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In accordance with the PeClUlpements of National Aeronautics and
Space AdminlstraHon, Manned Spacecraft Center Contract No.
NAS 9-8'7'7, The Emerson Electric Manufacturing Company of St.
Louis, Missouri has performed an Investigation and test program to
determine the thermal properties, the thermal performance character-
Istics, and the b_havlor of I_THERMO-LAGtt "r-500 thermostatic,
subllmlng, heat shle;d material In the space envIPonmenf. These In-
vestlgatlons and analyses of results therefrom ape reported In this
volume as a part of the final report Of the contract work.

The report Includes detailed descriptions of the Investigations performed
and the results obtained pertinent to the use of tWTHERMO-LAG"
T-500 materials for the design of manned entry vehicle heat shield
systems. Thermal conductivity, specific heat, emlssivlty_ and density
values for T-500 materials, both In the virgin state and in the charred
state, were determined over a range of temperatures° Rates and
temperatures of decomposition were determined by thermogravlmetrlc
analysis. Overall heats of decomposition were measured and reactions
were studied by means of differential thermal analysis. ChPomatoqPaphlc
procedures were used for the Identification of ablation products.

An extensive experimental study of T-500 thermal performance was
conducted employing air arc plasma flight simulation facilities and an
Infrared radiation apparatus. The ther'mal performance of the
"THERMO-LAGtl material was studied for environments typical of
Apollo class vehicles dur,lng the entry maneuver. "l'ests were also
performed to assess th_ effects of vacuum exposure upon subsequent
performance of the ablation material.

The experimental results of the program were Intensively evaluated
fop the derivation of basic parametera defining the ablation mechanism.
This Information was used In the establishment of an IBM computer
program for the rapid prediction of heat shield material requirements
for a given sequence of thermal environments end material characteristics.

Two forms of tITI-tEFRMO-L.._OIT T-500 were evaluated. The T-500-4

designation refe."_ to spray d_Jposlted material cured according to pre-
scribed procedures. The designation T-500-6 Is applied to srpay
deposited material, reinforced with loose weave glass cloth weighing
1.94 ounces per square yard inter'laminated during the spray operation
at intervals of 0.050 Inches, which has been vacuum bag molded _nd
cured ,according to prescribed procedures.

1-3
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SECTION II

MATERIAL PROPERTIESAND
CHARACTERISTICS

2-I



1965015246-018



SOLID PHASE THERMAL PROPERTIES

Tests were performed to provide measured values of ,,THERIV_(D-
LAG H T-500 thermal properties over the temperature range frcm
-150°F to 400°F where appropriate, both virgin and pr'echar'red
materials were tested.

THERMAL OONDUC;TIVITY

TEST EQUPMENT. A Cenco-Fltch thermal conductlvtty unit was
used for the thermal coilduct|vlty tests. This unit consists prlmar|ly
of an Insulated cooper mass and a vessel to contain a constant
temperature fluid.

TEST SPECIMEN. The material test specimens were 0.125-1nch
thick circular dlsks_ 2.5 Inches In diameter.

TEST METHOD. The thermal conductivity of both virgin and
charred VVTHERMO,-LAG" T-500 material specimens was measured
by the method prescribed It, ASTM O177-/-15. This method employs
the principle of energy balaqce by equatlng the heat transferred through
the test speclmen to the heat absorbed by an !nsulated copper mass_
which acts as a heat slnk. One face of the test specimen was In

direct contact with the constant temperature source_ whlle the other
face was In contact with the copper mass, whose remalnln9 sides
were thermally Insulated. The Io9 of "the dlfferenoes In temperature
between the constant temperature source and the r,lslng temperature
In the copper mass was recorded. The final calculation was based
on the prlnc|ple that the test specimen thermal conductivity Is propor-
tional to the slope of the linear log temperature ver`sus time curve..

RESULTS. Multiple observations were made for` each specimen
tested. Observations were made at intervals not e×ceedin9 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 equation:

£-= )<
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wher,_:

Wcu = Weight of copper heat "3Ink
k = Thermal conductivity of specimen
L = Specimen thickness

C cu = Specific heat of copper
Acu = Effective sample area = area of copper sink

/_- = The temperature difference Patio corresponding to/jL the time (t2-t 1 )

For the virgin "THERMO-L.AG" materlals_ seve:J tests were performed
on "THERMO-LAG" T-500-4 and ten tests were performed on
"THERMO-.LAG" T-500-6. The results of these tests are recorded
In Table 2-1 and shown In Figure 2-1. The data Indicates that lhe

thermal conduciI./lty_ k, of "THERMO-LAG" T-500-4 Is approxTmately'
linear over the test temperature range.

For the charred materlals_ nlne tests were performed on ,THERMO-
LAG w_T-500-4 and ten testu were performed on ,THEFRMO-LAG"
T-500-6. The test results are recorded In Table 2-1 and shown In
Figure 2-2. The data Indicates that over the test temperature range
the variation In thermal conductivity ls about 12 percent.

2-4
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Figure 2-1. Thermal Conductivity of Virgin "THEFRMO" -LAG"
T-500-4 and T-500-6
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Figure 2-2. Thermal Conductivity Charred ,,THERMO-LAG"
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_at-:--iallSpecimenJTest "Weight specificHeat lSpeci- " Area ISlo.:e Conver- ' Thermal

No. ] Temper- of of Copper [ men Copper sion Cor,ducti_ity
ature Copper Cpc d |Thick- A c#o /_ Factor /<_I

_F W6"# CAL/GM_C I .,ess, UM" BTU:HR-
I GMS 1 CM FT-'Fi

|

T- 500-4 1O-C,-l- -150 340 .0940 .3OO 15.22 9360 242.0 .0376
Charred 4B-4

T-500-4 Id-G_ -150 340 ".0940: .320 15.22....6970 242.0' .0536

Virgin I-1-4

T-500-4 10-G- -150 340 .0940 .3225" 15.22 6930 242.0 .0544
Virgin 1-8-4

T-500-4 10-G-- 0' 3@ .0940 .3185 15.22 5400 242.0 .0690

Virgin 1-16-4

T-50C-410-G- 0 340 .0_40 .3165 15.22 5340 242.0 '.0694
Virgin 1-6--4

%-500-4 10-G- O "' 340 .0940 .'307 15.22 774_ 242.0 .0466
Charrs_d 1-4C-4

,j , , , , ..,

T-500-4 I'0-G- 0 340 .0940 ._OO 15.22 7520 242.0 .0466
Charred 1-_E-4

T-500-4 10-G- " 77 340 .0940 .3145 15.22 a430 242.0 .04.36
Charred 1-4A-4

T-500-4 10-G-I- 77 340 .0940 .3OO is.22 _430 242.0 .0418

Charred 413-.4
T-500-4110-G- 77 340 ".0940 .3225 ' i5.22 4730 242.0 .079'8
Vtrgin_ I-4-4

T-500--410-G-. 250 340 .0941 .3045"" 15.22 "-_ 8940 2,2.0 _399
Charred 1-19-4

T-500-4 10-G-l- 250 340 10941 .3110 15.22 9260 242.0 .0394
Charred 19A-4

CharredT-500-41-1-410'G" 400 340 ' "'.0941 .3125 15.22' 94601242.0 .0369

T-500-4 10_G- 400 340 .0945 "' .310 .... )5.22 9960 242.0' .0366
Charred 1-9-4

T-500-4 10--G- 400 340 .0945 .3165 15.22 1500 242.0 .1135

: Virgin 1-I0-4

"Fable 2-!. Test"Results - Tl_ermal Conductivity (Sheet 1 of 3)
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S "
Material Specimen Test We,:,nt Speeiiw Heat S0eci- Area lope Conver- Thermal

No. Temper- ol cff Copper men Copper ! slot1 Co_ducti_'W,"

F vIfCU CAL "GM C hess ,,,,,- BTU HR--
GMS 1. CM FT- F

T--5_0-4 10-G- 400 340 .0945 .3235 15.22 2280 242.0 .0923
Virgil: 1-17-4

-_-50(]'6 I iO-H-l- -150 340 - - .0940 " " - .3125 15.22 8540 242:0 ,0429 '
Charred I'7A-6

T-500-6 10-H-l- -150 340 .0940 .310 15.22 8160 242.0 .0434
Charred 17B-5

T-50_}-6 I'()-'H- -150 340 .094C, ,320 15,22 5261 249-'.0 :0'710
Virgir, 2-17-6

T-500-6 i0=H-2: -150 340' .0940 '.320 "i5.22 4560 242.0 .0820
"virgin 17-6A "-

"I"-500-6 10-G- 77 340 .0._40 .320 15.22 7050 242'.0 .0532
Virgin 2-5-6

T-500-6 10-G- 77 340 .0949 .310 i 5.22 5870 242.0 .0623
Virgin 2-2-6

T-500-6 10-G- 250 340" .0.q41 .3275 15.22 5650 242.0 .0698
Virgin 2-;4-6

T-500-6 10-G,- ' 250 340 .0941'" .317 _ 15.22 5240 24'½.0 ---.0717
Virgin 2-9-6

m

T-500-6 10-H-2- 4_ _ 340 .0945 .320 15.22 7040 242.0 .0537

Virgin i 16-6

-_-b 0_ "1 10-C,-2- 400 340 .0945 .337 15.22 5650 242.0 .0699

Virgin 10-6

T-500-6 10.-H- 0 340 .0940 .326_i 15.22 1150 242.0 .0R66
Vi rgil_ 2..20-

T-500-6 10-G- " 0 34; ' .0940 .3"264 15:22 1660 242.0 .0'543
Vir¢in 2-11-6

-T-500-6 10-H-- 0 340 "' .00-_0 .3175 15.22 b840 242.0 .0422
Charred 2-15-6

CharredV-500-6] 2-6-610-H- 0 "340 .0'940 ' .3022 15.22 817e 242.0 0.433.. ]

Table 2-1. Te_,t Res.ults - Thermal Conductivity (Sheet 2 of 3)
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l,ttr:nal Speclmonl Test Weight Specific Heat Spect- Area Slope Conver- rh(-r:na,
N,_. Temper- of of Copper men Copper men Cond,actlvlty

x ature Conoer _,Pe: ¢/ Tl:ick- _A_V " /1// Factor /<:

"F J4/_ CAL_/GM C ness CM2 BTU IiR-
GMS. 1, CM FT- F

,.. r, ' ' " T " 1
]

T- 50"3-h 10-H- 77 340 .0940 .3145 15._2 8175 242.0 .0.t52
Charred 2-17-6

T-h00-_i 10-H- 77 340 .0940 ] .320 15.22 8849 242.0 .0422
_harred 2-19-6 I

.......... |

T-500-6 IO-G- ! 250 340 .0941 .3045 15.22 9300 242.0 10384
Charred 2-8-6

T- 500-c, 10-H'-'" 250 340 .0941 .3125 i5.22 9260 242.0 .0395
Ch.lrred 2-1 5--6

T-500-6 I0-II- 409' 340 .0945 .3085 15.22 I0960 242.0 .0332 '
Char:od 2-19-6

T-SO0'-6 10-G- _00 340 " 1 .0945 .219 1'5.22 9500 242.0 .... .0300
Chazred 2-8-6

Table 2-1. Test Results - Thermal Conductivity (Sheet 3 of 3)

SPEcIFIc HEAT

TEST EQUIPMENT, A Parr Adiabatic Calorlmeter (Model 1221)
was used In the specific heat iests. The tests were calibrated wlth

: a standard sample of copper s whose specific heat ls accurately known
over the test temperature range.

TEST SPECIMEN, The material test specimens were 0.075-Inch
thlck rectangles, 1 Inch by 4 Inches, of suff;clent quantlty to glve a
total weight of approximately 100 grams.

TEST METHOD, The method used to measure the specific heat
was that sp_.clfled In ASTM O351-61. Thls method consists of:
(1) addlP.g a known mass of material at a given temperature to a
known mass of a calorimetry liquid (toluene or tr'lcresyl phosphate)
at a higher or lower temperature, and (2) deter'mining tt;e resulting
equilibrium temperature. The specific heats were calculated from the
energy balance:

MsC s ,Z_T s = M L Cl_ T L

2-8
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where :

M s -- Specimen mass

C s = Specimen specific heat

/_,T s = Specimen ter, Rperature change

M L = Effective .;ass of liquid = liquid mass + liquid
mass equivalent of the calorimeter

C L = Liquid specific heat

ATL_ = Liquid temperature change

RESULTS. Test results are recorded In Table 2-2. and Illustrated
in Figures 2-3 and 2-4. Figure 2-3 shows values of the mean
specific heat of virgin _ITHERMO-LAG. T-500-4 and T-500-6 es
a function of temperature.

The values of charred "THERMO-LAG" T-500-4 and "1--500-6p as
a function of temperature are shown in Figure 2-4. The trends
of the plotted d_.ta are _plcal for, th_ materials tested.

LL
o ?! •

m .,.
J .6 Z)

:OT-500-4

I- AT-500-6

I "'

T

.=

0
1

1 !!!1U)
C C .... J l, ,I

-2,uO - 1oo 0 i00 200 300 400 500

- _E Mean Temperature - (°F)

Figure 2-3. Mean Speclflc Heat of Vfr£lln W_THERMO_LAGe,
T-500-4 and T-500-6

! 2-9i

1965015246-025



[L
t) .7

QT-500-4 /

01
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tO
12
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Flgure 2-4. Mean Specific Heat of Charred "THERMO-LAG"
T-500-4 and T-500-6

)4aterial Jspectme. Initial Iniaal Zquihbratton T_ 5_- Tol- CFt. Specific Heat
Weight obpeeimen Toluene Temperature uene of Specmmu

j GI_S Temper- Temper- °F 'F ."F Weight BTU/ BTU/LB- °F

i atu re atu re GMS LB- °F

_F OF

T-500-_ 98.24 120 72.55 75.10 2.55 54.90 2091 .395 0.389 at 102
Cha fred

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 ?0.01 11.71 365.01 2056 .403 0.271 at-113

CharredT-500-6 98.60 -205 82.40 71 29 11.11 366.29 _9099 .404 n "_1 a"-112 t

"T-500-E 91}.04 -89.5 '9'1.10 86.6_t 4.46 176,i4 2)02 .403 0.208 at -2
Charred

t

Tabie 2-2. Test Results - Specific Heat (Sheet 1 of 3)
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I Material Specimen Initial Initial Equilibration 7_ _ Tol- Specific Heat

Weight Specimen Tolue_e Temperature _F "F uene _PC of Specimen
GMS Temper- Temper- :F Weight BTU/ BTU/LB-_F

at'dre ature GMS I LB-°F

i _'F °F

T-500-4 I 99.74 350 78.57 90.75 12.1_8 259.25 2116" .402 0.400 at 200

Chal-red[ !
T'500-4 98,20 429 76.36 ' 90.88 14.52 338.12 2150 .401 0.377 at 260

Charred j

I T-500-4 99.91 130 ,6.03 78.03 2.00" 51.97 2110 .401 0.326 at 104
Charred

T-500-4 99.52 130 75.35 77.24 '1.89 52.76 2113 .401 0.305 at 103
Charred

T'-'_-_9-_'_[ 98.6_)" -300 80.75 66.65 14.1 366.65 2042 .403 0.312 at -117
Charred

_-5oo-498.88 -295 81.51 67.70 i3.81 _2.70 2009 .403 0._128t-I16
Charred

T-500-4 98.16 -70 81,74 '78.21 3,53 148.21 2085 .403 0.204 at 4
Charred

T-500-6- -94.70 500 70.28 85.36 I5.08 4;4.64 1990 ! .402 0.3O'c at 292

Virgir_

1T-500-6 1'00.71 500 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

.... I [

T-'500-4 ' 104,0-t -275 78.22 G_.._0 10.12 343.10 1983 .400 0.234 at-103

Virgin I
T-500-4 98.32 -81 ,81.30 77.05 4.25 158.05 2060 .403 0.226 at -2
Virgin

i

I,z-5o0.. '"_._,._.A_ -6i q6._5 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-11'4

Virgbl

....jT-500-4 94.03 -210 75.43 69.41 6.02 279.41 2070 .400 0.190 at 70
Virgin

[

Table 2-2. Test Results -. Specific Heat (Sheet 2 of 3)
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ater*alSpecimenInit_ J_itial Equilibration_ _ Tol- C_ SpecificHeat
Weight Specimen Toluene Temperature uene of Specimeu

GMS Temper- Temper- -F "F _F Weigh 6. BTU/ BTU/LB-°F
ature ' ature GMS LB- °F

_F °F

T-500-6 95.44 -221 73.80 67.00 6180 288,00 2035 0.399 0.201 at-77

i

VIrgin
. L .....

T-500-6 95.'10 -302 83.20 71.15 12,05 373.15 2104 0._.02 0,286 at -116

Virgin

T-500-6 95.28 -293 78.53 66.b_ 12.i8 359.53 2080 0.400 0,296 at -114

Vlr_in

'T'- 500-6 Toluene Toluene Toluene
Virgin 93.46 41'/ 81.80 66.20 15.60 319.60 1917 .407 .406 at 257

T-500-6 Toluene Toluene Toluene

Virgin 96.21 400 79.58 66.31 13.27 307.I5 1910 i .¢05 .363 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

Virgiu 83.85 516 308 300 8 2C2 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 .377 at 26

"_'-500-4 Toluene Toluene Toluen_
Charred 97.88 432 77.65 63.52 14.13 340.22 2152 .402 .367 at 262

..... ®, ,,

T-500-4 TCP TCP* TCP

Charred 195 431 313 301 12 106 2295 .490 .652 at 378
, ,, ,,

T: 50"_-6 TCP , TCP TCP
Charred 198.88 461 320 310 19 130 2150 .490 .407 at 396

T-500-4 Toluene Toluene Toluene

V_rgin 85.5 400 69.11 56.92 12.19 318,7 2070 .401 ;.371 at 241

T-500-4 Toluene Toluene Toluene

Virgin 90.4C 495 77.90 55.30 22.60 394.5 1832 .406 °473 at 293

T-500-4 Toluene Toluene Tolueue

V_rgin 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 12 182 2344 .490 583 at 405

T-5_O:4 [ TCp TCP TCP
Virgm 185.59 ] 460 318 304 14 138 2297 .490 .615 at 401

*Tritoluyl Phosphate

Table 2-2. -I"est Results - Specific Heat (Sheet 3 of 3)

2-12

..... _Y-I I t ..... : _ 'l I.t ILII

ii1"--

1965015246-028



DENSITY.

TEST EQUIPMENT, A laboratory gravltometer as Illustrated In

Figure 2-5 was used for density measur'ements. The balance of

this device can be calibrated to 0,1 mllllgramo The Ilquld bath

maintains the specimen at a uniform temperature.

TEST SPECIMENS. Material specimens were l-inch squares

I/4-Inch thick,

TEST METHOD, Density tests were performed In accordance
wlth the method prescribed In ASTM 0?92-50, The method con-

sists of Immersing the specimen In a known volume of liquid

(cyclohexane) and weighing the change produced by the displaced

liciuld of known density.

RESULTS, Eleven specimens each of "THERMO-LAG" T-500--4

and T-500-6 were tested. The results of these tests are presented

In Figure 2-6. Wlthln the range of experimental accuPacy_ the

densities of the two materials correspond_ and vary In an almost
linear relationship with temperature.

TOTAL NORMAL EMISSIVITY.

TEST EQUIPMENT. The measuring apparatus consisted of an

environmental guard maintained at a constant level of temperatur'e by

an electrical heater and blower; a reference black body heated to

the appropriate temperature; and a thermop|ie radiometer. The

radiometer (essentially a box) was blackerted Ins|de_ plePced by

two tubes on the front face, and fitted with a gold mirror.

TEST SPECIMEN. Specimen _ were 1 .344 Inch circular disks

0.5 Inch wide, A thermooouple was embedded In each face. The

specimens were held In a 0,0"74-1nch thick stainless steel disk.

TEST METHOD. The specimens to be tested were Immersed In

a heated alp stream above the test temperature and maintained at

their test temperature. The specimen ten_peratures were measured

by embedded thermocouples Installed at fabrication. The radiation

coming from the speclmen t or alternately from the guard or black

body fu,_nace_ was focused by a concave gold surface mirror on
:he sensitive area of the total radiation thermoplle and recorded In

terms of sensitive galvanometer deflection, These radiometer

readings, combined with Independently measured temperFJtures of

the speclmen_ the environmental guard_ and the black body furnace_
were combined by means of the governing equations to yield the total

normal emissivity.

2-13
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Figure 2-6. Laboratory Gravltometer
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RESULTS. All black bed),, measurements were made In steady-state.

The e,'nisslvlh./ tests were performed on eight spe.clmens Of "THERMC-

LAG _: T-500-4 and-I--500-6, both virgin and precharred: fabricated by

spraying and precastlng. The results of the tests are recorded in

Tzole 2-3 and Illustrated Ir. Figures 2-? and 2-8. At least five

measurements were made for each point plotted for temperatures

below the subllmatlon temperature. A!I three specimens tested at
the high temperatures (two of "THERMO-LAG" T-500-4 and one

of "THERMO-LAG I_ T-500-6) were .of virgin material at the beglnn!ng

of the !eat and went through the sublimation phase whlle the emissivity

measurements were Ir, progress. The data Indicates that changes In

em!sslvlty are produced near sublimation temperatures. The values

for "THERMC-LAG" T-500-4 decrease at temperatures preceding

subllmatlon and then Increase wlth temperatures following sublimation.
Plotted data for _'THERMO-LAG" T-500-6 Indicates a decrease In

emissivity durlng the sublimation phase t which Is compatible with
data for fused silica. These T-500-6 specimens exhibited a hard

glossy cha," layer of s!llca deposits. Plasma jet tests Indicate that

the emissivity values for T-500-6 level off at about 0.65.

COEFFIC1ElqT OF THERMAL EXPANSION

TEST EQLIPMENT, A fused-quartz-tube dllalometer was used to

measure the expar3slon of "THERMO-LAGU T-500 test specimens

resul_InQ from a change In temperature.

TEST SPECIMEN. Material 'test soeclmens wer_ 5/16-Inch square
_ars 2 mches long. A thln steel plate was cemented to each

end of the sample to protect It against Indentation during the test.

