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LMSC-HREC TR D496704

FOREWORD

This final report presents the results of work performed by
personnel of the Loockheed-Huntsville Research & Engineering Center
for the Astronautics Laboratory of NASA-Marshall Space Flight Center
under Contract NAS8-25569, '"Thermal Support for Space Shuttle.' This

work was conducted in three phases.

The NASA Contracting Officer's Representative (COR) for Phase I
of this contract was Mr. R.R. Fisher, S&E-EP-44. The period of per-
formance for this phase was from February to September of 1970, The
COR for Phase II and Phase IIT of this work was Dr. K. E. McCoy, S&E -
EP-44. The period of performance for Phase Il was from February
1971 through June 1973. The period of performance for Phase 1lI was
from June 1973 through January 1976.

The Lockheed-Huntsville Project Engineer for this contract was

Mr., William G. Dean,
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| INTRODUCTION AND SUMMARY
‘)
2]
) = The primnary purpose of this contract was to provide thermal support
%
“ in the design of the Thermal Protection System (TPS) for the Space Shuttle
T vehicle. The work conducted covered a wide range of problems. However,
= these can be grouped generally into three phases;
b e Phase I: Analyses in support of MSFC '"Point Design' Shuttle configuration:
i|
. 1} . .
& e QGeneration of temperature boundaries of the Space
- Shuttle "' point design.
il
i _ o Ieading edge and nosecap TPS material investigation.
i
i

i Phase II: Support of three TPS test facilities as follows:

e MSFC 36 x 36-Inch Panel Radiant Lamp Test Facility
e MSFC Structural/Thermal Test Facility (STTF), and
e MSFC Hot-Gas O,/H, Burner Test Facility.

PR

e

1 Phase I1I: The following tasks were performed during Phase III:
i
e Hot Gas Facility (HGF) Support
ﬂ; o : -~ . e Guarded Tank Support . :
2 e Shuttle External Tank (ET) Thermal Design Handbook
4T Support
' i[, ' ' ‘& 20-Inch LH, Tank Test Support

¢ Radiant Tests of BX-250 Foam Panels Support

&B . e External Tank (ET) Thermal Protection SYStem (TPS)
&l : . - Development Support

e 70-Inch I.:I—Iz Tank Test Support

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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[ i
] » MTF/MPTA Flame Bucket Heating Rate Analysis
. ® Task to Summarize and Document all Test Data
.ﬂ of BX-250 Foam
“ ® SSME Seal Leaks/Vent Duct Heating Problem Analysis
;'T e MSFC Hot-Gas Test Facility Modifications Study
| 5 ® AEDC Foam Test Support Task
R e Langley BX-250 and CPR-42/Arc-Jet Test Support
f% Task
" e Langley CPR-421 Foam Tests in Mach 10 Tunnel
= Support
é, o Independent Assessment of Candidate TPS Materials
(for ET)
i _ ® Hot Gas Facility (HGF') Testing of Candidate TPS
& Materials (Planning) :
- o Independent Continving Review of ET Contractor's
TPS Development Efiorts
~ ® Review of ET Contractors Document (on analysis
- - methods for predicting CPR-421 performance from
b data)

® Protuberance Heatmg Reéeview (as related to ET
contractor's instrumentation "island" problem)

® AEDC SRB/TPS Materials Test Support Task

e MSFC Hot Gas Facility Modification/Fabrication
Task, and

AEDC Tunnel C Tests of CPR-421 Foam Using
36-Inch Curved Panel Support.

R— .}
R TR

[
L istemernd
-

References 1 and 2 summarize the work done on the first two phases.
These were designated as '"interim final reports," since the contract was

still in progress at the time of their publication.
Approximately 40 decuments were published under Phases I and IT

of this contract, which were discussed in the interim reports. This report

documents the work covered -'duri'ri.g Phase III.

. ‘LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Section 2 _
TECHNICAL DISCUSSION

fors

Since the tasks completed under this contract were documented as they
were accomplished, the method used for this final report is to present copies
of the various technical reports published. These are presented as appendixes v

in the back of this report.

.

Any question regarding any of this work may be directed to the Lockheed-

| Huntsville Project Engineer. |

P
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Section 3
CONCLUSION AND APPRECIATION

Lockheed-Huntsville takes this opportunity and means to express its
appreciation fo.' the privilege of performing this contract for NASA-MSFC,
Throughout this contract, we at Lockheed -Huntsville have always experienced
excellent working relationships and coo}ﬁeration from all NASA employeeé .'
involved. It is felt that this has made it possible for much valuable tech-

nical work to be accomplished.
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DOCUMENTATION PRODUCED UNDER CONTRACT NAS8-25569,
PHASE III
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, Appendix A
TECHNICAL NOTE |

LOCKHNHEELD
Huntsville Research & Engineering Center

.

Contract nNAsg-25569 Date July 1974 Doc. LMSC-HREC TN D390295

| Samees

Title:

DETERMINATION OF THERMAL CONDUCTIVITY OF CPR.-421 INSULATION
FROM BOILOFF RATE AND TEMPERATURE DATA FROM 20-INCH LH,
TANK T | | i N

| ey

'-‘:cz::-.-j .

aniod o

£

 (Riatbiis

el B8

| i

R P

- Dr, Kenneth E. McCoy, EP-44. : : _ ' ' : i

material, The tank was filled to a certain level with L-Hé. It was allowed to .

bedded at premeasured depths in the foam, to reach steady state values. The

FOREWORD - N

This report presents the results of a data analysis task performed by personnel ‘
of the Lockheed-Huntsville Research & Engineering Center under Contract NAS8-
25569. The NASA Contracting Officer's Representative (COR) for this study is

INTRODUCTION AND SUMMARY

The LI—I2 boiloff rates from the 20~inch LHZ tank and the temperatures at dif-
ferent depths in the CPR-421 material were available from several tests. These i
tests were run by the NASA-MSFC Test Divison. From the boiloff data, the
heat transfer rate was obtained. The thermal conductivity evaluated for the
material was plotted against its mean temperature and a straight-line '"least
Squa.r:es” fit of the points was obtained. The resulting curve compared favor- c
ably with the Upjohn Company thermal conductivity curve for CPR -421 material

which was obtained from NASA-MSFC. |

TECHNICAL DISCUSSION

AT N

Figure 1 is a sketch of the 20-inch LH, tank lined on the outside with CPR-421

PR R

/

stand for sufficient time in an ambient environment for the thermocouples, em-

O T

LH, boiloff and the temperature data for all the tests were available and some
of the typical data are presented in Table 1,
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The heat transfer rate through the tank is calculated as follows:

where

It

rh = LH, boiloff rate, lbm/hr

hfg heat of va.porization of LI—IZ, Btu/lbm
A = wetted area of tank, .-‘.'1:2
{obtained from an LI—Iz level sensor)

With the heat transfer rate, q, known the thermal conductivity is obtained from

. K Btu
q = —— T..~T ) 3 —————
Ax ( H C ft'z-hr

where

thermal conductivity of foam, Btu-in/hr-ft 2 °F

K =
Ax = thickness of foam in.
TH’ TC= temperatures across thickness Ax of foam, °p

The thermal conductivity thus evaluated is tabulated in Table 1 with the a.v.era.ge

temperature. The average value taken is that between Ty, and TC.
RESULTS AND CONGLUSIONS

A plot (Fig. 2) of the thermal conductivity of the CPR-421 material was made

against the mean temperature of the material. A straight line "least

LOCKHEED - HUNT:S\_IILLE RESEARCH & ENGINEERING CENTER
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squares' fit of the points was used. As Fig. 2 shows, these data compare

reasonably with a similar Upjohn Company curve obtained from NASA-MSFC.

U However, these latest data give a higher conductivity than the Upjohn values.
This is possibly because the latest data contain some effects of penetration
heat leaks from such items as fill and drain lines, vent pipes, etc. These ' .

- heat leaks would tend to raise the heat leak into the tank and I.,H.2 boiloff
rates, thus indicating a higher apparent CPR-421 conductivity.

Lain Karu

L : _ "Heat Prote?m _S-y'-St' o
i‘ %’ gy

s

W. G. Dean, Projfct Engineer
Space Shuttle Thermal Support Study

. S P

3 Juan K. Lovin, Supervisor
e Thermodynamics & Structures Section

- ' Attach: (1} Table 1
(2) Figures 1 and 2

[
!
!
L)
.
|
P
3
L ¥
i
il
ol i
. i
. i
n
i i
- ;
1 i; HL

3

LOGKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




. 1MSC-HREG TN D390295
: j _ : Table 1 : _ . -
B 20-INCH LH, TANK TEST DATA AND THERMAL CONDUCTIVITY :
: OF CPR-421 MATERIAL ]
L. Ly Watted_ :
L .. {.Test Number | Time Buﬂzoff cfﬁl B tron| ax | T Te  |Taverage __ Bhicin
. oo Bekadl . R y - BH o O - . P D
— : _ {see) | {tbm /hr) {in.) in) | °F) {{®B) | {"F) | (hr-£t2-°F)
Lid 274-024 7,614 6,21 34.69 5/16 49,6| -31.6' 9.0 236
9/16 49.4|-120,6 | -35.6 .203
13/2 .50,1|-183,2{ -66,5 198
_ : 1.0 50,5|-423 | -186.3 130
- ' ' 11/16| -31.6 -227. .108
/16 | -120.6 -271, .089
it . 1/4 | -1832{ y | -303, |  .064
i 8,480 5.72 32,65 5/16 53,B| -28.7 134 .230
. 9/16 53,8 [-113,6 | -29.9 199
3/4 58.1 [-175,8 | -60.4 192
: o ' _ j1.0 | 543|423 | 1822 A2
L) ‘ ‘ : o . ‘ 1/16] -26,7 1 -zzs. 103
o o . - | 7he | -113. -268, .084
) o - ' v 1/4 | -175.8] -299, 060
L . _ | 274s025 1 3,433 7,58 | 47,03 /16 | = 50, | -26.2 11.9 .241
9/16 | 52 |-112.2] 31,1 199
] 3/4 51,6 -177.1 { -62.8 .192
1.0 51.3 [-423, { -185.9 124
B 1" /16) =262 1 | -225 102
3 /16 | -l14,2 -268. .083
1 1/4 -177.1 -300. ,060
L 18,114 865 41,57 5/16 60.1| ~19.01 20.6 .293
. 9/16 64.2{-110,7 § ~23.3. .238
g 3/4 63.0]-175.5 | -56.3 .233
u 1.0 65,0 |-423 | =179, 152
1116 -19.0 221, J1z6
~ 7/16 | =110.7 -267. . .Ios
*r' 1/4 | -175.5 .299, 075
- 274-026 4,185 6,07 41.00 5/16 43.5| =38.6 2.3 .220
- 9/16 41,9 j-126.0 | -42.1 176
{ : 3/4 43,3 |-188,6 | -T2.6 170
i* 1.0 43,3 {-423 | -18%.6 113
11/16] -38.6 -231. 094
't 7/16 -126,0 | -275, 077
] ) o o 1/4 -188.6 | . «~305, 056
B 9,001 5.13 30,52 5/16 54,2 | -26.6 | 13,8 .216
. o : 9/16 | 54,6 (-113.9 | -29.7 187
i . 3/t | 54917471 -59.9 .183
i s ' |10 | sz0f-423 | -1855 |- .118
16| -z6.6| | -225 .097
lthe | -113.9) | -269 - .079
e | 147 *.299 | ° .056
274-027 4,367 7.85 47.68 5/16 68.1| -17.8 25,2 .219
9/16 67.3 |~108.4 | -20,6 192
3/¢ |- s7.80-170.1 | -85L7 G - .1B9.
1.0 68.6|-423 | -177.2 122
. : : 11/16] -178 <221 1 Lvez
‘;g‘ L _ _ o | o _ 7/16 ~108.4 | !, -266 .084
i
s REPRODUCIBILITY OF THR

ORIGINAL PAGE IS POOR.
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20-INCH L!-I2 TANK TEST DATA AND THI'RMAL CONDUCTIVITY

Pable 1 {Coneludad)

OF GPR-421 MATERIAL

LMSC-BREC TN D390295

LI;I Wetted

r4 Height, in T T T Ki
Test Number{ Time Boiloff | Cyin. Portionf A H o5 | averagy —%"—
(sec) {ibm/hr} {in.} (in,} {F) | (TF) {"F} (hr-ft°-"F)

/4 | ~171.1f-423, | -297 LU60

15,018 6,21 37,03 5/16 |  69.8| -17.4 26.2 209

’ ' 9/16 {. 9.3|-109.2] -z0.0 184

3/4 70,0|-172,8) -51.4 .180

1.0 69.9|-423, | -176.6 .119

11718 -17.4 ~220 099

7/16 | -109.2 -266 .081

1/4 | -172.8] -298 .058

5
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_CPR-421
Material

&
'_n-

L 1]

|t 5/ 16 in.

.—_..._.’.

. Typical
RN L C ' : ' '  Thermocouple -

L]

Liocation

4 +
e o 1l in.

Fig.1 - Cross-Sectional Sketch of 20-Inch LH, Tank Showmg

,H A S B = . CRR-421 Mater1a.1 Insulation . .~

7 I o | * REPRODUCIBILITY OF THE
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Fig,2 - CPR-421 Ma.ter1a1 Thermal Conductivity vs Average Temperature Compared with Uphohn
Data from NASA-MSFC -
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| o Appendix B
- TECHNICAL NOTE
| LOCKMHEED
Hunisville Research & Engineering Center

i e e e i Ll

| Confract NaS8-25569 Date July 1974 Doec. LMSC-HREC TN D390268

i Title: RESULTS AND ANALYSIS OF BX-250 FOAM TESTS AT MSFC

L] FOREWORD

}? _ ‘This report was written by personnel at the Lockheed-Huntsville Research

a & Engineering Center under Contract NAS8-25569. The NASA-MSFC Contracting 3
] Officer's Representative (COR) for this study is Dr. Kenneth E, McCoy, S&E- 3

i"_ ASTN—PTC. This report documents tests conducted on BX-250 foam by MSFC _

£ in their faecilities. Mr. Chuck Verschoore and Mr. Stan Chamberlain were the P
L -+ MSFC test project engineers responsible for the tests, _

1.0 INTRODUCTION

i SRR A G B

L A number of panel tests of candidate thermal protection system (TPS)

materials for the Space Shuttle External Tank (ET) have been run in the MSFC
r ' Hot Gas Facility (HGF). .'I"he results of these tests hé.ve now been correlated
L - and analyzed. This report describes the Hot Gas Facility and summarizes and
. analyzes the BX-250 foam test results. Also, results from the MSFC Radiant
Eh Heater Facility BX-250 foam tests are presented and discussed,

‘There is no ground test facility in which all the parameters affecting the
= TPS performance can be simulated completely., It is therefore necessary to

- look at the degree of simulation achieved and determine the effect this may have

! ) _ .
i ~ on predicted flight performance. A discussion of this problem is also presented

- herein.
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2.0 DISCUSSION
2.1 MSFC HOT GAS FACILITY DESCRIPTION

The NASA-MSPFC Hot Gas Fa.cilit'y' (HGF') consists of a combustion
chambér, throat section, expansion nozzle, test section énd diffuser. The
cornbustion chamber burns either hydrogen and oxygen or hydrogen and ai_r,
at chamber pressures from approximately 65 to 150 psia and oxidizer-to-
fuel (O/F) ratios of 13 to 20. The Mach number at the nozzle exiﬁ plé.ne is
approximately 4, Materials may be tested in the facility as panels in the
nozzle sidewalls and diffuser centerbody, or as a leading edge mounted on -
the front of the centerbody. The tests discussed herein were run as panels

in the nozzle sidewalls. Figure l shows a sketch of the HGF.

Figures 2 and 3 show the calculated flowfield parameters (Mach number,
temperatire, pressure, density and velocity) along the nozzle boundary layer
edge as a function of distance from the throat. This ié for a typical test con-
dition, 80 psia chamber pressure, and O/F =14, burning GOX/HZ. Additional
information on the HGF heating rates, pressures, shear, and chemical species
is given in discussion of extrapolation of the HGF results to flight conditions
(Section 4.0).

2.2 SUMMARY OF TESTS CONDUCTED AND RESULTS OBTAINED

Table 1 presents a summary of the HGF testing of the candidate ET TPS

materials. The test numbers shown are for materials tests only. A aumber

'of calibration tests were also run which are not shown here. The O/F ratios

shown are mass ratio values. The TPS panels tested were run in the third

~nozzle section on the side and top locations as shown in Fig. 1. The panel

" sizes were 12 x 17 inches with the 12-inch direction aligned with the flow.

Most of the panel material thicknesses were 0.75 inches. Heating rates and

- pressures were measured during calibration runs using a calibration panel

~ as shown in Fig. 4. The c:al_ibr_a'tibn panel'contained eight calorimeters and

eight pressure taps. The‘h'eatir_xg rates_presentéd in Table 1 are averaged

2
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over the four values down the panel centerline. The pressures are averaged
from all eight locations, Two types of recession rates ave presented:

(1) based on measured post~test thickness values, a.nd averaged along the
pa.nel centerlme, and (Z) based on weight-loss data. The recession rates
are calculated using the total recession and dwxdmg ay the total run time.
No instantaneous recession rates as a function of time during the tests were
measuréd. Various comments are given in Table 1 for added information
where needed. It is noted that some test numbers are missing in Table L,
Some of these m:Lssmg tests were aborts, others were callbra.tlon runs, No
data were obtained in some cases for various rsasons such as instrumentation

loss, etc. These cases are so indicated in Table 1 by ND (no data).

An attempt was made to measure temperature within the foam as a fanc-

tion of time. Difficulty was encountered in getting good temperature data due

FRET N

—

to conductlon in the thermocouple wires, large therma! capacitance of the wires

compared to the foam, and installation problems. Therefore these data are not

presented herein. Perhape these data could be salvaged with more analysis and

p'res ented later.

Most of the panels tested are BX-250 foam since this is the primary

Shuttle BT -LH, tank TPS material. Color movies of the panels were made during

the tests on many runs. (These are available for the side panels only since
the camera is mounted on the nozzle side directly across from the panel.)
These movies are available from Mr. Stan Chamberlain, NASA-MSFC Test

Division.

Flgures 5 and 6 show post-test photographs of typical BX-250 foam
panels. Post-test photos are available for most of the panels from Dr. Ken
‘McCoy, NASA-MSFC Engm.ee_rmg Analysis Division.

’I‘able 2 presents a descr:ptmn a.nd the nominal den51ty values of the
various materials tests, Table 3 presents actual de.sity values for several
BX-250"trim'" panels. These were measured from plugs cut frova the panels

after the tests.

LOCKHEED - HUNTSVILLE RESEARCH & »EﬂGlNEER!NG‘ CENTER




i

(R

w13 [ ——

K

e

LMSC-HREC TN D390268

2.3 ANALYSIS OF RESULTS

The BX-250 foam is presently the primary Space Shuttle external LHZ :
tank thermal protection system material. Therefore, correlations of the
BX~250 data from the HGF tests were made. Two specific correlation methods
were used. The first was a recession rate versus heating rate method, the |

second was through the use of computer routines developed during the course

- .of this study.

2.3.1 Data Correlation Using Recession Rate vs Heating Rate Method

Figures 7 and 8 show the results of the surface recession rate versus
heating rate correlation. Figure 7 is based on data from measured material
thickness changes from before and after testing. Figure 8 is based on weight
loss data from weight betore and after tests. The straight lines of Figs.7 and
8 are "least-squares" fits of the data, All recession rate data are based on
average rates, that is, the total recession is divided by the total run time.

All heating rates are '"cold=-wall" values based on a wall temperature of 70°F,

Figure 9 presents a refinement of the recession data of Fig. 7. As the
foam surface recedes, a '""depression' is left in the nozzle wall where the foam
sPecim_en is mounted. (The foam is, of course, initially flush with the nozzle
wall plane at the beginning of each test,) This depression causes a thickening
of the boundary at this location, hence a reduction in heating rate. In order to
take this effect into account the calibration panel was mounted at several re-
cessed depths, and calibration runs were made. From these calibration run
data a curve of recession depth versus measured heating rate was made. This
curve was then used to make corrections on ali the Eeating r'éfes as presented
in Fig. 7, which was based on flush-mounted measured heating rate values. A
least squares fit was then-made of the adjusted data and compared to the unad-
justed data. Figure 9 shows this comparison., The adjusted results .gi\}e about

2 10 to 15% increase in recession rate a.i a given heatmg rate,
As seen from the curves of Figs. 7, 8 and 9, the recession rate versus

heatlng rate type correlation worked well and should be useful in predlctmg

flight vehicle foam thlckness requ1rements

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING. CENTER
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2.3.2 Data Carrclations Using Compufer Routines

The first computer method used for correlation purposes was to develop

a program which performed a heat.b.a.lanf:e at the foam surface. The program

accounts for surface recession, heat conduction into the foam, convective

heating to the surface, and heat radiated away from the surface. The surface

recession rates are calculated using an Arrhenius equation of the form

. = Ao B/T

where
™ = mass loss rate
A, B = correlation constants
e = natural log base

= surface temperature

The constants A and B are usually determined from experimental data. This
is done by plotting recession rate as a function of 1/T on semi-log pa.per;

The value of A is then obtained from the intercept of the plot and B is the
slope. However, in this case the surface temperature, T, was not measured.
Therefore the constants A and B were determined by trial and error to match
the ca.lcu_la_ted surface recession rate using calculated surface temperatures
from the computer prdgr‘arh. The 'resu].'ting values which matched the meas-

ured recession during several of the early tests were: A =8.16 1bm/sec, and

= 9000°R. . In addition to these constants there is also a term, H, called “heat _

of reaction! for the foam. The value used for this term was 4000 Btu/lb

- F.‘igu-re'.' 10 shows the surface recession versus time. as calculated by
the prdgrarn i::om'pare'd to the total measﬁr‘ed recession at the end of the run
(no recession versus time values were measured during the tests) This
curve is for test No. 36 in the HGF at a hea.tmg of 3,75 Btu/ft -sec. The

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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thermal properties density, specific heat; and thermal conductivity used in

‘this analysis are given in Tables 4, 5 and 6, respectively.

This program was also used to calculate temperature-time histories

: throughout the foam th1ckness The results were cornpared to mea,sured

values from thermocouples. The agréement was genera.lly not good, This

is attributed to the highly transient nature of the problem and difficulty in

' obtaining good experimental data because of the use of large thermocouple

wires, use of high density potting compoﬁnd to hold the thermocouple plugs

in place, and difficulty in getting accurate thermocouple "head" locations.

- Figure 11 shows another comparison of HGF data and the computer

- program results. - The three calculated points are at heating rates of 1.0,

2.0, and 4.0 Btu/ftz-sec. The agreement is reasonably gobd, but to obtain

this agreement the constants A, B and H had to be revised from those used

in matching the earlier tests such as No, 36 shown on Fig. 10. The revised
values of these constants are A = ,816 lbm/ftz-sec, B = lZ,OOOOR, and H =
0.0 B_tu/lb. It is therefore felt that additional work is needed in definition of
the best va.lu.es. of these constants. befdre application of the 'typé rnbd_el to a -

flight vehicle design.

2.3.3 Additional Correlations

In addition to this simple computer model, it is recommended that three
other methods of é.nalysis should be tried., These are to: (1) use the Lockheed

NWQTAM ablation a.na.lys1s program, Ref. 1; (2) the NASA-Houston "STAB IIY

ablation program, Ref. 2; and (3)a transmnt, one—-dlmensmnal routine using
the R'versus § curve approach with the corrected data of Fig. 9. Results of
these effort can then be cornpa.red and a selectlon of the best rnethod ma.de for

applma.tmn to the ﬂlght vehlcle de 51gn.
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i; . © 2.3.4 Comparison of HGF Data with Data from Other Sources

L ' Figure 12 shows a comparison of the HGF data with some preliminary i |
" data obtained from NASA-Iangley in their Arc Jet Facility. These Langley - |

f data must still be considered preliminary at the present time since they are _

- _ unpubhshed and were obtained by phone. The BX-250 foam for these tests _ ,

g‘,'-" - was made by MSFC and shipped to Langley' for testing. It had a nominal T

L ' density of approxlmately 2.3 1b/ £t However, the agreement is seen to be

~ reasonably good. The Langley data were taken at a pressure of 0.01 to 0.1 i

{; atm, Figure 12 also shows a curve fit equation for recession rate versus !

o heating rate as deterrnmed by Langley for their data. The equation of the l

L ' dotted line curve is R=5.0 x 10 -4 x (Ci) This curve is also seen to agree X

well with the MSFG HGFEF data.

-
J
P

To obtain the "recession threshold" neating rate the HGF data can be
7 extrapolated back to the zero recession point, This gives a heating rate of }
- ' appro:d.ﬁia.tely 0.75 Btu/ ftz-sec, below which there is no recession. The n :
Langley data agree with this in that their lowest heating data point of 0.6
Btu/ ftz sec d1d not yield any recession. (This threshold value was later
conflrmed in a series of BX-250 foam tests usmg the MSFC "Guarded Tank"

e AR T R

in the radiant test facility.)

| . 3.0 MSFC RADIANT HEATER/VACUUM TANK TESTS OF BX-250 FOAM

3.1 Itroduction

IR L N AR LA et

Due to the fact that the MSFC Hot Gas Facility tests were conducted

7~ atpressures which were below those expected at the time of peak heating,

& and in an atmosphere wh1ch was not air, it was decided that additional tests ’:
L

o . were needed to determine the effect of these parameters. Because of this i

- .'n'u.m'b:er“ of te_éi:s"were planned and carried out in the MSFC Radiant Heater
Panel Test Facility., The following sections give a brief discussion of these
- -tests and the results. It is planned that a more detailed documentation of

these tests will be published later. : :
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3.2 Objectives

The following are the objectives of this series of tests:

Determiné effect of presence of H»O vapor on recession
rate of BX-250 foam, '

Determine BX-250 recession rate under radiant heat
input in an inert atmosphere.

Determine BX-250 recession rate under radiant heat
input in an air environment.

Determine BX~250 recession rates at radiant heat
inputs similar to HGF tests and at similar and varying
oxygen partial pressures.

Determine the effect of pressure on recession rate in
an air environment.

Détermine the effect of shear on BX-250 recession.

3.3 Test Article Description

The test articles for these tests were 12 x 17-inch panels of 3/4-inch
BX-250 foam on 1/8-inch aluminum back plates. The panels were identical

to those used in the HGF testis.

3.4 Test Facility

These tests were performed in the MSFC 15-foot top-loading vacuum

chamber in the S-I dynamic test stand, Building 4557.

suspended above the radiant lamp assembly.

51sts -of watercoded refiectors and tubula.r quartz larnps It has an opening

‘size of approxlmately 24 x 28 inches.

3.5 '-mstrUmenta,tion and Data -

Instrumentation consisted of thermocouples 1/8, 1/4 and, 3/8 inches

below the foam surface and on the aluminum back-plate. The thermocouple

LOCKHEED - HUNTSYILLE RESEARCH & ENGINEERING CENTER
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Iayouf:.is identical to the HGF tests. Thermocouple locations were verified
by X-ray. Heat flux was monitored by a single calorimeter placed next

‘to the panel at the midpoint of the long (17 inches) side, ~ This side heat flux

was correlated w1th that at the center of the pausl using a calibration pa.nel
with a calorlmeter in its center. 'The ceuterlme usat ﬂux was then deter-

mined from the side heat flux measured durmg the fuam. pa.nel tests

The recessions were measured by weighing the panel before and after

each test and by establ:.shmg the height of the surface relative to a fixed refer- _

ence before and after each test. The height measuremems were made to the

closest 1/64 inch. Weights were measured with an accuracy of $0.1 gram.
Still color photographs were made of the panel after each test. The

tests were momtored in real time on television and a video tape was made for

later review

3.6 Results

Figure 13 preserits a summary of the results of these tests in the form
of recession rate versus heating rate. These results are based on measured
r_ec_:es_sioﬁ rates, as oPp_p_é.e_d to weight loss data. The heating rates are based
on pretest calibration rather than post-test calibration data, The post-test
calibration data also give .a good correlation but results in a slightly higher

reces sion/ heating rate curve.

Because some of the heat-flux calibration data encountered repeatability

problems, these results must still be considered preliminary at present. How-

ever, this problem is not expe;ted to significantly change the conclusions drawn

from the data.

In Fig. 13 the radiant test data are compared to the Langley and MSFC
HGF data which wére obtained on a convective heating envitronment to show . -

i

the effects of ghear on recession.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

| 1m1




Saed, . ™ — - ”

PRCH———————

“W——————

LMSC-HREG TN D390268

3.7 Conclusions

“From abse_rva.t-ions;_and.a;nalyses.-pf these resulis the following conclusions

can be drawn:

o These is no apparent effect of pressure or gas content
(O " H O) on BX—ZSO foa.m recessmn in the ranges tested

®. There 1s 2 sa.gm.f:.cant effect of shea.r on BX-ZSO recessmn
- ra.te ' : B : : .

'@ The recession rate of BX- 250 in a radiant env:.rcnment
_ correla.tes well wz.th hea,tmg ra.te .

4.0. PROBLEMS ASSOCIATED WITH APPLICATION OF BX-250 GROUND
TEST DATA TO SPAGCE SHUTTLE ET DESIGN

After making tests and reducing and correlating the data, the next step

. is to determine how to use the data in the flight vehicle TPS design. There

is no 'g_rou.ﬁd test £acility where all the parameters affecting the TPS :pe‘rf‘orm-

ance can be simulated cd.'rnpletely. It is therefore necessary to look at the
degree of simulation achieved and determine the effect this may have on pre-

dicted flight p_e.r'forma.né'e. The simulation parameters to be consider'ed are:

- Heating Rate

- Aerodynamic Shear
Enthalpy |
Oxy geﬁ Content

e o © 8 o

" Pressure -

Although ea.ch of these pa.rame.ters are interrelated, an attempt is made

~to dlSClJ.SS each of the parameters d1scussed mdlv1dua]ly in the followmg

R s ectmns
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41 I—_Ieatih_g:R_ate ;

At the present time it appéa,rs that the BX-250 foam performance or
recession rate is governed primarily by the apphed heating rate and the best
method of correlation and appllca.tmn to flight des1gn is Lhrough the recessmn

rate verSus heatmg ra.te

, 'I‘he cold-wall heating rate, 4, levels being achzeved in the Hot Gas
Fa.c:111ty vary from approx.tmately 0.6. to 4.4 Btu/:ft -sec. For the ET/LI—I

© tank fllght condltlons Rockwell Internatmnal predicts va.lues from 0.0'to a.bout‘

4.6 Btu/ft -sec {see Ref, 3), This is for body location No. 7420 on the forward

‘end of the. ET/LH tank, at an assumed ‘wall temperature of 460° R. For the

ET/LOX tank at body location No. 7010 the heating rate ranges from 0.0 to.
4.3 Btu/ft -sec at a 460° R wall temperature (These values are for the

“3A nominal" trajectory )

No problem is expected in applying the ground test data to ET/ LOX/ I.:I-.Iz
tank TPS design insofar as heating rate variations are concerned. This is
because of: (1) a good correlation of recession rate versus heating rate was
‘obtained {see Fig. 7), and (2) the heating rates expected in flight are in the same
range as those where the ground test data were taken. This application to ﬂight ,
can be handled through use of a computer routine with a variable hea.tlng rate
1nput capability. Another point to be considered here is the fact that most of
the area of the ET; except for the aft dome, has a heating rate level for most
of the flight time which is below the "recession threshold" heating rate level
of 0.75 Btu/ftz*sec.l In other words most of the ET area is expecfed to have

very little or no recession during flight.

