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Summary

Twenty nine samples were fabricated of thin skins and coatings which are

typical of aircraft secondary structure. They included aluminum and fiberglass-

epoxy of various gages bonded to a honeycomb substrate, with 250°F and 350°F
cure bonds. The coatings were mainly black enamel (for heat absorption)
with seven other coatings tested on the .030 in. fiberglass-epoxy. Up to
twelve test specimens were cut from each sample sheet, and exposed to thermal
fluence levels from 20 to 200 cals/cm2 in the Air Force Materials Laboratory
quartz lamp facility.

The specimens were then sorted for representative thermal damage to the
surface, and their skin friction was measured at M = 0.5 and 0.8. The

results were converted to equivalent sand roughness using Schlicting's

correlation, and plots made of roughness vs. heat absorbed.

The results showed that there was a fairly rapid increase in roughness as
scon as the paint blistered (10-20 cals/cmz) and then stayed fairly constant
with increasing heat absorption until the skin debonded, melted or suffered
other damage. This made the profile drag the dominant effect and skin
friction or roughness no longer was meaningful. The aluminum specimens
generally showed a lower value of roughness than the fiberglass ones and
were probably not in the fully rough regime.

Surface measurements were made with a profile meter, but no consistent
correlation could be obtained between the roughness measurements made in
this manner and those obtained from the wind tunnel drag measurements.
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TABLE 1-1

Conversion factors for U.S. customary to metric (S.I.) units

To convert from To Multiply by
mils millimeters (mm) 0.0254
inches (in.) centimeters (cm) 2.54
miles kilometers 1.6093
kilotons terojoules 4.183
pounds/in kilopascals 6.89
farenheit degrees kelvin (K) (t°f + 459.67)/1.8
calsZ/cm? megajoule/m? .0418 H
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1.0  INTRODUCTION

An aircraft exposed to a nuclear weapon blast environment may experience
damage which would degrade its performance but would still leave the aircraft
in flyable condition. Therefore, the degree of damage that an aircraft can
experience and complete its mission is of particular interest. The ability
of an aircraft to complete its mission will depend on the degradation of
performance of various weapon system elements including crew efficiency,
structural capability, avionics subsystem performance, propulsion system
efficiency, control system efficiency and aerodynamic efficiency (1ift/drag
ratio). Increased drag may be the result of distinct responses to the nuclear
weapon environment: structural deformation due to the overpressure, gust or
thermally induced structural loading, and skin roughening due to thermal
radiation.

Previous laboratory investigations have shown that typical aircraft surfaces

such as painted aluminum skin, fiberglass honeycomb or aluminum honeycomb
panels become quite rough when exposed to severe thermal radiation pulses

similar to those produced by nuclear weapons. This increase in surface rough-
ness has been recognized as having the potential of increasing the skin
friction drag on an aircraft to the degree that the ability of the aircraft
to complete its mission will be degraded.

The increase in friction drag can be calculated using analytical methods because
the dominant controlling parameters are definable for a broad range of air-
craft configurations. This report provides the required basic empirical

data for definition of the change in skin friction drag of an aircraft due to
a nuclear encounter.

1.1  NUCLEAR THERMAL EFFECTS ON AIRCRAFT SURFACES

The thermal radiation released by a nuclear weapon detonation constitutes a
major threat to non-metallic and thin skin metal aircraft structure. This
arises partly due to the fact that 35% of the total energy released by a nuclear
weapon detonated in the atmosphere is in the form of thermal radiation. Further
increasing the thermal radiation threat to aircraft is the fact that skin




structures are made of lightweight thin materials having little capability of
absorbing or dissipating thermal energy without degradation of their mechanical
strength properties and thus the structural capability for which they were
designed. Consequently, the thermal response of an aircraft must be determined
and included in every study that assesses the survivability of an aircraft
system in a nuclear weapon induced environment.

The thermal response of specific aircraft structures can be determined and
classified into various damage levels corresponding to increasing levels of
exposure. However, to determine the net effect of thermal exposure on an

entire aircraft system, one must consider not only specific component response,
but the cumulative effects of all damaged components on the performance of the
aircraft. Most thermally susceptible components on aircraft are secondary
structure or aerodynamic fairings. Damage or complete failure of these
structures will not jeopardize the aircraft's structural integrity. Thermal
damage to them, however, may result in complete loss of some skin structures
and extensive damage to others, but still retain sufficient performance to
complete its assigned mission. Another possibility is that the aircraft may
sustain extensive but superficial damage which, while posing no immediate
hazard to its crew, will sufficiently degrade aerodynamic performance to pre-
clude completion of the assigned mission. In such a case, the superficial
thermal damage will have resulted in an effective "kill". One of the criteria
for determining whether or not a damaged aircraft can complete its mission,
therefore, must be an assessment of the impact in aerodynamic drag caused by
thermal radiation.

1.2 NUCLEAR THREAT

In order to estimate the thermal pulse which should be applied in the test
to simulate a nuclear encounter we have been guided by possible overpressure
levels. Glasstone gives the following approximate values for overpressure:

1 Mile 3 Miles 10 Miles
1 KT 1 psi .2 psi --
100 KT 10 psi 1.5 psi .3 psi
1 MT 50 psi 5.0 psi 1.0 psi

* "The effects of nuclear weapons", (Rev.) S. Glasstone Ed. U.S. Atomic Energy
Commission 1964. 8




The corresponding thermal pulses (for 10-50 mile visibility) are:

1 KT 1 cal/em® 1 cal/em? 0.005 cal/cm®
100 KT 100 cal/cm? 10 cal/cm? 0.5 cal/em?
1 MT 1000 cal/cm? 100 cal/cm® 5. cal/emt

Thus the test thermal pulses were chosen from the minimum necessary to cause
paint damage -- about 20 ca]/cm2 to a maximum of about 100 ca]/cmz,skin damage.
Beyond this level would certainly be approaching the sure kill level for
aerospace structures.

1.3 FLIGHT CONDITIONS

For a subsonic cruise aircraft, the maximum local Mach number (M) at a cruise
of M = .85 is approximately 1.3. However, this supersonic region is over

the center third of the wing where the skin structure is thick and not as
susceptible to thermal damage as on the leading and trailing edges.

Flight Reynolds numbers corresponding to M = .8 at 30,000 ft. are 2.3 x 106

per foot, or approximately 3 x 107 and 3 x 108 for the wing and aft fuselage
respectively. For M = .5 at 3,000 ft. (a base-escape mode) the Reynolds
numbers are about doubled. The wind tunnel test range possible for this
program was 6 x 106 to 15 x 106.

The boundary layer thickness on the aircraft would vary from 2 inches on
the wings or stabilizers up to 10 inches on the aft fuselage. In the wind

tunnel it was .2 to .4 inches.




2.0 TEST SPECIMEN SELECTION AND FABRICATION

A survey of many operational combat aircraft shows that the thin-skin
thermally vulnerable structure which characterizes most aircraft construction
can be grouped into three categories. These structures include most fiber-
glass and aluminum honeycomb sandwich panels and some of the thinner aluminum
sheet panels used in semi-monocoque construction. Figures 2-1 and 2-2 show
the location of the thin-skin aluminum honeycomb panels on the KC-135A and

the thin-skin materials used on the 747. Although the 747 is the only major
aircraft that currently uses extensive fiberglass paneling for secondary

skin materials, almost all aircraft use fiberglass for radome and antenna
fairing construction. The new generation of tactical-aircraft use thin-skin
aluminum honeycomb paneling extensively. The most universal use of these
thin-skin materials is found on control surfaces, flaps, spoilers and for
leading edge and trailing edge skins on the wings and empennage (fore and

aft of the yrimary torque box structure spars). Much heavier gage metals are
used on ail air-rait between the main spars (for carrying bending and torsional
loads) and cr pressurized fuselage sections. These heavier skin structures
are not of concern from the thermal standpoint since their heat sink capacity
is great enough that blast-overpressure rather than thermal, becomes the
limiting environment.

2ol SPECIMEN SELECTION

The thin-skin aircraft materials generally are manufactured in uniform gages.
Aluminum honeycomb face sheets are rarely found thinner than 0.012 inch and
progress to thicker dimensions in 0.004 inch increments up to about 0.032
inch. Fiberglass skin structures are generally of laminated construction,
coming in 0.0045 inch or 0.01 inch per ply dimensions. Minimum fiberglass
face skins are rarely found thinner than 0.0135 inch (3 ply x 0.0045 in.) or
0.02 inch (2 ply x 0.01 in.). Most radome construction employs fiberglass
outer face sheets of 0.03 inch or more. Aluminum sheet (semi-monocoque
construction) is seldom used in gages less than 0.032 inch. Uniform increases
in aluminum sheet generally ascend by 0.01 inch increments, i.e., 0.04, 0.05

10
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inch, etc. Heavier gage aluminum sheet is often composed by the use of bonded
or riveted doublers, triplers, etc., to achieve the required structural
strength.

Aircraft thin-skin structures most susceptible to thermal damage are listed
below:

a. Aluminum honeycomb sandwich with face sheet thicknesses of 0.012,
0.016, 0.020, 0.025 or 0.032 inch nominal.

b. Fiberglass laminate honeycomb sandwich with face sheet thicknesses
of 0.0135, 0.020, 0.030 or 0.050 inch nominal.

c. Aluminum sheet 0.04, 0.05 or 0.05 inch nominal thickness.

The thermal response of aluminum is not significantly affected by alloy or
heat treat. Therefore, a single alloy/heat treat, typical for aircraft skins,
was used for face sheet of all aluminum alloy specimens. Aluminum honey-
comb specimens used a high temperature (350°F) cure adhesive for one set

(5 face sheet thicknesses) and a low temperature (2500F) cure adhesive for
another set.

Two sets of fiberglass specimens were constructed in the 0.0135, 0.020 and
0.030 inch face thicknesses. One set utilized a high temperature (350°F)
cure epoxy and the other set used a low temperature (2500F) cure epoxy. Both
sets used "E" glass. The 0.050 inch face sneet specimens used "S" glass and
a high temperature cure epoxy.