TEST METHOD. The method wh!ch was used to measure the

coefficient of linear thermal expansion of t'THERMO-LAG" T-500

materials Is desc,-lbed In ASTM D696-44. A test sample "was

Imme._'sed In several constant temperature baths_ and Its length was
then measured with a dial gage calibrated to 0.0001 inch per

division. The coefficTent of thermal expanslon_ o(_ (In/In°O) was
calculated from th,e measured data between the test temperature and

30°0 above and below test temperature using the equation:

A/_

where :

AL = Average of three changes !n length of lhe samples

due to heating (Inches)o

, 2-18
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!
z---= Length of test sample at test temperature (inches).

_T -= Temperature difference over whlc_= the chan£es In
length of the specimen are measured. (°C)

RESULTS. Eight tests were performed on each of the virgin
,THERMO-LAG" T-500-4 anql T-500-6 materials. The results
of these tests are Illustrated In _=|gure 2-9 and recorded In Table 2-4.

Study of the plotted data Indicates certa!n behavior characteristics of
the lwo malerlais.

1. A phase transition from the elastic to the glass state occurs In
the temperature regime below room value for 'ITHERMO-LAG"
T-500-6.

"_ The erratic behavior above 250_F lr, dlcated where "THERMO-=¢.we

LAG" T-506-4 began to behave as a viscous fluid.

Ten tests were performed on each of the charred 'ITHERMO-LAG"
T-500-4 and T-500-6 materials. The results of the tests are plotted

In F|guPe 2-10 and recorded in Table 2-4.

2-19
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Material Sample No. Ter, lperature /-- /I/_ z3T" ex: = _/-
......... inches inches °C Z---_7_

°C °F IN./IN. -OF
-5

x i0|.

T-500-4 13-G-I-21-4 -95 -139 2.0174 .00117 30 I. 07

charred

T-500-4 13-C,-!-30-4 -91 -!32 2.0410 .00087 30 0. 788
charred

, . ,, , m

T-500-4 13-G-I-22-4 -18 0 2.0468 .00161 30 i. 46
charred

T-500-4 13-G-I-23-4 -18 0 2.0550 .00154 30 i. 39
charred

T-500-4 13-G-I-25-4 24 75 2.0497 .00218 30 i. 97
charred

i T-500-4 13-G-I-29-4 24 75 nnl Q_ _.......... v I./4
charred

L I....

T-500-4 13-G-I-24-4 121 250 2.0583 .00148 30 i. 33
charred

T-500-4 13-C_I-26-4 121 250 2.0620 ,00175 30 I. 57
charred

T'500-4 13-C,-1-28-4 157 315 2.0710 .00132 30 i. 18
charred

T-500-4 13-G-i-27-4 157 315 2.0640 .00{86 30
1.67

charred

T-500-4 13-G-1-13-4 -96 -141 2.0722 .00206 30 1.84
m,,

T-500-413-_-1-16-4-96 -141 2.0384.00162 3_ 1.47
T500-4 13-_-i-6-4 -16 o 2o719o0389 30 348
T-500-4 13-G-I-I_4 -18 0 2.0629 .00385 30 3.46

, , .] ........

Table 2-4, Coefficient of Thermal EExpansion Test Results

('---",r_eet 1 of 3)
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|

Material Sample No. Temperature ] /-- _L AT" _ =

tinches _nches _C i ×AT"
o., oF IN./IN. -oF
_" ..... x in -5

'_. '" .. , I ' ",

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 2.5801 | .00260 30 2.32
. .,, --_

T-500-4 13-G--1-20-4 157 315 %0589 .00092 30 0. 826

T-500-4 13-G--1-14-4 157 315 _ 2.0735 .00030 30 0. 268

tT-500-4 13-G-1-11-4 157 315 2.0897' .00201 39 1.78

T-500-6 13-C_I-27-6 -94 -!37 2.0549 .00078 30 0. 705
charred

T-500.-6 i3-G-i-22-6 -96 -141 2.0621 .00080 30 0 .'715
charred

T-500-6 13-G-I-25-6 -I£ 0 2.0817 .00116 30 1.03
charred

3:-500-6 13-G-1-8-6 -18 0 ' 2.0814 .00332 30 2.96
ch-lrred

,,, ,.,

T-500-6 13-G-1-24-6 24 75 2.0730 .00141 30 I. 26
charred

T-,500-6 13-G-I-26-6 24 75 2.C738 .00152 30 i. 35
charred

T-500-6 13-C_-I..23-6 121 250 2.0587 .00162 30 !.40
charred

T-500-6 13-G-I-21-6 121 25; 2.0,551 :00202 30 1.83
charred

_500-6 .... h_-G--1-12-6 157 315 2.058'8 .00103 30 0. 927
ch'_rred

Table 2-4. Coeificienl of Thermal Expansion Test Results

(::Sheet 2 of 3)
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Material Sample No. Temperature /- AL z_qT _z==
_- inches inches °C /- _ z_,"-

°c  N./IN. -°F
x 10-5

,, L.

T-500-6 13-G-I-7-6 157 315 2.0461 .00098 30 0.887
charred

T-500-6 13-G-I-15-6 -96 -141 2.0496 .001'_9 30 i. 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 -1B 0 2.1000 .00318 30 2.80

T-500--6 13-G-I-9-6 -18 0 2.082'/ ,00367 30 3.26 -

T-500-6 13-(]-1-3-6 30 86 2.0854 ,00180 30 1.69 '"

T--500-6 13-(]-1-6-6 30 86 2.0975 .002'/0 30 2.38
,, ,, ,

T-500-6 13-C_I-17-6 157 315 2.1030 .00081 30 0.712

T-500-6 13-G-I-14-6 157 315 2.0809 .00052 30 0.462

T-500-4 13-G--1-2-4 121 250 2.0933 .0027 30 2.39
, ,,= _

T-500-4 13-G-I-9-4 121 250 2.0867 .0025 30 2.22

T-500-6 13-H-2-I-6 121 250 2.074 .0009 _ 30 0.805

T-500-6 13-H-2-I0-6 121 250 2.0625 .0008 30 0.715

Table 2-4. Coefficient of Ther'mal Expansion Test Results
(Sheet 3 of 3)
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Et"ViRONMENTAI_ CHARACTERISTICS

MATERIAL BEP'AVIt.-Ft LINE) EF4 VACUUM AND TEMPERATURE

EXPOSURE,

OBJECTIVE, VacL,_._rn exposur, e tests _'¢ePe conducted to determlne

the effect of tow pressure upon the weight loss of UTHERMO-LAG u

T-500 meteria_ as a iuncticn of exposure tlme and temperature. The
condlt!ons at ,which these: tests were perforrted on "THERMO-LAG"

]--500 materi_i a:'e gi,,er-, ;n Tal)!e 2-5.

: 7 -- ill I II

Specime,_ area (iN 2) 1,0

Spat;men thicknesses mils) 20: 50, 100

Vacuum (TORR) 10-4

Specimen tempet-atur-e °F) _ _"; 250

Table 2,-5, Vacuum E×pos:. Test Conditions

TEST EQUIPMENT, The tests wer,e performed _;n a vacuum

chamber' wlth r_ cr.yo(je'_ic waif melntalned et -300°F, Two quartz
lnfr'ar.ed lamps [nsta!led Ins|de an inner char'nbep of the vacuum test

facility pPovided precise and stablllzed speclmen teq'_pepatur-e. A

view of the test chamber ls shown In Figur'e 2-11.

TEST .SPEOIh.4EI'.-;S. HTHERIX40-LAC3U test speclmens we,'e ppe-

par.ed fr-om cherqlcally cleaned 14-1nch x 16-!r, ch x .047-Tnch number

i 1010 cold r.olied steel Dates sprayed wlth T-500-4 matet-lai to 0.020p

0.50_ and 0. 100 Inch thicknesses. The plates were cured according
to _'I-HEFRMO-L_AG _r T-500-4 cuPe schedule and 1-Inch x l-Inch x

.047-1nch steel sections wePe cut. To position thermoeouples_ used

&s sen_or's_ ."he 1-1nch × 1-1nch x ,04'7-Inch pieces were dr'Iliad
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from the metal beck In the center with a 0,050-1nch diameter drill

to a ,00=;-Inch depth from the "THERMO-LAG" .surface,

DATA REDUCTION AND ANALYSIS, The weight loss curves
for the specimen thicknesses tested are shown in Figures 2-1_ 2-13r
and 2-14o The test data lndic'_tes that the weight loss ls composed
of two distinct periods, The f "st period comprises an initial weight
loss of entrapped solvents and volatilization of the monomolecular layer
at the surface of the sample, This initial period lasts as long as 10
to 1,5 hours, depending upon the pretreetment of the specimens. It
Is the period after" the Initial welght loss period_ however, which Is
of interest for predicting weight loss under" sustalnsd vacuum ex-
posure for extended periods of time,

The second weight ios_ period (d_s|gneted the rate per'iod) was used
to analyze the amount of material that would be lost over long exposure
periods, The total weight loss for a unlt area, being the sum of the
losses for each period, is expressed as:

where the subscr_,pts refer to the Initial period and the pate period.

For the second period the weight loss Is expressed by;

The rate expression can be expressed for the Initial weight loss

exposure tlme 9 to_ to any tlme_ t_ at constant temperature and
Initial thickness, by:

As the weight loss expression .for the total exposure tlme is achleved_
then °.

2-25
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<3>
The expression Indicates that quantitative results of total weight loss
must be determined from the effect of temperature I time of exposure_
arid Inltlal specimen thickness on the rate of weight loss for the rate
period, (The Initial weight loss period does not enter Into the prob-

lamp as Its vveloht loss Is a function of pre-t'eatment of the speclmen I
which was not controlled,)

The rat,a of weight loss was postulated by a generalized rate equatfon
of the for-m of the modified Arrhenlus expression:

where the terms A(A_Xi)p n(Z_x,/ ) and B(Z_xi ) are functTons only
of the Initial thickness, These terms are determined for a g|ven
specimen thickness, and are defined herein as:

n = Slope of the weight loss Pate versus exposure tlme
curve (Figure 2-15).

B = Slope of the curve for weight loss rate as a function
of the reciprocal absolute temperature fop constant
exposure times (Figure 2--16),

A = Ter.n derlved from the modified Arrhenlus eClUetion
for the known parameters n and B.

The terms A t n_ and [] were calculated for a _QIven specimen
thlct_ness In the manner described Tn Reference No. 10. These
coefficients and exponents of the modified Arrhenlus equatT,on are
plotted In Figure 2-I7 as ,: functlop of the Initial sample thickness,

RESULTS OF EMERSON ELECTRIC TESTS. The following
rat_ equations were derived from the date shown In I=Igure 2-17
(r'educed In terms of the modified Arrhenlus eqi_dtlon) for the
specimen thicknesses tested by Emerson Electric°

1. For, 20 mll specimen thickness:

.J- x-/" - Isl
dz"
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2, For 50 roll specimen thick;mess:

(d /0- - -
oM-

3. For 100 roll specimen thickness:

The results of the vacuum tests on "THERMO-L_AG" T-500-4 per-,
formed by Emerson are shown In Figures 2-15 and 2,-16. Figure

2,-15 Indicates that the rate of weight loss decreases _ts the time o|'
exposure Increases for all samples tested.

The weight loss rate as postulated by the generalized rate equation
Is Inversely proportioned to the exposure time raised to a power
n(Z_.×/) which Is a function of the Initial thickness. The functional

dependence ofZ_,/ (the !l',it_al specimen thlckness) or_ n(_(/" ) Is
shown In Figure 2-17,

Figure 2-17 _hows that the term n(,Z_Lxt ) decreases as the Initial
thickness Increases. E×amlnatlon of the n(Z_×/ ) curve indicates
that for Initial:thicknesses greater- than 80 mlls_ the exponent
n(Ax/ ) approaches a constant value. The approach of n(,_,x/ )
to an asymptotic value Indicates that the time de0endence of the weight
loss rate Is approximately independent of specirr, an thicknesses
exceeding 80 rolls.

The test data Illustrated that as the temperatur'e of exposure Increased,
the Pate of welght loss Increased. The generalized Pate equation
shows that the rate Is Inversely proportional to an exponential of

reciprocal absolute tempePatuL"eP_,-_ ) where B(_ x/) Is a function
of the Initial thickness. This initial thickness dependence Is shown In
Figure 2-17o Examination of the B(,_:/) curve shows that Its decrease
In value becomes less evident as Z_×/ Increases above 80 mils. The
data Indicates that for specimen thicknesses exceeding 80 mils the tem-

perature dependence of the rate Ts approxlmutely Independent of thickness,
q

Figure. 2-15 shows that after an exposure duration of approximately
30 hours the weight loss pate Increases as the Initial specimen thickness
Increases. For,specimen thicknesses greater than 80 rolls, that Pate
can be considered Independent of Initial thickness. Figure 2-.17 Indi-
cated that the coefficient and exponents A(Z_X/ ), B(,_)<j )_ and
n(_.)</ ) of the modified Arrhenlus equation become Independent of the
initial thickness after 80 mils. As these terms approach a constant
value for- /_X/',._ 80 mils, the rate expression can then be expressed
as a function only oP temperature and tlme. The rate of weTght loss
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for- a 500-nil specimen should, therefore, be appr,oximately the same
a,. the rat(-., l(' a 100-nil specimen if tested under isother,mal
conditions.

-The folto',A,'ing co,-,c;{usior_s can be dravvn fr,oln tiqe r,ate oi vveig_t loss
study:

I. The r-ale_ decreases as \.'_c.Ju,'T, e,_po.sur'e lime incr,eases. '

9.. The r-ate increases; with an incr'esse in the exposure
tern Be r'a tu r,e.

3. The Pate increases as tlqe initi;-,l specimen thickness

increases unt"l a limiting thickn6_ss is encountered, at

which tt_;ckness the rate becomes a function only of
temperature and time. Fop lhicknesses less than 80

mils, the generalized Pate equation can be used to

consider the eifect of specimen thickness.

The implic-_tions of the space environment simulation study findings-

were considered with r`egard to their effect upor_ the predicted de-sign

weight of a II"THER.K/tO-LAG_ T-500 hea' shi( ':{ system fop entr,/

pr'otection of an advanced manned spacecraft. Assure]r2 the veh;_..le

surface to be maintained at 250°F during a ]a-day space., ,Pansit

allowance ;or thermal barrier" material weight loss r,esults i,_ &n

increase in the design vveight from 858 to 9?8 pounds for an entt'y

trajectory imposing an integrated stagnation heating '.)ad of 108 0 u

EBtu/F:t 2 .

S'TIRLJOTLIRAL PtROP_FR-TIES OF" IITHERMO-LAGlJ -I--500

MA] ERIALS

The stPuctblPal proper'ties of both _THERMO-LA,:_ I_ q"-500-4 and

T-500-C vvpr'e detePmir'ed over" the terrq[:).er,e, tLlr,e r'ange of ;nter"esl.

The deter'minations ar,e reported in Vol:_..'r_,,e lii.

T H F IRMA L -.CS.HL--MIOA !_ CHA F,IAC TE RISTICS

DIFFEF_E-.NTIAL. -FI-4EIRMAL ANALYSIS

OBJECTIVE, Tests were performed to deierm|ne character-|st|c

temperatures produced by thermal react|on--3 of HTHERMO-LAGH
'T'-500 maler,laJs.

TEST EC)LIPMENT, A DeltathePm DIffer,entlal Thermal Analyzer,,
manufactured by q'"echnlcai Equipment Oorporatlor,_ was used. The
O-CA un|t Is shown In Flgur'e 2-18.

21-2,8

1965015246-044



Flgur'e 2-11. Envlr-onmentai Ohamber"
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TEST SPECIMEN, Test specimens welghlng approxlmately one
gram were prepared In a pulverized form,

TEST METHOD. The method of analysis involved a comparison of
the thermal behavior of T-500 with that of a thermally Inert slllca
material, The thermal behavior of the specimen and the thermally
Inert sT,l|ca material was re_.orded by differential thermocouples at
the temperature Increase rates of 3,6OF/mln,_ 9°F/'mTn,p end
18°F/rain, Variations In temperature between the specimen and
reference material produced by a phase change were recorded
as a function of the spec|men temperature.

RESULTS° Flgure_ 2-19 through 2-26 present results of the
analysis for "THERMO..LAG" T-500-4 and "r-500-6 at the Imposed
temperature Increase rates of 3.6_ 9 t and 18°F/m|nute. A study
of recorded date Indicates that two distinct phase changes occurred
for each test. The first endotherm Indicates e phase change In the

crystal structure of the subilmlng material. The second endotherm
tndlcates the temperature of sublimation of the subllmln¢_ material
taken as the point at whTch the slope change Is first observed. The
sublimation temperature, as Indicated In the |llustrat|ons, averages
approximately 560°, _- for' "THERMO-LAG" T-500-4; and 545°F for

.'I'H_ RMO-LAG" T-500-60

NEAT OF DECOMPOSITION

Differential thermal analyses were p¢rformed to measure the heats of
decomposition of "THERMO-I--_.G" T-500-4 and T-500-6. Test
samples were run with known weights of s:!ver nitrate (AgNO3) and
potassium dichromate (KO#207), whose heats of fusion are known to
be 16,2 cal/gm and 28,9 cal/gm, respectively, F-._gure 2-2? shows
the DTA curves fop these tests.

Heats of decomposition of "he "THERMO-LAG" T-500-4 anti T-500-6
were calculated by the equation:

z_fl_.= (,,iN,)('W,)EA_.))CA,)

w_here :

AN 2 = Heat of sublimation of "TNERMO-LAG"

AH 1 = Heat of fusion of AgNO 3 or KCP20?

W 2 = Weight of "THERMO-LAG"
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Figure 2-18. Deltatherm Differential Thermal Analyzer
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W 1 = Weight of AgNO 3 or KOP20?

A 2 = Integrated valley area of nTHERMO-L_AG"

A 1 = Inte9rated valley area of "THERMO-LAO,

Calculated resdlts show that the heats of decomposition of "THERMO-
LAO" T-500-4 and T-500-6 are 1400 Btu/Lbm and 1'700 Btu/Lbrn,
respectively.

THERMOGRAVIMETRI C ANALYSIS

OBJECTIVE. Tests wer'e performed fc Jetermlnep as a functlon
of a linear temperature rlse r the rate at which "THERMO-LAG"
t-500 material loses weight duping the subl!matlon process and the
temperatJre range at which the maximum weight loss of "THERMO-
LAG II T-500 occurs,

TEST EQUIPMENT. A Deltatherm Thermogravlmetric Analyzer_
which Incorporates an electrcnlc balance and an external furnace_ was
used. The TGA unit ls shown In Figure 2-18.

TEST SPECIMEN. Approximately three to four milligrams of
pulverized "THERMO-LAG" T-500-4 or T-500-6 were analyzed
;n each test,

TEST METHOD. The electronic balance of the test equipment
continuously recorded sample weights as the specimen was heated
at a linear rate of temperature rise.

RESULTS. The test results for "THERMO-LAG" T-500-41
where two or more temperature Increase rates of 3.9_ 9p and
18°F/m[nut_ were Imposed _ ape Illustrated In Wlgures 2-28 through
2-32. Figures 2-33 through 2-35 Illustrate the test results fop
"THERMO-LAG" T-500-6 fop the same Imposed temperature
Increase rates.

GAS ANALYSIS,

OBJECTIVE. An analysis was performed to determine the primary
gas products evolved during the ablation of 'THERMO-LAG" T-500-4.

TEST EQUIPMENT. A Beckman Model GO-2A chromatograph
with a s|llcone column and a molecular sieve column was used.
The silicone column was calibrated for hydrocarbons and other gases,
while the molecular sieve column was calibrated for atmospher:c

gases.

TEST SPECIMEN. The specimens analyzed were trapped gases
given off from the ablatlon process of "THERMO-L_AG" T-500-4 durlng
exposure to Infl,ared heat lamps.
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TEST METHOD, The gas analyse.s were performed with the

column temper'atu-e at 40°c_J_ an applied detector current of 200

mlllIamps_ and wI'._ ;qellurn pressurized at 2,5 psIg, The gases

used for" cafibratlor, were those Indicated by an analytlcai study as
possible ablation pr"oductso

Gas samples for" ca_[bratlon were PreF_r-ed by s,Jccesslvely Injecting

2-ml s_mples of a cc.lTbr-ated gas |P.to a 270-mi sample pyrex bulb

of helium gas, The mixture was analyzed after" each add[fion of

gas so tha_. the Iocat|on and amplitude of each peak could be Tdentlfied

with the particular gas cor_ponent, The s_.Fnple system was Initially
under" a vacuum of 10 -2 mm H£i,

RESULTS. Date for" the chromatogrF'ms obtalned fop the ablatlon

gases are recorded in Table 2..6. Five major peaks were recorded

with the silicone column, The first two ;Isted peaks ape definitely
mixtures of vaPIOL_S gases, The foL_rth and fifth peaks did not cor, res-

pond with any of the _as components used In callbr'atlon. The nine

minor peaks lndlcated :races of hydrocarbons. The molecular sieve

column gave definite ev'_luat|on of gases_ recording six definite peaks
which corr'esponded to calibrated gases, Oallbrat|on of the silicone

column fop the gases hyarogen fluoride (HF) and boron tr|ft,Jor'|de

(E3F 3) 'NaPe unsuccessful,

The lndlcated compositir, ns of the gas pr'oducts of "THERMO-LAG"

T-500-4 ape r"ecor'ded In Table 2-7, The recorded data Pepr'esents

approximately 87 pePcent of the total sample.,
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"THERMO-LAG" T-500-4
i w

Gas Mole _/0

H 2 45

F-120 not detected

0 2 0. I

N2. 0.8

Methane 1"7.6

CO 6.6

002
8.2

Ethylene

Ethane I. 4

H2.S 5.8

i

Table 2-6. G(.s Analysis Of Noncondensable Ablation

Products By Gas ChPomatogPaph
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SECTION III

THERMAl..PERFORMANCE OF
"THERMO-LAG" T-500
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PART A - EXPERIMENTALINVESTIGATIONS

An investigation was conducted to obtain and interpret experimental

data relating to the thermal performance of f_THERMO-LAG"

materials in environment typical of Aoollo class vehicles. The

program objective was to secure information necessary to the

design of e. T-5-00 heat shield 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 nTHERMO-LAG_t h-naterial.

Experimental 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 Stream Pressure

Series 5 - Effects of Stream Energy
Series 6 - Effects of Gaps and Dlscontlnultles

Series ? - E,fects of Vacuum Exposure

Series 8 - Trajectory Slmulat|on
Serles £ - Effects of Upstream Mass Injection

The ablation performance of T-500 material during exposure to a

radiative infrared heat flux was also investigated.