Application of the data to the ET aft dome, however, presents a different - |
problem from that of the rest of the tank since the heatlng rates there are con-
siderably hlgher and almost purely radiative rather than convective, Most of

the radiant facility data were taken at a rate below the expected flight level of

11
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-a.pprommatel'y T Btu/ft ~5ec (see Fzg. 13). The MSFC 'guarded tank'' was
 tested at.a heatmg rate of 6.0 Btu/ft -sec, however these data must still ke
. cons1dered prellmmary at pres ent. Also these data were taken at a ""high"'

pr es sure of 1 atm. Because of thl.s mtuatlon the aft dome ‘application
problem remains unsolved until more data are taken at the appropriate heat-

“ing rates, and pressures.

4,2 Aerodynamic Shear

The shear levels being experienced in the HGF tests at an oxygen-to- o

- fuel ratio (O/F) of 12 are calculated to be 0.16 to 0.67 1b£/ft wh:le the typical 1 |

_ .pred:.cted flight levels for the ET per Rockwell are 0 to 1.9 1bf/£t Initially
this situation presented a challenge because: (1) the simulation is on the low

'._(unconServa.tive) side, and (2) because it was felf that the foam materials were

quite "shear ~sensitive,"

.HOWEver. afier observation of the data from numerous tests, it seems
that this problem may not be as serious as first thought. It now appears that
there is a low shear level which is sufficient to keep the "char" removed,
Once this level is exceeded, then the higher shear levels do not really éha.nge i
the material performance until they become high enough to remove the "virgin''
material. These higher levéls are apparently higher than those to be experi-
enced in flight. Therefore, the material recession may not increase with shear
in the range between initiation of char removal and virgin material removal, 1R
Langley personnel have also expres sed this as their 1nterpretat1on of their o
foam test data. This means that the HGF and Langley data can then be i
-EXt'raﬁola-ted to flight without having identical shear levels.

Another a.sPect of the shea.r problem is that of what happens in a shock
1mp1ngemen‘t area. The first part of the problern is to determme what the

shear level is for the flight case and the second part is to try to simulate this

foam in the HGF in the reglon where a shock strikes the wall on the dome lid

12
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- or on the centerbody. This should also be supported by a study of how well

the HGF shock angle, strength, velocity gradlent etc,, simulate the flight
values.

4.3 Enthalpy

The term ''enthalpy” as used in ablative materials test work refers to
the total (;;r're'covery) value in the freestream {or boundary layer edge) as
opposed to the static value. In the HGF for an O/F = 12, the total enthalpy
is approximately 3900 Btu /1b, In flight the value varies from 0 to about 300
Btu/lb at the time of maximum heating and then to about 12,000 Btu/1b at 500

‘seconds, Ablative matenal performance is affected by the enthalpy level in

two ways. The first is through the convective heating blockage in the boundary
layer. As the ablator decomposes, it gives off gases which enter the boundary
layer and form a layer of "'cool," insulating gas at the surface, The higher the

boundary layer edge enthalpy {or temperature) becomes, the more effective

“this ""cooling' mechansim becomes - If the HGF enthalpy is much hlgher than

the flight value, the result would be to get more effectiveness in the ground
tests than will be experienced in flight. This is undesirable because it is in
the unconservative direction, If the HGF enthalpy is lower than the flight

value the results will be conservative. An effort was to made to attack this

problem analytically. An estimate was rade of this difference in effectiveness.

It was concluded that there was probably not a large difference.

The second way that enthalpy effects the foarn performance is through

the recovery 'temperature. The temperature drop across the boundary layer

from the recovery ‘temperature. to the wall temperature is in effect the "driving

potential! to force the heat into the surface. Therefore, it is possihle

to have varying surface temperatures at a constant heating rate if the recovery

 temperature ‘is varying.. Intuﬁ:lvely, it would seemn that the hlgher the wall (ox

surface) temperature the higher the recession rate; even at a constant heating

. - rate, However, this is not obvious from ob_serva.tmnpf the.data,.

13
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4.4 - Oxygen Content

The HGF can simulate various oxygen content environments because
it can be run using either .a,ir or gaseous oxygeh as the oxidizer. Also each
. oxidizer can be run at va.ra.ou.s o/ F ratios. Running w1th oxygen at an o/F
of 13 produces an oxygen content at the sample test area of about 36%. With
air the O, content is near zero. In flight the value is near 20%, O content
affects the performa.nce of an ablating materlal through chemical reactlons
: which involves the use of oxygen, Generally, in the h:l.gher temperature
ablators, which forrn a carbon char layer, the surface gets hot enOugh to
oxidize or burn at a rapzd rate a.nd oxygen content is a very critical para.m-'
eter, ' However, with the foam materials it is felt that the surface will prob-
-ably never get hot enough for this- oxxdzzatzon mechamsm to become sa.gn:l.flca.nt,
: Rather, s:.nce the charrmg material is so fraglle, it is felt that it will be kept
" awept away by the aerodynamlc shear before reaching a hlgh.-tempe_rature.

Oxygen content may also effect the "burning rate" .of the virgin material
~and it has been shown by Thermogrammetrlc Analyms (TGA.) data that oxygen
: does affect the reaction rate of the foam in a static gas env1ronment This is
observed by running samples in air and in argon. However, the reaction rates
are essentially the same in air and argon up to about SZSOQF-a_fi;er which the air
data show the sample reacting much faster than the argon data. If it can be
shown that ina shearlng envi rOnment the material surface is being removed
before it reaches 850°F then the oxygen content in ground tests versus ﬂxght
will become insignificant. It is presently felt that the most of the materials

is removed before reaching SSOOF,'. :
4,5 Pressures

Pressure affects material perforrrlance in two ways. The first is through
the heatmg rate and shear. The higher the pressures, the higher the shear
a.nd hea.tmg rate w:ll be. This part of the effect can be handled as discussed

above under "heatmg ra.tes,” and "‘aerodynamic shear." In the second part of the

problem, moreased pressures affect material responsé through providing more

14
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ava.ilable oxygen to the surface for reactions. In this respect it affects per-

formance in a way similar to oxygen content. Physically this is a combined

. effect of the two parameters which is the oxygen partial pressure or the

product of percent oxvgen conternt and ”total“ pressure,

The HGE pressures are about ,04 to 0,1 psia at the locations presently
being used for test., The flight values range from 14.7 psito 0. ‘At the location

‘of maximum heating on the ET LOX tank {point 7010) the pressure is approxi-

mately 1.8 psi at the time of maximum heating. At 500 seconds, which is near

the time of the second heating spike, the pressure is essentially zero,

Presently it appears from the data that there is no significant pressure
effect on the foam pgarformance in the range of pressures of interest. 'I‘his
statement is made for two reasons: (1) in the radiant heating test results the
pressure was varied by a factor of 20 times with no apparent effect on reces-
sion at a constant heating rate, and (2) the data correlate well as recession
ver s.us heating rate which would not be expected from a '"pressure sensitive"
material. (This opinion is also shared by Langley personnel who conducted
the tests for MSFC.)

5.0 Conclusions

As a result of apalyses, data comparison, and testing of BX-250 foam at

MSFC the following conclusions are drawn:

@ The data correlates well in the form of recession
rate versus heating rate,

@ The results of the Langley Arc Jet and the MSFC
Hot Gas Test Facility test agree well,

e The radiant tests showed that shear definitely
affects the foam recession rate,

15
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e There is apparently no pressure, Oy, or HyO - ,
contént effect on foam recession rate in the
ranges of interest. :

A e

P e There are no insurmountable problems in extra-
J polation/application of the ground test data to

flight vehicle design,
/ ﬁ%ﬂ

W.G. Dean, Project Engineer
Space Shuttle Thermal Support Contract

e

bt

Approved:;

Juan K. Lovin, Supervisor ‘
Thermodynamics & fiructures Section

Noptre A Sy

Attach: (1) References
‘ (2) Tables 1 through 7
| (3) Figs. 1 through 13
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_ Table 1
SUMMARY OF HGF PANEL TESTING
) Average i Average Meagured Receanion
. Heating Rate . ' | Static Preasure Recesaion . Rate Based on
‘Cham. - Run over Pancl over Panel Rate {Average} Weight Loss
Teat | Pres.| O'F Propel- | Time Material ﬁatu/ft =tec) {puia) %_El.i_l 16-3 in/sec)
No. {:{psia} { Retio |. lant _loec) ide Top Top | Side . Top Side Tap Side Top
21 |80 | 130 oox/nz 300 | Calib. . Cork. 375 1.91 015 ] 032 | ND - ¥p | ®¥p ND.
. : Pane} " - - : . |
23 100 15.0 Air/H, 85 BX-250 BX-250 1.54: 0,65 | .05 055 - - 224 | . .99 |
Trim 1 Trim:2 : : : _ |
= sol | 100 15.0 Air/Hz 102 BX-250 BX-250 1.54 0.65 .05 055 1.1 Nl L.03 395 |
8 . . . Trim 1 Trim 2 : B Lo ) ’ :
g:"‘ 31 B0 13.0 GOX/Hy {. 305 Calib. BX-249 3.75 1.91 | .o7s 032 cy B ;| cp 1 z10
m . ) Panel - . . |
g 33 1o 12.0 GOX/H, | 55 Galib. SLA 561 5.39 2.9 086 .07 ce: Nil . cF | .ar |
. ' ’ ) Pancl . . . ) . : . :
E ' 34 ‘80 13.0 GOX/H, |- 24 .| BX-250 CPR 421 375 1.91 o F 0 L032 8.3 0.6 4,58 5. 74
: Trim 4 i - .
5. i r _ - _
e 35 |-1re 13.0 GOX/H, 41 | Silicane BX-250 5.3 2.9 .086 C .07 nit3 4.3 27 ] - 647 :
@, Sponge Trim 3 ' ’ |
= ) o Ablator : 1
iy 3 |- 80 13.8 ‘| GOX/H, 68 rTe} BX~250 3.75 1,91 .075 032 Nil 9.38* O1e | o1as R
. : | Silicone Trim- : I
r:?: f . Ablator Coated - . ) ]
! 37 | 107 13,0 | GOX/H, | 37 | HighDen- | Calib. 5.39 2.9 .086 .07 -a86 R .- cp }
g ’ . . : . wity Foam. | Panel . |
a . g 43 B0 14.0°] GOX/H, | - 44.8 | BX-250 G.E. .25 | L65- | .07 032 - - 3,93 .13 f
x : S C.R. Silicone . :
: K . ' : Foam . g
o 4 | 80 14.0- |- GOX/H, | 4B.4 | Bx-2s0 | BX-250 3.25 . 165 | 075 .032 - 2.9 695 | 5.1%5 3
m : ' : ' . Trim Trim ' C 1
& : _ MINo. 2 | MINe. 1 : |
= 45 | 110 14 GOX/H, | 336 [ Bx-250 BX-250 4.4 2.40 - - .6 . 445 7.8 - 8.0 |
m N ’ ) Trim 5 Trim ' - i
g B A ) . Coated 2 . i
=, 46 .80 14 GOX/H, 44 | BX-250 | Calib. 3,25 165 - - 5.0 CP. 6.8 cP . -
g ‘ L . Trim WI-1| Panel : : :
i g :U . ) . Recessed . L_;
& 21 % 47 j 110 14 GOX/H, |- 122 | SLA:561-5| Aveo 460- | 4.4 2.40 - - Nil Nit - 31 nsa
m o E-O 73 |80 | 20 - GOX/H, | 100 | BX-zs50 BX-250 2.4 L15 - - 26 | 09 - = O
o o . i Trim, B Trim ¢ : 1 _ _ 1
: ? o 79 |-1000 | 15 Air/t, | 150 BX-250 BX-250 1.6 1.15 - - | 18 | (Swelleg) | 20 . L1 '
v o 1. ‘ 1 | Trim-1L | Trim 12 _ . _
Lo E 80 . |.1s0 15 Air/H, 100 | -BX-250 BX-250 2.% 1.44 - - 327 ST 3.3 1.7 Bl
; o F{ . - = | ‘Trim 14 ‘Frim 10 : : I S ) a -
R 81 | 63 | 1«2 | cox/is, | 100 | Bx.zs0 . | Bxs2s0 | 2.s2. TN . R I S A - 2.35 s
‘ :j _ Trim 15 | Trim 13 v S : ]
 E 8z | 63 | 14.2 cox/uz 47 30 | Bx-250 BX-250 2.52 0.97 - - 43 | 03 60 f, 2.8 v =
e o . o ’ Trim 16 Frim 17 - B - . U .
- 8 o I 'rh.- samc panels were used in 'I‘rsz 30 az in Test 24. Thry were fizst run BS5 seconds in Test 24, then an add\ﬁunal 300 sr:andu in Test 30, 0
S ';U E . 2. Thrrmucouple plugs were lost, causing ‘high we:ght toss. . . ' 8 )
= 3. Same: surface irregolarities and: :harnng of sur!ace accurred hut no overall c'hange in pa.nel thickness was nutedf o
’ 4. Flow broke down, causing high pressurs trapsient -at shutdown. This capsed nhnurmally high Tecession rate. «
Nntes: ND =no data: CP = calibration panet; CR = control rise
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NOMINAL DENSITY VALU'ES FOR VARIOUS MATERI_ALS 7
' WHICH WERE TESTED IN HOT GAS FACILITY : o .

. _ R ST ~Nominal .
‘Material o ' ‘Density
7 AR - 1b/ft3
BX-250 Foam N . 2.0
' BX-249 Pour Foam ' 2.0
BX-250 High Density Foam | 5.0
©'GE Silicone Sponge L S 2000
Dow Corning S:Ll:l.cone Ablator 55.0
_ Cork . _ o 30.0
. SLA-561-S N 15.0
- CPR-42} 4.0
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oD
S A Table 3
- MEASURED DENSITY VALUES FROM BX-250 FOAM PANELS
i TESTED IN HOT GAS FACILITY (POST-TEST MEASURE- .
1§ . _ _ MEN’I‘S CHAR REMOVED BEFORE, MEASUREMENT -
o . OF DENSITY). o
0 : Panel from Measured P
) Test Dens:.ty** -
& - Number (ib/£t3) F
¥ 44 (Top) . 2.36 +0.14 l
Ly 44 (Side) 2.16 40.21 5
o 45 {285 ~40.16 |
' 72" 2.84 +0.16 8
| 73 2.39 +0,24 g
1 80 2.23 40,17 L
.-I i
| *Panel appeared to be made in three "layers;" & density not S ' P
applicable £
} o Tolerance on density due to weight and measurement inaccuracy
b ﬁ
1'? E
i “l

{
il

oo |

f
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Table 4
BX~250 FOAM DENSITY VERSUS TEMPERATURE
USED IN COMPUTER MODEL ANALYSES

_ LMSC-HREC TN D390268

Temperature Density
(°rR) _(1b/ft3 )
0 2.0
550 2.0
675 1.0
1293 0.5
Table 5

BX-250 FOAM SPECIFIC HEAT VERSUS TEMPERATURE
USED IN COMPUTER MODEL ANALYSES

Ternperature Specific Heat
(°R). (Btu/1b-"R)
0 0.3
642 1.2
760 1.0
Table 6

BX-250 THERMAL CONDUCTIVITY VERSUS TEMPERATURE
USED IN COMPUTER MODEL ANALYSES

Temperature Thermal Conductivity
(°R) (Btu/ft-sec-"R)
0 23 x 10 g
110 46 x 10 _g
160 115 x 10~ 7
260 22 %10 -7
360 32 x 10 -7
460 42 x 10 -7
1060 53 % 10

21
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Table 7 .
SUMMARY OF PLANNED RADIANT HEATER/VACUUM
FACILITY BX-250 FOAM PANEL TESTS
Planned
Environment Chamber Total Run

Test Gas Pressure Heat Flux Time

No. % Weight (psia) {Btu/ft2-sec) {sec) Purpose

1 40% 02/60% H,O 0.03 1.65 150 Duplicate HGF tests

2 0.05 2.5 75 without shear. Estab-

3 0.08 3.25 50 lish baseline for later

4 0.095 4.25 60 comparison.

5 Dry Air 0.03 1.65 150 Duplicate Tests 1,2,

6 0.05 2.5 75 and 3, 4 in air environ-

7 0.08 3.25 50 ment.

8 0.095 4.25 50

9 Dry Air 0.3 1.65 150 Recession rates at
10 0.5 2.5 75 pressures 10 x HGF
11 - 0.8 3.25 50 test pressures.
12 0.95 4.25 50

13 Dry Air 0.6 1.65 150 Recession rates at
14 1.0 2.5 15 pressures 20 x HGF
15 1.6 3.25 50 test pressures.
16 1.9 4.25 50

17 Dry Air 1.2 1.65 150 Recession ratesg at
18 2.0 2.5 75 40 timnes HGF test
19 3.2 3.25 50 pressure.
20 0,/N. =40/60 0.03 1.65 150 Duplicate Tests 1,2
21 0.05 2.5 75 and 3 with no H,O
22 0.08 3.25 50 vapor to study water
23 0.095 4.25 50 vapor effects
24 0.03 1.65 150 Duplicate Tests 1,2,
25 0.05 2.5 5 and 3 in inert
26 0.08 3.25 50 atmosphere.
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Lt 14.0 v—‘

Flow 19.0

-2, Oope— 4,0 —->la—3, 0—ta— 3 0—

- Note:
X Calorimeter and pressure tap locations (Pressure and heating
rates are measured at each location.)

PR

Fig. 4 - Ho_t-Ga.s- Test Facility Calibration Panel Showing Pressure
- Tap and Calorimeter Locations B
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Fig.5 - Typical Post-Test Photographs of BX-250 Foam Panels Tested in MSFC Hot Gas Test
Facility (Panel shown is for Test No. 45,sidewall location)
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Fig.7 - Recession Rate vs Heating Rate for MSFC Hot Gas Fac‘ility Tests of BX-250 Foam
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R=-1.14+246q
3.5
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- Lieast Squares Fit
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Fig.8 - Recession Rate vs Heating Rate as Obtained frorx_i Weight—-Loés Data

1. 1 L 4

0

107

(oss8/um

€

S SN I S _.,_”_.wmém__m.u,.:czas?m RESEARCH & ENGINEERING CENTER

s

0 (L] - o Y - o

_01) @3eyg uotssdday

30 REPRODUCIBILITY OF THE
- o wmmmﬁz? PAGE 18 POOR.




S ’ ey [t S ity ] ermere g ——— — EE— -,_.___,-- SN Sy _,.‘_J, . . : ..
S TR e B T e B s T e s N o N e RO s S e S e S e B e e B OB R 8

§ :
= 81—
=L
m
o —
z s [
z ~ .
_ 7 - - . "Adjusted §" Least
= el Squares Fit
S =
! 7. B ~ n
I e |
L g 4f ~
m o - o : :
Z o -
& o - \ a
2 o Flush-Mounted ¢ Least
3 Mo "Squares Fit .
g 2 -
3
™
s ]
o | | | ol 1 R L |
‘ 0.0 . 0.5 - 1.0 1.5 2.0 2. - 3.0 3.5 4.0
Cold Wall Heat Flux (Btu/ftz-sec) :
3 . _ y
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Appendix G -

A R R .DEEm, W G "DlScussmn of the Degree of Slmula.tlon of Cr1t1cal Para-
e meters in Hot Gas Facility Foam Ablation Tests and Application Re-

U .0 gulfs to Flight Conditions on the Space Shuttle External Tank,' LMSC- .
- HREC TN D306905, Lockheed M15311es & Space Company, Huntsv:lle,
.- Ala.; October 1973, - -
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TECHNICAL NOTE Appendix (

LOCKHEED

Huntsville Research & Engineering Center

Confract NAS8-25569 Date Oct. 1973 Doc. LMSC-HREC TN D306905

Title:

DISCUSSION OF THE DEGREE OF SIMULATION OF CRI'I"IGAL PARAMETERS

IN HOT GAS FACILITY FOAM ABLATION TESTS AND APPLICATION OF RESULTS

TO FLIGHT CONDITIONS ON THE SPACE SHUTTLE EXTERNAI TANK

FOREWORD

This report presents the results of work performed by the Liockheed-
Huntsville Research & Engineering Center under Contract NAS8-25569. The
NASA-MSFC Contracting Officer's Representative (COR) for this study is
Dr. Kenneth E. McCoy, S&E-ASTN-PTC,

INTRODUCTION

The NASA-MSFC Hot Gas Facility (HGF) consists of a combustion
chamber, throat section, expansion nozzle, test section and diffuser. The
combustion chamber burns either hydrogen and oxygen or hydrogenand air,
at chamber pressures from approximately 65 psia to 110 psia and oxidizer-to-
fuel (O/F) ratios of 13 to 20, The Mach number in the test section is approx-
imately 4. Materials may be tested in the facility as panels in the nozzle
sidewalls and diffuser centerbody, or as a leading edge mounted on the front
of the centerbody. The tests discussed herein were run as panels in the nozzle
sidewalls. Figure 1 shows a sketch oif the HGF.

A number of panel tests of candidate thermal protection system (TPS)
materials for the Space Shuttle External Tank (ET) have been run in the facility.
The results of these tests are now being correlated in conjunction with a com-
p'uter prografn to develop a means of predicting foam performance on the ET
during flight. As in any ground test facility, not all the parameters affecting
the TPS performance can be simulated completely. It is therefore necessary
to look at the degree of simulation achieved and determine the effect this may

have on predicted flight performance, The parameters to be considered are:

e Heating Rate

e Aerodynamic Shear
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o Enthalpy
¢ Oxygen Content

e Preéssure

DISCUSSION

Each of the parameters is now discussed individually in the following
sections. {An appendix is provided at the end to explain how the values quoted

in the discussion were obtained).

' Heating Rate: The cold-wall heating rate, 4, levels being achieved in

the Hot Gas Facility vary from approximaitely 0.6 to 4.4 Btu/f‘tz-sec. For

the ET flight conditions, Rockwell predicts values from 0.0 to about 3.5 Btu/
ft2~sec (Ref, 1)* (NASA~MSFC predicts values considerably higher than these.)
However, regardless of which values are selected for design, the effect of time-~
varying § can be taken into account properly by the computer program being
developed. The Hot Gas Facility test levels are close enough to the flight levels

to provide ''safe" interpolation.

Aerodynamic Shear: The shear levels being experienced in the Hot Gas

Facility tests at an oxygen-to-fuel ratio (O/F) of 12 are calculated to. be 0.16

to 0.65 lbf/ﬁ:2 while the predicted flight levels for the ET'per Rockwell are
0tol.9 1bf/ft2. This situation presents a challenge because: (1) the simulation
is on the low (unconservative) side, and {2} because it is felt that the foam
materials are quite "shear-sensitive." There is no known way to accurately
calculate the shear effect in the computer analyses without the use of experi-
mental data. It is therefore desirable to run additional tests at the same heating
rate as in the Hot Gas Facility, but at vai‘ying shear levels, Some qualitative

. .idea of the shear sensitivity could be obtained by running a zero-shear test in

a radiant heating facility.

%
1. YSpace Shuttle Program External Tank Project Induced Environment,"
Vol, 1, SP-ET-00 02.1, Marshall Space Flight Center, Ala., March 1973.

2
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Another aspect of the shear problem is that of what happens in a shock
impingement area. The first part of the problem is to determine what the

shear level is-for the flight case and the second part is to try to simulate this

in a ground test. The best practical solution to this seerns to be to test the

foam in the HGF in the region where a shock strikes the wall on the dome lid

‘or on the centerbody.. This should also be supported by a study of how well

the HGF shock angle, strength, velocity gradient; etc., simulate the flight

values,

Enthalpy: The term Yenthalpy' as used in materials test work refers
to the total or recovery value in the freestream (or boundary layer edge) as
opposed to the static value, In the HGF for an O/F = 12, the enthalpy is ap-
proximately 3900 Btu/lb, In flight the value varies from 0 to about 600 Btu/1b
at the time of max heating and about 13,000 Btu/lb at 500 seconds. Ablative
material performance is affected by the enthalpy level through the convective
heating biockage in the boundary layer. As the ablator decomposes, it gives
off gases which enter the boundary layer and form a layer of ""cool,'" insulating
gas at the surface. The higher the boundary layer edge enthalpy (or tempera-
ture) becomes, the more effective this "cooling" mechanism becomes. If the
HGF enthalpy is much higher than the flight value, the result would be to get
more effectiveness in the ground tests than will be experienced in flight., This
is undesirable because it is in the unconservative direction. I the HGF enthé.lpy
i¢ lower than the flight value the results will be conservative. This problem
can be attacked analytically and an estimate made of this difference in effective-
ness, This additional effect can then be corrected for the computer analysis.
This should also be backed up by additional tests at additional enthalpy levels,
'pérhé.ps in other facilities. Alsothe radiant lamp tests mentioned earlier should

be of assistance in this problem,.

Oxygen Content: The Hot Gas Facility can simulate various oxygen content

environments because it can be run using either air or gaseous oxygen as the
oxidizer. ~Also each oxidizer can be run at various O/F ratios, Running with’

oxygen at an O/F of 13 produces an oxygen content at the sample test area of

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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about 36%. With air the O content is near zero. (In flight the value is near
2._0%). O, content affects the performa.nce of an ablating material through
chemical reactions which involves the use of oxygen., Generally in the higher
temperature ablators, which form a carbon char layer, the surface gets hot
enough to oxidize or burn at a rapid rate and oxygen content is a very critical
parameter. However, with the foam materials it is felt that the surface will
probably never get hot enough for this oxidization mechanism to become signif-
icant; Rather, since the charring material is so fragile, it is felt that it will
be kept swept away by the aerodynamic shear before reaching a high tempera-
ture. (It is noted that this is still a hypothesis at the present time, and more

study is needed for verification of the surface temperature),

It has been shown by Thermogavimetric Analysis (TGA) data that oxygen
does affect the reaction rate of the foam in a static gas environment. This is
observed by runmng samples in air and argon. However, the reaction rates are
essentially the same in air and argon up to about 850°F after which the air data
show the sample reacting much faster than the argon data. If it can be shown that
in a shearing environment the material surface is being removed before it reaches

850°F then the oxygen content in ground tests versus flight will become insignificant

Pressﬁf_e_:_ Pressure affects material performance in two ways. The
first is through the heating rate and shear, The higher the pressures are, the
higher the shear and heating rate will be. This part of the effect can be handled
as discussed above under ‘heating rates," and "aerodynamic shear." In the
second part of the problem, increased pressures affect material response through
providing more available oxygen to the suriace for reactions, In this respect it |
affects performance in a2 way similar to oxygen content. Physically this is a
combined effect of the two parameters which is the oxygen part1a1 pressure or

the product of percent oxygen content and "total" pressure.

The Hot Gas Facility pressures are about 0.04 to 0.1 psia at the locations
presently being used for tests. The flight values range from 14.7 to 0. At the

point of maximum heating on the ET sidewall the pressure is approximately 5.5

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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:5,‘ i psi at the time of maxium heating. At 500 seconds, which is near the time
oo of the second heating spike, the pressure is only about .006 psia. Therefore,
'_‘ :f_: ' when aﬁplying the HGF results to the flight case, corrections must be made

i ﬁ . for pressure variation, The normal method of correlating ablation perform-
i ”:; ance data with pressure is to show recession rate as a function of temperature
’ = with an oxygen partial pressure term to the 0.4 or 0.5 power. This can be
i ‘_iz gong with our existing computgr program. However, this type c_or;élation has
a0 been developed with data from materials which operate at much higher surface
é T temperatures where the surface is rapidly oxidizing. Therefore, such an
1 dé, approach will be used with. caution when being applied to the foam materials
E e until more data become available.
2 - One approach to improving the simulation of oxygen -pé.rtia.l pr-éSs-zire

, E J} in the Hot Gas Facility is to run at additional O/F ratios. This varies the

_ O concentration and part:ta,l pressure. This will provide more data points

?g to check the "0.4 to 0.5 power" form of correlation.
!a ;ﬁ - Also, radiant lamp tests are being run at various pressures to study
g the oxygen partial pressure effect.

: ;’ .W.G. Dean, Project Engineer

Space Shuttle Thermal Support Contract

iy
]

b Approved:
' Juan K. I..ovm, Superv:f.sor
P Thermodynamlcs & Structures Sectmn
Lo
oS Attach: (1) Figure 1
" (2) Appendix
Lo (3) Addendum I
el
By
i
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Appendix

This appendix is provided to eﬁcplain how the values quoted in the main

writeup discussion were obtained.

Heating Rates: The heating rates quoted in the writeup were taken from
the measured data in the Hot Gas Facility (HGF). The 0.6 value is for air/
hydrogen at a chamber pressure of 100 psia, The 4.4 value is for oxyg'en/

hydrogen at 2 chamber pressure of 110 psia. These are average values over

the surface of the panels.

Shear Stress Calculation Method: The shear stress was calculated from

the following relation.

L 2 L
Tw = Cr ETPe Ve gc
where
TW = shear stress at the wall, lbf/ftz-
C f = gkin friction coefficient
peVe = denmtg velocity at boundary layer edge,
1bm/ft°, ft/sec

gc = dimensional conversion factor, 32.2

ft-1bm/1bf-sec?

