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ABSTRACT: 

An investigation of ablation materials vas conducted for application to 
an advanced, Mach 8 modification of the X-15 Research Airplane. Perfor¬ 
mance of the selected material, Thermo-Lag T-500, was evaluated in plasma 
tunnel teste and in flight teats. Estimates were made of required ablator 
weight and thicknesses at stagnation and non-stagnation areas of the 
Advanced X-15A-2, Performance data, resulting from actual flight tests, 
plasma tunnel tests and analytical predictions, were compared. 

TITI£:_ 

’’Advanced X-15A-2 Ablation System Design, Tests, and Analysis”. 

AUTHOR: 

Robert H. Johnson, Supervisor, Advanced X-15. 

FOREWORD^ 

The studies described in this report vere made from 13 May I963 to 
7 February 1964 as a part of the rebuild of X-15A-2 under Contract 
No. AF33(657)ll6l4. The report represents the efforts of R. H. 
Johnson, P. 0. Psotson, J. B. Bodne and H. Shatzkin, who were assigned 
to the project. K. MacDovell of the Materials Laboratory is acknow¬ 
ledged for his support on the flight test portion of the study. 
Acknowledgement is also made to J. Bartley of the Emerson Electric 
Company, who assisted in the plasma tunnel tests. 
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INTRODUCTION 

North AzDorican Aviation, Inc,, Los Angeles Division (RáA-IAD) has 
designed an ablation thermal protective system for the No. 2 X-15 
Research Airplane, as a part of the repair and improvement of this 
airplane. Repair of the right-hand ving of the vehicle vas necessary 
as the result of an accident experienced in 1962. Sene features of 
the improvemente being made are presented in Figure 1. The main gear 
is being lengthened to accommodate the mounting of external ramjets. 
The change in the main gear configuration necessitates an improved nose 
gear configuration. Increased internal volume is being achieved by 
adding a 29-inch fuselage extension in the middle of the aircraft. 
Liquid hydrogen tanks and their related plumbing are being provided 
for installation in this area. A nev windshield configuration, in¬ 
corporating fused silica, is being installed in the present canopy. 
A capability of 8000 ft/sec velocity is being achieved by addition 
of external propellants. The added heat, caused by the increased 
velocity, is being accommodated by the use of an ablative material. 

A removable wing panel, shown in Figure 2, is being incorporated ¡ . 
into the tip of the right wing. This panel will be used to investi¬ 
gate the performance of heat resistant materials and experimental ■ 
rib and spar designs, the effects of surface discontinuities, etc. 

The estimated performance characteristics of the Advanced X-15, aov 
designated as the X-15A-2, are shown in Figure 3. For reference 
purposes, the performance capabilities of the current X-15 shown 
with the envelope of some of the maximum flights which have been 
performed. While capable of attaining the extreme altitudes as shown, 
the X-I5A-2 flights will be directed principally toward 250,000 feet 
altitudes for stellar photography experiments and 100,000 feet alti¬ 
tudes at about 8,000 ft/sec velocity for hypersonic airbreathing 
propulsion experiments. 

The X-15A-2 design mission, shown in Figure 4, is that for which the 
ablation protection system has been designed. This mission was chosen 
for the following reasons: 

1. Maximum velocity (Mach 8) is achieved. 

2. Thermal conditions are severe in comparison to other 
planned missions. 

Basically, the problem of heat protection of the X-15A-2 is one of 
converting a design on the heat sink concept to one capable of 
accommodating a higher heat load with virtually no redesign of the 
basic structure. Figure 5 shows the peak temperatures which would 
be generated in the design mission without heat protection. The 
severe thermal environment of the design mission would subject the 
unprotected structure to conditions exceeding the limits of structural 

1 
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integrity. Thig iaipoees the requirement of an external heat protection 
system vlth sufficient heat blockage to preclude redesign of the basic 
structure of the vehicle. 

The following criteria were established as a basis for developing the 
required heat protection system: 

1. The peak temperatures of the existing structure must 
be held within design limits. 

2. Heat protection would be required for the entire 
vehicle during the total flight. Although it is 
possible to provide partial vehicle protection, or 
partial mission protection end maintain acceptable 
temperatures, the comprehensive thermal and struc¬ 
tural analyses required could not be accomplished 
within the established contract schedules and cost, 

3. The heat protection system should add the minimum 
practical weight, 

4. The thermal protection system must be compatible with 
basic vehicle functions on the ground and in flight. 

5. Application and removal of the heat protection system 
must be effected under field conditions and must not 
interfere with the intended functions of the vehicle. 

6. Initial costs of technical development, costs of raw 
materials, and costs of application and removal, must 
be within practical limits. 

The present report discusses principally studies to determine the 
amounts of ablation material required for adequate heat protection. 

2 
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ABLATION SYSTEM DSVELOFMENT PROGRAM 

SCREENING OP ABLATION MATERIALS 

Contract schedules and funds did not penult an extensive screening for 
an optimum ablation system, A cursory review of the literature sad 
an industry survey indicated that there exieted a scarcity of knovledge 
on the behavior of ablation materials in the low heat flux - low enthalpy 
region. In addition, no data could be found in the literature on ablation 

performance under relatively high aerodynamic shear stress, a parameter 
of considerable importance for the X-I5. 

Tiie following materials were considered for preliminary screening: 

1. Emerson Electric Thermo-Lag T-500. 

2. Dow-Corning DC 325. 

3. Armstrong Cork #2755. 

4. NASA Purple Blend. 

5. Molded Refrasil Phenolics. 

6. General Electric Century Series Materials. 

In reply to early contacts, the Emerson Electric Company submitted a 

proposal to supply a material, Thermo-Lag T-500, which would provide 

the requisite heat protection with an estimated ablator weight of 

400 pounds per mission. This was considered an acceptable weight for 

the vehicle. Information was available on the performance of Thermo-Lag 

T-500 in environments approaching that of interest and on the production 

and application of Thermo-Lag type ablators, both in the molded as well 

as in the sprayable forms. The Thermo-Lag T-500 formulation incorporates 

sublimating salts with sublimation temperatures of about 53Q*F. The 

presence of these salts limits substrate (backwall) temperatures to sub¬ 

limation temperatures until the salts are completely consumed. Limiting 

the substrate temperatures obviates a comprehensive thermal analysis of 
the X-15A-2 structure. 

Previous test results indicated that Purple Blend did not have the 

requisite resistance to shear stresses. This material was, therefore, 

eliminated without further testing. The other materials were screened 

in preliminary plasma arc tunnel tests, and none showed ablation 

efficiencies as high as that of Thermo-Lag T-500 when compared on the 

basis of time to attain a substrate temperature of 500"P. Refrasil 

phenolic molded parte with oriented laminae at the leading edge, were 

a close second to Thermo-Lag T-500 on the above basis. Refrasil 

phenolic, however, is available only as molded parts and therefore 

not considered suitable for use on broad surfaces of non-stagnation 

areas. On the basis of the above screening, Qnsrson Electric Thermo-Lag 

3 



North American Aviation, inc. 
I NT t ANATION AL AIKPOWT 

LOS ANGELES 9. CALIFORNIA 

■J / 

NA bt-lTT 

T-5Q0 was selected as the basic material for the ablation system of the 
X-^5A-2* stagnation regions are coated with pre-molded T-500-6a. Non¬ 
stagnation regions are coated with spray application of T-500-4a. 

PLASMA tunnel tests 

ïist Facility belectiot 

Selection of a suitable plasma arc faciUty was baaed on a comparison of 
operating envelopes to determine which available facility afforded the 
broadest range of test conditions covering the flight ^lgur® 
shows a plot of flight velocity versus altitude for the 6,000 ser design 
mission and the operating envelopes of several available test facilities, 
including the NAA./LAD one megawatt, 2-l/2-inch nozzle plasma tunnel. The 
KAA/IAD plasma facility covers the broadest range of the flight mission 
and was selected, accordingly, as the test facility. Four test conditions 
were initially selected within the operation envelope, as indicated in 
Figure 6, to simulate four velocity-altitude points on the mission pro¬ 
file curve. The plasma facility was then calibrated in order to determine 
equipment settings for these four points. It was possible to get almost 
exact duplication of the flight parameters, enthalpy, pressure and h^at 
flus, at the leading edge stagnation line. Plasma tunnel teit conditions 
are listed in Table I. Included are an "off-design point (Test Condition 
5) and the variable tunnel condition, which is described below (see also 

reference 1.). 

TEST SPECIMENS AND TESTING TECHNIQUES 

The criterion for designs of the plasma tunnel test specimens was that 
actual aircraft structure should be duplicated as nearly as practical. 
Fortunately, the aircraft leading edge diameters (S/^-iach for tbs wing 
and 1-inch for the horizontal and vertical tails) fall within the capa- 
bility of the NAA/LAD plasma tunnel. A diameter of yk-inch was selected 
for the leading edge test specimen. The model, illustrated in Figure (, 
was made of steel to simulate thermally the metal heat sink effect of the 
actual structure. Ablation material was molded and bonded directly to 
the leading edge model. The full-scale model was mounted in the tunnel 
with the leading edge inclined 37 degrees to the air flow to duplicate 
the aircraft wing sweep. Temperature of the steel was measured with a 
chromel-alumel thermocouple and recorded with time. With this model 
it was possible to obtain the high degree of flight simulation shown 
in Figures 8 and 9. Shear stress was slightly low because for a given 
tunnel condition, the tunnel velocity is slightly lower than the corres¬ 
ponding flight velocity. One of the initially selected test conditions, 
corresponding to the lowest velocity of Figure 6, was abandoned after 
preliminary testing shoved that adequate coverage could be obtained with 
the heat flux enthalpy range of the other test conditions. 

i : 
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Fiat panel specizaena (see Figure 10), simulating one dimensional heat flow, 
were O.Otô-inch steel plates coated with various thicknesses of ablation 
material. Two 28-gage chrcmel-alumel thermocouples were affixed to the 
rear of the plate. Thermocouple number one was welded to the rear of a 
l/2-inch diameter isolated from the rest of the plate by a groove I/16- 
inch wide and .038-inches deep. The centerline of the circle va» 5/8-inches 
away from the centerline of the plate. When tested at an inclination of 
45-degress to the flow, this thermocouple location corresponded to the 
maximum heat flux on the surface of the plate. Thermocouple number two 
was installed at the centerline of the plate and served principally as 
back-up instrumentation. Other type models, i.e., cones and cylinders, 
were initially selected, but failed to produce meaningful results. Cold 
vail heat flux simulation, obtained with the flat panel models, is shown 
in Figure 11. While the flat panel values are somewhat higher than those 
generally anticipated on the fuselage, they are indicative of flight con¬ 
ditions at special fuselage areas having protuberances. It is felt that 
reasonably accurate values of performance at lover heat fluxes can be 
predicted by extrapolating values obtained at higher heat fluxes. The 
designation 2A, 3A, kk, indicated that the tunnel was run with a reduced 
partial pressure of oxygen to compensate for the higher static pressure 
on the models than on the surfaces of the airplane. 

In addition to the steady-state conditions above, the plasma tunnel was 
slightly modified to obtain conditions that varied with time (see reference 
1). It was possible, by using mechanical cams to regulate air flow and 
manual control of power input in accordance with a pre-recorded plot, to 
simulate the design mission speed and altitude histories from 80 to 400 
seconds after launch. Figure 12 shows the simulation attained. Figure 
13 shows a comparison of cold wall heat flux between the wing leading edge 
during the design mission and a leading edge model in the plasma tunnel 
tested for the conditions shown in Figure 12. While the peak heat flux 
value was not attained, this type of test simulated the transient effects 
of heat flux, enthalpy, pressure and other significant parameters on abla¬ 
tion performance. No unexpected or deliterious effects were noted. 