Coatings can significantly affect the thermal response and at least the initial
damage mode of specimens. The exterior coating system most commonly used on
current military aircraft is a polyurethane enamel, MIL-C-83286, applied over
an epoxy primer, MIL-P-23377. This coating system was applied on all
configurations of specimens. A black enamel was used to maximize thermal
absorption. Additional, widely used coating systems were applied on a single
configuration, i.e., 0.030 inch face sheet low temperature cure epoxy-fiberglass
laminate honeycomb sandwich. The use of a common substrate helped to better
identify differences in thermal damage mode among the various coating

systems. The following, additional coating systems were tested:

13
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Polyurethane Enamel, MIL-C-83286, over Polysulfide Primer
MIL-1L-81352 Lacquer over MIL-P-23377 Primer

Astrocoat Rain Erosion Resistant Ccating System, black over white
Astrocoat, all black, MIL-C-83231

Astrocoat, non-yellowing white, MIL-C-83445

Fluorocarbon Rain Erosion Resistant Coating System, all black

Q -+H ®© A 6O O o

Fluorocarbon, white

Table 2-1 gives a listing of the specimens selected.

2.2 TEST SPECIMEN FABRICATION

A1l specimens were fabricated as honeycomb sandwich with a total thickness

of approximately 0.4 inches. The honeycomb sandwich construction is typically
used in aircraft panels for all of the test panel materials/thicknesses

except the 0.032 inch magnesium and the 0.040, 0.050 and 0.063 aluminum.

In the case of these 4 materials the honeycomb sandwich construction was

used only for a test program convenience, i.e. to standardize specimen
thickness and to support and stiffen the face sheet material.

A1l honeycomb core was 0.375 inch nominal depth. Aluminum honeycomb core

used for specimen series 1-X through 10-X was 5052-H39 aluminum alloy,

3/16 inch cell size, 0.010 inch wall thickness and 3.1 ]b/ft3 density. All
250°F cure epoxy fiberglass and epoxy graphite specimens used Nomex honeycomb
core, 1/8 inch cell size and 4.0 1b/ft3 density. All 350°F cure epoxy-
fiberglass, the magnesium and the 0.040, 0.050 and 0.063 aluminum specimens
used Phenolic/glass (HRP) core 1/8 inch cell size and 4.0 1b/ft3 density.

The aluminum alloy used for the front face skins was 2024-T3 non-clad alloy.
The epoxy-fiberglass specimens used an "E glass" fabric except for specimen
series 24-X which used "S glass". A 120 fabric prepreg (0.0045 inch nominal
thickness per ply) was used for the 13.5 mil skins and a 181 fabric prepreg
(0.0010 inch nominal thickness per ply) was used for all other epoxy fiberglass
skins. The epoxy-graphite skins used 2 ply skin, 0.020 inch nominal, total
thickness.

A perforated aluminum back face was used on all specimens except the epoxy-
graphite series. The material used was 2219 aluminum alloy, 0.020 inch,

14
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nominal thickness, with 0.050 inch diameter holes located on 0.15 inch centers
in both directions. The perforated backface material was selected so that the
vacuum "chuck", used to hold specimens in the quartz lamp/wind tunnel facility,
would apply the vacuum on the front face and thus reduce the probability of
the front face being completely delaminated and drawn into the wind tunnel.

The coating materials are identified in Table 2-1 mostly by generic or trade
names. More specific identifications are as follows:

MIL-P-23377 is an epoxy primer used as a standard primer on exterior
surfaces of Air Force aircraft.

"Enamel" is MIL-C-83286 aliphatic polyurethane enamel. This is the
current "standard" exterior enamel for Air Force equipment.

Astrocoat materials are components of rain erosion resistant coating
systems meeting either MIL-C-83231 or MIL-C-83445. Astroncoat 8000

is a black erosion coating meeting MIL-C-83231. 8003 is a black anti-
static coating also meeting MIL-C-83231. 8001 is a white (yellowing)
material meeting MIL-C-83445 and 8004 is a white (non-yeilowing)
topcoat applied over the 8001 to complete the MIL-C-83445 coating
system.

The fluorocarbon systems, either all white or black (anti-static)
over white are experimental rain erosion resistant - high temperature
resistant coatings developed by the Air Force and manufactured by
CAAP Co., Inc.

The lacquer coating conforms to MIL-L-81352; is applied over MIL-P-23377
epoxy primer; and was the previous "standard" Air Force coating
material for exterior aircraft surfaces.

With the exception of some of the rain erosion resistant coatings, all the
coatings were black. The black color was selected to maximize thermal
absorptivity. This was necessary because the thermal exposure facility has

a limited thermal flux capability and to keep exposure times within practical
limits, a relatively high absorptivity surface was required. Previous data
has shown that color, in itself, has little effect on the thermal response of
coating materials.
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A1l specimens were layed up and cured in sheets approximately 15 x 20 inches
in size, one sheet for each skin or paint system variation. The "front"
face of each sheet was then surface treated or cleaned in accordance with
standard aircraft practice and painted as detailed in Table 2-1. Each sheet

was then cut to provide 12 each 4.500 fg‘ggg X 3.970t8'828 inch specimens.
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3.0  SIMULATED NUCLEAR THERMAL EXPOSURES OF SPECIMENS

The test specimens were thermally exposed using the Air Force Materials
Laboratory Quartz Lamp Bank-Wind Tunnel Facility. Figure 3-1 is a plan view
sketch of the specimen area of this facility.

3.1  TEST METHOD

The Quartz lamps, reflector and cooling air blower (QLB) were mounted on a
cart. Quartz lamp voltage was nheld constant and radiant thermal flux at the
specimen was varied by distance of the QLB from the specimen, i.e. peak flux
increases as the QLB is moved closer to the specimen. Total fluence was
adjusted and controlled by (1) distance of the QLB and (2) by total exposure
(power on) time.

Thermal exposures levels were selected to obtain at least four levels of
thermal damage for each specimen configuration, i.e.

1 Threshold damage to the paint

2 Severe damage to the paint

3. Threshold damage to the substrate
4 Severe damage to the substrate

Exposures of each specimen configuration were started at a relatively Tow
fluence level and increased as necessary to obtain at least the above 4
levels of damage. Exposures were not, however, increased above approximately
200 ca]/cm2 in that this is considered to be comfortably above a realistic
aircraft exposure level, i.e. other effects, such as gust/overpressure damage,
tend to become dominant before the thermal reaches the 200 cal/cmz Tevel.

Studies of flux intensity over the specimen area show considerable nonuniformity.
The center of the specimen face always has the highest flux, with lower, but

not necessarily uniformly lower, fluxes toward the specimen edges. Toward

-the upper flux 1limit, the center area peak flux is approximately 30% higher

than the lowest reading near the edge of the specimen. At lower peak fluxes

the difference between the center (high) reading and the lowest edge reading
decreases to a minimum of 15%. Appendix I contains several "maps" showing peak
flux readings at various points over the specimen face area.
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Except where specifically otherwise indicated, all flux and fluence data in
this report are based on center point readings. Fluence data has been obtained
by mechanical Planimeter measurements of area under the flux meter vs. time
plots.

The wind tunnel is not operated when flux meter readings are being taken.

3.2 THERMAL RESPONSE OF SPECIMENS

A detailed listing of specimen exposures and effects is given in Appendix 2.
A summary of the thermal response is given below, and photographs of representative
groups of specimens are shown as Figure 3-2 through 3-7.

The "standard" enamel system (MIL-P-23377 epoxy primer plus MIL-C-83286
polyurethane enamel) has a thermal degradation response and thermal capability
essentially identical to the lacquer system (MIL-P-23377 plus MIL-L-81352)

and the polysulfide primer/enamel (23-X series) coatings. The coating would
first lose gloss; it would then form small blisters which would break open

to produce a roughened surface and exposue the yellow primer. Next the paint
would burn completely off starting in the center of the specimen face and as
exposure levels increased, progressing toward the edges of the specimen. This
sequence is illustrated in Figures 3-2, 3-3 and part of 3-4.

Among the rain erosion resistant coatings, the all black Astrocoat system was

the least thermal resistant. (Figure 3-4, Specimen 18) The black over white
system demonstrates the advantage of even a limited reflectivity as ablation
progresses. The all white system performs quite comparably to the others when
absorbed, rather than incident, heat is considered. The all white system did,
however, respond by blistering (probably because of the slower heating rate) rather
than the surface liquefaction (only) demonstrated by the all black and the black
over white Astrocoat systems. (Figure 3-5, Specimen 19 and 3-6, Specimen 17).

The high temperature resistant fluorcarbon coatings (20-X and 21-X) showed,

as would be expected, a considerably higher thermal capability than the
Astrocoat. The black over white system showed a surface flow quite comparable
to the Astrocoat. However, throughout the ablation the surface stayed dark
grey, i.e. significant amounts of the black carbon pigment remained mixed into
the ablating surface. (Figure 3-5)
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The all white fluorocarbon coating system had a high enough reflectance/heat

T

resistance that the damage threshold was not reached up to the 200 ca]/cm2 ;
fluence level.

The aluminum substrates demonstrated a quite consistent degradation pattern,
i.e., the initial effect was warping and delamination of the face sheet which
would typically start on the down stream edge. The degree of warpage and

the amount (area) of delamination would increase as the exposure levels
increased. Eventually an area of skin toward the downstream edge would
disintegrate. Typically there was no evidence of liquefaction Rather,

the failure edges indicate a crystaline type failure. As aluminum face
sheet thickness increased, the damage threshold and total thermal capability
increased. (Figure 3-2, and Figure 3-4, specimen 25)

The high temperature (350°F cure) adhesive appeared to increase the delamination
threshold, as compared to 250°F cure adhesive. Once past the damage threshold,
however, the high temperature adhesive specimens appeared to delaminate faster
and the two adhesive (250°F and 350°F cure) systems appeared approximately

equal in the total thermal exposure required to produce a severe failure.

The epoxy fiberglass substrates also demonstrated a consistent thermal
degradation mode, i.e. the surface would char, char depth would increase,

small areas of top ply delamination would appear, the downstream edge of the

top ply would start to fray, then up to half of the first ply would disintegrate
leaving some fibers still attached at one end. By this point the second ply

was typically showing char and some delamination. Total thermal capability
increased as total face thickness increased. There was very little difference
between the 250°F and the 350°F cure epoxies either in threshold damage

exposure level on in total thermal capability. (Figure 3-3, and Figure 3-6)

The "S" glass (24-X series) showed a markedly high threshold for glass

disintegration, as compared to "E" glass. The carbon, from the charred
epoxy, appears to eventually burn off of the "S" glass leaving the fabric
relatively intact and with a fair amount of reflectivity. The "E" glass
remains black up to the point where it disintegrates.
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The magnesium specimens (series 28-X) appeared to be non-typical of good
quality structure, the problem being in the surface treatment. The paint
damage threshold was the almost 100% removal of the paint leaving a clean,
white metal substrate. The next step in damage progression was loss of the

entire face sheet with separation occurring at the metal-adhesive interface.
The metal showed no thermal damage, i.e. warping, discoloration, etc.