AIR ARC JET TEST MODELS

The three model configurations listed below with both 5/8-inch

and 1.0-inch nose radii, were used:

1. Hemisphere-cone

"2. Hemisphere-cylinder

3. Flat-faced cylinder

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

two inches long, spray-coated with nTHERMO-LAG't T-500 v

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 lhe aft body ¢'onsisted of three _Z8-gago chromel-
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alumel thermocouples located 120 degrees apart and spot welded

to the steel sleeve, 1-inch fr'om the aft el_d of the sleeve. -f'he

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. -]-he air-arc jet was calibrated for stagnation

point conditions with the steady state, 5/8-inch nose diamete; _
water-cooled calorimeter shown in Figure 3-6.

A measurement was made to verify tunnel performance prior

to each test run. The stagnation point heat transfer rate was

corrected for model geometry and wall temperature by the familiar

relationship:

cL-, m°c'_l _--M°del Radius /-1/2 _--_'_h :m°del 7 Factor

qs calo,-. = Lo---_o_. _sJ Lht-hw calorj x Shape

where' the shape fact0r for flal face models is 0.55 and is 1.00

for _:emispherical models.

He_ flu;,." at aft body areas was determined by short duration,

hot '_.._all calorimeters h.aving configurations as shown'-in Figures
3-? and 3-3. Both r.opper and graphite calorimeters were

constructed ,,=ing copper and graphite sensors', respectively.

Sensors were fit_.ed with thermocouples with junctions located -'

at a poir_t L/ 3 from the back of the sensor. Data obtained _

from sta&*nation region sensors were compared with time-temoerature

-'data from side wai!. sensors to establjsh a relationship which,

with stagn_tion region d_,te Qbtained from co'd wall steady state

calorimeter results, _,vas. used to determine the magnitude of
side wall h_.ating rates..

Calibration r,_.sults ape presented in Figure 3-9 where the Patio

of local heat Ilux to stagnat'on heat flux is shown ve,_sus

stagnation heal flux.

SUMMARY" OF AIR-ARC TESTS

Table 3-1 is a tebular summary of all data pertinent to air-arc

testing performed under this contract.

RELIABILIT_¢" OF DATA

-I-o achieve a wide variation of test conditions, isolated tests

were Purl at particular conditions which were not a part of a

transient series These data were used fop comparison purposes

where an energy balance was not involved. The comolication

which prevented the assurance of an accurate energy balance

3-.5
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Figure 3-2, Photograph of Re-Entry Simulation Models Tested
In The Air-Arc Plasmajet Tunnel
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for" an isolated test was the nonlinearity of .,-'ec_;ssior, ra!e and

surface healin9 wiih time. Two factors involved \-,ere: debris

layer ,'._rowth until a maximum th;skness was ach;e_.,ea, and model
shape change due to nonuniform healing alo_9 Ihe surface.

To consider peculiarities foLnd for certain t_st--:, a method was

_ecessary to compare all data to ascertain the validity ot lhese

tests. The performance consistency of ll',e malerial was obtained

b_, correlatin 9 the surtace temperatur_ with total virgin material
recession at several constant exposure l!mes. A definile

relalionshi0 belween surface temperature and recession was

oblained and gave an avera_:e deviation from the mean value of

Zl-.8 percent. ConsisteP.l maleriP_,l ablalion performance was

therfore achieved. The second factor _.vas the magnitude

accuracy of lhe actual plasrqa 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 er,,thalp',. The latter effect was apparent

al lhe 23,000 Blu/Lb enthalpy level. The chosen method of

comparison concer'ned the compu_at:on of an effective gross heat

of ablation or "efficiency" defined as:

Hell qcw × total exposure time

2vm x lotal recession

_vhere qcw is lhe calorimeter me_asured cold wall lolal heat flux

and _vm is the virgin material density.

The resulting values _,vere compared at several constant slagnat_on

pressures for a given cons.,_nt exposure time (Figure 3-10).

A certain degree of scatter was procJuced but consistent lrerlds

were established. Several test runs showed a poor corr-e.lalion

with other data in this figure, and were not considered in lhe

evaluation of material performance. The 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 not necessarily valid for the low enthalpy runs

since the test models performed as though near radialion equilibrium

as noted by the 38,000 Btu/Lb efficiency of Model N-9. An

increase in effective gross efficiency with respect to test duralion

at a given pressure and enthalpy difference existed because of
lhe nature of the definition of the efficiency term. The actual heat

flux to the hemispherical nosed models at the higher enthalpies

was less then the calorimeter 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
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loaner at shorl exposure times and higher at large exposure

times lhan the corresponding value of true efficiency at a particular-

enthalpy level. This result is valid only for the hemispherical
nosed models. Thus, ablation histories rather than isolated

test points were used as the basis for the analytical evaluation
of ab!alion performance parameters.

SERIES1-TRANSIENT PERFORMANCE

PU_PC'SE. The purpose of the transient test series was to

establish the virgin material thickness, the debris layer thickness,

't-_e debris iayer surface temperatur.e, and the temperature response
_,itnin the T-500 material as ft,rctiors of time for selected en-

vironmenlal conditions.

"TEST CONDITIONS. 7he nominal test conditions are shown

in Table 3-2.

TEST MODELS. The lesl models used for lhis series of tes's

_^,ere '.,,o-inch diamter hemispherical cylinders.

I
;4t, nber of Stagnation Stagnation Slagnalion I Type Test

Tests Pressure Enthalpy Heat Flux I of Duration
Performed (Aim) ( Blu/Lb ) ( BIu/FI 2- Model (Sec)

Sac) [ __
2H-D

6 0. 0098 3,500 35 H -C, 300 to 3600
4 0. 0076 5,000 48 " 25,75,420,900

4 O. 0064 9,440 " i 0 " 90, 150,320,38t

22 0.0160 9,780 170 " 45 to 600

3 0.0100 17,500 300 " 45,90, 150

6 0. 0270 23 , 000 456 " 15 , 30 , 45 , 90

.. . 150,1_70

Table 3-2. ;rans,ent -Vest Matrix

For the Iransienl series, duration of model exposure was the

primary independent variable. Six air-arc test conditions were

investigated. Prior to model exposure, the plasma jet was

calibrated. The models were then exposed in sequence at
Ihat environmenlal condition. Test data were obtained for both

the stagnation and the aft body regions.

DISCUSSION OF RESULTS. Histori6s of stagnation point

ablatior data are given in Figures 3--10 through 3-15 for each

test condition. Sidewall ablation data ,were obtained for a

heating range of 5 to 39 Blu/Ft2-Sec. Typical sidewall

ablation results are shown in Figure 3-17.
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f'THERMO - LAG II

IY

• Thermocouple

Figure 3-5 Sphere - Cone Test Model
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The models exhibited t\,vo basical'y different types of behavior

depending upon the environmental exposure conditions; an

essentially nonreceding debris layer was formed under low heal

flux-low enthalpy conditions, while receding debris layer was

observed at high-heat flux, high enthalpy conditions.

LOVV MEAT FLUX CONDITIONS (450 BTU/FT2-SEO}-

LOW ENg-HALPY (_ 5000 E}TU}. Seven hernisDhere-cylinder

models of 1.0-inch nose radius were exposed to a cold wall

stagnat;on heal flux ol 30 Btu/FtZ'-Sec at a stagnation pressure
of 0.0098 atr'-,osphere. Test durations ranged from 12 to 60

minutes. Transient performance was observed for- the entire

test duration (Figure 3-I|} and was characterized by a continued

increase in debris layer thickness and a nonlinear recession

history. The debris surface approached temperature equilibrium

as evidenced by the almost constant observed temperature of

2800°R did not recede and had a glassy appearance. Virgin
material recession at a 60-minute exposure time was 1.05

inches, and the corresponding debris thickness was _,.0 inch.

The measured debris density was varied from 9 Lb/FI 3 ne&r

the subliming surface to 30 tb/Ft 3 at the exposed sur'face. Debris

density measurements are presented in FiguL'e 3-]8.

Similar performance was noted for the 48 13tu/Ft2'-Sec stagnation

heat flux case at a total enthalpy of 5000 Blu/Lb and 0.0026

atmosphere stagnation pressure (Figure 3-12). Four |.0-inch

radius hemisphere models were tested for durations from 25 to
900 seconds. Transient recession occurred for" the total

exposure, time of 900 seconds, and was cnaracterized by

a continually increasing debris thickness vvilh the mass _oss rate

changing as a function of time. The surface attained an

equilibrium temperature of 3200°1R within 100 seconds. A

white-colored glassy surface was formed with moderate debris

, layer recession. -I-he debris thickness at 900 seconds was

0.35 inch, Data analysis indicates thai radiation cooling from

the surface of the debris layer was lhe most si£nificanl mode

of "heat blockage" at these environmental co_dilions.

HIGH ENTHALPY ( :_ 10,000 BTU/LBM)-HEAT FLUX

( _ |00 BTU/FTg-SEC). AI lhe 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 sleady-s tale performance characterized by a nearly constanl
debris thickness.
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A series of tests "were conducted at the I0,000 Btu/kbm enthalpy

level for a stagnation heat flux of 1"70 Btu/Ft2-Sec and stagnation

pressure of 0.016 atmosphere. -]'-he maximum duration was 465

seconds, at which time the measured virgin material recession and

7 debris thickness were 1.31"7 and 0. 144 inches, respectively (Figure
: 3-14). Ar. equilibrium surface temperature of 4200°FR was attained

within 40 seconds of exposure.

HIGH ENTHALPY (1'75,000 B'FU/L_B) - HIGH HEAT FLUX

(300 BTU/FT2-SEC). The 17,500 Btu/L.b total enthalpy
condition was attained at a stagnation heat flux of 300 E3tu/Ft2-Sec

and a stagnation pressure of 0.01 atmosphere. Four models were

tested, three of which _vere 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
at 300 seconds was 0.682-inch. A maximum surface temperature

of 4200°FR was observed.

The most severe test conditions were; total enthalpy of 23s000

BtL,/Lb, stagnation heat flux of 450 B'.u/Ft2-Sec, and stagnation

pressure of 0.02'7 atmosphere. Six models were tested at this

condition 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 model showed a

visible shape change, giving the appearance of havir,9 been slightly

misaligr_ed in the jet. The stagnation line virgin surface recession
at 2'70 seconds was 0.8?5-inch and the corresponding maximum

debris thickness wa_ 0.091-inch for a surface temperature of 4660°FR.

Equilibrium surface temperatures were attained within 2.5 seconds

of exposure (Figure 3-16).
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SERIES2-EFFECTSOF STREAM OXYGEN CONCENTRATION

PURPOSE. Tests were conducted to determine the functional

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

pe rforrr_ance.

2. Debris layer surface oxidation in the rate-controlled regime

as a function of oxygen partial pressure and surface temp-
e ratu re.

3. Identification of the rate-controlled and diffusion-controlled

regimes.

TEST MODELS. The model configuration for the 10,000 Btu/Lbrn
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 tot6! enthalpy was varied from

2,500 to 15,000 Btu/Lb m with corresponding heat fluxes ranging

from 48 to 300 Btu/Ft2-Sec.

All other air arc tests were performed at an oxygen concentration

of 21 percent by volume and the data _,_ere used to supplement
the oxidation series data.
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Stagnation Cold Stagnation Nose Test
Model Wall Heat Flux Enthalpy Radius Oxygen Duration

Number (EBtu/Ft2-Sec) (EBut/Lh) (In) (_/#) (Sec)
I

N- 105 279 10,085 5/8 21 150
O- 1 297 9,897 5/8 15 150
0-2 295 10,055 5/8 7 150
0-3 30I 10, 165 5/8 0 150
N-21 105 15,150 1 21 300
0-6 108 14,988 1 15 300
O-7 105 15, 185 I 1 7 300

0-8 10"7 15,052 I I 0 300
N-54 105 5, 100 1 21 300
0-9 109 4,965 1 15 300
O- 11 10"7 5,000 1 7 300
)-13 109 5, 110 1 0 300
N-64 47.4 2,550 1 21 /4"20
O- 14 48. '7 2 , 488 1 15 420
O-15 46.8 2,510 1 7 420

O- 16 47.9 2,505 1 0 420
,J

- Table 3-3. Oxidation Test Mat._ix

DISCUSSION OF RESULTS. "Test results -_re shown ':_n

Table 3-/4.. The dependency of surface terr,pe,-ture on .stream
oxygen concentration is shown in Figure 3-!t Virgin surface
recessions are presented in Figure 3-20 as _. %nctL, of oxygen
concentration. Figure 3-19 indicates smoott" var';._rinr, c,: face
temperature with change in oxygen cor_centrafion except ;_. one
run at percent oxygen concentration and 10 000 Btu/Lb _n';nalpy,
and all runs at the 21 percent concentration.

'I _z_ comparison of these surface temperatures with other _est runs
} at about the same conditions and the correlation of FigL.re 3-101

provides a basis for determining the validity of the 21 percent
oxygen runs at the 10,000 and 15,000 Btu/Lb m enthalpy levels.
The high surface temperature for Model N-105 (q = 300 Btu/Ft 2-
Sec, a t = 10,000 Btu/Lb) was found to be consistent with the
other data. The performance of Model N.-21 (q = 110 Btu/Ft 2-
Sec, a t = 15,000 Btu/Lb m) was found to be substandard.

An _::r4_.s_ 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 frtom the relation-
ship between virgin material recession and oxygen concentration-
(Figure 3-20) at the 5,000 Btu/Lbn. 1 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 c_nsistent with that observed for

Model N-9, which was tested at the same condition.._ The coP-

responding virgin material recession of Figure 3-20 was consistent

with the surface temperature-recession correlation of Figure 3-58.

The 2500 Btu/Lb er, thalpy level showed a result similar to that of

the 10,000 Btu/L.b enthalpy level, giving a marked increase in

surface temperatu.me 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 betvJeen high temperature (above 5000°R)

air and the carbonaceous 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 (dif{usion) of oxygen to the surface.

2. Chemisorption of oxygen impinging on the surface.

3. Chemical reaction be-tween the chemisorbed oxygen and
carbon.

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

5. Transport of carbon monoxide away from the surface.

Processes 1 and 3 are acknowledged as controlling actions, where'

process 3 occurs within the reaction ]to-controlled regime below

the transition temperature, and process 1 occurs at and above the

transition temperature. In the rate-controlled regime the oxidation

Pate is a strong function of the temperature and partial, pressure

of oxygen as expressed by the Arrhenius Pate equation, in the

diffusion-controlled regime, the reaction Pate becomes so rapid

that 1the oxygen diffusion Pate becomes controlling.

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 I<cal/mole. As reported in the
literature a check of the-analytical _,;alues was made from a cross-

pl,ot of recession versus_surface temperature as a function of test
time. -The reaction rate and the order of reaction were-found

to be f00 inches/seconds-atmosphere .25 and 0.25, respectively.
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The reaction rate can be expressed in the generalized form:

The terms are expressed in inches, seconds_ atmospher_s_ and

degrees Rankine. The ranges of variables at which the expression

can be expected _o give good correlatiom wi'lh measured recession
rates are :

Tw (°R) 3000 - 4000 '

pO 2 (atrn) .0001 - .006

Hb,stag (Btu/Lb m) 2500 - 15,000

To determine the oxidation initiation temperature 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 pr.essure of 0;029 atmosphere is presented
in Figure 3-21. The oxidation ini'tiation temperature is 3000°R

and the transition temperature from rate-controlling to diffusion-

cont_rollimg was found to be approximately 3900 to 4100°R.

E
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3ERIES3-EFFECTSOF MODEL CONFIGURATION

PURPOSE. Various model configurations were utilized in the
air arc test program to achieve, within the limitations of the
t_st facility, a range of heat flux while maintaining constant
stagnation pressure and total enthalpy, lr, 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 MODEL';5. The model configurations tested were 5/8-inch
and 1.0-inch radius hemisphere-cylinders, hemisphere-cones, and
flat faced cylinders.

: TEST CONDITIONS. Data from all test conditions shown in
Table 3-1 were considered.

DISCLISSIOr4 OF RESULTS. The gross effect of initial
geometry× 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 exposure. The ablation data analysis considered "
model shape effects interms of debris layer behavior and ablation
efficiency.

DEBRIS LAYER BEHAVIOR. Debris layer behavlor was
studied by comparlng: surface effects fort different model diameters
and surface effects for different nose. configurations at a constant
diameter,

The measured surface temperature _t test termination was plotted
ag aln,3t ,post test measured debt;Is layer thickness for' models of a J

given nose diameter an_-J geometr'y (Figure 3-30). Results showed
that the debris layer thickness for" the larger diameter _models was
great-r, (ban for, the smaller, diameter models at ,an equal s;Jrface

temperature for enthalples of 10_000 Btu/Lb m and greater. A
clearly defined behavior pattern was not available at 5000 Btu/Lb
enthalpy and lower where, chemically, the debris Is much more
stable. The larger debris thickness foP the lar'ger models was
qu_te apparent at surface temp,_ra_ures greater r- than 4100°R.
Lower surface temperatures_ of which Model N-94 Is typlcal_ did
not show a distinct difference; The data Indicate that the surface

reactlons ape dlffuslon-controlled at surface temperatures above
4100°R. 'The Implications are that a nose diameter" scale-up would

' 3-42
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prod,-ce a gr,eater, debr|s layer" thickness than exhibited during the
pl=,sma jet testing of small nose radii, The Increased debris
thickness would Improve material efficiency.

A trend noticed to a lesser degr'ee ls that the fiat-faced models p
N-71_ N-?'3_ and N-112j produced a smaller debris layer"thickness
than the hemispherical-nosed models of the same diameter. This

effect was less clear,ly discern!hie, since many of the hemisphere
nosed models attained _ varying degr_-*e of bluntness during ablation.
A greater net heat flu,'< to the surface ->f the flat-faced models at a
given surface temperature than to the stagnatio n r`eg[or, of the
hemlsphere-nosed model wouid produce the above result and Is
possibie through Increased exothermIc reactions within the boundary
layer,

i ABLATION EFFICIENCY
{ ,.

I ,/ ,The existence of transient co,nflguratlons ls evident from the ,; : o
photograph_ and surface temp,,_rature traces of models P.un at

i various test points of the Plasmadyne test matrix. ..For' example,: ,
! .:,consider" the models Pun at test point number 2?' Model numbers

N-65 and N-773 were a 1-1nch radius hemisphere cyllrder and
a 1-1nch radius flat-face model_ respectlvely_ and are vpical
of those run at test point 2?'. The flat-face model af;.er

i , " C,
a 100-second exposure shows_a finite red;us of curvature at the

exposed surface. The temperature trace for this model exhibits
" an Increase In the surface temperature as exposure time Increases

beyor_d 55 Seconds. This Indicates that the heat flux to the "
; model surface Increased with the Shape change. Model N-65
i exhibits a cor3stant surface temperature fop the entire1 run, Indicating'

a constant net heat flux; however_ the post-exposure photograph
of Model N-65 showed that the point of maximum heating dld not

occur at the stagnation polntp but, at some unknown distance from
the centerllne° This Is a result of the presence of a considerable

i r,adlal variation of total enthalpy_ mlsallgnment of the sta_lnatlon po!nt
! with respect to the point of maximum enthalpy of the flow fluid. This

situation exists to a-much lesser- degree at the low heat flux -
low and moderate enthalpy stagnation conditions since the radial
enthalpy var,latlons are much less pronounced. For these low-
heat flux - low and moderate enthalpy stagnation condltlons_ the
unsymmetr,lcal configurations developed only, for e_<-osune times In :
exce'ss of 100 seconds

Figure 3-10 Is a plot of the average cold wall ablation efficiency, _t
_ Hefft as e function of the enthalpy difference across the boundary

I layer` for" the ,test runs having a _-1 percent c:5,gen concentration.
A comparison of the abler, on efflclencles of flat-face rind hemispherical
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cones and c', ![nders et slrr,ilar enthalpy levels gave e measure of

the effect of lnitlal model shape upon nlaterial perforrr, an.,-;£_
proviJed the models ,during exposure did not e×hib;t tra:'_slen_.

confT_quraticn characterlsth=s as mentioned prev!ously, E×amlnat[on

of post-re'st photogr6#hs ar_c _ surface temperatu,'--e traces of mode!s

M-19, I',4-106_ and P'J-1 i2 m.'. test point 18 and models I'.-39

ar:d N-71 at test point 25 showed that th_se models satisfy

the requir.ements o _ cor, stent .-norsel shape and_ ther-efore_ ape

amenab,_ to analysis.

fvlode_s _._. _£, N-106_ and 1"4-112 were hernlspher.e-cone_ hem!spher

cy_V_der and [lat face modeis t respectively w!th 5/8-inch nos_,

radii, Compar;scr: o; the ablation efiic|er.cy date from these r','_odeis
at lest polqt i£ shows a c reeler me.terial ,filclency to be |ndicated

by the =one than by the f_at face modet, L-'sing the flat face model

resu:lt_ es a basls of reference_ the resLl_ts fro_, the conical

: mode( ar._; 60 percent greater and the Pesul!s from the cyllndrlcal

model are approximately 28 percent #.."eater" than Indicated bs,' the

, flat face model for. an equivalent enthalp-, drop across the boundary

lay,_r.

11 Model }"4-29 and N-'71 are a hem!sphere cylinder and flat-face
models_ respectlvely_ both of one |nch radius, Test pc!hi 25
con'__-'isted of _. st_gnat|on pPessb.'e of 0.020 atmosphere and

e;'_theipy o t 1"7_500 _tu,/Lbrr. o CCompa_ ._.on of the ablation eff]ciencles
indicated b,.,' the.._._ c4odels shows teat _he same trend is obse,"'._,J

et lest polnt 2.5 as at test point 18: 7n tha! the hemisphere-nosed

,'r_oc_al Indicates greater effTclency than does the flat-face model°

Fo_ th|s lest point the hemisphere-c.,IInder result is at least

i 20 per_.__nl greater, The actuaf efflc!ency differenca Is probably

_# greater than 20 perce!'_t slnce model I'.4-29 showed a low rating

in tl--e date compart._on of Flgure 3-10, Analys_s of conical and

cylln#r".cal models of eqL'61 Pad|[ tested e.t other" points e;<hlblted

]__ the same trends0

•-_.'_r,'qpar]son ci :ha el;act of [nltia: model geometry at test point _?_

the 33_000 _tu,/Lb m enthalpv level_ was not possible {o the develop-

me,'_t of trans[,3r_t unsymmetrlcal configurations as prev_ou..=_ly pointed
out. The tr'ar, sient nature of the model configurations c _ I",J-65 and

N-73 resulted In the ablation effici_s:,__ L,,=;,,_ ,=qu;v,=;=_{,

approxlmately 22_100 Eatu_'/b m ,a.; noted In F_gure 3-10, The

requ,, emet_t ¢ constant model shape duping expos_.,,'-e was not

a_-_clev_.d _.erz _ thepefora_ no observable trencl was noted.