Steady state tests for both leading edge and flat plate models were 
terminated when the substrate temperature reached 700°F. The tempera¬ 
ture history of all thermocouples was recorded along with surface 
temperature measurements obtained with an optical pyrometer. 

ANALYSIS OF TEST RESULTS 

Ablation performance wae expressed in terms of "effective heat of ablation" 
by dividing cold wall (80°F) heat flux by average mass loss rate. For both 
leading edge and flat panel tests, the average mass loss rate was obtained 
by dividing the total mass loss by the time required for the total mass loss. 
The time period for total mass loss was a value established by a correla¬ 
tion between substrate temperature-time histories and observations of 
colored movies of the tests. The time at which the bare metal substrate 
showed in the movies usually corresponded with an abrupt change in the 
slope of the temperature plot. * ! 

6 
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Leading Edge Tests 

Steady State Tests 

Pertinent conditl^is at the stagnation line of the 37 degree swept , 

leading edge models are listed in Table II. The. shear stress is 

based on Reynold’s analogy and the tunnel velocity ( ), The 

Prandtl No. was taken as .705; the vail enthalpy ( ) vas 129 

btu/lb. Figxrres lh, 15, and 16 show the effect of the initial 
thickness of the molded glass cloth reinforced T-500-6a, on the 

substrate temperature-time history. Figure 17 shews the effect of 

test condition on the substrate temperature-tiaie history for a 

constant initial thickness of about .5-inches. Figure 18, 19, 

and 20, show the relative performance of different ablator materials 

at the different test conditions. The "ahinglèd" T-500-6a is seen 
to be slightly superior to the regular T-5QO-6a. The ablation 

material is identical, but the glass cloth laminated within the 

material was oriented 15 degrees away from a line along the model 

leading edge, producing an effect similar to shingles on a roof. 

The phenolic, refrasil leading edges exhibited very little change 

in contour during the tests. The substrate temperature history 

has a characteristic "non-receding ablator" shape. A substrate 

temperature of 500°F was considered to be an upper limit for a 
bondline adhesive and the effective heat of ablation of the 

phenolic refrasil is based on the time required to reach 5Q0*F> 

It is seen that although the phenolic refrasil does not recede a 

significant amount, it is slightly inferior to the T-500-6a when 

compared on the basis described above. 

Table III siamnarises the cold vail effective heats of ablation of 

the leading edge models. Run number 9 data are based on movies . 

since the thermocouple failed on this model. Since such close 

approximations to flight conditions were achieved in the leading 

edge plasma tests, it is justifiable to analyze the data with the 

effective heat of ablation approach. Attempts were made to isolate 

the effect of shear stress by treating the tunnel d¿vtu with a 

multiple regression analysis. Due to the relatively small sampling 

of data available, the effects of shear could not be delineated. 

Accordingly, the test results are shown as a function of cold vail 

heat flux. 

Figure 21 illustrates the validity of the assumption of a linear 

recession rate when applied to the Thermo-Lag molded T-500-6a 
test results. 

From careidl studies of the movies taken during the tests, it was 

possible to sketch the surface of the ablator, as viewed from the 

side, at various times during the test. From these lines, called 

isochrones, the surface recession can be shown as a function of 

1 time. Figure 22 shows tills surface recession for a selected test. 

The region shown is the portion of the mode], which bad the most 

rapid ablation. During the initial portion of the test, the char 

layer is building up, hence the surface recession is small. Near 

the end of the test, the char itself is being eroded away, causing 

a more rapid surface recession. 

7 
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TABLE II 

LEADING EDGE TEST CONDITIONS 

1 

Heat 

Flux 

btu 

ft17 sec 

109 

6? 

k2 

23 

71.4 

2 
Shear Stag. Line 
Stress Static Press. 

Ibs/ft2 Ibs/ft2 

9.2k 968 

6.91 15¾ 
5.17 522 

3-66 ^07 

5.1 272 

Stag. Line 
Oxygen Pçess 

lbs/fi¿ 

23O 

148 

110 

85.5 

57.1 

1 Calculated using tunnel conditions of Table I 

and à radius of l/2 inch, 37° sweep, wall 

temperature 80° F. 

2 Based on _L-. 
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Run 

No. 

4? 

8 

2b 

13 

9 

46 

48 

16 

17 

49 

31 

50 

70 

92 

102 

93 

103 

.104 

26 

35 

35 

50 

50 

735 

263 

35 

50 

263 

35 

506 

516 

50 

50 

50 

50 

50 

TABLE III 

SUMMARY OF LEADING EDGE TESTS 

EFFECTIVE HEATS OF ABLATION 

Test Init. 

Cond. Thick. Material 

In. 

T-500~6a 

^.2 
T-500-òa 

Phen. Ref. 

T-500-6a2 

Phen. Ref. 

Mit'l Heat 

Density Flux 

lhs/ft3 btu/ft2sec 

90 109 

67 

42 

110 

90 

110 

110 

71.4 

109 

109 

67 

67 

42 

1 Not used in analysis 
2 Lamina oriented 15° away from leading edge 
3 Time to substrate temp, of 500°F- 
^ Based on Movies 

NÁ64-I77 

Run' h^ff 

Time btu/lb 

Sec. 

200 

5I9O 
4560 (Avg.) 

4650^ 

64io , 

5620 (Avg.) 

5730 I 6160 (Avg.) 
i 

638c)j 
.0500 

5810 

.1423 3300 

320 5720 

2203 3210 

24o3 2200 

s 

'iv 

i 

1¾ 

'■I .ri 
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Figure '¿3 shove effective heat of ablation versus cold vail heat 

flux as determined from the plasma tests. Results obtained from 

T“5CO-6a for tunnel points along the design mission are shown, A 

linear variation of heat of ablation with herb flux, heff » 7200-23.6^Cvv 
, is chosen to represent the data for further calculations. 

It is interesting to note that the slopes of effective heat of 

ablation versus cold wall, heat flux are negative. This seems to' 

contradict the generally accepted trend that ablation efficiency 

increases with increasing enthalpy and associated heat flux. The 

inverse proportionality is probably attributable to the high shear, 

stresses occurring with increase in heat flux. 

Variable Heat Flux Tests 

In the previous section, .a linear variation of effective heat of ' 

ablation with heat flux was chosen to represent the steady state 

data. To demonstrate the validity of the assumptions involved, 

three leading edge models were tested with the variable.tunnel 

conditions shown in Figure 13. This type of test will illustrate 

any unusual transient ablation effects, if any, and generally 

check out the linear recession rate assumption. Models having 

three different initia], thicknesses were tested. The time histories 

of the substrate temperatures are shown in Figure 24. In no case 

did the temperature go above 500°F. The thickest model was 

"inadvertently removed from the plasma stream after about 30 seconds 
of testing. It vas re-inserted in the stream and run for another 

316.3 seconds* Tills accounts for the somewhat different temperature 

behavior. Figure 25, 26, and 27 show sketches of the three 
models made after the tests. Approximately .09 inches of char layer 

formed on the models. Measurements of virgin material loss were 

also made. Figure 28 shows a comparison between measured and 

■ calculated virgin material loss. The calculation was based on 

the linear effective heat of ablation shown in Figure 23* 
Reasonable agreement is noted, with the theory being slightly 

conservative. Further checks of the theory were made with flight 

.tests, which will be discussed in a following section. 

Flat Plate Tests 

With the flat plate models shown in Figure 10, the tunnel conditions 

listed in Table I resulted in the local heating parameters listed in 

Table IV. The heat flux distribution over the plate and the location 

of the region of maximum heat flux was determined by tests with l/4 

inch of cork glued to the model. The maximum values of heating rate for 

the various test conditions were determined with a flat plate model 

•designed as a copper calorimeter. Shear stress values were calculated 

in a manner similar to those for the leading edges. For the flat plate 

models, a recovery enthalpy equal to .3S times the total enthalpy was used. 

Figures 29 through 33 show temperature-time histories of the metal 
substrate at thermocouple No. 1 (see Figure IO). Figures 34 through 38 
show similar results for thermocouple No. 2. 

Table V summarizes the flat plate data with Thermo-Lag T-4,00-4 a ablation 

material sprayed on the models . 
_ 10 
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71 
72 
85 
61 

105 
62 

73 
63 

106 

7^ 
84 
64 

75 
65 

107 
76 
66 
86 

87 
88 
89 
90 
91 
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Run Test 
No. Cond 

2A 

3A 

U 

3A 

4a 

NA64-177 

TABLE V 

SUMMARY OF FLAT PLATE TESTS 

EFFECTIVE HEATS OF ABLATION; T-500-4a 

Thermocouple #1 Density=63 #/ft3 

Inlt 
Thick 
In. 

Heat 
Flux^ 

btu/ft sec 

Run 
Time 
Sec. 

eff 

btu/lb 
Remarkfi 

,10 
,10 
10 
07 
07 

,10 
'07 
07 
07 
07 
,04 

,10 

07 
'07 
,04 
,o4 
,04 

10 
10 
10 
10 
10 

90.3 

63.7 

41.2 

63-7 

41.2 

47 
45 
52 
26 

37 
17 

95 
65 
69 
80 
84* 

39 

230 
134 
235 
8? 
78 
5O 

63 
53 
50 
72 

135 

8080 
7740 
8950 
6380 Mode: 
91OO 
7310 

had voids 

II53O 
II26O Model had voids 
II96O 
I3Ö7O 
1456O 
II83O 

I805O 
15020 
26350 
17060 
I53OO 
II38O 

7650 
6430 

6075 
8750 
10590 

Model had voids' 

I/32 in. slot X flew 
.1/32 in. slot 11 flow 
1/4 in. dla. hole 
1/4 in. dia. hole-putty filleL 
1/32 in. slot ± flow 

*• Based on Thermocouple jfe and movies. 
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Scsrie of the models had known voids (air pockets) which resulted from on 

improper drying time between successive spray coats when the models were 

being made. Other tests were made to determine if there were any 

differences in the thermal behavior of the material due to a different 

solvent system. It was necessary to develop a low volatile solvent 

system to be compatible with desert conditions. No discernable effects 

are noted on thermal performance due to the solvent system. Other 

tests were made with slots I/32 inch vide sawed into the ablation coating. 
The slots were aligned both parallel to and perpendicular to the flow. 

Two tests to simulate screw holes left through the ablation material 

were performed. In one test; the l/4 inch diameter hole was left open; 

in the other; the hold was filled with a putty formed of'the basic 

T-500 material. The test results showed that slots and holes'reduced 

the efficiency of the ablator. These data are very conservative; however, 

since the ratio of boundary layer thickness to slot and hole depth was 

small. For the thick; turbulent boundary layers on the airplane, the 

effect of slots and holes is expected to be negligibly small. 