The epoxy-graphite specimens (Series 29-X) quite rapidly lost epoxy and

had major areas of delamination of the first ply. Beyond this point, however,
there was little further degradation, i.e. the graphite, even where
delaminated, largely resisted disintegration and thus tended to thermally
shield the underlying ply. (Figure 3-7)
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4.0 SKIN FRICTION TEST

4.1 TEST OBJECTIVES

The objectives of this test were to determine an equivalent sand grain roughness
of thermally damaged aircraft skin samples, and to present this data in a format
usable in standard, existing algorithms for estimating aircraft friction drag.
To achieve this, a technique for testing the damaged samples and several
reference sampies in the Boeing model supersonic wind tunnel was developed.

To obtain direct drag readings, a balance and specimen-holding fixture was
designed, constructed, and calibrated. Reference samples enabled comparison of
test data with previous skin friction measurements to verify the accuracy of

the test methods and data reduction.

4.2 TEST EQUIPMENT AND FACILITIES

The tunnel selected for this study was the Boeing model supersonic wind

tunnel, a one-tenth scale model of the 4 foot by 4 foot Boeing Supersonic Tunnel.
The operating regime of the tunnel is adequate for the test conditions required
and easily adaptable to different balance and probe configurations. It is a
blowdown type tunnel capable of either subsonic or supersonic flow, with run
times ranging from a few seconds to several minutes depending on run parameters.
Maximum supply tank pressure is 10 atmospheres. Mach number is controlled by

a variable diffuser for subsonic flow, and by changing the contour of the
flexible side walls for supersonic flow (Fig. 4-1).

The balance is pictured in Figure 4-2. It consists of an aluminum plate, to
which the sample is bolted, which is supported on three flexures. There are

two flexures supporting the upstream side of the specimen, neither of which

are instrumented. The simple fliexure on the downstream side has strain gages
attached for the direct drag measurements, and is interchangeable with two

other instrumented flexures giving maximum drag levels of 0.25 1b., 1.0 1b,

or 5.0 1b. depending on which flexure is installed. The assembly in the center
of the balance is an 0il filled dashpot designed to reduce vibrations
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Figure 4-1  Top view of wind tunnel with snadpaper on floor,
Test specimen at bottom of figure,
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Figure 4-2 Specimen mounted on drag balance.
Instrumented flexure is aft,




of the assembly during a run. The rubber 0-ring on the base of the balance
seals the balance pit and isolates the balance apparatus and tunnel test
section from the atmosphere outside the tunnel.

The balance was inserted into a sealed balance cavity in the floor of the
test section, and four adjustment screws were then used to make final
adjustments of the sample surface relative to the tunnel floor.

To determine the effect of flow through the leading edge and trailing edge
gaps between the sample and the balance pit, six pressure taps were installed
in the surfaces facing the sample (Figure 4-3), three facing the leading

edge, and three facing the trailing edge. Each pair of pressure differentials
were then used to find the effect of this flow on the balance readings.

In order to validate test methods through boundary layer velocity profile
surveys, a boundary layer probe survey rig was installed in the ceiling of
the test section. This included a vertical drive motor and a linear
potentiometer for position calibration (Fig. 4-4). Although four probe
positions in the test section were available, only one (approximately one
inch to the right of centerline near the leading edge of the specimen) was
used due to time limitations. The probe dimensions (.027 by .004 inch tip
inlet with .001 inch walls) were selected as a compromise between the
requirement for a sufficiently small time constant and a probe small enough
to minimize self induced disturbances.

The data was recorded on two double channel strip charts and one twelve
channel oscillograph. A1l pressure taps were connected to transducers as
close as possible to the tap to reduce stabilization time due to pressure
tube volume.

4.3 TEST TECHNIQUE

The wind tunnel test to measure skin friction drag of thermally damaged
aircraft skin specimens was conducted in the Boeing model supersonic wind
tunnel from March 29 through May 2, 1977. A total of 801 data runs were
made during 200 occupancy hours. Measurements were made on 64 different
production specimens, plus seven reference models.
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Figure 4 -4  Boundary layer probe drive mechanism,




The test specimen surfaces were exposed to the turbulent boundary layer along
the tunnel floor. The majority of the data were taken at nominal test
section Mach numbers of 0.5 and 0.8 and total pressures of 20, 30, and 35
psia. Additional data were obtained at Mach 1.22 and total pressures of 20,
30, and 40 psia. The corresponding Reynolds numbers per foot ranged from

4 to 13 million.

Prior to testing, the exposed honeycomb on the edges of each specimen was
filled and smoothed to reduce turbulence and shear loads in the .02 to .04
inch gaps between the specimen edges and the tunnel floor opening. The 4"x4.5"
specimens were attached to a drag balance and inserted into the sealed balance
cavity located below the test section floor. Four adjustment screws were

then used to accurately adjust the specimen surface to the tunnel floor

level. Test data showed that minimum drag was obtained by adjusting upper
roughness surface to tunnel floor level, and that there was virtually no
allowable tolerance (less than .001") in this setting: drag increased
significantly with any vertical displacement of the specimen, either above or
below test section floor level.

Initial runs showed large drag variations which were traced to mass flow
circulation, into the balance pit at the trailing edge gap and out into the
boundary layer at the lTeading edge gap, removing free stream momentum and
increasing skin friction. This problem was solved by sealing the leading
and trailing edge gaps. The most effective sealing method was strips of

.002 flutter mylar covering the gaps and taped on the upstream sides (Fig. 4-5).

Balance interference was insignificant and the durability of the strips

was sufficient for the test conditions. The mylar strips were cut so that
they were long enough to cover the gaps and not be drawn into them, but not
so long that they would flap in the airstream and increase drag levels.

The trailing edge tape showed a consistent drag reduction of approximately
40% to 50%, and the leading edge tape showed no change. This indicates the
direction of circulation around the specimen, as the tape could not be as
effective stopping flow out of the cavity as it would be stopping flow in.
Leading edge tape (attached to the tunnel floor) was used throughout the test
program to compensate for the surface area of the trailing edge tapes
(attached to the test specimens).
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Figure 4-5  Leading/trailing edge gap seals
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The pressure ports (Fig 4-3) can then be used to correct the balance data for
any additional circulation due to tape "leaks" or turbulence due to the
uncovered gaps on the sides of the specimen. These three Ap's were averaged,
multiplied by the end area of the sample and subtracted from the balance drag
measurement to obtain corrected skin friction drag. Repeat runs with reference
and production samples showed this method to be very reliable in providing
consistent corrected data.

The unsealed side gaps probably had some effect on the drag measurements.
However, it was impossible to seal these gaps, and since the test results
with the reference specimens generally agreed with classical skin friction
standards, no additional corrections for side gaps were attempted.

Once the specimen height was adjusted and the gaps were taped, a test run
sequence was made. A standard sequence for subsonic runs was M = .5 for
total pressures of 20, 30, and 35 psia followed by M = .8 at the same total
pressures. All drag runs were made with the boundary layer probe raised to
the ceiling as the probe was found to affect balance data when near the
sample. Tapes were checked frequently and often had to be changed during
the run sequence, but several repeatability checks proved that a tape change
did not significantly affect data.

Boundary layer velocity profile sweeps were made separately from the drag
data runs. In most cases, the probe was lowered to within .001 inches from
the floor, the tunnel was started, and the probe was raised. The probe

was t-o small to allow pressure stabilization during a constant sweep, so the
boundary layer had to be swept in increments, allowing the pressure to
stabilize before moving the probe. At high total pressures the run time was
too short to allow a full boundary layer sweep, so the tunnel was shut down
until the supply tank pressure built up, then restarted. This process was
repeated as often as necessary to get through the boundary layer thickness,
which ranged from 0.3 inches to 0.6 inches.

Unfortunately, tunnel blockage resulted when sweeps at M - 1.22 were attempted,
so none were taken.
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4.4 DATA REDUCTION

Data reduction began as s-on as each run was terminated. For all runs (balance
data or boundary layer sweep), the experimental values for total and static
pressures were reduced to actual test section Mach number. From this value,
dynamic pressure and Reynolds number per foot were determined. Reynolds number
is a function of total temperature, but the variation of Reynolds number is a
function of total temperature, but the variation of Reynolds number over the
temperature range encountered during the test was found to be negligible, so
total temperature was assumed a constant.

For drag data runs, three pressure differentials were read from the pressure
taps described in section 4.2. There pressures were averaged and multiplied
by the end area of the sample being tested, and this drag correction was subtracted
from the direct balance reading to give a corrected drag value. Drag was then
changed into coefficient form by the equation:
- b
b 5 qS
where q is dynamic pressure and S is the surface area of the sample (18 sq. in.)

Incompressible values were found from this compressible drag coefficient through
two formulas. For the smooth plate sample, the compressibility formula was:]

%
o (1 + .175 §F)- 7
fc
and for the rough plate, it was:2
G
f.
T I S-S T
f
c
where Y =1.4 and r, the recovery factor is assumed to be 0.86.

]N.B. Cohen "A method for computing turbulent heat transfer in the presence of

a streamwise pressure gradient for bodies in high speed flow" NASA Memo 1-2-59L,
1959.

2H.w. Liepmann and F.E. Goddard. "Note on the Mach number effect on the skin
friction of rough surfaces". J. Aero Sci. 24 784 (1957).
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These incompressible, corrected skin friction drag coefficients were used
in the final analysis.

Getting momentum thickness from boundary layer surveys, plotting total pressure
against height above sample, was a more complex procedure. First, free stream
values had to be found for Mach number, temperature, density and speed of sound
to get velocity (Ue).

For each point through the boundary layer new values for boundary layer Mach
number, velocity, temperature, and density were found to get each increment
of momentum layer thickness:

B g
W= e e

A numerical integration formula was then used to integrate these values to
get momentum thickness:
Ye
8 = fn dy where y, is at the edge of the
0 boundary layer.

The boundary layer profiles taken were divided into .02 inch increments
(arbitrarily), giving approximately 20 data points for each boundary layer
survey.

O0f course since no boundary Tayer surveys were possible at the chosen super-
sonic Mach number, no momentum thickness was available for supersonic data
analysis.
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4.5 ANALYSIS METHOD

The analysis of the test results, and reduction of the thermally roughened

skin sample drag measurements to an equivalent roughness height, are based on

formulae developed by Sch]ichting].

