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SECTION |

INTRODUCTION




In accordance with the requirements of Natlonal Aeronauiics and
Space Administrailon, Manned Spacecraft Center Contract No.

NAS 9-877, The Emerson Electric Manufacturing Company of St.
L_ouls, Missour{ has performed an Investigatlon and test program to
determine the thermal propertles, the thermal performance character-
Istics, and the bshavior of "THERMO-LAG! T-509 thermostatic,
subliming, heat shieid materia| In the space environment. These In-
vestigations and analyses of results therefrom are reported In this
volume as a part of the flnal report of the contract work.

The report Includes detallead descriptlons of the Investigatlons performed
and the resulis obtalned perilnent to the use of "THERMO-LAGH!

T-500 matserials for the design of manned entry vehlcle heat shleld
systerns. Thermal conductlvity, specific heat, emlsslvity, and denslity
values for T-500 materials, both In the virglin state and In the charred
state, were determlined over a range of temperatures. Rates and
temperatures of decomposition were determlned by thermogravimetric
analysis, Overall heats of decomposition were measured and reactlons
were studled by means of dlfferentlal thermal analysis. Chromatographlc
procedures were used for the identification of ablatlon products.

An extenslve experimental study of T-500 therrnal performance was
conducted employlng alr arc plasma flight simulation faclliltles and an
Infrared radlation apparatus. The thermal performance of the
"THERMO-L_AG!" materlal was studled for environments typical of
Anpollo class vehicles durlng the entry maneuver. Tesis were also
performed to assess tha effects of vacuum exposure upon subsequent
performance of the ablatlon materlal. ’

The experimental results of the program were Intensively evaluated

for the derivation of basic parameters defining the ablatlon mechanism.
This Informatlon was used In the establilshment of an IBM computer
program for the rapld predictlon of heat shleid materlal requirements

for a glven sequence of thermal environments and materlal characteristics.,

Two forms of "THERMO-L AG" T-500 were evaluated. The T-500-4
deslgnation refers to spray deposlted materlal cured according to pre-
scribed procedures. The designatlon T-500-6 Is applled to srpay
deposlted rnaterial, reinforced wlith loose weave glass cloth welghlng
1.94 ounces per square yard Interlaminated during the spray operation
at Intervals of 0.9050 Inches, which has been vacuum bag molded =nd
cured .accordlng to prescribed procedures,
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SOoOLID PHASE THERMAL PROPERTIES

Tests were performed to provide measured values of "THERMO-
LAG!" T-500 thermal properties over the temperature range frcm
~-150°F to 400°F where appropriate, both virgin and precharred

materials were tested.

THERMAL CONDUCTIVITY

TEST EQUIPMENT, A Cenco-Fltch thermal conductivity unlt was
used for the thermal conductivity tests, This unlt conslsts primarilly
of an Ilnsulated cooper mass and a vessel to contaln a <onstant
temperature fluld,

TEST SPECIMEN, The materlal test specimens were 0,125-Inch
thick clrcular disks, 2.5 Inches In diameter,

TEST METHOD, The thermal conductivity of both virgin and
charred "THERMC-LAGY T-500 materlal specimens was measured
by the method prescrlbed In ASTM C177-45, This method employs
the principle of energy balance by equatlng the heat transferred through
the test specimen to the heat absorbed by an !nsulated copper mass,
which acts as a heat slnk., One face of the test speclmen was In
direct contact with the constant temperature source, while the other
face was In contact with the copper mass, whose remaining sldes
were thermally Insulated, The log of the differences In temperature
between the constant temperature source and the rising temperature
In the copper mass was recorded, The flnal calculation was based
on the princlple that the test specimen thermal conductlvity s propor-
tional to the slope of the linear log temperature versus time curve,

RESULTS. Multiple observations were made for each specimen
tested. Observations were made at intervals not exceeding one hour,
Measurements made at these time intervals gave a linear log temper-
ature versus time relationship which was used to define the thermal
conductivity by the eqguation:

Mt e Ca /1)

K=
/46/( (é‘—{-/)
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wher2:

Wey = Welght of copper heat sink

Kk = Thermal conductivity of specimen

. = Speclmen thickness

S oy = Speclfic heat of copper

Acu = Effective sample area = area of copper slnk
/"/7~ = The temperature difference ratlo corresponding to
S the time (t3-tq) ‘

, loze (7))
(Z5-%)

For the virgln "THERMO-L.AG! materlals, sevenh tests were performed
on "THERIAC-L.AG" T-500-4 and ten tests were performed on
I"THERMO-LLAG! T-500-6, The results of these tests are recorded
In Table 2-1 and shown In Flgure 2-1, The data Indlcates that the
thermal conduciivity, k, of "THERMO-LAG" T-500-4"Is approximately
near over the test temperature range,

For the charred materials, nlne tests were performed on '"THERMO-
LAG!" T-500-4 and ten tests were performed on "THERMO-LAG"
T-500-6, The test results are recorded In Table 2-1 and shown In
Flgure 2-2, The data Indicates that over the test temperature range
the varlation in thermal conductivity Is about 12 percent,
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Mat=-ial | Specimen] Test Weight Specific Heat Speci- | Area |Slo.e |Conver- i Thermal
No. Temper- of of Copper men |Copper sion Conductivity
ature Copper cd Thick- v M Factor K.
°F - CAL/GM°C aess | CM2 BTU HR-
GMS 1, CM FT-F

T-500.4 | 10-G-1~ ~150 340 .0840 .300 15.22 {9360 242.0 .0376
Charred { 48-4
T-500-4 } 10-G- -150 340 .0940 . .320 15,22 | 6970 242,0 ,0536
Virgin 1-1-4
T-500-4 | 10-G- -150 349 .0940 L3225 [15.22 6930 242.0 0344
Virgin 1-8-4
T-500-4 | 10-G- 0 340 .0840 L3185 ) 15,22 | 5400 242.0 .0690
virgin 1-16-4
T-50C-4 | 10-G-~ 0 340 .0d40 L3165 15,22 {5340 2420 .0694
virgin | 1-6-4
T-500-4 { 10-G- [ 340 .0940 .307 15.22 | 7740 2420 0466
Charred § 1-4C-4
T-500-4 | 10-G- (] 340 .094C .400 15.22 {7520 242.0 .0466
Charred | 1-4E-4
T-500-4 | 10-G- 1 340 .0940 L3145 §15.22 {3430 242.0 .0436
Charred | 1-4A-4

1 T-500-4 | 10-G-1- ki 340 0940 .300 15.22 | 8430 242,0 .0418
Charred § 4B--4 ’
T-500-4 { 10-G- Ky 340 .0840 L3225 | 15.22 | 4730 242.0 .0798
Virgin. | 1-4-4 ’
T-500-4 ] 10-G-- _ 250 340 .0941 .3045 }15.22 | 8940 2:2.,0 .0399
Charred | 1-19-4 -
T-500-4 | 10-G-1- 250 340 .0941 L3110 | 15,22 | 9260 242.0 0394
Charred | 19A-4 B
T-500-4 | 10-G- 400- 340 L0941 L3125 | 15.22 | 9460 242,0 L0368
Charred | 1-1-4 :
T-500-4 | 10-G- 400 340 .0945 .310 15.22 19960 242.0 .0366
Charred | 1-9-4 : -
T-500-4 | 10-G- 400 340 .0945 5165 | 15.22 | 1500 242.0 L1135
Virgin 1-:0-4 .

Table 2-1. Test Resuits - Thermal Conductivity {Sheet 1 of 3)




Material |Specimen Test Weiznt Speciiic Heat Speci- | Area |Slcpe {Conver- Thermal

No, Temper- of nf Capper men 1Copper s10n Canductivity
ature | Copper v Thick- » M | Factor &
F Vl/a; CAL'GM C ness cM2 BTU HR-
GMS 1, CM . Fr- F

T~3C0-4 | 10-G- 400 340 .0945 .3235 15,22 2280 242.0 .0923
Virgiu 1-17-4
T-500-6 § 10-H-1- ~150 340 .10940 L3125 15,22 8540 242.0 ,0429
Charred ] 17A-6
T-500-6 | 10-H4-1- -150 340 .094¢ 210 15,22 | 8160 242.0 .0434
Charred | 17B-5
T-500-6 | 10-H- -150 340 .094¢ 320 15,22 | 5281 242.0 .0710
Virgiu 2-17-6
T-500-6 § 10-H-2- -150 340 0840 .320 15,22 | 4560 242.0 - ,0820
virgin | 17-6A g -

1 T-500-6 { 10-G- kil 340 Lu240 .320 15,22 1} 7050 242.0 .0532
Virgin 2-5-6
T-500-6 § 10-G- ki 340 .0949 .310 15,22 | 5870 242.0 .0623
Virgin 2-2-6
T-500-6 | 10-G- 250 340 L6941 .3275 | 15,22 | 5650 242.0 ,0698
virgin | 2-4-6 :
T-500-6 | 10-G- 250 340 .0941 .31 15,22 | 5240 2420 0717
virgin | 2-9-6
T-500-6 | 10-H-2- 40n 340 T .0945 .320 15.22 | 7040 242.0 .0537
Virgin 16-6

T-500-6 | 10-G-2- | 400 340 0945 337 | 15.22 | 5650 | 242.0 0699

Virgin 10-6 -
T-500-6 | 10.H~ 0 240 .0940 .3264 | 15,22 | 1150 242,0 0566

Vvirgin 2..20-¢€ ~

T-500-6 { 10~-G- 0 340 .0540 .3264 |15,22 | 1560 2420 .0543
Virgin 2-11-6

T-500-6 { 10~H-~ 0 .| 340 .0920 L3175 115,22 | 8840 242.0 ,0422
Charred | 2-15-6

T-500-6 ; 10-H- 0 340 .0940 - L3022 | 15,22 | 817C 242.0 0.433
Charred | 2-6~6 .

Table 2-1, Test Results - Thermal Conductivity (Sheet 2 of 3)
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Matenal [Specimen Test Weight Specific Heat Speci- | Area |Slope {Conver- Therma,
Nu, Temper- of of Copper men |Copper s10n Conductivaty
ature Caonper FPed Thick- AZIU M | Factor Y4
F W, CAL/GM C ness | CM2 BTU HR-
GMS. 1, CM FT- F
T-500-6 ) 10-H- i 349 .0940 .3145 15,22 8175 242.0 L0452
Charred | 2-17-6
T-500-6 1 10-H~ 1 340 .0940 .320 15.22 | 8249 242.0 .0422
Zharred | 2-19~6 .
T-500-6 § 1¢-G- 250 340 .0941 .3045 15.22 9300 242.0 .0384
Charred | 2-8-6
T-300-6 § 10-H- 250 240 .0941 3125 115,22 | 9260 242.0 .0395
Charred | 2-15-6
T-300-6 { 10-H- 400 340 .0945 L3085 15.22 109601 242.0 .0332
Char:ied | 2-19-6 . '
T-560-6 | 10-G~ 400 340 .0945 .31 15.22 | 9500 242.0 .0300
Charred | 2-8-8
Table 2-1. Test Results - Thermal Conductivity {Sheet 3 of 3)

SPECIFIC HEAT

TEST EQUIPMENT, A Parr Adlabatic Calorimeter (Model 1221)
was used In the speclific heat tests,

. a standard sample of copper, whose speclific heat Is accurately known
over the test temperature range.

TEST SPECIMEN,

total welght of approximately 100 grams,

The tests were callbrated with

The materlal test specimens were 0,075-Inch
thick rectangles, 1 Inch by 4 Inches, of sufficlent quantity to glve a

- TEST METHCD, The method used to measure the speclfic heat
was that specified In ASTM C351-61,
(1) adding a known mass of materlal at a glven temperature to a

known mass of a calorimetry

equiilbrlum temperature,

energy balance:

s

MgC, AT, = M C

-

T

L.

Thls method consisis of:

fquld (toluene or tricresy! phosphate)
at a higher or lower temperature, and (2) determining the resulting
The speclfic heats were calculated from the

1

1

e




where:

ATL_ =

Specimen mass

Specimen speciflc heat

: Specimen ternperature change

mass equlvalent of the calorimeter

= L.lquld speclfic heat

Llquid temperature change

= Effectlve riass of llquid = liquld mass + liquld

RESULTS., Test results are recorded In Table 2-2 and lllustrated

in Figures 2-3 and 2-4,

Flgure 2-3 shows values of the mean

speclfic heat of virgin "THERMO-LAG" T-500-4 and T-500-6 as
a functlon of temperature,

The values of charred "THERMO-LAG" T-500-4 and 1-500-6, as
a functlon of temperature are shown In Flgure 2-4,

of the plotted data are typlcal for the materlals tested,

The trends

n

Figure 2-3, Mean Specific Heat of Virgin "THERMO-LAG"

Mean Ternperature - (°F)

T-500-4 and T-500-6
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Material {Specimen} Initial Initial Equilibration 7;_ g Tol- Cﬁt Specific Heat
Weight |3Specimen | Toluene | Temperature F o uene of Specimen
GMS Temper- | Temper- °F B Weight | BTU/ BTU/LB-F
ature ature ) GMS | LB-°F
°F °F
T-500-¢ | 98,24 120 72.55 75.10 2,55 54.90 | 2091 ,395 0.389 at 102
Charred
T-500-6 | 99.77 350 81,03 91,68 10.65 | 258,32 | 2122 .403 0.358 at 221
Charred
T-500-6 | 98.89 - 295 81,72 70.01 11.71 | 365,01 | 2056 403 0,271 at -113
Charred
T-300-6] 98,60 -295 82,40 71 28 11,11 ]366.29 {| 2000 404 0.261 at -112
Charred
T-500-€ ] 96.04 -89.5 91.10 86.64 4.46 | 176,14 | 2002 .403 0.208 at -2
Charred
- \

Tabie 2-2. Test Results -~ Specific Heat (Sheet 1 of 3)




Material |Specimen| Initial Initial Equilibration 7; 7< Tol- Ve Specific Heat
Werght | Specimen | Toluene | Temperature F o uene P of Specimen
GMS | Temper- | Temper- F Weight | BTU’ | BTU/LB-'F
ature ature GMS LB-°F
F °F
T-500-4 } 99.74 350 18,51 90.75 12,18 259,25 | 2116 .402 0.400 at 200
Charred
T-500-4] 98,20 426 76.36 : 90.88 14,52 | 338,12 | 2150 .401 0.377 at 260
Charred
T-500-4{ 99.91 130 16,03 78,03 2.00 51.97 { 2110 .401 0.326 at 104
Charred
T-500-4 [ 99,52 130 75.35 11.24 1.89 52,76 | 2113 .401 0,305 at 103
Charred
T-509-4 | 98.69 -300 80,75 66.65 141 366.65 | 2042 .403 0.312 at -117
Charred
T-500-4 98.68 -295 81,51 67,70 13.81 362.70 | 2009 .403 0.312 at -116
Charred
T-500-4 | 98.16 -70 81,74 18.21 3.53 148.21 | 2085 .403 0.204 at 4
Charred
T-500-6 | 94.70 500 70,28 85.36 15,08 ] 414.64 | 1990 .402 0.308 at 292
Virgin
T-500-¢ | 100,71 500 69,90 84.48 14,58 415,52 1960 .402 0,274 at 292
Virgin
T-500-4 | 99.40 496 76.05 93.46 17.41 402.54 | 2159 | .403 0.378 at 294
Virgin
T-500-4 | 93.83 502 76.96 93.87 14.91 408.13 | 2045 404 0.322 at 298
Virgin
T-500-4 | 164.04 -275 78,22 66,10 10.12 | 343.10 | 1983 .400 0.234 at -103
Virgin
T-500-4 | 98,32 -81 481,30 71.05 4,25 | 158,05 | 2060 .403 0.226 at -2
Virgin
T-500-41 ©7.45 | -ai 76,53 72.73 3.82 | 153.73 | 2043 | 401 ]0.210 at -4
Virgin
T-500~4 ; 95,60 -298 79.06 70.30 8.76 © 368.30 | 2081 .401 0,208 at -114
Virgin
T-500-4 | 94,03 -210 75.43 69.41 6.02 ] 279.41 | 2070 .400 0.190 at -70
Virgin
Table 2-2. Test Resulis -~ Specific Heat (Sheet 2 of 3)




Material [Specimen{ Initial Tnitial Equilibration [ 7‘; Tol- C ‘ Specific Heat
Weight [ Specimen | Toluene Temperature ¥ oF uene 7 of Specimen
GMS Temper-~ | Temper- F Weigh* | BTU. BTU/LB-°F
ature ature GMS |LB-°F
F F
T-500-6 | 95.44 =221 73.80 67.00 6.80 | 288,00 | 2035 0.399 | 0.201 at -77
Virgin
T-500-6 | 95,70 -302 83.20 71.15 12,05 | 373,15 | 2104 0,402 | 0,286 at -116
Virgin
T-500-6 | 95.28 -293 78.53 66,3, 12.18 | 359.53 | 2080 0.400 | 0,296 at -114
Virgin
T-500-6 Toluene Toluene} Toluene
Virgin 93.46 4117 81.80 66.20 15.60 | 319.60 | 1917 .407 .406 at 257
T-500-6 Toluene Toiuene| Toluene
Virgin 96.21 400 79.58 66.31 13,27 | 307,15 | 1810 .405 .353 at 245
T~500-6 TCP TCP TCP
Virgin 83.84 493 296 286 8 189 2430 .490 .600 at 399
T-500-6 TCP TCP TCP
Virgin 83.85 516 308 300 8 202 2387 .490 .553 at 415
T-500-4 Toluene Toluene{ Toluene
Charred | 98.2 429 76.36 61.84 14.52 | 338.12 | 2150 .401 L3777 at 26
T-500-4 Toluene Toluene{ Toluene
Charred | 97.88 432 77.65 63.52 14,13 | 340.22 | 2152 .402 .367 av 262
T-500-4 TCP TCP* | TCP
Charred 125 431 313 301 12 106 2295 .490 .652 at 378
T-505-6 TCP ' TCP TCP
Charred 108,88 461 320 310 190 130 2150 .490 .407 at 396
T-500-4 Toiuene Toluenef Toluene
Virgin 85.5 400 69.11 56,92 12,19 | 318,7 2070 .401 .371 at 241
T-~500~4 Toluene Toluene| Toluene|{ -
Vvirgin 90.4¢ 495 77.90 55,30 22,60 | 394.5 1832 .406 L473 at 293
T-500-4 Toluene Toluenel Toluene
virgin 99.4 496 76,05 58.64 17.41 402,54 | 2159 .403 .378 at 294
T-500-4 TCP TCP TCP
Virgin 129,69 496 302 290 12 162 2344 .490 .583 at 405
T-500-4 TCP TCP TCP
Virgin 185.59 460 318 304 14 138 2287 .490 .615 at 401
*Tritoluyl Phosphate
Table 2-2. Test Results - Specific Heat (Sheet 3 of 3)
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DENSITY,

TEST EQUPMENT, A laboratory gravitometer as Iillustrated In
Flgure 2-5 was used for denslty measurements, The balance of
this device can be callbrated to 0,1 milligram, The Illquld bath
malniains the speclmen at a unlform temperature,

TEST SPECIMENS, Materlal specimens were 1-lnch squares
I/4-Inch thick,

TEST METHGD, Denslty tests were performed In accordance
with the method prescribed In ASTM D792~-50, The method con-
sists of Immersing the specimen In a known volume of llquid
(cyclohexane) and welghing the change produced by the displaced
lfquld of known density.

RESUL. TS, Eleven speclmens each of "THERMO-LAG!" T-500.-4
and T-500-6 were tested, The results of these tests are presented
In Figure 2-6., WIthin the range of experimental accuracy, the
densltles of the two materials correspond, and vary In an almost
linear relationshlp with temperature,

TOTAL NORMAL EMISSIVITY,

TEST EQUIPMENT, The measuring apparatus consisted of an
environmental guard malntalned at a constant level of temperature by
an electrical heater and blower; a reference black body heated to
the approprlate temperature; and a thermoplie radlometer., The
radlometer (essentlally a box) was blackened Inslde, pierced by
two tubes on the front face, and fitted with a goild mirror,

TEST SPECIMEN, Speclmen: were 1,344 inch circular disks
0.5 Inch wide, A thermocouple was embedded in each face. The
specimens were held In a 0,074~Inch thilck stalnless steel disk,

TEST METHOD, The specimens to be tested were Immersed In
a heated alr stream above the test temperature and malntalned at
thelr test temperature, The speclmen teniperatures were measured
by embedded thermocouples Installed at fabrlcation, The radlation
coming from the specimen, or alternately from the guard or black
body furnace, was focused by a concave gold surface mirror on
the senslitive area of the total radlatlon thermoplile and recorded In
terms of sensltlve galvanometer deflection, These radlometer
readlngs, comblned with Independently measured temperatures of

the speclmen, the environmental guard, and the black body furnace,
were comblned by means of the governing equations to yleld the total

normal emissivity.

2~13
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Figure 2-6.

Laboratory Gravitometer
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RESUL TS, All black body measurements were made In steady-state,
The emissivity tests were performed on elght specimens »f "THERMC-
i-AG! T-500-4 and 7-500-6, both virgin and precharred, {abricated by
spraving and precasting, 7The results of the tests are recorded in
T:ole 2-3 and lllustrates in Flgures 2-7 and 2-8, At least flve
measurements were made for each polnt plotted for temperatures

below the sublimation temperaiure, A}l three specimens tested at

the high temperatures (two of "THERMC-L_AG" T-500-4 and one

of "THERMO-LAG!" T-500-6) were of virgin materlal at the beginning
of the test and went through the sublimation phase whlie the emissivity
measurements were In progress, The data lnalcates that changes In
emissivity are produced near sublimation temperatures, “The values
for "THERMC-LAG" T-500-4 decrease at temperatures preceding
sublimation and then Incrsase with temperatures followlng sublimation,
Plotted data for "THERMC-L. AG" T-500-6 Indlcates a decrease In
emissivity during the subllmation phase, which Is compatlble with

data for fused silica, These T-~500~6 specimens exhibited a hard
glossy char- laver of slllca depositls, Plasma jet tests Indlcate that

the amissivity values for T-500-~-6 level off at about 0,65,

CCEFFICIENT OF THERMAL EXPANSION

TEST EQUPMENT, A fused-quartz-tube dilatometer was used to
measure the expansion of "THERMO-L AGY" T-500 test specimens
resuliing from a change In temperature.