Figure 39 shows effective heat of ablation versus cold wall heat 

flux for models without voids, slots or holes. The data are plotted to 

indicate the effect of initial ablation thickness, if any. There are 

too few data points to establish any firm trends. From the data shown, 

on'initial thickness of .07 inches appears most efficient . Figure 40 

presents averaged data for all runs without holes, slots,, or voids. A 

linear variation of heff = 23OOQ - 168 ^cw iß seen to fit the data 

reasonable well. Since these data are obtained under laminar flow 

conditions, some accounting must be made for the turbulent boundary 

layers which are anticipated on the airplane. However, due to the low 

enthalpies of the design mission, and the relatively low mass loss rates 

of ablation material during flight, the heat blockage due to 'outgassing1, 

of the subliming gasses is small, whether the flow is laminar or turbulent, 

At this stage of development, it is judicious to take a somewhat 

conservative approach, particularly in the absence of low heat flux, 

turbulent data. Figure hi shows oil data points obtained with slots, 
holes, and voids. The linear variation shown, hepf = 13,800 - 101 

is sixty percent of the heat of ablation show, in Figure 4-0. 

By using this lower heat of ablation, the calculated thickness require¬ 

ments should be conservative, even with turbulent flow, and with slots, 

holes, and voids in the ablation ecating. Some lav/ heat flux data 

(¾^ 13 btu/ft2sec) obtained by ‘Emerson Electric on models with slots 
running parable], to and perpendicular to the flow, (see Reference 2) had 

cold wall effective heats of ablation ranging from 14,100 to 42,600 

btu/lb. Hence, the variation shown in Figure 4i should be conservative 

at the lower heating conditions. Maximum use will be made of flight 

test data on the X-15 to align thé low heating rate ablation performance. 

A comparison between calculated and measured substrate temperatures was 

made for certain of the flat plate plasma tunnel tests. For these 

comparisons, an effective heat of ablation of 23,000-168 was used 

along with an assumed ablation temperature of 630°F. The 6j0ôF 

temperature was selected since the measured substrate temperatures 

appeared to 'plateau1’ at about that value. Figures 42 through 44 show 

substrate temperature correlations for clean (without voids, slots, etc) 

models. 

13 
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Twelve runs were also made with varying thicicnesses of Armstrong Cork 
2755 ablation material. The cork shoved an average effective heat of 
ablation of about 26.30 btu/lb. The results of the test are listed in 
Table VI. Temperature-time histories are not shown since, in general, 
the substrate temperature remained at approximately the initial tem¬ 
perature until the cork burned through, then rose very rapidly to 
7000F, the temperature at which the test was terminated. 

FLXQffT TESTS 

At this writing, ablation material experiments have been performed 
on six (6) X-I5-I or X-15-3 flights. Table VII lists pertinent flight 
parameters and the types of experiments performed. Although the speed, 
heating rates and flight duration of the current X-15 are less than 
those anticipated for the X-15A-2 design mission, the tests served to 
evaluate the ablators under service conditions, and to correlate flight 
test performance with plasma tunnel and analytically predicted perfor¬ 
mances. Some conditions, not readily simulated in the laboratory, are 
the engine and flight induced vibration of the X-15 vehicle, the cyrogenic 
environment and the field conditions under which ablation protection 
systems are applied and refurbished. The following discussions will 
deal principally with thermal performance correlations. 

Various regions of the airplane were used for testing aa shown in 
Figure 45. Reasonably high heating rates can be obtained on Panel 
F-4, which is located near the nose of the airplane. This region is 
also free of shock waves from other portions of the airplane, and the 
heating rates may be calculated with confidence. The lower speed brakes, 
when opened, also attain relatively high heating rates, and provide a 
convenient test region. ' The ventral leading edge was used to test 
pre-molded Thermo-Lag T-500-ÖA specimens and a cork leading edge con¬ 
figuration. The under surface of the fuselage near the liquid oxygen 
tank provides a test region with cryogenic temperatures and severe 
temperature gradients. 

TEST NUMBER 1 

An 0.08-inch thick sheet of Armstrong Cork 2755 vas bonded with epoxy 
to the lover right hand speed brake. Figure 46 shows a comparison 
between measured and calculated substrate temperatures. The thermo¬ 
couple was located 28.5-inches aft of the speed brake hinge line. 
An effective heat of ablation of 2500 was used in the calculation. 

Post-flight inspection revealed that the epoxy adhesive with a very 
small amount of cork imbedded in it, remained on some regions of the 
speed brake. This, and the fact that subsequent plasma tunnel teats 
indicated a slightly higher effective heat of ablation, tende to 
account for the over-prediction of the calculated temperature. 

U 
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TABLE VII 

SUMMARY OF ABLATION MATERIAL FLIGHT TESTS 

Test 
No. 

Flight 

No. 
Flight 
Date 

Maximum 

Velocity 
ft/sec 

Altitude 
At Max Val 

1000 ft 

Material 
Tested 

Pi'inciple Test. 

Region 

1 1-37-59 7-9-63 536O 142 Cork 2755 R.H. Lower Speed Brake 

2 1-38-61 7-18-63 5630 98.1 Cork 2755 

DC/325 

Ventral Leading Edge 

Upper & Lover Speed Brakes 

3 1-39-63 10-7-63 4070 78.4 Thermo-Lag 

T-500-óA & 

T-500-4 

Entire Lower Ventral, 

including Leading Edge. 

Panel F-4 

! 1-40-61) 10-29-6; 3950 72.4 T-50C-4A R.H. Lower Speed Brake 

5 1-^2-66 12-5-63 5888 100.3 T-500-4A Cryogenic Area Panel F-4 

6 3-25-1+2 1-16-64 

_ 

4750 69 T-500-4A Ventral Leading Edge 

Panel F-4 

■\ ' 
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TEST mWBER 2 V ; . ,- 

Two layero of l/8-inch thick sheets of cork were wrapped around the 
ventral leading edge to form a l/4-inch thick glove, which extended 
aft of the leading edge atout 6-inches. Sheets of cork, l/6-inch 
thick, were also bonded to the forward portions of the left and right 
hand lover speed brakes. A sheet of Dow-Coming DC/325 ablator, *07- 
inches thick, was prepared in the laboratory and bonded to the upper 
right-hand speed brake. The thermocouples which were located beneath 
the cork and DC/325 on the speed brakes, were inoperative for the flight 
thus preventing a valid comparison between the two. The DC/325 was 
ablated completely away and a small amount of cork remained hear the 
forward portion of the speed brake. 

When the speed brakes are opened, flow separation occurs over approxi¬ 
mately the front half of the speed brake, and some portion of the 
ventral ahead of the speed brake hinge line. The flow reattachaent 
region on the speed brake was evident from post-flight inspection of 
the cork sheet on the right hand speed brake. An attempt to calculate 
the heating in the separated region was not made. A thermocouple, aft 
of the separated region, and the cork sheet was operative. A comparison 
of calculated and measured bare skin temperatures, shown in Figure 47, 
indicates reasonable agreement for this area of the speed brake. 

The cork covering the leading edge was completely burned away at the 
stagnation line and approximately around to the shoulder (90° from 
the stagnation line). The extent of erosion was progressively greater 
further away from the fuselage, i.e., lover on the stagnation line. 
This is probably attributable to the enthalpy gradient which exists 
ahead of the ventral caused by shock waves from other portions of the 
airplane. Aft of the shoulder, the cork was charred, but not signi¬ 
ficantly eroded-away. It is possible that this portion of the cork was 
in a laminar flow region. Figure 48 shows a comparison between measured 
and calculated leading edge temperatures. The time at which the cork 
was completely eroded away at the leading edge appears to be accurately 
predicted, although, the calculated peak temperature is too high. A 
reduced heat of ablation is used to account for the aerodynamic shear 
stress. 

TEST NUMBER 3 

Representatives from Emerson Electric Company, makers of Thermo-Lag, 
applied their ablation material to the lover ventral for this test. 
The leading edge coating was made up of two segments of pre-molded 
Ï500-6A. Thickness at the stagnation line was .5-inch. The two 
segments were butted together, with the joint running perpendicular 
to the leading edge. Adhesive used was HT-424. The remainder of the 
lower ventral was sprayed with T-500-4 to a thickness of about 0.09- 
inehes. The need for a less volatile solvent system became apparent 
during the spray application. The desirability of a protective coat 
of lacquer to keep moisture off the ablation material was also indi¬ 
cated on this test. 
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Six flight tests have been accomplished at this writing, end needless to 
say, the techniques of material application, pre-flight and post-flight 
measurements have improved with each flight. A material thickness measur¬ 
ing technique, developed for test No. 6, has revealed that flat plate 
(i.e., speed brake and panel F-4) thickness measurements for tests No. 3, 
4, and 5 are questionable. Based on measurements made for Test No. 6, 
all previous char thickness measurements, which were thought to represent 
virgin material loss, are larger than the actual virgin material loss by 
as much as .01 inches. A factor which also contributes to measurement 
uncertainty is the fact that due to the high efficiency of the Thermo-Lag 
and low total heat loads of flight, the amount ablated is small to begin 
with; also, measurements are difficult to make in the field. Consequently, 
for Tests Nos. 3> 4, and 5, two ’‘measured1* thicknesses will be shown;, the 
actual char thickness measurement and a lover "corrected11 value. Ordinarily, 
such questionable measurements would not be reported, but are included in 
the event that subsequent testa will indicate a more appropriate "correc¬ 
tion factor". The improved measuring techniques are discussed in detail 
in the section, Test No. 6...1 

Figure 49 shows the calculated cold wall (8o°F) heat flux to the ventral 
leading edge for Test No. 3* Also shown is the calculated virgin material 
loss ( AS ) for the flight. The measured virgin material loss shown 
(not a char thickness measurement) is reasonably accurate. The bars 
indicate the range of measurements obtained along the leading edge. 
Good agreement is noted between the measured and the calculated material 
loss. Figure 50 shows material loss, heat flux, and substrate temperature 
for the speed brake area. The measured material loss ( AS ) is actually 
a measurement of the char layer thickness and may be too high by as much 
as .01 inches. A lover value of ( AS ) is shown for reference. The 
method used to calculate thicknesses for the design mission is seen to 
agree with the char layer thickness measurement and over-predict the 
"corrected” measurement. Excellent substrate temperature agreement is 
noted. An ablation temperature of 630°F is used for temperature 
calculations. 

TEST NUMBER 4 

For this flight, the right hand lower speed brake was coated with 
approximately O.09-inches of T-500-4A. The 4a means that a new solvent 
system, compatible with desert environment, was used. Thermal perfor¬ 
mance of the material was determined to be unaffected by the solvent 
system in the plasma tunnel tests. The ventral leading edge coating, 
which was flown on the previous flight, was left on. Since its shape 
had changed slightly, no material loss measurements were made on the 
leading edge. It performed satisfactorily, however, which indicates 
that the ablation material could possibly be used for more than one 
flight. 

IS 
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Material lose, heat flux and substrate temperatures for the speed brake ar«a 
are shown in Figure 51* The calculation methods are the sane as for Test 
No. 3- As for the previous test, both the measured char thickness and à 
''corrected'1 value for virgin, material loss are shown. The design calculation 
method over-predicts the "corrected value’1. Again, good temperature correla¬ 
tion is noted. 

TEST NUMBER 5 

The principle purpose of this flight test was to check the structural 
compatibility of Thermo-Lag with cryogenic temperatures under actual 
field conditions. The lower fuselage was coated with approximately 
.035-inches of T-500-^A from Fuselage Station 196 to Fuselage Station 
244. The coating also extended 3-inches onto the lower portion of both 
the right and left hand side fairings (see Figure 45). A total of 22 ft?* 
were coated. Approximately l4-inches of the aft portion of the coating 
extended over the LOX tank, where -300*F temperatures occur. On the 
forward portion of the coating, two hydraulic vent line pipes, 1-inch in 
diameter, protruded about 3-inches into the air stream. 