: _X y-2.5 _ 28
Cg = (1.89 + 1.62 log ks ) = X (1)
DA Xy =25
Cf = (2.87 + 1.58 ]Oq ks ) (2)
where: €e = total skin friction coefficient
c% = local skin friction coefficient
X = distance from start of turbulent boundary layer
kg = height of roughness elements (sand)
8 = momentum thickness

These formulae were determined empirically for the completely rough regime, and
are based on measurements by Nikuradse on sand roughened pipes. The transposition
of pipe flow results to flat plate flow is quite straightforward, but there is

a question as to the distribution of roughness in the sand used in Nikuradse's
experiments. This question will be considered further in the section below on
sand paper test specimens.

However, the major difficulty in directly using Schlichting's expressions is

that they are based on surfaces roughened over the complete extent of the turbulent
boundary layer flow. The present experimental set-up, as described above, used

a rough test sample inserted in the tunnel wall after a significant length of
turbulent boundary layer flow over a smooth surface. Thus a method was developed
to estimate an "equivalent Tength" of upstream flow for this rough samples.

Figure 4-6 indicates the growth of momentum thickness along the tunnel floor.
(grossly exaggerated vertically)

1

H. Schlichting, "Boundary Layer Theory", P. 553 4th Ed. McGraw Hill, 1962
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Figure 4-6 Growth of momentum thickness

The test plate (length 4.5", roughness k) is distance X g from the start of
the boundary layer. If the tunnel floor upstream were also of roughness k,
the boundary layer (and momentum thickness) would grow as indicated by curve
1. However with the smooth floor, it would grow more slowly (curve 2) to the
leading edge of the rough plate and then it would grow at a rate governed

by its thickness there and the roughness of the plate {curve 3). We assumed
that this growth was governed by equaticn 1 above with an appropriate value
of x. This distance was taken to be the distance that would have been needed
for flow over a surface of roughness k to have the momentum thickness grow

to the actual value measured at the leading edge of the plate.

This procedure is shown in Figures 4-7 and 4-8. Figure 4-7 is obtained from
equation 1 and the smooth plate momentum thickness equation (see below,

equation 3). Figure 4-8 is plotted from equation (2) with the x obtained from
Figure 4-7 for each kg to match momentum thickness at the test plate leading
edge. Figure 4-7 is entered with the measured value of @ for the smooth plate.
This value of 8 is read across to the curve for the particular value of Kg to

be plotted. The x value is read, and 2.25" is added to get to the mid point

of the test plate. This total value is then X, the (average) equivalent distance
used to obtain a point in Figure 4-8 from equation 2.

If this analysis method is valid Figure 4-8 may then be used to give the value
of kg corresponding to the drag on a rough plate for given flow conditions.

The method used to validate this procedure is described below, but, essentially
with measured skin friction, sandpaper of known roughness was used, to obtain
data points for correlation with curves such as Figure 4-8.
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4.6 ANALYSIS VERIFICATION

Sandpaper samples of various known grit sizes were used as the basic verification
tool for the analytic method described above. In addition sandpaper was glued to
the tunnel floor for various lengths upstream of the test specimen to verify

the equivalent length concept. Before these tests however an extensive series of
tests were run with a smooth test specimen to verify basic test measure-

ment techniques and equipment.

4.6.1 Turbulent Boundary Layer Initiation

6 6

The Reynolds number at the test plate varied from about 6 x 10° to 15 x 10
for the subsonic runs. Although this appeared to be high enough to ensure
a turbulent boundary layer, trip strips were used to try to fix the transition
point. Two trip strips were used, consisting of #100 grit glued to the tunnel
floor. The first one was 0.1" wide, 20" upstream from the leading edge and the
second one (used for all the production runs) was 0.25" wide, 23" upstream.
These strips were located just in the bell-mouth portion of the tunnel.

Boundary layer surveys were made for a series of runs at M = .5 and .8, with
tunnel pressures of 20, 30 and 35 psia, and the probe about 0.25" upstream of
the test plate. The momentum thicknesses were calculated and are shown in
Figure 4-9. The reason for the data scatter is not clear - for example there
was no consistent pattern between the trip strip used and momentum thickness.
The boundary layer profiles also showed noticeable variation, and it was clear
that they were not uniform "1/7 power" profiles, but no attempt was made to
fit a logarithmic profile to them. Even after a great deal of care to set
repeatable tunnel conditions, and to make sure that the probe was giving good
measurements, ths variability remained. A possible cause was the valve con-
trolling the flo *~ the plenum chamber. This valve typically introduces
turbulence into *n w with some variable effect on the transition point and
the profile of tie turbulent boundary layer.

These values of momentum thickness were next used to derive a nominal starting
point for the turbulent boundary layer, since it was clear that it was not
starting exactly at the trip strip. To do this we used the Schlichting
relation (based on a logarithmic velocity profile).
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8 = .228X (log Rex)'z'58 : (3)
Equation (3) was solved for x using measured 8's as an input. The results

are shown in Figure 4-10. A nominal starting length of 17.5" was chosen. The
momentum thickness using this length is shown in Figure 4-9 and was used as one

of the basic curves for obtaining an equivalent length for the rough test speci-
mens. Other formulas for 8 could be used, and Nikuradse's experimentally based

one was investigated. This gave a length of about 19". However, since Schlichting
used equation (3) as the smooth extreme for his rough plate work it was felt

appropriate to use his formula.
4.6.2 Skin Friction for the Smooth Plate

The next part of the experimental program was to determine the local coefficient
of skin friction for the smooth flat plate. One of the original specimens

with the thickest aluminum face sheet (.063") was chosen for this test article
and the surface polished before the test. The surface profile was measured
(Figure 4-11) at 40 micro-inches peaks after all the tests were completed. The
enamelled surface on the painted specimens was a little smoother, with peaks of
about 10 micro-inches, but 40 micro-inches was definitely in the smooth regime
(about 200 micro-inches) for these tests.

Significant difficulty was initially encountered obtaining results comparable

to Schlichting's, but good data were eventually obtained by the use of tape

over the leading and trailing edges, and using extreme care in adjusting the
height of the specimen. It was found that the height of the sample with respect
to the tunnel floor was critical, and this adjustment had to be made to less than
.001". A misalignment of the leading edge of about .002" gave results 50%
greater than the norm. The results finally obtained are shown in Figure 4-12.
The curve drawn on the figure is based on Schlichting's empirical equation for
local skin friction coefficient

¢t = (2 1og Re, - 0.65)723 (4)

]H. Schlichting. "Boundary Layer Theory", P. 540.
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Figure 4-12  Smooth plate, local skin friction coefficient
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The upper and lower curves give values for x = 17.25" and 22.25", corresponding
to the X g scatter in Figure 4-10 from 15" to 20". It can be seen that this

scatter in turbulent boundary layer length is not very significant in pre-
dicting c%.

The measured data has a scatter of about + 7% and appears to have a mean higher
than the empirical formula by about 5%. This is to be expected, since both
high and Tow specimen misalignments gave an increase in drag. These results
show that the experimental arrangement gave satisfactory agreement with the
basic correlation formula for the smooth plate.

4.6.3 Rough Surface Reference Specimens

If the thermally damaged skin specimens had extended from the start of the
turbulent boundary layer, no further validation tests would have been necessary.
However the specimens were inserted in the tunnel floor with about 17.5" of
flow over a smooth wall before the boundary layer met the roughness specimens.

A procedure was developed, described in Section 4.5, to account for this by
assuming an equivalent length of rough upstream wall to give an identical
momentum thickness to that actually occurring. To validate this method, reference
specimens of known roughness were used. Using the suggested theoretical method,
Figures 4-13 and 4-14 show the relation between local skin friction coefficient
and test specimen roughness for a particular Reynolds number and Mach number.
Sandpaper of various grit size (100, 220 and 600) was glued to test samples,

and the local skin friction coefficients were measured. Results are plotted

on Figures 4-13 and 4-14 and show excellent correlation. These figures

were then used for the conversion of measured skin friction coefficient to the
equivalent sand roughness for use in drag calculations.
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Figure 4-13  Effect of roughness on incompressible skin friction
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4.6.4 Sandpaper Grit Sizes

Several different grit numbers of sandpaper were used in the tests and one of
the problems encountered was obtaining a consistent roughness measurement.

The grit numbers commonly used to classify sandpaper refer to the number of mesh
openings per inch in the sieves used to sort the particles. The nominal size
of the opening is given below.

Sieve number Nominal opening diameter
100 meshes/in .0059 in.
220 .0029 in.

600 .0011 in.

However, most abrasive particles used in modern sandpaner are not of uniform
shape, but tend to be elongated, with a fineness ratio up to 2. Further, as

the sandpaper is made, the particles are electrostatically set more or less

on end as they are glued to the backing material, so that the nominal diameter
listed above is not a measure of the profile roughness. The sandpaper used for
the reference samples was obtained from a variety of manufacturers and one sample
was made by glueing carborundum particles directly onto the metal surface of a
test specimen. The particle sizes were observed in microscopes in an attempt

to characterize the particles. In most cases there was a large variation in
particle size with occasional large particles being up to 3 times greater in their
Tongest dimension than the average particle. The coarse sandpapers had more
elongated particles with the 600 grit particles being most "spherical" - or at
least their height and diameter were the same dimension. Due to the importance of
the grit size to the validation of the correlating curves, several independent
measurements were made of the particles. The first was made using a calibrated
eyepiece at the test bench in the wind tunnel. Later the samples were observed

in the test lab using a microscope and finaily the Particle Identification group
in Quality Assurance made measurements using differential interference micros
copy. This final report is given in Appendix IV. In addition one of the
sandpaper manufactures sent profile measurements of 100, 150, and 220 grit
specimens. Unfortunately the probe radius used for these profiles was significantly
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larger (.015 and .011) than most of the particles, and the maximum troughs on
the profiles had to be confirmed from the data. In all cases the largest
particles over a space of about 5 particles were noted, for it was assumed that
the flow would be governed by the larger particles.

The results are given in Table 4-1 and show the following results:

Grit Size

100
150
220
600

Nominal Measured height
.006 in. .01 in.
.004 .007

.003 .005

.001 .001

The measured values were used to plot the measured drag (or skin friction
coefficient) on Figures 4-13 and 4-14 above and show very good correlation.
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5.0 TEST RESULTS

Groups of thermally damaged specimens were chosen to be typical of various
skins and coatings and then drag tested at M = .5 and .8 for various Reynolds ]
numbers. The drag was converted to a local skin friction coefficient and the
equivalent sand roughness obtained from Figures 4-13 and 4-14. The results were
than plotted against absorbed heat and are presented as Figures 5-1 and 5-2 (for
aluminum skins) and 5-3 thru 5-6 (for fiberglass). Due to the difficulty in
testing and interpreting the results for debonded, delaminated or burnt through
skins most of these results are only for specimens with paint damaged or removed.
However some of the extremely damaged specimens were tested and are discussed

in Section 5.3. Appendix 3 gives a detailed history of run conditions.