"Y'he an_L,'sis of the effect of Initial model geometry upon mate_.lal

perforrr_ance led to t_e conclusion that the observed efficiency
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of lr_e material was a functlon of the Inltlal model geometry. A

hemisphere-cone was found to Indicate greeter efficiency the.n a

flat-face model of the same nose dlameter at a given moderate tolal

ent'_;pv ;evet. At the high heat flux arid hlgh enthalpy levels,

the d_ffererJce In Indicated efflc|ency was not d|sc_rnablc.

11
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SERIES4-EFFECTSOF STREAM PRESSURE

PL,'FRPOSE. .An atr- ar-c test set'los was performed to assess the

effects of stream pr,essuPe on the ablation per.formance of "THERMO-

L_AG _' m-500 mater'!al.

TEST CONDITIONS. -_, test matrix was followed as shown In

Ffgure 3-5. Sufficient test Puns wePe pPo_Ided to establish

the r.el.3t|onshlp between pr, essuPe and effective gross mateP|al

efficient 7 at constaP: total entha!p|es of 12,000_ 17,500j and

25_000 Btu/Lb. PPessuPes vvePe vaP|ed by a factoP of

ap,3roxlmately fo;JP _.t eQch total enth_lpy. Data fr'om the transient

series %,¢ePe _15o used so that constP_nt test duration comparisons

could be made to compensate fop tPans|e_t behavior.

LL m

Model T',pe Stagnation Stagnatlon Desired St-z.gnatlon

and Series PPessur,e Heat Flux Side;*.,-_!! Enthalpy

(Atm) ( BIu/Ft2- Heat Flux ( Btu/Lb

l Sec) ( Btu/Ftg-
Sac )

! n |ll ii _ .... __ __ _i_
!

1-1/4 IN. hc (N)_i .024 300 24 12,000

1-1/4 IN. hc i .006 165 13.6 12,000

1-1/a IN. hc I .024 165 13.6 !2_000
2 IN. hc .005 170 13.6 17_500

_, iN. ff .020 170 13.6 17,500
2 IN. hc .020 310 2,5 17,500

2 IN. nc .009 305 25 25,000

2 ;N. f_ .030 305 25 25,000

2 IN. hc .030 550 44 25,000

i Table 3-5. Test Matr'ix - Evr_iuatlon of PPessur,e

Effect on Stagnation Point _blatlon Klnatlcs

DISCUSSION OF RESULTS

-- Results from the flat face models wer,e disregarded In ev_duatlng

the effects of stPeam pressure because noncor;form|ty with th._,

per'formance cor'r,elaflon showll fn F-Igure 3-10. Results from

the hemlsphePe-=ylln,'Jer" models of thTs t_st sePles anc] applicable

re_quits from o_.her s,.=,rles ape pr,e, sented |n tePms of E_.vePage gr,oss

effective heat of abl_'._tlon In F-lgur,e 3_22. Heating Pates _vvePe
based or,. the coJd wall calor'!,_"le_er, value.
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F|guPe 2-22, Effect of Stagnation PressuPe on Average
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EBocndaPy Layer Enthelpy E)iffer'ence
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o .. __Exposure Time
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Flgur'e 3-24. Effect of Stagnation PPessur`e on AvePage Net
Effective Heat of Ablation at Oonstant Boundamy
Layer" Enthalpy Differ`ence
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As shown In Figure 3-22, a fourfold Increase In pressure from

0=005 to 0.020 atmospheres at a constant boundary layer enthaipy
difference of 10.500 Btu/Lb resulted In a 13 percent Increase
In Indicated efF,clency. This Increase In pres3ure corresponded
to an increase In convective heating Pate of 140 percent and a
10 percent Increase In debris surface temperature. Figure 3-23
shc',_s the relat|onshtp between surface temperature and stream
pressure for several constant enthalptes.

A measure of the net energy absorbed through gas phase reactions
end sensible heating Is g|ven In Figure 3-24. Efficiency here
Is denned a_ the net difference between the hot wall calorimeter
flux and the reradtatlon flux divided by the average mass _oss rate.
A 30 percent Indicated Increase In net efficiency was found wlth

a fourfold lr=crease |n pressure at a constant boundary enthalpy
difference of 10=500 Btu/Lb, A weak dependency of efficiency
upon pressure was Indicated at the 16_20C Btu/Lb enthalpy
difference condition. "l-he scatter of data at this condlt|on reflects :
slight performance variation for difference geometries. A cross
plot of Figure 3-_4 for the 300-second test runs Is shown In
Figure 3=:_5. It was found that the percentage Increase In
efficiency for a given Increase In pr_-=ure was considerably
g.--eater at the 10_500 Btu//b enthalpy difference I_vel than at

• the 16_000 Btu/Lb level, The Increase In Indicated material
effectiveness resulting from a change In pressure from, 0.005 to

: 0,020 atmospheres at the constant lower enthalpy we,s 1700
8tU per pound of ablative material. _ The corresponding value_at
higher enthalpy was ?00 Btu pep pound.

The test series has shown that the net efficiency dependence
upon pressure Is gre=ter _t the lower enthalpy levels In the
direction of 7ncreased effectiveness w_th Increased pressure at
a constant total entt'a!Dy. Data scatter, u=_"' not perm,_t a
meaningful determination of the tr_ansplratlon cooling parameter;
howeverj It can be Inferred from the _,!ope of the constant pressure
lines shown In Figure 3-25, decreasing with Increasing pressure,
that the transplr_stlor_ cooling factor Increases with dec.PeaSlng
pressure fop the stagnation pressure levels test¢_J°
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-SERIESL:-EI:FECTSOF STREAM ENERGY

PURPOSE. An evaluation of the material performance response

to varying tofal enthalpy at constant heat flux _vas conducted to
obtain a measure of the energy transferred within the boundary
layer and also to de_ermine the effects at the debris surface under
t,_,_se conditions.

TEST CONDITIONS. An air arc test series was designed to

give a total enthalpy Parsee of 2500 8tu/Lb m to 17,5_00 Btu/Lb m
with heating Pates in the range of 50 to 300 Btu/Ft 2LSec,
(Table 3-6). Four hea_ing rates ',¢ere obtained at each of three
enthalpy levels.

TEST MO3ELS Hemisphere-cylinder" models of both two inch
and 1-1/4 inch diameter we_'e used in this test series.

DISCUSSION O_" RESULTS, The results are presented in
F-"Jgure 3-26 in terros of net e,,'fic_ency. Net efficiency is defined
e,s the difference between the hot walt calorimeter flux and the

reradiation flux divided by the average mass loss Pate. An
approximation of the transpiratior_ cooling factor was taken as the

=slope of the constant heat flux cur'ves and found to be 0.80 for the

,enthalpy differences between 8600 Btu/t_b and 16,200 Btu/Lb m
for modelJ having a 5/8-inch nose radius. A mope accurate

evaluation of the transpiration cooling factor is given in Anal),tical.
Evaluation of Ablation Parameters.

i

IStagnation Stagnation Desired Stagnation
Model "Type Pressure Heat Flu_( Sidewall Enthalpy

(Arm) ( i:qtu/Ft 2) ( Btu/Ft 2 (Btu/Lb)
Sec)

13 .'n. hc (M) 03 50 4-6 2,500
.... " 2 In. hc 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. hc ' 007 ii0 8.8-12.8 10,000
2 In. hc 003 . 110 8.8-12.8 15,000
2 In hc ' 06 170 __ - .• ,o.6 19 2 5,000E

In. hc 016 13.619 10,000

2 In. hc 005 170 13.6 19. I ,7,5ooio. ,i ...... I

" 03 300 10,000

1-1/4 In. hc ,; 024 300 24--36 • 12,000

1-!/4 in. hc I 01 300 24-36 17,500i _ : i iiii ,

Table 3-6. TesLl_A, atrix - V_riation Of Enthalpy and Pressure
---_f-th Constant Heat Flux
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The __data was correlated for constant exposure time to compensate

for transient response due to model r_ose shape change. Test data

from other series was used to complement the date of the present

series. Oonsiderable data scatter existed because of ablation per-

formance dependency on inilial model shape. The best correlation

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/Lb m and below-; was found somewhat
independent of boundary layer enthalpy difference. The thick

debris layer" obtained at these enthalpy levels and the absence of

_- significant oxidation reaction levels permitted most ot the incident ,-,
heat flux to be re radiated .

A plot of surface temperature versus total enthalpy for constant ,_

heat flux is given in Figure 3-2?. The best corre ation in the

debris oxidation regime here also was achieved with the 300

E";u/Ft2-Sec cold wall calorimeter flux cases for an exposure

t_,_e of 300 seconds. Surface temperature remained constant as

the total enthalpy was increased from 10,000 to 12,000 Btu/L.b, __
but further increase in total enthalpy to 1'7,500 Btu/Lb 9ave re-
duced surface temperatures. A stagnation pressure reduction

accompanied the increase in total enthalpy for a constant heat

flux. The reductioi'l 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.

U

The surface temperature variation with total enthalpy at consie.nt

stagnation pressure is given in Figures 3-28 and 3-29. ]t was

observed that an 800°R to 1000°R temperature increase occurred

between the 5000 Btu/Lb m and 10,000 Btu/L_b m total enthalpy
I_vels. 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 thei

' ssme calorimeter heat, flL,x {_163 I_tu/Ft2-Sec)"-_jave surface temp-

i eratures of 3560°R and 4000"FR at-5000 13tu/Lb m and 10,000 Btu/

_' Lb m total_e.nthalpy levels " The surface_ temperature differ4emce was
,' attributed to increased exothel"mic "effeCts at. 10 000 Btu/Lb m total

'i enthalpy, even though the pressure for N-46 was only one-tenth --

I that of N-30. 'the heat flux for run 1"1-30 was suffic;ent to cause "-

!
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debris combustion at the 5009 Btu/L_b enthalpy level as indicated

t" by the smal!er debris thickness than that for io',ver heat fldx atthe same total en_,_lalpy, and aiso as-indicated by the disappearance

i! of the glassy comparison runs on
surfac6, A of N-30 and N-46

" a net efficiency basis(Figur'e 3-26) show/ed the efficiency of N-30
to be considerably higher than that of N-46.
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_:3_iES6-EFFECTSOF GAPS AND DISCONTINUITIES

PURPOSE. A test series-was performed to determine the effect
of various gap widths and depths In the "THERMO-LAG" T-500
heat sh!eld on the temperature attained by the "unprotected areas of
substrate material dunning air arc flight s!mulat|on. The heat shield
thickness and gap dimensions selected are considered proportionately
representative of heat shield discont|nuit;es which may be expected
at Jolnts_ wlndows_ and access hatches of a typical spacecraft
h_at shield design.

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

L

TEST MODELS. Figure 3-31 shows the layout of the two
dimensional test model used In this test series. The model was
designed to hold two ablative mater'Ial gap specimens with one
aligned parallel to the flow stream and one normal to the flow
axis. Gap dimensions and onnlentat|on with respect to the flow
axls are shown In Table 3-8. Each speclmSn was Instrumented
wlth three thermocouples located Identically wlth respect to the
gap location as Illustrated In Flgure 3-33°

The model cooling system was designed to remove about 200 Btu/ft 2-
sac. at the stagnation line. A schematic diagram of the coollng
system Is shown In Figure 3-32. The cooling water flows through
a divergent diffuser which serves to stabilize the downstream flow,

From the dlffuser_ the coolant flows Into the cylindrical leading edge
flow channel and then through the sidewall passage dlscharglng Into
the outlet piping through a convergent diffuser,

The results of the material gap tests ape presented In Figure 3-34
where the ratios of substrate temperature beneath the gap In degrees
W. to the substrate _emperature at a position 0.125 Inches from
the gap center line ere shown wlth respect to the ratio of gap width
to gap height for the two gap orientations (thermal Protection Loss
Index), The results Indicate that the gaps oriented parallel to the
flow axls did not cause an Increase In substrate temperature at the
gap location, An effect was noted where gap orlentatlon was normal
to the flow axls, The higher thermal protection loss Ind;_.es In the
latter case are attributed'to higher mass flow exchange as Indicated
by recent Investigations (1).
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For gaps normal to the flow axls_ Figure 3-34 shows an Increase
In thermal protection loss Index to a constant vaIue of 1.03 for-
Increasing values of width to height ratio greater than unity. As
W/H approaches unity, a transtt_0nai 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
tlme. For the gap ratio of 0.4, the maximum thermal protection
loss Index occurs for the most shallow material gap which approaches
a "close" cavity characterized by m::_xlmum mass discharge. The_

study lndlc_-,tes that the Index of loss of thermal protection of normal
oriented gaps ls proportional to the ;'closing" of the cavity as
Illustrated by the results from test models EB-6Vj G-6-Vj and _
K-6-V. _ :'
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Figure 3-31. Two Dimensional Water-Cooled Test Model Showing
Test Specimen in Sample Holder
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i • -- i,ii ii

TeEI Gap Gap Gap Slug Slug

Model No, Point Deplh Width Orientation Material Dia. Weight
' ii

A-4-H i2 .05 .02 Parallel ' .251 .4-716

B.-6-V .05 .02 Normal -6 .250 ./4701

C-6-H 12 .08 .02 Pacali-_' -6 .252 .5146

D-4-V .08 .02 Normal -4 .252 . a-887

E-4-H 12 . 125 .('2 Parallel -4 .253 .4826

F-6-V . 125 .02 Normal -6 .251 .5028

G-6-V 12 .05 .05 Norrnal -5 .2525 .5038

H-4-H .05 .05 Parallel -4 .2505 .5029

I-4-,V 12 .08 .05 Normal -4 .251 .49 10

J-6-H .08 .05 Parallel ..6 .251 ,5059 !
K-6-V 12 . 125 ,05 Normal -6 .254 .503

L-4-H . 125 .05 Parallel -4 .254 .5021

M-4-H 12 .05 . 10 Parallel -4- .252 .4934

N-6-V .05 . !0 Normal -6 .254 .508 1

O-6--a 12 .08 . 10 Parallel -6 .253 .4936

P-q-V .08 . 10 Normal -4 .253 .5063

Q-4-H 12 . 125 . 10 Parallel -4 2515 .4975

R-6-V . 125 . 10 Normal -6 251 . E.052

NASA 2-4 25 .05 . 10 Parallel -4 255 .5053

NASA 3-4 25 . 125 . 10 Parallel -4. .254 .5040
NASA 1-4 25 .05 .02 Parallel -4 "--.55 .5053

NASA 4-4 25 . 125 .02 P3rallel -4 .2535 .5046

Table 3-8, Malerial Gap Test Model Data

3-68

1965015246-140



3-69

1965015246-141



---¢_,

E-

°.
/

• .--2-

--t_

F'Igure 3-3?, Post Test Photograph of Trajectory Simulation Model N-57
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NOMENCLATURE

---e----e--- P!asrnadyn_. Data

IBM Results

Plasmadyne Data Point For Xvm

A Plasmadyne Data PGint !=or Xdebris

First Heat Pulse
4

_ooo.o i l__U_j__lI
I _f_ Second Heat Pulse

,ooo,__._,_ II;AJi I3000.d' (_ / ____° _ ')i I _ s5 ],
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._=x 0.6 _ 300 '× ebr , .--,_o.__ '_,-4_1-I-)
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Flgur-o 3-38. Cornpar|son of Ablation Phase Results -Trajectory SIrnulatlon

3-71

;I _.... _______ .................. ,, __ .........

1965015246-143



SERIES7:EFFECTSOF VACUUM EXPOSURE

PURPOSE. Test,: were conducted to assess the effect of
vacuum exposure on the ablat,on performance of "THERMO-LAG"
1-500.

TEST CONDITIONS. Two hemisphere-cylinder- models wer'e
exposed to the alr--ar'c plasma jet test conditions given In Table 3-9.

I I IIIII I I

Enthalpy 10,000 Btu/Lbm

Pr'essur-e 0.01 ?Atm

Heat Flux

Stagnation 100 Btu/Ft2-Sec

Sidewall 30 Btu/Ft2-Sec

Test DuPatlon 300 Seconds
ii

Table 309. Air-Arc Plasma Jet Test Conditions

TEST MODELS. Two hemisphere cylinder- models N-13 and
N-41_ were tested, i::_PIOr to air aPC test|rig t Model N-13 was
exposed to a pressure of 10 -4 Tot, r, for' 100" hour`s. The model
sur`face temperatur'e was controlled at 250°F. for` the entire per'tod.
FlguPe 3-41 shows Mod(I N-13 after" vacuum exposuPe. Model N-41=
Identical In constr`Uct|on to Model N-13_ WaS held at nor`real
atmospher'Ic temper'atur, e and pressure for" the pr'e-test per'tod=

DISCUSSION OF RESULTS

The two models wer'e sequentially exposed to the test conditions
given In Table 3-g. The temper'atur'e-t|me hlstor`les of the models
testec= ar`e pr`esented In FIgur`e 3-39, The tr'anslent ablation
hlstor'lee of the two models are pr'esented In Figure 3-40. The
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post-test photc, gr-aph of Model N-13 Is presented In F|gure 3-42_
while that of Model N-41 Is presented In Flgur'e 3-43.

Oomparlson of the test measurements and corr-espondlng post-test
photogr'aphs |ndlcates no appr'ec(able d|ffepence ;n performance
attributable to vacuum exposur'e for" the simulated flight condlt|ons.
More test comparisons 6t these and other test cond|tlons would be
r-equlr-ed to adequately suppor-t any general conclusion reger'ding the
effects of vacuum exposure on material performance,
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SERIES8.-TRAJECTORYStMULATION

PURPOSE, Tests were pe formed to determine the performance

of "THERMO-LAG" T-50 r during and following sequential

exposure to environment- condltlons of heat flux, enthalpy, and

flow stream so verier' -,s functions of tlme as to sfmulate_ within
the limitations of IF _est apparatus, an overshoot entry trajectory
o[ an advance, 4 ,armed spacecraft. The tests had as a further

objective tl-, _,.stablI-_hme'_t oi a o.rrelation between test model

performance and the pe,-._orrnance predictions of the numerlcai

ablation program.

TEST CONDITIONS. The overshoot trajectory used as a

pattern for the simulation tests is shown in Figure 3-35 In terms

of veloclty_ stagnation,, heating rate, and altitude versus elapsed
time. Figure 3-36 presents a callbr'atlon map for the simulation

test polnts In terms of stagnation enthalpy ver,sus time.

TEST MODELS. A two-lnch dlameter hemlsphere-cyllnder,
Model No. N-57 was used for the trajectory stmulallon test run

evaluated In the following paragraphs. A photograph of the naod_l

after test is shown In Figure 3-3'7. A seconci Pun was ,"nade using

a water cooled copper" leading edge model designed for" the gap test

ser,ies in an effort to ellm[nate the effect on afterbody heating of

model conflguratlon char,ge during expostJre. Attempts to con,relate

data from this test nun were unavalllng presumably because of the

obscuring effects of the cooled leadln_.] edge.

DISCUSSION OF RESULTS, Figure 3-.38 shows the

correspondence between tl',e thermal perforrr,,+._nce of the T-500

material ;ndlcated by the trajectory £1r)u!ation test and per,formanc,_

data as predicted by the computer- pr'ognam. ,-k comparison of
recession results shows a deviation cf five percent or' less. V_At-_,

regard to the comparison of modei surface temper'ature results,

a deviation of approximately 10 per'cent 13 evident c.;urlng the first

heating pulse. Thls deviation may ,_e partially attrlbuted to the u_,a .+

optical me,_ns of measur,ing the sur'fa(.e *empr._rature of the test

model during 3xposure In that an acrJracy of plus or minus ,0

per,cent Is expected from aP optical p'_v."crneter,.

The surface temper'ature data for the second heat pulse Ind+ ._+

an approximate cievlatlon of 10 to 30 percent, "Chis devtet!,:,,' .... -.n

be partially attributed to the expected accuracy of opt|c_d r _z,_,,Pe-

ment and to the unknown tunnel flow condltTons exlstlng duPiq£ the

radiation c3oiln9 perloc; between heat pulses. In. the IEM

computations 9 It is assumed that the surrounding temperatu_-_ remains
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at 500 ° F-4, and that no convective cooling or- heating occurs Other ,_

than cooling by surface r.adlation. _,,
o

Backside temperature data for the flr.s_ Rearing pulse shows a maxirr_um

devlatton of approximately 50 percent at the end of the periodp w'|th

[he deviation lncreasl'lg with time. FoP the second heat pulse_:a •

ma×lmurr, p essentially constant deviation of approximately 100 perc&'nt ,,

Is Indicated, The differences In backside temperature rlse are %

attr.lbuted principally _o the effects of three dimensional heating -

occurring in the experimental facility.; whereas_ the computer' ._

pr'ogram Is based on a one-dimensidnal analysis. An analysis., has , "_
shown that the temperature of a body exposed to th0ee-dlmenslonal ,' .... _ ....

heating responds mor,e rapidly to environmental changes j by 'a factor :,,_ ;.,;'.,_,'"_:-,
of several rnagnitudes, than one affected by one-d|menslonel heaf:Ir_g.,. _..,.._:_.

,, _, ,c, ..,
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SERIES9-EFFECTSO,_ :_'?STREAMMASS INJECIION

PURPOSE. The purpose of these lest__ was to, obtaln and
evaluate experlmenlal data on the effect of stagnation region ablation
and mass Injection upon afterbedy heat transfer and the 8blatlon of
"THERMO-LAG:' T-500.