The skin-friction coefficient, Cf, is calculated using Reynolds analogy which
states that heat and momentum are transferred through the boundary layer by
analogous processes. Mathematically,

S, = Cf/Z o | (A-I).
where
St = Stanton Number =h /peVeCp
hc = heat transfer coefficient, Btu/ftz-sec-oR
'CP = specific heat; Btu/-.lbr'n-oR"

A-1



N

e v S woc

i

P

R

LMSC-HREC TN D306905

Therefore

Cf = 2 5t

]

th/p vV _C

e e p

The heat-transfer coefficient is determined from the heating rate (measured

or calculated) as follows: {(In this case HGF measured values were used).

§ = h (T, -T.)

W
= : - .
or hc »——ﬂ——T_ s (A.2)
aw
where
. ; 2
g = heating rate, Btu/ft -gec
Taw = adiabatic wall temperature, °rR
Tw = wall temperature, °rR
50
C, = 2 9
£ (Taw - Tw)pevecp
since
CP Ta.w = HaW' adiabatic wall enthalpy, Btu/lbm
Cp T, = Hw’ wall enthalpy, Btu/lbm
C, = 24
£ (How Hel PeVe
and

2q 1 2 1
T, = @ zp vV —_—
w _(Ha'.w"'Hw} .pe'\lr_'.E [ e e ] [ ge ]

T = q Ve
W (H - I-IW) gc

aw- .

A-2
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The preceding derivations for a Prandtl number, Pr, of unity. For non-
unity Prandtl number gases, a "modified'" Reynolds analogy is used where

('Pre)-'z 5 is nused as follows:

t';{ V_ Pr -2/3
e e
T

w = ETELE (A.3)

For the values stated in the writeup the "modified'" method was used

and TW calculated as follows:

qQ = measured value in HGF, 4.4 Btu/ftz-sec

V. = velocity from Lockheed Method-of-
Characteristics program, Ref. A-1, (Vo=
12,000 ft/sec at the third nozzle section. )

The values of Haw' HW are taken from a Lockheed PLIMP program

(Ref. A~2) run. {These are real-gas equilibrium values.)

Haw = 3480 Btu/lbm (assuming a recovery factor of .89)
H, = 210 Btu/lbm
131-—2/3 = .6722 -2/3 = 1.3, Pris obtained from Svehla,
Ref, A-3. (Real-gas, equilibrium value at our
pressure and temperature)
4,4 x12,000x 1.3 _ 2
Ty, = (480210132 3) = -65 1bf/it

These values are for an O/F of 12, burning o:;ygen/-hydrogen, at a
chamber pressure of 80 psi.

For an air run with a Pc =142 psia, O/F = 20 the shear _Calcﬁlation is
as follows at the third nozzle section:

.. _avVe Pr;a/a
w T T, -H) (&9
q = 0.6 Btﬁ/ﬂ:z-sec |

A3
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i

[

V, = 7845 ft/sec
U‘ H__ = 1340 Btu/Ib
i . H_ = 222 Btu/lb
| {1 - " ot
. . Pr = .74 (approximate)

e R

from which 7_ = .16 1bt/£t%,

‘Oxygen Content : 02 content can be estimated as follows:

-y
el

-

- For a stoichiometric condition the following chemical equation applies:

:.'4' ' _ 02+2H2=2H20

Using molecular weights to convert this to weights:

2(16)+2(2x1)=2(2x1+16)

32 Ib oxygen + 4 Ib hydrogen =36 1b H,0

that is: for every 1 lb of hydrogen burned, 8 lbs of oxygen are required.

Assume we are ruanning at an oxygen to fuel weight ratio, O/F, of 13,
A Then for each 1 1b of H, we use 8 lbs of O

oy
LIRS

2 and 5 1bs ""excess" 02, producing

= 9 Ibs of H,0 and 5 1bs of ""free O,. The ratio of free oxygen in the flow is
_ I then 5/14, or 35.6%.
l, ? The computer programs used at Lockheed use a more séphisticated
I method taking into account real gas effects (dissociation and ionization). Chem-
R ical equilibrium is assumed at each temperature. The methods are contained

in the "CEC" program, Ref, A-4, Resulis of this program for a Pc = 80 psi,
O/F =12 oxygen/hydrogen are as follows:

I3

I

[T

D featnd

- A-4

wimd

I-:m‘;.;-._ x
&
e
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@ O, ©, ® ®
Species. Fﬁi:ﬁon Mﬁ%leeicgt;l]i:ar @ X @ @/ lelaéiiiia‘:l%fpl\gixture*-
H .0293 1.0 0.029 0 )
0 .0394 16.0 0.63 0.0334, (3.0%)
HO, .0001 33.0 0o 0
OH 123 17.0 2.09 0,111, (11.0%)
H, 055 2.0 0.11 0
o, .168 32.0 5.34 0.287, (28.7%)
H,0 .585 18.0 10.50 0.56,  {56.0%)
Total 0.991  (99.0%)

For the air/hydrogen case it can easily be shown that there is no free
02' This is because for stoichiometric conditions the O/F is near 40. We
are running the HGF at O/F of about 15 with air. This means that we are
very fuel (HZ) rich and all available O2 is completely used up.

The air/hydrogen stoichiometric O/F condition of 40 can be shown approxi-
mately as follows: As shown earlier we need 8 1bs of Oz for each 1 1b of
HZ' Also, in air we have about 4 lbs of N2 for every 1 1lb of OZ' Therefore,
for each 1 1b of HZ we have 8 lbs of O2 and 32 lbs of N, for a total of 40 lbs

of air for every 1 1b of HZ'

2

Pressures: The pressures quoted in the writeup for the HGF are
measured values averaged over the panel area. The low value of 0.04 psia
is for the air runs on the top panel, the high value of 0.1 psia is for an oxygen

run on the side pé.nel. The flight values quoted are from North American/
Rockwell (Ref. A-5).

* The molecular weight of the mixture is 18,78,
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Addendum I
Equation A-3 should read:
qV Prz/ 3

= e’ e

w How - Hyl 8
rather than:

qv pro2/3

B e’ e

w " ®H._ -H

& w

This yields a corrected value of

0.39 Ibf/£t?

-3
1f

rather than

0.65 1bf/ft2

Tw

for the oxygen/hydrogen, O/F = 12 case, and

0.11 Ibf/et%

=3
¢

rather than

0.16 lbf/ftz

1]

Tw

for the air/hydrogen, O/F = 20 case.
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Appendix D

Dean, W.G., and R. O. Hedden, "SSME Flame Bucket Heating on the
F-1 Test Stand," LMSC-HREC 390451, Lockheed Missiles & Space

. Company, Huntsville, Ala,, November 1974,
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R KELL B e s

’ Contract NASB-25569 Date Nov. 1974 Doc. LMSC-HREC TN D390451

Title: SSME FLAME BUCKET HEATING ON THE F-1 TEST STAND

Lo FOREWORD f bl

This report presents the results of heating rate analyses performed by personnel
P ! of the Lockheed~Huntsville Research & Enginzering Center under Contract
g NAS8-25569. The NASA Contracting Officer's Representative (COR) for this
! study is Dr. Kerneth E, McCoy, EP-44,

INTRODUCTION AND SUMMARY

Analytical studies to predict the heating rates for sea level testing of the SSME AN
using the F-1 water-ccoled test stands at North American Rockwell and the :

. NASA Mississippi Test Facility have been conducted. The purpose of the studies

P was to determine if the water flow rate was sufficient to keep the flame bucket

;o cooled for sustained SSME testing. Since the heating rates for the F-1 were

unknown from previous tests, analyses for both the SSME and F-1 were per-

formed for comparison and are presented herein.

P TECHNICAL DISCUSSION

Heating rate analyses for the SSME and F-1 were performed to determine if
the F-1 test facilities were adequate for SSME testing. The exhaust plume flow
fields were predicted using the GASL mixing program (Refs.1 and 2) assuming
equilibrium chemistry to obtain the fluid properties along the flame bucket
upstream of the shock.

A small computer program using the techniques presented in Ref. 3 was developed _
to obtain the fluid properties downstream of the shock. Shock angles at various :
locations along the flarme bucket were calculated using the weak shock solution
for attached shocks. At any location where shock angle solutions could not be
obtained a parallel shock was assumed.

For the attached shock, the flow properties directly behind the shock were

used as the local flow conditions, However, additional calculations are necessary
to obtain the local flow conditions behind the parallel shock. After passing the
flow through the parallel shock, the turning angle was calculated. Either a com-
pression or an expansion was then used to calculate the local flow conditions.
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The local flow conditions were used in the Multiple Pressure Gradient Pro-
Y gram {Ref.4) to obtain the heating rates. The program is based on the Blasius
L flat plate heating method modified to use Eckerts' reference enthalpy solution
for evaluation of the boundary layer properties, The method is further modi-
- fied to use an equivalent characteristic running length obtained by integrating
1 the variable flow properties along the boundary layer edge from the plate lead-
ing edge to each particular location,

% : RESULTS AND CONCLUSIONS

. Comparisons were made between the SSME and F-1 calculated heating rates
o along the flame bucket and pressures throughout the exhaust plumes. Figures
1 and 2 present the flame bucket heating rates for the SSME and F-1, respectively.

- Using Figs. 1 and 2, it was determined that the total heat load for the F-1 is

‘ approximately 60% greater than for the SSME; however, the maximum heating
rate for the SSME is approximately 60% higher than for the ¥F-1. It was con-
cluded that the same amount of coolant used in the ¥-1 testing would be more
than adequate for the SSME, but it would be necessary to change the coolant
injection hole patterns to compensate for the high heat flux area of the SSME
plume,

Figures 3 and 4 present the pitot pressures along the flame bucket, vhile Figs.
5 and 6 show the pitot pressures along the plume centerlines as a function of
distance from the exhaust planes for the SSME and ¥F-~1, respectively. From
these data it was determined that the maximum static pressures encountered
would be 58,4 psia for the F-1 and 80.8 psia for the SSME at a distance of
approximately 57 ft from the nozzle exit planes for a 3 deg cant angle. Also
shown on Fig. 5 is a comparison of the pitot pressures presented in Ref. 5 and
. those calculated using the program presented in Refs. 1 and 2, Based on the

' maximum static pressures along the flame bucket,existing facilities pressures
were determined to be adequate.

R.O. Hecdden
Heat Protection Systems Group

Approved: William G. Dean, Pr
Space Shuttle Thermal Support Contract

[ Juan K, Lovin, Supervisor
Thermodynamics & Structures Section

Attach: (1) References
(2) Figs.l through 6
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TECHNICAL NOTE Appendix E
LOCKMHEED

Huntsville Research & Engineering Center

E Contract NAS8-25569 Date nNovember 1973 Doc. LMSC-HREC TN D306939

| Title:

Ly

DETERMINATION OF THERMAL CONDUCTIVITY OF BX 250 FOAM
INSULATION FROM BOILOFF RATE AND FOAM TEMPERATURE
DATA FROM 20-INCH LI-I2 TANK

FOREWORD

This report presents the results of a data analysis task performed by personnel
of the Lockheed-Huntsville Research & Engineering Center under Contract NAS8-
25569. The NASA Contracting Officer's Representative (COR) for this study is
Dr. Kenneth E. McCoy, S&E-ASTN-PTC.

INTRODUCTION AND SUMMARY

The LH2 boiloff rates from the 20-inch LH2 tank and the temperatures at dif-
ferent depths in the BX 250 foam, lined on the outside along with a thin ablative
insulation, were available from several tests. These tests were run by the
MSFC-NASA Test Division. From the boiloff data, the heat transfer rate was
obtained. Because the ablative insulation did not cover the entire tank, but just
the cylindrical part, a corrected heat transfer rate through the cylindrical portion
was obtained knowing the rate through the BX 250 foam on the hemispherical
part of the tank., The thermal conductivity evaluated for the foam was plotted
against its mean temperature and a straight-line "least squares" fit of the
points was obtained. The resulting curve compared favorably with the Rockwell
International thermal conductivity curve for BX 250 foam which was obtained

from NASA-MSFC.
TECHNICAL DISCUSSION

Figure 1 is a sketch of the 20-inch L, tank lined on the cylindrical part with

an ablative insulation and BX 250 spray foam and with BX 250 foam only on the
hemispherical segments. Various tests were performed on the tank with ablative
materials such as cork, high density foam, Raybestos {silicone sponge rubber)
SLA-561 and S5-41. Tests were also run with BX 250 alone. With each insu-

lation the tank was filled to a certain level with LHZ' It was allowed to stand
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for sufficient time in room condition environment for the thermocouples, em-
bedded at premeasured depths in the foam, to reach steady state values. The
L LH, boiloff and the temperature data for all the tests were available and some

of the typical data are presented in Table 1.

The heat transfer rate through the tank is calculated as follows:

q = Btu
,.‘ A £t° - hr

_ 1'nhfg ’

where

rh = LH, boiloff rate, ibm/hr
fg heat of vaporization of LH,, Btu/lbm
A = wetted area of tank, ft>

{obtained from an L]E-I2 level sensor)

Since, for most of the tests, the cylindrical part of the tank is lined with an
ablator and foam and the hemispherical segments with the foam alone, the

heating rate q, as calculated above, is not the same through the two sections

of the tank. In order to obtain the actual heat transfer rate c';l (see Fig. 1)
through the ablative and foam layers, it is necessary to know the heat transfer
rate qz through just the foam layer on the bottom hemispherical segment.
Fortunately, 612 can be obtained from one of the tests performed with the tank

P having an identical thickness of BX 250 foam all around it with no ablator.

i That is: C

f él = mf fg s Btu

a 2 Af ftz -hr
f

; where

boil -off rate in BX 250 foam tank, lbm/hr.

- Af wetted area in BX 250 foam tank, ftz.

B
1]
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Therefore, the true heat ‘ransfer rate through ablator-foam insulation, 6,1,

is obtained from the following heat balance:

QA =4 A + 4,4,
where

Al = wetted area in the cylindrical tank portion, ft2

[}

A2 hemispherical tank segment area, ff:2

A A

1

1 Ay

With the true value of the heat transfer rate, c';l , through the ablator and foam

layers, the thermal conductivity is obtained from
. K ( Btu
§, = T..~T ), e
17 BT NH o)y

where

K = thermal conductivity of foam, Btu--in/hr-ftz-oF
Ax = thickness of foam in.

TH’ Tc = temperatures across thickness Ax of foam, OF

The thermal conductivity thus evaluated is tabulated in Table 1 with the mean

temperature.
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RESULTS AND CONCLUSIONS

A plot (Fig. 2) of the thermal conductivity of the BX 250 spray foam was made
against the mean temperature of the foam. A straight line '""least squares' fit
of the points was used. As Fig. 2 shows, this characteristic compares fairly
well with a similar Rockwell International curve obtained from NASA-MSFC.

W me

ain Karu

Heat Protection Systems
777 %‘”’%

W.G. Dean, Project Engineer
Space Shuttle Thermal Support Study

SOAUNE. o S

Juan K. Lovin, Supervisor
Thermodynamics & Structures Section

Attach: (1) Table 1
(2) Figures 1 and 2
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i Table 1
- 20-INCH LH_. TANK TEST DATA AND THERMAL CONDUCTIVITY
2 OF BX 250 FOAM
t
i
o Tonk LH, H‘:;;I::d!n T . . ek
e Tnsulation Test/Fill No.| Notlaff Cyln, Portion AX oH ot mean —“iina—
. {ibm/he) {In.} {in.) {F) {F) 'F) (hr-ft"."p
{
}’ BY 250 005/1 6,05 43.8 11/32 65.6 -20.8 22.4 .198
10/32 €B.4 - B2 30.1 .203
L 006/1 5,52 42,55 11/32 54.9 -29.5 12.7 .189
I 10/32 56.6 .18,1 19,3 194
‘ Cork/BX 250 003/2 5.48 42.0 9/32 s2.1 -16.8 17,7 190
._q[ 49.3 -25.1 12,1 176
3/4 52,1 ~338,9 | -143,1 .089
. 42,4 -336.4 | -147.0 092
o
o 004/} 6.62 42.0 16/32 -17.1 -343.4 | -180.3 .084
.. -25.5 -345.5 | -1B5.5 085
b BX 250/High
Density Foam 007/1 4.8 48,4 11/32 14,8 -57,6 ~57,5 186
; 10/37 19,2 <45.8 -13.3 188
4 00B/3 4.7 42.0 11/32 16.5 -57.7 -20.6 476
10/32 19.4 v54.2 -12.9 184
: Rayheatos/BX 250 | 013/1 7.58 42.0 3/a -109,8 -321.4 -215,6 121
1/2 -59.7 -335,7 | -197.7 124
3/a 22.5 -336.0 | -156.8 143
1/8 70.6 -321.4 | -125.4 .£52
‘ ' 7/8 71.0 -335.7 | -132.4 147
[: 7/8 74.4 -336. -13C.8 .145
1/2 70.6 -109.8 ~19.6 .189
3/8 71.0 -59.7 5.7 195
: 1/8 74.4 22.5 48,5 ed
BX 250/5LA-561 0l6/4 7.2 42,0 5/32 -153,3 ~250.4 -201.9 193
5/16 -62.3 -229.6 -t46.0 120
1/2 4.3 -251.2 -121,5 126
15/32 67.0 ~153.3 -43.2 137
11/32 64,1 -62.3 0.9 175
5/32 66.8 4.3 35.6 BLY!
_ BX 250/54-4} 019.4 6.15 43.82 3/16 -128.7 -224.5 -176.6 100
1/16 -45,9 -239.3 -142,6 s
‘ i 9/16 6.4 -212.7 | -103.2 131
: 19/32 68.B -128.7 -30.0 153
11/32 69.2 -45.9 1.7 .152
7/32 67.6 6.4 370 182
25/32 68.8 -224.5 -77.9 135
i . i5/32 69.6 2393 | -85, 129
U 25/32 67.6 sa1z7 | -1z 14z

s LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
T 7




. —‘.;."'T':“‘ﬂ‘.“;b":“.f?:ﬁ”;'._._,, T

BRE- T S

i D W

ERIRES

Y R

FEER T T T LT ST

f»-.'n—...-‘ ) N
ES—

B

[P - )
U

-
e

'LMSC-HREC TR D496704 -

- Appendix F

Dean, W.G., "Average Recession Rate vs Heating Rate of BX-250 Foam
Panels in the NASA~-MSFC Radiant Lamp Test Facility," LMSC-HREC

TN D390468, Lockheed Missiles & Space Company, Huntsville; Ala,, -
December 1974, ' ‘
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TECHNICAL NOTE Appendix F
LOCKHEEL

A Huntsville Research & Engineering Center

i* Contract NAS8-25569 Date Dec. 1974 Doc. 1L.MSC-HREC TN D390468

. Title: AVERAGE RECESSION RATE VERSUS HEATING RATE OF BX-250 FOAM PANELS
P IN THE NASA -MSFC RADIANT LAMP TEST FACILITY

4.2

FOREWORD

This report presents the results of a data analysis task performed by personnel
o of the Lockheed-Huntsville Research & Engineering Center under Contract
o NAS8-25569. The NASA Contracting Officer's Representative {(COR) for this
study is Dr. Kenneth E. McCoy, EP-44,

INTRODUCTION AND SUMMARY

. The average recession, the heating rate and the duration of test for the 12x17 in,
BX-250 foam panels tested in the radiant lamp facility were available for several
tests, These tests were run by the NASA-MSFC Test Division, The recession
rate of the foam was calculated and plotted against the heating rates at the center
of the panel. The resulting curve, when compared with similar characteristics

‘ obtained from the NASA-MSFC Hot Gas Facility and the Langley Arc Jet Facility,

. indicated much smaller recession rates. This is true because there is no shear

- on the foam in the radiant lamp tests.

TECHNICAL DISCUSSION

Figure 1 is a schematic of the calibration panel with a heat flux sensor located

’ in the middle of the panel. Another heat flux sensor was mounted next to the
panel and readings on these two sensors were obtained simultaneously for a
desired range of heating rates. During the actual foam tests, the outer sensor
served as a reference for obtaining the desired 1eating rate in the middle of
the panel.

The aveiage recession of the BX-250 foam, the pre-calibration and post-calibra-
tion heating rates on the panel center and the duration c¢f each test performed

in the radiant lamp facility were available for about 16 tests, Table 1 lists this
data and also the averapge recession rate which is obtained as follows:

Recession Rate, in/sec = Average Recesolon, In.
= ! -‘Buration of Test, sec.

Figures 2 and 3 show plots of the recession rate versus foam center pré~ and
post-calibration heat fluxes respectively. Similar characteristics obtained
from tests performed on panels in the Hot Gas Facility and the Langley Arc Jet
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. Facility are also shown. The radiant lamp test numbers are indicated near
their corresponding data points in the figures, However, it should be noted
that points for tests 36,37 and 38 are not plotted. It is believed that the data

) are bad for these three tests as the heat flux sensors were replaced after test
... 38- )
| RESULTS AND CONCLUSIONS

I It is seen from Figs.2 and 3 that the average recession rates of the BX-250
- foam in the radiant lamp tests are much smaller than the rates obtained in the

other two facilities. This is due to the absence of shear forces on the panel
in the static radiant lamp tests.

Zw\ S Kasun

tZain S. Karu

Heat Protection Systems Gproup

" L

W. G, Dean, Project Engineer
Space Shuttle Thermal Support Contract

Approved:

e K i

Juan K. Lovin, Supervisor
Thermodynamics & Structures Section

Attach: (1} Table 1
(2) Figs.1 through 3
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Table 1
Pre-Cal. .
“No. Panel | Q Refgrence| @, Cenper | GO0 08 | R0 1 DE | Reenefion Rate
(Btu/tt fsec) (Btu/st -sec)! (Btu/ft--sec) Recession {sec) {in. /sec)
' (in.)
P-009-18 C 1.13 2.50 2.43 . 058 75 . 000774
19 | D 1.46 3,25 3.25 . 099 50 . 00198
20 T 1.14 2.50 2,64 . 044 75 . 00059
21 G 1.40 Not available 3.36 . 156 50 . 00175
22 H 735 1.65 1.80 . 062 150 . 00041
23 | E 1.08 2,50 2.65 . 068 84 . 00081
31 K 46 1.164 1.164 . 010 150 . 00007
32 L 1.14 2.50 2.604 . 102 79 . 00129
33 | M 1.78 3.70 3.75 . 124 50 . 00248
34 N .905 1.60 1.80 . 146 147 . 00099
35 | © 1.41 2.85 2.83 . 129 75 . 00172
36 P 1.76 * * . 181 53 . 00342
27 0 .805 * * . 115 148 . 00078
38 R | 1.41 * * . 263 76 . 00346
39 S 1.41 3.216 3.216 .107 51 .00210
40 T 1.76 4,25 3.994 .224 54 . 00415
*Bad data; not used
REPRODUCIBIL 7Ty
ORIGINAL PAGE 15 pooy,
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TOP VIEW

o Fig.1 - Sketch of the Radiant Lamp Test Calibration Panel Set Up Showing
the Reference and Center Heat Flux Senscrs
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FOREWORD

This report documents the results of a test program
conducted by NASA-Langley Research Center in support of
the NASA-MSFC development of the Space Shuttle External
Tank, The tests were conducted by NASA-Langley and were
planned and monitored by NASA-MSFC with support from
Lockheed-Huntsville, CPR-421 foam samples were supplied
by the Martin Marietta Corporation, Michoud Operations, con-

tractor for the External Tank,

The Lockheed-Huntsville support was conducted under
Contract NAS8-25569, "Space Shuttle Thermal Support.' The
NASA-MSFC contracting Officer's Representative for this con-
tract is Dr, Kenneth E. McCoy, EP44.

ii
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SUMMARY

A series of tests of the CPR-421 foam material was run in the Langley
Continuous Flow Hypersonic Tunnel (CFHT) facility at a Mach number of
10. The material specimens were mounted on the flap of a flat plate/wedge-
type model, Tunnel conditions were held constant and the local heating rate
and pressure to the foam surface were varied by changing the flap deflection

angle., The boundary layer was tripped to turbulent flow using trip strips.

This report describes these tests and the foam performance results,
There was a large amount of scatter in the data. The foam performed better
in the CFHT than in the Langley Arc Jet Facility tests, but it still developed

streaks in its surface.

iii
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| NOMENCLATURE
Symbol Description

_\ Cp specific heat, Btu/lbm-°R

_3 g dimensional conversion factor, 32,2 113111-.*:'1:/2“:){-5ec2
. H_ . adiabatic wall enthalpy, Btu/lb

J H, wall enthalpy, Btu/lb

’ } Moo freestream Mach number

__ P local pressure, 1bf/inz

‘,] PO total, pressure, lbf/in3

,; I Pr Prandtl number
8 Q heat load, Btu/fi:2

{ J dew heating rate based on a wall temperature

L of 530°R, Btu/ft?-sec
i I qhw heating rate based on a wall temperafure
g of 960°R, Btu/ft2-sec
. R recession, in. |

J R recession rate, mils/sec
‘ E T, total temperature, °R

- Vi local velocity, ft/sec

J Greek
i‘ o wedge model angle of attack, deg
= ) flap angle with respect to wedge model centerline
!‘J P material density, 1b/ft3
) T aerodynamic shear stress at the wall, 1bf/ft2

PN
ni oo

LJ— s

vil

un—
&amand

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




N

& SR Norens

o,

4
3

ot

ey

=

oy

[Hea iy

X atig

oy
|

I
Loasemme)

T ]
barsomrcnd

T Yo YT S

LMSC-HREC TM D390678

Section 1
INTRODUCTION

The Space Shuttle External Tank (ET) has an external insulation material
known as CPR-421. This material serves both as a cryogenic insulation and
a thermal protection system (TPS) material to protect the tank skin from
aerodynamic heating during ascent, CPR-421 is sprayed directly onto the tank

skin., It has a nominal density of two pounds per cubic foot.

Some of the initial convective heating tests of this material were con-
ducted in the Langley Arc-Jet facility. In these tests the CPR-421 showed
better performance, in general, than BX-250, the previous ET/TPS material,
However, the CPR-421 developed streaks in its surface, At the time of
these tests it was felt that these streaks might possibly be due to some anom-
alies in the arc-jet flow field such as turbulence, vortices, unsteaciness, pres-
sure gradients, etc. Therefore it was decided that additional tests should be
run in another facility, The Langley Mach-10 Continuous Flow Hypersonic
Tunnel (CFHT) was selected for the next series of tests. These tests were

conducted during December 1974,

The NASA-Langley Test Engineers on this project were Mr, J. Dunavant
and Mr, T. Blackstock; the NASA-MSFC Test Engineer was Mr, R. Lopez, and
the Lockheed-Huntsville Test Engineer was Mr. W. Dean.
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Section 2
TECHNICAL DISCUSSION

2.1 TEST FACILITY

The Langley Mach 10 Continuous Flow Hypersonic Tumnel (CFHT) has a
31-inch square test section and operates at a nominal Mach number of 10.4.
A detailed description of this tunnel is given in Ref.l. For these particular
tests the total temperature and pressure were approximately 1350°F and 900

psi, respectively for all runs.

2.2 MODELS
2.2.1 Wedge/Flap Model

Figures 1 and 2 show photographs of the stainiess steel model used to
hold and test the foam specimens during these tests. This model was furnished
by Langley and had been used in previous tests in this same tunnel (see Ref. 2).
Dimensions of this model are shown in Fig., 3. This model is basically a flat
plate wedge with a flap at the rear. The f’ap can be defiected in both the posi-
tive and negative {up and down) directions. The gap beitween the flap and wedge
was not sealed., (This was recommeded by Langley personnel.) The wedge can
also be run at positive and negative angles of attack, For these tests the wedge
was run at +12 degrees and -12 degrees angle of attack., The flap was then de-
flected into the {low at 5,10,15 and 20 degrees from the wedge model centerline.
Three rows of Ytrip strips' were also used on the model upstream of the flap to
trip the boundary layer and obtain turbulent flow upstream of the flap., The trip

roughness height was approximately ,040 inch.
Modifications to the original model (as shown and used in Ref. 2) were

made by the NASA-MSFC shops, according to the design changes and drawings

made by Lockheed-Huntsville, These modifications consisted of providing a
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recessed area in the lower portion of the flap in which the foam specimens
were located and secured in place, This recessed area was six inches wide,

five inches long, and one inch deep.

Also a calibration block was made to obtain heating rates in this region
where the foam was to be placed., This Stycast block was cast against a piece
of foam which had been tested in another facility, This gave it the same sur-

face texture as a receding foam specimen surface.

Several thermocouples in the upper flap surface were used to obtain
heating rates on that surface by the thin-skin calorimeter method. Pressures
were also measured on this upper flap surface, Also a thin-skin calorimeter
insert with four thermocouples was made for measuring the heating rates on

the lower flap surface.

ot

2.2,2 Foam Specimen Models

The Martin Marietta Corporation (MMC), Michoud Operations, furnished
38 samples of CPR-42] foam for these tests. The densities, and panel numbers
of ti.ese samples are shown in Table 1 as provided by MMC. None of the foam
specimens tested in this series of tests had "knit lines," These "'knit lines" are
seams between layers of the foam, caused by overlapping of the spray from dif-
ferent sprayer nozzles as they pass over a given point on the tank surface,
These specimens were intentionly selected without "iknit lines'" because it was
noted in previous tests that these ""knit lines" are a different density and seemed
to cause a different recession rate of the surface. It was hoped that the elimi-
nation of the knit lines would eliminate one of the variables in obtaining a reces-

sion rate prediction,

2,3 TEST PROCEDURE

The CFHT has a quick injection system which injects the model into the
flow, The tunnel is started, the flow is established at the proper total con-

ditions, and then the model is inserted into the flow field. Insertion time is
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:: less than one second. This allows a step change in the heating rate to the
e model/specimen which is required for the thin-skin and Stycast/phase change
i heating rate measurement methods and also gives a time-zero for foam heating/
Lo recession effects data.
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Section 3
RESULTS AND DISCUSSION

3.1 ENVIRONMENT MEASUREMENT RESULTS

Before the tests, the heating rates and pressures were predicted using
data from Ref. 2, The data from Ref. 2 were obtained with turbulent flow and
for tunnel conditions different from our planned run conditions, These data
were converted to our planned total temperature and total pressure conditions
for turbulent flow, The results of these predictions are shown as Figs. 4 and
5. During the tests, heating rates were measured on the upper flap surface
using 10 thermocouples down the flap centerline, Next, the Stycast calibration
block was used to obtain heating rates on on the flap lower surface using the
phase change coating/semi-infinite slab conduction technique. However there
was some differences in the values measured on the top of the flap and on the
bottom of the flap. Since the flow was axisymmetric and the flap angles and
angles of attack were the same with respect to the flow, the heating rates should
be the same on the top and bottom of the flap, At this point it was decided to
make a thin-skin calorimeter insert to check the flap bottom side heating rates.
This insert had four thermocouples down its centerline, Heating rates from
this inserf agreed more closely with the Stycast-measured heating rates than
did the upper surface values, The reason for this difference between the top
and bottom was never completely resolved. As a means of checking the Stycast
heating rates, the following calibration procedure was used. A small sample,
approximately 1.5 inches square, was cut from the Stycast model, This model
was sent to the Langley phase-change technique calibration facility where the
effective lumped thermal property, density, specific heat, and conductivity
product (pCPK), was determined, This is done by applying various known radi-
ant heating rates to the sample surface and determining the melt times for
various phase-change coating temperatures, The results of this effort are
documented in Ref.3 and presented in Table 2, Results of these heating
rates measurement efforts are shown on Fig,6. Alsc shown on Fig.b

are the predicted va':es, for comparison purposes. Since Langley
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personnel rcecommend use of the thin-skin upper surface data as being
the most accurate, curves were faired through these data for use as the
final heating rate values for use in the subsequent heating rate/recession rate
correlations,

Measured pressures did not present any particular problem and are
presented in Fig. 7 and compared to predicted values, As seen these agree
quite well with predicted values.