The figures show that after the initial increase in drag due to paint blistering,
there is no significant increase up to paint removal. This stage occurred at
an absorbed heat level of about 80 ca]s/cm2 for most specimens.

The equivalent sand roughness was obtained from individual plots of Cf vs kS
for each test mach number and Reynolds' number, although to the accuracy of the |
test, probably one curve would have been sufficijent. The skin friction coefficient

plots Figures 5-1 and 5-3 show a much greater consistency than do the kg plots.

This is due, of course, to the low slope on the curves used to obtain kg from

Cfs so that a change of 257 is C¢ translates to a change of about 100% in

kS in much of the region of interest.

9.1 ALUMINUM SKIN SPECIMENS

Specimens of skin thickness 12, 20, 25, 32, 40, 50 and 63 mils were tested for
their skin friction drag. They had generally been exposed at thermal levels

of 30 to 50 cals/cmz. Beyond this level there was generally debonding of the
face skin with a separated edge or significant bulge in the skin, which made

it impossible to obtain meaningful drag results in the test set-up. Details

of these runs are given in Appendix 3, and the results are plotted in Figures

5-1 and 5-2. Between 5 and 15 runs were made on each specimen, and the resulting
values of skin friction coefficient and equivalent sand roughness averaged to
give the data points in these figures. Surface profile measurements were taken
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on a group of specimens (Specimens 10, 32 mil aluminum with black enamel) to
determine whether there was a direct correlation between physical roughness and
equivalent sand roughness. A typical plot is shown as figure and the
remainder are in Appendix 4. The measurements were made along the centerline, at
the forward and aft thirds of the plate. The results are (with some subjective
judgement on choosing extreme values):

Specimen Fluence ks €q Max. height (profile)
10-1 30 cals/cm2 *Smooth .5 mil
10-2 52 T3 mil 120 to 1.5
10-3 64 1.2 .0 to 1.2
10-4 79 1.0 10 € 1.2

*10-1 gave suspicious results. 5-2 was identical in appearance and gave
“smooth" values.

It could thus appear that a direct prefile reading could be used to give a
reasonable accurate equivalent sand roughness measurement for the aluminum
samples. However, this did not appear to hold true for the fiberglass.

3.2 FIBERGLASS SKIN SPECIMENS

For the fiberglass specimens, skin thicknesses of 13.5, 20 and 30 mils were
tested. The coating was most often black enamel, but other coatings were used.
Thermal exposure levels ranged somewhat higher than for the aluminum, with

the maximum being about 80 ca]s/cm2 before debonding occurred.

Fairly consistent results were obtained for the specimens with a coating of
black enamel (Specimens 11-16) and also for the low thermal fluence levels
for the more exotic thick coatings. However, as these thicker coatings flowed,

blistered, and peeled off in thick layers, the drag results gave a much

greater data scatter (Specimens 17 - 19). Further, the graphite/epoxy samples
(29) gave the highest drag results for a simple black enamel coating.
Examination of the samples showed a slightly different blistering than observed
for the fiberglass/enamel specimens.
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é Surface profiles measurements were taken for several of the fiberglass

specimens {and also the graphite specimen) and the results are summarized

below. The profile traces may be found in Appendix 4.
Specimen Fluence kg, eg. Max ht. (Profi'e)

11-3 24 cals/cm® 1 mil 3 mils
12-2 24 25 5

12-3 37 3.4 1 o 1.5
12-4 62 2.4 7

12-7 80 1.9 2 to 3
14-1 24 2.8 4 to 5
29-1 30 3./ to 6.6 1 to 5
29-2 47 4.6 2to 3

From these results it would seem that the correspondence that occurred for the
aluminum specimens was fortuitous, and that no simple relationship exists between
surface profiles and equivalent sand roughness for thermally damaged specimens.

These fiberglass skin specimens gave a higher drag and thus roughness measure-
ment than did the aluminum ones. The increase in drag over the smooth plate

was nearly 50% greater for fiberglass than aluminum, and this translated into

a ks value of about 2.5 x 10‘3 inches compared to 1.25 x 103 inches for the
aluminum. Although there is considerable scatter in the roughness values

shown in figure 5-4 there does not appear to be a significant trend associated

with skin thickness or bonding cure temperature.

The graphite/enamel specimens gave readings well on the high side of the fiber-
glass/enamel specimens and should be considered separately when estimating
drag.

The fiberglass specimens with a thick coating (17, 18 and 19) all gave much
higher readings for low levels of absorbed heat (20 - 60 cals/cmz). At this
level the paint flowed in thick Tayers and formed very lumpy surfaces. At
higher levels of absorbed heat, the paint was burnt or flowed off the specimens
and their drag values came down to the usual fiberglass skin levels.
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5.3 SEVERELY DAMAGED SURFACES

In addition to the specimens described above, some drag measurements were
made on specimens where there was severe skin damage. Only a limited time was
spent on these measurements for it did not seem that any generalizations could
be made from the data. However the condition of the specimens was interesting
and tests were made. The specimens were:

17-7 E-Fiberglass, 30 mils skin, 15 mil coating of Astrocoat, black

over white. About 100 cals/cm?. ;J

s

23-5 E-Fiberglass, 30 mils skin, 1-3 mils Black polysulphide, 78 ca]s/cmz.

26-6 Aluminum, 50 mils, 3 mils black enamel 145 cals/cm?. Completely
exposed honeycomb.

The two fiberglass specimens had one layer of fiberglass completely burnt through
in the center (about 2" in dia.) and numerous stray ends of fiberglass. They
were debonded and bulged in the center, but had good attachment of the skin all
along the leading edge. Specimen 23-5 initially had fiberglass remaining along
the leading edge and both sides, whereas 17-7 had some fibers attached across the
training edge as well. During the runs all the top layer of fiberglass,

except for a 1" strip at the leading edge, gradually was removed.

The "aluminum" specimen lost its face sheet in the thermal exposure tests,

but the specimen was flat, and was abie to be mounted flush with the tunnel
floor. The exposed edges of the honeycomb generally had a layer of epoxy
remaining.

The values for the skin friction coefficient are given below (full run
conditions are listed in Appendix 3).

The fiberglass samples in their final condition (i.e. very few "strings")

could be considered equivalent to a sand roughness of .010". However, the
debonding that occurred makes any extrapolation of these results to any real
aircraft surface very dubious. The same comment really applies to the
exposed honeycomb specimen - once one surface of a honeycomb structure is
lost, the remaining strength is minimal or the structure would probably be
completely lost in flight. However we did go through the calculation
procedure to obtain a roughness value, and obtained a k¢ = 0.1" v (h

x/kg = 35.
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TABLE 5-1

VALUES OF LOCAL SKIN FRICTION COEFFICIENT

Specimen No. Mach. No. 103 Ct;
17-7 5 23.9
5 20.7
5 14.9

.5 118

.5 16.
5 7.6
23-5 .5 6.8
5 7.2
8 8.5
8 8.0
26-6 9 14.1
9 14.3
8 15.6

8 )17
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Typical thin skin samples of aircraft structure were exposed to a simulated
nuclear thermal pulse and then tested for increased drag due to surface
damage.

The test and analysis techniques used for this program were adequate to give good
final drag results, and to translate the drag into equivalent sand roughness.
Coating damage began to occur at about 10 ca]s/cm2 of absorbed heat, and continued
until much of the coating was burnt off at about 80 - 100 ca1s/cm2. For the

thin aluminum skins, significant skin damage occurred at about 60 ca1s/cm2,

with melting and debonding. For the thicker aluminum skins there was signifi-
cant debonding at 80 - 100 cals/cmz. The fiberglass skins debonded at about the
same level of absorbed heat, and subsequently the surface layer or layers of

glass cloth disintegrated.

The equivalent sand roughness for the aluminum specimens was generally lower
(for the same heat absorbed) than for the fiberglass ones,about .C01" compared
to .002". In both cases there was a quick increase in roughness at about

20 cals/cm2 and then the roughness remained roughly constant up to the stage
of skin damage (debonding, etc.).

An attempt was made to correlate the drag derived "sand roughness" with profile
measurements of the damaged surfaceS, but no consistent results were obtained.

The current work gives sufficiently accurate data for further skin friction
drag calculations to be made on actual aircraft. However, these tests did
not address the problem of profile drag resulting from melted and debonded
skins. Further it is not clear for large areas of skin (for exampie, a
complete aileron) whether debonding would occur uniformly or not so that the
residual strength of these honeycomb structures with severe skin damage is
still not known.
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APPENDIX 1

UNIFORMITY OF IRRADIATION

Examination of exposed specimens indicated that there might be some non-uniformity
of irradiation over the specimen face. Because of this concern, peak flux
readings were taken at thirteen different locations over the specimen area.
Figures I-1 through I-V are "maps" showing peak flux vs. location for five
different levels of irradiation. Flux meter size and locations are to scale.
The center of the specimen face always has the highest flux, with lower, but
not necessarily uniformly lower, fluxes toward the specimen edges. Toward
the upper flux limit the center area peak flux is approximately 307 higher
than the lowest reading near the edge of the specimen. At lower peak fluxes
the difference between the center (high) reading and the lowest edge reading
decreases to a minimum of 15%. We have been advised that there is some
concern that the absolute value of these measurements may not be correct,

but a final determination of the correct flux measurement has not been made.
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APPENDIX 2

RESPONSE OF SPECIMENS TO THERMAL EXPOSURES

This appendix consists of data sheets listing each thermal exposure and
specimen response. Specimens are listed by series, i.e. 1-X, 2-X, etc. and

within each series in order of increasing thermal exposure fluence.

An estimate 1s given of thermal absorptivity of the specimen surface after

the therimal exposure. This was done with the thought that it will help

in estimating total absorbed energy. Peak flux/pulse duration are shown since
pulse shape has an effect on response of some materials. This data is shown
in sequence ac cal/cmz-sec/seconds. e.g. "20/1.0" would indicate a peak flux
of 20 Cd1“am2-uer with 1.0 seconds to reach the peak flux. Total "power on"
{(to the lamps) time is typically 0.25 seconds longer than the time to peak
flux, i.e. it requires approximately 0.25 seconds of power on before there is
a measurable output from the lamps. The data sheets also show a total fluence
for each exposure. This was obtained by a mechanical planimeter measurement
of area under the flux meter curve, including lamp cool down. The quartz
lamps were run at constant voltage for all exposures. Flux and fluence were
varied/controlled by lamp distance from the specimens and by pulse length.