THEORETICAL DEVELOPMENT. To delermlr, e the upstream
mass Injection effect )n downstream heat transfer fop "THEF_MO-LAG"

T-500p analytir.al expresslor, s were ,Jsed to derive cor#elatlon
parame=ers by whlcl- to !nterpret experimental data (Reference 2).
The method pr=_sents results In terms of slmllarlty parameters for
a given type of body configuration.

it can be assumed that the Invlscld flow for two geometrically similar-

bodies e_pressed In terms of stagnation conditions, Pse s ?se,
I-Isf., by r.leans of the variables:

are IdenticP_l functions of x/r 0 . These relations are satisfied ,.,vhen
the bounder|as of the specific hea_ ratlos are 1.2< b'_ 1.4, and If
the pressure distribution Is the same for the two bodles_ p = _:_e/ (_se.
it can also be assumed that the boundary c'ondJtlons expr-essed In

terms of modified stream functions at the wall Hc, and Xw are
Identical In the two streams, This indicates that the velocity profile- ¢
of the two systems at var;ous distances from the leading edges are
similar'. These assumptions permit the coolant mas_¢ flows to be
related by the express|or?.:

The only difference In the expression for laminar heat transfer between
two bodies Is the velocity gradients du/dx, and the cheracter'Istlc
parameter representing heat transfer /_/_ . As the velocity
gradients were assumed to be slmllar for the case considered, the
heat transh=r on the Impermeable surface will be related In the two
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systems by :

The slrr'llarlly parameters ar_ expressed _as:

for the mass Injection rate,

for the heat transfer,

and for the flow stream y SO that:

The sensitivity of the heat transfer on the aft body in terms of N 2
to the parameter _Jw may not be significant if _-/,,v ls below a
certain value. This ls analogous to the wall-to-stagnatlon tempera-

ture ratio being less that approximately 0.4.

These mass injection slmilarlty parameters were derived for a

model with mass Injection occurring at the stagnation region of a

non-ablating body and an Impermeable aft body surface. Such a

model Is little different from the represented case of a downstream

surface wlth negligible mass flew as compared to that evaluated over"

the stagnation region of an ablating body.

CONDITIONS. The mass injectlon tests were performed for the

test matplx given In Table 3-10. Two deslgn aspects of the matrix
are :

1_ Test condition at whlch flight simulation was performed.

2. Types of models tested.

The selected test conditions were dictated by the de_+Ign tr_'.,jectory

considered for manned spacecnaft_ entry. Heath-,g rates er,c,

enthalpy values were used whlch characterize the _.'_aterlals

mechanism. At low heat flux-enthalpy condltlons, a chern|caily

and physically stable debris layer forms. At moderate to high
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high heat flux-enthalpy conditlons_ oxidation at the debris layer

takes place.

TEST MODEL.S. Model types were selected which would provide

a comparison of heat transfer and ablatlon of aft body sur face with

and without stagnation ablation. The models tested also provide an
lndtcation of cold wall heat flux versus hot wall heat flux.

Model geometry selection was based on mlnlmlzat:on of adverse

pressure effects at the test section. The Iocatlon of thermocoupies

along the test section provide fop unlform heat transfer distribution

without mass injection.

The test was designed to provide backside temperature hlstory_

ablation panel surface temperature_ and stagnation line "ecesslon

dataj to enable calculation of the mass Injection slmllari,y 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_ 12j and 24.

The models used In the mass injection tests were two-dimenslonal_

with cylindrical leading edges of 1 inch radlus_ 4 inches wide.

The overall iength of each model was 4 inches. Three types of
models were mad;._ for- the tests. The model _, tested for the cold

wall heat flux case were made of copper" wltn a vvater-cooled leadlng

edge. The models tested for, the hot wall heat flux case were made

of a h]gh temperature capablllty graphite. The thlrd type of model
tested was made of IWTHEFRMO-LAGI' T-500 mater'Ial.

For the heat transfer" phase of the test progr'am_ models of each

design were instrumented with three identicall3 designed calorimeter"

slugs to record the temperature responses, Cooper, calor`lrneter

slug:_ and base plates were used wlth the copper water-cooled
models. Oraphlte calor`lmeter slugs and base plates were used

_vlth both the gr'aphlte and "-F'-IEFRMO-L-AG" m-500 models.

FRelatlve locallons of the calorimeter slugs are shovvn In Figure 3-52.

For the mass Injection tests_ each designed model had 0.100 - inch

thick panels of "THERMO-LAG II T-500-6 sprayed over a 0.020-1nch
thick PH "7 steel substrate. Test pane!s "were Instrumented with

three 28-ga)e chromel-alum,.q: ihermocouples spot-welded to the

under body c_ ihe steel substrate. For each test panel s Iocatlons
o[ It_e ther-mocouples were identical,

The three types of models used in both the heat transfer and
ablatlon tests were the copper leading-edge r water-cooied_ graphltep

and "THERMO-L-AG f' T-500 models lllustrated In _'Igures 3-49

thr'ou_h 3..51 _ respectively,
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P'_-CUE-;SION OF RESULTS. The mass injection exper_me,ts

were performed :r_ the ,"roach 3 hyper'lhermal plasma arc facially of

Giannlni Scientific Corr_., Santa Ana, California. The nor.reduced

temperature-time h!stor[es o[ _he models tested are p, et..m.nted in

Flgur,es A-90 tL"ougm ,_.-10/.

E;Kper_rnental r'esJtts of the pe:'for-mec tests -_re p,-'eserted in

Table 3-1 I. The recoroed stagnatloq ,"mass ;njectlon rates were

calculated trot integrzq s,agratlon region recession measurements.

The integrated values ecco-,'qi for the shape change along the

leading edge geometry of ti-e models tested. The calculated
calorimeter" heat fl,..,xes give good corresponc'erice to d-_eo.._etical

values using rnodl,qed bJ,-,.,-tonien pressure theory_ which considers
the effect of leadir-_g edL_e blur:mess (Reference 3). The meast4red

vlrgln material recession da-:a presented It, Table 3-1 !, is also
presenled in Figures 3-L# through 3-4C for ease of comparing resu!ts

for given test cor_dillcns.

The measured tblcT,-,',essesc # gap series vlrgi,l material are given

in Table 3-12. "FEe measurem,smt.:, were ..'-.made alor)g one edge of

the test specimens in order to be f._e,._ of any gap mechanism
Influence.

Examination of the test r'-=.SL'Its T:-:d]cat(s that upsteearr, mass injection

provides _ significant reduc:t.or; it, ,_o'.*,'nst,'eam heat transfer and
ablation for "THERt,,40-LAG" T-500 materials. The reduction in

heat transfer- can be assessed f'.-o.'r_ the resu;ts g;ven iq Table 3-1 !.

The sidewall heat transfer rates fo _ the "-i-HERMO-LAG H T-500

leading edge bodies 'v_ere reduced 25 to --,-bm, from the theoretical

value for" zero rnass inject'on. ,,vhtl(; those of the graphite and

water-cooied models sh,_ _e,._ o.qiy a 5 tc 17 percent reduction.

The reduction i;1 do,,vnslrean-: ablatior_ cuased by upstream mass

injection is indicated by the measured virgin mr-.terial recession data

presented In Table 3-12 and Figures .3-zt4 through 3-46 for

"THERMO-LAG" T-500. Figc_res 3-0,7 and 3-48 provide a means

of assessing the upstream mass injection effect. Figure 3-47 shows
the theoretical heat transTer v',,ltt: zero rr',,ass injection for the dimension-

less Patio of distance along body geometry to leading edge radius, as

predicted by oti_er Investigations (Reference _.). lr, dlcated on the
theoretical curve are the Iocation_ of the thermocouple stations.

Figure 3-48 presents the tests results in terms of the similarity

parameters N 1 and N 2 and functlnnal ralat]onshlps thereof with
respect to the iheoretlca_ value for zero mess Injection. The data
;ndlcates that ;he region of Influence in _ne dowrlstream direction

[,,, ogresslvely Increases as the mass flow Increases. Thus_ for a
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Examination of the test results lndlcates that upstream mass

injection provides a significant reduction In downstream r,eat transfer
and ablation for' "THERMO-LAG" m-500 materials. The reductlon

In heat transfer can be assessed from the results given In Table 3-11o
f 1 "lr"

The sidewall heat transfer rates for the , HEFRMO-LAG" leading

edge bodies k,ver8 redt,ced 9.5 to 45 percent from the theoretical value

for zero mass injectlon_ while those of the graphite and water-cooled

models showec, only a 5 to 17 percent reduction,

The reduction In downstream ablation caused by upstream, mass

"-'ectior, Is Indicated by the measured virgin material recession data

..r'esented In Table 3-12 and F!gures 3-44, through 3-46 for "THERMO-

LAG" T-500, Figures 3-47 and 3-48 provide a means o[ assessing

the upstream ma.ss Injection effect. Figure 3-47 shows the theoretical

heat transfer- wlth ze;-.o mass Injection for the dimensionless ratio

of distance along body geometry to leading edge radlus_ as

predicted by other Investigations (Reference 2)_ Indicated on the
theoretical curve are the locations of the thermocouple stations.

t-igure 3-48 presents the tests results In terms of the similarity

parameters 1',J1 and N 2 and furctlona] relationships the'-'eof wlth
respect to [he theoretical value for zero mass Injection. The data

Indicates that the region of Influence In the downstream direction

progre_..=i,/eJy increases as the mass flow Increases. Thus, for a

given mess flow_ corresponding lop e;<ample to test poIr_t 24, wlth
a,, Ir,_rease In downstream stations the heat transfer decreases by

a factor of about 3 to 4. At more downstream stations corresponding

to larger val_es of _ than used In the test, Indications are that the
variation of heat transfer wlth rate of Inject|or would probably

approach some constant relation well below tile theoretical value.

Comparison between the OTHERMO-L-AG" t-500 lead|nq edge

calorimeter and ablation models Indicates that mass Injactlon from

the front part of the slde,Nail Yest panel_ ,where the value of I--J_ Is

low, has -_ome effect on dowr,stream ablation. Thls <-ffect, however,
Is not read|ly evident for the water-cooled leading edge models.

An hal[cation of sidewall ablation for cooled wall leadlnc edge models

can be assessed from Figures 3-44 and 3-45. Figure 3-45

presents data also for mate,_lal gap test models having corresponding

test durations, The lrend of tne gap lest date obtained from test

point 1_ conditions Is In agreement with that of the water-cooled model

fop test point _.4. It Is not readily evident that the reduction In dovvn-

strea,_q ablation Is due entirely to mass Injectloth effects from the

front part of the panel. Indlcatlons are that the reduction Is due, In

part, to the cooled layer of alr coming off the cooled leading edge.

This effect Is lnd!cated by e×amlnatlon of Figure 3-44_ where the
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Figure 3-41. "THERMO-LAG '_ T-500 Model N-13 After" E×posuPe to
VAcuum
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Figure 3-42. Plasma Jet Post Test Photograph of Vacuum Exposed
"q"HEFRMO-L_AG,, T-500 Model N-13
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Flgur, e 3-43, Plasma Jet Post Test Photograph of "THERMO-LAG '_
3''-500 Model N-41
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coolant flow rate was the same as that for the models tested at
con_ltions 12 and 24.

No comparlsons of results of this "-_tudy to other Investigations

were performed_ due to the large differences In test condlt|ons

(Reference 2 and 4). The results of the tests are_ howevez-_ In
general agreement with that of other ""lvestlgatlons. E)ue to Insufficient

transient history data on material ree_ sslon from upstream mass

Injectlon_ no evaluation of parameter= for predicting sidewall

heating ¢.._ld be made from thls study.

The nonreduced temperature-tlme histories of the two-dlmensional

models tested are presented In Figures A-g0 through A-10?.

Visual examlnetlon of the temperature traces Indicated a departure

fronl normal in the behavior of some models tested. Flgure .a,-91

shows a sudden jump In temperature at about 450 seconds run

time. Thls Increase is due to a transition change irom laminar to

turbulent flow over the flat plate section of the water-cooled model.
It Is belleved that th!s sudden trans!tlon from lamlnar to turbulent flow

over the flat plate section of the water-cooled model. It ls believed

that this sudden transition from laminar to turbulent and back to

laminar 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 models tested.

Figure A-104 shows the temperatures rising rapidly after 200

seconds test duration. This is due to the tendency of the test
specimen to deform because of the large dlfference in thermal

expansion properties of the graphite model and steel substrate

of the test specimen at temperatureu rgar 1800°F.

Due to the high enthalpy gradient that exists across the 3-1nch

test nozzel, test ou_atlon was controlled to mlnlmlze the effect that

model leading edge shape change has on aft body heating.
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Model No. Leading Edge Test Duration
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I t-500
No debl'!s recesslon for all mode, Is.

| I'_,_ -_,,, .....

09 I" --• '_ _.

r-

- .08 _' "_'

c N _ Gap Models0 %

IT ' Gap Models/ k k

"E .05 _ =6v --_ _, \

• 041 k ..... 'N, Back Edge

c _ of the.-&
•-_ I _-_aoe,

! --..
_ ._,_ _

! *.o1,, _ \

01' \,,. _,
0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Distance from Front Edge of the Panel - Inches

Flgure 3-45.V1Pgln Material FRecession Versus Distance from
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'_--'-------" Test Conditions ........

i_lagnailon S_lag-r_aiior_Stagnallon_Slream Mass Test

Mode; Test I ''F'eat Flux Enthalpyt I Pressure IFlow FRate Durat" )n
I i (Ib,_.i/_ec) sec/ No. Point Stu/ft2-sec ) (Btu/Ibm) (atm) ( )

I'

I-6 6 36 4.985 0,0027 i '_ 0 -3.eL x 1 900
Iil-6 6 36 5,025 0.0077 I o80 x 10 -3 900
IV-6 6 36 5.000 0.0077 1.80x 10 -3 900
VI-6 6 36 4. 995 0,0077 1.80 x 10 -3 900
1-12 12 79.5 9.985 0.0063 1.42x 10 -3 300
I1-12 12 79.5 10.10,3 0,0063 1.42x 10 -3 _20
IIL-12 12 79.5 i0.075 0.0063 1.42x 10 -3 180
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 10 -3 300
VI-12A 12 79.5 10.050 0,0063 1.42x 10 -3 900
Vl-12B 12 79.5 10.000 0.0063 1.42x 10 -3 420
1-24 24 121.3 17.510 0.0050 8.71 x 10 -4 300
ti-24 24 121.3 17.485 0.0050 8.71 x 10 -4 300
111-24 24 121.3 17.510 0.0050 8.71 × 10 -4 300
IV-24 24 121 .3 17.450 0.0050 8,71 × 10 -4 300
""-24 24 121.3 17.465 0.0050 t8.71 X 10 -4 300
V1-24A 24 121, _ 17.550 0.0050 8.71 x 10-4 300
VI-24B 24 121. _ 17.505 0.0050 8.71 × 10 -4 300

_Note

I Water cooled leading edge with coppar caloplmeter
'l Graphite leading edge with graphite calorimeter

111 I'THERMO-LAG" T-500 leading edge with graphite calorimeter
IV Water cooled leading edge wlth. "THERMO-LAG" T-500 panel
V Graphite leading edge with "THERMO-LAG u T-500 panel

Vi "THERMO-LAG H T-500 leading edge with tITHERMO-LAG"
T-500 panel

Table 3-10o Upstream Mass Injection Test Matrl._,
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R/'DIATIC'N ABLATION TESTS

An Investigation was made to evaluate the actual contribution to

material performance resulting from energy transferred to the

gaseous ablation products during passage through the porous debris

In the absence of boundary layer phenomena. The data resultlr_g

from these tests was reduced and analyzed to obtain several

paramete,"s required by the numerical ablation program. These

parameters ape enurqerated as follows:

I. The specific energy ot chemical reaction of gaseous

ablation products wlthh'l the debris layer (_)
2. Heat capacity term for the gaseous ablation pr'oducts

(Op)

3. Effective thermal conductlvlty of tho debris, Kef f

The tests were performed In a 70 kw radiation facllli_' In
accordance wlth the test matrix show v,, In Table 3-14.

This serles of tests used models of two dlfferent thlcknesses as

Indicated In Table 3-14. "The models were fabrlcated from spray
deposited sheets of UTHERMO-LAGU T-500. Each model was

a 1-3/'4 Inch diameter cylinder Instrumented wlth four 28-gage

ChromeI-Alumel thermocouples. A 1/4-Inch thlck 2-1nch diameter

disk of the same materlai served as a mounting 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 model D another 0.015 Inch from the

surface, and the remaining were two at known depths wlthln the

model. The purpose of the thermocr, uples was to obtain temperature

hTstorles throughout the material during the ablation pr, ocess from

which the temperature-tlme derivatives could be established.

The results obtalned were:

I. Vlrgln materI6i recessions at several exposure times

2. Temperature-time hlstorles from thermocouples placed

at knowr_ locations throughout the material.

Typlcal nonreduceJ data are shown in FlclUr,_s 3-54 end 3-55.

The analysls ot the radiation ablation te_ts Is given under HAnalytlcal
Evaluatlor, of Ablation Parameters H.
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Number Specimen I Distance Lamps ! Cold Wal_of Thict<ness I frorn Lamp Voltage Heat Flux ,-, L
TestF (In) (in) (Volts) (_tu/Ft 2- Sec)

3 0.31 1. 5 1._9 55
3 0.31 _ .5 t85 10
3 0.31 1 ,5 235 15 ._
3 0,/-I.6 0,625 225 20 _ '

0,46 0.625 255 2J " -
3 O,Z_6 0.625 28? 30

Table 3-14. IRadlat|on Ablatlon Test .
,- ,3 "Q
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28 Gage ChmmeI-Alumel

/ Supporting Ring Therm°_upl___._ 7

Points
Top V|ew Side View

Molybdenum Calorimeter

_.Thermocouple

Supporting

Top View Side View

Radiation Ablation Model

F|gure 3-,53. Schematic Diagrams of Molybdenum
Oalorimeter and Radiation Ablation Model
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Test Oondit_on at 225 v.

_oool' I I 1 i' ' l/ ...., , I 1 ! a×/×--o_
" ,_ooIf ' ' I ' /{I1! -
' _-"-'-I ] /i "/'1 I !_L---_
a, /"7 I I |1 , /. I _-----_ i
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(a)

Test Oor:,di'tion at 287 v.
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I- _'_ ...... .i.....0 #"_T --Xl =l SampletI i Thickness,1 i I i
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(b)

Flgur'e .3-54. Temper-eture tr'aces For" Test Condijons at 225 v.
And 287 v.
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Figure 3-55. Recession H stories for Test Conditions at
225 Volts and 287 Volts.
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PART B-ANALYTICAL EVALUATION OF ABLATION PARAMETERS

GENERAL APPROACH

An evaluatlon of the ablation energy transfer paramelers was

obtained In a systematic manner from the arc-plasma and radiation -

ablation lest results. First, a transpiration cooling parameter was

derived and the energy liberated through combusHon was computed.

Secondly_ the energy transferred within the debris layer was
computed and the parameters required for the numerical ablation

program ;_,,ere obta]ned o

Specifically, the arc plasma resuJts were evaluated in terrr, s of

ablation efficlency, using the performance data obtah .d froth the

transient ablation test series. The dependence oi efficiency on

boundary layer enthalpy difference was utilized to deflne a transpi-

ration cooling parameter. /_ difference In ablation pe,"fo'rr.ance

was noted between ablatlon tests conducted at moderate _,gd high

enthalpy levels and those condL, cted at tow enthaloy levels,

The efficiency at low enthalp|es "WaS considerably greater than

anticipated. At these conditions the d.=brls layer recession Pale

was reaction rate-controlled for heat :luxes of 100 Btu/Ft2-sec or

less. The difference In efflclency at the low and moderate enthalples

was obtained at a given total enthalpy; thus giving a measure of
the exothermlc effects resulting from oxidation reactions.

A gross energy balance for the ablation system was written and

the energy transferred to the gaseous ablation products wlthln

the porous debris layer was represented In terms c; a speclflc

energy factor. At this point sufficient lnforrr,-',ilon existed from arc-

plasma test resuJls to compute the =pacific energy factor for a

temperature range oi 2200°R to 4"750°R_

The remaining unknown par,arneter was the effectlve thermal

conductivity of the porous debris layer. This was obtained from

the arc plasma data for the temperature range of 2200°R to 4750°R

by means of an approxTmate solution to the energy balance across the

entire boundary layer'.

For temperatures below 2200°R, r,ad;atlon ablation data were

utilized. For" thls environmentp the gross eRergy balance technique

of parameter evaguatlon was not sufficiently accuPate. The method
chosen Involved the simultaneous solution of the differential energy

balance taken at several locations within the debris at a given

temperature. The required derivatives for the energy balance
were obtalned from temperature histories of ther'mocouples placed
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at known locations within the debris.

BOUNDARY LAYER THERMAL EFFECTS

TRANSPIRATION COOLING PARAMETER. The results of

the translenl ablation test serles were utlllzed to obtain an accuPate

measure of material recession rate at any desired exposure time.

Knowledge of the nose radius at one exposure tlme permitted a

radius correctlon of the measured heat flux and the resulting

computation of ablation efficiency. The measured heat fluxes were

obtained with a water-cooled copper caJorimeter and therefore

excluded the effects of mass injection and chemical reactlons between

the external fluid and ablatlon products. The cold wall heat fluxes

were adjusted to hot wall conditions through an enthalpy difference

correctlon. The resulting ablatlon efflclency hlstorles showed

iranslenl performance unt;I tl",e debris layer attained maximum

thlckness. For constant model shape the lrar, slent performance

w,ould have been followed by steady state behavior characterized by

_, linear recession history and constant efficiency. It was noted
thai some of the perfor'marce hlstor'les at:ained a maxlmum value

which then decreased with Increasing exposure tlme. Evidently

the heating rate to the blunt models was greater" than the radlus-

corrected hot wall calorlmeter measured value. This flndlng was
consistent with the results obtained from tests of the effect of

model geometry on ablation performance. In these tests, the blunt

models were found to indicate less efficiency than the hemisphere-

nosed models where efficiency was based on the measur"ed total
heat flux.

The maxlmJm values of cold and hot wall gross efflclency for the

varlous le-=t conditions were plo_ted versus the boundary layer

enthalpy dlfference (Figure 3-56). This max;mum value was
altained before measurable model nose shape change was observed;

thus the d&la of the transient test serles were compared on a

constant shape basis. To complement data where requ'red, the

results from test polnts 14 and 18, not included In the transient

series, were utlllzed. Oertaln data from these runs did nol

reflect model geometry change and ._,ere therefore valid for comparison

In Figure 3-56, The net heat flux Into the debris surface excluding

the effe¢Is of mass lnjectlon and chemlcal reactlcns at the surface

and In lhe boundary layer was obtained by subtracting the rerad!atlon

flux from the calorimeter measured total heat flux (Figure 3-57).