Figure 8 presents the calculated shear levels on the flap at various flap

angles, These values were determined using Reynol4’s analogy as follows:

g Vi (Pr )2/3

T
(How - B gc
where
. 2
T = aerodynamic shear, 1bf/ft
g = heating rate, Btu/ftz-sec
aw - adiabatic-wall enthalpy, Btu/lbm
H_ = wall enthalpy, Btu/lbm
g, = dimensional conversion factor = 32.2 ft-—lbm/lbf-secz

Pr = Prandil number

The recovery temperature and enthalpy for these tests were approxi-
mately 1810°R and 410 Btu/1b, respectively.

The boundary layer thickness on the flap for these tests is undetermined.
This is because there is a strong shock/boundary layer interaction at the flap/
wedge junction. The high pressure behind the shock feeds upstream of the

shock through the subsonic portion of the boundary layer, causing a significant
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thickening of the boundary layer both upstream and downstream of the flap
shock, and perhaps a separation bubble, This makes it very difficult, if not
impossible, to calculate an accurate boundary layer thickness., Also no
schlieren or shadowgraphs were taken because of the two end plates on either
side of the flap.

3.2 FOAM PERFORMANCE RESULTS

3.2.1 General

A total of 23 foam specimens was tested in this series of runs, In gen-
eral, the foam performance looked better than in the Arc-Jet environment.
However, the material still '"streaked" at the higher heating rate and shear
levels. These 'steaks" were obsgerved to begin to take place at the flat angle
of 15 degrees and were, of course, more pronounced and well defined at the
maximum flap angle of 20 degrees, This was at heating rates at the foam
center of approximately 9 and 13 Btu/ftz-sec for flap angles of 15 and 20 de-
grees, respectively. The corresponding shear levels are 3,3 and 4.6 lbf/ftz.
The maximum test time was 20 seconds because the tunnel was being run in
the blowdown mode, Longer test times and bigger panels would be useful for

evaluation of the further growth of the 'streaks."

Figure 9 shows a typical post~test foam sample (Model CPRL 19). This
model was tested for 15 seconds at a centerline heating rate of 5.9 Btu/ftz-sec
and a shear level of 2,3 1bf/’ft2. As seen in Fig, 9 this sample did not develop
any "streaks." Figure lu shows a model which did develop "steaks! {Model
CPRL-16), This model was tested for 15 saconds at a heating rate of 13,0 Btu/
ftz-sm: and a shear of 4.5 lbfff.t?’.

3,2.2 Correlations of Foam Recession Data

Quantitative results of these tests are shown in Tables 3 and 4. The
initial thickness of each foam sample was measured at three places along its

centerline. These locations are 1 inch from the leading edge, at the center,

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




e e

TSR

S

g
[ e—

Yo
|

PN —

LMSC-HREC TM D390678

and 3,75 inches from the leading edge. Post-test thicknesses were measured
at these same locations, These post-test measurements were made by two
methods, The first was to measure the "minimum avervage! recession. This
was done by laying a thin metal strip across the sample and measuring the
thickness at the top of the "humps" left by the streaks, (On samples where no
"streaks! occurred this was, of course, just the sample thickness including
the char layer.) The second method was to measure to the bottom of the déepest
grove or "streak' to obtain the "maximum'' recession. Results of these two
measurements were then used to obtain a recession rate by simply dividing
the total recession by the total run time, These recession rates were then
used fo plot against cold wall heating rates as shown in Figs. 1l and 12 for
"minimum average' recession and maximum recession, respectively. The
reason for attempting this method of correlation was that it worked well
for a similar material (BX-250). However, as seen in Figs. 1l and 12 there is
a large amount of scatter in these data., Attempts were made to reduce this
scatter by remeasuring the sample final thicknesses but this did not help.
Also the effect of run time on scatter was checked out. K was felt that perhaps
the recession was not linear with time — which is assumed when determining the
rate using the total run time. However no consistent effect of run time on
scatter was found while examining the data. For example on a given run,
{sample CPRI1.,-8) there is a variation in the recession rate of from 14 to 52
mils per second with a heating rate variation of only 11,7 to 13.0 Btu/ftz-sec.
Some of the scatter is due to the difficulties in obtaining a truly representative
measurement of the post-test sample thickness due to the roughness of the
samples and nonuniform recession in both streamwise and chordwise directions,
Also some of the scatter is due to sample-to-sample variations, The amount

attributed to each is, of course, unknown,

A straight line, least squares fit was taken for the data of Figs. 11 and 12,
and the equations of these lines are shown on the figures., Figures 13 and 14
show this same type of an approach except that hot wall heating rates are used.

These hot wall values are based on a wall temperature of 960°R.
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L
: Another approach to smoothing and correlating these data was also tried,
This approach was successfully used in correlating the BX-250 foam recession
} data, In this approach the recession is plotted versus run time for all samples
3 which are run at at given heating rate, The best straight line is then taken
2 through these points and the slope of this line gives the average recession rate

i in mils per second. Figures 15 through £3 show the results of this attempted
correlation. As seen from these figures it was not possible to obtain any rea-
sonable straightline or slope from this method due to the data scatter., The
third type correlation of these data was to plot char thickness versus total heat
ij load. Results of this are shown in Fig. 24, Measurements were made at the
center of each sample. Again there is a considerable amount of scatter in the
measurements but an attempt was made to put curves through these data for

each heating rate level,

On three of the samples (CPRL-16,17, 18) an attempt was made to
retard the streaking by bonding a thin strip of glass cloth, dipped in epoxy, on

the downstream surface as shown in the following sketch:

Thin Epoxy/Glass Stri
- e ——t T Flow Direction p ){/ P

Flap

6 in.

Y

The reason for doing this was that it was felt that the pressure gradient along
the cracks or streaks greatly increased their rate of growth, That is, when
a crack developed in the char layer, the flow down the crack was greatly
accelerated when the downstream end of the crack '""felt" the low back pres-
sure at the base of the flap. This large pressure gradient, from the flap

pressure to the base pressure, should normally cause a high flow rate and
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‘%r_} high heating rate along the sides of the crack, This would be especially true
in a situation with a thin boundary layer where the hot outer layers of the
i boundary layer could be drawn through the crack.
. When models CPRL-~16 and 17 were run it was not evident that the epoxy
" strips helped the ""streaking” problem, Rather the epoxy strips eroded at about
. the same rate as the foam, and the models 'streaks" still developed. (Model
)
1.} C.> '1L-18 was not tested.)
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Section 4
CONCLUSIONS AND RECOMMENDATIONG

As a result of this series of tests, the following conclusions and recom-

mendations are made:

@ The CPR-42] foam streaks are not peculiar
to the Arc Jet facility.

® The CPR-421 foam shows better recession
performance than the BX-250 foam.

@& There was a large amouni of scatter in the
data, This was apparently due to:

¢ "sample-to-sample' variation

@ difficulty in obtaining a representative
recession measurement due to nonuniform
recession in both streamwise and chordwise

directions

& Additional CPR-421 tests are needed in other
facilities which would allow for:

® Larger size panels
2 Longer test times

@ Smaller pressure gradients along the
sample length

@ Thicker boundary layer.

This should help in the further vaderstanding of the causes and possible solu-
tions to the streaking problem. It will also allow for greater total reces-
sion and char layer thicknesses which will allow for more accurate measure-

ments and, hopefully, less scatter,

11
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T

® An attempt should be made to model the CPR-421

e performance on a charring ablation computer code,
Since the CPR-421 does chut and not just "recede"
as the BX-250 does, it cannot be expected to cor-
relate with heating rate alone as was the case with
the BX-250. (This modeling would, of course, be

i) without regard to the streaks — just the normal

'] ablative/charring process.)

, ® An attermnpt should be made to strengthen the hot

) ? char matrix to prevent initiation of cracks which

<4 can develop into streaks, This should be possible
through the use of additives such as chopped silica

a } fibers or other ingredients which will provide a high
viscosity melt layer as the char forms and stabilizes,
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i Table 1
) t DENSITIES FOR CPR-421 SAMPLES TESTED IN LANGLEY MACH 10 CFHT FACILITY
(Notes:; Average density = 2,187 lbm/fts; maximum density is 8.5%
: [ ! over average; minimmum density is 6.1% less than average.)
N
i CPRL Model Density
e Number {ibm/ft3)
o {J 1 2.054
2 2.173
: - 3 2.074
! 4 2.153
4o 5 2,106
R IS 6 2.100
! 7 2,277
- 8 2,168
9 2,107
[ 10 2.191
- 11 2.160
‘“} 12 2!.071
| 13 2.299
L 14 2.118
15 2.191
4l 16 2.249
17 2,162
§ 18 2.212
il 19 2.317
U 20 2.257
- 21 2.120
7-. 1%* 22 2.289
il 23 2.285
24 2.328
Tg 25 2.237
5 <L 26 2.133
P 27 2.279
0l 28 2.218
booill 29 2.140
i 30 2,115
-
i B 31 2.162
bop W 32 2.165
i 33 2.184
bom 34 2.372
] 35 2.160
Lo
i 36 2,212
NE 37 2.116 RE‘PRGDGCIBILTTY OF THE
!’; -l,. 38 2.150 l {‘1| X \ - \\.IL ]‘f‘l POOB
o 14
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STYCAST MODEL THERMAL PROPERTY PARAMETER (\’pC K) VERSUS HEATING
RATE FOR TWO PHASE.-CHANGE COATING MELT TE]

Table 2

MPERATURES

(MEASURED BY NASA-LANGLEY AND REPORTED IN REF. 3)

Phase-Change

Coating Melt . Heating Rate pCPK
Tempg:rature Input Level 2 o 1
{"F) (Btu/ft2-sec) (Btu/ft"-"R-sec?)

300 4.2 .066

4.7 .070

6.2 072

7.9 .079

8.2 073

9.0 .078

13.2 .073

13.6 .074

500 5.3 .059

6.3 .082

8.5 .070

9.5 073

13,2 .073

13.6 074

v 15,2 .082
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38 -Z1 4L »— .05 -046 035 -02% -075 123
39 -77 961 - 01} ‘043 10} 025 119 227
40 EI] »{ 003 011 047 | 016 088 | -156
4] -24| 958 > -038 051 070 032 NEr 239
42 -25] 959 s 026 | 027 .067 | -030 063 N
43 -26 440 = .025 - 030 -DE1 -05] 101 169 Y
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Table 1
AVERAGE MINIMUM AND MAXIMUM RECESSIO™ RATE, COLD-WALL AND HOT-WALL HEATING RATES
AT EACH OF THREE LOCATIONS yOR EACH SAMPLE TESTED
| ¥, 3 T
O | g | Rl |1 fIE ScEssion v Gocessan €Are, | s | Qo w855 | nor wa, BTy sec
17 FROM cenTeg (375" Fiom 1" Frond cenrer |37 rEor $° 1" Frop CENTER | .15 FroM 1" FRoM | CENTER|PIS FRowM
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0 -5 | 20 — ~ - - - - 10 } v ¥ 1
- -7 {Dip NoT Run) - - - = - - - - — -~ -
27 -8 ) 140 39. 5% 249.4 54 4 728 20 1.7 3.0 1.6 712 731 T-67
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- -13] {PwD NoT ROA) - - - =~ - - - - - - -
32 ~14] 20 - - - - - - 1o 5.0 5.9 g1 3.04 359 3.7
33 -15| 20 y) -8 15 -~ - - 10 } { ¥ ¥ Y
35 -ig 15 A €1 2t 5 367 300 J153 2o .z 13.0 2.6 7.12 7-91 747
3¢ 7| s 43 e | 197 |13 | 3067 | 300 | 20 1 i t i i 1
- -ig] { DD NoT RuN ) ~ ~ — - - - - ~ — - -
34 -{a] 5 73 12 50 — — — 1o 50 5.9 6.1 3.04 359 5-10
37 ~20] 5 100 29 0 E4 4 20.00 3a.0 614 20 1.7 3.0 12.6 712 79 767
3% -2t| 15 33 31 233 {87 50 4 I5 2t 9.0 q.] 4 33 543 E54
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w Flap Top Surface
§ (Thin Skin Calibration

Model)

Support
Strut

= 'lap End
Plates

-
-

Trip Strips

y

Wed ge
Fixture

Wedge Fixture
Leading Edge

Fig.2 - Wedge Model Showing Top Surface with Flap Thin Skin Calorimeter
Installed (NASA Photo)

19

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




Foam
Specimen

Note:

Dimensions are in inches, 3.0

¢ = 22 St d e S
a V ﬁ NS
Instrumented ’
~4 Surface

/ - 6.00 —
-<+— 13,00

v

—~— 29,71

Y

Hinge Line

feesam. e

4

15.00 ————pl

Lol 2,00
1,00

-+— (£,00
- 9.0U ——

|~
Brsgal 58 BV feanenimmmar ol

.

T
—=12.00|=

N\

Support
Strut —p

Tunnel Wall

Fig. 3 - Sketch of Model (from Ref. 2)

REPRODUCIBILITY OF THE
20 ORIGINAL PAGE IS POOR

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




LMSC-HREC TM D390678

derf uo uoinqrailsId I9jsuei] 18SH TTEM PIOD PeIdTPald - % 814

(*ur) depg JuoTy 8OUBRISIQ

g £ Z

1
LRSS SR B

e . . . . — IR

(335—24}/'042[) b feyeyw Sumeal [TEM PIOD

H e feen e o e

21

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




omcnrent

]
“

[—

3

Notes:

- & (deg)

LMSC-HREC TM D390678

(e1sd) aanssaxg 1eo07

22

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Distance Along Flap (in.)

Fig.5 - Predicted Pressure Distribution on Flap




= Tresee S pans " S R AR e ARSI
N PN e gt B Lk ¢ — - = <y e ~ , =
¥ "‘: { i L, { { [ hd f { f [
R TN P*End A N i | S e —— L 3 ;
* T arUneS & . o L S Tl i 1id ] | Wl 538 § g | 1< 15 g i T Y " - Rt —— —

530°R

900 psi
= 1810°R
12.83°

b oA
non

! i EREEEE o

x|
1

e e o

]

gk b o

L ﬁ =
! ~

Stycast Mea

Sym & (deg)
® 20 Top
(@] 20 Bottom
B 10 Top
A 5 Top
A
]

5 Bottom
15 Bottom

Data Faired
Curves

Predicted
Curves

O

ey .’T'i‘_""‘.’. ;""T"’; I i 7

HILNIO ONIH33INIONI ¥ HOHYISIH 31ilAS.I.NﬂH - Q33HMI0T
€2
Cold Wall Heating Rate, q (Btu/ftz-sec)

.....

SR e Sl i .

| i B3 e ot H RS EE RO FR0H o o T S et |

0 1 2 3 4
Distance Along Flap (in.)

\— 514 frtgs I | i e
. | >—Stycast Measured Value -:. |
TSR B (LG B oty 130 o s
| I i Ii foayat i I
5

Fig.6 - Comparison of Predicted and Measured Cold Wall
Heat Transfer Distributions on Flap

o
8L906€0d WL DIYH-DSINT

b SRS Al ST S M R R R e




-

LMSC-HREC TM 390678

de.f U0 SUOTNLIIST(] 2INSSIIJ PRINSBIW Pu? podIpe1g Jo uostirdwion - L ‘813

(ur) depg Suoiy @ouelsi(g
¥ € (4 T 0
n_ . . . M MY e S HR Lo - . -

I
!
t

(etsd) sangsalg (B0

E IS PCOR

Ty OF THE
AL PAG

ODUCIBIL

REPR
ORIGIN

24

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




HILNID ONINIINIOND 9 HOYYISIY ITUASLNNH - Q33307

52

Shear, T (lbf/ftz)

=]
[[]

[y
(]
—
o

(o]

Y

a = 12° e TR S SR & *-"—-l‘—*‘r“-f-—*-“f*ﬂw
e s S g T L :
BN SRt . ! : [
B O Pt 8 (deg)
NP il | : 7 : : S e K 20
e LT L | ‘ o
it ESTELINNNS SENSA .,_--_-...{*A- - _jl,_m BRI SRESRINNS ISR SN NS Sea i
e S - i i '
e o e et ] ()
; ! ! 7
ST IS SN ST ' ..
S —— . 5
R EEER R RS H
b Pop
- -':"f—'—‘—"—v—;"'—_*:—‘* — : i - ‘ %‘——-r—'
RN Pl s |
4 5 6

Distance Along Flap (in.)

Fig. 8 - Calculated Shear Distribution on Flap (calculated using measured
heating rates and calculated velocities)




ek 3 £ Fis pain Tl bt o Y o - . - - ol i s ot L2000 S I M IR veali — p
R = e 20 | 5 3 = TR Gt o Y oo QI ~

HENEIAEER AN TS IO . - TERENS

E
‘
|8
i =
i x
B
2
Rl
§ [ ==
o
F =
=
3 =
? m
| 8 &
{ B
& )
4 O
! =
m
5 2
i ©
o
§ m
%
z oW
] A E
o = 2
m g1 7]
z 29 0
m 2 i
5 Eg &
w0 8 ¥
& E Q
e 3 : 5 H
EJ [ SGATE ‘ g
3 - S
~7
% Jj Fig.9 - Typical Post-Test Photograph of Foam Sample Which DidzNot Streak. (Sample >
| e Number CPRL-19 Tested at a Heating Rate of 5.9 Btu/ft“-sec and a Shear of 1
2.3 1bf/ft? for 15 Seconds) ®




PR RN,

’ 2 # 3 PUS——— ’ " e pan . . e S ol Nl e o G pua
? * =5 & > sormnem I i . 1 . L = . : % SEREE L - i Soind a—— L pe—

Le

¥45IN3D DNIYIINIONT ¥ HOHYISIH ITUASLNNH - Q3FHAHO0T

L DEYH-DOS'I

A R T S
-
.

Fiy. 10 - Typical Post-Test Photograph of Foam Sample Which Did Streak (Sample Number
CPRL-16; Tested at a Heating Rate of 13 Btu/ftz-sec, and a Shear of 4,5 lbf/ftz,
for 15 Seconds)

8L906€Q M




=

LMSC-HREC TM D390678

T
o
1 b4 BEERERNNL] I JRLLLIE 1
B H 1 ANERRENEE] WP
- rH - A akts A
L - - +1 -H -t . { HHEHEHAHH
6§ n : NEo '
: C -
2 Ma==8dii | I8} HRU
. - -1 H b -1 4
2 - 1 T BIR L T 1 [ i
f Ll 11
| E
A.} = = .=
2¢
‘ i 44
] -~ T
- I
i 10 M Notes:
L) 2 R f
L 8 - : 1. Heating rates based
, I 2304 nEL Y ] on wal& temperature
| s B ® of 530 R.
j PR == + shisizosEss i= == :
B H o R R E T ey -| 2. Recession measure-
‘ e L SE=ss - By e =1 ment made to top of
i = N ===Edls RARRY ) char layer,
¥ 3 ::':,- RS =t ! T s 5 3 —H {
@ SEERERa=i: S HE , Hemanadad
£ (TR == e - —
1 § - i HHHH = 4 f
i ot 1 u o i
| ® = iy
' s L Xl
. AR
0] ! .
[ LA v
4 1
L .
{ ¥ Il
) L] 1’ i RER
i o g R AR AL f
{ - - i
] i = |§ & jHESS d:T: ‘*ff = ;F% FEEE it e
o =Y iy T4 i b =i i ol - UL
=t ORI HEE | R i CEEHH
| = T 2 B
i e b= NEEnN o H
4 | = o
B i |
| 1 i -
B i 2 3 4 65 6 7 8 910 2 3 428 6T T8N0
b
; s 2
- Cold Wall Heating Rate, §_ (Btu/ft“-sec)
’s Fig. 1l - Minimum Average Recession Rate vs Cold Wall Heating Rate
L 11
i
4
REPRODUCIBILITY OF THE
in et ORIGINAL PAGE IS POOR
'- LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




b
: LMSC-HREC TM D390678
|
s 10 T T T TITIT
ATH
g op-
!
o 5?— : 0:;— H— 1 1
4 ' ‘
A s 1
J e -
[ T ]
} BER RN
: 1 » H l - Notes:
LD B -l |
o : | )¥1- 1. Heating rates based
: f-} 0 ! =53 i on wall temperature
| Sl e of 530°R. '
1]
_ =) = 7 2, Recession measure-
8 £ ment made to bottom
, © e deepest groove.
o
KO- /
54 | a F 2
‘ o
ot
1]
o I
0 1 ]
-~ : 2 &
.8 Ll
Ll a -
£ -6 - AR sEss
ot ;
SR HHE
4
8 pt=tt e 1
I 2 £S -4
g
B e 2 3 B 5 6 7 8 91 2 3 4 8- 8" TR 90
Cold Wall Heating Rate, 4__ (Btu/ft*-sec)
|
- Fig. 12 - Maximum Recession Rate vs Cold Wall Heating Rate
U
‘ 29
il
2 LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




LMSC-HREC TM D390678

\-7-.‘
/

'\
|
5 e J= cnboall 3 © t_ - } | . .
- =2 1§ 4 L H ol S 5 |
S ‘ ‘ "—"- -+ 48 £ { & :
(9 7 S ERARINE va
e e -
:L‘i | == 3 i =L =
’ b 1 L : . 8
E
£ : I 1T
¥ E3E3ts
|
g1 5
1
1
o - Notes: e
&l [
k] ‘ Y 1. Heating rates based on a
0 5 & nh wall temperature of 960 R
‘ [~ . EE -
8 4 4+ 2. Recession measurement
7 HHH =T made to top of char layer
. {8 | - 8. h|
] ! 8 H ¥
< i i
‘ m A "--I
!; !g 4 -1
o S— ' - U -
2 ct
d T
£ 2 e
S AEEd T
-] = ]
0 T L] il
0 NN i
3] L. s
5 2 mamnas
~ 4 : [ H1
7 IR iR
= e et - B
=] FE R =Sk EEEEE ik s
.5 - - = =
B8 0 L ) s
| 4 - B
= -
i = -
4] }u’ ==
2
ath
{ A
A
| { 1 2 3 4 5 7 8 910 2 3 L] 6 6 7 8 910

REPRODUCIBILITY OF THE

i 3 - B 2
] Hot Weall Heating Rate. qy,, (Btu/ft ‘-sec) - oRIGINAL PAGE IS POOR
& Fig.13 - Minimum Average Recession Rate vs Hot Wall Heating Rate
?
: 30
B
&

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

T M T S T e ooy AT 1




-

r""
Ny

o —
WS35

orimmasry
{ e

Fremine. o

Recession Rate (mils/sec)

At S

LMSC-HREC TM D390678

1 T
] g G
J +4 4
T g HH BEEE GEZEBE
e H B EH = =
4 : : H
SERR Il + g
m' S L
1] 11 1 522 1% == Cl = o
Notes:
- g ¥
L) 4
. {H w_\ 1. Heating rates based on 2
gt 1 - wall temperature of 960 R, :
A mnE 2. Recession measured to :
& HEERERINSL IV mmuRs H N bottom of deepest groove.
= AHEH LT
4= -
111 1 H
ST HEEE Il
b Y e e e . ==
— - "’j I H
2 _—
-4 < ] e b i
1o g
[111]
10 I
9 el hiat = - - .
4 =
7 &
6 = = = e o - —
s EEELCE e “ 228
[ mall 841 =
4 e —
SEEEH
2 ===2= #- i H
T
SRNRRRNN
4 LY
2 3 4 B 6 7 8 910 2 3 4 6 6 7 8 910

Hot Wall Heating Rate, éhw (Btu/ftz-sec)

Fig. 14 - Maximum Recession Rate vs Hot Wall Heating Rate

il

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




S aninghlianaiens o sness e e e

LMSC-HREC TM D390680

8o

Pl

=

o ‘8ap @ = ¢ 30 ourL] sa 28pg JurpeeT WIEBOL SYJ WOIF UL '] 1T uoissenay ~ G1 *8rd

(oes) auwuty,

ey e e

{sTiwr) uoissSoIRY

Feaduaeiety
v i

32

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




-

-,

I".’

b

|
L

PREp Y

P

19 20

18

7

1

-i? ISARE RRPHL ISR AL

16

I
5

1

Time (sec)

{sTrut) uoTsS808Y

33

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

12 deg

=

10 deg,

Fig. 16 - Recession at 2,5 in. from the Foam Leading Edge vs Time for §

At




[RESEEEEE

;

ORI SR

fi - e

A

4pF=
2

t
i
i
)
o
=t

{sTrur) uoissaday

34
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

A Y

10 deg, o = 12 deg

e (sec)

Tim
Fig. 17 - Recession at 3.75 in. from the Foam Leading Edge vs Time for &

SRRt




vl

t

LMSC-HREC TM D390678

= 15 deg, c. = 12 deg

Time (sec)

2

1

i
-S€C
PR PO I L _.
R EAEH: tarrate

4o
!

A
1

8.1 Btu/ft

from the Foam Leading Edge vs Time for &

100 F=F
90

Pig. 18 - Recession at 1.0 in,

1
! {
| it
o o = =] =
5] n <t 0

(sTiuz) uUOISSa02Y

REPRODUCIBILITY OF THE
35 ORIGINAL PAGE IS POOR

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENJER

rea AR e T ¢ e B




LMSC-HREC TM D390678

b s i 4 ETED . T S

A Y

12 deg

15 deg, o

7
e

for &

9.0 Btu/ftz-sec

P
A

ch

BRI
i

Note

Time (sec)

v : :

i B -3

i .M M ;
i

[ ;

bt A

3 5

F i

£

o i

[ k

1 :

Nerd 3

¢

4

i b

s i

e

i
o
in

Fig, 19 - Recession at 2,5 in, from the Foam Leading Edge vs Time

(stwa) uorssovay

36

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




-5ec

2

9.1 Btu/ft

-

q

Note

s

A
[

W S O

BN B

B BAeSE san s e

nagyEn Ny

e e 1]

{sTTw) uoissaday

37

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

12 deg

15 deg, a

Time (sec)

Fig. 20 - Recession at 3,75 in. from the Foam Leading Edge vs Time for §




8op 21 =0 ‘8op 07 = ¢ 103y aurL ] sa o8py SurpesrT Wweo, 9y} W01y ‘Ui ('] 3B UOISsad9Yy - [z "Sidg

(oes) suutg,

o0
™~
D
o
o
™M
a]
&
=
0
s
0
m
~

(=]
un

001

0&61

062

0s?

00¢

0G¢

Umm..mum\.ppm L°T1 = b :ejon

00%

-

POOR

(9]
]

i g

LTy OF THE
PAGE

1B

REPRODUC
ORIGINAL

(sTrux) uotssavay

38
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

STRINENY

Yoot




: LMSC-HREC TM D390678

an
[
Lo]
o3
-t
1
s
T of)
.. , o
- = o
i ’ 0
N !
m 11
«©
: = i
B i
e :
3} ® {
® i
- @ £ |
N H |
vl i
! < S |
i 3 o
- B ..M“D M
! ) & _
i ]
x 0 o m w
o o o :
. W Q H
A . -~ — :
H [it] o i
5 g £ |
Z ot o ;
B o i
Ry }
v §
g L
- i
w £
; s} :
&
| hy :
| ] s ;
| : ' o] i
: : N [t i
| 1 ‘ :
i <1 w #
; 3 o~ ;
1 ] i
v r §
W ; o ¥
M 2 !
: )] ;
S 31 0 i
- 5e) 8 i
B g [}
HEET ] 4
. Lm ' £
i tetEH o~ i
H o ™
HHHE &0
—
o =y
] <
i = o o o o <
“ o L = wn S Yl
< %) ™0 ™ ~N —
(situr) uorssavay

39
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




s S |
LMSC~-HREC TM D390678 1 &
TR
- ! *
- aﬂuc
T
. o
S T FRRE] FERTS SRPN PO $E 51 SHASS NS 03 RORAY SESDE BEDEE bAbSd SIS ShGth EROSE I St ]
s
I ...... ﬁ—
...... S
N o
m )
: d
=]
iy "
i w0
o B
B
13
. % ©
2] ) £
] o
N &
&
ot 0
3 >
m | &
. 0 s o
! el K
_.J\ L g
I = m
i ! & mm
w L
i »s —
L m Q H
g g
H N o o
; B 2 _
o
" ® :
; g ]
i ] m ;
: o
i .
“ 5
!
T q.v 5
i : mll
¢ i .
. H it 0
; ' I 4
M, ! T w
" [N punas H o Sy ™ o
HEEa miEH 3
+ i 44 t1 Fed -4 =1
1 H ] T IS FENEN w
: i it O s ®
! : : H ; ! Fhpitrs tr
. e e R R e s 3551 A 0
‘ Hh it i1 e Seany ®
! e b [ad
y 1 g 1
-
. e TR )
. ' HHH (AN
- - ERNEEN Y NN 44T -
. RE S ] » 13114 Tt 11EH
m L it L B L 1 o .W.b
2 ) o o o o o o o o B
=} \n o L o n o i
< aa} [\ ™~ ™~ - )

{sTIwu) UOTSSEDEY

40

LGCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




S
L FET T SErey St EEEET A RENES NN EOEEI SUERE S ARSI PR e T Ty
5 q s L i - f : B RS : . . _.....d-'f#,
Sym (deg) (Biu £t? see) i .| oo b ot I
| 5 - RETISREY SRR SEUE 'E ; S ‘ :
| == 0 10 5.9 S
£ O 15 9.0
1 12.8
e
; =
@
o Faired
g Curves
o
oy
£
B
a1
o
£
&)

1. Accuracy of char thickness measurement
approximately +0.01 in.

2. Char thickness measurements made
at center of panels.

S35 FERET RETEY FOPes bEES ERST '"{ 3 Sabun BESLS CLESTETE

H3LIN2D DNIYIANIONT 2 HOUYISIY ATUASINNH - Q33HNC0N
i¥

Heat Load (Btu/ft%)

089065 WL DEYH- DSWT

Fig, 24 ~ Approximate Char Thickness vs Heat Load for CPR-~421 Samples




Appendlx I—I

s rDeam, W. Gy and Z, S, Karu, F'Results of Spa.ce Shuttle External Tank -

© . Thermal Protectlon System Foamn Tests in AEDC Tunnel G," LMSG-
4__:.:HREG TN D390783 Loc:kheed M1ss1les &: Space Compa,ny, Huntsvllle,
U'.‘-Ala..,Ma.v 1975 S L e ch

& ENGINEERING GENTE




mmntnn

LMSC-HREC TM D390783

L A
7
I

/)
i ...(&f" ;%ﬂm/
i Missiles & Space Company,Inc.

