflector plate (thin boundary layer for —4 1/2 degrees
deflec tion and thick boundary layer for +4 1/2 degrees deflection). The test setup, with
the exception of the deflectio n plate modification , was identical to tests performed in
Volume I. A fuel tank , torch , and damage section were cente red on the 38% chord .
The fuel level for all tests was 5 inches and only JP-4 was used. Originally, different
fuel levels were to be used in this phase, but due to inconsistent results (which
required multiple runs at each data point) and time constraints , only the 5-inch fuel
level was used. Figures 26 and 27 depict the test setup and Figures 28 through 30
show the damage sizes used.

The procedure used for the tests consisted of the following steps for each series:

-4 1. Position deflector plate to desired value and fill fuel tank to desired fuel level.

2. Pivot wing to desired angle-of-attack (usually zero).

3. Start airflow across test specimen (minimum facility airspeed , 150 knots).

4. Try to ignite fire with spark. If unsuccessful , try combinations of spark ,
propane, and oxygen.

5. Once the fire is ignited , turn off spark , oxygen , and propane if used.

6. If the fire is sustained , increase airflow velocity until the fire is extinguished or
until maximum facility airflow is attained. If the fire is not extinguished at
maximum facility airflow , decrease velocity, divert the airflo w out side, and use
facility CO2 to extinguish the fire.

7. If the fire is extinguished before maximum facility velocity is attained , note
and record the blowout velocity, reduce the airflow velocity to 150 knots and
either change the angle-of-attack or rerun.

8. Repeat this sequence of events until all data points are obtained.

I
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- Figure 30. Schematic of 9-inch Damage Plate.

Motion pictu re coverage of the fire blowout tests did not reveal any observable
differences between the thin and thick boundary layers for the three damage sizes. A
consistent chain of events occurred in the initiation and first reaction of the fire. The
fire was ignited by the torch and immediately came to rest with a bright red portion

- of the fire positioned under the protruding flap and a blue portion of the fire adjacent
to the red portion , but positioned closer to the center of damage. As the airflow
velocity was increased, the red (rich) portion of the fire was extinguished and the blue

• - portion of the fire tended to move aft in the direction of the airflow. Total blowout
of the fire occurred when the center of the blue flame was driven past the trailing

- edge of the damage. Turbulence of the fuel surface in the cavity appeared to increase
- 