These results yield an apparent Iransplratlon cooling parameter_

glv|ng a quantltatlve measure of the effect of enthalpy on sensible

healing within the boundary layer of the Injected gases, and, also,
the resu!ting energy transfer due to chemical reactions between the
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ablation products and the plasma stream. At this point t howeve _-,
the data could not be correlated on the same basis since the

various test condltlons dld not all exhibit tiqe same stagnation

pressure ! whlch variable affects efficiency° Furthermore i surface
temperature was found to be dependent upon pPeSSUPe at a given

total enthelpy. The data of Figure 3-5'7 were corrected to a

co,zstant pressure of 0.027 alrr,ospheres and the corresponding

surface temperatures obtained by means of Figures 3-23 and

3-25. At _ constant pressunep the surface temperature was found

to Increase wlth increasing enthalpy difference giving a greeter slope

to the efficiency curve than warran:ed by the enthalpy difference

dependency, The explanation Involves consideration of additional

energy absorbed wlth;n the debris layer' at higher surface

temperatures_ ths magnitude of which Is alscussed In the analysis
of the radiation ablation tests. A gross energy balance was
written as follows:

+ �X--T/
-. ;_ d × l rl_.,_l "_ "As't( o/n_sr, o_i ( ___ _ )

lsVRf/Ic_

In this exDressIonp the nPt efflclency was correc c to a sur, face
temperature of 4200°R. The transpiration cool' parameter was

taken as the slope of the temperature and press _-cor, _c_ed

experimental curves of Figure 3-57, The data _,_er_ corPol, ed

for constant model conilguratlon where the 5/8-|nch ar;G i ,:n
Padlus hemisphere-nosed models gave a transpiration coollnq

parameter value of 0,78 and 0.?3 respectively fop an enthaipy

difference range of 8600 Rtu/Lb. to 21600 Btu/Lb. As discussed

In previous secflons_ total enthalples of 5000 E3tu/Lb and lower

produced an essentially nono×ldIzlng debris layer. A study of the

500 I:::ttu/LI3 m enthalpy transient test sepias and several isolated

tests at 3500 Btu/Lbm and 2500 Btu/Lb m enthalples stlowed no
clearly defined dependence of efficiency upon enthalpy difference at

the-_e total enthalples.

The results give a range of 0_ which reflects the experimental

accuracy of the data_ particularly In view of the nonsymmetr|cal
model geometries produced at tile high enthalpy condition (test point

_'7). aowever_ the ablation performance at test point 27 was

evaluated before the appearance of measureabie geometry change_

using models N-6_ N-111 and N-22,
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A further possible reason for the variation of cc may be associated

with the smaller nose r,adlus producing a lower residence time wltnln
the boundary layer such that the degree of completion of the
oxidation reactions at the stagnation region hag diminished with
respect to that found for the larger models.

HEAT ADDITION PRODUCED BY OXIDATION

For" th_ purpose of estlmatlng the thermal effects upon ablatlon

performance of the oxidation reactions occurring at the 10_000 Btu/Lb m
total enthalpy condltlon_ the 1.0-1nch r,adlus models were compared ;or
the oxidizing and nonoxldlz|r,9 ablation regimes. The efficiency
r,esuits of lest polnt 6 were corrected for surface omlttance from
a value of 0/6 to 0/9_ and the surface temperature corrected to
4200°R to per,roll a comparison with the results of test point 12_ at
whlch a comparable pressure existed. A slight dlffer,ence in
pressur,e was accounted for` through FIgur,e 3-25. The efficiency
curve of Fig_-_r,e 3-5? was extrapolated through the results of test

point 12 at the 8600 Btu/L_brn enthalpy differ,ante level to an enth_lpy
difference of 150 Btu/I--b m, The difference in efficiency for the
test point 5 results and the extrapolated curve at the same enthelpy
difference was taken as the exothermlc effect of combustion for`
the conditions of test point 12 and was found to be about 5000 Blu/Lb
of virgin material.

Conslderlng the primary product of surface oxidation to be carbon
monoxide at the low pressures tested and at totai en/halples of
10y000 Btu/Lb and gr,eaterp where surf_Pce temper'atures exceed
4000°R the heat of combustion at the surface was taken to be

4000 Btu per pound of carbon. An estimate of addltlona; stagnatlon
region heating due to surface c ,mbustion was rT_de for` the dlfferent
test conaltlons and Is given In Table 3-15. The average debt,Is
surface density of 22 bb/Ft3 was used In the computatlons. The
heat addition In the boundary layer was taken as the difference
between the total energy Iiber,ated and the heat of surface combustion.
These values are also listed in Table 3-15. It Is seen that the
additional heating expressed as a percentage of the hot wall convective
heating rate is considerable at the 10j000 Btu/Lb enthalpy level
but Is of lesser' magnitude at the high enthalples.
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DE:gRIS LAYER ENERGY" TR,,kNSFER

DISCUSSION OF PHYSICAL BEHAVIOR, An evaluation of the

performance character-lstics of the porous carbonaceous debris layer

was approached by the correl;_llon of surface temperature I debris

layer' recession I and virgin materia_ recession for -_ll ablation tests,

These data were compared at constant exposure times using the

averaye sur.face temperature to ellrrlInate to E! considerable extent

variat|or_s between tests due to the e.xlstence of nonequillbr|um debris

thicknesses and varying nose geometrles. Figure 3-58 presents

these data for constant ,_xposure times of 150j300j and 420 second_.
It was noted thai a definite relationship exists between the surface

temperature I debris thlcknessi and virgin material recession wlth

a slight varl-3tion fop different nose radii and oxygen concentrations.

As noted In Figure 3-21y obtained from ablation hi6torles ! the
vlrMln material and debris layer recession rates increase with

lncreasltlg tenlperature. The debris thickness decreasgs with

lncrea._Ing surface temperature above 3000°_t end exhibits almost

no recession at temperatures below 3000°R.

This cor'relatlon of debris surface temperatur'e and total recession

gave a criterion used to quall_ the arc plasma test data as to

reproducibility of materlai performance, It Is apparent that the

materl_._l behavior followed a consistent pattern fop e given oxygen
concentration.

Having established the reJatlonshlp of Figure 3-58 D It was noted
that one variable, su,=h as surface temperat,.ire Is sufficient to

determine the physical state *if the ablation system, These curves
and the ablation histories of Figures 3-11 through 3-16 were used

to evaluate the relationship between surface temperature and virgin
mess loss Pate (Figure 3-59),

EVALUATION OF ENERGY TRANSFER PARAMETERS

ARC-PLASMA DATA. An energy balance for an element within

the debris was derived and Is the basis upon which the numerical

ablation program was developed"

( : ,gtfN; + $, (e,_..
"r'hls relation slates that the time rate of energy storage wlthln the

solid debris matrix ls aq_Jal to the difference between the heat

conducted In and out of the element and the energy transferred to
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the gaseous _blatlon products transpiring through the _|ement. Upon
application of the boundary condltlons_ (B-3) and (B-Z_), several
simplifying assumptlons were made and a steady state solution
obtained.

T (Debris Backside.} = "l'(Subllmatlon) " ._ (B-3)

FRa,_'/ ",T'(B-4 )
-5"1./_F,_ F--. SV,4F,_ c_ _ ..

It was found that energy stored In the solid debris matrix Involved"
less than 1 percent of the total energy transferred and therefore J Its
omission fra, n the energy balance was justified for the steady state ._ =
abl_tlon case. The energy stored In the-virgin material was ,,:
assumed to be the amount necessary to heat the mater_tal from room
temperature to the sublimation temperature for the arc plasma tests ' '.".U_
of h|gh ablation rates. The resulting solution considering the .tot_! ' _,-:'J_
debris layer Is given as: - ,,"-:::

,, ..:_'_.'i_.4;__

.____Z _',_-,.v_'"_4_,G`

Two unknowns in this relation were "-------=(Cp+_ )_.and,=________,KefI. The ' , ..T -',.-:.'.

total energy balance (B-l) was used to evaluate I,_,o ;',.,-_ .... _,?;
acknowledgement of this term wa_ necessary to accurately -'<"_-._°&?however,

evaluate the transpiration cooling parameter _ (B-2)-on a constant -.-
surface temoerature basis. An estimate of (Cp--_) at surface < "-. '::_q_,

ter,-qperatures between 4000 and 4500°F was obtained freim"the " ",D-o
radiation - aL,letion data of reference ,.=, This value was used_ in' "' _" ].i

the preliminary evaluation of (B-2) and (C_) was obtained Iron .. t-".
relation (B-l) using data from the transient test series _;here the . -_, .....,_.
_,_ass loss rates are well defined (Figure 3-60), The e'esults " ,_'"$b::__';-.,,,.'.-,.

obtained from the reference 5 data and those derived from (B-l) -_..,..
; . r

were within reasonable agreement; however, a final correctior_ in" -". _

the determination of (_)was made, -_>

The mean effective specific heat of the gaseo(_ls pr_oducts was found _'-" %,.
to behave differently In the two ablation performance regt,',,_s As ' °' _'_- :-'_, • ,'?_+'-t' "_;_

shown Irl Figure 3-60_ the strongly oxidized debris rei'..me_, producecl _-"_<;°L."-"'_
a (C--'p--'+--_) dependency upon t.'nass loss rate and surface temperature; .,"'-':--k.;,0
Mass loss rate was the p2edomlnant Independent varlable_ giving a ,., ,- :: .:;..

rateSlgnlflcant(FIgurelnCrease3-61) .In (b_(_.) for e small Increase In mess loss _- _.,,_'.'i:i:_i.

t ,

. ,.:. :Q.!
_;_ ,i_. _ _.t.----_:..._:c--t._. .... _ .... ._..L_d_7::;_'_:_T_'=_:':"_'::_:::]_._ _'_"'Z_ . "..... :-_-'-'----- ._'_L ................. .%-'_'_...,=

' , ' __ " . '_ :4" :,

.. ,-, . .*.,,:,?..,.::..
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In the regime of the rel_itlvely Inert debris surface shown In

Figure 3-60, total enthalpy was found to be the main independent

_,arleble_ giving a 300 percent increase in (Cp + _) for a decrease

in total anthalpy from 5000 Btu/Lb m (Figure 3-62). Cold wall heat

flux was maintalned constant In Figure 3-62, and the meas_4red

average mass loss rate was found to be relatively constant.

Figure 3-63 shows the variation of {Cp + _ ) with stream oxygen
concentr.ation f._.'-" constant test conditions at a totai enthalpy of 5000

B.u/L_b m and cold wall heat flux of 110 E_tu/Ft2-sec. The
importance of oxygen d|ffuslon Into the debris layer upon the

(C--p--+--._)term is noted by the significant Increase !n (C--p---+"-_)as
the oxygen conceqtratlon Is reduced from 21 percent to a stream

of pure nltrogen.

The debris layer mean effective thermal conductivity was then

obtained from (B-5) and Figure 3-61, and the above method

used to estimate the actual thermal condoctivity var;ation with

temper'ature as shown in Figure 3-64.

A result of the above arc-plasma ablation analyses was the

quantitative evaluation of the energy transfer parameters required

by the numerical ablation program for s,Jrface temperatures ranging

from 3300°R to 4800°R and total enthaipies ranging from 2500 Btu/Lb m

to 23000 Btu/Lb m. The evaluation of these parameters at lower
temperatures was necessary for an understanding of materlai behavior

at vehicle aft body locations. This was achieved ',n the Emerson

radiation facility for temperatures from 1000°_ to 2000°F_ through

anaJys!s of the debris on a differential element basis cAlscussed in

the following section.

ANALYSIS OF RADIATiCDN ABLATION TESTS, -I-he

effective thermal c,_nduct|vlty, Keff, of the debris layer and the

specific energy param_._ter (0"-_'+--$) of the gaseous ebl_tlon pro'll_cts
vveme delemmlned fop a temperature range of 550°1 _" to 1500°F from
the radlat;on-ablation test data. This was accomplished from

temperature histories obtalr_ed at known locations within the ablation

model, The basle energy relation upon which the numerical ablation

program is based Is 91ven fop an element of debris matrix as:

The relation states that the tlme rate of energy storage within the

solid debris matrix is equal to the difference between the heat
conducted In and out of the element and the energy transferred to

the gaseous ablation products tr'ansplrlng th:.ough the debrls layer.

3-117

,,.

1965015246-189



3-118

1965015246-190



2" SYMBOLS Tesl -- I I ILl
Cor ditions I

0_ 1 . 6 _ 27 J

_> 28
m ,_ 1.4 A 13
O_ IX, 14
°-°12 _ ]_ / I

o. _# f !
-10"1.0 ,_

_g

/ . --
o .4 / !
- 0 , 1 1°2 -,

I
o i
1 .0 1 .2 1 .4 1 .6 I .8 2.0 2.2

Mass Loss Rate - (LB/FT2-SEC) x 102

Flgure 3-61, Variation of Mean Effeclive Specific
Heat of Gaseous Ablatior, Products

with MasLq Loss Rate for a Range

of Total Enthalpy from 10,000 EBTM/LB
to 23,000 BTU/LB

3-119



[ II 'I ! i
SYMBOLS Test

Conditions
o 2.2--

_ 2.o _ "x [] 2
o'_ \

o 1.8- _ T
J
_c _.6 _%_ I
:30 \._

I-_ 1.4
ms _
'< 12

QD- •4-

0 I. _-

.8 1 "

2000 3000 /4000 5000

Total Enthalpy - (BTU/LB)

._Igure 3-62. Var'iation of Mean Effective Soecific Heat of

(3aseous Ablation PPoducts with Total Enthalpy

for" the Weakly Oxidized Debr'is Regime

In
6_

oo ...> i !_n 5 ---' --_,

o'IJ zL

[]
/ ,, 3 SYMBOLS Test

"_" _ Condit,ons _'_

o 171 8 ®
m. A 9+

_ .... ;o l
"" °0 2 4 ....6 _ ;0 ,2 _4 16 18 _.o 2".,.

Oxygen ConcemtPation - (PERCENT}

7=|guPe 3-63. Effect of Oxygen on the Mean Specific Heat of
Gaseous Ablation PPoducts

3-120

1965015246-192



o
___ (_

>' _ ' i o
I

•-o>E • o E

2 I'- .c _-
! _ - I-- 3 l-
' I ILl _ o--- 0

I _ \ o •

i ' '_ --_ gw2

' ._IE
j. 13 • •

_ .D.c

, J , Ii - -
C

__ ,,..,0 _.J _ • 0

l--c i
0 !'

\ \0 _
, 0 !

0 '
_ 0
-.I m
0 ._1

LL

I

i ii

3-121



In view of the small pope size of the debplsj the gaseous products
were assumed to be at a temperature equlllbrlum wlth the porous
matrix throughout the debris layer. This assumption has been
confirmed by calculations of heat conducted at the test conditions.

The unknown quantities (Cp + _ ) and Kef f were determined through
the simultaneous solution of the energy relation developed at ._averal
dlfferert exposu:"e times for a constant temp_-,_ature, Typical
thermocouple tr_ces giving the temperature histories at known
locations within the debris layer ape shown In Figure 3-54. A
cross-plot of these traces gave temperature distributions through
the ablation model fop given values of e×rJosure tlme, From these
tv,.,_) curves the derivatives required |n the energy relation were
evaluated at the desired tlme and temperature, The mass loss
Pate histories we=-e con}puted from recess!on history curves. The
recession hlstor:,: curves _vere contracted from the measured
recessions of several ablation tests conducted at a constant power
settlng_ each having a dlfferen.', exposure tlme, The quantities
Cp and C were evaluated as a sum coefficient which satisfies the
Input data requirement of the numerical ablation program, Results
Of thls data reduction scheme ape given in Figure 3-65, The va!Lle
of effective thermal conductlvl_ was verified at the sublimation
temperature through the numerical evaluation of a boundary condition

-to the energy reJatlon taken at the subliming surface:

°.. d d'/_F_,,_
SURF..4CE _'e,',#F/_.E

In the |nltl_.I phase of the radiation ablation test program_ Indlcoztlons
were that modification of the In-house radiation facility would enable
acquisition of the data to determine the ablation performance
parameters required fop aft body thermal-analysis.. It was later

determined that the use of test data from an outside source _.B-5)
would be required to determine the performance parameters for
the entire temperature range of Interest up to that e_pecte'd at the.

,_tagnatlon point of a re-entry capsule. The In-house radiation
tests permitted evaluation of Kef f and (_@) fop the temperature
range 550°W to 1500°F._ The effective thermal conductivity showed
a smooth consistent Variation with temperature; however', the specific
temperature gave a complex energy parameter relationship whlch
was not dlsernable from arc-plasma data. This parameter was
computed to be positive, at the sublimation temperature, 550°F. 0.and
to pass th,_ough a negative trarlsltlon phase at about lp000°F..-The

,: data tnAlcate the occurence of an. exothermlc chemlcal reaction

commencing just above the sublimation temper;'ature and liberating "
o

3_1 _,2 ._ _.

_J
J

..... -_-.-_:-- ......;-_:,,;:--,_-::-............ :--::..--:- : :..-_i_ ', - i_ iLl!pLl_.m
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the maximum amount of energy at about 1100°F -.

Predlctlon of (Cp + _ ) from the arc-plasma test data using an
energy balance techr,|que Indicated positive values of the specific
:gross energy term for temperatures from 2200°R to 4750°Ro
Arc-plasma model stagnation r_glon surface temperatures were
not sufficiently low to substantiate the (_) calculations from the
radlatlon-ablatlon ,_ata. Temperatures at the arc-plasma model
sidewalls were of the desired v_ue; however, the magnitude
reduction In convective heating due to upstream mass Injection
was not known with sufficient accuracy.

There are several factors to be considered when comparing the
(C'p) values obtained from arc-.plasma results using a gross energy
balance, wlth the radiation-ablation results using Internal temperature
trace8.

I. "The gross energy balance method of determining the Cp
term from the elf-arc plasma test data yielded an
approximate determination of the mean value_ where the
achievement of an accurate energy balance In the arc-
plasma facility ls difficult.

-2. It Is probable that (Cp +_ ) 1s dependent, upon pressure.
"The radiation ablation tests were conducted at a pressure
of one e:tmosphere while the arc-plasma runs were

L

conducted at very low pressures.

Radiation ablation tests performed In an arc-image furnace at a +_
,, pressure+ of one atmosphere (F3-5) Indicated that (Cp +_, ) has

(J
an approximate actual mean Value of 2.0 for a surface tarnperaturo
of 4500°F'. "The magnitude of (Cp +_ ) must therefore Increase

_rapidly w|th Increased temperature from the .small negative Value
+found at 150001 =" to a Rosltlve value In excess of 9..0 at some

temperliture above 1500°1=.. Arc plasma ablai|0n tests at low flux
levels lind one atmosphere pressl:lre usln_ r_odels ,|nstrumented with'

lJ

thermocouples at small,tntarV_als throughout the materlal_ would verify
the-|n-hOuse radlatlon ablatlon results-or Indicate a behavior' dependency
of thermal performance upon thermal environment Wlthln the debris
lay er, ._

_Stm|le_r to _the results In a+ f}Cl|d (low environment, ther_ was str0;n9 :
evidence that ° the magnitude of (_p + _ )_ Is dependent upon +the_ _ +

'_- _ rate.of stream-oxygen dlffusion Into the debris layer.- The _ dlffus|on +
rate Is reduced wlth In,cre_ased mass rate of theo_ount_rflow|ng

abler|on products l such that greater" values bf+ (_p +_ ) would be
- & _ c

" '; 3-1 23 + o "
U ,, v4+

] +* +
./- 0,- ._ % ,, +

• -+
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real!zed at large mass ablatlon r'z_tes where the exothePm|i: ,,

oxygen reactions In the debris are lessened, Thls n_ass transfer
effect explains material performance In the pure radiation envlronmel:lt_ -: :"

of the Emerson faclllty and that of reference 5
_,,

In a flow envlronment; (CA + (_) was found to be mainly dependen_ :
upon surface temperature at the moderate and high enthalples. At_"

low enthalples gl_,lng surface temperatures of 3200°R and less, r_:

(Cp + _ ) was found tO Increase with decpeasln9 total enthalpy at ,
a constant surface temperature. "_ .., ",-

ANALYSIS OF BASIC AIR-ARC PERFORMANCE PARAMETERS:::::._'+,_:_.:_

In view of the Importance of the heating rate to theomodel suP+face _ _-:+':'+:,_:-_
relative to the determlnatlon of eblatlon performance, the exper, lmentally +_.:

tunnel stagnation oo|nt heat flux levels were' '" :.#.;'.g.,iL_-_'!9detePmlned alp-arc
• • . !.:+..; .:o_.:-.'+.'_,,,..'_'_'_,

correlated with theory, The Fay and Rlddell stagnation point • +,heat:.?, _':_
transfer method was u,_P.d, assuming no recomblnat;on. of. gas s_'ecle_.;._

, . :: ?,_'-.'.::_._:_-t- '
at the v'all. The plasma stream propel'ties were asstJmed to b e'_:_:_!'_;-_
those of equi'.ibrtum alp and were obtained from NASA, "i'bchnli:al.,:".-":_,'r.:_,;_+_i
Report R-50o This comparison of experiment and theory, Was ,.+._;.:.::_;+.i_

.. . , ,,'_,/; .;:,:_.,:_

performed over the entire range of heat flu>< levels compr|slng,, th,e_+...+;":..+:
alP-arc plasma jet test matrix. Furtl._er confl'cience In the 'facIl|ty::.7"."_.._
calibration was obtained by oorr'elatlng.transh,_nt hot wall copper:" ..."..-:::_.,_.aand......;.+,:

• :. ",::,. _:_'_graphite calorimeter data with the theore!,!.ca!, resulted-.