TEST SPECIMEN, Materlal test soecimens were 5/16-Inch square
pars 2 .nches long, A thin steel plate was cemented to each
end of the sample to protect It agalnst Indentatlon durlng the test,

TEST METHOD. The method which was used to measure the
coefficlent of linear thermal expansion of "THERMO-LAG!" T-500
materlals Is desc,lbed In ASTM D696-44, A test sample ‘was
Immersed In several constant temperature baths, and its length was
then measured wlith a dlal gage callbrated to 0,0001 inch per
division, The coefilclent of thermal expanslon, <, (In/In°C} was
calculated from the measured data between the test temperature and
30°C above and below test temperatur-e using the equation:

A=A

where:

AL = Average of .thr'ee changes 'n length of the samples
due to heating (Inches).
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T~
I

L.ength of test sample at test temperature (Inches).

ar

I

T emperature dlfference over whiciiy the changes In
length of the specimen are measured, {°C)

RESUL TS, c£lght tests were performed on each of the virgin
"THERMO-LAG" T-500~4 and T-500-6 materlals, The results

of these tests are lllusirated In Flgure 2-9 and recorded In Table 2-4.

Study of the piotted data indicates certa'n behavior characteristics of
the two malerlals,

1. A phase transltlon from the elastlc to the glass state occurs In

the temperature reglme below room value for "THERMO-LAG"
T~500-6,

2. The erratic behavior above 250°F indicated where "THERMO-
L AG! T-500-4 began to behave as a viscous fluld,

Ten tesis were performed on each of the charred "THERMO-L AG"
T-~500-4 and T-500-6 materials, The results of the tests are plotted
In Flgure 2-10 and recorded In Table 2-4,
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Flgure 2-9, Coefficlent of Thermal Expansion for Virgln
N"THERMO-LAG" T-500-4 and T-500-6
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Figure 2-10, Coefficient of Thermal Expanslon for Charred
"THERMO-LAG" T-500-4 and T-500-6
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Material Sample No, |Teriperature L AL AT ax= DL
inches |inches C £ "éAf
°C °F IN./IN.-"F
x 10~

T-500-4 13-G-1-21-4 -95 -139 12,0174 | ,0011% 30 1.07

chiarred

T-500-4 13-G-1-30-4 -91 -132 | 2.0410 | .00087 30 0.788

charred

T-500-4 13-G-1-22-4 -18 C | 2,0468 | .00161 30 1.46

charred

T-500-4 13-G-1-23-4 -18 0 | 2.0550 | .00154 30 1.39

charred

T-500-4 13-G-1-25-4 24 75 1 2.0497 | .00218 30 1.97

charred

T-500-4 13-G-1-29-4 24 75 12,0535 & ,00192 30 1.74

charred

T-500-4 13-G-1-24-4 121 250 | 2,0583 | .00148 30 1.23

charred

T-500-4 13-G-1-26-4 121 25G } 2,0620 { .00175 30 1.57

charred

T-500-4 13-G-1-28-4 157 315 { 2.0710 | .00132 30 1.18

charred

T-500-4 13-G-1-27-4 157 315 | 2.0640 | 00186 30 1.67
.67

charred

T-500-4 13-G-1-13-4 -96 ~141 § 2.0722 | .,00206 30 1.84

T-500-4 13-G-1-16-4 ~96 -141 | 2.0384 | .00162 30 1.47

T- 500-4 13-G-1-6-4 -18 0 {2,079 |.00389 30 3.48

T-500-4 13-G-1-1-4 -18 0 }2,0629 j.,00385 30 3.46

Table 2-4, Coeflicient of Thermal Expansion Test Results
(S neet 1 of 3)
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|
Material | Sample No, | Temperature L AL VAT @ = —‘é-é'—'
inches |inches °C Lx ‘gr
° °F IN./IN.-"F
Lo -5
x 10
T-500-4 13-G-1-4-4 24 76 | 2,07%0 | .00255 30 2.27
T-500-4 13-G-1-17-4 30 86 | 2.0801  .00260 30 2.32
T-500-4 13-G-1-20-4 157 315 | ©.0589 | .00092 3 0.826
T-500-4 13-G-1-14-4 157 315 |{ 2,0735 } .00030 30 0.268
T-500-4 13-G-1-11-4 157 315 {2,0887 | .00201 30 1.78
T-500-6 13-G-1-27-6 -94 -137 | 2.0549 | .,00078 30 0.705 )
charred
T-500.-8 | 13-G-1-22-6 |-96 -141 | 2,0621 }.00080 | 30 0.715
charred
T-500-6 13-G-1-25-6 -1¢ 0 }2,0817 |.00136 30 1.03
charred
L
T -500-6 13-G-1-8-6 -18 0 §2.,0814 §.,00332 30 2.96
charred
T-500-6 13-G-1-24-6 24 75 | 2,0730 | .00141 30 1.26
charred
T--500-6 13-G~1-26-6 24 75 | 2.C738 | ,00152 30 1.35
charred
T-500-6 13-G--1..23-6 121 250 | 2,0587 | .00162 30 1.40
charred
T-500-6 13-G-1-21-6 121 250 | 2.0551 | ,00202 30 1.83
charred
T-500-6 13.G-1-12-6 157 315 | 2.0588 } .30103 30 0.927
charred
Tab'e 24, Coeificient of Thermal Expansion Test Results

(Sheet 2 of 3)




Material Sample No, Temperature L AL AT a = __.41-———
inches | inches ‘c Lxd7
c | °F IN./In.-°F
x 1072
T-500-6 13-G-1-1-6 157 315 | 2,0461 | ,00098 30 0.887
charred
T-500-6 13-G-1-15-6 ~-96 -141 |} 2,04396 | .00179 30 1.616
T-500-6 | 13-G-1-7-6 -96 | -141 |2.0636 | .00205 30 1.89
T-500-6 | 13-G-1-10-6 | -1& 0 }2,1000 | .00318 30 2.80
T-500-.6 13-G-1-9-6 -18 0 | 2.0827 ; .00367 30 3.26 )
T-500-6 | 13-G-1-3-6 30 86 | 2,0854 | .00180 30 1.69
T--530-6 13-G-1-6-6 30 86 | 2.0975 j .00270 30 2.38
T-500-6 | 13-G-1-17-6 | 157 315 | 2.1030 | .0C081 30 0.712
T-500-6 |13-G-1-14-6 | 157 | 315 |2.0809 | .06052 | 30 0.462
T-500-4 | 13-G-1-2-4 121 256 | 2.0933 | .0027 30 2.39
T-500-4 } 13-G-1-9-4 121 250 | 2.0867 | .0025 30 2.22
T-500-6 | 13-H-2-1-6 121 250 {2,074 |.0003 30 0.805 )
T-500-6 13-H-2-10-6 121 250 J 2,0625 | .0008 30 0.715

Table 2-4., Coefficient of Therinal Expansion Test Results
{Sheet 3 of 3)
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ENVIRCNMENTAL CHARACTERISTICS

MATERIAL BEHAVICR UNDER VACUUM AND TEMPERATURE
EXPCOSURE,
CORJIECTIVE, \Vacuum expoesure tests \vere conducted to determline
the eifect of low preszsure upon the welght loss of "THERMQO-LAGY
T-590 material as z functicn of exposure t!me and temperature. The
conditfons at whlich these lests were performred on "THERMO-LAGH
T-300 materiat are giver n Tables 2-5,

Specimen area (iNZ) 1.0
Specimen thicknesses {mils) 20, 50, 100
Vacuum (TORR) T
Specimen temperature (°F) i €7 250
i !

Table 2-5. Vacuurn Exposw. Test Conditions

TEST EQUIRPMENT, The tests were periformed In a vacuum
chamber wlth & cryogenic walli malntained at ~300°F, Two quariz
infrared lamps Installed Inside an inner chamber of the vacuum test
facillty provided precise and stabillzed speclimen temperature, A
view of the test chamber Is shown In Figure 2-11,

TEST SPECIMENS, YTHERMO-L.AG!" test specimens we.e pre-
pared from chemically cleaned 14-Inch x 16-Irch x ,047-inch number
1010 cold rolied steel plates sprayed wlth T-500-4 materlai to 0,020,
0.50, and 0,100 Inch thicknesses., The plates were cured according
to "THERMC~L_AGH" T-500-4 cure schedule and 1-Inch x 1=lnch x
.047~Inch steel sectlons were cut, To positlon thermocouples, used
es sensors, the 1-Inch x 1-Inch x ,047-Inch pleces were drilled




from the metal back In the center with a 0,050-Inch dlameter drlll
to a ,005~Inch depth irom the "THERMO-L_AG" surface,

DATA REDUCTION AND ANALYSIS, The welght jloss curves
for the specimen thicknesses tested are shown (n Figures 2-12, 2-13
and 2_14. The test data Indlcaies that the welght loss Is composed
of two distinct periods, The { ~st period comprises an Initlal welght
loss oi entrapped solvents and volatlllzation of the rmonomolecular layer
at the surface of the sample, This Initlal period lasts as long as 10
to 15 hours, depending upon the pretreatment of the specimens, It

Is the period after the Initlal weight loss period, however, whlch Is
of interest for predicting welght loss under sustalned vacuum ex-
posure for extended perloeds of tlme,

The second welght loss perlcd {designated the rate perlod) was used
to analyze the amoun! of material that would be lost over long exposure
periods, The total welght loss for a unit area, belng the sum of the
losses for each period, Is expressed as:

(- + ()

where the subscripts refer to the Initlal period and the rate perlod,
For the second period the welght loss Is expressed by:
w
d (&)

‘The rate expresslon can be expressed for the Inltlal welght loss
exposure time, !o, to any time, t, at constant temperature and
{nitlal thickness,

@) /[ 2

As the welght loss expresslion .for the total exposure time Ils achleved,
then:

(2}

N, L TS i

oo - . -~ N —— v a0 b s na 1 e



f
e
Z

The expresslion Indlcates that quantitative results of total] welght loss
must be determined from the effect of temperature, tlme of exposure,
and Inltlal spaclmen thickness on the rate of welght loss for the rate
period, (The Initlai welght loss perlod does not enter Into the prob-
iem, as lts welght loss Is a function of pre-t~eatment of the specimen,
which was not controlled,)

The rata of waight loss was postiulated by a generallzed rate equation
of the form of the modlfled Arrhenlus expresslon:
W ,
st BNV C R 70 ()
A(4x ;) e
P72

where the terms A{ Ax;), n(Ax; ) and B(Ayx; ) are functlons onlyv
of the Inltlal thickness., These !erms are determined for a given
specimen thlckness, and are deflned hereln as:

n = Slope of the welght loss rate versus exposure tlme
curve (Flgure 2-15),

B = Slope of the curve for welght loss rate as a functlon
of the reclprocal absolute temperature for constant
exposure tlmes (Flgure 2-16),

A = Ter.n derlved from the modlfled Arrhenlus equation
for the known parameters n and B,

The terms A, n, and B were calculated for a ulven speclimen
thickness In the manner described In Reference No, 10, These
coeiflclents and exponents of the meodlfled Arrhenlus equat'on are
plotted In Figure 2-17 as o functlon of the Inltlal sample thickness.

RESULTS OF EMERSON ELECTRIC TESTS., The followlng
rate equations were derlved from the data shown In Flgure 2-17
(reduced In terms of the mod!fled Arrhenlus equutlon) for the
spacimen thicknesses tlested by Emerson Electric,

1. For 20 mil speclmen thickness:

A (B) oy b/ T .
at
2=26




2, For 50 mil speclmen thickness:

A ,
d;;): 3./4/)(/0—2. éwo.éoe ,2570/7—

3, For 100 mil specimen thickness:

g4 .
< (4 ).—. .07 x 10~ 099 1720/
At
The results of the vacuum tests on "THERMO-LAG" T-500-4 per-
formed by Emerson are shown In Flgures 2-15 and 2-16, Flgure
2-15 Indicates that the rate of welght loss decreases as the tlme of
exposure Increases for all samples tested,

The welght loss rate as postulated by the generalized rate equation
Is Inversely proportloned to the expesure time ralsed to a power
n{ Ax;) which Is a funcilon of the Inltlal thickness, ‘The functlonal
cependence of Ax, (the Iniiial specimen thickness) or n(Ay;) Is
shown In Flgure 2-.17.

5
Flgure 2-17 shows that the term n(Ax/' ) decreases as the Initlal
thickness increases. Examination oi the n(Ax; ) curve Indicates
that for Initlal thicknesses greater than 80 mils, the exponent
n{ Ax; ) approaches a constant value, The approach of n(4x, )
to an asymptotlc value Indicates that the time dependence of the weight
loss rate ls approximately Independent of speclmen thicknesses
exceedlng 80 mills,

The test data lllustrated that es the temrperature of exposure Increased,
the rate of welght loss Increased, The generallzed rate equation

shows that the rate Is Inversely proportional to an exponentlal of
reclprocal absolute temperaturre e 8¢ _"f), where B(Ax,/) Is a functlon

of the Inltlal thickness, This Initial thickness dependence Is shown In
Figure 2-17. Examlnatlon of the B(Ax,/ ) curve shows that its decrease
In value becomes less evident as Ax, Increases above 80 mils, The
data Indlcates that for specimenr thlcknesses exceeding 80 mills the tem-

perature dependence of the rate Is approximately Independent of thickness,

Flgure 2-15 shows that after an exposure duratlon of approximately

30 hours the welght loss rate Increases as the Initlal specimen thickness
Increases, For: specimen thicknesses greater than 80 mlis, that rate
can be consldered Independent of Initlal thickness, Flgure 2-17 Indl-
cated that the coefficient and exponents A{Ax;), B(Ax,), and

n{Ax;) of the modlfled Arrhenlus equatlon bhecome Independent of the
inltlal thlckness after 80 mills, As these terms approach a constant
value for Ax,'> 80 mills, the rate expresslon can then be expressed

as a functlon only of temperature and tlme, The rate of welght loss
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for @ 500-mil specimen should, therefore, bLe approximately the same

as. the rate tc» a 100-mil specimen if tested under isothermal
conditions.

The following conclusions can be drawn from ithe rate of weignt loss
study.

1. The rate decreases as vacJum exposure time increases. -

2. The rate increases with an increase in the exposure
ternperature.

3. The rate increases as the initia! specimen thickness

increases unt’l a limiting thickness is encountered, at
wiiich thickness the rate becomes a function only of
temperature and time. For thicknesses less than 8C
mils, the generalized rate equation can be used to

consider the ={iect of specim~n thickness.

The implications of the space environment simulation study findings
were ceonsidered with regard to their effect upon the predicted design
weight of a ""THERMO-1L_AG! T-500 hea* shic '+t system for entrv

protection of an advanced manned spacecraft., Assumirg the vehidle
surface to be rnaintained at 250°F during a l4-day space cansit
allowance jor thermal barrier material weight loss resulis in an

increase in the design weight from 858 to 978 pounds for an entry

trajectory imposing an integrated stagnration heating 'o>ad of 108,070
EBtu/th.

STRUCTURAL PROPERTIES OF "THERMO-LAGH T-500
MATERIALS

The structural properties cf both "THERMO-L_ASGY T-500-4 and
T-300-€ were determired over the temperature range of inieresa,
The determinations are reporied in Volume Hii.

THERMAL .CHIEMICAL. CHARACTERISTICS

DIFFERENTIAL THERMAL ANALYSIS

OBJECTIVE, Tests were performed to deiermine characteristlc

temparatures produced by thermszal reactlons of "THERMO-LAGH!
T-500 materials,

TEST EOUPMENT, A Deltatherm Dliferentlal Thermal Analyzer,

manufactured by Technlcal E qulpment Corporatlorn, was used, The
DTA unlt s shown In Flgure 2-18,
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Figure 2-11, Environmental Chambenr

i —



(seldwes [IW-0Z) #—00S—.L i
NOVTImOWSEIH L, 4o sise_| ednsodx3g wnnoeA YBi4  *Zl-Z ednd|o 3

(SENOH) ~ 2wi | aunsodxD wnnoeAa
06 08 ce 09 0S o o€ 0z ol ‘ 0

IR 7 ;
' . ]
- Z-L ) L | ,
9l o =,08 O |
I S
| o1 - ¢ -~ oy z %
ol 7 _ - 2 |
8 "% =,091~C 5 |
| I P2 (O] ‘\X \ . mu ]
l ‘ . |-
=t 00l
== aqQuInN oldwes ST1IOGV A S - .\ \ 14 %
3 11
| 0 ONZO37 \\ \ e w _
| - 5 4 1,
! " A v \m.
R AN L) . | . it
ﬁlw A LY
b )
,
i ! _d ﬂw
~Ho0lZ = SJNO}4 8f udi'Y ] r ¢ _ .
HoHE€Z = SJUNO{ g| O} JdOld4 Bunjedadws ) V o mu |
\L n 4
4
1
g &7 & ny
o
W

| ) !
sNniedrddy [BsdLAIUM )
U 40087 [BUIWON - — ,

|

S

o




(sejdviess 1IW—001) #=~00S—.L

HOVTITmOWSEIZIM Ly Uo sise ednsodxzDm whnoea YSi4  °*gl—Z eunbB|4

(sdnop{) auwiy | adnsodx g wnnoeA

06 08

0§

ov

ot

02

0l

I

Z-0¢
6%
8%

p——_

=008 [p==

@

[o]

T

©

sdaquinN] 9jdwes

s|oqQuiks

puaba—

(4

o Om,.N

1

9i

0l X (zLld/wgT) - eadw iun Jag ssCTY IYbam

9-—

2-31

E 3

¥



(seldwes |IN-0§) ¥—00S—.L
WOV T~OWSTH L, Uo sise | eunsodx3 wnnoeA ybliH

(Sano) awi

adnsodxgy wnnoeAn

*Hl—-Z oJunbBiy

06 08 04 09 0¢ 274 o€ 0¢ Ol
4 T %7
-O\L\\‘u i \&\
I 4
%9 O] =008 0] \L\@\ 7/
- 4o €W \‘
._ﬂm Q - amnt oum = . “
82 Q) R
sT \V 2
2 O S — L 9
———— =T ™
sdaquinN 9ldwes| sjoquic - o €6l .
pusabaT «
v
\e\\
%ﬂl
\\
\\‘
-
\
&oom_w

ol

(4]

7l

9i

8l

(0)4

g0l X {l=d/wg) - eddv nun 49 ss077 yGIopn

R



SSeWMOlYy | Uswoedss (BlIjU} JO uolidun4 B S uojjenb g
SnuByddy pajjijpony jOo siueuodx D pue JUB[oljeOn °*§l-Z oJnbBjo
SIN — IX - ssewoly} oldwes eiju]

o]0] ] 06 08 02 09 oS oY o€ 0Z 0! 0

~4d

-4
44+

HH H

e ¥ +
» b H
l:: w T m' qua OOON
Yona 2 sgevnas 98 ot us “
se HHHE i : 1
b & <
: 3 sy : : z- [9'0 looot [p
t t P
vu= ;
X ,
‘x u bt . > nda - K
¢ £ i 2 Aertdi- 180|000y = P ‘
w7 uo- 1 m 1 5 i 1.v
{ 12 t . - o~
T §eas nm . — °
FHo 9ot , |000S 7
vl s V |h\
\AAAanas T I+ Z°I 0009
] Y
3> )8
. 4t oty rferl o]
T .
= ane + .
i : BErEamEge vt Jooos “
T T S 3
¥ H DAL S
. 6o Hf
: e Y, ColaHer 90 000§
23T s I
M r ' | T3 HH
-4 .
s I E=snsit DR R
Hir he )uFERHAEET
Yy T T 1 it H S + + S u S 8ot
hd 1 + ) § A & 1 O SURARIBEWS 3 — t 1 i mw +
¢ enns 4o wae Sairkd sadv H T e daanannnss: 1 t ot basnsas S+ 0°'2




AW} O uondUN 4 W S\ @ley SSuT] 1ybleaps  JpwuaBsyios] "9 l-g ound| 4

SJANOH = 3U ] 8JdNsodx 3y wnnoeAn

201 % o>

lesg & 9 s ¥ € (4 158 4 9 §

4

™

Ooﬁx
4

I X%
c-0LxZ

SSURISHND VAN A

[N (ONIREEDSS SRR

e e q

P/

A

oyl

Z-0Z "ON UNY =~ 4,08 - SHW 00l

Bp7
/
77

6% "ON unyd - H4,08C ~ Siiv¢ 001
Z-¢ "ON uUnyg - -d4,08 ~ Sl 02

—4

i

Ol "ON UnYg - Ho0SC ~ SHIW 02

—pefpip-] o

%9 "ON unyg = .08 ~ SHW 0§

1

ST "ON uny - 4,05 ~ SIIN 0§
SENLVYTIONISWON

0EL004 |/
-' ; S P

gW/wal - svey ss0T) ybam

‘D9s -

2-34

e | g e e’ fo




Weight Loss Rate (LBM/FT2-HR.)

1673

9 [ 1 T
8 L
7
6
5
4 L
& = Run 25 ~ 50 Mii Sample - 250 F ~ 10°4 Tore
3 = Run 64 = 50 Mil Sample = 80 F = 1074 Torr
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Flgure 2-17, Temparature Dependence of Weight {.oss Ratas

for Constant Exposure Times
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TEST SPECIMEN, Test speclmens welghing approximately one
gram were prepared in a pulverized form,

TEST METHOD, The method of analysls involved a comparison of
the thermal behavior of T-500 with that of a thermally Inert sllica
materlai, The thermal behavior of the specimen and the thermally
Inert s!llca materiali was recorded by differentlal thermocouples at
the temperature Increase rates of 3,6°F/min,, 9°F,/min,, and
18°F/min, Varlatlons In temperature betwsen the specimen and
refersnce materlal produced by a phase change were rscorded

as a functlon of the specimen temperature,

RESULTS., Flgures 2-19 through 2-26 present results of the
ansalysis for "THERMO-i_AG" T-500-4 and T-500-6 at the Imposed
temperature Increase rates of 3,6, 9, and 18°F/minute, A study
of recorded data Indlcates that two distinct phase changes occurred
for each test, The first endotherm Indicatas a phase change In the
crystal structure of the subllming materlal, The second endotherm
indicates the temperature of sublimation of the subllming materlal
taken as the point at which the slope change ls flrst observed. The
subllmation temperature, as Indicated In the [llustrailons, averages
approximately 560°F for "THERMO-LAG" T-500-4; and 545°F for
"THERMO-ILAG" T-500-6,

HEAT OF DECOMPOSITION

Differential thermal analyses were performed to measure the heats of
decomposition of "THERMO-LA.CI" T-500-4 and T-500-6. Test
samples were run with known weights of silver nitrate (AgNO3) and
potassium dichromate (KCrZO7), whose heats of fusion are known to
be 16.2 cal/gm and 28.9 cal/gm, respectively. Figure 2-27 shows
the DTA curves for these tests.