Prior to flight, a portion of the coating ahead of the LOX tank, near the 
left hand side fairing, developed cracks after the airplane was fueled. 
After a captive flight, some ablation material was noted to be lost and a 
total area of about l/2-sq. ft. had poor adhesion to the skin. To prevent 
any possibility of temperature gradients causing skin buckling in this region, 
a large portion of the coated area was removed, leaving the LOX tank area and 
a small area around each protuberance (hydraulic vent pipe) intact. The 
exact cause of the lack of adhesion has not been determined, since it has 
not been possible to reproduce the exact type of failure in the laboratory. 
The difference in contraction between the Thermo-Lag and Inconel-X and the 
presence of water and ice on the coating, are felt to be contributing 
factors. However, a similar region on the right hand side of the airplane 
was unaffected. 

The heating around the protuberances proved to be a very Interesting 
phenomena. As mentioned before, a small patch of ablation material waa 
left around the hydraulic vent line pipes. Due to the unfavorable condi¬ 
tions under which the ablation material had to be removed (i.e. in the 
field, at night, with the LOX tanks full and cold outside temperatures) 
the patch around the pipes was somewhat poorly shaped. Also, careful 
thickness measurements could not be made. Hence, the test results are 
qualitative. Figure 52 clearly illustrates, however, the heating pattern 
around the protuberance. The region immediately upstream of the pipe had 
high heating; immediately downstream was a wake, with low heating. The 
extent of the separated region upstream of the pipe appears to be about 
1-1/2 diameters. This and the char thickness measurements made after 
the flight in the vicinity of the protuberance, are in general agreement 
with the protuberance heat transfer theory discussed in Appendix B. The 
photograph from which Figure 52 was made, was obtained through the courtesy 
of NASA at Edvards Air Force Base. 
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The old ch&r leyer, which had formed from Teats No. 3 and 4, was carefully 
sanded away on Panel F-4, leaving about .075 inches òf virgin material to 
be tested. Figure 53; shows heat flux and virgin material loss for the 
panel F-4. No temperatures were measured. The design method calculation 
is seen to be somewhat conservative compared with both the measured char 
thickness and the Corrected" virgin material loss measurements. 

TEST NUMBER 6 

The purposes of this test were to obtain flat surface and leading edge 
ablation material loss data, end to obtain quantative data on heat 
transfer near the hydraulic vent line protuberances. The 8x8 -inch 
pre-fabricated panels of T-500-4À, which were cemented to the skin 
around the hydraulic vent lines to obtain protuberance data, blew off 
during the flight. Panel F-4 was coated with about .086-inches of 
T-500-4A and the ventral leading edge was fitted with a pre-molded 
coating of T-5O0-6A, which was .256 thick at the stagnation line* It 
was possible to remove the ventral coating after the flight without 
damaging it, thus very good post-flight measurements were obtained. 
Figure i>4 shows the post-flight measurements. It is interesting to 
note that the virgin material loss decreases rather uniformly (except 
at the Joint) as the bottom of the fuselage is approached. This was 
also observed on Test No. 2 with the cork leading edge. The change in 
heating rate at the stagnation line, which causes this, is probably 
attributal to the entropy gradient ahead of the ventral. The shock 
system of the airplane is known to alter the local flow characteristics. 
The calculated material loss is seen to agree with the measured values 
near the lover portion of the ventral. The lower portion of the ventral 
would be least affected by the shock system. The very bottom of the' 
ventral leading edge has a slightly larger material loss due to the 
three dimensional flow effect at the end of the ventral. An additional 
ablation loss of about .01 inches occurs in the vicinity of the butt 
Joint between the two leading edge segments of ablation material 
(T-500-6A). Figure 55 shows the calculated time histories of the 
ventral leading edge material loss and heat flux.. 

The instrument used to measure flat surface ablation material thickness 
is a conical-tipped penetrometer with a dial gage that reads in thousandths 
of an inch. On previous flights, a small area of the char layer was scraped 
away with a sharp instrument. The point of the penetrometer was then pushed 
onto xhe exposed virgin material, thus obtaining a measurement of the char 
thickness. The char thickness was assumed to represent the amount of virgin 
material ablated away. Measurements made after flight Test No. 6 indicated 
that the char thickness is a reasonable representation of the virgin material 
loss, however, the point of the penetrometer apparently penetrates the ex¬ 
posed virgin material, when measured as described above, giving a depth 
reading which is too large by as much as .01 inches. A preferred technique 
of measuring is to provide small diameter measuring holes which penetrate 
the ablation material to the vehicle skin. The initial virgin material 
thickness is then measured with the penetrometer. After the flight, the 
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the total coating thickness, including char, is sioilarily Measured. 

The char layer is now carefully scraped away upstream and downstream of 
the measuring holes for a distance sufficient to allow the base of the 
penetrometer to rest flat against the exposed virgin material (approximately 
3-inches). The thickness of the remaining virgin material may then be 
measured. Measurements on panel K-t, made with the preferred way described 
above, are shown in Figure 56. Char thicknesses for the two upstream points 
shown on this figure when measured with the old technique, were .031 and 
.023 inches. These values are seen to be significantly larger toan the 
char thickness determined using the preferred technique. Figure 57 ahows 
the calculated heat flux and material loss time histories for the flight. 
An average of the char thicknesses on the panel, as measured with the old 
technique, is shown for reference purposes. 

HEAT SHIELD PSSIGN 

The heat shield selected for the X-15A-2 is comprised of Emerson Electric's 
Thermo-Lag ablation material. Leading edges are made of pre-molded segments 
of T-500-6A (density of 90 lbs/ft ) which are attached with an adhesive to 
the airplane leading edges. The rest of the airplane is sprayed with T-500-4A 
(density of 63 lbs/ft ) and heat cured. The entire coating is then sprayed 
with a protective coating of lacquer. A complete description of application 
procedures, detailed thicknesses, and removal procedures, are contained in 
reference 3. The following sections will discuss typical aerodynamic heat¬ 
ing conditions over the airplane, typical thickness requirements as determined 
by both Emerson Electric and NAA, and a breakdown of the ablation system 
weight by areas of the vehicle. 

AERODYNAMIC HEATING 

Figure 58 shows a sketch of the airplane indicating the approximate 
locations of 16, points on the vehicle. Heating rates at these locations 
are representative of the spread in heating and other local flow properties 
such as pressure and shear stress. Figures 59 through 62 describe the 
local vehicle geometry. Figures 63 through ?8 represent design mission 
time histories of heat flux., shear stress, and local static pressure. 
Figure 79 shows the fuselage heating distribution at the time .of peak 
heating. AIL stagnation line heat fluxes are based on the substrate 
geometry, i.e., the leading edge radii have not been increased to account 
for the ablation coating. With the ablation coating installed, all lead¬ 
ing edge radii are increased by l/8-inch. 

Complete definition of the heating on the vehicle required calculations 
at 159 vehicle locations plus local hot spots. 
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THICKNESS REQUIREMENTS 

Emerson Electric engineers were requested to calculate Thenno-Lag thickness 
requirements for the sixteen points shown above. Their results are pre¬ 
sented in references 2 and 1. A comparison between the Emerson Electric 
and NAA calculations is shown in Table VIII. Reasonably close agreement 
is noted between the two calculations. Emerson thicknesses in the low 
heat flux region are greater than NAA calculations. The NAA calculations 
in the low heat flux regions are more closely correlated with flight test 
data. More than 159 points were computed by NAA to determine the complete 
airplane thickness distribution, and to calculate the weight of the abla¬ 
tion system. Included in these calculations were analyses to account for 
the bow shock effect on the wing leading edge (see Appendix A) and local 
protection required near protuberances (see Appendix B). 

ABLATION SYSTEM WEIGHT 

Based on drawings and actual measures of the X-15A-2 vehicle, an analysis 
was formulated to calculate installed ablation system weight, given the 
thickness distribution, and the material density. The airplane was divided 
in several regions, such as wing, side fairings, fuselage, etc., to allow 
separate calculations for these areas. Table IX lists areas of the 
airplane and the corresponding weight. Thicknesses used for these values 
include design margins. The total heat shield weight of 303,4 lbs. is 
below the initial target value of 400 lbs. 
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TABLE VIII 

TYPICAL HEAT SHIELD THÏOTESSÈS 

Point 
No. 

Location On 
Airplane 

Mix. 
Heat 
Flux 

btu/ftäßec 

Virgin Mat’l Virgin iiat’1 Design 
Loss., Ref 2 Loss, NAA Thickness 

lachee 

Pus. Sta. 9*28, lower 53 

Inches 

156 .188 

Inches 

190 

3 Pus. Sta. 79j lower 

5 Pus. Sta. 200, lower 

27' 

6.5 

.089 

.048 

.092 

.031 

.100 
j 
I 

.037 

7 Wing Leading Edge 157* .446 .560 .700#* 

* Based on 3/3 inch radius 

** Includes .09 in. for bow shock effects 
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- TABLE IX 

HEAT SHIELD WEIGHT 

REGION 

Pueelage 

.Side Fairings 

Wings 

Horizontal Stabil!zers 

Upper Vertical 

Lower Vertical (including movable) 

Canopy 

Helium Bottle and Shield 

ITortronics Nose Section 

Wing Leading Edges 

Horizontal Leading Edges 

Lover Vertical Leading Edge 

Upper Vertical Leading Edge 

Canopy Leading Edge 

TOTAL 

NA64-177 

TOTAL SURFACE WEIGHT 

AREA - .FT2 LBS. 

433.24 

SIS-?! 

206.30 

IOI.33 

85.12 

75.40 

24.60 

II.16 

2.99 

1,253.85 

84.30 

45.IO 

47.06 

42.69 

23o3 

31.03 

6.03 

1.52 

2.03 

9.00 

5.70 

2.70 

2.50 

.40 

303.4 
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DAT* 9-26-63 HOOCVNO, X*15A-»2 

F/ç(,z Flat Plate Points 

Point No. Ss OEG. t ~ IN. 

{SUteTAATe) 

1~Flow * 
Length 

‘■'IN. 

* * 
/ )5. Z J2S 16.11 

Hk * 
2 IS. 2 • ! 25 16. // 

3 AS .07/ QI.8S 

S 0 .050 206.45 

6 0 .050 206.45 

& 6.0 .012 4-.40 

9 18 . OST ta.oo 

¡0 40 .046 120.00 

¡2 50 ■ 037 6.00 

13 5.0 .037 12.00 

/4 4.0 ■ oso 6.00 

¡S 0 .OSO 36.00 

* Fus ELAGE FLOW LENGTHS AR.E M EASUREO 

FROM THE ZERO ANGLE OF ATTACH STAG¬ 

NATION point The two dimensional 
flow lengths are measured from the 
stagnation line. 

** These points are located on the 
Nqrtronics 0-Ball Fir Data System. 

■0-11» 



FORM 1021-1 

ftflfcQAJ FJIAn Ol^t^AHT ai/JMAO JA 

pmci*arcd by i P, Paxson North American Aviation, Inc. FAOC NO. ^ 88 or 

CMCCKC0 «Vi Rcporr no. NA-64-177 

DATS: 9-26-63 nooil no. X-15A-2,;,; 

•::í( 
Ü 

lit 

¿Üi' I 
' . T, • : 

:.vr 

.IL' 

. 1 i 
1 ..... .. J 

. i ' ■ i 
r- 

i:..'' ;;| ;y: ''I 

ÍTiiiT; 
,: 1 Í 

: ‘ 1 

L; i,.. ::i| 

Si¡ 

;¡É!¡! 
, 

: ..1, ’ 

-ii- oÿ^r_. 