The results are plotted .In F'igure 3-66 as the ratio of
heat flu>< to theoretical heat flux versus stagnation enthalpy° _,;::q 'J"'__!.".";_-+L " ',,*_-; +,._t,,_L'==-.'.+_"_

comparlson of the experimental heat flu_; as obta;ned, from water.-coolec =_'_'''
calorimeter data showed a maximum scatter, of -;-_ to -9.0 percent
from the theoretical heat flux for staclnatlon' enthalples rang|ng from';: _'_'

5000 ¢o 23_000 Btu/Lb, The hot well tra-s!ent calorimeter"
compar'ed with theory also falls within 'ih[.s deviation.. Assu'm|ng t.h,=
validity oi the theoretical p.--ed|cat',on techr,!qi:.a fo_- fhI's' ,?.pp!icat!o _
conclusion of this comparison ls that the. h_at flu_<.level, = depot'ted.

the alp-arc faclllty are reliable for data Pedu=t_on purposes vv|tn|'r_'
limits o' +6 to -20 percent, + _. t

PARAMETRIC STLIDY

Thee.,tablt,,,h.",',entthar'ellab,,iyofth' fso,
permitted resolution of materlal loerform_snce in terrns,';0f bo.++'¢ '''':
th,._modvnamlc parameters. A:pa.PametPl_ stud_", to :'deier, mlrte"ll:,
effect of the endotharmlc relr, ctlon parameteP,_

thermal conductivity, and deb_|s ._urf_ce temperature 0li.: abl!

performance was accomplished" using the plli_na j_.test dat._,_ ',._:_i:

3-1.25 + ,
t.., ,,.p ,

,, " : ." ,:. ,, ": , q:'.
': , '+. ,," _=" ,"".::.,;._F

......... I I I II "_ I ....... " II-- __ : ____--_--_2-'---_'i_1]1_'_ I
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obtained under' NASA Contract NAS 9-877. The objective of the

stuck, was to determine If the _xper'Imental temperature and recession
histor_es obtained from thu tests could be predicted analytically using
reasonable values of these thermodynamic properties.

A numerlcal aralys;s technique was L#sed !o simultaneous|>, solve the
experimentally correle*ed approx|mate solution to the ablation modelp
g!:.e._ in Fig:_re 3.45,'7 and an enec-gy balance at the surface of the
model for a given set of test condl'lons (stagnation enthalpy and
convective heat !IL_ specified). A transpiration cooling factor-

c,< = 0°6 and heat suhllmatlon CJL = 500 Btu/Lb were usecl In the

stud>,.

The_e p_.rameters were kept constant throughout the analysis. The
results of the parametric stu¢-_ are plotted as total material recession
and debr-l_ surtace temperature versus pie.sine jet exposure time.
The results appear- in Figures 3-68 through 3-72.

Figure 3-68 shows the material response to a stagnation enthalpy of
5110 Btu/Lbm and a net he; wall heat flux to the model surface,,
excluding mass lnjectlor., of 60 Btu/Ft2-sec. The speclfic hea¢
ratio or endothermlc reaction parameter was maintained constant at

Cp/Cpo = 0.57 and the debm'Is ther-mal conductlv!ty ratio, k/ko_ was
varied from 0.5 to 1 o5. Oecreasi:_g the thermal conductlv|_
threefold resulted ',n a reduction of the mat_ lal recession of

approximately 36 per-cent at 300 seconds ext,osure but Increased the
debris surface temperature only 3 perce,,_t. Thus, It is apparent
that the virgin material recession Is strongly dependent upon the
debris thermal cond.Jctlvlty but the surface temperature Is not
appreciably affected by change In thermal conductivity.

Figures 3-69 and 3-70 provide a comparison of the effect of the
net heat flux to the model surface on debris layer surface tempe--ature.
The parametric effects shown In Figure 3-69 represent the experi-
mental conditions of test point No. 10. E-xamination of Figure 3-69
shows that the tote, recession curve (solid line, Cp/Cpo = 1 )
obtained from the p4rametrlc study reproduced the experimental
recess|or, data point for 300 seconds exposure, but the predicted
surface temperature Is approximately 600°F higher than the measured
temperature. Figure 3-?0 presents tho theoretical analysis for the
same conditions with the exception that the net heat flu.,< to the model
surface is 60 Btu/Ft2-sec. It is noted In I=fgure 3-?0 that the debris

layer surface temperature pr._dlcted by the slr_,pl|fled theoretical ana_ysls
corresponds to the actual surface temperaturo obtained by experiment.
The predicted recesslon_ "however, Is 15 percent low.
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-lhe surface 'oemoerature was found to be relatively Independent

of the debris layer thermal conductivity and the specific heat factor

but the _o:at recession was not. Therefore, a reduction In Cp/Opo,

and Increase Tn k/ko or a combl,_et!on of both wtll Increase the

recession to correspond to the experimental value without showing

any appreciable effec_ on the surfac__ temperature° The data

presented in Figure 3-'71 Indicates tnal both surface temperature and

to',aI recess!on c_. _, be pred_oted by chang!ng k/ko to 1.5 -_nd keepIn_

other factors constant. Thls represents one combination of the

specific heat factor and effect|re thermal conductivity r_tlo whlcl, can

be used to predict the experimental recession and temperature history.

Experimental determination of tF:e endolhe,"mlc reaction pe,-P.rneter and

debris thermal conductivity establ!s:-es the !!mltlng values ot "hese
parameters.

Comparison of the theoretical temperature t.tstc, r'les of Figures 3-69
-_J_d 3-.'70 Indicates that the net heat flu_ to the :: c,Jel surface Ts

c."-l_.|cal In determ[nin_ :he debr!5 laver _urface temperature_ or

conversely, the suriace temperature Ts predicted upon the actual
heat f_ux to the model surface for a clven e,-'thalpy level and material

properties. The study Indicates ;hat the heat flux to the model surface
for the environmental conditions of test poin: No. 10 ls of the order

of 60 Btu/Ft2-sec. rather than 110 E]tu,'Ft2-sec. The cold wall

heat flux measured by the water-cooled calorimeter ls the s_m of

the pure convect;ve heat flux to the calo._imet_.r and the heat flux

due to recombination of gas species at the vv_l;. The heat flux to
the ';THERMO-L_AG" test model surface is less than the cold wall

ca!orfme' - heat flux. The fact that gas species do not recombine

at the ctebr|s surface ar-d the occurrence of endothermlc reactions

w.tthln the boundary layer reduces the he_t flu× for ihIs point.

The roarer'Tel response [o a cold ,,'/all heat flux o._ 110 _hJ/F't2-sec.

and a 15,052 _tu/l_b enthalpy level as predicted by theory Is shown

In Figure 3-'72. These conditions correspond to test point Number

23 of the air arc test matrix. To perform the analysis the follov'_'_n_

material proper'ties were used:

Transpiration Cooling Fac!o_, 0.6

Debris Laver Thermal Oonductlvlty Ratio 1.0

Heat of Sublimation 500 Btu/L_b
EEndothermlc FReactlor Parameter Ratio 1.0

The predicted recession :'islory and temperature history agree we|!

with the experimental data point obtained at 300 seconds e._posure tlme.

For thls test point, the L_as_c mode of heat transfer has changed.

The surfac.e temperature, which was shown to be critically dependent

3-12?
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upon the net heat flux to the model surface Is consistent with that
predicted by theory. Indications are that the endothermlc effects of
boundary layer re_ctions and sublimation of the carbonaceous debr'.,s
surface are being overshadowed by undetermined exothermtc reactions
occurring at the debris surface or w;thln the bounc=ary layer. The
study Indicates that a comprehensive e×perJment_l and theoretical
program should be performed to obtain a better understanding of the
actual change In heat transfer- mechanism associated vvtth the low
enthalpy to high enthalpy tl'ansltlon for- constant heat flux conditions.
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Time - t - Seconds

Figure 3-68. Results of Ablation Performance Parametric

Study
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Figure 3-'/0. Results of Ablation Performance

_arametric Study
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SECTION IV

NOMENCLATURE
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OF Specific Heat, a constant pressure (Btu/Lb °R)

H Enthalpy, (Btu/L.b)

HI Hi/Hse , static enthaloy ratio of species i I (Dimensionless)

h Coeff].clent of heal transfer (BIM/FI2-Sec-°F)

k Coefficient of thermal conductivlty (_tu/F*.-Sec-°F)

m c Mass flow :_ate of Injected coolant (Lbs/-_ec)

hx
NuN Nus_et No_ defTned by _ _ (_imensloniess)

N 1 Mass transfer similarity paramoter_ defined by
Equation (3), (DI,,:enslonless)

N 2 Heat transfer similarity parameter defined by
Equation (4) _ (E)imens|onless)

q Surface heat transfer rate (Btu/Ft2-_Sec)

r o Stagnation body nose radius (Inches)

no, . e. ,--_./Z_---" (Dimensionless)

T Temperature (°F)

u Velocity component parallel to su,"fface {Fl/Sec)

U Ue/Use , Velocity retlo_ (Dimensionless)

× Distance along body geometP;/ (FI)

Nondimenslonalized spc, cc. conrdlnate along surface (Dimensionless)

cK_ Transpiration cooling factor (Dlmenslonless)

_" Ratio of specific heats (Dimensionless)

Absolute vlsccsity / Lb/Ft-Sec)
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Dens|ly: (Lb/Ft 3)

._ ¢._..,'£._,-.,Densl,yR_,lo,(Dl_enslonl,,ss)

Rea__.s parameter(6,'_/%,_/_s_)

I_: Temperature ratio, Te/Tse (Dlrr,,_nslonless}

S UB 5 OR =.PTS

C Cenotes flow characteristic prior to mass injection

e Local conditions external to the boundary layer

se Condltlons external to the boundary layer at stagnation point

w Conditions evaluated at the wall
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APPENDIXA

TEMPERATURE-TIMEHISTORIESOF
AIR-ARC SIMULATION TESTS

A-1



The nonreduced e_r-arc plasmajet substrate temperature-time hlstory

data for all IITHERMO-LAG I_ T-500 models tested under NASA

Oontract 9-8?? are presented in Figures A-1 through A-88.

The data presented in Flgures A-1 through A-?? can be related

to any model tested, the prefi;._ letter of the model. The O series
are the surface oxidation tests, The D, E, GO, and Ha serles

are the material investigation tests. The M and N ser;es,

constituting the bulk of the performed tests, fulfill the required low

pressure, .oxidation, transient and pressure effect test matrices.

Figures A-?8 through A-8'7 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 parallel to the flow stream, while the

letter V indicates a gap was aligned normal to the flow streat_._,

Thermocouples numbered 2 and 6 measured temperatures at the

bare substrate metal in the gap. Thermocouples numbered 3 and "7

measured temperatures 0. 125 inch from the gap. mhermocouples

numbered 4 and B measured temperotures at positions 0.50 inch

fr'om the gap.

The data for the trajectory simulation tests er'e presented in Figures
A-88 and A-89,

Figures A-g0 through A-10,'? present the nonreduced temperature-
time histories for the upstream mass injection effect tests.

A-2

1965015246-214



t-:igur-e A-1. Temperature-Time History of
Model M-6
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Figure A-2. Temperature-Time History of
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Model M-10
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I:'|gur__ A-4. Temper'atur, e-'l-ime I--I_story
of Model M-18

A-6
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10oo

Figure A-6. Temperature-Time I-l;story of
Model M- 19
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Figure A-?. Temperature-Time History of
Mode[ M-2 1
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Figure A-31. Temperature-Time History of
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Figure A-60. Temperature-Time History of
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Figure A-61. Temperature-Time History of
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Figure A-62. Temperature-Time History of

Model N-46

A-64

NIP"-

1965015246-276



lO00

gO0

80O

70O

cO0

_ _0oe..
aa

B 3OO

o
0 .1 .2 .3 .4 ,5 .(J .'7 .R .9 1,0

T!me -Minutes

Figure A-63. Temperature-Time I-tistor, y o_
Modet N-4B

A-65

i

1965015246-277



: -: I _ i-i:_L_" Z-l---_ i ; .z- _ I----" J : ;_" :.i_::: -i:-: ]____;-_L_-__L_::_:t-___-. - _;
---i :-I-'-I r _TZI.I--_VT:I::-_.:! i I-i--.".:=-_-.V:;:-_ ,_ _/_. _ i ! .

_,o ;- :: i I ;!- "!-" -_; I :-; • I : _:-i_o_ ._ T_- _:- ---:_.'-_-_-." _
::. --4 : -: .... |-- I-:'-: ...... i -" : -; , _ ' : :::; - | ; _ _2 " " : "
_-. . "" ;_-,--:-I ,'.v-'.::l-:._ I :- i : _-_--,_-_ _- _. ..-T----.---=-:-:--- "'_

aoo._ _,._zRiio-_c'. T-500_-i:::-;:i::l-:'..; i -_ C':---",-:::_:-] -!_rq::-i I--_ :
---1-- Test ]W.._I 6 -----I_-"".r-;'_-'_-,; --I-...... , -_--___-t . . ,

_L-_---:r---i :- _ _., .... .:-_-:t --_.- 1. _ i i t._" "..,A., 1 ." _,"_.,.-z_-_ -" _., :. s5,,,.

k-.:::4:_:....--- .. - -._.......... _,_ -J_ +--:-i . _ -- i-- 2
_'-_"---- '_ ...... I--:: .... _- -T _---:" ---'-I .--_- " !" ; ! i --T ...... ....I ..... ,_ _ ' " / _ I ..... ' i I

b:-i-; _!- _1%ol ::.!-_-I.i.;_;-l--.'--,: i _ _ _ _ l -_:-; _,;,.,,,',," I " -
::-:_ .::.:_. _ ....._._ .:":::I ;_,._C : : : : , ; _.::'.--.-- -';_:--_
i_-.::'-.:.-- "- - _:I_'-:'i-'-i'--[:-': =========================| "": "" " ; I ' "i- . i ----. -: i" ! I- :- : __;__

tl . +,let 0[! It .,. _ Mln • . .-'-....=- ., - i. ,05 .....;
_I __ ___L--_-:___.4:-_:-_-:I-_--_-:_-!:-.-i-I-c_,I :-i ':!I :i!_ ,_ _o: _:_I-i-

.... _ _ - - ; NO 1 P::;"" "1- : "" : " "- ::'" " :;:'-1, ,,,
100 i I_P"F-_-"t--_. "1-': *N:, 1-: I-'" • . • ...... _ "" :-"__-'__

• '.'i:..... : I ! "}l'" I _ | ","'. • 1 . = ! : ! i ---_.. _" : -; " :' : "_.:_., .. , .,- ....,.... -...,.... .---.--t----.-., • • . .--_. :_-:--;t-----_---,--
0 :.: .i;::lJ'. • ..I : : ...... .: ::..:.. _-....__l==.: . .L. : ' .:,. =: . _% . ;.--;..t-:.-_ " 1 " • i

0 .2 .3 .4 .5 ._ ._ .8 ._ ].0

Time - M_ules

Figure A-6_. Temperature-Time Histoyr ol
Model N-53

A-66

1965015246-278



: .... ' ....... r "" : "l'':'"'l _ :" ' • ]-'-: [ "_';._ :" I . "" • . .':.. L'.'I.: .::.'._.L.'"
• """.... :.:.r'.. ":,:.: ....... I-..: .... : • • : :I" • ' : • . : . | t . :.... -.. t...:: . J.. :..i ..... ". ""..._..._.=-J.-+-.-I:_::F.....:.I--|::i :, ......r.......-I. I:-" •" 4 "::I='.:'r" ,':; --,......_---
•"i ...... I'":':::: ........ ...::..:..:-. ; ....-,.. ...: | - • ".,. • ," : .l. -" . ..... .j..:.':'l'.: ........ :'-.,:._ -'__._._l-_-k'-- 4-.---_-..'..- ,- • :.-.r:':_: !::.-_, ;i _'_ I.-.:•..... =.........".... "e-_-l-_-_-.':i

I" i: :_J_£:'l::-,::::l:i .... 4:'I "l.: .... ,:.:'." t "." _ : , '" I'": : - I." t " ,' r, 4 .:.r:::. :
....... -..-:.. .-"._.:-_I._:- -.-.if--::. :-" : ::" , - • J t. :_ •. • , r -7.........• _._., ..... ! ........... i. r .... i ..............................................,........., ,,,,-,:.......... |... --..:'.-..-:.-:..:1::":"'" ":.'::,'": ": :-"."r. :.. , '" :'. _ " , • ._ ......

= • :::I:::. _. : " ": "I.. "I" :; "-" ' " "i :'.I.;.:1" "'f" "'; " "': l " " : ": " "'::" "" .... :'" ' ' l ....... .":I ""' .......................... :: • "" '"" _ :'" "" : l |" " " • ' • : ": "| ":':" :':' "" I. " • ,,, ;::-,.::_:F,:._....._ -,': .... ,--,...........I......... I._ ........_........L---_.-,----!
U " "" • "" ," t " I " " I : _ " ";. ". " ..... ..i .,.. "I':':!:_,": . :: Model ,'4-S4 ...... !... .: ; : • =. I, • • :'" ,. • : .I-.-: .[''!':-•:"_'----_ ,.,,.T._"-"........_......."..........i_,...,_....,._.i-.-:-.-i -.
r::.':: " THE _.M(.)- , -. _1) ":." : :' :" • "' 65 ._.'._'":
_l'l"est Point 7 _-._-::l:::'-.t::::l::_::l--::':i':t-=::-_.'.l___: "_ F--='-J:':---t_::_:::..12_C2 = ). 438 cm _ I=_t

_IZ:_-I... s =================================:"1131__-:2::1.:-'_',,.-.,- • r. ........ _.4-_---..
_ -*'_, I " ' ........ I " ....... l ! " " "/ ", % 10 "' "l ........ .... l.. ........", _ :. .. _....•F._ ..". :.:"" • ............. ,..- I.. _-..:: :',.-:.'_. .:, :':il::',l , - ....= ::, , ,......., -:01 ,,:,, ...., !:ol , ,:,: :,
_m:J_':-::_J ', 481_0 --r-;--.-F-:-;--4---.:]---:---.r--_---':::l., 12_,_ '.'L-._-_.:, . '_" :.-'_..--:-"_,L';-_-.-_ --,"

---|:':!'::! " :.. [ .|."..].:i'L'/.': "J:. • . 0"'4 I :': 2 ": 3 ' 4 ' 5 ".':'::

_::-:_::-'J : ;.. J . " .--i =-'-- I-: ; "i'"';'" """ .I I • " .... , . .:.. . : • i . ._.... ::._.
I"T"I , --I II(lrr ] -" I'-:-; -'| .I :l • ": " ". :.. | :'" • ' : ! : " Tlli't' • _JlIII.IC8 " i " '...... • i _yll . • i -:.;';- -..::-. : .- : .. ; : . :..I • • ..-- i • •

_100_:::; :'4_.'_'';''T-T'" "" "'!"'": .., :" :I" :T"I--,. ; "" "'" ":"" ,' "T"'- :'i "--"--',
i'!!:;"l 2'11 o- .-:i'-::I:.'.I_.;"..I..:.L':I.:': ; :. l..." .I " ...i ':----;'-.'.'!. :.-.h.::--.-i:'i: '":'" "" " ' _ / .... ; I "' I" ".." .I " " . ..... I " "i:_

.... ............1 • : I ;.... " ' • , • I .. .I

............ -:---:- -:.-" _0 " ....... I ......... ,, ................. :_)0 -- ._-. :- :.---r :-:: .... : : • .:- .--_ _ • _."..... -.: -. t.---:..- I-:.-,-.:-J---_'--.. "--:.--!-:-£ "_,
:::.,:.: : ..... , • ..:l.:.---:.... ,............. I ....... _---I ...... 1-=-., .................... I .... :..... .=." .... 0 I ','d2 ........... t • '
,.:.:...:: .t _o 3 .... 1":::'1::.J:: ." • _ "'.' ".. • ; , : • ; - : • : . : : . • :___ _:::,._.:_._.,......_._#.._ .,..__]-:...,....:_±_..:.j._....J--.....................,.........:...:....,---r"-" ';:1:,,.": -.'._'l..-_..'_.'l." l..::._-."." ". l : I .-i-..i.i .i "i'. iT.(:, r,x ,"i _ :.'
I• .', .-F:-.."" 4. .... _-:i."-" " ,.:".'":'::F.: '::.x::" i..::;....: .. :. : • i "'_: • .., "_1:-'::"-_ " :-": "':| i tO_ ! "':""" "" :"":

,:.,.,::.:_._::-_:_:_::,: ._:_:-,...I.._._.;-:_.:_:: ,.: 'i. .=: r : _. ':._001"--'"'-_-_1."_ _l[r-----._._ • -_- _.-__ " -. .....i.., --I.;'-_'. .... -- . .--_.'-=..-- _ zu_ :..... T-'''-'_
: ::::4.:::1::: " NO 2 ..... i ..I .... I ...... [; .:...I...... .: : .!:: :::::,..::,:::__o. 2 .l'Lt.......: ... -.:...._.::..:_....... ..... I . "1s . _o,:...... .,..:

I.:"._:!_ _. -"r.- .:.;-i;T.!:-!:..;._:-r-_- ti:T-:_..,.-, F:.i .i::: !: i _ _._._._ i . _. i
2Q0I;_" .-4_._.'..:__--_..;:;:...L--..:-- .. _ ..... : 1---_".:r.. .... %.---: -l.-.:_:.-.t. . _........ t'"':-- ;--".'--I ...... -

_1_-" ".:'":.." --:7_':" :..:.1-:...;.. • " • "_" _'1.._" ":"1"" "i._._l'""" l " !" ' " • ; : .... • ...... : " ":"": "" " 1"" : ....._-i:::.-::i_:.i"-., .::. _o._ , I , : : ,.,: ,.',:-.
I'_ L:--'-.- :':'F-;i,--_'- , ";" -_-_.-_.g--! -* "-'r : ......... !........ --':------:-_---:-_""_ .... _ _ . ';.... ' : ;'" "1" "" t' : • ::" ," : ." • ' :- " -_ : .1:.! ! •

I : I : . . .. ,...! : .... ! I. _ ' . . _ , • •• . .... • _..I......................... i .-F " ! i : I _ .! : : ..i ! • : . " , : : ! : • : • : : ' •
0 i:-.'-.:--L...i,_ ..': !..!........... :_.._L ...... : ...... '. . • ...... _ .... : .- :..... :............. -:--.-:.. : ......... " .
0 2 3 4 5 6

TLme - Minutes

Figure A-65. Temr_eralure-T'me _:_tory of
Model N-54

A-67

1965015246-279



.-_z"l: =']_ .... -1...................... -'-..... _ ........ _ 1600, i -' .....