Heats of decomposition aof *ve "THERMO-LAG" T-500-4 ana T-500-6
were calculated by the equation:

U (A, Y(Wi)(As)

* (wz)(Ar)
where:
AH, = Heat of sublimation of "THERMO-LAG"
AH, = Heat of fusion of AgNO3; or KCr207
Wy = Weight of ".THERMO-L_AG“
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Weight of AgNO3 or KCr20,

>
(oS
i

Integrated valley area of "THERMO-I_AG!

>
|

Integrated valiey area of "THERMO-LAGH

Calculated results show that the heats of decomposlition of "THERMO-
LAG" T-500-4 and T-500-6 are 1400 Btu/Lbm and 1700 Btu/Lbm,
respectively.

THERMOGRAVIMETRIC ANALYSIS

OBJECTIVE, Tests were performed tc Jetermlne, as & functlon
of a llnear temperature rilse, the rate at wnhich "THERMO-L AG!
T-500 materlal loses welght during the sublimatlon process and the
temperaidre range at which the raxImum welght loss of "THERMO-
LAG! T-500 occurs,

TEST EQUPMENT, A Deltatherm Thermogravimetric Analyzer,
which Incorporates an electrcnlc balance and an external furnace, was
used, The TGA unlt Is shown In Flgure 2-18,

TEST SPECIMEN, Approximately three to four millilgrams of
pulverized "THERMO-LAG!" T-500-4 or T-500-6 were analyzed
in each test,

TEST METHOD, The electronlic balance of the test equlpment
contlnuously recorded sample welghts as the speclimen was heated
at a llnear rate of temperature rise,

RESULTS, The test results for "THERMO-LAG" T-500-4,
where two or more temperature Increase rates of 3,9, 8, and
18°F /minut? were Imposed, are lllustrated In Flgures 2.28 through
2-32, Flgures 2-33 through 2-35 lllustrate the test results for
"THERMO-L AG!" T-500~-6 for the same Imposed temperature
Increase rates,

GAS ANALYSIS,

OBJECTIVE. An analysls was performed to determine the primary
gas products evolved durlng the ablation of "THERMO-LAG" T-500-4,

TEST EQUPMENT, A Beckman Model GC-2A chromatograph
wlith a silicone column and a molecular sleve column was used,

The sllicone column was callbrated for hydrocarbons and other gases,
whlle the molecular sleve column was callbrated for atmospheric
gases.

TEST SPECIMEN, The specimens analyzed were trapped gases
glven off from the ablatlon process of "THERMO-L.AG!" T-500-4 during
exposure to Infrared heat lamps,

e g A R S R D A S




XN A

1112

e S b b

932

752

2

57
2-39

Temperature (°F)

392

=

Ditferentlal Thermal Analyses of "THERMO-LAG"
T-~500~-6 for a Temperature Increase Rate of 3,6°F

per Minute

212

] . S T T T
|- : : 1 : : | lew S N 1z R S _
H H H H H H T [ - [
L. ._%.I.-. |m|||.|...m.l.l.ll.mll..lmllll..m TR ........._lllmn i M |
i . _ e e : : “ H i
! _ ! 1 — T
Lo L ] e e L . 1
- o . T
. ; ' | L
. : i bl i ] :
- [ yEe—— - QYD - :
: i ) . .k
= _ - ) : -
: - : w
: o L L
pr - .- Ji0 ' i Y H -
- =~ |
i ™) ,.,J.I‘ e
m m\ "\ st Baad 1 IKV
—_ [ “ =t
) o4 f . FOC 1o .1,
= = 0 I et
i e =} : :
m " v R T e o~
r m! . €3] : .
Lo ; & ‘ : 2
m... e - M . . )
Pon 1. = e w.
: : = 5 %
: : «~ SO EEO Y .
Tty (=2 =
H - ™ T
- : .
| : .
bor - ' HY o
| H i :
i . H .
i i : :
I 1 : : N e
-l_ — Ilu..l .- ln m [_r
L _ : i |
" : : B o M
ml. -I- - — - —— —- ” - -y
i ! : : ) v 1
t - H . | i }
: | i i . I
QA St U NN SRy S Sy P (ORI  S— # : ! {
o —
wJI9yoxy | uasyjopu
WHAHIOX Y | WHAHLOUNS pud
-— —

32

Flgure 2-19,

¥

4

J—



. .- .
o3 . : “ i J_|||_| ]

- T . u i . s T

1STE280%s Joass s T T .. P -

b S&5y by s od I duen 1 : H T P

RiGfi Ah e gl R - : I i s

I3 vm«L H4s _?1 1 { + —— e - - s : = an —— <

iagsseetsapris: S Hirh ot ! - [ I

e e 23 g ¥ I oy - . - f

Patsa bont it e T Ty B i + - RN

s HH 1 BHH W ' ' . z -

1SS ¥ T - " -

T T o . . i
jassaas: ioy o9 - .
f 1 shs Sasisils BoQ 13 T
« 1 1 b 74 11 Wu—w‘ cwu‘.) 9 1 - - 4. . -

SHHT mmux S sage TR R e T e s
HiFE AR Supasashus Jeayy Ly u s i by 4 -
bes sfT2t. SESRCRRES 3282 1200 . D ..
.» T g fals 12322 LI i e h ——
113 X T 4 { sipes shagpdb L : T
Hriht T HEN T STSREes BTal 2k8 m ﬂvm . .
. H aEpsgarsgnss pesyeazaas ORI -
(Hrriide sigissTaesaasit HpEL N ¢ 1
peegsioeelgggns r3h, Topsyt B Hidaays | ﬁjww : :
1T TR AT I R ,wgu asss. o R AR *.47 i L. . .
1514 SHEH i .
L . 1R i i —~ = - :
Eesiiiises sad bt adnsi ERRSIRREIST. L §isi: HiH ] T
slestBetet sadny adyyl Fesap s H pedistse il i e, o
gsas Ega i ofbal s ihe FRSe L a HERH 3 B H
SN ER Hlih <] .
80T bessr riawy pasey it I o
TEIRESESTCISERTISEEIIAST SIRLTERSESLCE NORRES HE T T
ag8 eI s1id o T P o = : T i3
ST asagsosna gprs o oans snuys K ond - i 4
Hib b T © [ BHOHHH : : B
b 1 (S804 tas) 1ans W Y ses qrtiys T H it
s i3t H + 3 S 11 -
Tt j98 g . 8 ' H N i
sifstereiifhagh bodutad) thanas fouk 1H w hts Wu. L a.
R8s 33551 bR R M ..ﬂu ] S T
HE nvm.trvm #l (1 Wi T e e T ERED Hikth 5 . Do
3 i le aaegs ey € o3 5384 { - tr+t H T
JOSns $4 504 08848 sudhy nak 83 b syysisespysasys s 13 N
esRsoaset fesei ,:%_uru H1dy M,H.,».mw eapdigitpenss il B -
TRERAAT r.«if T @ 1 ER331 £3315 PRkS ” : -
SeREsEIREES Ao t Jienhit
sEginheshc B S b ha iR L Y : . it
£2IRS 3SEL SERII ITRT= o501 11 THET e R LEl ) p > i -
Sund il ES00S 4% yeaeh $8End ul ol § 8 M Ae .?.Iq ' M [, . .
i mrwrw taig S3a334 sagss preat aptal i ] ; . i . o . .
e T o - - o+ 1 T i - - + .
" S84 Japeiysuy) L8 g 858 L33 W . . . : I
i e E e b e i ! i [

i seste : —_ e e - H .

S T R T HEEE 1 1 i : : S I

Sofugsipgilasetitnsagstapyafforsd: Hidgsiest hig e : 3 E

o e s H H. B
SRS ik Nt e e Rt sl Gl i EG) ! :
AERBH 2 aeps S ret 100 ag s 33 i N
J DR B3%: 1351 S ] b4 4 8 - .- peo- o -
VRS i L 1R AEs EShEL :n.l:w 351 H i - :
il BSet 3501 s5ERys 1adad lided hinbi g L H i PR .
ﬂe.q_.M . 4‘.» 1294 123 1238 H 4:2 _« H 4 N * T
231 190 I3 13532 1 j3it 1 . . .
{Fhed il et g 101 TR T et i3t i . i o T |
1S SRS AAADS ROERS $91 s N2aats poue s poet pany paass T ieti! CRETIIET S SITETICTECE e
IR e (1 HH A N3 i i . R
MEEd ISRt sesrion tootn) HEW SIbt] LV IS4 Leead isos 4 cu . I . Co L
] I S e b
L} . - 1 -
_— i b i ¢
NWHHHLOXH | WITHLOONH SN r - DU S . [
waayjoxy | waayopug

752 932 1112

2-40

572
Temperature (F)

2

39
T-~500-6 for a Temperature Increase Rate of 3,6°F

Ditferentlal Thermal Analyses of "THZRMO-LAGH!
per Minute

212

32
Flgure 2-20,




. -

752

o} ————

S —

I R N
T
. _ -
i P
g S S
!
: |
m J—
i
g
|
i

-
H

|
392

572
TEMPERATURE (°F)

KR LOX | WHEND OUNE

PONNRIS SEENE N

EA NS SRS SR S PO

932

752

TEMPERATURE (°F)

572

WUJ4LLOXA

WUJHLOONA

[JR S PPN N

212

1i12

Differentlal ‘Thermal Analysls of "THERMO-.LAG"

T-500

Flgure 2-21,

6 for a Temperature Increase Rate of 9°F

per Minute

1

4

PR

T

T

ERY s
R



—

o Exatherm

Flgure 2-22,

1
I
!
|
i

302 392 482 572 662
Temperature -

752

(°F)

Differential Thermai Analysis of “T

842

S32 1112

HERMO-LAG!

T-500~-6 for @ Temperature Increase Rate of 13°F

per Minute

B T H g 7 T R 1

r i ’ : { : t :

S SUURP-UUS SUHUPROUEE SNSRI S N
7 | i i I - i

: ] R B ] !

i I - 1 1 .

H D K i !

o i 1 i

Exotherm

_ _,Lh., .

P ——

Endotherm

5 390° '&

L

=
‘. . 1 | I
! H Ly i ! toIL
I } T I 1 T
. : ) S : .
: - a BB e . S
: 4 i § e P
3 N i .I' ' P
- b ! ; :
. R St st - T H
. P B . ) i
:~ ] ‘if v : 1] .-
- : !
H N - i i !
“ H H ' H i H i
thdiuns Ensiadiias St RS Sirtans PRl bans Shinban VTR

Temperature {°F)

372

152

932

1112

Flgure 2-23, Differentlai Thermal Anaiysis of "THERMO-L.AG"

T~500-4 for
per Minute

a Temperature Increase Rate of 3.6°F

i



212

o g
A OO RS T EES

WHAHLOXY

WHAHJLOANR

e emsced

e

1112

752
URE {°F}

572

TEMPERAT

302

32

———— —

-'llll-—-..n

.-4..."1_

: i
. e :
“ ! :
. _ .-
L ~
Y Iz
Cie :
: i
R Loaiden

WHIHLOXA

WHAHLOGNS

-~

uRk

TEMPEkn1
Differential Thermal Analyses of

T-500

TTHERMO-LAGH!

-4 for a Temperature lncrease Rate of 9°F

-24

Flgure 2

per Mlnute

2-43

———— o aE DA i

T s o e = O ST . AT ey e s

e

’

?:' i’



el
Exotherm

Endotherm

32

Figure 2-25,

212 392 572 752 932 1112

Temperature (°F)

Difierentlal Thermal Analysls of "THERMO-L.AG"
T-500-4 for a Temperature Increase Raie of 9°F
per Minute :

.,W



T.gotherm = Exoticrm

302 © 392 a8 572 862 752 842
Temgerature (F)

Flgure 2~26, Dlfferential Thermal Analysis of "THERMO-LAG!
T-500~4 for a Temperature Increase Rate of 18°F
per Minute

2-45

§i v




-------- N e A
80 e J: : -
SO T OO R O
S L O A A By
B4 ORIGINAL
1 SAMVPLE WEICGI
Q
60 Z: - O e I
a
]
50 H
8.
H ok
x
wl-g
&

TEMPERATURE (°F)

;I'hermogravlmatrlc Analysls of "THERMO-LAG!
T-500~4 for a Temperature Increase Rate of 3,6°F
per Minute

- 2-46

;_,gqa, o, 5"
<




a1 3 B i 24 W TP i e e

e

60}

" WEIGHT LOSS (PERCENT; i -~ *:i

" ORIGINAL SAMPLE WRIGHT = 3,98 wigms T ™17

‘_:..._E.... -.:.-:_-j.-i"--: .....‘ :
- .i-.. -

...
et ey ——

e
1200 . 1400

ERTIETT ' S R | i 1
200 400 . 600 8CL
TEMPERATURE (°F)

Figure 2-28, Thermogravtmgtclb Analysis of ”TH'ERMO-L.AG“'
‘ . T-500-4 for a Temperature Increase Rate of 3.6°F -
per Minute - : i

2-47

P

Y

Tl 1




oaarr vin

i
i
}
!
i
;
!
i
H
§
{
i
H
i

v s

g R e

AT st

o

e

:

.(

cad G o

<

Hi 1
LI |
mgms

= - 3.43

S

iy

Y

5

GHT LO8S (PERCENT) - -

A%

¢
e

i
- ‘ o TEMPERATURE (*F)
. Figure 2-29,

Thebmogﬁavtmetﬁlc Ahéfyses ‘of "THERMO
. T-=500-4 for.. Temperaiure Increase Rate
s T e ~ per Minute -2 -° . -

o - & A oo I O - - [

2-48 -

- 5

-L..AC-;"

of "9°F

g



-4 for a Temperature Incr2ase Rate cof 9°F

Thermogravimetrlic Analysls of "THERMO-L.AG"

i ;
. N — i
: ! i iz -
: . ! 1
: : I & :
! Y ISR 4 B o
i : ] <+
I i ] I
. : m o~
— e eoeseas _m =
LE o i
= i o
- . . hand
|.l“ - . - u
.. : : C
- - i S Lo I H =
=i L. ; : .’f : g W >
o L SO S S PSSP P Y- .
2 : | 1 : i : - w oL
I . Pt e e 3 | : i@
% : T : L a
B At s TR [ SRR S
<! : P ;
D ST R £ IR TR N N .
H =g b : ' . : 1
e e “...|l+.....:-+i....... ) m mvv
I =i . v : : i ! !
P ~ H i .m.. e .M- PR _ m - m . ~ 2
5 U SR S desiod _ °
. . . I C
Do (ANEOWAd 8807 Luorm b ool 3 .
m i L 2
o
s = 2 & =¥ =& =& = L
€



=] F
vay T T T (= acan
] : e e o R R HEE T
2! ; H K31is: i
Fit HEn
it HE eggbadzt i
Ho
HS
HE? H
H O BHES i —~ H m
S = FHH &
:
[ond
tH 2: I . : : H
MQL £ =a W p
= T R ' 2
_n & - T - 3
s B A 3 B m
mwum =
¥ Y o vasesa S
HE B .
8 HY =y
% A 8
i 3 = & soey
5 HE &
2 g8 g
£ g f o
; O g 2 = «
h g - mw & .
-
T ) <3
e 2 g "
e © =
= w : m
<
(=3 =t
i i i ) i
i =3 :
; - H
i T W._.,_
L aaei s abil
T ; 55 & M
: : g :
; i it _m: : =
HHE . w
,
!
5 HH 3
5 g m 8
T T T N H
H 5 1 + m H
+
:
i o) i
ﬂm Fer
R : ¥ f : R o 1
© S =) =] [=] =] [= oS ., 9 =3 -
(%) uooray WIOM TENL.S9Y
-
"
b3

TEMPERATURE (‘F)

_Theﬁmogr‘hvlmetr!c Analyses of "THERMO-LAG!

4 for a Temperature Increase Rate of 18°F

T-500~
per Minute

Flgure 2-31,

2-50

G’

R o

e




F >
. .
) > -
R
M k)
N - R A
0 »
: 8 : L
T ] : TR e S : g L
T . T s el sasl Hey T T TR - T T o o
1 H R HA T H s 3 =
- : } + + 3 o asases H T ::
£ e e : g de it e ©o
i aa T 1 He ! *
i 2
= i T - : “© )
2 : H 53 T ! ¥ T
e t gis t
uv 4 e =+ M % + < S
8 F
m i t sasjgiss: T (o}
._ -l na I T T m
—— X 1
¥ . siai aa t = ;: H™ w
saps H t !
2558 3 2 o
I FrH T f T
o mun + : : R
: +H .
S HrH T 3)
% + 1 .
z ] o
et HH ig
- ases 7 < 0
ot O
g 2 [ N
s <
TH
e H4y ! Q
: L o
H -
m !
oy S i3 enas + m [
25 HH =% - £
¥ :
: : + 3 ).
L g
;

»ol

]

2-51

3.3 mgms
800

an s pel
pi e
‘*l‘i
X

800
TEMPERATURE (°F)

T
'
%
1

TEMPERATURE (

I
T
1

= 4,43 mgms

i

H

be)

:

o

Minute -

Thermogravimetiric Analyses of "THERMO-LAG!

T-500-6 for a Tempera

per

ORIGINAL SAMPLE WEIGHT

ORIGINAL: SAMPLE WEI

_W\ 3
¥ T T - M
; 3 o~ i
¥ m i H « ™ "
Zndzoanganiie | o
= ~ 9
' 3 2 O ) 3
HHH : 2 - T A HHE =
siat HHR ; L ; ESEcgin ins: EHH ERHT : : L g
SR ) G ENE) W07 LRtIA _ SRR S L > .3 |
8 & 8 8 3% 8 R, g - g & 8 =8 ¢ '8 8 =2 9
: = (LNZOHFI) S90'T LBrSTM , L g
R ,
, . | v

ST e es s e S A G MRV el R YA e s e a S A e e e s eae = o
RS- e e e e i s i A e 5 e < AT 1




50 (-

%
ST

WEIGHT L.OSA (PYRCENT)

IR HN

30

.
4

S SR "'i

$

-1,

400 800 200 1000 1200 1400

EIGHT ~

I
5
3
T

60

WEIGHT LOSS (PERCENT)
3

10

Flgure 2-33,

600 800 1400
TEMPERATURE 'F)

Thermogravimetric Analyses of "THERMO—L_AG”
T-500-6 for a Termperalture Increase Rate of 9°F
per Minute

2-52

s s e e I P TS 3. S0t



b
| "8
o .._1
poo “
s -
-
i =
Sy -8
! H e
[ H
Lot i
Vo w
) g
. m
. i
uw [ !
- <)
: w el
) . g
i ' b .
Lo - w [
H . X o]
. “ s
[ = @
o
. 2 S
e
m oo
: &)
o i
b =
_m £
me 3]
|
i -~
- B
wn
4 |+
Ve ey . A" -
; ity —alg
. 1O ' N
13 A
L ] et Lo | i i L L L
ot o b U e Ameae g S

% & g & g 2 (LNAHHAd) 5SOT LHDIAM

"THERMO-LAGH

2-53

TEMPERATURE ("F)

T-500-6 for a Temperature increase fRate of 18°F

Thermogravimatrle Analyses of
per Minute

e

Flgure 2-34,



TEST METHOD, The gas analyses were performed wlith the
column temperatu~e at 40°C, an applled detactor current of 20C
milllamps, and wi'n nellum pressurlized at 25 pslg, 7The gases
used for calleration were those Indlcated by an analytical study as
possible ablatlon products,

Gas samples for callbration were prer-red by successlvaely Injecting
2-m] samples of callbrated gas Intc a 270-m! sample pyrex bulb

of hellum gas, The mixture was analyzed after each addltlon of

gas so thai the locatlon and ampiltude of each peak could be ldentlfled
with the partlcular gas coriponent, The saimple system was Inltlally
under a vacuum of 10'2 mm Hg.

RESUL TS, Data foer the cnromatogrems obtalned for the ablatlon
gases are recorded [n Table 2..6. Flve major peaks were recorded
with the slllcone column, The tlirst twe ilsted peaks are definitely
mixtures of varlous gases, The fourth and flfth peaks dld not corres-
pond wilth any of the cas componerits used In callbration, The nlne
minor peaks Indlcated iraces of hydrocarbcons. The molecular sleve
column gave deflnite ev=zluatlon of gases, recordlng slx definite peaks
whlch corresponded to callbrated gases, Callbration of the sllicone
column for the gases hyarogen fluoride (HF) and boron trifiuoride
(BF3) '‘~vere unsuccessiul,

The Indlcated compositinns of the gas products of "THERMO-L AG!
T-~500~-4 are recorded In Table 2-7, The recorded data represents
approximately 87 percent of the total sample,




"THERMO-LAG" T-500-4

Gas Mole %

H2 45

=0 not detected

O, 0.1

N, 0.8

Methane 17.6

CcoO 6.¢

Coz 8.2

Ethylene

Ethane 1.4

HoS 5.8
Table 2-6, Gus Analysis Of Noncondensable Ablation

FProducts By Gas Chrematoaraph
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SECTION 1li

THERMAL PERFORMANCE OF
“THERMO-LAG” T-500
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PART A - EXPERIMENTAL INVESTIGATIONS

An investigation was conducted to obtain and interpret experimental
data relating to the thermal performance of "THERMO-LAGHY
materials in environment typical of Anollo class vehicles. The
program objective was to secure information necessary to the
design of & T-500 heat shieid system for entry heat protection

of advanced manned spacecraft. The experimental phase of
the investigation was based upon environmental criteria derived
from the entry trajectory shown in Figure 3-1, and was performed

to determine the effects of specific environmental condition variations
upon the ablation performance of "THERMO-L AG!" material.
E xperimental air-arc test series were conductec as follows:

Series 1 - Transient Performance

Series 2 - Effects of Stream Oxygen Concentration

Series 3 - Effects of Model Configuration

Series 4 - Effects of St~eam Pressure 5§
Series 5 - Effects of Stream Energy

Serles 6 - Effects of Gaps and Dlscontinulties

Series 7 - E.fects of Vacuum Exposure )

Serles & - Trajectory Simulation

Serles © - Effects of pstream Mass Injection

The ablation peirformance of T-500 material during exposure to a
radiative infrared heat flux was also investigated.