■Mir!“;: 

iu!]:!® ■. 1 ; ;: . :(r • ■ ?l 1. ' i 
—TT*" 

:■ i iy i 
-::,1 , ,.. . .... 1 '• ••• 

: i • i 

iXlirf 
:. .il ■' 

•:rf. I • f 

! v/*'. 

.,,;j 

rM 
« 

s] 
.: 

•• 1 • • • i’ * 

. 

- 

:|Í ::::117: 
- î : - ! ; 

'AJ 

l- 
i![f. 

V 
r\ K 

. . ' -1 , : -1 r ¡ 

: 
-£:4-3p 

Él:á 

^p7;|7; 

■K-:r;-PT 

rtif 

V 
o 5( 

S 
/, i- 

•- :.;l:iT 

r j J 

X 

N 
--.1.::1 II 

{• 
rM 

i,;.!: . 
.. Ü i: 

1: ¡ : H.: 
!r 

;1 ¡ff¡ : :!;fb 7:¡:íi; . ; i 
:: : 1 

. vir 

-y rir:. 

. . n 

-ri 
7i f;¡. 

» ; 
7 

;;[! 
1 J 

‘ i - : ..irínr i.Jî 
»4 î I 

.. . 

,1,:: : ij:; lijjjtj-îj 
7‘,T 
ri: j 

i-iï 
i;.: 

■ ■ ■ 
D: 
i 

,:.1.-- 

'll ■ 

■ . i- 

¡‘::-|:¡.:í7;. 1. ' . iT -:. r 
Í7 

tr:. 

lili! 

rtTitrir' 
.•r.'j!.;;.: :•» ; •; f 



» 

ripoht mo. 

{àétrisèaaç/ 

WÑuystíMV*?'10? 
««►O *i O/.OART ÍM3M*0JA 34 

PftfRARKO BV: r . P&XSOH 

CHCCKCO BV 

OfcTf 

NORTH AMERICAN AVIATION, INC. 

t 

■" r:n 
: *•! 

.»:. : v.i ;. 

;" i:L' ¿¡i'iii! 
\à:\lk iíHíüni 



i 

\ 

id /si -asín s¿3sy oiltug- 7ypo7\~7d- 

bníxwsht1** a 70J 

A4 fiana'í nni"»APf jujuaoja 

,,. 1 
•Ü : : I 

r- 

r ■ 

!.. 

'7 j : - 

lj;:| I.: 

1 ; 

' 

-)• - 

L 

pwcpauco iyi p# Paxson 
NORTH AMERICAN AVIATION, INC. 

PAOC NO. V 90 0F ' 

••ó 

MPO.TNO. NA-64-177 
CHIC ACO av: 

DATE: 9-26-61.. MOOCU NO. X-15A”2 
, . 1 ... i ’ ■ . ■ . . 'f ÍMf 

T.; 

I.'. Ü : 
•j '• 

.... 
:.., L : í 

j.." :.-1.:1 

,.. .. ... 

■;r ■; r-| 
.1 

:1.-.] 

::~r~ 

. '. ' i. ' j 

¡i ’ 
íi:- ■ 

t ' " . ’ 11.. ; 

'¡Í7: !... 
'1 : : ¡! : 

!_• ' '_Li 

I ¡ ; 1 : 

. i 
t! : ¡ 

■ ¡ 

ií:;* 

. . • a . 

Ll:-! 

!f!; 
m;- 

L‘ — 

! { ’ ; § ! - - — 

¢7 



FORM 10Í1-» 

mola- ONUWf H r 

«OVC AJ RSRA'Í OFiliART 3/1 3 A l\ .1A JA* 

PREPARED BV¡ D Dav«írtn 

north American Aviation. Inc. 
PAOE NO. 1 0 91 OP 

_f. . aASvu- 

CHECKED »Vi NEPORT NO. NA-64.—177 

¿Mi. 9-26-63 Moo,,«o. X-15A-2 

1. 
;i:: 

rrrf ;‘n 
- , • "ïi 

!:;. 

Ü. Mi 
rjr:' 
¡'il f; jj 

- :-4 
sium 'ws/nsfsè y DJJLÜ-* içnyoo-}~'y. ilii 

..... “r T;7 rrT I Ö ' 
. .; (s . .i •' ¡’Mi - 

Í7 

... r| 

•irrini l|Î 

: ' 

ï r..p ■ 

\ ‘ ' 

I 1 
1 • : ; r: : 1 

rf; ' p/i 
iîVi;/ 

í M / 

t:; . h : 

’ : ' I 

ir-ljr 

.¡Mi: 

! C 

Mi 
/'.-.jr 

m 
Y u 

Mii'7 
: n 

/:;! 

m 
:.v: i 

] :j 
- 1 * . ' . 

ii'pT, 

•! ' :: i : ' i 

Si 

■vr- 

•ft 
• I • 

7 : 
••pji 

p ‘jM 

i- 
lift:; 
i • • ; • 

Tôl~r 
i 

•J- 
sT 

l'j 
:| r: 
'T ; iipj 

■¡TJ "T 

i|j!:n : : : • i; : :. ' 

i ' ! ' 1 iftft 

:i; iji. 
...■ 

! ali 
! 
¡1. ¡., 
pi Mi i,.:..:. 

: ¿41 ! ! 

: ! 1 
t: • 

T; ft:! 

. « 
: 11 ,. ■ 



/ 

NORTH AMERICAN AVIATION, INC 
P. Paxson PftKPAItfD »V 

KA-64-177 RCPOftT NO. 
CMtCKCO 1Y 

MOOCL NO, 

Id/gi ‘aa'nttfzy oubufjvooj^h/. 

b N/j.y3 oQ^ 
! ; it: P.TÍ; ¡H Jj itn I ¡ , : I ãl|]: í | i ffj] ■ j 

eofco AJ O/I^AHT a^lVIAUJA 



north American aviation, inc 
P. Paxson. 

NA-64-177 

I^/bj s&nss3ày \oi■lyj.s: wool 
:_L.\:___ __--— —;»—\—--¡—:-■“’'—‘Tpt: 

SÑmVs/j iïÿfAaioo 
yfedíjüishi-niiírrFáií;- nrn 

• OfcO AJ OKl.TAflT 1e>I 

rü»«M i02i't 

(? 



/ 

pAfumtD «vi P. Paxson 

CHCCNIO BVi 

S- 20- 63 

NORTH AMERICAN AVIATION, INC. 
PAOC NO. % 

rontá ! o 21 - c 



/ 

rORM loat-s 

R«r/wio«Y;p. Paxson 

DATK: S- 20- 

NORTH American Aviation, Inc. 



NORTH AMERICAN AVIATION, INC 
P, Paxson 

CMC«KID ®V 

Jijjsn 'aansœay "tmoot 

Qflt-i-V3H ■l-Ib/f+OiOJ 

»10*'' > J 3 5 A-1» 

|>^v ' J ¡^M- L-^ 

nil 

! :,'i 

J :; i r.\ 
_ul 

t;l •! 
•;i 
ÍJ>-. 

-;r“ 
1 a 1 1 ; ' ' [ 

:'H. 
.ü;J 

i 
ir 

\ 
■ ! 

::! 

: yi j ! î . ‘ ¿ 1 

*: •“ ’*! 

i. ii 

' 1 

J Hf| i * ; • j * 

k] 
. . • ! ' ‘ ' 

"■1 _ ;i:i! i;' 
:r : 
¡I:i ' 

, ■ ' ! 
le! i ::;:i: 

' 
' 

i " ;, :.':n y |íí 
... 

UJ 

0 
II . ; i 

i! 

k.. 
a'lll i;:1 

¡h-i 
!:‘.H 'jjs: a 

¡á 
a; 

! ^ . 
|:^ 11 »: 

i.. ;jn4_ 

! íí 

yaj 
! 6 
¡•Si-'T ;'HÎt |í;í 

O : 

« V.- 

i: i-‘i.’. 

!• ' ' 

h'"7^ 
r :y| 

• .1 .• :•- :T 1 '•• i ' 

||| 

lila 
í|¡ 1 ; * . ! : ! ■ 1 • • 

i||l 
■ *J 

ÏÏilÎîjy -!...{y 
í i • : i 1 ■, "¡ 1 ■ 

...i., n 
•; j : 1 ;• 

Ülll: 
:-¡k¡' 

-Müi r 

’¡i!, . 

^jj n:. aliii; - 

•Ib': ’;iy ;; 

raí: I“ 1|| 

J.lii-è i; •i;.!: 

, I". ‘ o iyl ;.. ' 

■■:LyL 

í 

' i ; ■ i 

: !•:' !' 

-t i alte • 
:: • ; ■ j1 ; ; • j ■ i - ’ 

. W • H ■ 1 t • 

.ei'IIH : 

y Mil 



» 

NORTH AMERICAN AVIATION, INC 
P, Paxson 

NA-64-T77 

X-I5A-2 

QÑU-V3H 'llb/ÍAüiOQ 

mj»'> a j wj'm-* sä« 

!T * •~"T| 

|ïi 
; j<>; i-; • 

: i • ; ; ; Í "'(j 1' ! i i1 
•Wirr 
Ij: ;r.;r. Æihi 

: ■ ! 1. - ! 
mTm 

■" 1¾ 

: i;:.; 

b7 1 • " ■ 

1 ■ ; • ^ jipi 

i: 

b.:' ;:i |:SM 
¡- -.‘r" 
i 'ü. li 
1 ' • 1 • • J.. T 

f;"" Sl • j- ■ i;ri fl: üii 

’ ; • 

;|| 

^1: 

TI“ 
:pb; 

•il:!; i:T :!0Í 

iJ .bb 

;• ■_ 
T : :.. 
r-.! b 

_-J 
:r"- ' f-' M • ' ! 



x:t-n^ix^/'M^r;»inni^nuaH5feüii:iiT!!fc'ii:iH::ii!:;; fcîsKhîi.ii’.Uï’-^îfBfiF; 

í*<»>.o aj onOAat s^íhao i», í*a 

rntPAMo BV: p, Paxson 
North American Aviation, Inc. 

PAOS NO. 97 °f 

CHCCKCO ■*; 
N SPORT NO. NA-64-I77 

t S-20-63 X- /S/-2 
MOOCL NO. ^ ' 

:rf : ' 1 ' : r • : 1 :' • : :f<t. 

i 
l: :.i 

ilïï 
r:; 

i J j 1. 
; ; : : 

i--':;!] 

l’i'l 
r;Ti- 

- • j 

•jjr j::.! 

T’"1 ví 

--I 

■ ' i ■ ■ J 

<[■■■] 
« i,:: ' 

:. ; ! '.. 
•, ‘.t; "i 

J • ! ■ 

J'i'n 
•■ •! . 

‘ i. i ’ • i 
! ■ t 

;; : 

■ 

i ’ ■ ' 
• :i — i 

; 
........... 

: i i 
JO 
<0 
c: 

"l 

: ‘j ; r ■ : • 
i-Jl.... 