: HUNTSVILLE RESEARCH & ENGINEERING CENTER

Cummings Research Park
4800 Bradford Drive,
Huntsville, Alabama

S
[ Er—

a“"i g“g
oy RESULTS OF SPACE SHUTTLE
L EXTERNAL TANK THERMAL
i PROTECTION SYSTEM FOAM
TESTS IN AEDC
. TUNNEL 'C!
May 1975
Contract NASE-25569
i Prepared for National Aeronautics and Space Administration
T Marshall Space Flight Center, Alabama 35812
g
Lo
4!- L by
I W.G. Dean
i 2.5, Karu
i L-“

APPROVED:  (lwmon A7 5t e

B. Hobson Shirley, Superv‘:';sor
Engineering Sciences Section




LMSC-HREC TM D390783

FOREWORD

This report documents the resulis of a test program conducted in
Tunnel " C" at the Arnold Engineering Development Center in support of the
NASA-MSFC development of the Space Shutile External Tank. Tests were
conducted on the candidate thermal protection system materials, ARO per-
. sonnel conducted the tests for NASA-MSFC with the Martin Marietta Corp-

' oration (MMC) furnishing the test specimens and serving as the prime test

b contractor. ILockheed-Huntsville assisted in planning the tests and reducing
: the data. On-site monitoring of the tests was done by personnel from NASA-
MSFC, Martin-Marietta and Lockheed-Huntsville.

, { The Lockheed support was conducted under Contract NAS8-25569,

'_ i "Space Shuttle Thermal Support.” The NASA-MSFC Contracting Officer's

B Representative for this contract is Dr. Kenneth E. McCoy, EP~-44, The

F NASA-MSFC Test Engineer for these tests was Myr. R. Lopez, EP-44; the

AEDC/ARO Test/Project Engineer was Mr. R.K. Matthews; and the MMC
Test Engineer was Mr. S. Copsey; the Lockheed-Huntsville Test Engineers
were Mo, 2.5, Karu and Mr. W. G, Dean.

s

Acknowledgment is hereby given to AEDC/ARO and MMC for all spec-

imen and facility photographs shown herein. They are used by permission

s cf these organizations.
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l

NOMENCLATURE
Symbol
\ ET External Tank of Space Shuttle vehicle
li ‘ f PL local pressure
| P0 total pressure
.
L H, recovery enthalpy
i E-lcw cold wall heating rate
L .
Yr hot wall heating rate
i : -
] J Lnrh turbulent heating rate
T, total temperature
]
- T, recovery temperature
: f TW wall temperature
i
- X distance along wedge from leading edge
2 W streak width rate
i Greek
!
' & wedge angle
o T aerodynamic shear
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Section 1
INTRODUCTION AND SUMMARY

A series of tests was conducted at AEDC in Tunnel "C! on three candidate
thermal protection system materials. Test conditions were selected which
o closely simulated the predicted flight values of heating rate, pressure, enthalpy
and shear on selected points of the External Tank (ET). Tests were conducted
] in three phases on three separate dates, 6 January, 20 Januvary and 12 February
1975. Sixty-two panels were tested. Of these, 58 were CPR-421, one was
BX-250, and three were SLA-561s. Some of the CPR-421 panels had machined

surfaces, some had ""net sprayed' or '"as-sprayed' surfaces, some were coated

and some were uncoated. Both constant heating rate and trajectory type vary-

[SES——

ing heating rate runs were made. The tunnel was run continuously and the

o samples were injected into the flow for each separate test.

Data taken included color movies, shadowgraphs, heating rates, pres-
d sures and foam recession measurements. This report presents the test en- 3
vironments, numerous pretest and post-test photographs of the panels, and

o recession measurements and correlations.

The CPR-421 material continued to "streak! in this test facility as it
did previously in the Langley Arc Jet and Langley Mach 10 Continuous Flow
Hypersonic Flow facilities. However, the data are used to better define some

——4

streaking boundaries for vehicle applications. %

{ A comparison of the data taken in these tests and that from previous ,

test programs is also presented.

P

SO

1
i
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Section 2
TECHNICA L DISCUSSION

2.1 TEST FACILITY AND TEST CONDITIONS

| Tunnel "C" is a closed-circuif, hypersonic wind tunnel with a Mach number
10 axisymmetric contoured nozzle and a 5U-in. diameter test section. The

1 tunnel can be operated continugusly over a range of pressure levels from 200

to 2000 psia with air supplied by the main compressor plant of the von Karman
‘-"i facility. Stagnation temperatures sufficient to avoid air liquefaction in the
test section (up to 1900°R} are obtained through the use of a natural gas fired

E P combustion heater in series with an electric resistance heater. The entire

! tunnel {throat, nozzle, test section and diffuser) is cooled by integral, external
water jackets. The tunnel is equipped with a model injection system which
aliows the model to be removed from the test section while the tunnel remains
in operation. A more complete description of the tunnel is available in the
Test Facilities Handbook (Ref.1).

Most of the tests were run at a2 total temperature of 1900°R and a total
pressure of 1800 psi. However at the end of the last series of tests, two
panels were run at a lower total temperature of 1500°R with the same total
P pressure to see what effect enthalpy might have on foam periormance. The
| total enthalpy for the 1900°R case was 478 Btu/1b, and the recovery enthalpy

was approximately 415 to 420 Btu/1b depending upon the wedge angle of the
exposed foain surface. For the 1500°R total temperature runs, the total and
E recovery enthalpies were 370 Biu/1b and 315 to 325 Btu/lb, respectively.

] 2.2 TEST FIXTURE DESCRIPTION

Figure 1 shows a photograph of the test fixture used in this series of

3
1; ; tests. This fixture, or model, is essentially a steel wedge with a recessed

area for mounting the foam panels behind a sharp leading edge. The model
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is approximately 17 inches wide and 22.7 inches long on its top surface, The
recessed area takes a panel 17 x 14 inches and up to 1.75 inches thick. The
model angle of attack was changed during the various tests to vary the local
pressure, heating rate and shear values. This same wedge fixture was used
in a previous test program (Ref. 2) and was modified to accept the foam panels
for the present tests. The necessary design modification recommendations
and drawings were made by Lockheed-Huntsville, and the shop work was done
by NASA-MSFC. Reference 2 contains detailed dimensions of this wedge
fixture,

During the second series of tests it was found that during some of the
long runs the wedge was heating up under the foam due to heating to the sides,
leading edge and bottom ramp angle surfaces. Therefore before the third
series of tests, AEDC added some water cooling tubes and passages to the
fixture. This solved the heating problem.

To ensure turbulent flow over the foam panels, a ""trip strip" of spheres

was placed across the wedge leading edge. This strip was about four inches

from the front of the model. The spheres were about 0.040 inches in diameter,

2.3 TEST PANEL DESCRIPTION

Sixty-two panels were tested of which 58 were CPR-421 foam, one was
BX-250 foam and three were SLA-561s material. Table 1 shows each panel
number, when it was made, its thickness, density and weight, with remarks.
Some of the panels listed in Table 1 were not tested but were made for this
series of tests and are shown here for documentation purposes only. All
panels were rmade by Martin Marietta Corporation (MMC) and were 17 x 14
inches except panels 58, 59 and 60 which were 17 x 26 inches. The 17-inch
dimension was always perpendicular to the flow direction. All panels were
mounted on aluminum plates approximately 0.1 inch thick. The panel approx-

imate thicknesses, including the aluminum plate, were:

e SLA-561s 0.50 in.
» CPR-421 1.0 and 1.75 in.
e BX-Z50 1.0 in.

3
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Some of the panels had a machined surface; others were '"net sprayed" or

"as sprayed.)' Also some CPR-421 panels had a white vinyl coating, designated
v-445, All the SLA-561s panels had a white silicone coating, DC 92-007.
Some of the foam panels had "knit!' lines. These are seams that were caused
L by the overlapping of the spray pattern as the material was being made. On

‘ the vehicle the foam will be sprayed directly onto the tank using a number of

sprayer heads mounted on a rack which moves up the outside of the tank as

J it turns., This results in an overlapping of layers of foam in what is known
< as the "barberpole'" effect. Therefore the test panels need to have these same
iJ seams in them fo determine how they may affect the foam recession character-

istics. The orientation of these overlaps or "knif!" lines with respect to the

ol * flow was the same for the tests as it will be on the vehicle in flight.

H Figures 2 through 5 show some typical CPR-421 pretest photographs.

¥ Figure 2 is of a typical panel without knit lines. Figure 3 is of a typical
panel with knit lines. Figure 4 shows a panel with small holes in its surface

- ’ apparently due to quality control problems in the spraying process. Figure 5

shows a typical "net-spray surface' panel. On these ''net spray" panels it was

not possible to get a very accurate initial or pretest thickness due to the rough-

i ness of the surface,

A question was raised as to the effect of the foam "curing" or "aging"

L on its recession characteristics during testing. That is, it may be that some
. of the panels were not fully cured at the time of testing. What effect this may
- have had on the foam performance is not yet known. NASA-MSIC is resently
% ‘ n.aking a study of this effect. The age at time of testing of each panel is shown
B on subsequent post-test photographs in Section 3 (Results)., For example, panel
j CTC1-67 was less than one week old when tested. It was made on 7 February

’ 1975 and tested on 12 February 1975, Also it is noted that these panels were

stored in plastic bags (not sealed) for protection during this curing time. Whether

i this affects the curing is also unknown at present.

syesng

[
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2.4 TEST PROCEDURE

At the beginning of the tests the wedge fixture was installed on the
tunnel sting inside the test section tank or airlock beneath the tunnel test
section. The tunnel was started and brought up to the operating condition
of T = 1900°R and P_ = 1800 psia. The first foam panel was installed on
the wedge fixture and the wedge injected into the flow. After the proper test
time the fixfure was retracted and the foam removed and replaced with a new
panel. This process was continued until all panels were run while the tunnel

was operated in the continuous, closed-loop mode.

During the time while the wedge was actually in the flow, it was run
either at a constant or at a variable angle of attack. The variable angle of
attack cases were used to simulate the variation of heating rate with time
for selected points on the Shuttle External Tarnk (ET) surface. Figures 6
and 7 show the two heating rate versus time histories used during the tests
conducted on 20 January 1975. These time variations were designated tra-
jectories 1 and 2, respectively. Trajectory 1l simulates the heating rate to
ET Body Point 7065 during the first heat pulse during launch. Trajectory 2
simulates the same body point but for the entire 605 seconds of launch. Figures
8, 9 and 10 present the variations used during the tests of 12 February 1975,
These are designated trajectories A, B and C, respectively. Trajectories A
and C again simulate Body Point 7065 for the first heat pulse and total heat
pulse, respectively. Trajectory B simulates the first heat pulse for Bedy
Point 7105, The heating rates presented are for a location on the foam ap-
proximately three inches from the foam leading edge. The flight heating
rates being simulated are for the 55 Nautical Mile AQA' trajectory for
vehicle configuration 500,

At the end of the last sevies of tests (on 12 February 1975} two panels
were tested at lower tunnel total temperatures as the tunnel was being cooled
off for shutdown. The purpose of these two tests was iu determine what effect

enthalpy might have on foam recession/performance.
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Also several panels were tested with a "vortex generator'" on the surface
of the stainless steel leading edge part of the wedge. The locaion and size of
this "vortex generator" is shown on Fig.ll. Two heights were used: 1/2 and
5/8 inch.

Two panels, one CPR~421, and one SLA-561s, were tested with a ""shock
generator'' protruding through the panel. This configuration is shown in
Fig, 12,

Table 2 gives the test run log for all tests,
2.5 DATA TAKEN
2.5.1 Environments Data

During the time of planning for these tests, predictions were made of
the expected values of pressure, heating rate and shear. The results of this
work are presented and are compared with measured values in the Results

section of this report.

For the first series of tests {6 January 1975) a Stycast calibration slab
was made for use in measuring the heating rates to the wedge surface where
the foam panels were to be placed. This slab had five Gardon gage type calo-
rimeters and two pressure taps installed in its surface. The reason for using
the Stycast slab was to be able to get a2 good distribution of heating rates over
the entire surface, not just the values at the {ive calorimeter locations. How-
ever, very little heating rate data were obtained during this first series of
tests because this Stycast slab cracked around the mounting inserts which
were cast into it for holding it onto the wedge fixture. This cracking was
apparently due either to thermal stresses or to excessive torqueing of the
mounting studs, or perhaps due to some of both effects. To remedy this
situation, a steel plate was made and the calorimeters and pressure taps
installed in it. This worked satisfactorily and the required data were ob-
tained. Figure 13 shows the dimensions, measurements, locations, eic.,

for these models.
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2.5.2 Foam Panel Data

The data taken on the foamn panels are divided into two categories: (1)
qualitative and (2) quantitative. The qualitative data consisted of TV camera
coverage (recorded on video tape for on-the-spot playback}, 16 mm color
movie coverage, and on-site observation by the Test Engineers monitoring
the tesis. Figure 14 shows a photograph of the test setup on the Tunnel "C"
test section with each of the camera locations. The personnel observation
area is located on the deck or catwalk over the test section, where there are
two top windows about the same size as the side windows. The gquantitative
data obtained consisted of pretest and post-test thicknesses and fime variation
of the foam surface recession. This time varying recession was obtained
using a simple but ingenious ' grid-line"' system developed by ARO/AEDC
especially for these tests. This system is illustrated in Fig. 15, and consists
of a 35 mm slide projector which projects lines onto the foam surface at an
angle of about 45 degrees, and a2 7 mm sequenced camera viewing the foam
from above. As the foamn recedes, the grid lines are displaced in the camera
view (see detail A of Fig. 15). The amount of digplacement or translation of
the grid lines in the camera view can be related to the amount of actual surface
recession if the required geometry and dimensions are known. The 70 mm
sequenced camera takes pictures at known times {either 1 or 2 second intervals)
and {rom the resulting photos the recession versus time curve can be obtained.
In the actual practice of the data reduction, the geometry was not used but in-
stead "'tare shots'' were made using a metal panel in place of foam which could
be lowered to given ""recession'' depth locations. It was placed at given loca-
tions and the 70 mm sequenced camera fired to obtain the translation to reces-
sion ratio. This factor was then non-dimensionalized by dividing by the model
span on the projected picture. This allowed the scale factor to be used with
any projector which became quite useful because different viewers were used
in the data reduction process. This resulted in different size models on the
screen and different amounts of measured translation for a given recession
on the actual foam surface. Figure 16 shows a plot of projected line scale

factors from the tare shots versus wedge angle. It is noted that a set of tare
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H shots and scale factors were needed for each of the three series of tests

a since the camera, projector and model were moved alter each test and not

: necessarily set back up in their original positions. The inflection points in the
ii

curves of Fig. 16 are apparently due to the complex motion of the surface of
the foam as the sting mechanism articulates to achieve the different wedge

i angles. The accuracy of this grid line recession measurement is estimated
by ARO/AEDC as being about 10 to 20%. Some difficulty was experienced in

reduction of the data when there was a very minute amount of recession due

[

to the '"fuzz'' on the projected lines being about the same as the recession.
L However, this system of measurement was, in general, very useful in deter-
mining what was happening to the foam during the test, especially in the
L tstreaks.! Figure 17 shows how the grid lines appear on the foam samples

as mounted in the test position in the tunnel.
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é Section 3
RESULTS

3.1 ENVIRONMENT PREDICTION AND MEASUREMENT RESULTS l

‘_J The environments predicted analytically for these tests are shown in
Figs. 18, 19 and 20. These plots are of the turbulen. heating rate (cold wall
, [ and hot wall), local static pressure on the wedge, and aerodynamic shear on
’ the wedge surface, all versus distance along the wedge for different wedge
f surface angles. The heating rates were predicted using the Lockheed-
Lt Huntsville Multiple Pressure Gradient Program (Ref.3). The flow was as-
sumed turbulent due to the use of the frip spheres on the leading edge. The
‘ local pressures were predicted using the methods/tables of Ref. 4. The
shear values were predicted using a modified Reynolds Analogy and the cal- ,
culated heating rates. The values shown are for tunrel total conditions of }
1900°R and 1800 psi.

For comparison with measured results, heating rates and pressures
were plotted versus 6 for fixed X locations corresponding to the Gardon gage
calorimeter and pressure tap locations. Shear is also shown in this form
although no shear measurements were made. These results are shown on

Figs,21, 22 ond 23, Also shown on Figs, 21 and 22 are the measured values.

The measured values are converted from the gage wall temperature to the

“"cold wall'! temperature of 460°R. As seen, the agreement is good at the

1
10 b e o

higher angles. However, at a wedge angle of 6 degrees the flow apparently
i was transitional rather than fully turbulent because the measured heating

rate value was below the predicted turbulent level. The predicted laminar

I flow values are shown on Figs. 24 and 25.

o7 The predicted heating rates and shear for the low temperature/low en-
L thalpy (To =1540°R) runs are also shown in Figs. 24 and 25, respectively.
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The pressures for these cases are the same as for the high temperature runs

because the total pressure was the same.

The local Reynolds number per foot for the 1900°R and 1540°R runs
are shown as a function of 6 in Fig.26. The boundary layer velocity thick-
nesses along the wedge surface for various 6 values are shown for the 1900°R
and 1540°R runs are shown on Figs.27 and 28, respectively. Figure 29 shows
the recovery enthalpy and temperatures as a function of § for the two run con-
ditions; these values were obtained from ARO/AEDC. Figure 30 shows a
typical shadowgraph.

3.2 FOAM PANEL RESUITS

The panel test results are divided into two categories — qualitative, i.e.,
pictures and observations, and quantitative, i.e., measured values of recession

and streak width.,

3.2.1 Qualitative Resulis

The post-iest photographs of the various panels are divided into two
categories, constant wedge angle runs and trajectory runs rather than in the
order in which they were tested, The reader is referred to the run log
(Table 2) for a complete listing of all runs made. The constant wedge angles
used were: 6 = 9, 12, 18, 20, 23.5 and 38 degrees. As mentioned earlier the

trajectory heating simulations were designated 1, 2, 3 and A, B and C.

To familiarize the reader with what he will be seeing in subsequent
photographs, Fig. 31 is presented at this point. This is an overview of the
wedge fixture retracted into the Tunnel '"C" test tank with a foam sample
still mounted in place. WNote that the streaks in this sample are quite pro-

nounced.

Figure 32 is shown to illustrate the overlay of tare shot grid lines

with grid lines on the receding foam surface.

10
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Typical constant-wedge-angle run panel photographs are shown in Figs.
33 through 55. The test group number (which is the same as the run number),
the sample number, the test condition, heating rate, pressure and shear, test
time, and remarks with the panel description are given with each photograph.
Most photos were made after the tests and after the panels had been removed
from the wedge fixture. However, some of the photos are taken from the 70
mm sequenced camera negatives, for example Fig. 33, because post-test photos

were not made of all panels.

A 9-degree wedge angle case panel is shown on Fig.33. Not much
happened to this panel exc .pt that it " popcorned'' early in the test, perhaps
even before being inserted into the tunnel due to the low pressure in the test
tank.

Figures 34, 35 and 36 show several 12 degree wedge angle cases. The
panel of Fig. 34 seemed to perform better than the other panels shown except
for the two large chunks which came out during or after retraction. The
reason for this better performance is not really known, perhaps panel CTCl-
11 was worse because of its lower density (1.85 1b/ft3 versus 2.29 1b/ft3 for
panel! CTCI1-5). Also the knit lines of panel CTC1-12 (¥ig. 36) caused it to

perform worse than the panel of Fig. 34,

Several 18-degree wedge angle cases were selected for presentation
here and these are grouped in Figs. 37 through 47. The panels of Figs. 37
through 40 experienced the streaking problem mentioned earlier in this
report. These streaks are clearly seen in the post-test photos. The devel-
opment and growth of these streaks seems to be, in general, a random process.
They may appear at various times in the run and at various locations on the
sample surface. They usually start after the initial char layer has had time
to build up and start to protect the underlayers of material. Then suddenly
a streak will appear and start to grow toward the downstream edge of the
sample. The usually grow in both depth and width and grow quite rapidly

until a certain size is reached and then tend to slow down or completely stop

11
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S I ; growing. For the reader who is interested in further insight on the development
of these gtreaks, both movie film and TV video tape are available from essen-

2 tially all the tests conducted.

ot i Figures 41 and 42 present additional 18-degree wedge angle cases but

: : with the "vortex generator'' in place on the forward stainless steel leading
: edge of the wedge fixture upstream of the foam. (See Fig.1l for details of
IJ this set-up.) The peculiar thing about these two panels is that the first tested
Sancl (Fig. 41} did streak behind the vortex generator while the second panel (Fig. 42)
i [ did not streak behind the vortex generator but off to the left side of it. This

is no ecxplained at the present time. It was felt before the tests that perhaps

P f some flow disturbance might be contributing to the streaking phenomena.
Therefore, this type test was suggested to check that possibility. However,
; { since observing the results of the tests it is apparent that flow disturbances

are not the primary cause of the streaks.

Figure 43 shows a long panel tested at an 18-degree wedge angle. This
panel was 17 inches wide and 26 inches along the flow direction whereas the

other panels were 17 x 14 inches, The reason for testing this configuration

i was to see just what happens to the streaks as they grow farther downstream.
o From the l14-inch panels of the inifial tests it was seen that the streaks grew
wider and deeper as they proceeded along the panel length, The questions

which naturally arose were:

: © "What is going to happen on the vehicle where we
o have many feet of panel for the streaks to run down'?

e "Do they continue to grow until they wipe out the foam
completely — or just what will happen?

FR—

i After testing this panel it is seen that the streaks did continue to grow wider

e

4 2 and deeper as they proceeded all the way to the back edge of this 26-inch

: panel. This points up the real need for further tests of still bigger panels
3 ;_; to further study this problem. (In the quantitative results section a plot of
streak width and depth versus distance is presented to graphically show this

12
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problem.) Also this long panel had a number of knit lines coming through
to the surface. It had been suggested that perhaps these knit lines, being
a higher density material than the rest of the foam, might help retard or
slow down the streak growth rate. However, this effect was not observed
in this test — or in any of the tests for that matter. The streaks just
"walked'!' right on through the knit lines.

Results of one of the low temperature/low enthalpy run are shown in
Fig.44., There was 2 noted difference in the performance and appearance
of this panel from those tested at the higher temperatures. Very little if
any surface recession accurred, and the ''char! color was light brown as
opposed to almost black for the higher temperature runs. (For comparison
purposes th: recovery enthalpy for this test was about 320 Btu/lb as opposed
to 420 Btu/lb for the higher temperature runs.) This panel ""popcorned' some

near the knit line and tried to streak in some locations.

Results of the run with the shock generator are shown in Fig.45. This
was a very dramatic test. This shock generator configuration created a very
severe pressure gradient across the normal shock ahead of its upstream side.
The result was that the foam receded through to the aluminum backup plate
very rapidly and the cavity in the foam ahead of the cylinder could be seen
proceeding forward during the test. In connection with this test calculations
were made to determine the actual severity and magnitude of the pressure
gradient across the shock. Results of this are shown in Fig.46. The wedge
shock and cylinder bow shocks are shown with the calculated pressures in
front of and behind these shocks. The pressure behind the normal shock on
the foam surface is about 18.2 psi while that in front of the shock is only 0.78
psi. This large pressure gradient feeds upstream through the subsonic por-
tion of the boundary layer causing a reverse flow which quickly chews out the
foam. This problem is not expected to be as severe on the vehicle even in
the regions of attachments, protuberances, etc., because the boundary layer
on the vehicle in most locations will be much thicker than in this test. How-
ever, the general effect of this type problem was well illustrated by this test,

showing the need for a "hard"' ablator in such regions.

13
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Figure 47 shows a similiar test result with a shock generator but with
the SLA-561s material. This test was not as dramatic as with the CPR-421
material but the panel did burn through to the aluminum, and large chunks
came out. This panel also had "built-in" defects or cracks in the SI.A-561s
that went through to the aluminum. The shock generator would probably not
have had as much of an effect on the material response if the defects had not

been present.

The only BX-250 sample tested is shown in Fig.48. As seen, this material
receded all the way through to the aluminum in several places. Its recession
rate was significantly greater than any of the CPR-421 samples. Note also that
the BX-250 surface had a distinct diamond shape pattern on it, This same type
pattern has been observed on many other ablative material surfaces in previous

tests and development programs and is known as ""cross hatching.!

Three 20-degree wedge angle cases are shown in Figs.49, 50 and 51. The
first two are without knit lines and the last figure has one knit line. Again the
streaks are quite pronounced in these tests. In Fig.5l the streaks only occurred
downstream of the knit line. Figure 49 shows some remains of the Tempilag
coating stripes. This was used in an effort to determine the foam surface temper-
ature. It was not really conclusive as to what was happening to the Tempilaq dur-
ing the run. To one observer it seemed to melt and disappear almost instantly
after injection but to this writer it was not that clear whether it was melting
or blowing away. Anyway, this did not prove to be a very satisfactory way
way to measure the foam surface temperature. It is recommended that a non-
contact infrared thermometer (similiar to the one presently being used by
MMC (Ref. 5) be used in future tests to try to measure surface temperature.
Incidentially, it was not mentioned in the test measurement section but an attempt
was made to use a pyrometer to measure foam surface temperature in some of

the early tests; this did not yield any data because its range was too high.

Figures 52, 53 and 54 show the results of some 23.5 degree wedge angle
runs. The panel of Fig. 52 did not streak but most of the char layer was lost

14
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on retraction. The panel of Fig. 53 had a knit line and there was a vast
difference in the response of the foam upstream and downstream of the knit
line. The foam did streak downsiream of the knit line, and there was some
"popcorning'' at the knit line. The panel of Fig. 54 did not streak like the one
of Fig. 53, but seemed to have a large number of small streaks that all ran

together.

Figure 55 shows the only panel run at a wedge angle of 38 degrees.
This panel receded very rapidly and only a thin sheet was left at the end of
the run of about 10 seconds, This thin sheet delaminated from the aluminum
and was blown away (except for the leading edge part as seen in Fig. 55) on
or immediately after retraction from the tunnel. However, it is pointed out
that the heating rate in this case was quite high — about 16 Btu/ftz-sec —which
is higher than that expected in areas of the vehicle where CPR-421 will be used.
This run was made to determine if the CPR-421 could have possibly been used

in these high heating areas, and it does not look feasible after seeing the resulis.

Some of the vehicle trajectory heating simulation run results are shown
in Figs. 56 through 69. These are grouped in the following order: trajectories
1,2, A, Band C. {Also see Figs,6 through 10 for the time history of each of
these trajectories.) The trajectory 1l cases are shown on Figs. 56, 57 and 58.
The first two of these panels had no knit lines, the third did have a knit line.
All three panels streaked but the streaks did not go all the way through to the
aluminum backup plate. It is noted here that there was a thin layer of foam
adjacent to the aluminum which appeared to be a higher density, stronger
material than most of the panel. It is possible that this "' rind"' may have
prevented the streaks from reaching all the way to the aluminum. These
panels were all one-inch thick — inciuding the 0.l-inch aluminum. Figure 58
also illustrates a type of streak which resembles a feather in that it grew
somewhat laterally as well as longitudinally. (This is the third streak from
the right on this panel.} This type streak appeared on a2 number of the panels
throughout the test program. Note also on this panel that the streaks did not

15
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occur just behind the knit line but upstream of it and grew right on through

the knit line.

B Figure 59 shows the remains of a panel which was to have been tested

1 for a full 600 second trajectory 2. However, the test was cut short during

B the long low heating time to be simulated. It is noted that this simulation
s was not necessarily representative of the flight during the periods between
'_J the first and second heat pulses because although the heating rate and pres-

PR

‘ sure are about the same as in flight the shear is higher than on the vehicle.

J This causes a lot of "buffeting' of the foam. The foam also seemed to swell

laterally quite a bit also in some of these long trajectory runs, possibly causing

* it the loss of chunks of material from the sides of the panel as the foam projected
itself over the sides of the wedge fixiure and caught the flow., This swelling

‘ laterally was also observed in the other long trajectory tests (trajectory C),

L discussed later. Another possible cause of the loss of such large chunks on

this panel (Fig. 59) was the heating up of the aluminum backup plate from heat

3 being conducted into it from the wedge fixture during these long run times.
The bottom of the wedge was at about a 30 degree angle of attack when the

D foam was at 0 degree angle of attack. This heating caused the wedge to get

; very hot and this may have heated up the aluminum, causing debonding of the

{ foarn. This problem was eliminated before the last series of tests (12 February

- 1975) by adding water cooling to the wedge fixture. No debonding was observed

C on the trajeztory C cases which ran over 600 seconds.

Lo Figures 60 through 67 show some typical trajectory A run results. The
first three panels show a comparison of surfaces. These panels' surfaces
are: (1) as-sprayed; (2) machined and coated, and (3} as~sprayed with a coat-
| ing in Figs. 60, 61 and 62, respectively. All three panels were nominally 1-3/4

inch thick initially. Qualitatively speaking the as-sprayed surfaces seemed to

e
[nte: e

' l hold up better than the machined surfaces. That is, by watching the tests and
. reviewing the movies the as-sprayed surfaces seemed io have a heavier, thicker,
glossy-black char layer which held up and protected the underlying foam better

than the machined surface panels. However, the quantitative comparison of the

16
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measured recession (discussed later) did not necessarily show that the as-
sprayed samples were better. This was partly due to the difficulty in obtaining
an accurate initial thickness of the as-sprayed surfaces due to their roughness
and waviness. Also, these as-sprayed panels did not seem to streak as severely
as the machined panels. The effect of the coating was that it seemed to hold

the surface together better early in the test and then the surface started coming

out in "'flakes' but the overall response was about the same with and without

the coatings.