AIR ARC JET TEST MODELS

The three mode! configurations listed below with both 5/8-inch
and 1.0-inch nose radii, were used:

1. MHemisphere-cone
‘2. Hemisphere-cylinder
3. Fiat-faced cylinder

A photograph of the three basic modeis tested is shown in Figure 3-2.
The models consisted of a hollow 0.02 inch thick steel aft body

two inches long, spray-coated with "THERMO-LAG!" T-500

and a two-inch long solid molded nose section. Figures 3-3 through
3-5 show details of test model construction and instrumentation. The
aft body was sprayed to a thickness in excess of 0.100-inch,

cured, and then machined to a thickness of 0,100 + 0.005 inch.
Instrumentation of the aft body consisted of three 28-gage chromel-
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alumel thermocoupies located 120 degrees apart and spot welded

to the steel sleeve, l-inch from the aft end of the sleeve. The
nose section stagnation region was provided with a thermocouple
affixed to a 5/16-—inch diameter, 0.030-inch thick copper disk which
was positioned 1.250 inches aft of the stagnation point,

CALORIMETERS. The air-arc jet was calibrated for stagnation
point conditions with the steady state, 5/8-inch nose diameter
water-ccoled calorimeter shown in Figure 3-6.

A measurement was made to verify tunne! performance prior

to each test run. The stagnation point heat transfer rate was
corrected for model geometry and wall temperature by the familiar
relationship:

" -1/2 '
Gg_moc~l Model Rdd'f‘ls hy=hyy mode} 7x Shape Factor
qs calor. Calor. Radius hi=-hw calorj

where' the shape fzictc)r‘ for fla1 face models is 0.55 and is 1.00
for Hemispherical rnodels.

o .
Hea! flux at aft body areas was determined by short duration,
hot- swvall calorimeters having configurations as shown ' in Figures
3-7 and 3-8. Both r.opper and graphite calorimeters were
constructed 1'=ing copper and graphite sensors), respectively.
Sensars were fitted with thermocouples with junctions located
at a point L./ 3 from thez back of the sensor. Data obtained
from stagnation region sensors were compared with time-~temoerature
‘data from side wall sensors to establish a relationship which,
with stagnation region data obtained from co'd wall steady state
calorimeter results, was used to determine the magnitude of
side wall heating rates.

Calibration rasults are presented in Figure 3-9 where the ratio
of local heat i1lux to stagnation heat flux is shown ve,sus
stagnation heat flux.

SUMMARY OF AIR-ARC TESTS

Table 3-1 is a tabular summary of all data pertinent to air-arc
testing performed under this contract.

RELIABILITY OF DATA

To achieve a wide variation of test conditions, isolated tests

weaere run at particular conditions which were not a part of a
transient series. These data were used for comparison purposes
where an energy balance was not involved. The comolication
which prevented the assurance of an accurate energy balance
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Figure 3-2, Photograph of Re-Entry Simulation Models Tested
In The Air-Arc Plasmajet Tunnel

N



for an isolated test was the nonlinearity of recessiorn rate and
surface heating with time. Two factors involved vere: debris
layer arowth until a maximum thickness was achieved, and model
shape change due to nonuniform heating alona ihe surface.

To consider peculiarities found for certain t:sts, a method was
necessary to compare all data to ascertain the validity of these

tests. The performance consistency of the inalerial was obtained
by correlating the surtface temperature with tota! virgin material
recession at several constant exposure times. A definite

relationship beiween surface temperature and recession was
obtained and gave an averace deviation from the mean value of
4.8 percent. Consistent material ablation performance was
therfore achieved. The second facior wwas the magnitude
accureacy of the actual plasria properties at the model stagnation
region, which could vary from reported conditions due to off-
design operation or model misalignment with the location of
maximum plasma stream enthalpr. The laiter effect was apparent
at the 23,C00 Btu/Lb enthalpy level. The chosen method of
comparison concerned the compu@ton of an effective gross heat
of ablation or vefficiency" defined as:

Heff Qew X total exposure time

evm X total recession

where Qqg,, is the calorimeter measured cold wall total heat flux
and evm is the virgin material density.

The resuliting values were compared at several constant stagnation
pressures for a given cons.ant exposure time (Figure 3-10).
A certain degree of scatter was produced but consistent trends

were established. Several test runs showed a poor correlation
with other data in this figure, and were not considered in the
evaluation of material performance. Ths particular models

showing inferior performance with respective models of similar
geometry were N-21, N-29, N.75, and M-6. This comparison
process was nct necessarily valid for the low enthalpy runs
since the test modeis performed as though near radiation equilibrium
as noted by the 38,000 Btu/L.b efficiency of Model N-9. An
increase in affective gross elficiency with respect to test duration
at a given pressure and enthalpy ditference existed because of

the nature of the definition of the efficiency term. The actual heat
flux to the hemispherical nosed modeis at the higher enthalpies
was less than the calorimeterr measured value for the larger
durations because of shape change. At the smaller durations

the value of total heat flux to the model was as measured

but the average mass loss rate was higher than the instantaneous
rate. The overall result gives values of effective efficiency

3-1




lower at short expcsure times and higher at large exposure

times than the corresponding value of true efficiency at a particular
enthaipy level. This resulit is valid only tor the hemispherical
nosed models. Thus, ablation histories rather than isolated

test points were used as the basis for the analytical evaluation

of ablation performance parameters.

SERIES 1-TRANSIENT PERFORMANCE

PURPCSE. The purpose of the transient test series was to
establish the virgin material thickness, the debris layer thickness,
‘e derris layer surface temperature, and the temperature response
vitnin the T-500 material as furctiors of time for seiected en-—
vironmental conditions,

TEST CONDITIONS. The nominal test conditions are shown
ir Table 3-2.

TEST MOULELS, The test models used for this series of tes's
were tao-inch diamter hemispherical cylinders,

ivi'nber of Stagnation | Stagnation | Stagnation | Type Test
Tests FPressure E nthalpy Heat Flux of Duration
Periormed (Atm) (Btu/Lb) ! (Btu/Ft2-  Model {Sec)
Sec)
6 0.0098 3,500 35 2'-2] 30010 3600
4 0.0076 5,000 43 " 25,75,420,900
4 0.0064 9,440 110 " 90,150,320, 380
22 0.0160 9,780 170 " 45 to 500
3 0.0100 17,500 300 n 45,90,150
6 0.0270 23,000 456 " 15,372,45,90
‘ 150,470
Table 3-2. rransient Test Matrix

For the transient series, duration of model exposure was the

primary independent variable. Six air-arc test conditions were
investigated. Prior to mode! exposure, the plasma jet was
calibrated. The models were then exposed in sequenrce at

that environmental condition. Test data were obtained for both
the stagnation and the aft body regions.

DISCUSSION OF RESUL TS, Histories of stagnation point
ablatiorn data are given in Figures 3-10 through 3-15 for each
test conditicn, Sidewall ablation data ‘were obtainsd for a
heating range of 5 to 39 Biu/Ft2-Sec, Typical sidewall
ablation results are shown in Figure 3-17,
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The modeis exhibited two basically different types of behavior
depending upon the envirormental exposure conditions; an
essentially nonreceding debris layer was formed under low heat
flux—-low enthalpy conditions, while receding debris layer was
observed at high-heat flux, high enthalpy conditions.

LLOW HEAT FLUX CONDITIONS { <50 BTU/FTZ-SEC) -
LOW ENTHALPY (¢ 5000 BTU). Seven hemisphere-cyiinder
modeis of 1.0-inch nose radius were exposed to a cold wall
stagnation nheat fiux ot 30 Btu/th-Sec at a stagnation pressure

of 0.0098 atmosphere. Test durations ranged from 12 to 60
minutes. Transien! performance was observed for the entire

test duration (Figure 3-11) and was characterized by a continued
increase in debris layer thickness and a nonlinear recession
history. The debris surface approached ternperatuire equilibrium
as evidenced by the almost constant observed temperature of
2800°R did not recede and had a glassy appearance. WVirgin
material recession at a &§0-minute exposure time was 1.05
inches, and the corresponding debris thickness was 1.0 inch.
The measured debris densily was varied from 9 l_b/F-'t3 near
the subliming surface to 30 L,b/F—’t3 at the expcsed surface. Debris
density measurements are presented in Figuire 3-186.

Similar performance was noted for the 48 Btu/th-Sec stagnation
heat flux case at a total entkalpy of 5000 Btu/Lb and 0.0076

atmosphere stagnation pressure {Figure 3-12). Four 1.0-inch
radius hemisphere models were tested tor durations from 25 to
900 seconds. Transient recession cccurred for the total

exposure time of 900 seconds, and wa< chnaracterized by

a continually increasing debris thickness with the mass l!oss rate
changing as a function of time. The suriace attained an
equilibrium temperature oi 3200°R within 100 seconds. A
white-colored glassy surface was formed with moderate debris
layer recession. TThe debris thickness at 900 seconds was
0.35 inch., Data analysis indicates that radiatinn cooling from
the surface of the debiis layer was the most significant mode

of "heat blockage" at these environmental ccaditions.

HIGH ENTHALFRPY ( = 10,000 8TU/LBM) - HEAT FLUX

( = 100 BTU/FT2.SEC). At the higher energy levels the
debris layer was consumed and reached a steady-state debris
layer thickness. The debris layer surface was black in color
and porous. A relatively short transient phase of rapid debris
layer growth to a maximum thickness of 0.15 inch was followed
by steady-s tate performance characterized by a nearly constant
debris thickness.
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A series of tests were conducted at the 10,000 Btu/L.bm enthalpy
level for a stagnation heat flux of 170 Btu/th-Sec and stagnation
pressure of 0.016 atmosphere. The maximum duration was 465
seconds, at which time the measured virgin material reccssion and
debris thickness were 1.317 and 0. 144 inches, respectively (Figure
3-14). An eauilibrium surface temperature of 4200°R was attained
within 40 seconds cf exposure.

HIGH ENTHALPY (175,000 BTU/LLB) - HIGH HEAT FLUX
(300 BTU/FT2_-SEC). The 17,500 Btu/LEt total enthalpy

condition was attained at a stagnation heat flux of 300 Btu/Ft2-Sec
and a stagnation pressure of 0.01 atmosphere. Four models were
tested, three of which \were 5/8-inch radius hemisphere cones

and the other a 5/8-inch radius hemisphere cylinder. The maximum
test duration was 300 seconds. After rapidly achieving a steady-state
debris thickness, an increase in debris layer thickness was observed
with increase inexposure time (Figure 3-15). This behavior
attributed to model shape change during exposure. The maximum
debris thickness was 0.110-inch and the virgin surface recession

af 300 seconds was 0.682-inch. A maximum surface temperature

of 4200°R was observed.

The most severe test conditions were; totai enthaipy of 23,000
Bt/ b, stagnation heat flux of 450 Btu/th-Sec, and stagnation
pressure of 0.027 atmosphere. Six models were tested at this
conditicn for exposure times ranging from 15 seconds to 270 seconds.
The models initially possessed a 1.0-inch radius hemisphere-cylinder
configuration. After 50 seconds -~xposure the modei showed a

visible shape change, giving the appearance of having been slightly
misaligned in the jet. The stagnation line virgin surface recession

at 270 seconds was 0.875-inch and the corresponding maximum
debris thickness was 0.091-inch for a surface temperature of 4660°R.
Equilibrium surface temperatures were attained within 25 seconds

of exposure (Figure 3-16).

3~24




x10%

6 v R S . \
X:~* g SCETEERTsEC ) ;_,.....'--—#@

Mgy 0 IWRT A8, Pl \ :/fv"'sa:mw

-
.
L]

[N N

»> 3]

8 N 88
m (LB/FT2 - SEC)

—
©

Surface Temperature (°F)

s
o

.2 17 (& :”\‘
, x"l—'

4
10 2 .:/-
| .‘:—.—-‘_—“\__-#._.._.nl——_a---——— —--—_-—_4

50t o pire - I A, 350
xlmu (Seconds)

Recesston of Virgin and Debris Materials (Inches)

Flgure 3-11, Transient Histories

3-25

e ST . awch -




. . . -
- (-] < <
Surfice Temperature (°F)

.
[N

Recession of Virgin and Debris Materials {Inches)
o

X102 x10-3

30

[
N

»
o

-
id

—
(=4

m (LB/FT2-8EC)

[ — -.r—l._————-g——,-.—'—-'—-l.—q--h-p———--r-‘d-‘T-d

F: 1

"l

_nurf.

5
4
JF— ..@. .- e - ‘#"-—
o, - -
-
2:&--!@- S

Flgure 3~12,

3060 '460" '

: :..’\J‘OBIL:LBm

+ 05,000 BT LB, - e
D5,%00 BTULBm | | L i

_ 48 BTL 1-"r2-sac .

qatﬂg

Debrls Layer

500 " 600 700 " Tgoe T T W .
Time (Seconds)

Transient Histories




Recession of Virgin and Debrie Materials (Inches)

1.0

.6

X10

Surface Temperature (°F)

2
40

36
32
28
24
20
18

12

x10-2 -
ot ! ! R uoB'm/rrz-sxci
i L P i i ilgrag 9,440 BTU/LB,, -

Maodels "Tested
D-1
-2
D-5
nN-10

<
b T

m (LB/FT3-8EC)

. 100 ' 200 ' 300
Tiume (Seconds)

Flgure 3-13, Transient Histories




*( Z 40 | 189Yys ) sSeldois|H jus|sued}  ‘Hl-g SJnbio

(SaNOOES) - swil

004 009 00¢S 00% 00€ 002 004 0, W v -
1 L i :
: (3]
(L8 )
2 ; .
* \ k4 W Q2 .m
v o
e ol g
J ¥° < 8T »
i — _ 5 5
1 ~ Q, o
\ 9° > LO” .HQH
\\.o z S
A o B e £
r:mt_\/x m N %
q -
H r \ » 73 (@]
'll-hll L iy I g 'lllllll_f.llllnlll.lllillllll-l[-l'llll llljo Fmo Qn Slﬂ
, T_Dm.r @
_ | 2 3
z° 1L~ foc
P — 000D o e "
Zz - I - 3 ® m... ._.o_
T-T=-Qq e Pl Jee
€ = 99D ° 1
L - HH o = 3
€ - g8 A 9" L Z oY
2~ +t-a @ m
zZ -3 0O .
13 - g 1 M gy
wg-/Nlg 0000l = mﬂmﬁ T - HH @ o
O3S-pL3/NLS 041 = Beisp I -2 O
a3als3al ST13AOW




002

‘{ 2 jo g weys ) :manto.,am_l Jue|sued |

(saNoo3S) - swilL

*H1-¢ ounbl—4

00 00t 00€ . 00% 00t 0
bmk QS o
“ I (A
: _ !
i Tae
rd W
Mmo
“1
i k\
—— : 8’
/1 .
e s o— IJ — v —— wmE e —— llllllil.l‘llvl.lluf:\ulmlll o —.
L
# i z°1
€8 - N ©
A oo N S _
7 9% - N © A
slugeQ \ . _ ¥ - N @ _
. X p o N 7€ - N A
1 2 - N O 9°1
c_mz_>x\\ oz -N O
| 6L - N S .
wgm/NLsa 0000l = B®ISy Ll - NV
oIS~ 1d/Nnig ol = °N% eoN w

a3alLs3al sST13Aon

(,SEHOI;II) - s|e|Jeley SlUgeq pue UBUIN jO uolsseder

e
9T

8¢

N M—
< N [=]
(2] (2] L

"

-
b

01 X =, = MN% ] ‘teummusdwe ). eomjung

z—

3-29

B T L ——

LT, =S
K PR
s .




Recession of Virgin and Debris Materials (inches)

.5 w
.4 36
g
38 32
[}

e
g
D
’ | 3
‘2 N @ 28
3
a
.1 24
0 20

x10 2

Figure 3-15, Transient Histories .

g
1

L
I
e
i

Time (Seconds)

3-30

S

W e SN S SR\
Iy ™
LS



N

‘q... - 430 BTl FT2-SEC -

%10 X10-4 sLay;
. 1.0 5 . Hgray - 23,000 BTU, Li3
;
-8 4 2.0 = Modiis Teked e

tv N 22

: A N-1]
: .6 3

SN-2

].9.. X
' v N-26
B¢

@ (1.B/FT2-SEC)

Surface Temperature (°F)

Recession of Vfrgin and Debris Materials (Inches)

' " { N-65
;e .4 2 1.7
.2 1 1.3
e
-f’p#
27 o0 :
! 0 0 13" T - . b
. . 100 T 200 3n0
: Time (Seconds) ’
Flgure 3-16, Transient Histories
1

i

|

E i

! ' _. 3-31




m
!
|

i
: o &
P n
' '
Py . . TS
. . e
. n
R B 5 .
A — A
£ o
v = -
% SR
i o
9 i
= k4 -
9 ., A - 0
L ) ol -
i~
- R .
1 E

L N
] R " -
Ui,
~ — o
NW =t TNy
N ] 1 (] 1 ' 1 H
S AV A A A4

Tx oA <G

b

- ® @ & &
. o =) o =

{soyouy) ,.o;muu.vm ?mwsmuEb s12gaq) ﬁﬂnc.«xS UjdatA

T o "> ~
: .

< (3] —
" (0TS-5 13 /€7T) ~w

n L)

g g 8
o he
(d1,) aanieradwa), ajensqng
g 3 3
2 S

el

(=]
o v
(' re0) ‘(3,) oamjeradma ], aoeyang

1000
200

2500 ,
500

Time (Seconds)

i ransient History

dewall

=

Flgure 3-17,




O —

F7

TEST CONDITIONS

= 33 BTU/FT2.SEC

A

i

H, = 3500 BTU/LBm
\ F’t = 0,042 ATM,
2 Inch Diameter Model
\ Mach 3 Test Section
)
\ j
!

- N

A

7

B | N

NOMENCLATURE \(\

® - 1 Hour Test

A - 15 Miutes Test
ps - Density of Virgin Material l
P ~- Density of Char Material
x - Distance from Surface
Char l_ayer Thickness

O
0 .2 4 .6 .8 1,0
A x

x

Figure 3-18, Density of Debris L.ayer as a Function of
Debris L_ayer Thickness,
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SERIES 2-EFFECTS OF STREAM OXYGEN CONCENTRATION

PURFOSE. Tests were conducted to determine the tunctional
relationships between the stream oxygen concentration and the
debris layer recession and energy balance. The objective of
these tests was to determine:

1. Effect of surface oxidation on the overall gross material
performance.

2. Debris layer surface oxidation in the rate-controlled regime
as a function of oxygen partial pressure and surface temp-
erature.

3. ldantification of the rate-controlled and diffusion-controlled
regimes.

TEST MODELS. The model configuration for the 10,000 Btu/l_bm
enthalpy series was a 5/8-inch nose radius hemisphere-cylinder.
Hemisphere-cylinders of 1-inch nose radius were used for the
remaining tests of the oxidation series.

TEST CONDITIONS. Tests were conducted at the environ-
mental conditions shown in Table 3-3.

For each nominal condition the volume oxygen concentrations of
the plasma stream were adjusted to 0, 7, 15, or 21 percent.
Test duration, heat flux, and enthalpy were maintained constant
for each series of tests. The tota! enthalpy was varied from
2,500 to 15,000 Biw/l.by with corresponding heat fluxes ranging
from 48 to 300 Btu/F—"t2~Sec.

All other air arc tests were performed at an oxygen concentration

of 21 percent by -volume and the data were used to supplement
the oxidation series data.
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N w———

Stagnation Cold Stagnation Nose Test
Mode! Wall Heat Flux Enthalpy } Radius Oxygen | Duration
Number { Btu/FtZ~Sec) (But/Lb) (In) (%) (Sec)
#
N-105 279 10,085 5/8 21 150
O-1 297 9,897 5/8 15 150
O-2 295 10,055 5/8 7 150
0-3 301 10, 165 5/8 0 150
N-21 105 15,150 [ 21 300
0-6 108 14,988 1 15 300
o-7 105 15,185 1 7 300
n-8 107 15,052 1 0 300C
N-54 105 5,100 1 21 300
O-9 109 4,965 1 15 300
O-11 107 5,000 1 ? 300
})-13 109 5,110 1 0 300
N-64 47 .4 2,550 1 21 420
O-14 48.7 2,488 1 15 420
©-15 46.8 2,510 1 7 420
O-16 47,9 2,505 1 0 - 420

Table 3-3. Oxidation Test Mat-ix

DISCUSSION OF RESUL. TS. Test results =re shown in
Table 3-4. The dependency of surface tempe’ “wire on stream

oxygen concentration is shown in Figure 3-1¢ Virgin surface
recessions are presented in Figure 3-20 as . functi. . of oxygen
concentration. Figure 3-19 indicates smooth variziion ! face

temperature with change in oxygen concentration except i.. one
run at percent oxygen concentration and 10 000 Btu/L.b ~ninalpy,
and all runs at the 21 percent concentration.

A comparison of these surface temperatures with other iest runs
at about the same conditions and the correlation of Figure 3-10
provides a basis for determining the validity of the 21 percent
oxygen runs at the 10,000 and 15,000 Btu/L_bm enthalpy levels.,
The high surface temparature for Mode! N-105 (g = 300 Btu/Ft“-
Sec, H, = 10,000 Btu/Lb) was found to be consistent with the

other data. The performance of Model N--21 {g = 110 Btu/F’tz-
Sec, Hy = 15,000 Btu/Lby,) was found 1o be substandard.