rapidly when the airflow velocity was increased, as noted by waves of fuel oscillating
rapidly in the fuel tank. Immediately after the fire was extinguished, a dense white
cloud of fuel could be seen streaming from the damage area, which suggests that the
fire was ex tinguished at least in part by driving the fuel-air mixture overrich.

~~~~~~ ~~~~~-- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Variations in damage size produced an interesting effect in the response of the
fire to airflow. For the 3-inch diameter damage, the fire would withdraw into the fuel
tank at approximately 250 knots and appear to be extinguished. However, the *

thermocouples located in the fuel tan k , as well as the infrared television , indicated that
the fire was still present. Incre asing the airflow velocity beyond the fire withdrawal
velocity would finally extinguish the fire. Neither the 6-inch nor the 9-inch damage

- - sections exhibited this type of behavior.

One of the more interesting series of tests involved the 6-inch damage area with
7-inch fuel level. Previous tests reported in Volume I indicated that this fuel level, as
opposed to the 5-inch fuel level, would ensure a lower fire blowout velocity. This was
due primarily to the greater ease of engulfing the fuel from the damage area and
driving the fuel-air mixture overrici-.. However, only two blowouts were recorded for
these tests, both at low angles-of-attack, whereas the 5-inch fuel level had numerous

- : (though scattered) fire blowouts over the entire range of the angle-of-attack employed.
The first test in this series was at zero degree angle-of-attack and a fire blowout was
obtained at a moderate blowout velocity (Figure 31). The next test conducted at
2.5 degrees angle-of-attack did not accomplish fire blowou t but did extinguish when
the angle-of-attack was decreased to 1 degree. When the test was conduct ed at

- 

- - 5 degrees, fire blowout did not occur. Instead of decreasing the angle-of-attack as in
the preceding test, the angle-of-attack was increased to 7.5 degrees and then to

- - 
9 degrees at maximum airflow velocity. The angle-of-attack was then positioned at zero
degrees, but fire blowout did not occur even at maximum facility airflow. At this
point the airflow was decreased and diverted outside and the fire extinguished with
CO2. The only offered explanation of these results is that for the last tests
(5—i 7.5--—9--.’O degrees angles-of-attack) the time during which the fire was present was
unusually long compared to other tests, and the surrounding structure adjacent to the
fire was heated sufficiently to affect the results of the tests. Subsequent inspection of
the test specimen revealed extensive damage, confirming that the adjoining structure
was at a high temperature. It is probable that other factors, such as pressure inside the
fuel tank, were altered by the length and intensity of the fire. In any event, these
tests point out the need for rapid corrective action to extinguish an aircraft fuel fire .

For several different test conditions, the fire could not be extinguished at
— - maximum facility airflow, although in prior or subsequent tests fire blowout occurred

at lower airflow velocities. There was also a considerable amount of data scatter in
some of the test series, which precluded the identification of trends for these tests.
These factors are in direct conflict with the consistent test results reported in
Volume I, where fire blowout velocities decreased with increased angle-of-attack. The
only known difference between tests for the 5-inch fuel level and the 6-inch damage
section was the addition of the flow fences and the deflector plate. In Figures 31
through 38 the fire blowout velocity is plotted for various test conditions, while
Appendix A contains the tabular data for these tests.
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In general, these figures indicate that the fire blowout velocity in several cases is
a fairly weak function of the angle-of-attack. In cases where more realistic airflow is
present, however, this may not be the case, since the static pressure, local airflow
velocity, and boundary layer thickness are functions of the angle-of-attack for a given
airfoil shape.

A concern for the amount of data scatter and the sometimes inconsistent blowout
velocities resulted in a review of parameters which influence the blowout velocity : fuel
level, initial temperature of the fuel cavity, and airflow inside the cavity. Variations in
the fuel level between tests were minute. Even after running a large number of tests
within a test series, the fuel level never dropped more than 0.25 inch. The initial
temperatu re of the cavity was a possible variant which could influence the test results,
but based upon examination of the temperature analog strips, the initial tempera tu re
of the cavity was found to be consistent within a few degrees. The aerodynamic
conditions inside the cavity could also contribute to the data scatter , specifically the
number and strength of the vortices inside the cavity, and could determine the fuel
entrainment pattern. A final series of tests involving static pressu re measurements was
conducted to determine the internal static pressures in the fuel plane itself under the
damage area at the 38% chord under typical test run conditions. A flat aluminum
plate was installed in the tank to simulate a 5-inch fuel level. Bonded to the top of
the aluminum plate was a short section of Strip-A-Tube (Figure 39). Five static taps
were drilled in the tubing, one centered directly under the damage area, and the rest
at 3-inch interv als fore and aft of the centered tap. Tests were run for three different
damage sizes (3-, 6- and 9-inch-diameter), five angles-of-attack (0, 2.5, 5, 7.5 , and
9 degrees), and two deflector plate positions (+4.5 and —4. 5 degrees). The data were
recorded continuously as an analog trace of static pressure versus time. Figures 40, 41 ,
and 42 are representative plots taken from the analog trace for the 3-, 6- and
9-inch-diameter damage sections, respectively. As can be noted in these figure s, the
static pressures from the taps are closely grouped under 200 knots TAS and tend to
disperse with increasing velocity. At any given angle-of-attack, regardless of the
deflector plate position, the data show a consistent diverging relationship among the
static pressure locations. For different damage sizes, although the forward tap
consistently has the highest negative pressure, the relative magnitude of the static
pressure at other probe locations is seen to differ both absolutely and relatively,
indicating that the strength and location of the vortices change for different damage
sizes. Even for the same damage size, the flow field within the cavity is highly
complex and changes with angle-of-attack, boundary layer thickness, and airflow
velocity.

It could be both interesting and informative to conduct an additional series of
experiments to measure static pressures in the fuel tank while a fire is present. This
information could be helpful in determining whether any significant shifts in the
strength and location of the vortices occurred due to the fire.
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CONCLUSIONS AND RECOMM ENDATION S

CONCLUSIONS

Simulation of static pressure distribution on the lower and upper surfaces of the
test specimen was poor due to the size of the test specimen in relation to the
dimensions of the airflow available and the nature of the free jet nozzle which permits
rapid equilibrium between the free-stream and ambient static pressure. Modification
made in order to improve the static pressure distribution over the test specimen was
partially successful only around the leading edge of the airfoil. The static pressure at
the damage section (38% chord ) was minimally affected.

Boundary layer thickness could be controlled to some degree at the damage
section by means of the deflector plate position. Thin boundary Layers resulted when
the deflector plate was positioned at —4. 5 degrees (down).
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Due in part to poor simulation capabilities, the fire blowout velocities were
scattered and informative trends difficult to establish. Although different reactions of
fire in the various damage areas were noted , most of the fire blowout velocities (if
obtained) were approximately between 350 and 500 knots TAS. Extinction of the fire
is believed to be due to the entrainment of sufficient quantities of fuel into the
airstream to drive the fuel-air mixture overnch.

Although substantiated by limited test data , the fire blowout velocity tends to
increase with an increase in the local static pressure value. The only tests conducted to
suppo rt this conclusion were made around the leading edge of the test specimen.

Within the parameters used in these tests, the probabili ty tha t a fire can be

• extinguished through airflow over the damage section appears to decrease with time
after the fire is initiated.

The static pressure distribution within the cavity adjacent to the damage area
varies with the damage size when a fire is not present. The static pressure in the

- ; cavity during a fire is unknown.

RECOMMENDATIONS

A series of fire blowout tests should be conducted in a wind tunnel where
realistic aerodynamic parameters can be obtained.

During the wind tunnel tests, the following parameters should be measured:

1. Local static pressure distribution
2. Local boundary layer profiles

- - 3. Quantity of fuel engulfed in the airflow (no fire present)

‘. . 5-dic pr~ssur~ in the cavity both with and withou t a fire present.

- 
Internal flow visualization should be included to establish fuel entrainment modes.

Data from wind tunnel tests should be com pared with test data obtained during

- 
this program.

For future vulnerability tests involving airflow, careful attention should be given
to the size of the test specimen in relation to the dimensions and quality of the

- I - .  airflow used in the tests.
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