Figure 63 shows a panel which failed apparently due to a pressure build-

up between the foam and the aluminum backup plate. This panel was not sprayed
directly onto the aluminum plate used in the test, It was sprayed, removed,
trimmed and then bonded to this plate. This was necessary to obtain the desired
initial thickness since the spray process does not always give the desired ''rise"
thickness, This is called a "*secondary bond'' and all panels having this are
noted in Table 1. (Note the knit lines exposed in the foam where the "plug!

came out in Fig. 63.)

Figure 64 is a CPR-421 panel which had built-in defects to see what
affect these might have on the foam recession and streaks. Three panels
sitnilar to this were tested. They were made by breaking the foam inte four
pieces and then bonding them to the aluminum. When these panels were in-
jected into the flow, the swelling of the foam tended to close and ‘theal'' these
cracks. The first panel tested did not streak at the crack {(Group 56). The
seccnd and third panels (Groups 57, 58) had a streak which followed the cracks.
The third panel (Group 58) had a knit line and "popcorned" excessively with
the streaks forming mostly from the "popcorned' areas. It did not seem to
be affected by the defect cracks.

Figures 65 and 66 show results of an attempt to determine the effects

of the vortex generator, situated on the wedge leading edge, on the foam and
the streaks. Again the results are not too conclusive, because one of these

started streaking in a location not directly behind the vortex generator. How-

ever, both had streaks which were behind the vortex generator.
17
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Figure 67 shows an SLA-561s panel tested with defects. The defects
seemed to have little ¢ no effect on the panel. It did not lock much different
after the test than before.

A trajectory B simulation panel is shown on Fig.68. This was an as-
sprayed panel 1-3/4 inches thick. It held up quite well in this reduced heating
environment. It has a glossy black char layer much like that seen for the as-

sprayed panels tested using trajectory A.

A trajectory C run panel is shown on Fig.69. This panel was 1.0 inch
thick with the aluminum and it held up very well for this long heating situation
(over 600 seconds). It did not burn through to the aluminum. It had a machined
surface and was coated. Needless to say, the resulis of this run were very en-
couraging — to see less than one inch of foam survive a Body Point 7065 full

heating simulation while about 2 inches will be applied on the vehicle.

3.2.2 Quantitative Resulis

Results of the data taken and reduced from the '"grid line' system are
presented in this section. Recession was measured for each panel which was
run at constant heating rate levels. The measured recession was then plotted
versus time and a slope was taken fo obtain a recession rate. Four grid lines
were used on most panels giving data at four slightly different heating rate and
shear levels. The changes in wedge angle gave the major change in heating
rate. These recession rates were then used to plot the values seen on Figs.
70 through 83,

Two types of recession were measured, average minimum recession
and recession in the streaks. The minimum values were taken at a location
along the width of the panel where there was only flat foam, i.e., no streaks.
When a streak developed, the recession to the bottom of the streak was also
measured, Resulis of these measurements were plotted versus both cold
wall and hot wall heating rates as seen in Figs. 70 through 73. The heating

rates uged in the plots are to a smooth flat surface, not the heating rate inside

18

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

[ESSDAP



S A AT

TR B AT

[

i

o

fomeiy
el

i

vty

e
L

-

£

B empr,

oo
[e——

iy
P UR——

oo

st b

[z

[ Ip————

R
[ASYP——

7
mocd

[

LMSC-HREC TM D390783

the streak since there is no way to measure this. The cold wall heating rates
used in these plots were based on T, = 530°R to be consistent with the way

the Langley M =10 data were presented. Least squares fit curves were deter-
mined for all these curves. Howaver, due to the scatter in the data, some of
these curves had a negative slope. The curve fits were presented on the plots
when they had a positive slope, and where the slopes were negative they were
omitted. It is also noted that some of the panels that were run at the lower
heating rates expervienced swelling (negative recession) during their tests.
Recession rate values for these cases are presented for completeness below
the lower margin on the log-log plots, for example, Groups 77, 27 and 6 on
Fig. 70,

As seen on these recession rate curves, there is a lot of scatter in the
data. Efforts were made to reduce this scatter by reviewing the data in an
attempt to determine if the '"grid line" system accuracy was the cause of this.
It was decided that the scatter is due to the random foam response more than

to accuracy of the system.

An effort was also made to determine if distance along the foam panel
length made a difference in the recession rates. Results of this are shown
in Figs.74 and 75. [Pigure 74 is for a distance of two inches from the trail-
ing edge while Fig. 75 is for a distance of about five inches from the trailing
edge. (A limnited amount of data was available at constant locations because
the " grid-lines" or shadows rmove as the sting changes angle of attack.} From
these plots it is not obvious that location along the panel affects the recession

rate or causes the scatter.

Similiar plots were also made for streak width rate versus heating rate
as seen in Figs, 76 and 77. This is the rate at which the streaks are growing
in width. Again a large amount of scatter is present in the data. Figures 78
and 79 present the effect of panel location on these results., Figure 78 is for
a distance of two inches from the trailing edge and Fig.79 is for a locatien of
about five inches from the trailing edge. Again it is not apparent that panel

location has any effect on streak width rate.
19
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The streak data are also presented in the form of streak depth versus
distance along the strecaks for a constant time for several panels. These
results are shown on Figs. 80 and 81. In general the streaks get deeper as
they proceed toward the rear of the panel as expected, although there are 2

few exceptions, for example, Group 64.

Figures 82 and 83 show still another form of the streak data, that is,
streak depth and width versus tiine. Both these curves are for a location on
the panels of about two inches from the trailing edge. Some of the streaks

seem to decrease in growth rate as time increases while others do not.

Figure 84 presents an attempt to correlate time to start streaking
versus heating rate. Here again there is a lot of scatter in the data but it
is concluded that if the heating rate is about 5 Btu/ftznsec then the time to
start a streak is long (100 seconds ur more) almost as long as the time of

the first heat pulse on the vehicle.

3.3 COMPARISON OF AEDC DATA WITH OTHER FACILITY DATA ON
CPR-421 FOAM

Figures 85 and 86 present comparisons of this AEDC Tunnel "C'" data
with Langley Arc Jet Facility, and Langley Mach 10 Continuous Flow Hyper-
sonic Tunnel data and the Martin ""design'' curve. Both average minimum
recession and recession in the streaks are presented. It is seen that, within
the scatter, the data agree reasonably well. Also the Martin "design' curve

appears to be conservative.

3.4 FOAM 'ABLATION' PRODUCTS CONTAMINATION EFFECTS

Figure 87 shows two Tunnel "C" sting adaptor sections which were
exposed to the foam ablation products, The deposits resulting from these
products can be seen on these sections by noting the one on the right where
the deposits were scraped off. These removed deposits were taken by MMC
to their labs for analysis. For further information on these results the

reader is referred to the MMC Project Engineer, Steve Copsey.
20
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Section 4
CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are drawn from the results of these tests:

The CPR-421 foam definitely has better recession char-
acteristics than the BX-250 foam.

There is a lot of scatter in the CPR-421 foam recession
response,

A one-inch thick foam panel withstood the simulated total
heat pulse for Body Point 7065 on the ET LOX tank without
burning through.

There are still quality control problems in producing the
CPR-421 panels.

The streaking problem is not caused by flowfield disturb-
ances.

Pretest defects (cracks) in the CPR-421 foam panels did
not necessarily cause any detrimental effects on the foam
performance,

The "shock!! generator caused a rapid burn-through of the
foam, but this simulation is much worse than that expected
on the vehicle.

The t'as-sprayed' panel surfaces apparently held up better
than the machined surfaces.

The panel surface coatings did not significantly affect the
overall foam performance.

Panel age effects were nct determined in these tests.

The SLLA-561s5 material survived these environments with
litt'e effects.

Asg a result of these tests it is recommended that the following actions

be considered:

® Expose the panels in future tests to a vacuum environment

before testing to see if this will eliminate ""popcorning."

21
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Perform additional tests to determine the effects of aging
on foam performance.

Conduct tests on longer panels to determine whether the
streaks continue to grow wider and deeper down the panel
and vehicle,

Develop better simulation to determine the effects of shocks
on the foam.

Study the effects of additional wall cooling (nearer cryogenic
temperatures) on foam performance.

22
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Table 1
DESCRIPTIONS OF PANELS USED IN THIS TEST PROGRAM

Av. Thickness Size Density P?G]t":l
Madel Bateh |L/E |T/E° | (n) | Material | (b/et®) | (gm) Remarks
CTCL. 1 12-10-74 | 0.952| 0.954 14 » 17 CPR-421 2.03 1187 Many Small Holes
2 12-10-74 | 0,950| 0.950 2.09 1182
3 12-16-74 | 0.941] 0.940 2.15 1112
4% 12-9-74 0.963] 0.953 2.31 1210
5 12-7-714 0.955 | 0.964 2.29 1185
6 12-7-74 0.962 | 0.965 2.26 1188
T 12-14-74 | 0.962| 0,964 1.95 1172
Bx| 12-9-74 0.958 | 0.959 2.30 1213
9 12-14-74 | 0.957| 0.951 .97 1181
10 12-14-74 | 0,944 0.943 2.03 1174
i 12-14-74 | 0.963| 0.941 1.85 1176
12% | 12.9-74 0.966 | 0.969 2,28 1203
13 12-14-74 0.961] 0,958 2.03 1179
14 12-14.74 | 0,939 0,929 1.89 1173
15 12-14.74 | 0,956 | 0,958 1,93 1167
16%t 12.9-74 0,958 | 0,900 2.14 1194
17 12-14-74 | 0.964 | 0.955 2.03 1i92
18 12.14-74 | 0.967 | 0.935 2.03 1178
19 12-14.74 | 0.967 | 0.944 2.00 1194
204 1 12-9-74 0.962 | 0.957 1,97 1197
21 12-14-74 | 0,948191 0,950 1.95 1177
22 12-14.-74 | 0.949§ 0.951 1.97 1167
23 12-14-74 | 0.954 ] 0.953 2.08 1184
244 | 12-9-T74 0.965 | 0.986 2.22 1202
25 12-14.74 | 0,965 | 0,945 2,03 1169
26 12-14-74 | 0,953 | 0,946 1.99 1183
27 12-14-74 { 0.967 | 0.956 1.96 1181 Coated v-455
28% | 12-9-74 0,958 | 0.941 2.14 1198
29 12-16-74 | 0.966 | 0.954 2.10 1188
30 12-16-7¢ | 80.960 | 0.942 .99 1191
31 12-16-7¢ | 0.969 | 0.970 2.01 1194
32| 12-9-74 0.970 | 0.967 2.28 1203
13 12-16-74 | 0.968 | 0.966 2.07 1197
34 12-16-74 | 0.944 | 0.948 2.09 1187
35 12-16-74 | 0.965 | 0.960 1.86 1177
36% | 12-9-74 0.968 | 0.967 2.55 il118
37 12-16-74 0,957 | 0.955 2.03 1195
is 12-14-74 | 0.952 | 0.950 1.86 1175 Coated v-455
39 12-16.74 | 0,956 | 0,955 2.21 1198
40 | 12-9-74 0.953 | 0.922 2.50 1213
41 12-16-74 | 0.956 | 0.966 2.04 11859
42 12-16-74 | 0.942 | 0.957 2.07 1188
43 12-14-74 0,956 | 0.952 1,86 1175
44% {12.9-74 { 0.960 | 0.941 2.43 1211 Coated v-455
45 12-16-74 {0.964 | 0.960 2.10 1189
46 12-16-74 ] 0.966 | 0.966 2.21 1192 Broken + Coated
47 12-16-74 | 0.960 | 0.960 1.99 1193 Broken + Coated
48+ | i2-9-74 0.970 | 0.966 2.56 1210 Broken + Coated
49 12-16-74 | 0,961 } 0,967 2.23 1150
50 12-16-74 | 0.966 | 0.965 2.09 1184 Coated v-455
LD 12-16-74 | 0.962 { 0.965 2.21 1193 Coated v-455
52+ |12-9-74 0,956 ] 0.957 2.08 1206 Coated v-455
93 12-14-74 | 0.962 | 0.967 1.8L 1173
54 12-16-74 | 0.948 | 0.942 2.03 1184
55 12-16-74 | 0.957 1 0.965 1.98 1186
56 {12-16-74 | 0.927{ 0.938 1.98 1189
57+ | 1-11-75 1.745 | 1,747 ¥ 2.30 1103 Knit Lines ~.8" Apart
58+ 1-11-75 1.746 | 1.742 17 x 26 2.22 1297 Knit Lines ~ .8" Apart
59 1-14-75 1.242 | 1,243 2.17 2333 Knit Lines 3.75" Apart
60+ | 1-14-75 1,247 | 1.249 2.17 2308 Knit Lines 3.75" Apart
61 2-3-75.1 1.57 1.39 14 x 17 2.62 1331 Primary Bond
62 |2-3-75.2 1.64 1.69 2.45 1350 Primary Bond
63 [2-3-75.3 1.45 .37 2.28 1388 Secondary bond
b4 | 2-3-75.4 [.55 1.13 2.28 1415 Sec. Bond v-455 Coated
Y 65 [2-3-75.5 .59 1.75 Y .35 1431 Sec. Bond
"These panels have knit lines,
¥ /E = leading edpe, T/E = trailing edpe.
24 1 !E:‘..E
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Table 1 - (Continued)

t
L} Av, Thickness Size Densi;y P@x;c'zl
Model Batch L/E | T/E {in.) Material (ib/ft”) {gm)} Remarks
j CTCl-66 | 2-3-75.6 1,57 1,80 14 x 17 CPR-421 2.30 1434 Sec. Bond v-455 Coated
1 [ 67 | 2-7-75.3 1.700 |1.695 2.27 1300 Primnary Beond
- 68 | 2-7-75.2 1.676 |1.682 2,33 1352 Pri., Bond v-455 Coated
V' 69 | 2-7-75.1 | 1.700 |l.680 2.34 1297 | Primary Bond
; BTCIl- 1 6-174- 0.960 |0.967 BX-250 2,30 1215 7
B 44181-4/
1 1896128
-2 " 0.961 (0.968 2.34 1218
- 3 " 0.960 [0.967 2.25 1218
T-4 " 0.964 [0.967 2.25 1220
STCl- | | MTPS 110} 0.5356| — SLA-561s | 15.9 1650.0 | Sprayed 1/29/75
; 111
» 113
. -2 | MTPS 110] 0.5354| =~ 16.0 1630.2 | Sprayed 1/29/75
e 11l
! ‘ 113 ¥
= - 3 | MTPS 110 0,5277} -— 16.0 1610.5 | Sprayed 1/29/75
i1l
- 113
1
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Table 2a

AEDC TUNNEL 'C' ET/TPS MATERIALS TEST
RUN LOG FOR 6 JANUARY 1975

Contractor: Martin-Marietta Test Title: NASA/Martin Insulation
Representatives: Steve Copsey, Project: V41C-91A
Bill Dean, Test Perscnnel: R.K. Matthews,
Zain Karu, Capt. Harper

Raoul Lopez

Mach PD To o S Time
Run/Gp | Configuration | No. |(psia) | (°F){(deg)| (deg)| (CST)| Remarks
1 7000 10.0 | 1800 [1440] -.26 - 2233 |TPC = 200°F
2 7000 -.26 — 2244
3 7000 +9.0 +18 0317
4 1 +9.0 0018
5 2 +%.0 0048
6 4 +9.0 0040
7 101 +9 —~ BX-250
8 3 +3.5 1 +23.5 | 0103
9 5 +15 +12 0ll0
10 8 +9 +18 0128
11 6 Y Y Y | -11 | +38 | 0133 |TPC = 700
26
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Bl
S Table 2b
|

{‘s AEDC TUNNEL 'C' ET/TPS MATERIALS TEST RUN LOG FOR 20 JANUARY 1975

]

Contractor: Martin-Marietta Test Title: NASA/Martin Insulation

< Representatives: Steve Copsey Project: V41C-91A

o Bill Dean Test Personnel: R, K. Matthews

"m_! Raoul Lopez Capt. Harper

c Mach Po '1;0 a o Time

o Run/Gp | Configuration | No. (psia) | { F}| (deg) | (deg) | (CST) Remarks

12 7000 10.16 1800 | 1440 | 12.0 0.0 | 0128

N 13 GPSE 6.0 6.0 | 0133

P 14 0.0 12,0 | 0143 .22 deg PB

15 -3.0 15,0 | 0153

1) -6.0 18.0 | 0200

i7 -8.0 20.0 | 0207

18 -11.5 23.5 1 0214

! 19 +3.0 | 90.0 | 0217

20 -11,5 23.5 | 0223

21 8000 -11.0 23.0 | 0232

D 22 Pressure -8.0 20.0 t 0238

M 23 -6.0 18.0 | 0243

-4 24 l -3.0 15.0 | 0246

25 0.0 12,0 | 0250
o 2 {Samples) 6.0 6.0 | 0254
i 27 10 0.0 | 12.0 | 034}
: 24 11 0.0 12.0 | 0354
24 12 0.0 12,0 0412 Gps. 27-28-29 taken in Model 1.
30 14 -6.0 | 18.0 | 0428 | Mode 2 starting Gp. 30
PR 31 15 -8.0 20,0 | 0440 Painted Samples:*

o 32 17 -8.0 | 20.0 | 0451 | First Stripe from rear 932°F
L 33 20 -8.0 | 20.0 | 0458 | Second Btripe from rear 1100°F
34 192 -11,% | 23.5 | 0508 | Third Stripe from rear 1300°F
Loy 35 21% -11.5 § 23,5 | 05814 First Stripe to Front 1450°F
o 36 24 -11.5 | 23.5 | 0524
oL ¥ 22 Var, | Var, | 0538 Variable Wedge Run 1
38 23 Var. | Var. | 0550 Variable Wedge Run 1
) | 39 32 Var, | Var, | 0559 Variable Wedge Run 1
Py 40 57 -11.5 23.5 ;0612 Sample Failed Before Injection

! 3 58 | Var. | Var. | 0644 | Variable Wedge Run 2

* L 42 60 ) ¥ Y { -6.0 | 18.0 | 0725 | +12 deg ~ 3 min. Gp.

: Z ‘Painted with phase-change coating, "' Tempilaq
=
!

REPRODUCIBILITY OF THE

ORIGINAL PACE It 700
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Table 2¢
AEDC TUNNEL 'C ET/TPS MATERIALS TEST RUN LOG FOR 12 FEBRUARY 1975

DR "

e

[

[

b
i
i
i

Contractor: Martin-Marietta Test Title: NASA/Martin Insulation
Ropresentatives; Steve Copsey Project: V41C-91A
Bill Dean Test Personnel: R.K. Matthews
Raoul Lopez Capt. Harper
Mach Po TO a & Time
Run/Gp | Configuration] No. | (psia) (°F) | (deg) ' (deg} | {CST) Remarks
43 67 10.16 1800 1440 | Var. A 2220 | Remove Shims
44 62 Var. A 2237
45 68 Var, A 2302
46 b4 Var. A 2311
47 66 Var, A 2325
48 61 Var. A 2333
49 63 Var, [ 2345
50 63 Var. C 2350
51 &5 Var. B 0042
52 69 -6 18 0053
53 27 -6 18 0106
54 38 Var. A 0113
55 40 Var, A 124G
56 46 Var. A 0130
57 47 Var. A 0138
58 48 Var. A 0147
59 31 Var, B 0557
60 33 Var. B 0207
nl 42 Var. B 0217
A1 44 Var., B 0223
03 51 -6 18 0229 | Shock Generator on Sample
64 35 -b 18 0237 | Vortex Generator on
65 37 -6 18 0744 Vortex Generator on
66 43 Var. A 0253 | Vortex Generator on
67 45 Var, A 0303 | VYortex Generator on
68 50 Var. A 0316 | Vortex Generator on
69 52 Var. A 0322 | Vortex Generator on
70 49 Var. B 0329 | Vortex Generator on Plate
71 202 Var. A 0339 Vartex Generator on Plate
72 201 Var. A 1350 | Unload, Remove Gen. after Gap
73 30 Var. A 0408 | +12%¢ on Injection.
74 39 Var, A 04132
5 41 Var. C 0423
76 34 Var., C 0520
77 26 +3 9 0607
78 29 ] ¥ v +3 9 0616
79 203 ! -6 18 0627 | Vortex Gen. on Sample
80 36 10.16 1800 1080 | -6 18 0795
81 7 10.16 1800 1680 ) -11 23 0719
28
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BP 7065 first heat pulse.
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NOTES: 1. Dimensions in inches.
2. C = Calorimeter Locations.
3. P = Pressure Tap Locations.
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Fig.13 - Calorimeter and Pressure Tap Locations on the Stycast

and Steel Calibration Panels
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Fig. 18 - Cold Wall Heating Rate vs Distance Along Wedge for Various Wedge Angles

| 16
¥
: 14
i o
[\
[:]
o 12
&
.
g
a
2 g
2
o
8
6
4
Z
v 0

= 1800 psi; T,

=1900°R; T
w

3
-

= 460"R,

Foam Panel

LMSC-HREC TM D390783

Pom

R T TR T
‘ x Kn._llr*h l_.L [ ,é_ : —_— - -_...__i_ RPN HE— 1 ( )'—‘L—'!B{deg)
..4.: i : 1 . | J‘ B : -
e s = o e i ———H (Btu/lb) iPL(pma)

E ™ . ! T
s
i ;

K K
: i )
: ! s ;
; S N et B B R e =
A i Dl Pl
‘ ! ‘ . ; ! . o
|

Distance Along Wedge, X (in.)

46

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

S GO R o tee 421 . .
! 1 V .

—_— et [ I . 4+ 1 i B !_ ——h o=t !
| i i . i 1 1 ; | ! !
&MM ‘ i i ‘

SR a5 NS P RSN O A T — bt S

oy : b j ‘ | 5 f i :

T i _-L_-f—'——"'_'__;—--—,_li_ 418 [1740. | 0_5;3 15 _‘ﬂl

[ ; g I . I | i i | S !

T T . § . : L . f : PR A . -

: i 4 \
o IR

- : m I

= i iy 416 1731 * 0.300 )

. [ ___i_ | ——— ' . ot s

b ; | : i : ! i ! ‘
| A o ‘

SN S e . Lo : P

. ] I | 414 1725 | p,128 g5 4 °

- - . l - l ‘,J ‘}w | - . ---i
A IR I A ,
i.. ‘ ! H P O 1 | B i -—i
| : i ! l : ! j » | ; |

L L1 | I R | |

o 7 9 1l 13 15 17 19 21 23




LI - Pp——— e B
SPUVURIPEAS IS0 S POHPBESITEPESS R . .

g
[—

LMSC-HREC TM D390783

{ NOTES: 1. Po = 1800 psi

d 2. T = 1900°R

3. T =960°R
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Fig. 19 - Hot Wall Heating Rate vs Distance Along Wedge for Various
Wedge Angles
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NOTES:
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Fig.24b - Comparison of Laminar and Turbulent Hot Wall Heating
Rate vs Wedge Angle for Two Total Temperature Values
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Fig.25a - Cold Wall Laminar and Turbulent Shear vs Wedge Angle
for Two Total Temperature Values (at center of panel)
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- NOTES:
N 1. Po = 1800 psi
| 2, T_=960°R
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- »
! 4
i «
" Lam., T _=1900°R
. ¢ o o
J <l Lam,, T =1540"R
[92] o
i 20 30 40
B Wedge Angle & (deg)
|
Fig.25b - Hot Wall Laminar and Turbulent Shear vs Wedge Angle
] for Two Total Temperature Values (at center of panel)
. 59
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IMSC-HREC TM D390783

NOTE:
1. P_ = 1800 psi

;

—

o

e,
e

R

i

T

___‘ JR—

T
Local Reynold's Numbezr/ft x 10°

1540°R
1900°R

H
1

+
o Q0
I

L 0 10 20 30 40
Wedge Angle 6 (deg)

; Fig.26 - Local Reynolds Number per Foot vs Wedge
g Angle for Two Total Temperature Values
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Fig.27 - Lamina: and Turbulent Boundary Layer Thickness vs Distance Along
Wedge for T = 1900°R, P_ = 1800 psi

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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NOTES:

1, 7T 1540°R
O

1]

el

i1/
(o]

i

1800 psi

Foam Panel

A
¥

15 17 19 21 23
Distance Along Wedge X (in.)

Fig.28 - Laminar and Turbul%nt Boundary Layer Thickness vs Distance wlong
Wedge for 'I'o = 15407R, Po = 1800 psi
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1 |
i NOTES: ?

1. P_ = 1800 psi ?

El 500 1900
i 1800
L . 450
‘l g
, =
Bl 5
i o
| a 1700
o H
B o
- 5. 400
oy
; o
o 3
. [ﬁ 1600
. =
s H
T Q
L :8
v 350
: 0
: ‘ ad E 1500
s‘ f i e : ‘
4 a | |
| : N g |
% - 300 ;_.a--g-_-—"""" S P R i ' 11400
S| =L, . L - ? ‘
i L . : ‘ ‘
: {E 0 16 20 30 40
- Wedge Angle § (deg)
% s Fig.29 - Recovery Enthalpy and Recovery Temperature
I for the Two Run Conditions Used
i -
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LMSC-HREC TM D390783

xture/Steel Calibration Panel with a Wedge

pical Shadowgraph of Wedge Fi
Angle of About 6 deg (Group 26)

7

.30 - Ty

Fig

REPRODUCIRILITY OF
64 ORIGINAL PAGE IS P
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LMSC-HREC TM D390783

re

Fig.31 - Typical Post-Test Panel in Tunnel C Test Tank Before Detaching from Wedge F
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a

| Group & sample No. ¥ Wedge Angle /X M, /o P,(PSIA) /foo To(°F) /440 <,

I corresponds to 1 inch recession =

Fig.32 - "Overlay' Photograph or Double Exposure Superimposing the Tare Shot Grid Lines O

(White Lines) over the Run Grid Lines (Black Lines). (Note distances marked on 3

right which correspond to 1.0 in. recession.) o
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Flow
Direction

GROUP 77

Sample Description

No. CTC1-26

Matl. CPR-421

Thickness ~ 0.85 in,

:

Age at Time

L9

of Test 61 duye
Surface

Machined X

Coated

As-Sprayed

Test Conditions

é = _ 9 deg

- 2
4oy = 4.1 Btu/ft"-sec
P. =0.25psi

T =15 psf

Test Time

FIGURE 33 ~ 155 sec

Remarks: Some "popcorning."" Not much happened to the panel
due to heating.
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MoDEL ®*cTe)-5
PosT TEST v4Ic-TA

FIGURE 34

Remarks: Missing chunks of material on right were lost during
or after retraction.

Test Conditions

]

12 deg

5.2 Btu/ftz- sec

]

Qew
PL

0.4 psi
2.0 psf

T

Test Time

~125 gec

€8L06€A WL DHUH-DSWT

GROUP 9
Sample Description
No. CTCl-5
Matl. CPR-421
Thickness ~ 0.85 in.
Age at Time
of Test 25 days
Surface
Machined X
Coated
o
@ As-Sprayed
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Remarks:

GROUP 28

Sample Description

No. CTCl-11

Matl. CPR-421

Thickness ~ 0.85 in.
Age at Time
of Test 38 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

é = 12 deg

g . =5.2 Btu/ftz-sec
cw  ——

P, = 0.4psi

T

n

2.0 psf
Test Time
FIGURE 35

~ 87 sec

Started to streak early in the test but streaks did not
seem to grow as fast as at the higher heating rates.

€8L06€d WL DAYH-OSWT
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Remarks:

GROUP 29

Sample Description

No. CTCl1l-12

Matl. CPR-421

Age at Time
of Test 43 days

Thickness ~ 0.85 in.

Surface

Machined X

Coated

As-Sprayed

Test Conditions

§ =12 deg

. - 2
Qoy = 3:2 Btu/ft -sec
PL = 0.4 psi

S ey’
T = 2.0 }JSE

FIGURE 36 58

~

sec

Chunk came out when tunnel doors were opened.
""Popcorned'' at knit line,

€8L06€d WI DIYH-OST
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s
§ 73;3
”‘d% Remarks:
B
| Sa
2 =
!
i - t

i LCAbING EDGE MobEL FeTel-|

Fost TEsT vYIc-TIA

Lo

FIGURE 37

Panel looked good except for streaks.

B e

B

3 wewet’

GROUP

Sample Description

No. CTG1-1

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 28 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

é = 18 deg

§ = 7.9 Btu/ft’sec
cw SU—

PL — O.SI)Si
T = 3'2p5f

Test Time

9
"~ 69 sec

NNCTALT - MYCOTIATTT
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= LEADING EDGE

sl

MoDEL # cxei-2
PostT TEST Wic-1

FIGURE 38

3 et

GROUP 2

Sample Description

No. CTCl-2

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 28 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

$ = 18 deg

. 2
Qg = 7.9 Btu/ft"-sec
PL = 0.8 PSI

T 3.2 psf

Test Time

~ 40 sec

€8L06€Ed WL DHIYH-OS'I
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Remarks:

GROUP

Sample Description

No. CTICl-4

Matl. CPR-421

Thickness ~ 0.857 in.

Age at Time
of Test 29 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

é = 18 deg
q . = 7.9Btu/ft2-sec
. cw —
e 3 PL = 0.8ps'1
MobeL Fore)- ¢ : - Y
Post resy V‘“E."TIA oz AR T = 3'2pSf

Test Time

FIGURE 39 ~ 42 sec

"Popcorned' right after injection near knit line., Notice
difference in char downstream and upstream of knit line,

€8L06€d WL DAYH-DOSW'I




Y3LN3D DNIYIINIONT ? HONVISIY 3ITTASLNNH - Q3IHND01

vL

H00d SI d9HVd TVNIDIHO
UL 40 ALITIIDN00ddEd

Remarks:

FIGURE 40

Streaks seemed to start from cracks in the char.

GROUP 30

Sample Description

No. CTCl-14

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 38 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

é = 18 deg
Elcw = 7.9 Btu/ftz- sec
PL = 0.8 psi

T = 3.2 psf

Test Time

o 63 s5ecC

€8L06€d WI DIYH-OSI'T



GROUP 64

Sample Description

No. CTC1-35

Matl. CPR- 1421

Thickpess__ ~ 0.85 in.