An increase in surface temperature as the oxygen concentration
was increased from 15 to 21 percent at the higher enthalpy levels
is evidently correct. A reverse trend was found from the relation-
ship between virgin material recession and oxygen concentratiorr
(Figure 3-20) at the 5,000 Btu/l_l:)m enthalpy level. The 21 per-
cent oxygen run (Model N-54) showed considerable decrease in
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surface temperature with respect to the 15 percent run. This
temperature was found to be consistent with that observed for
Model N-9, which was tested at the same condition.. The cor-
responding virgin material recession of Figure 3-20 was consistent
with the surface temperature-recession correlation of Figure 3-58.
The 2500 Btu/L_b enrthalpy level showed a result similar to that of
the 10,000 Btu/Lb enthalpy level, giving a marked increase in

. surface temperature at the 21 percent oxygen concentration. Cor-
respondingly, the virgin recession was compatible with the meas-
ured surface temperature.

METHOD OF DATA ANALYSIS

Recognizing complicated physical and chemical phenomena arising.
from oxidation reactions between high temperature (above 5000°R)
air and the carbonacecus debris, it was intended in the analysis
of the test data to eliminate lower order factors or mechanisms
by utilizing published data.

The rate of oxidation of carbon in a high energy air stream is
contingent upon the rate of the following five processes:

1. Transport (diffusion) of oxygen to the surface.

2. Chemisorption of oxygen impinging on the surface.

3. Chemical reaction between the chemisorbed oxygen and
carbon.

4, Desorptionn of the product carbon monoxide from the surface.

5. Transport of carbon monoxide away from the surface.

Processes | and 3 are acknowledged as controlling actions, where '
process 3 occurs within the reaction ate-controlled regime beiow
the transition temperature, and process 1 occurs at and above the

transition temperature. In the rate-controlled regirne the oxidation
rate is a strong function of the temperature and partial pressure
of exygen as expressed by the Arrhenius rate equation. In the

diffusion-controlled regime, the reaction rate becomes so rapid
that the oxygen diffusion rate becomes contl_"olling'.

In reducing and correlating the experimental data, an attempt was
made to'determine the reaction rate and the order of. reaction
utilizing an activation energy of 40 Kcal/mole. As reported in the
literature a check of the - analytlcal values was made from a cross-
plot of recession vers us surface temperature as a function of test
time. -The reaction rate and the order of reaction were- found

to be 100 inches/seconds-atmosphere .25 and 0.25, respectively.
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The reaction rate can be expressed in the generalized form:

.25 -3¢
%;‘/ﬂﬂ (/ﬂz) e 200/ T

The terms are expressed in inches, seconds, atmospheres, and
degrees Rankine. The ranges of variables at which the expression
can be expected io give good correlation with measured recession
rates are:

Tw {°R) 3000 - 4000
PO, (atm) .0001 - .006
Hb,stag (Btu/l_b,,) 2500 - 15,000

To determine the oxidation initiation termperature and the transition
temperature above which the oxygen diffusion rate becomes con-
trolling, the recession rates versus surface temperature for
several oxygen partial pressures levels were plotted. A typical
plot for a stagnation pressure of 0.029 atmosphere is presented
in Figure 3-21. The oxidation initiation temperature is 3000°R
and the transition. temperature from rate-controiling to diffusion-
controlling was found to be approximately 3900 to 4100°R.




SERIES 3-EFFECTS OF MODEL CONFIGURATION

PURPOSE, Various model configurations were utilized in the
air arc test program to achieve, within the limitations cf the

test facility, a range -of heat flux while maintaining constant
stagnation pressure and total enthalpy, in the course of the
experimental work, it was apparent that the initial model shape
had an effect upon the ablation performance of the material and
that, in scme instances, where model shape varied with exposure
time, nonlinear recession histories resulted., An analysis of

test data was made to classify, wherever possible, ablation
performance characteristics traceable to model geometry,

TEST MODELS, The model configurations tested were 5/8-inch
ana 1,0-inch radius hemisphere-cylinders, hemlsphere—cones and
flat faced cylinders, “

TEST CONDITIONS, Data from all test conditions shown ‘in
Table 3-1 were considered, ‘

DISCUSSION OF RESUL. TS, The gross effect of initial
geometry 'x on material performance was discernible over. the-
range of geometries tested; however, only qualitative results
were determinable concerning the effects of transient model shape
changes during exposur‘é. The ablation data analysis considered
model shape effects in terms of debris layer behavior and ablatlon
efficiency,

DEBRIS LLAYER BEHAVIOR, Debris layer behavior was
studied by comparing: surface effects for. different mode! dlameters
and surface effects for different nose conflgurat!ons at a constant
diameter, - :

The measured surface temperature it test terminatlon was plotted
ag alnst post test measured debris layer thickness for models of a

‘glven nose diameter and geometry (Flgure 3-30), Results showed

that the debris. layer thickrness for the larger dlameter models was
greater (han for the smaller dlameter models at.an equal surface
temperature for enthalples of 10,000 Btu/l.b,, and greater, A
clearly defined behavior pattern was not avallable at 5000 Btu/L.b
enthalpy and lower where, chemilcally, the debris Is much more
stable, The larger debr'ls thickness for the larger models was
qulte apparent at surface tempmratures greater than 4100°R,
Lower surface temperatures, of which Model N-94 Is typlcal, did
not show a distinct difference; The data Indlcate that the surface
reactions are dlffuslon~controlied at surface temperatures above
4100°R, ' The Implications are that a nose dlameter scale-up would
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produce a greater debris layer thickness than exhlbited during the
plasma jet testing of small nose radil, The 'ncreased debris
thickness would Impreve materlai efficiency.

A trend noticed to a lesser degree is that the flat-faced models,
N-71, N-73, and N-112, produced a smailer debrls layer thickness
than the henispherical-nosed models of the same diameter, This
eifect was less clearly discernible, slhce many of the hemisphere
nosed models attalned a varylng degree of bluntness during ablation,
A greater net heat flux to the surface »>f the flat-faced models at a
glven surface temperature than to the stagnation reglor. of the
hemisprere-nosed model wouid produce the above result and Is
possibie through Incr'eased exothermlc reactlons within the boundary
layer, :

ABLATION EFFICIENCY

. The existence of translent canfigurations s evident from the .

Fhotographs and surface temperature traces of models run at
varlous test polnts of the Plasmadyne test matrix. .For example,”

.consider the models run at test polnt number 27, Model numbers

N-65 and N-73 were a 1-Inch radlus hemlsphere cylinder and :

‘a 1-Inch radlus flat~face —odel, respectively, and are vrical

of those run at test point 27, . The flat-face model afier

a 100-second exposure shows’a finite radius of curvature at the
exposed surface. The temperature trace for thls model exhiblts

an Increase In the surface temperature as exposure time Increases
beyond 55 seconds, This Indicates that the heat flux to the

model surface Increased with the shape change, Model N-65 ,
exhlblts a constant surface temperature for the entlre run, Indicating
a constant net heat flux; however, the post-exposure photograph

of Model N-65 showed that the point of maximum heating did not

‘occur at the stagnatlon point, but, at some unknown dlstance from

the centerline. This Is a result of the presence of a conslderable
radial variation of total enthalpy, misalignment of the stagnation polnt
with respect to the point of maximum enthalpy of the flow fleld, This
sltuation exists to a- much lesser degree at the fow heat flux -

low and moderate enthalpy stagnation conditions since the radial
enthalpy variatlons are much less pronounced, For these low"

heat flix - low and moderate enthalpy stagnation conditions, the
unsymmetrical conflgurations developed only for ex-osure tlrnes In
excess of 100 seconds, N
Figure 3-10 Is a plot of the average cold wall ablation efficlency, -
Hetff, a@s a functlon of the enthalpy dlfference across the boundary
layer for the .test runs having & 21 percent c:”/gen concentration,

" A comparison of the ablation efficlencies aof flat-face and hemlisphericai
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cores and c)linders &t simllar enthaipy levels gave a measure of
the effec! of Initlal model shape upon material performance,
provided the models durlng exposure dld nct exhlbit iransient
conflguraticn characteristlcs as mentloned previocusly, Examinatien
of post-iest photographs and surface temperature ‘races of models
M-16, N-106, and N-1i2 2! test pcint 18 and models .. 39

ard N-71 at test point 25 showed that these models satisfy

tte requirements of corstent mocel shape and, therefere, are
amanac'2 to analysis.

Modeis ™M 12, N-106, and N-i12 were hernlsphere-ccne, hemispher
cy''nder and '‘lat face modeis, respec‘ively with 5/8-Inch nosea

radlf, Compariscr: ¢! the ablatlon efilclercy date from these rmodeis
at test polnt {2 shcws a c¢reater meaterial “filclency to be Indlcated
by the zone than by the fiat face mode!, UL'sing the flat face model
resulte as a basls of reference, the results from the conlcal

mode! ars ¢U percent greater and the results from the cyllndricai
rmodel are approximately 28 percent graater than Indicated by the
flat face model forr an equlvalent enthalp: drop across the boundary
layar .

Medel MN-29 and N-71 are a hemispherea cylinder and flat-face
models, respectively, botn of one Inch radlus, Test polnt 25
conzisted cf a stagnation pressu.;e of 0,020 atmosphere and
enthaipy of 17,500 Btu/l_bm, Compa: . .on of the ablatlon efficlencles
indicated by these mcdels shows that the same trend Is obser.od
et test polnt 25 as at test point 18, In that the hemlsphere-nosed
modal Indlcates areater efflciency thar does the flat-face rmodel,
FFor thls 1est point the hemlsphere~c, linder result Is at least

20 percsni greater, The actuai efficlency differenca Is probably
greater than 20 percent since meodel N-29 showed a low rating
in the data comparlson of Flgure 3~10, Analysls of conical and
cylindrical models oif equal radil tested at other points exhiblted
the same trends .,

Comparison ci the effect of Inltlai model geometry at test polnt 27,
the 23,000 Btu/l_by, enthalpv level, wes not posslble (0 the develop-
ment of transient unsymmetrical conflguratione as previously polnted
out, The translent nature of the mode! conflgurations ¢f N-65 and
N-73 resulted In the ablation efflclencics Leiny equivaren,
approximately 22,100 Biu,L by as noted In Figure 3-10, The
regu., ement ¢ constant model shape durlhg expeosure was not
aticlev~d hers | therefors, no observable trena was noted,

The anaiysis of the effect of Initlal mode!l geometry upon mater-lal
performance led to the concluslon that the observed efflclency
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oi tne material was a functlon of the Inltlal mode! geometry., A
hemisphere~cone was found to Indicate greater efflciency than a
flat-iace model oi the same nose dlameter at a given moderate total
entrzipv level, At the high heat flux and high enthalpy levels,

the diifererice In Indicated efflclericy was not discernabls,
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SERIES 4-EFFECTS OF STREAM PRESSURE

PURPCSE. An alr arc tes! serles was performed to assess the
affects of stream pressure on the ablatlon performance of "THERMO-
LAG!" T-500 materlal,

TEST CONDITIONS, A test matrix was followed as shcwn In
Ficure 3-5, Suificlent test runs were provided to establish

the r-elatlonship between pressure and effective gross material
efflclency at constar! iotal enthalples of 12,000, 17,500, and
25,000 Btu/Liz. Pressures were varled by a factor of
approx!mately four &t each total enthalpy., Data firom the translent
serles were &also used so that constant test duration comparisons
could be made to compensate for iransient behavior,

Mcodel Tpe Stagnation Stagnation | Deslired Stagnation
and Serles Pressure Heat Flux | Sldewall Enthalpy
(Atm) (Btu/Ft2- | Heat Flux (Btu/Lb)
Sec) (Btu/Ft2-
Sec})
1-1/4 IN, hc (N) .024 300 24 12,000
1-1/4 IN, hc .006 165 13.6 12,000
1-1/4 IN, hc .024 165 13.6 12,000
2 IN, hc .005 170 13.6 17,500
LN, .020 170 13.6 17,500
2 IN, hc .020 310 25 17,500
2 IN, nc .009 305 {25 25,000
2 'N, fi .030 305 25 25,000
2 IN. hc .030 550 1 44 25,000

: Table 3~-5. Tes! Matrix -~ Ewvaiuatlon of Pressure
! Effect on Stagnation Polnt Ablation Kinetics

DISCUSSION OF RESULTS

Results from the flai face models were disrregarded In evaluatlng
the offects of stream pressure because nonconriformlily with tha
verformance correlation shown In Figure 3-10, Results from

the hemlisphere-cylinder mocels of thls tast serles ancd applicable
resuits irom oiher serles are presented In terms of average gross
effectlve heat of ablation In Flgure 3-22, Heatlng rates were
based or the ccld wall caiorimeier value,
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As shown In Flgure 3-22, a fourfold increase In pressure from
0.005 to 0,020 atmospheres at a constant boundary layer enthalpy
difference of 10,500 Btu/Lb resulted In a 13 percent Increase

In Indicated eificlency, This Increase In pressure correspocnded
to an increase In convective heating rate of 140 percent and a

16 percent Increase In debris surface temperature, Flgure 3-23
shews the relatlonshlp batween surface temperature and stream
pressure for several constant enthalples,

A measure of the net energy absorbed through gas phase reactlons
and senslble heatlng Is given In Flgure 3-24, Efflclency here

Is deflned as the net difference between the hot wall calorimeter
flux and the reradlatlon flux divided by the average mas=s loss rate.
A 30 percerit Indicated Increase In net efflclency was found with

a fourfold Irncrease In pressure at & constant boundary enthalpy
differerice of 10,500 Btu/L.b, A weak dependéncy of efflclency
upon pressure was Indicated at the 16,20C Btu/l_b enthalpy

_difference condltlon, The. scatter of data at thls condition reflects

slight performance varlation for dlfference geometrles, A cross
plot of Figure 3-24 for the 300-second test runs Is shown In
Flgure 3-25, It was found that the percentage Increase In
efflclency for a given Increase In pressure was conslderably
greater at tha 10,500 Btu/Lb enthalpy difference level than at
the 16,000 Btu/Lb level, The Increase In Indicated materlal
effectlveness resuiting from a chanae ln pressure from 0,005 to
0.020 atmospheres at the cconstant lower enthalpy wes 1700

Btu per pound-of ablatlve materlal, * The corresponding value_at
higher enthalpy was 700 Btu per pound.

The test serles has shown that the net efficlency dependence
upon pressure Is greater st the lower enthalpy levels In the
dlractlon of Incraased effactlveness with Increased pressure at
a constant total enttaloy, Data scatter did no! perm!t a

_ meaningfu! determination of the transplration coollng parameter;

however, It can be Inferred {rom the =!ope of the constant pressure

llnes shown In Flgure 3-25, decreasing with Increasing prassure,

that the transplration coollng factor Increases with decreésling
pressure for the stagnatlon pressure lavels tested,
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- SERIES L-EFFECTS OF STREAM ENERGY

PURPOSE. An evaluation of the material performance response
tc varylng tofai enthalpy at ccnstant heat flux \vas conducted to
obtain a measure of the energy transferred within the boundary
layer and also o deiermine the effects at the debris surface under
these conditions.

TEST CONDITIONS., An air arc test series was designed to

give a total enthalpy rarnge of 2500 Btu/L.b_ to 17, 500 Btu/Lbm
with heating rates in the range of 50 to 300 Btu/Ft -Sec.
{Table 3-6). Four healing rates 'vere obtained at each of three

enthalpy levels.

TEST MODEL.S. Hemisphere-cylinder models of both two inch
and 1-1/4 inch diameter were used in this test series,

ODISCUSSION OF RESULL'TS. The results are presented in
Ffigure 3-26 in terms of net cfficiency. Net efficiency is defined
as the difference between the hot walf -calorimeter flux and the
reradiation flux divided by ‘he average mass loss rate. An
approximation of the transpiration cooling factor was taken as the

“slope of the constant heat flux curves and found to be 0.80 for the
.enthalpy differences between 8600 Btu/l.b and 16,200 Btu/Lbm’

for models having a 5/8-inch nose radius. A more accurate

- evaluation of the transpiration cooling factor is glven m Analytlcai

Evaluation of Ablation Parameters.

Stagnation Stagnaticn Desired Stagnation

Model Type | Pressure Heat Flux Sidewall -Enthalpy -
(Atm) | (Btu/Ft2) (Btu/Ft12 | (Btu/L_b)

Sec)

2 r. he (M) |~ .03 50 4-6 2,500
2 In. he .015 50° 4-6 3,500
2 In. hc .007 50 4-6 5,000
2 In. hc .03 110 8.8=12.8 5,000
2 In. h¢ .007 110 8.8-12.8 10,000
2 In. hc .003 .1 110 8.8-12.8 15,000
2 In. he - ) .06 170 13.6-19.2 5,000.
2 In. hc .016 170 : 13.6-19.2 10,000
2 In. he __ .005 170 13.6-19.2) 17,500
1-1/4 In. he ] 03 300 24-36 10,000
1-1/4 In. he [,  .024 300 24-36 - 12,000
P1-1/4 In. hc .01 300 24-36 17,500

Table 3-6. Test Matrix - Vdmatlon of Enthalpy and F—’r'egsure
~With Constant Heat Flux
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The data was correlated for constant exposure time to compensate
for transient response due to mode! nose shape change., Test data
from other series was used tc compiement the data of the present
series, Considerable data scatter existed because of ablation per-

formance dependency on initial model shape. The best correlaticn
was obtained from the 300 Btu/Ft2-Sec heat flux level at the exposure
time of 300 seconds. These models were all the same initial nose
radius.

The two distinct types of ablation performance were observed here
as for the other test series; these characterized by the strongly
oxidized and the relatively inert debris layer. Similar to results
of the transient ablation series, material performance at total:
enthalpies of 5000 Btu/L.b,, and below; was found somewhat
independent of boundary layer enthalpy difference. The thick
debris layer obtained at these enthalpy levels and the absence of
signiiicant oxidation reaction leveis permitted most of the incident
heat flux to be reradiated.

A plot of surface temperétur'e versus  total enthalpy for constant
heat flux is given in Figure 3-27. The best correlation in the
debris oxidation regime here also was achieved with the 300 .
Etu/Ft2-Sec cold wall calorimeter fiux cases for an exposure
tune of 300 seconds. Surface temperature remained -constant as
the total enthalpy was increased from 10,000 to 12,000 Btu/L.b,

7

but further increase in total enthalpy to 17,500 Btu/l_b gave re-

duced surface temperatures. A stagnation pressure reduction
accocmpanied the increase in total enthalpy for a constant heat

flux. The reduction in surface temperature implies that the oxygen
reactions are moving away from the debris surface into the fluid.
boundary layer and debris volatilization is ‘preceding oxidation at

‘the lower pressure.