• ¡’ J . ' 

u-V, 

< 

:§ 
;U 

11 

. 
• i 

¡I 1 
“1 

-.1 

j 

irt 
1 . 

i! >v 
;, ■ ; i : j.. 

1 ♦Mrii'- 

- • 

Hi. 



FORM tOll-S 

^oa^Já/rag: ¡kiitw pyub/sy i7üMoiòor °é 

FRIFARCO «Vi P« PclXSOH 
North American Aviation, Inc. 

PAOCNO. 90 or 

CHCCKIO BY' PtPOPT NO. NA-64-I77 

oATc. 9-26-63 MODEL NO. X-15A-2 -: 

B If 
!. ;!:"■ . 1 ' : 

ip j IS 

¡1 ■ 

“T ■ 
■ ; 1 - i 

■ 1 ! 

■; :Li ! 

! ' 

--.Ll j, _. 
• ' : i ■ ' . : '.. 

: i. -.Krii 

’•slips' 

Ss];; ;Í 
:rM r. 

’ Î7, 
/. 
/mL: : 7 

f6:i'V 

•¡si; 

/ 1 I Tr 

.. j- 

V 
**T' 171- 
i 

1 . 
' ? ; 

S SI 
1 ' 1 ' 1 

\ ¡ ¡.; 
I 

1 : is; 
1 ^ ; I*.;--. 

. V i 1 1 • 1 

ll'l 
i;* 

1' "j ;: : • • 

••S 

I-.- . ‘‘I . 
1 : 

!••-„ 

i • ■ 
.:.---/1 

-—4 r--; • . . t 
;• 4- i 

i ! ’ ! '.L! t ./ -lis ; 

'//' ! 

-1,. 

is- 
( * 

. ./ 
Z:;/;;’; 

BB>0 AJ R3R A 'I'D .* ! T ART IM3M*<JJA 'S t-X 



north American aviation, inc 
PRCPAREO BV: P. Paxson 

DAT* 

<fa~r 'aänssssy 'dij- viÇ JüòQT 

nif 10 kJ O^IDARr S • V. 

-J-') 

-11:";-[ :i": ;f 

: - ||. ’ ! ' ' ; • • 
..J ".r . i ;. .. 1 

i| j:i|| 

/t\\ ■ / 
/ -•] - / 

■ i 
! f : *'■ \ú '0 ¡ [:;• • 

•; . ,. , \ß 

'J K ' co 
O- ^ ' v ' 

J ; 

• ::i -:1:1.. 

düü. 

If!!1 ff! ir-lí;:.“ • . /- -1 
i. :|. 

du 
. "i.; 

!// 

1 ^ A 

!Í: : 

I;¡1¡ . • ! ! ': l/l 

:.! ’/ ! '/ [ 

: i?!! 
’ . Ü. 

..i- 

b p! 

.. ¡ •: 
i-j 

paoc »»o. 99 or 

«PO.T.O. NA-64-177 

MOOCL NO. /S/t-2 

1 ÍP& f! 
:. i '.. ; 

: M.'j;: 

• ' - ! J. ; !1 

1. JL.. i .Hit. .. 'ir*. 

ffirr" 

!. . 

: d 
'. ' i.:r 

. . 1 ; . 

-J * •« . . * ■ ■ 

}!•: 
i * 

:rp| 

■■’Mní 
trj.T 
• •• 

• •? 

-•íilii • ti-. i t rf !¡/-| 



na^ju/n ip *32 v¿/\ ÖN/-LV3tf 17Vña-roo 

r»ír*A»i;o »Vi P# PaX30H 

North American aviation, inc. 
BAOC NO. 100 Of 

CHCCKIP BY; RCBONT MO. NA-64-I77 

»at«! 9-26-63 MOOKL NO. X-15A-2 

4:1 ■; 
;.:i 

Ä 

. ... 

/:1:] ; 

t" :n IS 
i;1S; :^TÍ; :1.P; 

Î V;' ' ‘'■•/¡irl::;:; .•-••/Ir 
• :• ■ ! 

i ¡. . : : 

". .. í . , .. 
1. 

• • ,, :. T . 

1:— -, 
/■: ¡ 1 

fia 
|.;.- 

.EË 
ül '' '' í 

r 

i:M 3Î 

. ... ! . íj . ^ 

.’. / . .... 
! . . 

' T"’' 

j ■ 

. . . 
¡ : / 
; ■ • 

.Ullij 
W'] 

* 
: 

• '• 

f 
- '• 

í „. 
. 

in 

1 \ 

o 4*?*.0 AJ fU'IA*« .-JirfOAHT JV13H*Ü>A 3éX 



/ 

feiîmlrl: mW ; H :rH jiÿ '• uXf] j vXûïÏÏl 
i ; t ! I:..* 11 : .:11 !■*! | - ’■ ' j1 : •; j • > r^v :1: : ? 1 • ^t,i 1}^ • • i 

• Pl>0 AJ fUUM i»^ID*BT »HJMAUJA ïn* 

^nc^auco *ri p p3.XS0n 
north American Aviation, inc. 

, 1 ■ , y 

PAOCNO ICI or 1 

CMCCKCO «V! 
RtrORT NO. NA*-6/f—3.77 

dat(i 9-26-63 «««V«. X-15A-2 i 

i 

À? 

;h 
ri f < 

|| 

É 

f 
-lf<f 
il.);: 

■:;rr 

ii h 

.rpr 
.!i: 

tjîj 

; I - ; 
» ('■ r-- 

'< i ;; 

Kp, 

7 

Ijif ty 

. :. 1 
.¡i i 1’ ! 

• M 

llil 

: ;.i l. 

i 
•r-\ , i,, 

t , ! . i 

r:k 

¡jíí 1 

i.': : , 
i.. ■ ; 

¿4Ü 

îi.:: 
* '1 
•. 1 

ÏÏfÔïïi' i ' 

1 'fi 

;î:ü: 

7TT 
ÿff 

í¡] 
g H 
'ÿ\i 

“ r* 

,... ::.L. «E î.,, 

\1 ’ : • • f'- 

ir.;.; 

• • ^ i14 • 
. ; ti 
;.7: 

:.. 

♦ ‘ • 

ÜÎëi 

:i;: piti i ÎÎÎ! 
HHIli'u 
.fmrai. 

: P . ' j ; 

r ■ !• i - 
jjLÜ il] 

i'-i -•i Pljj 

ijvi. 
' ; ' ? 7® 

âJ;; 

•i ! 

i : ¡ - • i 

•] 

. ■ • 7.. 
‘ !. i : - 

-T- - 

\ ’ 
i.v: \.. 

s \ J 

7:171 

'■¡7 liLl i 1 . 1.1. . 
i.,.71.71 iî;'!:C 

jp;-: iPIyi 

! : ||i? 

, 

. ç, ! 

! ’ p;";’ 7. ,.: . 
j. ..: 

•r1 ; 

d*-n-7- 



\ 

pit/Maypj ONU y3H 

yy[ ïïff 

:à 
ail- 

mcpARKoIVi P, Paxson 
NORTH AMERICAN AVIATION. |NÇ. 

PACK NO. 102 

HKIIT MO NAm64-Í77 
CHCCKCD *Y; 

OAYK: 9-26-63 
„MILNc. X-15A-2 

I.1 ' rirm 

1 ■ 1 I J I 

lit 
i:i;' ;.j. 
{. 

—_| 

; i 
Al\i 

; ;ri 

■ ' -it 

'ii 

■ïv\ ;t:' ; 

.'«w 

?i:^ Hi? 

ji!' 

■!‘;h il. •- j_r 

■ i;rt Trta 

ql 

'; .::j 
v.:l 
ir'.‘ 

r;.": rtH- 

¡;‘P 

[' 'Ij 

rÜvHjî: 
. 

r'1 ; :. 

fi 

“fiih 

li iS::; 
' : j¡ j ■. ■ : H 

iTir 

j.'¡; 
'iiii; .1. 

•i' ! : |- ' 

J.: '.i;i i. :::iJ fi • j 

" 

«n iVUMARJA '¿IA 



/ 

•c^rLuy//lüg \rPNßVIH. ^77^1 ! • 
r;-.:-:1^. .: ; / ,. p; -: rr’i I : m h;:^ !r.: •! Hitàif :rr:i:.‘î; i .-i {' ”• •' • 1 ;-':;'C::h"¡:^íir 

Í.OJ.O AJ 3<lirjA,rT iHJHACUA -JJA 

MKPMioaf. pfc paxson 
north American aviation, Inc. 

PAACN«. 103 

CMVCKKOtYi MI»OMT MO. KA-64-177 

OATÎ: 9-26-63 
V. ;; ■' 

MOOCL HO, X-15A-2. , ' 

y;-r—- —-j 1 

i 
''r^ ■ 1 

, ' '>/ i r  .¡ ■ ••- 
:'•! 1 .: ■ 

: 

r Hi 
: p,: 
► -■—r- 

■Mí :: ill .n ’ .'! . • i ■' 1 •' 
!r-'r"'¡." ”7 

r,": 

•in’ "iHrr-i.i-; 
: * ( 

■iH: 0- 
hT!'7" 
•-ÍT¡r:h; HHJ rH- ■H| :L;L: }'-ßf 

vf;;; 1,--,1 t- 

lii;.. 
h' "1 $ - 

• ' ' . . Q 
• I-:: ;•• T-.;.C\ 

> 

j : 
,j CO ■-I-"' if:( 

i , ■■ i !. ;_' 

h 
1--,- Qi 
^ )• 

..-■•r -.j 

• i :7.::1 
f '1 }.'r ••! 

; ;■ ' . ; , -, JL^/97 'S£3<HrL£ 2V3HÇ r* X 

. 1, 1. I. • i vi: j -: '!• •'*•• !■ ■ ' ri j H 
? 

• ! 

l-r-.f: 

j!!. 

H 
::.: 
'1 i* 

:'p 
.. : i 
v! 

■¡ft 
HI 

^. . . . 
L,: 

•. 

.rr; 
:.: * I ! !i: 

1 ... i ii |7 t 
tu ri:H 

(f 



roAM ion-§ 

pMAAMDAViP, Paxson 

CHCCKKO »Y: 

North American Aviation, Inc, 

oat*. 9-26-63 



north American Aviation, Inc. 
INTCMNATIONAL AIRPORT 

LOS ANGELES 9. CAUFORNIA 

NA-64-I77 
Appendix A 

FUSKLAGE BQW SHOCK-VING LEADING 

EiXE SHOCK INTERACTION ANALYSIS 

The presence of a syetera of shock waves caused by the nose of the 

airplane, side fairings, and canopy has been recognised and measured on 

the present X-l? airplanes. Due to the relatively large heat sink on 

the wing leading edge, the shock impingement on the leading edge has not 

caused any detectable high temperature regions. The shocks have been 

detected by pitot pressure measurements in the wing leading edge. On 

the Advanced X-15A-2, the ablation coating on the wing, because it does 

not have a "heat sink” capability comparable to the unprotected wing, must 

be designed to absorb the higher heating caused by shock impingement. 

The problem ic to determine the additional aDialion thickness required. 

First, the most prominent shock, the one from the nose of the 

airplane, must „.be located. Figure 1 shows the location of the bow shock 

impingement on the wing leading edge as a function of Mach No. The 

information on Figure 1 has been obtained from wing tunnel and flight 

data on the current X-15 vehicles, corrected for the additional 29 
inches of fuselage length between the wing and the nose on X-15A-2. 