Age at Time
of Test 5¢ days

Surface

Machined X

Coated

SL

As-Sprayed

Test Conditions

é = 18 deg
. 2
Aoy = 129 Btu/ft -sec
5 P, = 0.8 psi
T = 3.2 psf

H3ILN3D ONIY3IINIONI 7 HOHVISIY ITNASLINNH - Q3FHNO0T

Test Time

FIGURE 41 w~ 62 gnec

Remarks: Test run with 0.25 inca high vortex generator on wedge
leading edge. Streaks on right side of panel occurred
behind the vortex generator.

€8L06€d WL DIYH-OSWI




GROUP 65

Sample Description

No. CTC1-37
Matl. CPR-421
Thickness__~ 0.85 in.
-
3 .
- Age at Time
m of Test 59 days
o
g Surface
%
< Machined X
7
m Coated
X
n ~
g o As-Sprayed
o
:’ Test Conditions
m
£ $ = 18 deg
; 2
o Aoy = 7.9 Btu/ft"-sec
z
o .
o PL = 0.8 psi
z
§ T = 3.2psf
Test Time
FIGURE 42
~ 85 sec
Remarks: Test run -~ith a 0.25 inch high vortex generator on wedge
leading euge. Streak did not occur right behind the vortex
generator.

€8L06€d WJ. DIYH-DSI'T
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GROUP 42

Sample Description

No. CTC1-60

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 7 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

8

18 deg

7.9 Btu/ftz- sec

Uow

= 0.8 psij
PL psi
3.2

T

psf

Test Time

~ 62 sec

FIGURE 43

Remarks: Streaks got wider and wider as they proceeded
toward the trailing edge of the panel. Panel
""debonded'" from the aluminum after retraction
from the tunnel in some areas. Panel size =
17 wide x 26 inches long.
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Remarks: This panel was run at T, = 1500°R.

Yo
cTel-36
CPR-42/
MACHINED

FIGURE 44

GROUP 80

Sample Description

No. CTC1-36

Matl. CPR-421

Age at Time
of Test 66 days

Thickness ~ 0.85 in.

Surface

Machined X

Coated

As-Sprayed

Test Conditions

)

18 deg

7.6 Btu,'ftz-sec

]

qCW

L 0.8 psi

0
n

-
n

3.2 psf
Test Time

~ 144 sec

"Popcorned' some at knit

line. Some streaks tried to form. Panel char layer had a
distinctly different color which was a much lighter brown than

the panel run at the 1900°R total temperature.

ot cha e 32 o

oS o
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GROUP 63

Sample Description

M. CTC1-51

Matl. CPR-421

Age at Time
of Test 59 days

Thickness ~ 0.85 in.

Surface
Machined X
Coated X
: As-Sprayed

Test Conditions

3 = 18 deg
s = 7.9 Btu/£t2~sec
Uow = —=
P = 0.8 psi
T = 3.2 psf

Test Time

FIGURE 45 ~ 20 sec

Remarks: Panel burned through to the aluminum very rapidly. Note
some coating remaining near leading edge. Flow direction
is from top to bottom in this photo.
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Shock Generator

Normal Shock -~ B

P3 - 1B.2 psia
E—‘z = 0.776 psia

Wedge Shock

P .z D.0422 psia
10

g

L . | l

Flow

-
Dires tion ., ]

s ]
el =y

I TT)* gegan

Fig. 36 - Comparisun ul P ressures Before and Alter Normal Shack in Front of
Shack Generator in Foam for a Wedge Angle of 18 deg
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GROUP 79

Sample Description

xon SUASGIS R : No. STC1-3(203)

perecT P

Matl. SLA-561s

Thickness__~ 0.5 in.

Age at Time
of Test

Surface

Machined

Coated X

18

As-Sprayed X

Test Conditions

§ 18 deg

. 2
7. -
C 9Btu/ft"-sec

PL

0.8P3i

]

T 3.2 psf

H31IN3D ONIY3IINIONT ? HOHY3ISIY ITUASLNNH - Q3FHN001

Test Time

o 60 sec

FIGURE 47

d00d ST 9Vd TYNIDIMO
AL d0 AL'IdI0NA0¥dEy

Remarks: SLA-561 panel with pretest cracks and shock generator
mounted on aluminum and protruding through panel surface.
Panel burned through to aluminum in front of protuberance.
Shock generator protruded about 0.50 inches above SLA surface.

€8L06£d WL DAYH-DOSNT
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GROUP 7

e

Sample Description

No. BCT1-1

Matl. BX-250

Thickness ~ 0.85 in.

Age at Time
of Test -

Surface

Machined X

Coated

28

As-Sprayed

Test Conditions

é

"

18 deg

Qg = 129 Btu/ftz-sec
MoDEL #BCT)- | (1 Swe” P, = 0.8 psi

PosT TEST V4i<-TIA 20 :
: T 3.2 psf

]

HILNIO ONIHIINIONT ¥ HOUYISIY 3TTASLNNH - QIFHHO0T

Test Time

FIGURE 48
~ 37 sec

Remarks: BX-250. Panel receded through to the aluminum backup plate.
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GROUP _ 31

Sample Description

No. CTCl-15

Matl. CPR“421

Thickness ~ 0.85 in.

Age at Time
of Test 38 days

Surface

Machined o~

Coated

As-Sprayed

Test Conditions

é = 20 deg
q = 8.7 Btu /ftz-sec
cw  ——
P, =_1.0psi
T = 3.5 pSf
Test Time
FIGURE 49 .
~ 20 gec

Remarks: Note some remains of Tempilaq phase change coating stripes
near trailing edge.
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Remarks:

FIGURE 50

Tempilaqg seemed to disappear very quickly. Streaks

were growing without having

the char layer.

i Sl

a

preceding crack in

GROUP 32

Sample Description

No.

CTCl1l-17

Matl. CPR-421

Thickness ~ 0.85 11

Age at Time
of Test 38 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

é

y.D'

cw

T

20 deg

8.7 Btu/ftz— sec

1.0 ],si

- 3'5psf

Test Time

~ 36 sec

€8L06€d WIL DIYH-DSW'I
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GROUP 33

Sample Description

No. CTC1-20

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 43 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

8 = 20 deg

. 5 s &
= 8.( Btu/ft -sec
Qow = —— /
P = 1.0 psi g
L =
0
4 B
T =_2:2 psf (:J
T
o
Test Time A
cl
FIGURE 51 ‘ 0
~ 39 sec H
Some chunks or ""popcorn'' came out at knit line before )
injection. w
) O
o
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GROUP 8

Sample Description

No. CTCl-3
Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 16 days

e

Surface

Machined X

T 4 A

Coated

]
&
A
]
§

As-Sprayed

Test Conditions

o
]

23.5 deg

10 Btu/ftz- sec

. <=3 NS .

Post TEsT VYic-N1A = 4.0

sl
1]

-
]

H3ILN3D DONIYIINIONT B HONYISIY ITVASLNNH - G3FHNO0T
98

psf

Test Time
FIGURE 52 B

N
"
-
+

2
£
']
]
B
]
H
!

]
!

Remarks: Lost most of char on retraction.
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Note difference in appearance in panel/char
behind knit line.

T §

in front

GROUP

Sample Description

No. CTC1-24

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 43 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

é = 23.5 deg

. -
¢ =10 B 'ft“-se
'lcw 4 tu/ it ec

PI = l.Zipsi

T =4.0 psf

Test Time
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GROUP 34

Sample Description

No. CTCl1l-19

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time

-
3
z
m of Test 38 days
o
X
Fe Surface
Z —
—‘ - -r
@ Machined -
F
e
" Coated
e
o oo
@ o As-Sprayed
]
O
£ Test Conditions
=
g F = 23.5deg
z 2
2 Qo = 10 Btu/ft“-sec
5
= a8 s
Q PL = 2ak2 pEi E
3 = n
r_v‘\ T = 4.0 I)Si '®
- I
Test Time =
FIGURE 54 , b
~ Zt‘.). secC . 4
-
Remarks: Used Tempilag strips on rear of model to try to determine z
surface temperature. -
W
P
=3
oo
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= L R i St i T, Gt e i S bt g o e i R L P A o
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GROUP 11

Sample Description

No. CTCl1-6

Matl. CPR-421

Thickness ~ 0.85 in.
Age at Time
of Test 25 days

Surface

Machiner X

Coated

As-Sprayed

Test Conditions

é 38 deg

16*Btu/ft > sec

.no
n

2 LEADING EDGE MobEL Fcrel- (T S -

. PosT TEST VYic-FIA

2.9 psi

T =4.5 psi

n

H3LIN3ID ONIYIINIONT B HOYYISIY ITUASLNNH - GIFHHO0T
68

@Hvd TVYNIDIEO
o¥dHd

FIGURE 55 Test Time

~10 sec
Remarks: Foam receded very rapidly over entire surface rather
than streaking. Thin layer of foam was left at end of

run but delaminated and blew away and left the bare

s
T
aluminum on retraction or while in tank before tunnel I'rom extrapolatec
doors were closed. measured values.
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GROUP

Sample Description

CTC1-22

No.

CPR-421

Matl.

~ 0.85 in.

Thickness

LMSC-HREC TM D390783

3]
)

@ i
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g o ..M = 0 < @ w o N 0

3 o )
0 B B

ote

N

FIGURE 56

went almost through to the aluminum. (

one human shoeprint on upper left corner.)

T'hese streaks

r

Remarks

90
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Remarks:

GROUP

38

Sample Description

No. CTC1-23

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time

of Test 38 days
Surface

Machined X

Coated

As-Sprayed

Test Conditions

Te
FIGURE 57

Streaks went almost through to the aluminum. Would
possibly have receded all the way through to the aluminum
except for the "rind'"' or higher density foam layer adjacent
to the aluminum.

Mot i b Rl Al s e ks adie e Bin st LUl

st Time

s = Traj. 1
; = Bt:u/ftz-sec
ow = —
PL- = pSi
T =___ psf

~105_sec

€8L06€d WL DHYH-DOSINT



GROUP 39

Sample Description

No. CTC1-32

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time

of Test 43 days
Surface
Machined X
Coated
O
™ As-Sprayed

Test Conditions

H3LN3D ONIYIINIONT B HOHVYISIY ITUASLINNH - GIIHNION

P % ] = Traj. i
: : 2
7 3 Qg = ____Btu/ft"-sec
=
| a PL = psi E
& ©
S T = psf O
‘ M
] 3 Test Time Pe
, O =
J FIGURE 58 ~ 105 sec o
.—,: , e —r— =
= Remarks: The knit line did not seem to retard the streaks at all, E
but panel did look better than CTC1-23 after the test. o
=
-]
[
w




GROUP 4]

Flow
Direction

Sample Description

No. CTC1-58

Matl. CPR-421

Thickness ~1.65 in.

Age at Time
of Test 10 days

Surface

Machined X

Coated

€6

As-Sprayed

Test Conditions

é = Traj. 2
o 2
e & Btu/ft"-sec
PL = pSi

T =

H3ILN3D ONIYIINIONT ¥ HOHVISIH ITUASLNNH - QIIHN01

Test Ti
FIGURE 59 —
~337 sec

Remarks: Foam came off in large chuncks —all the way through
to the aluminum in some cases.
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Flow Direction

* GROUP 44

Sample Description

No. CTC1l-62

Matl. CPR‘*}Z].

Thickness ~ 1.65 in.

B
) Age at Time
o of Test 11 days
O
I [
z Surface
z
-' .
@ Machined
’:
~
i Coated
o
» o
& - As-Sprayed X
X
O
= Test Conditions
F -
] é = Traj. A
Z
m . / 2
m = Btu/ft -sec
2 Qow & — /
& et
9 pL = pPsSi Z
-Z' %
m T = _psi )
P o
2 . -
- Test Time s
" “TTRE A ~ lC"} secC =
FIGURE 60 Pl .
<
. = . 1 -
Remarks: :t sprayed panel. Note char near leading edge. ~
1 " 1‘ C 1 " | 4 — .4 4+ A’ - V;t- <
Char looked much blacker and stronger during the test 0
than the machined panel char. For pretest photo, see =
Fig. 5. @
= )
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3 Flow Direction

GROUP 45

Sainple Description

No. CTC1-68

Matl. CPR-421

Thickness ~ 1.57 in.

-
3
= Age at Time
s of Test 6 days
o
E Surface
-
u Machined X
F
- Coated x
X
) 0
o F As-Sprayed
X
O
: :-- Test Conditions
o
z i F = Traj.A
2 it § . =___ Btu/ft“-sec
. = o e R cwW
] = &9 P, = psi E
: & B L <
z ) n
= P T = sf 't
o e P !
& . 2
,(r‘ = Test Time E
= - . "
: i = ~ 104 gec "
g 2 FIGURE 61 <
o o
& e °
FRemuarks: Panel was machined and coated and had knit lines. Note =
that some of coating still remains. o
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Flow Direction

GROUP 46

Sample Description

No. CTCl-64

Matl. CPR-421

Thickness ~ 1l.55in.

r

Age at Time
of Test 11 days

Surface

Machined

Coated X

e Saashhnmde e

96

As-Sprayed___*

(REESUR————

Test Conditions

R O N L TN R PP T e DO T SRS

¥ILNID DONINIINIDONI ¥ HONYISIY ITUASLNNH - GIIHNI0T

§ = Traj. A
q = Btu/ftz- sec
ew  —
é PL — pSl
? T =

Test Time

o
:
]
3

FIGURE 62

Remarks: Coating seemed to protect the foam in beginning of test.
Seemed to have a heavy, black protective char during test.
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Flow Direction

GROUP 47

Sample Description

Q8 Er A 3 : : = S . No. CTCl-66
: TR Matl. CPR-421

Thickness ~ 1.55

Age at Time
of Test 11 days

Surface

Machined

Coated o o

L6

As-Sprayed__x

Test Conditions

3 = Traj. A
Qo = - ____Btu/ftz-sec
PL = pBi

T = psf

YILN3ID ONIYIINIONI ¥ HOUVASIY ITUASLNNH - Q3IHNI0T

Test Time

~ 104 gec
FIGURE 63

Remarks: Panel was looking good during test until large plug blew out of center. Failure was
apparently due to buildup of pressure under panel — possibly due to heat-up of wedge
fixture under aluminum panel. {Note: The foam panel was sprayed on another surface
then removed and bonded to this aluminum plate. This was necessary to come out
with about the right total panel tktickness because the as-sprayed thickness is not
accurately controllable.)
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Flow Direction

GROUP 57

i e > Y Sample Description

e - " No. CTC1-47
Matl. CPR-421

Thickness__ ~ 0.95 in.

Age at Time
of Test 59 days

Surface

Machined x

Coated x

As-Sprayed

Test Conditions

& Traj. A

. 2
A Btu/ft“-sec

PL

TYNIDIHO

JiLD O AUTEONaoddEd

psi

1 = psf

DA 8 3 417 A T

H3LN3D ONIYIINIONI 7 HOHYISIY ITUASLNNH - Q3FHNI0T
86

Test Time

AR DAL

- . . ~ 104 gec
FIGURE 64

Remarks: Panel had pretest cracks through the entire thickness of the
foam. Streak in the middle followed the pretest crack. Note
that some coating still remains on the panel surface near the
leading edge.
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Remarks:

FIGURE 65

Test run with 5/8 inch high vortex generator on wedge
leading edge. Streaked first to the left of the vortex
generator, then directly behind the vortex generator,
Receded almost to the aluminum.

GROUP 66

Sample Description

No. CTC1-43

Matl. CPR-421

Thickness ~ 0.85 in.

Age at Time
of Test 61 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

Test Time

é = Traj. A
o 2
9w © Btu/ft"-sec
PL = pSl

T = psf

~ 106 gac
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00T

FIGURE 66

GROUP 69

Sample Description

No. CTC1l-52

Matl. CPR-421

Thickness ~ 0.85 in,

Age at Time
of Test 66 days

Surface
Machined X
Coated X

As-Sprayed

Test Conditions

é = Traj. A

q... = Btu/ftzasec
cw S—

pL = psi

-3
|

pst

Test Time

Remarks: Test run with 5/8 inch vortex generator on wedge leading edge.

Streaked some behind vortex generator.
on panel near leading edge after the test,

Some coating remained
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GROUP 72

Sample Description

No. STC1-1(201)

Matl. SLLA-561s

Thickness ~ 0.43 in.

Age at Time
of Test

e e g I s s i e

Surface

=
o]
x
T
m
m
o
T
s
% .
e Machined
=
™ Coated x
2
g
m o As-Sprayed x
> —
a
X Test Conditions
2
m - - : /
o é = Traj. A
=z
= . 2
o Ly q = Btu/ft -sec
2 o sTer-1 (2oD) P Rpp—
g = SU\;S‘/; " 55 -
2] . ) -
o Eg EU By . nnb:'rrrcrs, . ) : }JL - st :2’
Q ) =Y , o —P H
Z ) ) 0
a > = T = psf O
p- t"" c I
(2 o
o H Test Time 7o)
2 E a
=3 . . ~ 98 sec
— 14 FIGURE 67 o 130 -
7] =
o=
8 3 Remarks: Very little change in panel appearance during test. Pretest 8
= | defects did not seem to affect performance. O
Qo
W

\ i s e el ol RN s i IR 7
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-

20T

Flow
Direction

Remarks:

FIGURE 68

Panel looked good after test. Had a glossy black, strong
looking char layer that held up well.

il

=

GROUP 51

Sample Description

No. CTC1-65

Matl. CPR-421

Thickness ~1.57 in.

Age at Time
of Test 11 days

Surface

Machined

Coated

As-Sprayed X

Test Conditions

Test Time

s = Traj.B

Qo = Btu/ftz-sec
PL = pSi
T = psi

~ 104 sec

€8L06EA WI DIAYH-DSI'T




Flow GROUP 75
Direction

Sample Description

New. CTC1-41

Matl. CPR-421

Thickness ~ 0.85 in.

¢

Age at Time
of Test 59 days

Surface

Machined X

Coated

As-Sprayed

Test Conditions

& = Traj.C
2
Btu/ft"-sec

qCW

PL psi

T =

H3LIN3ID ONIYIINIONT ® HONVISIH ITUASLNNH - GITIHNI0T
€01

FIGURE 69 Test Time

~625 sec
Remarks: Panel did not burn all the way through!!! ——
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Fig.7] - Average Minimum Recession Rate vs Hot Wall Heating Rate
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Fig.75 - Recession Rate at the Bottom of the Streaks at About 5 in. from the
Trailing Edge vs Cold Wall Heating Rate
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Fig.77 - Streak Width Rate vs Hot Wall Heating Rate
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Fig. 78 - Streak Width Rate vs Cold Wall Heating Rate at 2.0 in. from Trailing Edge
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Fig.79 - Streak Width Rate vs Cold Wall Heating Rate at About 5
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Fig. 87 - Tunnel 'C' Sting Adaptor Sections Showing Contamination

from Foam 'Ablation' Products (Note right side of section
on right where contaminants have been sc raped off.)
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Appendix I
McCutcheon, W. A., ""Stress Analysis of Gas Generator Combustion

Chamber Body and Throat," LMSC-HREC TN D390948, Lockheed
Missiles & Space Company, Huntsville, Ala., 10 September 1975,
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Appendix |
TECHNICAL NOTE

LOCKHEED

Huntsville Research & Engineering Center

| Contract NAS8-25569 Date 9-25-75 Doc. LMSC-HREC TN D390948

i

Title: STRESS ANALYSIS OF THE GAS GENERATOR COMBUSTION CHAMBER

BODY AND THROAT

A finite element stress analysis was performed on the subject structure
using the LMSC SAP-IV structural analysis program. The purpose of this
study was to determine if slivpage or yielding will occur at the inter-
face of the steel and copper sections of the chamber.

Page one of the attachment is a general view of the structure analyzed.

Thermal loads were applied to the structure as shown on page two of the
attachment.

Page three of the: attachment presents the modeled structure and
the locations of the connecting bolts which tie the steel and copper sec-
tions together. Compressive forces were applied to the structure at each
bolt location based upon a 350 in-1b torque value for each bolt.

The structure was idealized using "brick" elements. Stress values at the
centroid of each element were obtained as well as the stress values at the
interface plane.

The highest stresses found in the structure indicate a margin of safety
greater than 10 for the steel section, and greater than 7 for the copper
section.

Also, no slippage should oc~cur at the interface. The normal forces incurred

by the torqued bolts are sufficient to overcome the shear forces due to

temperature loading. z ’ :

E. L. Bernstein

%// .

W. A. McCutcheon
Approved:

AP i

B. Hobson Shirley, Supervisor
Engineering Sciences Section

Attach: pp.2 and 3.
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Appendix J

LMSC-EREC TR D496704

McCutcheon, W. A., "Revised Stress Analysis of the Gas Generator Com-
bustion Chamber," LMSC-HREC TN D390949, Lockheed Missiles & Space
Company, Huntsville, Ala., 25 September 1975.
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2 TECHNICAL NOTE Appendixi}

il LOCKMEED
Huntsville Research & Engineering Center

.| Contract NAS8-25569 Date 9-25-76 Doc. LMSC-HREC TN D390949

; Title: REVISED STRESS ANALYSIS OF THE GAS GENERATOR COMBUSTION CHAMBER

f U

E N The subject analysis was accomplished using the revised torque loads
E 14 (200 in-1b) on the connecting bolts.

- Page one of the attachment shows the relative deformations which occur
¥ using the temperature loads of the previous analysis.

i Page two shows the copper/steel interface plane, and the values of

11 shear/normal stress along the plane. Based upon a friction coefficient
L of 0.36, the graph shows slippage will occur between the copper and

steel faces.
}//72 u%

A. McCutcheon

T R T T e T T

Approved:

Gt LR

- B. Hobson Shirley, Supervisor
Engineering Sciences Section

Attach: pp.1l and 2
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Appendix K
Ratliff, A. W., "Analysis of Low Enthalpy Hot Gas Facility (LEHGF) Igni-

tion Sequence," LMSC-HREC TN D496575, Lockheed Missiles & Space
Company, Huntsville, Ala., October 1975.
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TECHNICAL NOTE

LOCKHEED

Appendix K

Huntsville Research & Engineering Center

'] Contract NAS8-25569

b o et B in

Date oOctober 1975 Doc. 1LMSC-HREC TN D496575

Title: ANALYSIS OF LOW ENTHALPY HOT GAS FACILITY (LEHGF') IGNITION SEQUENCE

Analysis of the Low Enthalpy Hot Gas Facility (LEHGF) ignition sequence was
recently conducted utilizing the mixing finite rate reaction capability of the

LAMP code:k The kinetic mechanism includes both ignition and quenching re-
actions (Table 1) since the main concern was whether or not the ignition could

be sustained in the presence of large air flow rates,

Table 1
REACTION MECHANISM
Constants Used in Rate
Reaction Considered Constant Equation
(A) N | ®
OH +H +M1t  =H20  +Mm1 6el =26 240
(0] +H +M1 =UH +M1 2¢0 =32j -
Q . +0 +M1 =02 +M1 3e8 —30|1e0 =340
H +H +M2 =H2 +M2 2¢8 —30| 10
OH +H =H2 +0 le4 ~147140 ~7000+
OoH +0 = +02 4¢0 -11
OH +H2 =H20 +H 1eQ =17| =240 ~-2900e
OH +0H =H20 +0 1«0 -11 =1100e
H +02 +M14 =HO2 +M14 6e7 =33 S80e
HOZ +H =HZ2 +02 4e2 -11 =700
Hoe +r =UH +0H 4e2 =10 =1900e
HOZ2 +0 =0H +02 8«0 ~-11 =1000e«
HOZ2 +0OH =HZ20 . +02 8e3 ~11 -1000e
Ste P +H2 =H20 +0OH le2 ~-12 =187004:
H2 +02 =0H +0H 28 -11 =48200.

S
Thoenes, J., A.J. McDanal, A. W. Ratliff and S. D. Smith, ""Lase¢r and Mixing
Program (LAMP) Theory and User's Guide," Lockheed Missiles & Space
Company, Huntsville, Ala., June 1974,

3 -
Arrhenius form of rate constant, k = AT exp (B/RT)

+The Ms represent the catalytic or nonreacting species.

s
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The analysis was carried out in a steady state mode using the nominal run
conditions as follows:

Pc = 100 psia APGHZ = 10 psia
O/F =150 th .. =29.61b/sec
AP_. = 35 psia th = 0.195 1b/sec

air GH2

The problem was formulated based on Fig.l which presents the general
LEHGF configuration. An ignition source (J-2)igniter) was simulated by
assuming the localized combustion products and properties about the source
to be in equilibrium. The finite rate-mixing analysis was initialized and the
combustion was then controlled by the relative effects of mixing rates and the
kinetic mechanism. The mixing rates were defined by the turbulent kinetic

energy model (TKE) which is based upon experimental measurements,

: : AR e

The results of this analysis indicate that with the continuous" ignition source
providing an initialization of the finite rate calculation, the LEHGF system
does indeed ignite and burn successfully utilizing the nominal operating con-

ditions listed above. As shown on Fig. 1, the flame starts on the sides where

the igniters are located and proceeds to the combustor centerline approximately

six inches downstream of the injector face. These results are somewhat con-

servative since the flame front will likely propagate even more rapidly than

Alan W. Ratliff
Advanced Technology Systems Section

indicated by this analysis.

2§2roved: ’
John W. Benefield, Sgerviisgr

Advanced Technology Systems Section

Attach: Fig. 1

®If the igniters are not operated continuously, the flame is quickly
extinguished due to the quenching reactions.
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Fig.1 - LEHGF Injector/Combustor Configuration
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Appendix L

McCutcheon, W. A., "Stress Analysis of Gas Generator Throat with Re-
vised Temperature Grid and Internal Pressure Loads," Lockheed
Missiles & Space Company, Huntsvill:, Ala., 17 November 1975.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

.._.
¥
i e




O eyt LS o STt 72 T 208 w8 s e e e om e — - - - e

e it

B Appendix L
L o= TECHNICAL NOTE s
0 LOCKHEED
u Huntsville Research & Engineering Center

Contract NAS8-25569 Date 11-17-75 Doc. LMSC-HREC TN D496707

Title: STRESS ANALYSIS OF GAS GENERATOR THROAT WITH REVISED
ifle: TEMPERATURE GRID AND INTERNAL PRESSURE LOADS

The gas generator throat stress analysis was accomplished using the SAP-IV
.~ structural analysis program. Results indicate that stresses will not ex-
8 ceed the yield values of the materials.

At the interface of the steel and copper structural components, particular
attention was given to assessing the possibility of "slippage" occurring

due to the different material properties and temperature disparities pre-
sent. Reduction of stress data at the interface indicates "slippage" should
not occur during the hot phase, but after cooling the structure should be
examined and the connective bolts retorqued if required.

Internal structural deformations were examined as a possible source of flow
distortion in the throat section. Cross sectional areas were calculated
for the deformed structurz at three planes as indicated on the attached
g figure, and compared with the unstressed structures' cross sectional areas.

The area of the plane bounded by:

|

{ ABCD Increases 0.7%

i EFGH Decreases 0.5%

i IJKL Increases 0.6%.

| WA T (.

i W. A. McCutcheon
Approved:

4, ot

B. Hobson Shirley, Supervisor
Engineering Sciences Section

: Attach: p.2
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Appendix M

Dean, W. G., "Quality Assurance and Inspection of Work Accomplished
in the Design/Fabrication of the Modification of the NASA-MSFC Hot
Gas Test Facility," LMSC-HREC TM D496686, Lockheed Missiles &
Space Company, Huntsville, Ala., January 1976.
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TECHNICAL NOTE Appendix

LOCKHEED
Huntsville Research & Engineering Center

 Contract NAs8-25569  Date 14 January 1976Doc. LMSC-HREC TN D496686

 Title:

QUALITY ASSURANCE AND INSPECTION OF WORK ACCOMPLISHED IN THE
DESIGN/FABRICATION OF THE MODIFICATION OF THE NASA -MSFC HOT
GAS TEST FACILITY

R R

.3

“m

SUMMARY

This reportdocuments the quality assurance and inspcilinn efforts performed
under Contract NAS8-25569 '"Design and Develop the Modifications of the MSFC
Hot Gas Test Chamber' by Lockheed -Huntsville for NASA-MSFC. The NASA
COR s for this Contract were Dr, K.E. McCoy, S&E, EP 44, and Mr. R.N. Stone,
S&E, ET 18.

The method used to document these efforts is generally to present copies
of the various original documents executed during the contract for quality
assurance and inspection, receiving, shipping, etc., purposes. This method
was suggested by NASA-MSFC quality assurance personnzl responsible for
monitoring these efforts by Lockheed as being sufficient documecntation for

their requirements.
These copies are attached as separate sections as follows:

Section 1: Welding/Fabrication Subcontracted Efforts

@ Subcontractor's '"Quality Sensitive Hardware Capability Survey"
statement for NASA-MSFC on Form DD-1232.

e Subcontractor's packaging/shipping form, showing inspection, f
welder, welding filler rod, certifications, and drawing number
references which call out NASA-MSFC Welding Spec MSFC.-135,
and Lockhead receiving/acceptance signature.

® Subcontractor's material certification copies (for nozzle, test
section, and support stand materials).
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Section 2: LMSC Minimum Quality Control Specification

Section 3: Cryopanel Subcontractor's Efforts

Cover letter

ASME Form U-1A, (pressure vessel test report)
Shop inspection/certification form

ASME compliance/certification form

Shop bill of materials

Raw material certification

Section 4: Throat Section Material Certification

Section 5: Silicone O-Ring Material Certification

Section 6: Dummy Calibration Panel Materials Certification
Section 7: Air Manifold/ Tubes Material Certification
Section 8: Subcontracted Manifold Welding Certification

Section 9: Lockheed Project Engineer's Statement of Compliance with
Drawings

Section 10: Calibration Panel Material Certification

Section 11: NASA-MSFC Acceptance Form, with Return of Government
Supplied Hardware

5 LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




NYTONCIRELT P AR A

A

S ERRRSRTT

TR

(e —

LMSC-HREC TN D496686

Section 12: Lockheed Shipping Notice/Loaning Windows to NASA

Proof Tests: All proof tests and their results are documented in the following
report: Dean, W,.G.,, "Modification/Fabrication of the NASA -
MSFC Low Enthalpy Hot Gas Test Facility," LMSC-HREC TM

D496690, January 1976. /

W.G. Dean, Project Engineer,
Hot Gas Facility Modification Project

B.H. Shirley, Supervisor
Engineering Sciences Section

Attach:(1) Statement of Compliance
(2) pp. 5 througn 30
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QUALITY ASSURANCE & f“r.ESEN‘MT V'S CORRESFONIENCE
[ B 2. FROL: (Nems, addass and ZIP Coos of QAR)
Mr. Robert Rierer Mr, Jesse P, King
MSFC-1G-22 DCASO Huntsville

Marshall Spoce Flight Center, AL 35812 | 210% ¥. Ciinton Avs.
Hunteville, AL 35805

3. COHNTKACY, P. O., Ot O. 1. MUMBEK 8. 1TEH
N/k R/A
[T R iME CORTRACTON LanE, ALOLLES XD LIP co0L 8. PLANT RAmE, ADORLSS AND £1F CODL

Pedigc Welding & Fabrication Co. Inc.,
«P.0. Box LO

Lacey's Spring, AL 35754 : -

SUBSECT: Quality Sensitive Hurdware Capadility Survey.