The surface temperature variation with total enthalpy at consiant
stagnation pressure is given in Figures 3-28 and 3-29. ! was
observed that an 800°R to 1000°R tenmperature increase occurred
between the 5000 Biu/l_by, and 10,000 Btu/L.b, total enthalpy
levels. The initiation of debris combustion is dependent upon
stream total enthalpy as well as heat .flux for the range of pressures
tested. Two test runs, models N-30 and N-46, compared at the
same_ calorimeter heat flux (163 Btu/F:tz—SeC) gave surface temp-
eratures of 3560°R and 4000°R at 5000 Btu/l_b,,n and 10,000 Btu/
b, total.enthalpy levels.” Tho surface temperature dlffer‘en\ce was
attributed to increased exothermic effects at. 10,000 Btu/Lbp, total
enthaloy, even though the pressure for N-46 was only one-tenth -

that of N-30. “The heat flux for run M-30 was _sufficient to cause -

,
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debris combustion at the 5000 Btu/i_b enthaipy level as indicated
by the smaller debris thickness than that for lo'ver heat flux at
the same tola! enitalpy, and aiso as ‘indicated by the disappearance

% of the glassy surface. A comparison of runs N-30 and N-46 on
: a net efficiency basis {Figure 3-26) showed the efficiency of N-30
: to be considerably higher than that of N-46,
5; il
i - )
i

[ .- ~ 3-54




XN| o 189 JUEISUCD 1V 32uaJdayiq \Aa_hmr;gcmv memd_,xLMUCJOm . . Lo
YUM Uone|qQY 10 189 BANOSHT 18N Sfeddny jo uohelden  "9Z-€ 8undlo - \ R

AMJ\ijvlwochmt_D AdjeyiuDm s9Ae] Adepunog

- _ > ,
0000Z 00081 00091  000%#1L 0002ZL 0000l 0008 - 0009 000%  :000% % % .
1 ) ' !
| | || : |
. . , 1 Q |
T w N vi—90O )
—_— = ¥eh ! 1 27 L,
Iy - ME - U 9£~N si-N" | |° *
or~NGs d . le _— m
_ 5\ \ =) = e o Py m Hun. )
m.lzl s Aﬂ\ d_ﬂ.\ . o =
7T/ 501~ $9-N 2
\_\ -2/ B z L«
" ¢
901 | N 7 7 ko3 | |
\Am@ /] S ”GH |
s e \\Qmmuz _ B °x
£ 4 0£~N 9 5 i
\\ \ - (7] .
_ < yd ¢ 2 3
4 .. >
i / m 3 :
P e | l —Je L
s rd siigeQ PaZIPIXO s|geQ PIZIPIXO T
\mam—l—Z\ . \A_mfo,\:m jo swibayd Aiespn o swiboay . m_
A 4 a1 . _ £
7 | T
e e RN , : — 4
_ ‘L\@ SANODI3S | 0Zy = 6 ‘OJsS—pldA/NL8 8y =b O NS
€2~ SANODITS 00€-0%! = @ ‘OFS—zld/Nig soi = b ¥V zt
; \m SAQNOOTAS S9y-59Z = § ‘OTAS—,Lla/Nis vl =b B § p
L SANOOIS o5t = @ ‘O3s-gzld/nig oot = b O ko 0
M 1 saNnoo@s 008-002 = @ ‘OIS, L"/NLg 008 = b O x
f :
~! . : STIOBWAS . i =
| &

ve o mmeeian s e AMMAGME I MARNRRIN RO AR T ARS Yan T T o

|
)
|
E
|



00007

Adjeyilz 19101 Ym auniraadwia | #98juns abBRUBAY (O UOHBIJEA

‘XN 1894 JURISUOD U0y

(g3/NLg) -~ Adjeyjuzmy [ej0 |

*LZ2-€ ounbi4

0008f 0091 000t 00021 00001 00C8 0009 000% 0002 0
T 000l
A _ ﬁ
SANOD3S 0z =6 ‘OFS-,L~4/N18 8y = b Q i
SANOD IS 00E~-0Ht = ¢ .Omw;a.ru_\j.rm sol = b ¥
SAQMODIS $e9789T = ¢ 'OAS-, La/NL8 04l = b O
SAaNODI3AS 0SSt =@ .Omwln.ru\j.rm 00€ = b [
SANCO IS 00€-00Z = @ .Omwlm.ru\j.rm 00 = b Q m
STICEWAS —je002
sIJqeC sidqgaq
PazZIPIXO AlBuoudlg pPazipIXO A|eap
e -
. jo awbay | jo awibayxy
- . _ x ﬂtooom
. 7o-N
e an.ZV\/A A
[ e _
| - L 0E-N
Srnh,, wuﬁ b 4@ L.
| w_ T Vi-9DO
.. A .i.,.ET..«....l......z,. l.lilﬁuw. - —{o000%
TN I Y - ..q
N )N, e W — —— p..l p—
T x ~26=N
T S0l "N
901 ~N
m P
_ L -Jo00¢

{Ho) — 2dmjeasdwa ] odejung abedany

3-56




we 5900°

Id sunssoua JuBlISUOD

G0y Adpeygiuzy uopvuBels; JO UoPODUN 4 B S aJniwdaduws | 9oRjunS *8Z-¢ ounb|y
. |
nlo_ x twgi/mg - Y4

4 <2 4 Zi 0 8 9 k4
) IR I IO AROOS PR D B ! _ f
| otuwne 8500”0 Py B |
| twne v50070 - A | h
L une 050070 - ey : : m
Wi 920070 o ' BT
| TWiF 8800°0 b
e itaiy
i }

0s°¢

06"

T

4 edeldng

faunjeuadws

4

3-57

e e e e o P RMBI T M e e



‘wiR 5100 &~ .n.._ fouNsSsadey uUBRISUOD JO)
AdieyjuD uopeubels Jo UoldUN o B Se adnjedadwa | 92 juns 'gZ-¢ adnbi 4

e-01 % "waqi/mg - Y

0z 8l 91 1 Al 01 8 9 t z c
. ‘ ‘ - T 00"
P P E 4 -
. U T g 4 | T
wie 9l0°0 = 'cd @ ® /
wie $10°0 = i O e ~ o
Wi 010°0 = o4 © L/
aNzozN L TON 185 =t -
_ _.. /
- 1. S 0 c8”
\\ r
. -~
3
Q) —
& 2 o 155 >
- 09
!I‘ﬁ‘-..n oo

e-01 X oo — S sumedadws | soejung
3-58




T RTINS "l I, L e

Symbols

- 1" Rad. Heml!sphere - Cylinders
- 11 Rad. Flat Faced -~ Cylinders

- 5/8" Rad. Hemlsphere - Cylinders
- 5/8" Rad. Hemlsphere - Cones

-~ 5/8" Rad. Flat Faced - Cylinder
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Flgure 3-30, Effect of Model Confilguration on
Stagnatlon Polnt Debris Thickness
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5ZRIES 6-EFFECTS OF GAPS AND DISCONTINUITIES

PURPOSE, A test serles was performed to determine the effect
of varlous gap widths and depths in the "THERMO-LAG! T-3500
heat shleld on the temperature attalned by the unprotected areas of
substraste materlal durlng ailr arc flight s'!mulation, The heat shleld
thickness and gap dimenslons selected are consldered praportionately
represeniative of heat shield discontlnulties which may be expected
at Joints, windows, and access halches of a typlcal spacecraft

hzat shleld deslgn.

TEST CONDITIONS, Test conditions were established according
to the test matrix shown In Table 3-7, :

TEST MODELS, Flgure 3-31 shows the layout of the two
dimenslonal test model used In this test serles, The mode!l was
designed to hold two ablatlve materlal gap spscimens with one
allgned parallel to the flow stream and one normal to the flow
axis, Gap dimensions and orlentatlon with respect to the flow
axis are shown In Table 3-8, Each specimén was Instrumented
wlith three thermocouples located identicaily wlth respect to the
gap location as lllustrated In Figure 3-33,

The model coollng system was deslgned to remove about 200 Btu/ft2..
sec, at the stagnation llne, A schematlc dlagram of the cooling
system Is shown In Flgure 3-32, The cooling water flows through
a divergent diffuser which serves to siabllize the downstream flow,
From the diffuser, the coclant flows Into the cylindrical leading edge
flow channel and then through the sidewall passage discharglng Into
the outlet plping through a convergent diffuser,

The results of the material gap tes.s are presented In Flgure 3-34
where the ratlos of substrate temperature beneath the gap In degrees
F. to the substrate temperature at a posltion 0,125 Inches from

the gap center Illne are shown with respect to the ratlo of gap wldth
to gap helght for the two gap orientations (Thermal Protectlon L.oss
Index)., The results indicate that the gaps orlented parallel tc the
flow axls did not cause an Increase ln substrate temperature at the
gap locatlon, An effect was noted where gap orlentation was normal
to the flow axis, The higher thermal protectlon loss Indi~es In the
jatter case are attributed to higher mass flow exchange as Indicated
by recent Investigations (1),




For gaps normal to the flow axls, Figure 3-34 shows an Increase
In thermal protection loss Index to a constant valuve of 1,03 for
increasling values of width te hselght ratlo greater than unlty, As
W/H approaches unity, a transitional area Is noted, For decreasing
W/H less than unlty, thermal protection loss Indices form an

envelope of values for shallow and deep gaps exposed for the same
time., For the gap ratlo of 0,4, the maximum thermal protection

loss Index occurs for the most shallow material gap whilch approaches
a 'iclose' cavity characterized by maximum mass dlscharge, The

'study Indicates that the Index of loss of thermal protectlori of normal

orlented gaps Is Propdr‘ﬂonal to the ‘'closlng'. of the cavity as
filustrated by the resulis from test models B~6Vv, G-6-V, and
K~6-‘/, . ’

3-61

D S < ia SR s, G “ Wi - TS " A5 e e TR TR



B

- .

T T T e O DR C T T
E?{,ilwlli'toi,!,' ik RIS T 10 1

Figure 3- 31. Two Dimensional Water-Cooled Test Model Showing
Test Specimen in Sample Holder
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lr Test Gap Gap Gap Slug lug
Mode! MNo Point | Depth § Widtk [Orientation | Materiall Dia. MWeight
Abd_H i2 .05 .02 Parallel - .251 | .4716
B-6-V .05 .02 Normal -6 .250 |.4701
C-6-H i2 .08 .02 Parali~! -6 .252 1.5146
D-4-~-v .08 .02 Normal -4 .252 {.4887
E-4-H 12 . 125 02 Paraliel -4 .253 1.4826
F-6-V . 125 .02 Normal -6 .251 }1.5028
G-6-V/ 12 .05 .05 Normal -5 .25251.5038
H-4-H .05 .G5 Paralie! -4 .2505¥.5029
-4/ 12 .08 .05 Normal -4 .251 1.4910
J-6-H .08 .0S FParalle! --6 .251 f.5059,
K-6-\V 12 .125 | .05 Normal -6 .254 §.503 °
L-4-H . 125 .08 Parallel -4 .254 1.5021
M-4-H 12 .05 .10 Paraltel -4 .252 }.4934
N-6-Vv .05 .10 Normal -6 .254 1.5¢31
O-6--H 12 .08 .10 Parallel -6 .253 1.4936
P-4V .08 .10 Normal -4 .253 1.5063
Q-4-H 12 . 125 .10 Parallel -4 .2515].4975
R-e-Vv . 125 .10 Normal -6 .251 }.5052
NASA 2-4 25 .05 .16 Paralieli -4 .255 }.5053
NASA 3-4 25 . 125 .10 Parallel -4 .254 |.5040
NASA 1-4 25 .05 .02 Faraliel -4 .255 [.50653
NASA 4-4 25 . 125 .02 Parallel -4 .2535].5046
1
Table 3-8. Material Gap Test Model Data
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NOMENCLATURE
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SERIES 7-EFFECTS OF VACUUM EXPOSURE

PURPOSE, Test: were conducted to assess the effect of
vacuum exposure on the ablation performance of "THERMO-LAGH
T-500,

TEST CONDITIONS, Two hemisphere-cylinder modeis were
exposed to the alr-arc plasma jet test conditlons glven In Table 3-9,

Enthalpy 10,0(").0‘ Btu/L-bm
Pressure 0.017 Atm

Heat Flux

Stagnation 100 Btu/Ft2-Sec
Sldewall 30 Btu/Ft2-Sec
Test Duratlon 300 Seconds

Table 3~9, Alr-Arc Plasma Jet Test Condltlons

TEST MODELS, Two hemisphere cylinder models N-13 and
N-~41, were tested, Prlor to alr arc testing, Model N-13 was
exposed to a pressure of 10~4 Torp for 100 hours, The model
surface temperature was controlled at 250°F, for the entlre perlod.
Flgure 3-41 shows Model N-13 after vacuum exposure. Model N-41,
identlcal In construction to Model N-13, was held at normal
atmospherlc temperature and pressure for the pre-test perlod.

DISCUSSION OF RESULTS
The two models were sequentlally exposed to the test conditions
glven In Table 3-9, The temperature-time historles of the models

tesiec are presented In Flgure 3-39, The translent ablatlon
historles of the two models are pressnted In Flgure 3-40, The
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post-tast pnhotcgraph of Model N-13 Is presented In Flgure 3-42,
whlle that of Model N-41 Is presented In Flgure 3-43,

Comparison of the test measurements and corresponding post-test
photographs Indlcates no appreclable difference in performance
attributable to vacuum exposure for the simulated flight condltions,
More test comparlsons &t these and other test conditions would be
requlred to adeguately support any generai conclusion regarding the
effects of vacuum exposure on material performance,
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SERIES 8TRAJECTORY SIMULATION

PURRPOSE, Tests were pe formed to determline the performance
of "THERMO-LAGH T-50 durlng and ‘ollowlng sequential
exposure to environment- conditlons of heat flux, enthalpy, and
flow stream so varler .s functions of time as to simulate, within
the Ilimitatiors of t+ .est apparatus, an overshoot entry trajectory
of an advancec .anned spacecraft, The tests had as a further
objectlve th _stabllshment oi a c.rrelatlon beiween test model
performance and the perforrnance predlctions of the numericai
ablatlon program,

TEST CONDITIONS, The overshoot trajectory used as a
pattern for the slimulation tests [s shown in Flaure 3-35 In terms
of veloclty, stagnatlon heating rate, and altitude versus elapsed
time, Figure 3-~36 presents a callbratlon map for the simulation
test points In terms of stagnation enthalpy versus time,

TEST MODEL.S, A two-inch diameter hemisphere-cylinder,
Model No, N-57 was used for the trajectory simulation test run
evaluated In the followlng paragraphs., A photograph of the nodel
after test Is shown In Flgure 3-37, A second run was made uslng
a water cooled copper leading edge model designed for the gap test
serles In an effort to ellminate the efiect on afterbody heating of
model conflguration change durihg exposiure, Attempis to correlate
data from this test run were unavalling presumably because of the
obscuring effects of the cooled leading edge,

DISCUSSION OF RESUL TS, Figure 3--38 shows the
correspordence between the thermai performance of the T-500
materlal indicated by the trajectory sirwlation test and performanc:
data as predicted by the computer program. ~ comparison of
recesslion results shows a deviatlon cf flve percent or less, Wit»
regard to the comparison of modei surface temperature results,

a deviation of approximaiely 10 percent Is evident curing the flrst
heatling pulse, This devlatlon may e partially attrlbuted to the usa
opilcal means of measuring the surface tempaorature of the test
model during exposure In that an accuracy of plus or mlnus ,0
percent Is expected from ar optical pvrcrmeter,

The surface temperature data for the second heat pulse Ind Al

an approximate deviation of 10 to 30 percent, “This deviatis: . -n

be partlally attributed to the expected accuracy of optical r 2icure-
ment and to the unknown tunnel flow condlitlons existing duriag the
radlation cooilng perlod betwaen heat pulses, In the |EM
computations, It is assumed that the surrounding temper aiu~2 remalns
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at 600° R, and that no convective cooling or heatlng occurs other n
than cooilng by surface radlation, ’ -
-
Backslde temperature data for the flrst heatlng pulse shows a maximum
deviatlon of approximately 50 percent at the end of the perlod, with
{rhe deviatlon Increaslig with time, For the second heat pulse,’a . .
maxlmurr, essentlally constan: deviation of approximately 100 per*ce;‘nt -
Is Indicaied, The dlfferences In backside temperature rise are “
attrlbuted princlpally .0 the effects of three dimenslonal heating - e
occurring In the experimental facillty; whereas, the computer ' .
program ls based on a one-dimensional analysis, An analysls has . '
shiown that the temperature of a body exposed to three-dlmenslonal -
heating responds more repidly to environmental changes, by *a factor:
of several rnagnitudes, than one affected by one-dimenslonzl heating.
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SERIES 9-EFFECTS OF 'PSTREAM MASS INJECTION

PURPQOSE, The purpose of these teste was tc obtaln and
evaluate experimental data on the effect ¢f stagnatlon reclon ablation
and rmmass Injection upon afterbedy heat transfer and the zblation of
"THERMC-L.AGY T-500,

THECRETICAL DEVELOPMENT, To determire the upstream
mass Injection effect >n downstream heat transter for “THERMC-LAGH!
T-500, anaiytical exgressioris were Jsed to derlve correlation
parameters by whick to !nterpret experimental data (Reference 2),

The method pir2sents results In terms of simllarlty parameters for

a glven type of body ccnfiguration,

It can be assumed that the Inviscld flow for two geometrically similar
bodles expressed In terms of stagnation condltions, Pse, Pse,

Hge, Dy tareans of the varlables:

are lIdenticel functions oi x/r, . These relations are satisfled when
the beundaries of the speclfic heat ratlos are 1.2< < {,4, and If
the pressure distributionis the sarae for the two bodles, p = fe/ Pse,
it can also be assumed that the boundary conditions expressed In
terms of modifled stream functions at *he wall H_., and Xx,, are
Identical in the two streams, This indicates that the veloclty proflles
of the two systems at! var'ous distances from the leadlng edges are
similar. T hese assumptions permit the coolant mass {lows to be
reiated bv the expresslon:

- — —

e = ) e
> Hoe I/Pe,vz L’S/‘Se/ﬁéjv__/z

The only difference In the expression for lamlnar heat transfer between
two bodies Is the velocity gradients du/dx, and the characteristlc
parameter representing heat !ransfer /‘V/t//PE; . As the wveloclty
gradients were assumed to be similar for the case consldered, the
heat transfe-~ on the Impermeabie surface wlll be related In the two
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systems by

//Vléfz / 7
72 J, Z/feeﬂ J

The simrllarity parameters are expressed as:

N, =
Yo MooV ey
for the rnass Injection rate,
N = Py
'z B
Z [76'1/

for the heat transfer,
/-,é and //“/
and for the flow stream, so that:

Ny=my (W, 4 L,)

The sensltivity of the heat transfer on the aft body In terms of Ny,
to the parameter Yw may not be significant If {, Is below a
certaln value, This Is analogous to the wall-to-stagnatlon tempera-
ture ratlo belng less thar apprcximately 0.4,

These mass Injection simillarity parameters were derived for a
mode! with mass Injection occurring at the stagnation reglon of a
non-ablating body and an Impermeable aft bodv surface, Such a
modei s little different from the represented case of a downstream
surface with negilglble mass flew as compared to that evaluated over
the stagnation region of an ablating body,

CONDITIONS, The mass Injection tests were performed for the
tast matrix given In Table 3-10, Two deslgn aspents of the matrix
are:

1. Test condlitlon at which tlight simulation was performed.
2., Types of models tested,

The selected test conditions \were dictated by the deslgn trajectory
consldered for manned spacecraft, eantry, Heating rates ana
enthalpy values were used whlch characterlze the raterials
mechanism, At low heat flux-enthalpy conditions, a chemically
and physlcally stable debrls layer forms, At moderate to hligh
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high heat flux~enthalpy conditions, oxldation at the debris layer
takes place,

TEST MODELS. Model types were selected which would provide
a comparison of heat transfer and ablatlon of aft body surface with

and without stagnation ablation, The models tested also provide an

Indlcation of cold wall heat flux versus hot wall heat flux.

Model geometry selection was based on minimization of adverse
pressure effects at the test sectlon, The location of thermocoupies
along the test section provide for unlform heat transfer distributlion
without mass Injection,

The test \was designed to provide backside temperature history,
ablation panel surface temperature, and stagnation llne ~ecession
data, to enable calculation of the mass Injectlon simllarllyy parameters,
Complementary data used In the study was obtained from the gap

test series and the three-d'menslonal modesl tested at test points

6, 12, and 24,

The models used in the mass Injectlon tests were two-dimensional,
wlth cvlindrical leadlina edges of 1 Inch radlus, 4 Inches wilde,

The overaijl iength of each model was 4 Inches, Three types of
modeis were mads fer the tests, The models tested for the cold
wall heat flux case were made of copper wlin a water-cooled leading
edge, The models tested for the hot wall heat flux case were made
of 2 high temperature capabllity graphite, The third type of model
tested was made of "THERMO-LAG" T-500 material,

~or the heat transfer phase of the tes! program, models of each
design were Instrumented with three identically designed calorirmeter
slugs io record the temperature responses. Cooper calorimeter
slugs and base plates were used with the copper water-cooled
models, Graphlte calorlmeter slugs and base plates were used

‘~vith both the graphite and "THERMO-L.AG" T-500 models,

Relatlve iocations of the calorimeter slugs are shown In Figure 3-52,

For the mass Injection tests, each deslgned model had 0.100 - Inch
thick panels of "THERMO-LAG!" T-500-6 sprayed over a 0,020-Inch
thick PH 7 steel substrate, Test panels were Instrumented with
three 28-gaje chromel-alumc! inermocouples spot-welded to the

under bodv ¢! ihe steel substrate, For each test panel, locatlons

of the thermocouples were ldentical,

The three types of models used in both the heat transfer and
ablation tests were the copper leadlng-edge, water-cooied, graphlte,
and "THERMO-LAG!" T-500 models lliustrated In Figures 3-49
through 3.-51, respectively,
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M CUSSION COF RESULTS, The mass injectlon experime ~tc
were performed n the Mach 3 hvperthermal piasma arc facliity of
Giannini Sclentific Corp,, Santa Ana, Callfornia, The norreduced
temperature-~time histories ci the modeis tested ars prez~nted in
Flgures A-90 through A-107,

Experimental results of the performec tesis are preserted in
Table 3-11, The recoroced stacratlon mass injection rates were
calculated trom intearzi stagration region recession measurements,
The integrated vaiuss eccounn for the shape change along the
leading edge geomeiry of the models tested. The calculated
calorimeter heat fluxes qaive cood coirresponcence to itheoretical
values using modilied N+ wtonjan pressure theory, which considers
the effect of |jeading edjse blurniress {(Reference 3)., The measured
virgin meaterial recession da:ia presented in Table 3-11, Is also
presented in ~igures 3-44 throuch 3-4¢ for ease of comparing results
jor glven test condillcns,

The measured ihickresses ¢! gap series virgin materlal are given
iIn Table 3-12, The measuremeaert: were made zlong one edge of
the test speclmens in order tc pe free of any gap mechanism
influence,

Examinatlon of the test rasults indizates that upstream mass injection
provides = slignificant reducicn in wownstream heat transfer and
ablation for "THERMO-LAG" T-300 materials, The reduction in
heat transfer can be assessed iron: the resulis given in Table 3-11%,
The sidewall heat transier rates o~ the "THERMT-LAG" T-500
leadlng edge bodies were reduced 25 to 487, from the theoretical
value for zero rnass inject'aon. whlle those ofi the graphite and
water-cooied modeis shc ved gniy @ £ tc 17 percent reduction,

The reduction i downsiream abiation cuased by upstream mass
injectior: is indicated by the measured virgin material recession data
presented In Table 3-12 and Figuras 2-44 through 3-46 for
"THERMQO-LAG!" T-500, rigures 3-47 and 3-48 provide a means
cf assessing the upstiream mass injection effect, Fligurs 3-47 shows
the theoretlcal heaat tiransier with zero mass injection for the dimenslon-
less ratio of distance along body geometry to leading cdge radlus, as
nredicted by othar Investigatlons (Reference 2}, irdicated on the
theoretlcal curve are the locations of the thermocouple statlons,
Flgure 3-48 presents the tests results in terms of the similarlty
parameters Ny and N, and functinrnal relationships thereof with
respect to the theoretical value for zero mass Injection. The data
‘ndlcates that the region of Influence in ne downstream directlon

. ogresslvely Increases as the mass flow Increases., Thus, for a
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£ xamination of the test results Indicates that upstream mass

injection provides a signlficant reduction In downstream neat transfer
arnd ablation for "THERMO-L.AG!" T-500 materlals. The reaductlon

in hea! transfer can be assessed from the results glven In Table 3-11.
The csidewall heat transfer rates for the "THERMO-L AG" |eading
edge bodles wers reduced 25 to 45 percent from the theoretlcal value
for zero mass injection, whlle those of the graphite and water-cooled
models showec only a 5 to 17 percent reduction,

The reduction In downsiream ablatlon caused by upstream mass
“~‘ection Is Indicated by the measured virgln material recession data
..resented In Table 3-12 and Flgures 3-44 through 3-46 for "THERMO-
LAG!" T-500, Flgures 3-47 and 3-48 provide a means or assessing
the upstream mass Injectlon effect, Flgure 3-47 shows the theoretical
heat trarsfer with zei*o mass Injectlon for the dimenslonless railo

of distance along body geometry to leadlng edge radius, as

predicted by other investigations (Reference 2) . Indicated on the
theoretlcal curve are the locations of the thermocouple stations,
t“Igure 3-48 presents the tests results In terms of the similarity
parameters N1 and Nz and furctional relationships thereof with
respect to the theoretical vaiue for zero mass Injectlon, The data
Indicates that the reglon of Influence In the downstream direction
progreisively Increases as the mass flow lncreases, Thus, for a
glven mass flow, corresponding tor example to test point 24, with

art Inurease In downstream stations the heat transfer decreases by

a factor of about 3 to 4, At more downstream statlons corresponding
to jarger values of X than used In the test, Indications are that the
varlation of heat transfer with rate oi injectior would probably
approach some constani relation well below the theoretical vaiue,

Comparison between the "THERMO-LAG" T-500 leadinqg edge
calorimeter and ablation models Indicates that mass Injaction from

the front part of the sldewall rest panel, where the value of H. Is
low, has some effect on dowrstream ablation, This cffect, however,
Is not readlly evident for the water—cooled leading edge models.