A flux meter curve was obtained each time lamp distance and/or pulse time
were changed. It was then assumed that flux and fluence remained constant

for subsequent runs so long as the settings were not changed (for at least

20 to 30 runs). Equipment check out has shown that such repetitive runs are

very constant.

Except where otherwise shown each spnecimen was exposed to one, only, thermal

pulse.
The following notes, etc. apply throughout the data sheet thermal response
descriptions:

a. " 7 of specimen area" is frequently used to quantify results. The
percentage is a rough estimate., based on visual examination, with
100" being the entire face of the specimen.
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Unless otherwise noted it cun ve assumed that damage is reasonably
progressive as thermal fluence increases within any one specimen
series. For examrle. when "naint is completely removed from 50

of specimen area," it should be assumed that the other 50% has
paint remaining and that the condition of the remaining paint is
comparable to the paint damage description for lower fluence

exposures of that series of specimen.

Fiberglass substrates typically delaminate one plv at a time,
however, in most cases this could not be determined without further
damage to the specimen. Accordinaly, most such data is merely
reported as delamination without indicating which plies are
involved.

When the fiberglass plys "disintegrated", the fibers parallel to
the air stream tended to break. Some ot the perpendicular fibers
frequently remained attached at one end (near one side of the
specimen) with the other end drawn downstream. This formed a
"tail" which always produced a loud, distinctive sound in the
wind tunnel.

Aluminum skin delamination always occurred at the skin/honeycomb
core interface and always involved some warping of the aluminum
skin. Unless otherwise stated, it should be assumed that aluminum
skin/core delamination starts along the downstream edge of the
specimens and progresses more or less uniformly toward the upstream
edge of the specimens.

Descriptions of paint damage frequently include a comment regarding
exposed primer. [t appears that the black enamel topcoat

typically forms small blisters with separation occurring at the
enamel/primer interface. The blistered enamel tends to rapidly
ablate (having lost the cooling effect of the substrate heat

sink) exposing the yellow, more reflective, primer within the

small blister area. When percentages of exposed primer are aiven,
these are rough estimates of the total area of visible primer as

a percent or the total area of the specimen face.
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g. Epoxy-fiberglass laminate is usually referred to as "FRP," i.e.
fiber reinforced plastic.
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Table A2-1 f

SPECIMEN EXPOSURE RECORD

PEAK FLUX
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm¢)

1-1 Long pulse - specimen discarded -- -- --
1-2 Paint lost gloss over most of .97 20/1.0 25

specimen area
1-3 Paint slightly blistered .97 32.8/1.0 42
1-4 Paint blistered; some bare .90 30/1.5 51

aluminum. Skin delaminated for

one inch, center of downstream

edge
1-5 Same as 1-4 .90 30/1.5 49
1-6 Paint similar to 1-4. Skin .95 32.7/1.5 54

delamination extends 1.5 inches,

center of downstream edge.
1-7 Short pulse - specimen discarded -- -- --
1-8 Paint completely removed in 50% .70 30/2.0 64

of specimen area. Skin

delaminated in 20% of specimen

area.
1-9 Paint completely removed in 95% .70 307/2.5 82

of specimen area. Small area of
skin disintegrated.
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Table A2-2

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm®)
2-1 Paint lost gloss over most .97 2510 31
of specimen area - still smooth.
2-2 Pyimer showing in 10% of specimen .95 30/1.5 49
area. Skin delaminated; 1.5
inches center of downstream
edge.
2-3 Paint blistered. Skin .95 32.7/1.5 54
delaminated for 2.0 inches,
center of downstream edge.
2-4 Paint completely removed from 15% .85 30/2.0 64
of area. Skin delaminated 20%
of area.
2-5 Paint completely removed from 4055 30/2.5 82
75% of specimen area. Skin
delaminated, 15% of specimen
area.
2-6 Paint completely removed from 10 30/2.0 96
95% of specimen area. Skin
delaminated, 20% of specimen
area.
2-7 Paint completely removed from .70 30/3.5 109

95% of specimen area. Small
area of skin disintegrated/tore
out. 15% of skin area
delaminated.
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Table A2-3

SPECIMEN EXPOSURE RECORD

95% of specimen area. Skin
delaminated, 30% of specimen area.
Skin disintegrated, tore out, 15%
of area.

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm?)
3-1 Paint lost gloss over most .97 25/1.0 31
of specimen area. Paint is
still smooth.
3-2 Paint blistered, primer .95 30/1.5 49
showing in 5% of specimen area.
3-3 Paint blistered. Skin .95 32.7/1.5 54
delaminated for 2 inches,
center - downstream edge of
specimen.
3-4 Paint completely removed from 5% .90 30/2.0 64
of specimen area. Skin
delaminated in 30% of specimen
area.
3-5 Paint completely removed from .85 30/2.5 82
20% of specimen area. Skin
delaminated in 30% of specimen
area.
3-6 Paint completely removed from /5 30/2.0 96
95% of specimen area. Skin
delaminated in 40% of specimen
area.
3-7 Paint completely removed from .75 3043515 109
95% of specimen area. Skin
delaminated in 40% of specimen
area.
3-8 Paint completely removed from .80 30/4.0 124
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- Table A2-4

SPECIMEN EXPOSURE RECORD

pieces. A small area first
disintegrated; then another
small area; then the remaining
area delaminated and was drawn
into the wind tunnel.

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL * ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm?)
4-1 Paint lost gloss over most of ".97 25/10 31
specimen area - still smooth.
4-2 Paint blistered, primer showing <95 32,711 -5 54
in 57 of specimen area.
4-3 Same as 4-2. .95 32.7/1..5 54
4-4 Paint slightly charred, smooth. .97 25/2.0 52
No primer showing.
4-5 Paint blistered, primer showing .90 30/2.0 64
157 of specimen area.
4-6 Paint blistered, primer showing .90 32.9/2.0 67
15% of specimen area. Skin
delamination in 307 of specimen
area.
4-7 Paint completely removed from 10% .90 30/2.5 82
of specimen area. Skin delaminated
in 50% of specimen area.
4-8 Paint completely removed from 75% .75 30/3.0 96
of specimen area. Skin delaminated
in 407 of specimen area.
4-9 Paint completely removed from 907% .80 30/3.5 109
of specimen area. Skin delamination
in 507 of specimen area.
4-10 Paint completely removed from 90% .80 30/4.0 124
of specimen area. Skin delamination
in 50% of specimen area.
4-11 Paint completely removed from 90% of 40 30/4.5 136
specimen area. Skin delaminated
in 607 of specimen area.
4-12 Lost entire face sheet--in e 30/5.0 153
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Table A2-5
SPECIMEN EXPOSURE RECORD
PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm?)
5-1 Paint lost gloss over most of .97 25/1.0 31
specimen area--still smooth,
5-2 Paint blistered, primer showing .95 32.7/1:.5 54
in 5% of specimen area.
5-3 Same as 5-2. .95 32.5/2.0 67
5-4 Same as 5-2--perhaps slightly :95 30/2.5 82
more blistering of paint.
5-5 Small area of bare aluminum .90 30/3.0 96
(1% of specimen area). Skin
delamination in 50% of specimen
area.
5-6 Paint completely removed from .85 30/3.5 109 ]
40% of specimen area. Skin
delamination in 60% of specimen
area.
5-7 Paint completely removed from 80% .85 30/4.0 124
of specimen area. Skin
delamination in 60% of specimen
area.
5-8 Paint completely removed from 85% 15 30/4.5 136
of specimen area. Skin
delamination in 70% of specimen
area.
5-9 Paint completely removed from .70 30/5.0 153
90% of specimen area. Skin
delamination in 70% of specimen
area.
5-10 Paint completely removed from 90% .80 28.8/6.0 175

of specimen area. Skin delaminated
in 60% of specimen area. Piece

1.5 x .7 inch disintegrated/tore
out.

Specimens 5-11 thru 5-12 not exposed.
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Table A2-6

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm?)
6-1 Protective paper left on. -- 20/1.0 25
Specimen discarded.
6-2 Paint Tost gloss over most of 9. 20/1.0 25
specimen--still smooth.
j 6-3 Paint blistered--no primer .97 25015 4]
E showing.
; 6-4 Paint blistered. Primer .95 30/1.5 49
showing in 107 of specimen
area.
6-5 Paint completely removed from .80 30/2.0 64
1 407 of area. Some degradation
: (cracking) of skin.
6-6 Paint completely removed from 30% .80 30/2.0 64
of specimen area. Skin
delaminated in 507 of specimen
area (but no cracks).
6-7 Paint completely removed from .70 30/2.5 82

5% of specimen area. Skin
disintegrated/tore out from
25% of specimen area.

Specimens 6-8 to 6-12 not exposed.
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Table A2-7
SPECIMEN EXPOSURE RECORD h
1
PEAK FLUX/
FINAL PULSE INCIDENT

SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC 3
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm?) vi
7-1 Paint lost gloss over most .97 25/1.0 31 H
i of specimen area--still I
I smooth. :;
| 7-2  Paint blistered, primer .95 30/1.5 49 1
I showing in 5% of specimen |
area. 4
7-3 Paint completely removed from .80 30/2.0 64 '
20% of specimen area. Slight |
cracking of aluminum. |

7-4 Paint completely removed from .80 30/2.5 82
75% of specimen area. Small !
area of skin disintegrated/tore ]
out. |
!

Specimens 7-5 to 7-12 not exposed.
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Table A2-8

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cmz)
8-1 Paint lost gloss over most 297 25/71..0 3
of specimen area--still smooth. |
8-2 Paint slightly blistered, w a7 30/1.5 49
primer showing in 27 of specimen
area.
8-3 Paint blistered, primer showing .90 30/2.0 64
in 107 of specimen area.
8-4 Paint completely removed from .85 32, 5/2.0 67
10% of specimen area.
8-5 Paint completely remcved from 10% .90 30/2.5 82
of specimen area. Skin
delamination in 607 of specimen
area.
8-6 Paint completely removed from WA 30/3.0 96

80% of specimen area. Skin
disintegrated/tore out in 257
of specimen area.