In reference 1, a method lias been developed to calculate the 

Increased heating at a shock impingement on a swept leading^ edge. 

The method has been applied to the X-15 A-2 geometry and design mission 

and summarized in reference 2. The ratio of local heat flux at impingement 

to the undisturbed heat flux is shown in Figure 2. 

From Figures 1 and 2 and the Mach No.-time history of the X-15A-2 

design mission, Figure 3 was constructed. The location of the bow shock 

and tne corresponding heat flux ratio are shown versus flight time. 

On this plot, additional lines of x/l may be drawn on either side of 

the curve shown to represent the region of influence of the bow shock. 

This was done for regions of shock influence of 1, 2, and 3 leading edge 

diameters (corresponds of x/l values of ± .00335, .006?, «01005 
respectively). From this, it was possible, assuming the increased heating 

region to be step shaped, to determine the x/l value of the wing which 

was most affected by the bow shock, and for how long a period of time 

during the mission that the shock's presence would be felt. Having 

done this, the local heat flux was determined and the additional amount 

of ablation material required was calculated as a function of the 

assumed region of influence. This variation is shown in Figure the 

location on the wing corresponds to the x/l most severly affected. The 

variation of material required as a function of x/l was determined in a 

similar manner and is shown in Figure 5 for a region of influence of 

2 diameters. 

The following arguments lead to a conclusion on the amount of 

» additional ablation material required on the X-15A-2 wing leading edge bo 

* absorb the effects of the shock system. 
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1. It is recognized that shocks other than the how shock exist, 

2. Very little usable data exist on the magnitude of heat flux and region 
of influence of the shock impingement. Thus, a region of influence 

of two leading edge diameters, rather than one and one half, which 

available data indicate, will be used. 

3. Sane previous unpublished results indicated a higher stagnation line 

heating rate inboard of the shock. 

In view of the above, an additional 0.09 inches of T-500-ÓA ablation 

material will be provided over the entire stagnation line oí the leading 

edge to account for the shock system. 

REFERIANCES 

1. TFD-63-Ó53 "Summary Report of Fuselage-Bov/ Shock Interaction With A 
Wing Leading Edge Shock" by F. Hall and M. Click. 

2. FS-63-II-4 internal letter "Advanced X-15 Fuselage Bov Shock-Wing ^ 

Leading Edge .Shock Interaction Analysis" and TFD-63-887 "Enclosure 1 . 
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PROTUBERANCE HEAT TRANSFER 

Description of Protuberances 

The following table shows the protuberances considered and the 
ablation thickness required on the fuselage adjacent to them. 

TABLE I 
PROTUBERANCE DESCRIPTION 

AND ABLATION THICKNESS REQUIRED 

1. 

2. 

3* 

4. 

5* 

6. 

7. 

ITEM 

Pitot tube, forward of canopy 

APU exhaust stacks 

Antenna 

Hydraulic vent stacks 

Lower vertical 

Upper vertical 

Landing skids 

FUS. 
STA. 

75 

190 

200 

215 

k69 

k69 

1*80 

StfEEP 
ANGLE 

30° fvrd. 

0° 

30° 

0° 

30° 

300 

oa 

DIA. 

.75 in. 

2 in. 

.75 in. 

1 in. 

1 in. 

1 in. 

6 in. 

AZIMUTH 
ANGLE, £ 

180 s 

135° 

0' 

300 

09 

1809 

1*5’ 

REQ'D THICK 
OF T-500-l*a 

.7Ö+ in 

.209 

.181 

.271 

.115 

.078 

.149 

Theory 

The following analysis treats the heating on the '’flat'1 surfaces 
caused by the presence of a protuberance. Heating on the protuberances 
themselves is a separate problem. The theory developed by Yoshimura, in 
reference 1, the wind tunnel data fron reference 2 ; and flight test data 
on X-15 ships 1 and 3 form the basis of the present analysis. Certain 
simplifications to the theory of reference 1 are incorporated herein. 

Imagine a supersonic flow from left to right over a flat plate 
with no static pressure gradient in any direction and a turbulent 
boundary layer existing between the plate and free stream. This 
turbulent boundary layer is called the basic, or oncoming turbulent 
boundary layer. When a circular cylinder is inserted through the 
basic boundary layer, a phenomenon of three-dimensional boundary layer- 
shock interaction takes place in the vicinity of the forward half of 
the protuberance-plate junction and a pattern of "vorticies'1 is 
developed at the junction, as shown in Figure 1. A strong circulatory 
flow exists at the plate surface which flews radially outward from the 
junction; this is called the '‘reversed” flow, but the term "reversed” 
does not necessarily imply flow direction opposite to that of the 
free stream. The boundary layer developed by the "reversed" flew is 

considered to be laininar in the present case. 

IB 
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The peak heating is considered to be located at X-^ and decreases 
to the undisturbed value at ty So far, the locations^of and X2 

remain unspecified, hut the value of peak heating at X-¡_ for an upright 
cyLinder my be obtained from (l). 

(1) ^ - 5\.S3 Q + o.SirtfHWl W» L 

where : 

m— 

tvt 
. u 

lu"I “ ra,tio disturbed to undisturbed heat transfer 
coefficient at X^. 

- recovery factor ( .9 is taken for turbulent flow) 

^öo“ freestream Mach No. 

- ratio of static pressure at Xj_ to static pressure 
free stream. 

- freestream Reynolds No. per foot (called hereafter) 

<S - boundary layer thickness - ft. 

in 

(2) 

(3) 

00 

~T?Z 

9„_ 

(4) R 

^+1 
(static pressure across a normal shock) 

(5) 

Equation (l) may be arranged as follows: 

'W \ ( R, 51.83 (■B-'lHlldiLTiiM. 

5b 

.iZ. 

The above equation is shown in Figvu'e 2 along with data points 
from References 1 and 2. Good agreement is noted in the Mach number 
range tested. Also shown are test points for a cylinder swept forward 
and aft; along with simple analytic expressions to represent the effects 
of sweep. 
The following table shows (Table II) conditions for the X-15A-2 
M = 8 design mission. Values of boundary layer thickness are obtained frcm 
Reference 3. The variation of ( ) § VA 13 shown in Figure 3. 
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TABLE 
DESIGN MISSION C< 

11 
aromas 

M__ 00 Approx. Alt 
1000 ft. 

* ^00 
1/ft 

5(^ 

@ X=\84 

á 

2 

k 

6 

8 

69 

96 

100 

100 

108 X 10^ 

1+8 X IcA 

61.4 X 10^ 

81.6 X 10^ 

2.98 

8.69 

15.21 

23.05 

.1025 

.128 

.1405 

.1525 

.24? 

.308 

.338 

.368 

.48? 

.607 

.666 

.725 
!.^ - -J 

Heating Di»trll)utlon 

The variation of heating upstream of a protuberance is expressed 
as follows: 

M 
Fran previous arguments, equation (6) must equal (h/lv*)* at X = 

and must equal unity at X = X^. If P is set equal to P00 at X = 
equation (6) may be solved at X = as : 

where D - protuberance diameter (7) Vo = xi 

Thus, at a given Mach and <5 , if is specified, is determined, 
and vice-versa. Prom examination of test data, it appears preferable 
to select a value of X3. A value of Xo 2 vill be tentatively selected. 
The static pressure is assumed to ^ vary linearly between X]_ and 
X^. Rewrite equation (6) as: 

(3) k kVcVW 
hx, rwl [pJ 

The linear pressure distribution, assuming 3= 2, is 

At high Mach numbers, both % , and X1/D tend to be small, hence 
a simplification of equation (9) is: 

ao) 
P, 2. 3B 

S' 
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(id Vk», = 

Equation* (8),, (7) and (9) have been solved for various representative 
design flight conditions (see also Table II) and plotted in Figure k* 
Also, shown is the simplified equation (11)- Due to the excellent 

agreement for a wide range of flight conditions, the simplified equation 

(ll) will be used from here on. 

From examination of Figure k consider the following. 

Rather than attempt to tailor the ablation coating to a shape similar 

to the curve on Figure 4, conaider a uniform thickness from X/D = 0 

to Xo/D. The maximum value, ( since it affects a relatively 

small area, seems to^high to use. Consider, then, an average value of 

heating ratio from the protuberance to X3/D. This average value is 

obtained by integration between X/D a 0 and X3/D and dividing the result by 
X3/D. Groups of parameters will fall outside the integral and may be 

treater independently. The heat flux ( ^ ) ratio is now defined as: 

(12) 

where : 

I H-)¿* 
yam “ ratio of average heat flux near a protuberance 

' to the undisturbed value. 

Repeating 

equation (6) 

X- */d *Vo 

(6) 
h. 

Vx 

and, in general, the static pressure ratio (see also eq. (lO)) can be 

written 

(13) 
V’ 

x_ 
*3 

Equation (7) can be rewritten as: 

(14) X, _ R/P« O y x,VA 
i.Wh^ 

Thus (12) can be written as 

y 

Kï 
hVh, 

'4 

Í (i - ifd 
1 J nrl 'nJ,xj V Vx) f% *3 

4B 

(15) 
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Finally., substituting (l6) into (15) obtain: 

(IT) fL =. - TT T 1 + (see 

Equation (17) is plotted in Figure 5. Note that eq. (l?) iß independent 
of >^5 • This is convenient^ since it will permit latitude in the choice 
of the size of the region around the protuberance which will be protected; 
without affecting the required thickness of the ablation material. 

Heat Flux and Ablation Thickness Evaluation at Protuberances 

Using the information previously derived., the local heat flux values 
for the design mission may now be determined. Undisturbed values of 
cold wall heat flux are obtained from calculations made using an IBM 
program called AXFAC. For protuberances with zero sweep, the values of 
heating rate ratio shown in Figure 5, are used. To account for sveep; the 
following relations are used (see also Figure 2). 

(13) Fv/o _ 
Cosl-n_ 

For a protuberance swept back 

(19) ^ £z = CoS3-fZ 

The heat flux calculations are presented in Table III. Required 
thicknesses of üermolag T-5004a were determined using these heat flux 
values and a cold wall heat blockage based on hçff = 13800 - 101 9( 
The thicknesses (which are not added to the undisturbed values) are 
tabulated in Table I. Note that the heating rates and thickness required 
at the swept forward pitot tube are very high. It would appear desirable 
to remove this pitot tube and obtain the required pressure information 
fröm another source, such as the ball nose. 

Due to the relatively large thicknesses, of ablation material required; 
rather than spray heavier coats of T-500-ta in the protuberance regions 
when the rest of the airplane is being sprayed, pre-sprayed patches will 
probably be made in the lab and attached with an adhesive in the field. The 
patches will extend radially a distance of 3 diameters (X3/D = 3) fr<Xû 
protuberance except for the landing skid which will use 2 diameters. 
For non-circular protuberances, such as the pitot; antenna, upper and 
lower verticals and landing skids, the protective ablation patch will still 
be circular, but cut out to fit around the protuberance. The added weight 
of ablation material required around protuberances will have a negligible 
(approximately lyo) effect on the total weight of the ablation system. 

5B 
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Figure 1 

Sketch of Flov Near A Protuberance 
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PLASMA TUNWEL MODKt PHOTOGRAPHS 

. Complete photographic coverage vas made of the ablation tests. 

Page 2C shove a typical leading edge model before and after a test run. 
: The model is shown mounted on the model holder in the "before” photograph. 