An Indlcation of sidewall ablation for cooied wall leadlnc edge models
can be assessed from Flgures 3-44 and 3-45, Flgure 3-45
presents data also for material gap test models having corresponding
test durations, The trend of tne gap test data obtalned from test
polnt 12 conditlons ls In agreement with that of the water-cooled model
for test point 24, 1t Is not readlly evident that the reduction In down-
streamn abiatlon Is due entirely to mass injection effects from the

front part of the panel, Indications are that the reduction Is due, In
part, to the cooled layer of alr coming off the cooled leading edge.
This eftect Is Indlcated by examlnation of Flgure 3-44, where the
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Flgure 3-41,

-
.

"THERMO-LAG" T-500 Model N-13 After Exposure
vacuum

to
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Flgure 3-42, Plasma Jet Post Test Photograph of Vacuum Exposed
"THERMO-LAG" T-500 Model N=13
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Flgure 3-43, Plasma Jet Post Test Photograph of "THERMO-LAG!"
T-500 Model N-41
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coolant flow rate was the same as that for the models tested at
condlitlons 12 and 24,

Nc comparlisons of results of thls study to other Investigailons

were performed, due to the large dlfferences In test conditions
(Reference 2 and 4), The results of the tests are, however, In
gencral agreement with that of other "vestigations, Due to Insufficlent
transient histery data on materlal rect sslton from upstream mass
Injection, no evaluation of parameters for predlcting slidewall

heatlng c- ild be rnade from this study.

The nonreduced temperature-time historles of the two-dimenslonal
models tested are presented In Figures A-90 through A-I07,
Visual examination of the temperature traces Indicated a departure
from normal in the behavior of some models tested, Flgure .A-91
shows a sudden jump In temperature at about 450 seconds run
time, This incirease Is due to a transition change irom laminar to
turbulent flow over the flat plate sectlon of the water-cooled model,
It Is belleved that this sudden transltlon from laminar to turbulent flow
over the flat plate sectlon of the water-cooled model, It Is belleved
that this sudden transitiecn from laminar to turbulent and back to
lamlnar flow Is due to a sudden drop In coolant pressure through
the model, This behavior Is not shown In the temperature traces
of the other water—~cooled modeis tested,

Flagure A-~104 shows the temperatures rising rapidly after 200
seconds test duratlon, This Is due to the tendency of the test
specimen to deform because of the large dliference In therrnal
expansion propertles of the graphlte model and steel substrate
of the test specimen at temperatures rear 1800°F,

Due to the hlgh enthalpy gradlent that exlsts across the 3-Inch
test nozzel, test duratlon was controlled to minimlze the effect that
model leadlng edge shape change has on 1ilt body heatlng,




Mcdel No., L.eading Edge Test Duration

A 1v-6 Water Cooied 900 Seconds

11 ©O \/1-6 "THERMO-LAG! 900 Seconds
T-500

No debris recession for all models
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Flgure 3-44, Virgin Material Recession Versus Distance frorn
Front Edge of the Panel - Test Point 6.
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Model No. L_eading Edge Test Duration

12 B rv-12 Water Cooled 1020 Seconds
YV Vi-12A "THERMO-LLAG! 900 Seconds
A\ T-500
11 \\ X Vi-12B "THERMO-LAG! 420 Seconds
\\\ T-500
\\\ No debris recession for all moduls.
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Figure 3-45,Virgin Material Recession Versus Distance from

Front Edge of the FPanel - Test Pcint 12.
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Virgin Material Recesslon - Inches

Model No. |_eading Edge Test Duratlon

.12 O 1v-24 Water Cooled 3006 Seconds
A Vi-24A "THERMO-LAG" 300 Seconds
T-500 )
.1 N Vi-248B "THERMO--LAGH! 300 Sedords
{ T-500
10 No debris recession for all.-modeis
.oo}- \‘0.
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Figure 3-46,Virgin Material Recesslon Versus Distance from
Front Edge of the Panel - Test Point .24,

from Front Edge of the Pasnel - Inches- -
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2T O .
u Thermocouples
Q) 1 & 4
T 4 Shoulder | ! !
Thermocouples
i | | 2&5
-3 Front Edge !
of Panel Thermocouples
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Flgure 3-47, Theoretical Heat Transfer with Zero Injection.
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[ — © - Test Point 6
I B - Test Point 12y X = 2,57
! A - Test Point 24
09— -
O - Test FPoint 6
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Flgure 3-48, \variation of HHeat Transfer with Mass Injection
T-500
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Test Conditlons

Stagration Sstagnation | StagnationiStream Mass Test

* Mode; Test } Heat Flux Enthalpy Pressure {Flow Rate |Durat »n

No, Polnt |(Btu/it2-sec) | (Btu/lbm) {atm) I (lbm/sec) (sec)
1-6 6 36 4,985 0.0077 {i.aldx 103 3500
1i1-6 6 36 5,025 0,0077 1.80x 103 500
V-6 6 36 5.000 0.0677 {1.80x10"3 900
V1-6 6 36 4,995 0,0077 1.80 % 10-3 900
-12 12 79,5 9.985 0.0063 |1.42x 103 300
H-12 12 79.5 10,103 0.0063 |1.42x 103 120
W-12 12 ‘79,5 10,075 0.0063 [1.42x 1073 180
1V-12 12 79.5 10,050 0.0063 {1.42x 10™3 1020
V-12 12 79.5 9,950 0,0063 }i.42x 1063 300
Vi-12A 12 79.5 10.050 0.0063 [1.42x 1073 500
Vi-128 12 79.5 10,000 0.0063 |1.42x10-3 420
1-24 24 121.3 17.510 0.0050 |2.71x 104 300
A 24 121.3 17.485 0,0050 [8.71x 104 300
=24 24 121.3 17,510 0.0050 §8.71x 10~% 300
1vV-24 24 121.3 17.450 0,050 18,71 x 10-4 300
224 24 121.3 17,465 0.0050 38.71x 10~% 300
VI-24A 24 1217 17.550 0.0050 {8.71x 10~% 300
Vi-248 24 121, 3 17.505 0.0050 {8.77x 1074 300
*Note

| Water cooled ieadlng edge with coppar caiorimeter

' Graphite ieadlng edge with graphlte calorimeter

11 I"THERMO~LAG!" T-500 ieading edge with graphlte czlorimeter

1A Water cooled leading edge wlith "THERMO-LAG" T-500 panel

\V4 Graphlte leadling edge with "THERMO-LLAG!" T-500 pane!

Vi "MHERMO-L_LAG!" T-500 leadlng edge with "TTHERMO-LAG"

T-500 panel

Table 3-10,

Upstream Mass Injectlon Test Matrix
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RADIATICON ABLATION TESTS

An Investligatlon was made to evaluate the actual contributlon to
materlal performance resulting from energy transferred to the
gaseous ablatlon products durlng passage through the porous debris
In the absence of bcundary layer phenomena, The data resultlng
from these tests was reduced and analyzed to obtaln several
parameters requlred by the numerical ablation program, These
parameters are enurierated as follows:

. The speclfic energy ot chemical reactlon of gaseous
ablation producis within the debris layer (@)

2, Heat capaclty term for the gaseous ablation products
(Cp)

3. Effective thermal conductivity of tho debrls, Kggf

The tests were performed In a 70 kw radlation faclliy In
accordance with the test matrix shown In Table 3-14,

This serles of tests used models of two different thicknesses as
Indicated in Table 3-14, The modeis were fabrlcated from spray
deposited sheets of "THERMO-LAG" T-500, Each model was

a 1-3/4 Inch diameter cylinder Instrumented wilth four 28-~gage
Chromel-Alumel thermocouples, A 1/4-inch thick, 2_-Inch dlameter

disk of the same materlai served as a mountlng for the model

proper while at the same time Insulating It from the water-cooled
holder used In the test, Of the four thermocouples, one was

located at the surface of the mcdel, another 0,015 Inch from the
surface, and the remalning were two at known depths within the
model, The purpose of the thermocaouples was i{o obtaln temperature
historles throughout the materlal during the ablatlon process from
which the temperature-time derlvailves could be established,

The resuits obtained were:
|, Virgin materlai recesslens at several exposure times
2. Temperature-time histories from thermocouples placed
at knownp locatlons throughout the material,
Typlcal nonreduced data are shown In Flgures 3-54 and 3-35,

The analysls ot the radlation atlation tests Is glven under !"Analytical
Evaluatior of Ablatlon Parameters!,
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Number | Specimen Distance Lamps Cold Wall .
of Thickness | from L.amp| Voltage Heat Flux At
Tests (In) (in; (Volts) (Btu/Ft2 - Sec)
3 0,31 1, 5 1.2 . 55
3 .31 .5 185 10 : ‘ .
3 0.31 1.5 235 15 : ”
3 0.46 0,625 225 20 : B
2 0,46 0,625 255 25
3 0,46 0,625 287 30
£
Table 3-14, Radlatlon Ablatlon Test  ° S,
' s " I a
o ’ '.' . ‘.
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Radiation Ablation Mode!

Schematic Diagrams of Maolybdenum
Calorimeter and Radiation Ablation Model
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Figure 3-55, Recession H'stories for Test Conditiors at
225 Volis anc 287 Volis,
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PART B- ANALYTICAL EVALUATION OF ABLATION PARAMETERS
GENERAL APPROACH

An evaluation of the ablation energy transfer parameiers was
optalned In a systematic manner from the arc-plasma and radlation -
ablation test results, Flrst, a transpiration cooling parameter was
derived and the energy llberated throcugh combusticn was computed.
Secondly, the energy transierred within the debris layer was
computed and the parameters requlred for the numerical ablation
prograrm were obtalned,

Speclfically, the arc plasma resuits were evaluited In terms of
ablatlon efficiency, using the perfermance data obtalr .d from the
transient ablation test series, The dependence oi efficlency on
boundary layer enthalpy difference was utllized to deflne a transpi-
ration cooling parameter, A4 difference In ablation perfc.*mance
was noted between ablation tests conducted at moderate and high
enthalpy levels and those condicted at ilow enthaipy levels,

The efficlency at low enthalpies was considerably greater than
anticipated, At these conditlons the ds=bris layer recesslon rate

was reactlon rate-controlled for heat ‘luxes of 100 Btu/FtZ2_sec or
less. The difference In efficlency at the low and moderate enthalples
was obtained at a given total enthalpy; thus glving a measure of

the exothermlic effects resultlng from oxldation reactions,

A gross energy balance for the ablatiocn system was written and
the energy transferred to the gasesous ablation products within

the porous debris layer was represented In terms <! a speciflc
energy factor. At this point sufficient informiaiion exlsted from arc-
plasma test resuits to compute thc specific energy factor for a
temperature range oi 2200°R to 4750°R,

The remainlng unknown parameter was the effectlve thermal
conductivity of the porous debris layer., This was obtalned {rom

the arc plasma data for the temperature range of 2200°R to 4750°R
by means of an approximate solutifon to the energy balance across the
entlre boundary layer,

For temperatures below 2200°R, radlation ablatlon data were
utlllzed, For this environment, the gross energy balance technique
of parameter eva'uation was not sufficlently accurate, The method
chosen Invoived the simultanecus solutlon of the differentlal energy
halance taken at several locatlons within the debris at a glven
temperature, The requlred derivatives for the energy balance
were obtalned from temperature histories of thermocouples placed
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7 TSP

at known locations within the debris.
BOUNDARY LAYER THERMAL EFFECTS

TRANSPIRATION COOLING PARAMETER., The results of
the translent ablation test serles were utllilzed to obtaln an accurate
measure of materlial recesslon rate at any desired exposure time.
Knowledge of the nose radlus at one exposure time permlitted a
radlus correctlon of the measured heat flux and the resulting
computatlion of ablation efficiency, The measured heat fluxes were
obtalned wilth a water-cooled copper calorimeter and therefore
excluded the effects of mass injection and chemlical reactions between
the external fluld and ablation products, The cold wall heat fluxes
were adjusted to hot wall conditions through an enthalpy difference
correction., The resulting ablation efflclency histories showed
iranslent performance unt/l the debris layer attalned maximum
thickness, For constant model shape the trarnsient performance
would nave been followed by steady state behavlor characterized by
e llnear recession history and constant efflclency. It was noted
that some of the performarce historles attalned a maximum value
which then decreased with Increaslng exposure time, Evidently
the heatlng rate to the blunt models was greater than the radlus-
corrected hot wall calorimeter measured value, This finding was
conslistent with the results obtalned from tests of the effect of

model geometry on ablation performance, In these tests, the blunt
models were found to Indicate less efflclency than the hemisphere-
nosed models where efficiency was based on the measured total
heat flux,

The maximuam values of cold and hot wall gross efflclency for the
various test conditions were ploited versus the boundary layer
erthalpy ditference (Figure 3-56), This maximum value was
attalned before measurable model nose shape change was observed;
thus the deta of the translent test series were compared on a
constant chape basls, To complement data where required, the
results from test points 14 and 18, not Inciuded In the translent
serles, were utlilzed, Certaln data from these runs did not

reflect model geometry change and ..ere therefore valld for comparison
In Figure 3-56, The net heat flux Into the debris surface excluding
the effecis of mass Injection and chemilcal reacticns at the surface
and in the boundary layer was obtained by subtracting the rerad!ation
flux from the calorlmeter measured total heat flux (Fligure 3-57),
These results yleld an apparent itranspliration coollng parameter,
glving a quantitative measure of the effect of enthalpy on sensible
heatlng within the boundary layer of the Injected gases, and, also,
the resultihng energy transfer due to chemlcal reactlons between the
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ablatlon products and the plasma stream, At this polnt, however,
the deta could not be correlated on the same basls sirce the
varlious lest conditlons did not all exhilblt the same stagnation
pressure, which varlable affects efflclency, Furthermore, surface
temperature was found to be dependent upcen pressure at a glven
total enthalpy, The data of Flgure 3-57 were corrected to a
constant pressure of 0,027 atmospheres and the corresponding
surface temperatures obtalned by means of Flgures 3-23 and
3-25, At a constant pressure, the surface temperature was found
to Increase with Increasing enthalpy difference glving a greater slope
lo the eifficlency curve than warranted by the enthalpy dlfference
dependency. The explanation Involves conslderation of additlonal
energy absorbed wlithin the debris layer at hlgher surface
temperatures, ths magnitude of whlch 1s alscussed In the analysls
of the radlation ablatlon tests, A gross energy balance was
written as follows:

Frerae = grr” £ C—PEU—-ﬁuoﬂ: Z 5/’ (#200-Fug ) £ ...

e B (Hot) 5 éf/

"L s # DM, omersrion (3-1)

SURFACE

erE 2y =T €F (T4t %%)

In thls expresslon, the net efficlency was correc ¢ to a surface
temperalture of 4200°R, The transpiration cool’ parameter was
taken as the slope of the temperature and press. a-cor- 2cied
experimental curves of Flgure 3-57, The data v.ere corirel ed
for constant model conilguration where the 5/8-lnch and 3 eh
radlus hemlsphere-nosed rriodels gave a transpiration coollng
parameter value of 0,78 and 0,73 respectively for an enthaipy
difference range of 8600 Btu/l. b, to 21600 EBtu/LLb. As discussed
In previous sections, total enthalples of 5000 Btu/Lb and lower
produced an essentially nonoxldlizing debris layer. A study of the
500 Btu/LB., enthalpy translent test serles and several isolated
tests at 3500 Btu/L.bm and 2500 Btu/L_bm enthalples showed no
clearly deflned dependence of efflclency upon enthalpy dlfference at
these total enthalples,

The results glve a range of a which reflects the experimental
accuracy of the data, particularly In view of the nonsymmetrical
model geometrles produced at the high enthalpy condltion (test point
27). However, the ablatlon performance at test polnt 27 was
evaluated before the appearance of measureabie geometry change,
uslng models N~6, N-11, and N-22,

3-108




reousdayl Adjeyium usfeT] AUepundE UYHAM UOLR|ANY JO 1BDH DAIDSY DT 18N JO uchBlURA  *LG~E ©Jnb|y
(871/N1g) - =oususiqQ Adjeyiuzm J94Ae~] Adepunog
00022 00002 00081 0009l  000%.  0002. 0000! 0008 0009  000% 0002 oil
LT L20° ] 420" 0] _ _ ‘ “ “
L2 . L20° [ - N zi-
I I - LY ;
L = oL- © _
8l 120" £z0" X S - MHp -~
8i €20° © - m ;
! L20° 620" 9 T
71 620" Y o m.
€l £20° oLo’ v WA NOILSNaWwoD o
€l 910" D) g1/Nnig 000§ = HY -
- - 4
zl 9400° 900" o i _ Kt o
<l 900" ) . o
S 9400 " A (Y
waquUINN SUNSSIU 4 2unssadd | STIOEnWAS . ‘.‘..... N
WO 159 | paloaddcy 159 4 1v;...... f\\\! 0 o 3
- g -
. iz 9200 S e L] : § &
z ' LA ~a
_ esoN snipey i g 3
| * A& A b T
T +7 e,
P -
S > ° Z
‘wie 220" = o 1 q
asoN sNipee ___/ \\ ~ 5 !
\M\\\\\ Q
e l% -
gl -~ . . S ot C
" -~ une 24z0° = d
- ~
L~ -~ osoN sniped 18/ o T
5 L 0
s siagaq 'Lq_ X
PazZIPIXO A|Buocuis & - DIZIDIXO A>{RdIAA -
jo awibayy - jo awibasy —dgi <
_ | _ ! ! _ | _ w
A | 6°0 10 AUAISSIWDT 20RJUNS 8i
_ﬁ ﬁ ‘ e pue =, 00Z% j0 dunjeuaadwd |
aoeidn e O] 21010 ele
. | NS P O ®meg IV 0z




A further possible reason for the varlatlon of ¢ may be assoclated

with the srnaller nose radius producing a lower residence time wliinln
the boundary layer such that the degree of completion of the
oxldatlon reactions at the stagnation reglon has diminished with
respect to that found for the larger models,

HEAT ADDITION PRODUCED BY OXDATION

For the purpose of estimating the thermal effecis upon ablaticn
pe~formance of the oxldatlon reactions occurring at the 10,000 Btu/L b,
total enthalpy conditlon, the 1,0-Inch radlus models were compared ‘or
the oxldizing ard nonoxldlzing ablation reglmes. The efficlency

resuits of test point 6 were corrected for surface omittance from

a value of 0/6 to 0/9, and the surface temperature corrected to
4200°R to permit a comparlson with the results of test polnt 12, at
which a comparable pressure exlsted, A silght difference In
pressure was accounted for through Flgure 3-25, The efficlency
curve of Ficure 3-57 was extrapolated through the results of test
point 12 at the 8600 E.%tu/l_bm enthalpy dlfference level to ar enthalpy
difference of 150 Btu/L_bm. The difference In efflclency for the

test poilnt 6 results and the extrapolated curve at the same enthalpy
difference was taken as the exothermic effect of combustior for

the conditions of test point 12 and was found to be about 5000 Btu/ib
of virgin materlal.