Specimens 8-7 to 8-12 not exposed.
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Table A2-9

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
g SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
| NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm2)
| S
i 9-1 Paint lost gloss over most .97 25/1.0 31
of specimen area--still smooth.
9-2 Paint blistered, primer showing .97 32.7/1.5 54
in 5% of specimen area.
9-3 Paint completely removed from .95 32.5/2.0 67
10% of specimen area. Primer
showing in 5% of specimen area.
9-4 Paint completely removed from .90 30/2.5 82
10% of specimen area. No skin
delamination.
9-5 Paint completely removed from 20% .85 30/3.0 96
of specimen area. Skin
delamination in 60% of specimen
area.
9-6 Paint completely removed from .85 30/3.5 109

80% of specimen area. Skin
disintegrated/tore out, 15%
of specimen area.

Specimens 9-7 to 9-12 not exposed.
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Table A2-10

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED)  (SECONDS)  (cal/cm?)
10-1 Paint lost gloss over most .97 25/1..0 31
of specimen area--still smooth.
10-2 Paint slightly blistered. Few .97 327405 54
small spots of primer showing.
10-3 Paint blistered, primer .95 32.5/2.0 67
showing in 57 of specimen area.
10-4 Paint blistered, primer showing .95 307/2.5 82
in 5% of specimen area.
10-5 Paint completely removed from 5% .95 30/3.0 96
of specimen area. Skin
delamination in 107 of specimen
area.
10-6 Paint completely removed from .85 30/3.5 109
207 of specimen area. Skin
delamination in 70% of specimen
area.
10-7 Paint completely removed from .85 30/4.0 124
407 of specimen area. Skin
delamination (in center of
specimen) in 607 of specimen
area.
10-8 Paint completely removed from .70 30/4.5 136

50% of specimen area. Skin
delamination in 80% of specimen
area. 1 x 1 inch area of skin
disintegrated/tore out.

Specimens 10-9 to 10-12 not exposed.
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Table AZ-11

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC%
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm?)
11-1 Specimen exposed to multiple -- 5/1.0 6.3
Tow level thermal pulses-- 10/1.0 12.8
discarded. 15/1.0 19
11-2 Paint had very slight loss of .97 15/1.0 19
gloss toward center of specimen.
11-3 Paint lost gloss over most of .97 20/1.0 25
specimen. Considerable pin-point
blistering of paint.
11-4 Paint completely removed from .85 32.8/1.0 42
25% of specimen area. FRP not
charred.
11-5 FRP surface charred over 20% of .95 30/2.0 64
specimen area.
11-6 Epoxy burned out of (at least) .97 32.5/2.0 67
1st ply in 60% of specimen area.
11-7 1st ply disintegrate in 60% of .95 30/2.5 82

specimen area--some glass fibers
attached toward one end. Exposed
2nd ply charred.

Specimens 11-8 to 11-12 not exposed.
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Table A2-12

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm)
12-1 Protective paper not removed-- -- 20/1.0 25
specimen discarded.
12-2 Paint lost gloss over most of .97 20/1.0 25
specimen area. Considerable
pin-point blistering of paint.
12-3 Paint blistered over 807 of .97 30/1.0 38
specimen area.
12-4 Paint completely gone, FRP .97 30/2.0 64
charred toward center of
specimen.
12-5 Closely similar to 12-4. .97 32.5/2.0 67
12-6 Protective paper not removed-- -- 30/2.5 82
specimen discarded.
12-7 Surface of FRP charred/biack .97 30/2.5 82
over entire specimen face.
12-8 Surface of FRP charred/black .95 30/3.0 96
over 95% of specimen area.
Delamination (at least 1st
ply) in 10% of specimen area.
12-9 Surface of FRY charred, 100% /0 30/3.5 109
of specimen area--carbon
beginning to burn off glass
(yellowish color) delamination
in 107 of area.
12-10 Ist ply disintegrated in 5% .60 30/4.0 124

of specimen area--some "tails".
Glass cleaner (lighter color)
than 12-9. Delamination in 10%
of area.

Specimens 12-11 to 12-12 not exposed.




PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cmz)
13-1 Paint lost gloss over most of .97 20/1.0 25
specimen area. Considerable
pin point blistering.
13-2 Paint blistered over most of .95 32..8/1.0 42
specimen area. Primer showing
in 104 of specimen area.
13-3 FRP exposed, charred/black .97 30/2.0 64
toward center of specimen.
13-4 FRP charred/black, 957 of .97 32.5/2.0 67
specimen area. No visable
delamination.
13-5 FRP charred/black, 1007 of .97 30/2.5 82
specimen area. No visable
delamination.
13-6 FRP charred/black, 957 of .95 30/3.0 96
specimen area. No visable
delamination.
13-7 FRP charred (but "cleaner" .90 30/3.5 109
than 13-6). No visable
delamination.
13-8 FRP charred ("cleaner" than .85 30/4.0 124

13-7) 100% of specimen area.
Delamination, 30% of specimen
area.

Specimens 13-9 to 13-12 cut to include unpainted area.
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Table A2-14

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC%
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cmé)
14-1 Paint lost gloss over most of .97 20/1.0 25
specimen area. Considerable
pin point blistering.
14-2 FRP exposed, but not charved, 285 32.8/1.0 42
257 of specimen area.
14-3 Paint completely removed, FRP .90 30/2.0 64
charred, 100% of specimen
area. Delamination, 407 of
area.
14-4 Epoxy gone from lst ply, 40% .90 32.5/2.0 67
of specimen area.
14-5 I1st ply disintegrated, 60% of .90 30/2.5 82

specimen area. Some "tails".

Specimens 14-6 to 14-12 not exposed.
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Table A2-15

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENC
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm®)
15-1 Paint lost gloss over most of 297 20/1.0 25
specimen area. Considerable
pin point blistering.
15-2 Paint blistered, 907 of specimen .95 32.8/1.0 42
area. Primer showing 1 to 27
of specimen area.
15-3 Paint completely gone, FRY .97 30/2.0 64
charred/black. Delamination
207 of specimen area. Some
YEaifls®,
15-4 Epoxy gone from Ist ply, 407 .80 32.5/2.0 67
of specimen area. Glass
somewhat "cleaner" thon 15-3.
15-5 1st ply disintegrated, 60 . .95 30/2.5 82

specimen area. Exposed 2nd
ply charred. Some "tails".

Specimens 15-6 to 15-12 not exposed.




Table A2-16 ]

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm2)
16-1 Paint lost gloss over most of .97 20/1.0 25
specimen area. Considerable
pin point blistering.
16-5 Paint blistered, 90% of specimen .97 32.8/1.0 42
area. Primer showing, 1 to 2%
of specimen area.
16-6 Paint completely gone, FRP .97 30/2.0 64
charred/black. Delamination,
30% of specimen area.
16-7 Comparable to 16-6 except no .97 32.5/2.0 67
visable delamination.
16-8 1st ply disintegrated, 25% of .95 30/2.5 82

specimen area. Exposed 2nd
Ply charred/black. Some
“tails".

Specimens 16-2 to 16-4 no good - cut to include unpainted area.

Specimens 16-9 to 16-12 not exposed.
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Table A2-17

SPECIMEN EXPOSURE RECORD

PEAK FLUX
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm?)
17-1 Protective paper not removed-- -- 20/1.0 25
specimen discarded.
17-2 Surface of coating liquified, .90 20/1.0 25
flowed. Some grey/white coating
showing.
17-3 Most of coating gone. Remaining .60 25/1.5 41
coating is light grey to white.
FRP exposed (not charred), 10%
of area.
17-4 Similar to 17-3. FRP exposed «55 30/2.5 82
(but not charred), 15% of
specimen area.
17-5 Coating mostly gone, 80% of .60 30/3.5 109
specimen area. FRP not
charred.
17-6 FRP charred (grey-black), 40% .60 30/4.5 136
of specimen area. Coating
mostly gone from balance of
area.
17-7 Ist ply disintegrated, 70% of .85 30/5.0 153

specimen area. Exposed 2nd ply
charred, delaminated, 10% of
specimen area. Some tails.

Specimens 17-8 to 17-12 not exposed.
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Table A2-18

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm?)
18-1 Large blister formed, flattened, .97 20/1.0 25
50% of specimen area--center.
18-2 Primer showing (through very .80 25/1.5 4
thin, remaining black coating),
95% of specimen area.
18-3 Primer showing, 100% of specimen .80 30/2.0 64
area. FRP starting to scorch
in center of specimen.
18-4 FRP charred, 90% of specimen .90 30/2.5 82
area. Delamination, 15% of
specimen area.
18-5 1st ply disintegrated, 45% of .90 30/3.0 96

specimen area. Exposed 2nd ply
charred, some delamination.
Some "tails".

Specimens 18-6 to 18-12 not exposed.
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Table A2-19

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cmé)
19-1 No effect - specimen discarded 25
31
38
41
19-2 Large blister (2 inch diameter) .30 32.5/2.0 67 {
formed, flattened to form ridge
on downstream edge. No
liquification of coating surface.
19-3 Blistered with coating near FRP-- .30 30/2.5 82
blistered coating "blew" off.
Bare FRP, 10% of specimen
area. FRP not charred.
19-4 Coating blistered (within white .50 30/3.5 109 A
coating near FRP), "blew" off,
50% of specimen area. FRP
not charred.
19-5 Similar to 19-4 - Coating "blew" .65 30/4.5 136
off, 75% of specimen area.
19-6 Lost most of coating (blistered, .75 28.8/6.0 175
"blew" off). FRP charred, 30%
of specimen area. Some
delamination in charred area.
19-7 Specimen discarded (coating ink -- -- --
stained).
19-8 1st ply disintegrated, 15% of .90 28.6/7.0 201

specimen area. Exposed 2nd ply
charred, some delamination.

Some white coating still left
around upstream edges of specimen.

Specimens 19-9 to 19-12 not exposed.
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Table A2-20

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm2)
20-1 Paint lost gloss over 95% of .90 25/1.0 31
specimen area. Grey spot in
center of specimen, i.e. black
partially gone.
20-2 Entire specimen area is dark .85 25/1.5 41
gray, i.e. black anti-static
coating is mixing into white
base coat.
20-3 Entire specimen area is dark .80 30/2.0 64
grey.
20-4 FRP exposed, charred, 50% of .85 30/2.5 82
specimen area. Rest is dark
grey.
20-5 FRP exposed, charred 70% of .85 30/3.0 96
specimen area. No visable
delamination.
20-6 1st ply disintegrated, 30% .80 30/3.5 109

of specimen area. Exposed
2nd ply charred, some
delamination. Some "tails".