Page 3C shows a typical flat.plate model before and after a test run. 

The photographs on page 4C show the mounting arrangement in the tunnel of 

a leading edge model and of e flat plate model. Ifote that the fíat plate 

model is rotated about the mounting axis. This facilitated motion 

picture coverage. The particular flat plate model shown is a cork model 
used for flow pattern tests. ' 

Pages 5C through 4-5C show the leading edge and flat plate models 

after testing. They appear in the same order as they are listed in Table 
III and Table V of the body of this report. 

The upstream apex of sane leading edge specimens was filed off prior 

to testing to permit proper axial location of the model. . 

There were more than 3OOO feet of lonan motion pictures taken which are 
stored on five reels. 'They are identified by Photo-Instrumentation 

number PI-63-27 under the title "X-15À-2 Ablative Materials Evaluations 
(pt8)”. The title appearing in the film on the first reel is ”North 

American Aviation Advanced X-1JA-2 Ablation Tests in the NAA DfJ 

Plasma Tunnel/1 These fi3j«e may be requested from the X-15 Project 
Manager. 

1C 



F
O

R
M
 
IB

-0
-1
 

ft
K

Y
. 

3
-4

7
 

/ 

North American Aviation, Inc 
INTERNATIONAL, AIRPORT 

LOS AN66l.ES 9 . CALIFORNIA 

NA-64-.i?? 
Appendix C 

r a Pt ,ví; , EPCrÉ fin P et 

£<rr/C( c McPCL 

a 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA-64-177 
Appendix C 

5 

0 



rO
R

M
 
le

-O
-l
 
R

IV
- 

2
-4

7
 

North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

__ t-QS ANGELES 9 , CAL I FOR NI 

NA-64-I7? 
Appendix C 



/ 

ia 

01 

>' 
J 
CE 

North American Aviation, ¡nc. 
INTERNATIONAL AIRPORT 

_[-os ANGELES 9. CALIFORNIA 

NA-64-1?? ■ 
Apperidisi: C 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

Appendix C 

0 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA~6¿:- 177 
Appendix C 



North American Aviation, inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA -6. ,1 ’77 
i r 

O 



ï 
cr 

NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

fM-éi. ~17"7 

■ ' 

/ 

<? 

0 



/ 

NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA-f-4-177 
App ndix C 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 



/ 

North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA-Ó4-177 
Appendix C 

0 



/ 

North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

6 
» 

NA-64-177 
Appendix C 

/ 

1 
X 
0 



/ 

NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

0 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 



North Amerîcan Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

igtefpiji 

Enc/Z5Q*j nova ^ /3 

TViUC 

Q do fM~rn u 

2S8I-99-9A 

2 
tl 
0 



north American aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

aSMÍSIl 
mm ■ i • - > 

Pr-8 nu* ?¿ 

/., £ . AÍOO e L ^ 8 5 T Wf CK 

COfrJj} )T ! 0‘v Tutano la g 



. 

■ • ._rtJíúflK5¿: '*'3 

\ t \ . • 

^|?4nî 

North American Aviation, snc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA~d4~X77 
Appendix C 



North American Aviation, !nc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

mu 

FT - 8 ßu/v fs 

.$ twck ri4K amoiAC 

LF/LH i IPJ Con/D it iov 

/ 

« 

5 
a; 
0 



/ 

North American aviation, iwc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA-6/.> 
kp-cevA-i/. C 

q; 



/ 

NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CAUFORNIA 

NA-ót-177 
Appendix C 



North American 'Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

giiiÄifÄ® 

, .. . ; •': -T.. , . !•;•••.•..•' i.: - 

' 

i V ’ - z4 
W-s&âm jr ¿h Is </'c 

mâSSÊ 
ztæBÊS 

jpsiiiliii 

iiaiiiliiiliiiiiil 

: " 1 r ^.’r ^ 
111®:»*®»««:® 

- s’ä Sm i lösten a r^'^ k &fd^ù4rx 7' TWfm 

/ r-'f-, IB 1 1 Î Vt¡ ’(< ‘i I 4 ’ ' 
P F- © Run 7 / 

Meou ^7 ,/0 -rw/cK 

T~ soo - 4 0 K/ i> f-r-id i\J ^¿t ¿ ^ 

o 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

mmm. 

»wÄ;:sS»W«::%S 
f8aiiiisia^aiS^^p*^»«p*e8iB 
i -,s^ * mi iüääwäsä^^^s#® 

|r^. 8,4,,/.y, , [ 

i;5 ^^K*:\K..i;\,h K, 
■S»i88v:=8|KK88'®lgg38ai3;IÍ««'S 

^ í -V V Anti^ív V fo ^ Z*' A'^ ^ : 

Äil^#Si » r : • y ^ ’^r’ 11-* .I 4, r 4. « ’ /, ^ ' ; 

f 7"- ^ RUM 7£ 

N^ODti ^ 8 •> / 0 lií-C.^ 

co^ 0 íT ) ^¿A 

q" - s o o -4 

O 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

NA:77 
A:-,-:-,:'.., C 

•px- g pun 9 s 

Ë n £7? SÓ A/ /HQDéC ¿X- -/0 T7-J 7 C Ar 

C Q rv D l-n § nf ^ 



/ 

North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

fio/” C j 

(NAA .07 TH/cfc 

TM h.oiA G CJThJ D IT/(>K> ^¿A 

0 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

fJAA ^ 1% * Q ^ TH/c/< 

o 



North American Aviation, ínc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

— oi. 

•i .Cl,. • L 

o 



North American'Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

H A A 

T we nno la & 

8 flUhJ & 3 

. ® 7 

CO w 0 » T i « 

T W / OK 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

c? 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

7':' 

COA/Ö iTiühJ 3A 

5 ò o - 



m
m

 

/ 

NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

LJ 
¡Hilas m 

r ' ~ * *< s ^ - Ä V ^ ^ 4|ii- sy 
I ¿ ' \4 - 'J7^ 4¾ à 

wmÉ 
wmm 

iÊÊSÈèÊÈËÊÈ iMpp: 

r.‘j 

ä 
.¾ V r • \ ,.vj’ 

' j " <*$'{ M ;i ' ft 

. . ' 

L iä J., ■•■■ ij: ■■■■'':' 
■ï’i^, Mt. k^. ! 

‘Is 

»te#Si SI 
IMsí® ^¾¾¾¾¾ m 

'&$mrk wMM¿£fí¡l¿n 
.■ .il : ’ 

W'-X4P'\ >.■ 

,v, 1 
« ÆS^yrj'V;, 

',“ ' ' K-'iV^aV« rs* ' 
>7 ’ . . Jjjí '' î J L ': 

■ -, *, ï , ï.-1 t,_ ±i ih 

1¾¾¾1 
V— 

. - fti 'A. i ' *• 

3II 
■•í-Jsçr-jJ 

sAm IlfLTi mm. f} :,-A,A''-- 

. BSÄ&ySisäSMfir haSfJtMS: 

3¾¾¾¾¾¾ 

1 fI ^ - * i ;11 

f j« V.:; , 
' ■■■-.'■;! . ... . ,., :.;;I -,■ V- - , ■. - .' > ‘ '■■■-:: ' . ' - r ■'. ... . ■ . ,. ..’A. v v ■. : ? //, ,. v,.. R / .,.... . 

m 0 rf i-ï M -1 f ;y1 J' i--> 
4¾ 3 i n %t- p>* ;# y * ii ï tLï TfJ ■> - "> 5vJ v / ^ L^V " “J 
wmmmmmi0mMi3ammn&Mmmemmi 

MmSBÊËÊ 

.///::/:'// 

n« 

' S '■■^M:._:_:_—_ 
fê^mëÆM ‘"¿mmmmmK 

11¾ 

■ SS lisa líslslp ; / S , -: 
* l<r I |í * 

-- i '•-j f ftli Sfcái 11 i 11 
. í ' 

: li : -; :v; 
K® ''JeSílvE’,'1 > W®ÊiÊm L Í®l S®j ® p J ,. Ií- ” ' 'í;-'’1'; Y : ( * W ' 1 ' “" 7-1', r 'S'Y ' ‘ rtl l' ' 

¿MCrT^OAl 

PT' $ fí Uryf 

t^/xoDCL ^ 24 -07 Ttí/Cki 

OOHD \t{On Tt 3>A 



/ 

North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

NA-64. tt 

0 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

y\Q D 

P f - S' f?Uh/ 7 -r. 

i* /V . /0 / ^ ' ' • 

CP A/ D m ö -/ ? 

î 
et 
0 

e? 



North American Aviation, !nc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

u> 

> 
uj 
a 

6 
¿ 

Aß H O P £4 

-f n o¿ag 

^ /;7 •' ,o? rßicu 

Con/Q it I OKI ^ •iA 

i 

a 

i 
a 
0 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 



£ 

North American Aviation, !nc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

f>T 2 fP/jry ■ '7Q 

• 0 y T¿UCK T-SO O 

CO 0 ¡T ( Or\l 44 ■ ' 

1 
a 
0 
u 

¢7 



North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

MA--:.. -17? 
A T' 1 ■ 'd 1/. r 

"T " 
WÆâïi 'ë 

IT ., i 
:7717 7:7' . : 

2¾ ''.V- ^ r ' 

i p S H11 ■ k i 
::. 

r-'.. iw > l - * .pfe: S - 
; 

LJ - P 3Ë i Éi P p B i 
I I fc .l'fcSI ’7 I -i; - 
i ~p %■ A i"E m 1?- 7 J % z’y M1 Mm 

1¾ 

r» 
Jfifï i ,'Si, 

PT § P U H G C 

K/A A M Ö P ¢4. -pf ¿ ) ' * O ^ TH < c |< 

Y /.j t. tzfn> oG C^om P tT t v)r - 7 /1 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

NA-64~!?? 
Appendix C 



/ 

NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

G 

a 

I 
a 
0 
u. 

pr- 8 

H AA MUD ÍL 

V: SK SLOT 

r^U M. 7 

, /O 

{*, iX) V Lh ^ ' 
K\ 

i? 



/ 

North American Aviation, Inc. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

/V/I/l WOP KL. 

5¿oT 

^7/ . / 0 T/J/ UC 

yo J 'ííhsTff? (~cò 

p**Q Ot-Á 3 U TT o ai 

CO^ 0 i 7~7 Ov 
7±: 

0 



NORTH AMERICAN AVIATION, SNC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9. CALIFORNIA 

M~6k-17¡ 
Appendix C 

r?uN g 1 

hAQDÜL. ^ <2. - 1° Ti-hOk. 

y^G " 
r TC fié.V 

HIDOLIÍ Of ßu-rr***. 

c O^vi) \ T i o fsj 
$£r- 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

pT- 8 n ^ 

(VA A hftODÍL ^ I ^ j TU rue 

4'/ßr V/iï- îlfijTb/î (5 ßüT-ro 

Sur a i i9<- u c»c fiD w f*ü tt r 

COa/ &1T7Q^ 

m-oît-m 
Appendix C 



NORTH AMERICAN AVIATION, INC. 
INTERNATIONAL AIRPORT 

LOS ANGELES 9, CALIFORNIA 

fxH /) A MOV ht /sz'1 SLOT 

J- Vv/Z-VP j <li>rvi£/i ß Q ~rTo hj 

45 THj -tV g 7 

C OKjOit MKi ft 



UNCLASSIFIED 

UNCLASSIFIED 