Conslderlng the primary product of surface oxldation to be carbon
monoxlde at the low pressures tested and at totai enthalples of
10,000 Btu/L.b and greater, where surfsce temperatures exceed
4000° R the heat of combustion at the surface was taken to be
4000 Btu per pound of carbon, An estimate of addltiona; stagnatlion
reglon heating due to surface ¢ .mbustlon was mrade for the different
test conaltlons and Is given In Table 3~15, The average debris
surface denslty of 22 Lb/Ft3 was used In the computatlons, The
heat additlon in the boundary layer was taken as the dlfierence
between the total energy liberated and the heat of surface combustlon,
These values are also llsted In Table 3-15, It Is seen that the
additional heating expressed as a percentage of the hot wall convectlve
heatlng rate Is conslderable at the 19,000 Btu/L.b enthaipy level

but is of lesser magnitude at the high enthalples.
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DESRIS LAYER ENERGY TRANSFER

DISCUSSION OF PHYSICAL BEHAVIOR, An evaluation of the
performance characteristics of the porous carbonaceous debris layer
was approached by the correlallon of surface temperature, debrls
layer recession, and virgln materlal recesslon for all ablatlon tests,
These data were compared at constant exposure times using the
average surface temperature to ellmlnate te a conslderable extent
varlatlons between tests due to the exlstence of nonequlllbrlum debris
thicknesses and varylng nose geometries, Flgure 3-58 presents
these data for constant axposure tlmes of 150,300, and 420 seconds,
It was noted that a definlte relationshlp exists between the surface
temperature, debris thickness, and virgln material recesslon with

a slight varlation for different nose radll and oxygen concentrations,

As noted in Flgure 3-21, obtained from ablation histories, the
virgin materlal and debris layer recesslon rates Increase wilth
Increaslng temperature, The debris thickness decreases ‘with
Increasing surface temperature above 3000°R, and exhlbits almost
no recesslon at temperatures below 3000°R,

This correlation of debris surface temperature and total recesslon
gave a crlterion used to quallfy the arc piasma test data as to
reproducibliity of maierial performance, it Is apparent that the
materizl behavior followed a conslstent pattern foir a glven oxygen
concentration,

Having established the relatlonship of Figure 3-58, [t was noted
that one varlable, suzh as surface temperature Is sufficlent to
determiine the physlcal state »f the ablatlon system, These curves
and the ablation historles of Figures 3-11 through 3-16 were used
to evaluate the relationshlp between surface temperature and virgin
mass loss rate (Fligure 3-59),

EVALUATION OF ENERGY TRANSFER PARAMETERS

ARC-PLLASMA DATA, An erergy balance for an element within
the debris was derived and Is the basls upon which the numerlical
ablation program was deve!loped:

2
(ec)assms ;g= ’IQ/}" 3;:: m ‘é, (ép * 3) 337(7:

This relation states that the time rate of energy storage within the
soild debris matrix Is equal to the difference between the heat
conducted In and out of the element and the energy transferred to

(B-2)
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the gaseous sblation products transpiring through the alement, Upon
application of the boundary conditions, (8-3) and (B-4;, several
simplitying assumptions were made and a steady state solutlon
obtained,

T (Debrls Backslde) = T{Sublimation) " . (5—3) .
P . -
de s/gazmwfr =m g’ Q k 5 A& ’ C
SURFPACE :u‘?éfa"z; (B-4 ) - :

It was fcund that energy stored In the solld debris matrix Involved

less than 1 percent of the total energy transferred and therefore, Its
omlsslon frzia the energy balance was justlfled for the steady state |, ©
ablation case, The energy stored In the virgin materlal was :
assumed to be the amount necessary to heat the materlal from room °
temperature to the subllmatlon temperature for the arc p!a"snﬁa iests .
of high ablation rates, The resulting solutlon considering the total ) S
debris layer Is glven as: :

Com
75:;2,6«5 “lva T QA i ?7"(7;,/5'-5_) ‘ F (Cp*@) MX’O
-8 /° | fﬁ’

Two unknowns in this relation were (Cp +§ )-and Keff The"
total energy balance (B-1) was used to evaluate (Co T+ 6 ) :
however, acknowiadgement of this term was necessary fo accur'ately AL
evaluate the transpiration cooling parameter {B-2) on a constant .

surface temperature basis. An estimate of (Cp +8 ) at surtace : ‘7_; iy
temperatures between 4000 and 4500°F was obtained from™ the A
radiation - allation data of reference £, This value was used: in s

the preliminary evaluation of (B- 2) and (Cp +@) was obtained from,
relation (B-1) using data irom the transient test series wher‘e the

mass loss rates are well defined (Figure 3-60). The r‘es.ms _ L
obtained from the reference 5 data and those derived from (B~ 1) . J .
were within reasonable agreement; however, a fmal cor-r'ectaon in '

the determination of (&) was made. ) T

The mean effectlve specific heat of the gaseous products was found -  “.
to behave differently In the two ablation performance rﬂeg".gs.' As | mDL
shown In Flgure 3-60, the strongly oxldized debrls rer -me produced

a (Cp + Q dependency upon mass loss rate and sur'face temperature,
Mass loss rate was the predominant Independent varlable, glving a
significant Increase In (Cp +8 ) for a small Increase In mass loss
rate (Flgure 3-61). '

.
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In the regime of the relutlvely Inert debrls surface shown In

Figure 3-60, total enthalpy was found to be the maln Independent
variable, glving a 300 percent Increase In (Cp + 8) for a decrease
in total anthalpy frem 5000 Btu/me (Filgure 3-62). Cold wall keat
flux was malntained constant In Figure 3-62, and the measured
average mass Joss rate was found to be relatively constant,

Figure 3-63 shows the wvarlation of (C_p—+—6) wilth stream oxygen

concentration fur constant test condltions al a totai enthailpy of 5000
L./me and cold wall heat flixx of 110 Btu/th-sec The

importance of oxygen diifusion Into the debris layer upon the

(Cp +8) term Is noted by the significant Increase In (Cp +6) as

the oxygen concentration is reduced from 21 percent to a stream

of pure nltrogen,

The debris layer mean effective thermal conductivity was then
obtained ‘rom (B-5) and Figure 3-61, and the above method
used lo estimate the actual thermal conductivity variation with
temperature as shown in Figure 3-64.

A result of the above arc-plasma ablation analyses was the
quantlitative evaluation of the energy transfer parameters requlred
by the numerical ablatlon program for surface temperatures ranging

from 3300°R to 4800°R and total enthalples ranging from 2500 Btu/!_bm

to 23000 Btu/l_bm_ The evaluation of these parameters at lower
temperatures was necessary for an understanding of materlai behavlor
at vehicle aft body locatlons, This was achlieved n the Emerson
radlatlon tacliity for temperatures from 1600°1R to 2000°R through
analysl!ls of the debris on a differentlal element basls discussed In

the followlng section,

ANALYSIS OF RADIATION _ABLATION TESTS, The
effective thermai conductlvity, Keff of the debrls layer and the
speclfic energy paramater (C—p—+_6) of the gaseous ablation products
were determined for a temperature range of 550°F to 1500°% from
the radiation-ablatlon test data, This was accomplished from
temperature hilstorles obtalred at known locatlons within the abletfon
model, The basic energy relatlon upon which the numerical ablation
program s based lIs glven for an element of debrlis matrix as:

eCar=Aa,0, +mf(6,o*5)

The relation states that the time rate of energy storage within the
solld debris matrix Is equal to the dlfference betwzen the heat

conducted In and out of the element and the energy transferred to
the gaseous ablatlon products transpiring th:ough the debris layer,
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(Cptp)-BTU/LB oi Gaseous

Ablation Products

2. ETUEoT S Test i T |
Cor ditiong] !
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Mass Loss Rate - (LB/FT2_SEC) x 10

Flgure 3-61,

Variation of Mean Effeciive Specific
Heat of Gaseous Ablationn Products
with Mass L.oss Rate for a Range

of Total Enthalpy from 10,000 BTU/LB
to 23,000 BTU/LB
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“lgure 3-62,

3C00 4000
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Variation of Mean Effective Soecific Heat of
Gaseous Ablation Products with Total Enthalpy

for the Weakly Oxidized Debris Regime
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“lgure 3-63,
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Effect of Oxygen on the Mean Specific
Gaseous Ablation Products .
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In view of the small pore slze of the debrils, the gaseous products
were assumed to be at a temperature equillorium wlith the porous
matrix throughout the debris layer, Thls assumption has been
conflrmed by calculatlons of heat conducted at the test condltions,

The unknown quantitles (Cp +4) and Reff were determined through
the simultaneous solution of the energy relation developed at several
different exposure tlmes for a constant temparature, Typlcal
thermocouple traces giving the temperature historles at known
locations within the debrls layer are shown In Flgure 3-54, A
cross-plot of these traces gave temperature distributlons through
the ablation modei for glven values of exposure time, From these
twe curves the derlvatlves required in the energy relatlon were
evaluated at the desired time and temperature, The mass loss
rate historles weire conmputed from recesslon history curves, The
recesslion history curves were contracted from the measured
recessions of several ablat'on tests conducted at a constant power
setting, each having a different exposure time. The quantities

Cp and ewere evaluated as a sum coefficient which satisfles the
Input data requirement of the numerical ablation program., Results
of thls data reductlon scheme are glven In Flgure 3-65, The value
of effective thermal conductlvity was verlfied at the sublimation
temperature through the numerlcal evaluatlon of a boundary condltlon
-to the energy relation taken at the subliming surface:

o7/

- kf’ﬁ"c;’—z"— = éal. ~ Ko ‘%7:
- N To -FRomr

SURFACE SukFRcE ‘ -

In the inltla! phase of the radiation ablation test program, Indicatlons
were that modlflcation of the In-house radiation facllity would enable
acquisition of the data to determlne the ablatlon performance
parameters required for aft body thermal analysls, - It was later
determined that the use of test data from an outside source (8-5)
would be required to determine the performance parameters for

the entlre temperature range of Interest up to that expected at the .
stagnation polnt of a re-entry_capsule, The In-house radiation
tests permitted evaluation of Keff and (Cp + 6) for the temperature
range 550°F to 1500°F, The etfective thermal conductivity showed
a smooth conslstent variation with temperature; however, the specific
temperature gave a complex energy parameter relationshlp which
was not disernable from arc-~plasma data, This parameter was
computed to be positlve, at the sublimation temperature, 550°F, and
to pass through a negatlve transition phase at about 1,000°F,  The

'« data Indlcate the occurence of an. exothermic chemlcal reaction

commenclng just above the sublimation temperature and liberating
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the maximum amount »f snergy at about 1100°F,

Predictlon of {Cp +3) from the arc-plasma test data using an
energy balance techrique Indlcated positlve values of the specific
gross energy term for temperatures from 2200°R to 4750°R,
Arc-plasma model stagnation reglon surface temperatures were
not sufflclently low to substantiate the (Cp) calculations from the
radlation-ablatlon data, Temperatures at the arc-plasma model
sldewalls were of the desired vaiue; however, the magnitude
reductlon In convectlve heatlng due to upstream mass Injection
was not known with sufficlent accuracy.

There are several factors to be consldered when comparing the
(Cp) values obtalned from arc-plasma resuits uslng a gross energy
balance, with the radiation-ablation resulits using Internal temperature
traces,

I, The gross energy balance method of determining the. Cp
term from the alr-arc plasma test data ylelded an
approximate determination of the mean wvalue, where the
achlevement of an accurate energy balance In the arc-
plasma facllity is difflcult,

‘2, It 1s probable that (Cp +© ) Is dependent upon pressure.
’ The radlation ablatlon tests were conducted at a pressure
of one atmosphere whlle the arc-plasma runs were

conducted at very Jow pressures,,

Radlatlon ablation tests performed In an arc~Image furnace at a
pressure of one atmosphere (E3-5) Indlcated that (Cp +8 ) has

an approximate actual mean value of 2,0 for a surface temperature
of 4500°F, The magnitude of (Cp +@ ) must therefore Increase
_rapldly with Increased temperature from the small negative value
“found at 1500°F to a positive value In excess of 2,0 at some
temperature above 1500°F, Arprc plasma ab.at!on tests at low flux
levels and one atmosphere pressure uslng models ‘Instrumented with
thermocouples at small Intervals throughout the materlal, would verlfy
the In-touse radlatlon ablation results -or Indicate a behav!ﬂr dependency
of thermal performance upon thermal environment within the debris
layer, ,

“Slmllar' to the results In a flild ﬂow environment, thers was. strong

o evidence that the magnitude of (Ccp.+ g ), Is dependent upon the - o
’ - rate .of stream oxygen dlffusion Into the debrls layer. The diffusion’
" _ ' rprate Is reduced with lncreased mass rate .of theucounter'flowlng
’ ablatlon products, such that greater vaiues of (Cp +8 ) would be
- ' 3-123 ., T
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reallzed at large mass ablation rates where the exothermic -
oxygen reactions In the debrls are lessened. This niass transfer . -

effect explains materlal performance in the pure radiation environments -~
of the Emerson facllity and that of reference 5 ‘

In a flow environment; (Cp +8) was found to be malnly dependani

upon surface temperature at the moderate and high enthalples, At ’ 8
low enthalples glving surface temperatures of 3200°R and less,
(Cp +Q;) was found to Increase with decr‘easIhg total enthalpy at .
a constant surface temperature, : "*‘

[s) S

¥

In view of the Importance of the heatlng rate to thec model sur"facé’“ =
relative to the determination of ablation parformance, the exper-lmental
determined alr-arc tunnel stagnation opoint heat flux levels were’ 'h:--"’-i‘-z
correlatad with theory, The Fay ard Riddell stagratlon point: hea} e
transfer method was used, assumlng no rer‘omblnat'on of. gas specle“
at the vall, The plasma st eam properiles were assumed to be_,
those of equiiibrium alr and were obtalned from NASA lochnlcal
Report R-50, This comparlson of exper.men! and theor'y wa_.
performed over the entlre range of heat Hux levels compr'lslng t
alr-arc plasma jet test matrix, Further confldence In the facillty_
callbration was obtalned by correlating -translent hot wall copper' an
graphlte calorimeter data wlth the theor'ellcal r-esultb., :

calorimeter data showed a maxlnmrum scatter. of -f to =20 percent .
from the theoi~elical heat flux fcr staq'\aﬂon enthalples ranglng fr-om
5000 io 23,000 Btu/Lb, The hot walil tra-sfent calorimeter data -
comparec wnh thaory also falls within this deviatlon. . Absumlng th
valldity oi the theoretical predicatiori techniqt.e for this appllcatlon .
concluslon of thls comparison Is that the. haat flux levels repsorted h '
the alr-arc faclilty are rellable for data nedu"ﬂon pur-poses wltnm .
Iimlts o° +6 to ~20 percent, : :

' PARAMETRIC STUDY
The establlshment of the r-ellablmy of the alr--arc faclllty cal!br‘ﬁt}u g*f?

permitted resolution of matarlal performance In ter‘ms, of has'c 5 a7
thc~modynamlc parameters. A. pa"ametr'lc study o determlne‘me

per*forman"e W&as a-compllshed uslng the plaama Ja( test datp

v et
. . . . [ TN
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obtained underr NASA Contract NAS 8.-877, The objectlve of the
study was to determine if the axperimental temperature and recession
historles obtalned fromn the tests could be predicted analytically uslng
reasonable values of these therrnodynamlc propertles,

A numerlcal aralysis technlaue was used !o slmuitaneousiy solve the
experimentally correiated approximate solution to the ablation model,
glven In Flgure 3-67 and an enei-gy balance at the surface of the
model for a given set of test conditlons (stagnation enthalpy and
convective heat flux specliled), A transplration cooling factor

<X = 0,6 and heat subllmaticn Q[_ = 500 Btu/Lb were used In the
study .

These parameters were kept constant throughout the analysis., The
results of the parametric study are plotted as total material recession
and debrils surtace temperature versus plesma jet exposure time,
‘The results appear In Figures 3-68 through 3-72,

Fligure 3-68 shows the materlal response toc a stagnatlon enthalpy of
5110 Btu/Lby, and a net hci wall heat flux to the model suriace:,
excluding mass Injectior, of 60 B!u/th-—sec. The speclfic heat
ratlo or endothermic reaction parameter was maintalned constant at
Cp/Cpo = 0,57 and the debils thermal conductivity ratio, k/ko, was
varliad from G.5 to 1.5. Decreasing the thermal conductivity
threefold resulted !n a reductlon of the matec.-ial recesslon of
approximately 36 percent at 300 seconds ex;'osure but Increased the
debris surface temperature only 3 percent, Thus, It Is apparent
that the virgln materlal recession Is strongly dependent upon the
debris thermal conductlvity but the surface temperature Is not
appreclably affected by change In thermal conductivity,

Flgures 3-69 and 3-70 provide a comparlson of the effect of the

nei heat flux to the model surface on debris layer surface temper~atiure.
The parametric effecis shown in Flgure 3-69 represent the experi-
mental condltlons of test point No., 10, Examilnatlon of Figure 3-69
shows that the tota, recesslon curve (solld line, Cp/Cpo = 1)

obtalned from the parametric study reproduced the experlmental
recessior data polnt for 300 saconds exposure, but the predicted
surface temperature Is approximately 600°F higher than the measured
temperature, Flgure 3-70 presents tho theoretlcal analysls for the
same condlilons with the exceptlon tha! tne net heat flux to the model
surface Is 60 Btu/th-sec. It is noted In Figure 3-70 that the debrls
layer surface temperature pradicted by the simplified theoretical analysls
corrasponds to the actual surface temperature obtained by experiment,
The predicted recesslon, however, Is 15 percent low,
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The surtace ‘emperature was fcund to be relatively Independent

of the debrlis layer thermal conductlvity and the speclfic heat factor
but the 1>:a! recession was not, Therefcre, a reduction In Cp/Coo,
and Increase in k/kc or @ comblnatlon of both willi Increase the
recesslon to correspond to the experimental value wlthout showlng
any appreclable effect on the surfac: temperature, The data
prasented in Figure 3-77 Indicates tnhat both surface temperature and
tola! recesslon can be predicted by changlng k/kc ic 1.5 and keeplng
other factors constant, Thls represents one combtlination of the
speclfic heat factor and effective thermal conductlvity ratic whlcli can
be used to predict the experimental recession and temperaiure history.
Experimental determination of the endothermic reactlon parameter and
debris thermal conductlvity establisi~es the limilting values o ‘hese
parameters,

Comparison of the theoretlcal temperature listories of Figures 3-69
and 3--70 Indicates that the net hea! flux tc the n.cdel surface is
criical In determining the decris laver surface temperature, or
conversely, the suriace temperature is predicted upon the actuai
heat flux to the model surface for a clven erthalpy ievel and materlal
properties, The study Indicates that the heat flux to the model surface
ior the environmental condltlons of test poin: No, 10 Is of the order
of 60 Btu/Ft2_-sec. rather than 110 Btu,/Ft2_sec, The cold wall
heat {lux measured by the water-ccoled calorimeter Is the sum of
the pure convective heat flux to the calorimeier and the heat flux

due to recomtination of cas specles at the wali, The heat flux to
the "THERMCO-LAG! tesi model surface is less than the cold wall
calorime® ~ heat flux, The fact that gas species do not recombine
at the debris surface ard the occurrence of endothermic reactions
wlthin the poundary laver reduces the heat flux for this polnt,

The material response 1o a cold wall heat flux of 116 Ezlu/F-_tz-sec.

and a 15,052 Btu/Lb enthalpy level as predicted by theory Is shown
in Flgure 3-72, These conditlons correspond to test polnt Number

23 of the air arc test matrix, To perform the analysis the foliowing
materlal properties were used:

Transplration Coollng Factor 0.6
Debrls Laver Thermal Conductlvity Ratio 1,0
Heat of Sublimation 500 Btu/L.b
Endothermic Reactlor Parameter Ratlo 1.0

The predicied recession iisiory and temperature history agree weil!
wlth the experimental data point cbtained at 300 seconds exposure time,
For this test polnt, the tasic mode of heat transfer has changed,

The surface temperature which was shown to be critically dependent
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upon the net heat flux to the model surface ls corisistent with that
predicted by thecry. Indicatlons are that the endothermic effects of
boundary layer reactlons and subilmation of the carbonaceous debris
surface are belng overshadowed by undetermined exothermlc reactions
occurring at the debrls surface or within the bouncary layer, The
study indicates that a comprenenslve experimental and theoretical
program should he performed to obtain a betfter understandlng of the
actual change In heat transfer mechanlsm assoclated with the low
enthalpy to high enthalpy tr-ansltlon for constant heat flux conditlions,
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Surface Temperature, T

Ibm-°R
BTU
Flgure 3-67, Experimentally Correlated Approximate Solution
To the Ablation Model and the Effect of Cp/Cpo on
Correlation Parameter M x/K,
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Wall Temperature

‘NOMENCLATURE
X - Experimental Temperature

3.5 0.5 } A - Experimental Recession
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Flgure 3-71. Resulis of Ablation Performance Parametric

Study
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Speclilc Heat, a constant pressure (Btu/Lb °R)

o)
Enthalpy, (Btu/Lb)
.l-—-i—;— H;/Hse, static enthaloy ratlo of species I, {Dlmenslonless)
h Toetflclent of heat transfer (BIu/FtZ—Sec—"f:)
k Coelficient of therma! conductivity (Btu/F:-Sec-°F)
me  Mass flow rate of Injected coolant {Lbs/Sec)
Ny~ Nusset No, deflned by h‘f , (Dlmenslonless)
N, Mass transfer simllarity paramoter, deflned by
Equation (3), (Dl:enslonlass)
Nz Heat transfer simllarity psrameter defined by
Equatlon {4), (Dimenslonless)
q Surface heat transfer rate (Btu/Ft2-Sec)
ro, Stagnatlon body nose radius (Inches)

¢
Rey, Reynolds No,(%) , (Dimenslonless)

X|

\

Temperature (°F)

Velocity component parailel to surface {Fi/Sec)
ug/uge, Velocity ratlo, {Dlmenslonless)
Distance along body gecmetr (Ft)

Nondimenslionallzed scace coordlnate along surface (Dlmensioniess)

Transpiratlon cooling factor (DImenslonless)
Ratlo of speciflc heats {DImenslonless)
Absolute viscesity {Lb/Ft-Sec)

/‘(2//‘(5’6 , Vlscoslty ratio (Dlmenslonless)
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Denslty, (Lb/F—'ts)

ee //e:g;g,, Density Ratio, (Dimenslioniass)

2+ S TR N

Real gas parameter (@e/’%6 Hse )

i . - R
W' Temperature ratlo, T_/Tge {(Dlmcnsloniess)

SUBSCRIPTS

C Cenotes flow characteristic prior to mass Injection
e L ocal conditions external to the boundary layer
se Condlitions external to the boundary layer at stagnation polnt
w Condltions evaluated at the wall
4.4
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APPENDIX A

TEMPERATURE-TIME HISTORIES OF
AIR-ARC SIMULATION TESTS




The nonreduced eir-arc plasmajet substrate temperature-time history
data for all "THERMO-LAG!" T<500 models tested under NASA
Contract 9~-877 are presented in Figures A-1 through A-88.

The data presented in Figures A1 thrcugh A-77 can be related

to any model tested, the prefix letter of the model. The O series
are the surface oxidation tests, The D, E, GG, and HH seriles
are the material irvestigation tests. The M and N series,

constituting the bulk of the performed tests, fulfill the required low
pressure, .oxidation, transient and pressure effect test matrices.

Figures A-78 through A-87 present data from the material

gap tests. The post script letter identifies the orientation of

the gap with respect to the flow stream. The letter H indicates
that the gap was aligned paralile!l to the flow stream, while the
letter VV indicates a cap was aligned normal to the flow stream.
Thermocouples numbered 2 ard 6 measured temperatures at the
bare substrate metal in the gap. Thermccouples numbered 3 and 7
measured temperatures 0,125 inch from the gap., Thermocouples
numbered 4 and B8 measured temperatures at positions 0.50 inch
from the gap.

The data for the trajectory simulation tests are presented in FFigures
A-88 and A-89,

Figures A-3%0 through A-107 present the nonreduced temperature-
time histories fer the upstream rmass injection effect tests.
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