Specimens 20-7 to 20-12 not exposed.
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Table A2-21

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm2)
21-1 No effect - specimen discarded. .25 32.5/2.0 67
30/2.5 82
30/3.0 96
21-2 No effect - specimen discarded. .25 30/3.5 109
30/4.0 124
30/4.5 136
21-3 No effect - specimen discarded. .25 30/5.0 153
28.8/6.0 175
28.6/7.0 201

Specimens 21-4 to 21-12 not exposed.
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Table A2-22

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCS
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm¢)
22-1 Paint lost gloss over most of .97 20/1.0 25
specimen area. Still smooth.
22-2 Most of topcoat blistered or gone. .85 25/1.5 41
Primer showing, 90% of specimen
area.
22-3 Paint mostly gone, FRP charred .95 30/2.0 64
in center of specimen. No
visible delamination.
22-4 FRP charred/black, 95% of .97 32.5/2.0 67
specimen area. Delamination,
10% of specimen area.
22-5 Ist Ply disintegrated, 50% of .90 30/2.5 82

specimen area. Exposed 2nd ply
charred, no delamination.

Specimens 22-6 through 22-12 - Not Exposed
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Table A2-23

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS)  (cal/cm®)
23-1 Paint lost gloss over most of .97 20/1.0 25
specimen area. Paint slightly
roughened.
23-2 Paint completely removed, 50% of .90 25/1.5 41
specimen area.
23-3 Most of paint removed. FRP charred. .95 30/2.0 64
Delamination, 5% of specimen area.
23-4 FRP charred, 95% of specimen area. .97 32.5/2.0 67
Delamination,10% of specimen area.
23-5 Ist ply disintegrated, 60% of specimen +95 30/2.5 82

area. Exposed 2nd ply charred. 2nd
ply delaminated, 20% of specimen area.
Some “tails".

Specimens 23-6 through 23-12 - Not Exposed
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Table A2-24

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cmz)
24-1 Paint lost gloss over most of .97 20/1.0 25
specimen area. Slightly roughened
24-2 Paint blistered. Primer showing in .90 32.7/1.5 54
20% of specimen area.
24-3 FRP charred/black toward center of .95 30/2.0 64
specimen area. No delamination.
24-4 FRP charred/black, 100% of specimen 295 30/2.5 82
area. No visible delamination.
24-5 FRP charred/black, 957 of specimen .97 32,5/2.0 67
area. No visible delamination.
24-6 FRP charred/black over most of .85 30/3.0 96
specimen area. Center of specimen
is becoming yellowish, i.e. carbon
is burning off glass.
24-7 FRP charred, 100% of specimen area. .85 30/3.5 109
Delamination, 20% of specimen area.
24-8 Delaminated, 507 of specimen area. el 30/4.0 124
Otherwise, same as 24-7.
24-9 Delaminated, 807 of specimen area. .65 30/4.5 136
Glass fabric relatively clean (and
still intact) toward center.
24-10 Delamination, 60% of specimen area. .70 30/5.0 153

Very similar to 24-9.

Specimens 24-11 and 24-12 - Not Available for
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Table A2-25

SPECIMEN EXPOSURE RECORD

PEAK FLUX
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm?)
25-1 Paint Lost Gloss Over Most of Speci- .97 30/1.0 38
men Area. Some Fine Blistering
Toward Center of Specimen
25-2 Paint Blistered. Primer showing <35 30/2.0 64
in 10% of Specimen Avrea.
25-3 Paint Blistered. Primer Showing .85 30/2.5 82
in 10% of Specimen Area.
25-4 Paint Completely Removed in 30% .85 30/4.0 124

of Specimen Area. Skin Delamina-
tion, 60% of Specimen Area.

Specimens 25-5 through 25-12 - Not Exposed
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Table A2-26

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm®)
26-1 Paint Lost Gloss, Blistered in .97 30/1.0 38
50% of Sp=cimen Area.
26-2 Similar to 26-1. Primer showing 295 30/2.0 64
in 5% of specimen area.
26-3 Almost identical to 26-2. .90 30/2.5 82
26-4 Primer showing (small spots) 220 30/4.0 124
in 207 of specimen area. Skin
delamination, 507 of specimen area.
26-5 No visible skin delamination. Other- .90 30/4.5 136
wise similar to 26-4.
26-6 Lost entire face sheet toward end .85 30/5.0 153

of run. Face sheet 1s warped but
in one piece.

Specimens 26-7 through 26-12 - Not Exposed
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Table A2-27

SPECIMEN EXPCSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (cal/cm?)
27-1 Paint lost gloss, blistered over .97 30/1.0 38
50% of specimen area.
27-2 Similar to 27-1. Primer showing .95 30/2.0 64
(small spots) in 2% of area.
27-3 Paint blistered over most of specimen. .85 30/2.5 82
Some whitish spots (but no primer)
showing.
27-4 Primer showing (small spots) in .95 30/4.0 124
% of specimen area. No bare alum-
inum and no delamination.
27-5 Primer showing (small spots) in .90 30/4.5 136
25% of specimen area. Very small
area of skin delamination.
27-6 Paint completely removed, 30% of area. .85 30/5.0 153
Skin delamination 30% of specimen
area-in center of specimen face.
27-7 Paint completely removed, 60% of .80 28.8/6.0 195
specimen area. Skin delamination
in 70% of specimen area.
27-8 Paint completely removed, 30% of .85 28.6/7.0 201

specimen area. Skin delamination,
90% of specimen area.

Specimens 27-9 through 27-12 - Not Exposed




Table A2-28

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE (ESTIMATED) (SECONDS) (ca]/cmz)
28-1 90% of paint "blew" off. Metal .25 (metal) 25/1.0 31
is clean and bright. .97 (paint)
28-2 100% of paint "blew" off. Metal .25 30/2.0 64
is clean and bright.
28-3 Entire face sheet delaminated at <25 30/2.5 82

skin/adhesive interface. Face
has very little warpage.

Specimens 28-4 through 28-12 - Not Exposed
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Table A2-29

SPECIMEN EXPOSURE RECORD

PEAK FLUX/
FINAL PULSE INCIDENT
SPECIMEN EFFECTS OF THERMAL ABSORPTIVITY DURATION FLUENCE
NUMBER EXPOSURE {ESTIMATED) (SECONDS) (cal/cm?)
29-1 Paint blistered - primer showing 35 25/1.0 31
in a few small spots.
29-2 Paint completely removed, 40% of .95 30/1.5 49
specimen area. Primer showing
(small spots) in 10% of specimen
area.
29-3 Paint completely removed, 100% of .90 32.5/2.0 67
specimen area. Ply 1 delaminated,
10% of specimen area.
29-4 Ply 1 delaminated, 50% of specimen .70 30/2.5 82
area. Some yellowish color toward
center of specimen.
29-5 Same as 29-4. .70 30/3.0 96
29-6 Ply 1 delaminated, 60% of specimen .80 30/3.5 109
area. Less yellowish color.
29-7 Ply 1 delaminated, 40% of specimen .90 30/4.0 124
area.
29-8 Ply 1 delaminated, 80% of specimen .85 30/4.5 136
area.
29-9 Very similar to 29-8. .90 30/5.0 153
29-10 Very similar to 29-8, except for .85 28.8/6.0 175

some "fuzzing" of Ply 1 graphite

fibers at downstream edge of specimen.

Specimens 29-11 and 29-12 - Not Available for Exposure




APPENDIX 3
WIND TUNNEL DRAG TESTS

This appendix contains the results of each run made on the thermally damaged
specimens. Twenty-three groups of specimens were tested at Mach numbers of
.5 and .8 and in addition two groups were run at M = 1.2. Drag measurements
were made for each run and reduced to a skin friction coefficient and
equivalent sand roughness. Between 5 and 15 runs were made on each sample
and the results were averaged over these runs. Where the data scatter was
greater than about + 30% no average was taken. Generally this excessive data
scatter could be traced to an unusual surface condition, such as debonding or
a large ridge of paint etc.
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APPENDIX 4

SURFACE PROFILE TRACES

The traces in this appendix were made on a "Tallysurf" profile measuring
machine. This machine traces out the profile to a variety of magnifications.
Those used here ranged (vertically) from 10,000 (for the smooth plates) to
500 (for blistered paint). The horizontal magnification used was generally
20 times, so that 2" on the profile corresponds to 0.1" on the sample.

The "centerline average" was also measured and calculated for most of these
samples by the profilometer. This is a measure of the local roughness over
a small traverse - 0.15". Heights are measured at 5 points on this
traverse (.030" apart) and the "CLA" is the average absolute distance from
the mean of these points. It does not appear to be a useful measure of
roughness for this current investigation.

For most samples the profiles were measured along the centerline about 1/4

and 3/4 the distance from the leading edge. The following specimens were

measured:

Smooth Surfaces (Unexposed) CLA Max. Roughness
10-1 Enamel on Al 2 micro ins. 5 micro ins.
27 Polished Al Test Sample 6 micro ins. 40 micro ins.
27-11  Unpolished Aluminum 35 micro ins, 250 micro ins.
11-8 Enamel on Fiberglass 35 micro ins. 350 micro ins.
21-4 Fluorcarbon on Fiberglass 35 micro ins. 250 micro ins.
Exposed Aluminum/Ename]l CLA Max. Roughness
4-4 25 mil Skin 180 u ins. 1.5x107°3 ins.
4-4 25 mil Skin 200 p ins.  2.5x10°3 ins.
10-1 32 mil Skin 100 u ins.  0.5x10°3 ins.
10-2 32 mil Skin 140 y ins.  1.2x10°3 ins.
10-3 32 mil Skin 150 w ins.  1.2x10°° ins.
10-4 32 mil Skin 200 ¥ ins.  1.0x10°3 ins.




Exposed Fiberglass/Enamel

12-2
12-3
12-4
12-7
11-3
14-1
29-1
29-2

20 mil Skin

20 mil Skin

20 mil Skin

20 mil Skin

13.5 mi1 Skin. Pin-paint blistering
13.5 mil Skin. Pin-paint blistering
20 mil Graphite Skin

20 mil Graphite Skin

ins.

Max. Roughness

.8x1073 ins.
1.5x1073
2.0x1073
2.0x107°
3x1072 ins.
4-5x10"3 ins.
4x1073 ins.
2x1073 ins.

ins.
ins.
ins.

The final page in this appendix is the report describing the measurements made

in the Particle identification Lab of the sandpapers used to “calibrate"

the drag of the samples.
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