..................... _ ............_. -°'°*:'"-'"'I ........ _ot ...... "o!.:'iX'!: .. ! I.'" ::.1:_" "' ": ":" : " " ' ] " -': - ":_ _ ;2""-=.=: ::":=: ......
.... I " " " I • |'" ' • • ' • " : : ..... :.... .-"t'_" -- Jt,¢'O_..-._'_.. """ "" "_-"-_'-'t.x_......_-,_--,,.z;_;_

.... " : ], ,: [" " " , : l _''' i, " l • ,] " ":, ,, I''' _ "_[ I "_ ;_[_•i!.-..:il..,t......:..+.......:.l:_::. .....;., ....... ......... ::_.l:_, ...:. _I-- -..2_'. :.,-, _^ ]_':
109e_ ....... _ ........ t.:.......:.........-., i:'"l ...... _-.-'i a..'400_ r_'v-':-..4=:r-=l

r-.'-:":!u_ .:._-_4 . : .' _ i :".' ." Ji::i.*.":":-::._7-_--._",=r:-.¢=_" ._::--,:t___-l_-IgL--'.:..... , .. --: .... i.. :'-'..;i:. ". • ::'- ! -- F :_:'_-':,..:T;-:_,"'_ ........ _".-'=l::-.':v'--'-'-'.:u_t=:._..._.l-'.-:_ .,_RMO- ,,(, T-SO0• .. !...: ,. : , .... _ _ =,_::-:i::_..q.=_'.,_-,._,.__::_._"_
,: .:.:.. ,eet r- , z "" "_+:.-I .... .-'v--:,.. ,. z-_o -_;-Z.:. "- =_.-_ --_ _ = 8_
"" ' ._ ..... I • ' " ' ".." :! ". .. "-- • "I .r:-- ..._.. •_ ....:...,: ..... . .._ ... -n • .- _, m_ C _ .,

_o_ "_ __ _'i_-_'_-_fi:.I': -_.:-_-':_ _-_-_i_._-:-=I_--4-__=_

t..

_-__ _L_i ....:_.r'_.'.'r-_"_'-_._-i-_;_-_
---_:-,'_'._-,-_,__i.,.,, x-i,i---_m,.:'_ 4 I 2511__::'4='_=:v':_v'_-'e---'_-.-i_-;-_-L2;:t;-_-Lt=_
_'0 _"--,,_"_-_ . '*_=_,.,'_=U = "_':IL+_:_P2_-_NO 3__l_._

__N _-_"_ __::Jet ,Off11?.0Mi:,' t_-s_"_''_-:," :t""_'J:. !:::!
" _v. • " _ " _ - - - • ....... ' ' " "'!'" "1-_. _'.''t:';.'': .I." : '. ;....

• _ * • • .i.. • : • ; I ..... I. ' • •,-oo__. _r,__._ _.:..._.: 1, : ,.,.:._..: I...! I .....,
_- ,, _+ .... - * .;."':1.':" ."_"r" : ""| "'-t'." ""1 ..... "t.='--I........... ,.:'. ...._"___--:._ _:::-::: :., -1: ' : ,. _ I : .I::.._._

;" _" _" .... ';_:: .-: _:"" r :": i ! ........ -..--;I : _..... :........ i
,oo_..__:_., _-t.-_<'_ ,: __....;...... ."+-:. M:" ! I ._.,.......... :..... • ; :"_..... :' "_ =" r-7: "r "- """"-l : • -::-:'".-........i- .:....,..4- .

oli___a_;_,i_ _.-'_._i_._l___ _,: _.: ! i...I : j....:.i.-:..i i .i.t. 1.1"_ ".
0 1 2 4 5 6 7

Time - Minutes

I=igur'e A-66. Temper'atune-T;me History of
Model N-04

A-68

1965015246-280



, ! | : . . : _ . j ._--_'2500! . ,, . I :
_:---'_.- '-_'r--I - .--I----,' ........ : .... 7 V-:-_---_---_L._-.--t--,_ -.-_. =_"f4-_-d

,,ooiiitl.!;,,I.,_-__, _.:_.,.,_,_"- ', _., "
, I ' Mod':IN-55 z _ : I i :E_I:--:I :i-'::!

_-_Jr;"T.ErMo-L'.GT.... , i .,,:-r . , :_',-'._...;.::;i...._.._
1000_ " ' Test Po'nt 27 __-_' "-_'t--' =:__

r. i " , ' , • : :[.' X I :iigl_..-A= .6S,_., j

I " -I:" . i •'o . ... I. i • " : " "

L'--_."_: 21% O2 _. i_, _ A_ [ _ ! "i I".!'',T;,n,.;_'MII,uI';'._'"':._"[
•" 700 _ ...... " NO _-: :' '-_'""" '- ' _".. .... .'TT-_. '" ' . : ..,"--1- . . " " • :. • " - -i :. r. v:: ::--::::|-;-: :---: ......... z I.... ,.. ,.,_ i . _ _::i,_i,:,....t.,...,.......t......:-:r_:--!I
_, _ :.,--I.-H--,.-I-i_. -!..i i- !.-[.-_::--I_-.-_.:4--:_::_:-::'._-:i__ ---I- .... : - . _ :: - _; 4 .....,....._ .....,--=;:_.-

.-'.:: :;.c --v_ i-_'_.L-: -IJ,'*'_'_'F : , " t ._ 4: ;:..-I. _ -!]:]:;.'_:1 r.c. ,,x _..".;]]
u- I _ _.. .1__ ........ :-:'_-. 1 102_

_" ._ ! '_,_-:., .....r:.:_-.i ; _ _._-:F:.-t--:-:---_ " !:--:.:-.l:-...--J
:_- I -_1"%,,1":_ • i :: :"1: -J : _ ::_:-.[. _' I . " ! • ! ._---i.:.:.'.-_-:t:::-_:.LI2 090 =.-!: -:t:-::::.-I

II "" : I_IL_J_":I ., - I--::_: --1"" ! _ -.' " I'- : ; : " , : . I : "'.t_-'.:.b'-'-.:: ":! " u:':::;:-"l':.:_::- I

__i: _,g";!_ ' .,0,1q-_

.r:..T.: _' .." J,._e_4._ '_"_'-_" i : _ : "' ' : I :.T ."T'i.i.: i
_;'._'--"l ..... t- ; " t " "' i " I i ...... ." ":" • t " i" " "i .... i-:--;.,.-i--. ":-.-r.:;:,--:..-:.--_..... i • , : i " • • I "" _ " : • ." : I : I ".i::i" [:', "J':'_l'"i t
:.._"""" "---.:_F --.'- "_---;-'-'_--.-- _-'--.---_..... _ -;, ,_ .; - .;---a-.-:--i----_-.-.i--..'.'.:;.!:- -i..--t..._.. ".--h-.-I
;i:',": "" "i !" ' "i" ! • " • i" . : ." L.'_i"':" ":. ": E : I _ I':"" I ' I i I..: "

_-!_.-:[:._:=4_-_i::_I::-_Ft::-'.:r_:_-_ -":i_.;_:i:_-:--:_.-:_:_.=_'--:t-_:...:::.:-_:i_:-4--:-_:::i
:-_±_--;_.:.P_f:_:-t-.-l:--:i:.:i:-u-I I:..I : 1.:_t:::i..l:i-::i:.4--_Tr!-::_---_.-_--.--_-_:h:t.-:.:.L.I:_!:_.:t:i_i.-:-i

0 1 2 3 4 5 6
Time - Minutes

Figure A-67. Temperatur',_.--Time History of

Model N-65

A-69

1965015246-281



lO00

100 _ ' m

o _i
0 1 2 3 4 5 6

Time - Minutes

Figure A-68. Temp,_r_,lvre-Time History of
Model N-? 1

A-?O

1965015246-282



• .,.. I." _" I • ' t ' I . • .... : ": I • :
.... • "" 'r ...... I ": I" " , " " : L " I .......

......... ,..' - I 7 ........!-, i _ _J_._
,.::l::.i_::i::=:............... :_ " I • ; _,,,,_F_ _ ; : !. •,-

.....', Xiiiiiiill  :IZI::I
_" . .... ." " - ¢0 _.-,, "" "'! ........................... ".'"': ............ ;'"': .... ;'": .....

., TIII--'ILMO-z.,A,.,"T b00 , ,. ,.:!I_ . ._ T_ _,, 2 !--_: i _ _,.... !
_ :._ _ _ ,::_ ,,-_:::::i:::i;'.I " I " I "" I" ' I,'" I;;': -_ ........ r'_t' ":1" :P_4

,..:. • ' ' , i. _. :. : ;C_! :_L_::8_01..".!. .' l'i 23 05f' ..... i • • ' • ,_v_ I ;_ " .:::"I.'." :-" " I ."": .... 0 .2 • 4 .8 • 1.0 . [.2 " 1.4 . 1.6 1.4
F t.'.'.'i_..,., " ...... "" ; • : .'•: .... ."'"•• '".-"-:- '-I.........'-
_" ;- "" %1 I.., _.'].' : • . : l : ' : T:l'ill .'Yil;'j;Ic% : . . i'.. .

7_1- _........ "...... l .... _ i .........!....... _...... : ; ; --"--I----:--"-
" ::;:: i , , : : ; I i i : : ; !

F;--,-';":': ;_:'_ 02 .... : _" _ .... _..i _" : _',.',, '.......... !

_^^ ::;'::'"i: "" . • ] : : . . . : i I. _ . ,'..'_

mJ,J_t:.."'l ! ..... ,'-...... : ":.... r............. T........ ."..... I """ "!"":--:"-:--."--": .... ,,. " ........
..... _: I ..... j • : ...... _ : . h;,_ •l.:.,.;:_1"-..:..... """'i'" : -i ..... I 'i • '," ; : : : • ": : "_ " :
!'"_".1:: ; "" I " '. : l : 1__.;,,,._('} ". • - . ; _ .HI'; :

,','10.._-;_--t:--....'.-._-.-:_-:. _--.;-- I ....... F'-.'-- i.... i ".z.,r'f "_'. ..... :-::.- -.:-- F" ,"F.... --;-- :........

I':::i ::1: :ii , : I. : I "_..,,,;,'_ _ " :_ _,(). I ; ' 2 • • • :. . :r',.-. •
F'::I':':-:I---, ':'t." i. 1" " I .... J "_ _-_,-JJl_,"_'.":""7" ..""i ..... !"":" :" • ; .... " "

400_...:i",:':.._..; , __.._.... • . : , .: i • • '._.:,.,
l_-!_:r.._._-.f--_.-i__! ......:--r--.-:-:"V":--.' ..... _...... _ ' : " !.......
_'i;""F_'"-_-::-i...._. _-,_'_.... -_- ..i • ! I: " .: "-" ........b .......i....... I ........ i.......... '
.-.::,-::;%......, .... • | • • . : • . . . . .
"::'J ".'|....:. I ....... ' • m ......... . .......3o0_.----_;-.-_" ": ":": _........:............"_--'--_- ......:;";::. .:. . . . • . . . ; : .

_ii12_).'_,. : :;, i : _ : _ , ..... . ...., :_" .' .I " i " .;_-L-.._.;,,t(',ql::_:._;__,,,,, : • •
200_i .- -; ...... '_. : ...... : .;. • : ........ : ........

,__L : _ : : :lO0,"-u-;.-I--_.'.----i-.-:..... "';" ;......... ' ...... " • • • _ ",(; 4 ....... :.... _ ...... ; ....

i : : ' .........
o ,_ ._ ._ s z.o ;._ ;._ z.6_• _._ Co

Time - Minutes

Figure A-69. Temperature-Ti_qe History' of
Model N-?3

A-?I

1965015246-283



Figur_ A-?0. "T'emperature-Ttme History of
Model N-?5

A-?2

1965015246-284



17o

li
1_)0 : Mc.lt,¢.%._" ' _ "7 /_ i . i : i : i . .:.................. •"....."......:: m"" u' ':;,• j • .'" . • . i

......'..-. ..... ' ......i
D00_--: 'i ;" Test Pot:it _ J ": i _. _''. • I " ! _:2 1 ',3t'l . . : . .. -i.:'-"'.:1 q,.. _1 : ..,.-.:.. i .... , : •........... ! l,...i-..:.-'---.-.: ._.g,,.:,E:[ : ' .... .: ' :
900 " ' h. ,ittql) T,C ,;x , ,l , 2 " 4 , I_ II i,, i 13 h ;4 ' IFH::: ................' • ' I ": , • ' I , i

i" :' t :i:'ider ....: ; I ,:'2 ., ...... ?....... ............. ......
_)[-i" ' _ri.o_ • ' _ = : "" _: :" "";."!"-. -:t--:':,• 2 I:_ ' I " _ " " : I I " "

• : -1 " " I -.: "'i ..... " "" ""....... :...... _ " ": ..... ' .....
= I : . i • : i • ' : j ::, i. : ! ... : : ! • I.._,_..._()2..;.i V.:

-- -- " .... ' .... _'" ' .................. [ ....... "?"............. ' _"0 1 • • •
_6e°lT) _ I :_ ! _ . ., , z:.-',i : ___...-_:'<, "i". .i:

I' : "l i; I ' __:i .'. :'-,." v . ' _3_,':_ -._" .... _. : : : • •_o ; ' : _.'--_.: ': : . ' : _.-.:-..
i ....",. i','_:r" :" i" • • " " . .... r ""'--'F T'" :"":" ""l'" T"'! :" "';""'; _...... -: ..... |"':" " ,- .... m , :
!,, l';:: "' i ! 'l_ i : I".; _
•-] _ ....... .'-r'_;*_ P:*.'"'" : '_-":'" ." • i • • • I I • • : : : I
I &i!::l. ' i .;_,_o. _!_ :.. L ..' "i. l .. i.l..:.:. ' ... _ ......... - ...... t ...... '.... ",.-.:..4
i loo_-.--:___ 'F."F : I" l "," : - ' : • ). :..l-, ; : .
"4 e::J_.I.."..S_: ., ... _..: .'.....: . i ..... a _.; () a: if, _ M :'_',,,l--_-;r i.. i'" ;':'! :"'l

": T" '"_"_'[ i !" ! _ _ : _ : I . : • • , • : . ,
ttlni ' i _1 ; "_ ....... i.---7-'.: .... : - : • • _"": " ..... , ..... ; .... : -'T_._M) 4"".""'I ....... ".
"_1_; I if ; i : i l " I i . . i : __._,,_.r ! i " 'iS,n:t'" "l :" • .. : i - i • .i • , : • :. • : .... : -.-;,,,.-.i • ". .... !

i ! :i,:,:: " ; !: , ....i--:T-_o__,..:_-_,-.-:.+.-.-; .......... i i-,........i-..:-..-.! .... :, .............i.....• ." , .... , • : i : i - •" _" ; : • I. . ! .. _ .' :
i-::r--i"!! ....I "",....: :" : : "'. i .........

oLL..J--L..i...::...: .... .i____: • ' .... ....... .,..:........ i _ : ,.L..... - ...........o i _ s _ s _ ", _ _ /o...../i .... i'_.... i'_ '/4 _
Time - Minutes

Figure A-71. Temperatur'e--Fime Histor,y of
Model N-82

A-73

1965015246-285



Figure A-72. Temper'atuPe-Tlme Histor'y ot
Model N-92

A-74

1965015246-286



Figure A-73. Temperature-Time History of
Model N-94

A-75

k'

1965015246-287



.................... _ .43 2200 ..................i:.'--.'.'_i . ;, .. i I ".! ! . _.,)1 I [" i ! I i •
.-.:;t-:.-: .. . ,...lt'.: :i : r :: ...... .-! I ' i i !'." i..... '.

..--.' r..... t.-'";""t ..... J,-"........ -.- : ...... ::-.,:)0-1-----_e----_-..-:--t',--_,,1==:.--_ ........
• "r::.i" .i "." : . I =! I ._"_ ! l _ . "
_-'::,l-_:"" :.:---,:.' .......... :....... ;...: ' " : ! . : l ............. •..i ....... . t , • . • ,.-: ", _i . ,•"" I':'.." : .... :'" " : : " I " q " 'ilr _ "looo_i:iI'!i: _ _L: ........._ .... ,................. ,, ,_.L..._........:.._ .... .£._.:

.,:.;:: :lel,-10_ ".!.']" J : _ : i :;' ....../; '-.1", 3" ,"_
"Tn_e.MO-_G"T.S00"': I"":" t ::'" i: !"r -+! " , r"i : I : : . , :'"

._,,-, "r,,,ti:oint;+ - :-_:_..............._'t " _;.i.2000.1---'I'--:---t'-"-" • •e.',,,_ ----
I" : "" I ' "'1. - ., '

- 3"1o i-.'i •_! : , ....t--.._.4-.-:.-----I-..-_-+--.----..--.-c2' 1._38c,.,"K.
.... _. -_-_..-+..-+-..._L-..:;._..=t,_oo,':--" " i .... i . i l

-:-!-;4-:L.._-.:-L:.;-.I.:_L4..:_o_.:._-...._..,......;..:.._....."--.._:_r_ m lUg _qD

"_ 5'8' e-]lnd(r " "":] :'! I :. i" .!- • I : ', ; :'Plme-Mmu_es : : " :

, :" i_:._I._._ : _ " Eili : I _ I • I • _ ,-- 'n._-o -,.... ..................• . : -::-',":-: ,, ............., _...............,
eoo :1-];.L__! i : ! i ' ._ '

• '- .... L -L:(,.4 ' .: . , 2 . I00 i .......500 ! , ' i ....
L_-_.;_.-.. :i . 1[,I

• i ! I _ i _ ,._. •
•.. . . ! • _ • I ' ' " i ' :

40O

-r-i ! : i .... n......._......i....... : .... i_00 ...................................

._i.'). I I,nd 3.; ,2(.,t Oft '_t 2 5 M'-nutt'H! n , • : I • i--.a".... * .... t ...... ' ..... "...'.. "....... ]..... I
,: _ : _ : : : ! , : :. .... . ,.... ; !

,oo '"-_-_:-__-_-_--:-..............i...._.....'...........................i . . . !
i

lOG

....:!-L_ ...._' : • : "
(' : .i_ .__J_.__- .... :.. .............

0 1 3 3 4 5
Time - Minu_c:'

Figure A-?4. Teml_er_tur-e-_'ime HTstor-y of
_1odel _- 105

A -'76

_iilllmn _ _a_ii_ _-"_---'-_,:--_ _- _-_ : _ _,,,,_ - ,, - , __.,,,,..,.._+.,J.Jl_

1965015246-288



:..1%:.;. ;,.:J'. .i:" ;....: ".:.l'' i | | . " i . : ;" II ' I ' I /Ir "l_ _ " "

I-..... ::L..._:.I_':-.::-.;...:'-. :'"'I ....... ; ........ ! ....: ....... :....... ;..-f.._ ............ I. - ' . - " ' • " ':',&.,.t--: --| ..... ::-.
• ", ........ I" • o ...... : "'I: I ." I • : ; : • i : I _ _'_; " ! "• "..':'T:'.'"',"'.'. • • • , I .... I _ i • " ' '" . :......:.... ....,......' ' ..'1':!4:"1.'.q i : '. • ' I • i. : . : : i .- : • ! : .¢_-" i :. ;...':_-1-"...! ....I..=..:_:: .I - , -_ .... i-..-'--J........ :"i .. : .... : - . ...... :.,-1....._ .,L...-'.::+. :'...

| / ' I ':" I • , " ' ' : : _ • ." . • F- :. : I _r:l :i "" .i. ' i .
lOOOi--_-..:J.-. _:_L.:__.:.....__....... _...... L-.._-i- ....._..... 4".-_4- _ :-.:2IO¢_-_-.:.-.Li-.._-. -._.......#._Z-_-.._-_.. _.:_..• , , ., . , , : , , ,

• . • I : . I , . _ : . . : i •L-_.:_4,,_, N-los , .... ;. ! = • .i.I..'....-I.... ' ,. ,..
I. i:: "TeEaMO.I_(;"T-._O0, : ! ] i :' _ i..._l i I ." e,')_,. |-L_-

_;o _. 'r,_;,_,,,,l_t :_ "-.,--'." ...... :....... "-..'--:'," _ "T..zu_'[,'"-.-T',- (',., 1.4'.,_,:,, "K.--1":...

S00.:.._...;-_ :--..--_..-_-..-...-_..:---.:_----.:_.-.'--_.4 _00... _ i. '..-- ,--'_---i. " •"_"I-_:'"
i'" L" h_-'i_,850 .: : : .... I .. _..[.._ : ." q..: • I : • _ • - : 3

L.i.-I ,,',,,,,': i..:. .-..
._ --'-.. 2_o .:• . _.•_ i .-1------_........r.........i..:...i........_'rc ,_ -.-i..--F--....;"'"--I_'T ............... _ ........ _"_" -":. "_1"_" .'_ ."'T----.'-""t," _ •- -: .... _ .'--" _

i _00_ _ T • , . .. : , . . "I-"."-T- . ' , lo .... _'- •

• "' ' '" " " . , . " : : I " : : | " _ ' " • .:
_; ;._ 1:-J---L--;_.l ..., _....1 .... ,................... .[... ......................... p,.. ........ , .......
!.:" I | ..'. :" ": " _ ; • | :: t : : ' I _ : _ : ' : . ' I ": " : • .' _ :: | :

BOO I.-_';. ") 3"_.._." I-_."-_":"-l-"}"'._L'.--_-_-----i'---'. " .... .I-..--_--......:.-_...-[..-_{." 3 J{)t)_.-:..-_-_.'.-.

_::i:::r_.l,.:........__ Li _._u':2h ...... . ......and1"1 : :_:g.:iL:l..'.....p:....:. :---:----'------ei':!.: .!......-. :. .! "i.'i:'""!-'-_---t'-..;::: -_! 4 :l"2_42:....:..:.l...-..!:--i ! ":

, ,'- _,M ,,_i : i..... :...;.-.!.i. . .:..... ::
,oo .....i--:---.i.......F-:-:--:-;'-i....,. . '. • , | "" " | : . ' I " " ' . |" . " I : '

__:-:.i ...... [ ......."x',;l_O 4"; ..... : " ; : i ": : ":-'I ..... '_" :'-"!" !" !"'! "1 " "! :'"
F..: : _ L I • _" ' ; ' • : i : " "''"" :" ' " ; i. "

100 I-_:-" ,_,r'---_"-..---._-t----_-.---r ..... ; .......1 _-F-- ....... .--- ........ ;.... -w--. i...... '"; -_
_1:-..:--._ ........_--_;..i:.;._ .... _.....!.......L.:._'..._..:...i .....1..;--.-_..!. _-:
_".';,"i--.: J :..|::: :! _ , : • J : ]" ! ' " " : i i J • ,

0 _= n .n "' I .', ., " "'1"" ! ._,_.=lt......._.......... _ _-- ' " ' " _ .... _ ,_ -; ....

_1 1 2 3 4 5
Time - Minutes

Figure A-?5. Temperature-Time History of
Model N-106
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Figure A-?6. Temperature-Time History of
Model N-110
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Figure A-??. Temperature-Time History of
Model N-112
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