This survey wes psricrmed I\ug 26 1975 with the aesistsnce of Mr. Robert Ricmer,

and Hr, Jokn r{ofues both of MSFC Quality Lib. 7o sessury that this .,upplier has the

cepability of pzrforoing work on Quality Sernsitive hardwire, they were surveyed
using theen cheel Mot'v,  Check list #1, Genarel Quelity Recuiremerts, Check
DAl BT @b ey 3, Ulieck 1ash e, Cotagory 4, Sneck iist #15, Catogury 6,
Cutapory 5 ,.,._, nrx. :spc"ml procosses, Y <n the~epecifiss requirement.s being
Cntagory 5{a Feldin These two cetageries were
revieved oot ‘oum to bo acceytﬂhle end the eupplier cepatle of performing work
on Quality Sengitive Hardvare in the arees,

1t must be noted that durdng the required survey it was doteradned that Pedigo
kelding tico Lss Lihe cenabil ity to p'rm*a the heat treat rrocses. Their
corability iza & hest renge up to 2000°% grd con take iterss up to 24" 3";;30"
Although they can parfoim hest trestuent, the required hr.:'umn checice nms
accomplvn*i by sn outside vendor. This procedure is mocepieble as Pedigo t.ould
be regponsitle for the OQuality of all work performed by m.ts:da vendors.,

During thse survey, no grass were noted that Pedigo wns nst in com mliann_e with
Lheir written precedures, With this in miny it is recouzmsrnded th..t Pedigo Welding
be placed on the Quelified Supplieras list for Catagories 3,4,6 & 5(a), S(o) and
S(d) The only ares thst Pedigzo was not surveycd for was Catagory 2.

This Cstagory 18 Precision and Specislized Machining. At this tixe Pedigo does

not have this czpudilivy. If in the futu‘e, this supplier, obtains this capab. iiy?

ythey will te survered using Check llet 6,
Based on tho nr.di..;.., of tais survaoy it ie the opirion of this tean that Pedigo
Helding end Fatrication Co. be placed on the Qualified suppliers list.
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Section 1, page 2

PEDIGO . 4

Welding & Fabrication Company, Inc.
P.0.BOX 4o

Paclking Siip

PARTML o LACEYS SPRING, ALABAMA El COMPLETE
) : Phone - 881-6173 Q 0

SHIPPED TO cnnkbond Yingilng 4 Swone 0o, Tna SOLD TO [z ra
o inntavilles Posrarsh & Fneinesring Senbar
Niamtearilla AT ISAAT
CUSTOMER ORDER NO. WORK ORDER NO. GOVT. CONTRACT NO. ROUTING )
FALTYRT 20V N2 rant ocady Dadd ey Symyate
QUANIITY PART NUMBER o~ DESCRIPTION P. O: Item No.
) ea, 320108 Tach Section Moy
1 ea, HEOLCT Hoznle HTaED &
RS K pAE] CAasmlayr LUDSOrt E Zida 3
PSR neully Siest Cechion ounrort SRR
Dedicosmrmer A 2371 Voawmdiraws MNanicpgdn ' cry ‘12 ﬂ"n]r QRannyr
Weldiny 2r: W, T. Nnvnier
baterizy Cortization Abtiachocdewzlilicy naseriai ~oll=). iy
CUSTOMER
- DN_PECTOR He oty Wolleaw INSPECTOR ,
SH'PPED BY Y, L, Welrer DATE__ Oct. 17, 31675  RECD. BY I e STy o
INo. NO. 2 - : NO. BOXES
L ,L.u.- fet s A e e e s : - e s 2 o B

* :
Test section

Nozzle
Combustor Support
Test Seciion Supports (2)

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR




- j H : gEn @ T Gromey
R i ) ) 3 . & L 4 ] 5: f 1 L :.‘,.; : Qe 3 :-.«.—_ 5
% - i H x §  Soemed  Sowewed SO e o el toe
e . R e R

. PEDL:GE

\ g
' helding & Fabrication Company, Inc.
P.0.BOX 40
LACEYS SPRING, ALABAMA :
PARTIAL . PR CONPLETE
0. i . Phonc - 881-€173 L :

Packing $§w$

. RIGISTER RO
A S SHIPPED FTO Y s e R s QLR Ty

CONPTETE LJ/ &T _—— éﬂ, DFTEI’/jﬁD

— g SLETIAY

o~ ¢ CUSTOMER ORDER NO. WORK ORDZER NO. GOVT. CM R_.QII.‘ZG.-—-—----— R
= QUANTITY PART NUMBER LA DESCRIPTION P. 0. Item No.
‘ K 80)0Y| 3

—— N — " E T7%
e )ION B ST T NN/t i
BR300 017 T me 7/ ; §

N\
- ' CUSTOMER -
INSPECTOR USRI A s ’ : c INSPECTOR
: SHIPPED.BY Al L. N e . DATE 1i-7. _f', REC'D. BY e ol

U00d. SI gOVd TYNIOINO
dHL J0° ALITIEIONA0ddY

INS. NO. W /NIERR &N ~ NO. BOXES
| (He 1 BAATeeY  PANEL wen piy

B S 7" 2 >SN 7 % S S

L 5 f 2 {4 b i Mt s e Sl o A B e ShEE e
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Welding & Fabrication Conmpany, Inc. 5
P.0.BOX 40" '
: LACEYS SPRING, ALABAMA
| PARTIAL [J ' . /Q_Q_QMELEL?‘
A : Phone - 881-6173 ,
b i ,.,,..;——""""—'——-_”- B [t { 1
! : ~ e ‘ : . DATE /L -'lzl—-
f . L ’ : it
Paclking SLipow P 2
SHIPPED TO A e sox,DﬁT'IT‘g y NP =
e o N - “.S.‘\-‘J ) Ll r i 3 -
' } DFiVERED TD‘WT
: , /L
repLETE O / : A
| o€ G s Lyt ONEJLI
R : e B e e —- ™
CUSTOMER ORDER NO. WORK ORDER NO. GOVT. co‘mﬁﬂ%E{ MO —|—ROUTING —————
e pr———
VRN i ©F Y u‘_,,,....u--"""
. = -J . f 1 veom
QUANTITY PART NUMBER DESCRIPTION
Fgo/d S ;
- . n (’
| i ; q * '
v,szf'-"-raq"
; - - -.‘——-u-:w" 3 i 3 v e
P CUSTOMER
T, - INSPECTOR cus? 2 )
] 0
Y ! SHIPPED BY __ i'. 230 oy DATE  11.:i..7 REC'D. BY S\
~ INS. NO. — NO. BOXES %
i : . X THRYST S7Roc T E A’sttb‘?epaa.y_. \
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2o s b ONITED STATES STEETCORFO hm@rcr w= =
’ " ' PRODUCTION DEPARTMENT — METALLURGICAL .-
‘ - _ CLAIRTON WORKS FILE HO. RD1303
Test Report of CHANNELS 7 APRIL 8th 1075
Product Description/ Specification_STEL ASTH A~36-70A
_ ) _ Load Tally
Charged to_ONEAL STEEL 'INC, BIRMINGHAM ATLABAMA “or Shipping Notice
- Shipped to SAME Car Number - -
SE2E ANALYSIS . .| Tensile
Customer's Yield Point Elong. | Red. of
rdor No. Mitl Heat 1 f Test Piecs ibs. per Strength ! ot Area
| o Date Ordor No. Ne. G,RggﬁEﬁD c | u | P |'s Cot Fram s im . (b per B . %
 B-12690 T _ . -
11/22/74 GB 95550 813220 ° Moo6x12., 24 - lA4h 1022 1030 ,313"MC 49850 67780 23,7
n hd " 19260 66310 3.1
© w94 6.3¢
=3 l/?[ .
| N
STATEOF  pENNSYZLVANIA ( ss RICIARD @, WEISS __ being duly sworn according to
COUNTY OF  arrecrmry 5 low, deroses and says that the figures setforth above are
Subscribed and sworn 1o before me this currect,‘us contained in the records of the company. -
8th ofAERIL  AD. 1975 __
Qrzvl—«-‘-——'/Nnmry Publrc . ) - o
My Commission expires Pl gt e L et atig '
"y . : . ", OF THE 7
wom L.. DEL RS ODU GIBH—']TY f‘",é —
e LY 28,1972 REPR E IS POOR i “s

ORiGmAL PAG
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e 3 B2 { i'-f)-i ) Cgstohme &0 0 B3 E
” steel Corporation ‘
T e —
A JUNCTLON 140 & HIGHWAY 27 - P O, 80X 237 HIGHWWAY G7 & VAR DYKE RD, - 7,0, BOX 210 i
LA e Hone e g =
MATERIAL 325 A
FURNISHED TO NEEL STEELs INCo. TFS MILL NO. 3;23 : ) DATE 1} 1}2@.{7&;
CUSTOMER ORDER NO. “g-12240 PACKING SLIP NO. 8628 @ cce -
;‘RADE DESCRIPTION HEAT YIELD STRENGTH | ULTIMATE STRENGTH | % ELON-|,.» | . . CHEMICAL ANALYSIS
? : NO. AGTUAL LBS. S ACTUAL LBS, PS4 GA311-|[~19N Test) WI/FT C. MN s p !
;»36 L1 36 X1 370X 3_.4"@ §"§2?2 40800, Suéf_‘?o 61600, | 75675, | 2142}0K 2«7?? o2} _963 2031|026 a2
36 [L 1 3/% X1 3/6 X Be4 | 2=1292 42600, |5233%.|63100, 77518 | 25.0|0K|2.770(e21 |46] |4037|0036].2
36 (L1 3/% XL 3% % 10 1-1662 | 42600, |53450, 62800, | 718795, | 23,7 |0K|2.770 (426 |a87 | 041(.024 42
36 |L 1376 X 1306 K 14 | 1-1662 92600, [S3450, (62800, 78795, | 23.7|0K|2.770|028 |487 |,041.024/.2
— _ .
oy
- - 3 !
W30,
= 3 ?Z%
- Q.
N
11515 TO CERTIFY THAT THE STEEL DESCRIBED ABOVE PRODUCED av 'n-us OMPANY AND su ITTED™ " STATE OF TENNESSEE . My Commission Expires  \y
)R SALE MEETS ALL SPECIFICATIONS AS SET FORTH IN ASTM ’“)f ?3 : COUNTY OF ROANE September 12, 1977
1 A6 - T0A ~..f’-—~ Swwn 1o and subscnbed before /mh
% A36 - 70A MOD TO MIN. 50,000 P51 YIELD —jé dav of //l ; —V—. ) \l’

0O _e_id |

,,/ Y /"/{

£

METALLURGIST .
*HAEFS NAT APDIL Y TA ANGI R

NOTARY PURLIC




OB-2035 Spt. 2/75 Republic Sleel Corpoeration

. “ o - AMEAMUES AN . E%@ Eﬂﬂﬁﬁg%gteel Clevelznd OH 44101
ﬂ/ nel 15 EE - :
CHSTOMER ORDER NUMBER AND DATE lmamm RENEGOT,

invoice oate  1A[ InvoitE NUMDER |+

,{ . *B=-10009 8/1/75 [704 Igpg;:lﬂ
| ~], DATE SHIPPED SE

Ly ATﬁn [ n?s'rns%% 1 4

FibokEies

.

SHIPPED FROM

ALA CITY

L s jeurs i ROSS WEELY
RES um |c ouua tND, CUSTOMER ABBREVIATION n‘.uw &P CONTAOL CARD
-y |13ka3s3s. -Tm] | J_’

mnT,
ELASE

160

A o

ACCOUNT
ﬂl

NUMBER tl'f

6755001

STATE [COUNHYY

UGl 57

ONEAL STEEL [2001)132 56531

>

I ; ;

T gOM[:.AL smm..mc., "B 4 30= 1;?-10
5P, 0, BOX 2675 . L
IBIRMINGHAM, AL 35202 lmoo

_I

:ONEAL STEEL, INC, | tifi _ '
{745 NORTH 41ST STREET Certificate of Tests

BIRMINGHAM, AL 35222 : (SHIP TO™ SAME AS "“SOLD TO' UNLESS OTHERWISE INDICATED)
-z ’

[ [ @ upre PARTIAL SHIPMENT »CH COMPLETE SHIPMENT
REPUBLLIC PRODUCT BESCRIFTION IL%M » UNITS SHIPPED

ASTM A-283-74 GRD D HR STEEL PLTS

Sl B

=»-r

cLASS 11T / .
1/1-4 X 84 CUT EDGE X 240 3 PCS A 1C{7214174 5 F6 30

(A

ASTM A=36-T4 MR STEEL PLTS ,_/;/
[] cass v , 3%

& 6 € & &

(m(mf.
!

-

| ~
.7 1/2 X 48 CUT EDGE X 240 . 13 PCS B 4c| 20322

. LOOSE . cmom— Cemm—m
ﬁ ACT PCE CT USED . - 16 PcS A1749% | -

&

SHPT COVD BY INVS T04=16250-52-92

13 o | | 3
n >

| HEREBY CERTIFY THAT THE MATERIAL LISTED MEREIN MAS BEEN INGPECTED AND TESTED IN ACCOARDANCEWITH THE METHODS FRESCRIBED IN THE GOVERNING
GHECIFICATIONS AND BASED UFON THE RESULTS OF SUCH INSPECTION AND TESTING HAS BEEN APPROVED FOR CONFORMANCE 7O THE SPECIFICATIONS.

A. D. Gordon, Chief Metallurgist

AP A

emresd L

FRT. PPD 51800#

rem HEAT No. EHN CARBON MANG. PHOS, SuL. s, COPPER NICKEL CHROME MOLY. VAN

-

ik }
o [ 7473224 20 [.-77_ | 01t .| 026

V fa | 7482867 | 22 45.| 010 | 024

- | - _ L E ] ;

f}? . HEAT NOQ. 51ZE ‘ ,‘;:f,‘,ﬁ' ' TR '%E‘l.nuc_g_w % RED. AREA roRINELY ) BEND TEST REMARRS
m ld7wreie | a1/ | siepo | es120 | 2940 C.| ok

o 7LB2B67 1/20 L1950 6L6 00 27.0 OK

el w
%
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MAIL ADDRESS:

P. O. Box 1178, ASHLAND, KEnTucxy 41101

o . [} .
1""“"“ ?l 1 O ™ I T R ey
L3 E o e

P

-

A

'KenTucky ELEcTRIC STEEL COMPANY

i
1

it

SHIPPING POINT

PHONE: 92B-6441 — AREA CODE 606 ' COALTON. BOYD COUNTY, KY
’ : : TESTS REPORT
. .
' bruary
S.r¢ 0O'leal Steel, Inc. " Fe sy e 7?
. P.0. Box 2623 P pvorce | B2V oie A 177
b 745 lNorth 41st Street e
; Birmingham, AL 35202 D ! CUSTOMERS - B-12569 °
. : 'r'_ ’ .
- * © I8N 36558
HEAT OR acruai | - . YIELD POINT ULTIMATE 5TRENGTH e l;c':gf_?'?” BEND CHEMICAL ANALYSIS
LOT NO, PESCRIPTION O a0 1 GRABE BAR  lped 23NES. BAR Los PER. G inenes | c un | P s st -] en | NI | van
3303 |1 2 3 M1020 .191.39 L018 .039
0066|1x8 e n .18|.55 oo l.026 |
20849 *® u 231,97 1025 LO5T | 3
21313 n . n 221,58 1022 LOo37 | . |- ]
32968 » - " ' .22|.59 1021 |03 _ .
- ( l‘,-- ’ 1 i V
xS W/ T g3 e
E37F
T =
. * L4
%
A
3
-"
SUBSCRISGED AND S\‘VORN TO BEFDRE ME THIS . .. "
o I‘e'bnza?..'y o 5 ; K 'ﬁm N THIS 1§ TO CERTIFY THAT THE ABOVE IS A TRUE ,

- DAY DF-'

NOTARY PUBLIC, BOYD COUNT M, KY.

" 10-27-76

| MY COMMISSION EXPIRES

CORRECT COPY OF CERTIFIED REFPORTS OF THE [

é 4;‘4/
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Heﬁi FOST OFFICE BOR 577 -7 BIRMINGHAM, ALAGAMA 55203

INSPECTION REPORT

e

e
J'!

' - A ). ez
BIRMINGHAR, ALABANA /”5- S w

Ontesl  ST£LL, T e |

— ' - REPRODUCIBILITY OF T
2 . Loy 2423 - ORIGINAL PAGE IS POO
Bappmis it T Zezoz. . . T . -

- ' biviang Sensme  {PEReENd ' CHEAICAL ANALVSID
HEAT @ t : o " CUSYRVIER Qe POINT L33, | OTREReTH | BLANG. - N
Lor 8o, size SeEcImIcATIONS CROERNO. | enDzR NG| PRS0, | noBeEs S i —
: . : MWIAN  { so.aeen | ineNes G jMRy P [
Htrg | 6xt <./, 0cn7— ,;_.«/yf,g/ 5l - POR (116 | Bt bl isns Vet/o0 127.3 VoK 1/6h sy o é'.-o::ﬁ ,
48775} » z . ‘ v Nvzsoo sgzoobhya |0< Lr61ss lorg Lo |
. , A _ ‘
25 74 o ” o ! - ’ sz 08 | B60200 Yaw o VOK /8152 1.08 1,030 ]
w
i
T AR i
534Y
j ]
]
" - I—"“‘
- | ) ) L S '_ LN
SORNTO ARD SUBSCRISED TO BEFORE METHIS DAY FEI1S 15 YO CEATIEY TUAT THE ASOVE 18 A THUS AXD CORRECT S37Y 1.
© . CEMTIFIED MEPOAT] OF THE ABDVE.
OF | ( Mw L »é@_,\_
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| U*’S' United States Steel Gorporation o
ST REPORT OF H.R PLATES STATE UF ALAGARA . ..o
oms__ FAIRFIELD 35, ovoreno,_CC2O MRS ke COUNTY OF JEEFERSON" s oo
' 5. . NVOICE NO, - - R L. . Py s
—p6ioel—— SHOAN YO ANC SyBSCRITEY BéFaad pE
ISTOMER ORDER NO. n_nm THIS /- D&Y QF - é T £ "
R _"'}.n . 7 —
\R QR TRUCK NO. 3558 51" SHIPPER NO. & DATE w/oa/1s . g = P T 2 'g-"
: TR — BT Ty T — e i
O NEAL, STEEL INC. . 0 NEAL STEEL ING. NETRRV RURLIV 9 o e f
P 0 BOX 2623 2 BIRMINGHAM ALABAMA 5 m-ﬁ;{i e L
BIRMINGHAM ALABAMA 35202 That e oramicar ANALYS
i . ANGJOR TESTS.SECRN CN TH
— shate] e R
ASTH A 26-T5 . ; o
- W FLE3 THE StueanTe
g Jn M E‘B'?E
MILL SWORN %/R =03 ;,/% sonsnlCH 4EF_HE ELLLRGIST
. DATE Bep‘temher 30,:2975f/cy
ITEA HEAT TEST QR PIECE - MATERIAL DESCRIZIION YIELD FT. TENSILE STR EONCAION * % RED
NO. ND. IDENITY Q.. e onckNESS pgidvg LENGTH Cowmenr | e T | owme | omz |0
SN xoages Dol Cilna | 38 ) & gio o I 21h2 3584_30** 63600 | 27.0
e Uoslm g | 2| 38 96 | ftohp T xm | WB96 | 36900 | 6470011 30.5
B I B ' T - " & Aqeepted by Customer
EEEIMEN.SI.ZE TESTED ACCORDING TO COMPAMNY $ECORDS CONFORMS TO THE REQUIREMENTS OF THE SPECIFICATION USTED ABQVE % 8 OR H INDICATE CQP_-!FILFANCE OF BEND QR HOMO TESTS, !55PEC;
" HEAT HO. TYPE . Mv I 3 Si Cu hfi C: Mo Sn . M_ N , v -] . ?i .Cb . Co .
Xoe325 | L [ 22 151013 [o2k! S R : AN B R
‘voghoa | m fie2| eTioeh 05 cf bl AN S EE
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VR 0. Box 1179, ASHLANG. RENTUCKY S-¢¥51—l[<:‘i! .
PHONE: 928-6441—AREA Cope: 606 COALTON. BOYD COUNTY,
< . ) _ TESTS REFORT ' S
. S : )
5 O'Neal Stegl Iinc. f-; February b, 5
' P.0. Box 2623 INVOICE [ 2 5 : ' 3.
L e ' =i Lo
o T45 North 41st Street P , No.- /5 /1 oare <2 l’?
; Birmingham, AL 35202 . = C”%EC’E"E,EE 'S 3_12553 B
T
° TN 36568 '
. _ act A 4 _ " YIELD POINT 'ULTl‘uATE STRENGTH | PERCENT _ . CHEMICAL ANALYSIS
WEATZR  pescaterion | opvheor| GRADE et pamme Tty T TEs PER | “incuts | | c [ 5 [ 5 [ w | en ] i [ v
32770 5/8 x5 938 |a-35 | 50,373 | 75,693 | 276 | oK | .2h[.62 1023 |.03% _
:;1‘ L] —
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SUBSCHRIBED ANO SWORN TO BEFURE ME THIS
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QUALITY ASSURANGE quguxm:;Ml:\})f@M 2 Py >
FOR ENGINEERING RESEARCH & DEVELOPMENT mocl AMS

W

LM3C MINIMUM QUALITY CON TROL SPECIFICATION

1, SCOPRE

- m———— e

m 1.1 This specification is the minirnum quality control requirement for all hardware
produced by LMSC, except shop, laboratory, or test aids produced under

- rescarch and developmental programs which have no direct efiect on program
U results or cus Lomer requircmcn’cs.
r3. L2 Since pracucnhy all end-item a.*}cl some non-end-item hardware production is
Q governed by specifications com.ractaally imposed by the custemer, this speci-
: fication is designed primarily to cdover limited produchon, research and ‘
' , development, and Company-sponsored hardware programs.
Z, APPLICABILITY

This specification is applicable to program hardware produced under these
conditions: -

a: When no other quality control specification is invoked by a coniract.

[ .
j b, Whe cuctomer ox contract requirements arc less stringent than the LMSC
S mimmum Qua lu.y Controtl upccnv_cauon. -

¢. On Lockheed-funded programs where there is no contract with a customer,

T 3. OBJECTIVE

3.1 Quatity and relia:bilit',r shall be major considerations in the fabrication of all LMSC
fr - hardware, The cbjective of this specification is to establish a discipline for

1] quality and rehab1 ltty, convlstent w:.th the stage of hardware development, which
wzll

oy - -

-

k> a. Assure meeting contract requirements and the obJectlves of LI\. i5C programs.

b, Facilitate orc.ez?.y and economical translbon to thc next phase of hardware
- ' development or produc*'lon.

3
-

c. Provide t}*e frez..dom of action necessary for the t.u‘"iel‘, prosecution of
research and development effort and timely and economical fabricalion of

e . hardware, .
0 |

£

4, GUIBELINES FOR USE
2% 4.1  This specification covers a broad spectrum of hardware production and its
provisions skall be applied and interpreicd judiciously, with duc consideration
zf; to the staiz of hardware development and intended use of the hardware itdeli,
e 'i‘nﬂcmme PAGE BLANK NOT FILMED

e i et

L P TA.«  » WO
s . s B Oy P VS o




)

BB

i IR

I DU S

g

3

NSt
E

€

AT

&

i %

g v I

IR

4,1

5.1

5.2

LMSC MINIMUM QUALITY CONTROI SPECIFICATION

(cont‘d)
Adequate consideration should be given to the possibility that development
hardware may be used for purposes beyond the original intent. For exaraple,

development units may become prototype units and pr oto,ype usnits may become
qualification test units.

REQUIR EMENTS

¢ 2 :
NUALITY ASSURANCE 1{1.:QU11:E‘»1L:§;‘S£;‘“T;) P Sf !

FOR ENGINLERING RESEARCH & DEVELCPMENT PROGRAMS

R

e e ST

Documentation

=M

Co.

d.

Drawings, sketches, Sp“‘lelC‘E’.a.lO‘ls, test proccdure s, and/or plannivw
‘documents used to establish a acceptance criteria, fabricale, and to test

shall be controlled to the degrce ncces*ary to permit the item 1o be
reproduced,

Documents may be marked up and alicred during fabrication or tesiing,

as authorized by the program manager or respdv-«*ib‘e enginecering authority
but must be suf;1c1en‘(.1y clear and legible that hctrdwarc can be reproduced =
from the altered dO\..i.n""'h..lltau.ull- - - » ‘

Program managers shall establish a2 permanent program record which will

contain  or facilitate location of hardware fabricaiion, test and inspection
documentation Shlflc.len‘l. for fulfillment of the Cor.npa.ny objectives,

A record of swnlf:tcant events affectm'v the qL.,L‘lty of prograra hardware
will be kept in ¢nough detail so that at program completion a semrmary of
the prograrn can be made.

Test results will be re'cord'ed ina permanent type hdte;-bo_ok or similar
document which can be identified to the hardware tested and retained as

part of the permanent program records established by the program manage
Date of test and pertinent conditions influencing test results will be rec-::..c‘...d..

Inspection results and inspection discrepancics will be recozded as
established by the Pro«ram Quality Plan and retained in the same mannar
as test results,

e,

‘General Workmanship : -

Quality of general workmanship shall ke of a caliber that will neither
jeopardize the usciulness of the hdrd.\'c\re nor compromise the LMSC
reputation for quality hardwzare, '




4

j, © . QUALITY ASSURANCE REQUIR R U-.P"M&‘P&Y*’

: FOR ENGINEERING R ESEARCH & DEVELOPMENT PROGRAMS I
1 _ i
o C LMSC MINIMUM QUALITY CONTROL SPECIFJ.CA_'.L‘;ON‘ -
{ 2 General Workmanship (continued)

b. The organization assigned dngpeciion responsgibility by the program
quality plan shall determine ike inspeciion methodology and perfori.
, inspeciion and test funclion- as necessary to ensure compliance with
SIS the requirements of 5,2,a, above.

. Receiving Inspection

u : All subcontracted ox p :,urcha.aed material shall be mspa cted upon re ceipt for count,
= <+ identification, and damage, and in addition shall be subjected to inspection ard
test as required for verification of compliance with other acceptance criteria

as defined by the subcontract or purchase order,

Eguipment for Hardware Inspeciion and Test -

Inspection and test equipment crnplo\'c\l to determine pertizent hardware
characteristics should be calibraied as irequently as necessary to assure
required accuracy. The calibration should be against measurement gtandazrds

_ ~ traceable to the Natiopal Bureau of Standards, except where the state-of-the-art
B © precludes compliance, -

5.5 Non-Conforming Material

Subject to contractual imitations and the coamzant Division's procedu; 25, e
S program manager or his designee may waive.or alter requirsments as necessary
U (> accomplish program objectives. Physical and functional charactleristics of the

completed hardware which do not meet the requirements of the documentation shall

ﬂ .. be recorded and dispositioned in accordance with Divisionzl procedures.
7. FINAL BUY-OFF AND DELIVERY

£ )

6,1 Afiex a.ll mspc.ctmn a.nd tests are completed, the appropriate manager{s)
or . aeslgnee(., )i in accordance with Divisional procedurzs, shall be the finzl

ing
authority as to whether the hardware meets the design requirements and

objectives of the prm-ram angd is ready for deiivery to the cus‘“o:mcr.

il Ll T I_)\;L‘:G‘ I.vray . C?‘*’ir:‘:mn : L
| . LMSC 'Drodut.t 1\6:Ltrau¢e Adesory Beuld
i* N

m ’
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" DEAN.PRODUCTS. INC.,
885 Dean Sraal. .
“|  Brooklyn.N.Y.11238 I
S C 12/2/75
) Cable: Deanpancol.
i; Lockheed Hfssiles & Space 60.
L8po Bradford Drive
o _Huntsvlile, ALA 35807
- Attention: Mr, Don Crutcher | _ _
Kl Reference: Your P.0. No. ZAA 71884 GA ;"; C e
S o ~ DBean F.0. Ho. 7921 S :
) Subject: ASME Certification
N Gentlemén- | | - L
j5 - . Ye are enc‘os:ng‘ASMc Ferm J':n; 405.?531‘£hrougﬁ and
o inciuding =~ for your record and fiie. ,
A ‘We appreciate this dpportunity to be of service to ybu.
o . Yours truly, | |
S SRR S DEAN PRODUCTS, INC.
| 1 o . .o . Order Ser¢ice Dept. -
il cc: 555 R | ‘ ' o
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FORM U-1A MANUFACTURERS’ DATA REPORT FOR PRESSURE VESSELS

{Alternate Form for Single Chamber, Completely Shop-Fabricated Vessels Only)
As Required by the Provisions of the ASME Code Rules, Section Vill, Division 1 F. o _7,_.:} 2

1. Mamufactureg »y DEAN PRODUCES, INC. 985 DEAN STREET, BROOKLYN, NEW YORK
{Name and eddress of manufacturar .
2. Manufactured for JHCEMM&L:(&BG_% é =, e,

{Namag and address of purchaser)

3. Location af Installation

{Name and address)

4. Type IIA Vessel No.

{Horiz., or vert, tank) " {Mfgr's Serial No.¥ {Cringy  {Drawing No.)
Year Bunlt 1975 : ' i
{Nat'l Brd No.) .
iy &, The chemical and physicat proparties of all parts meet the requirements of material specifications of the ASME BOILER
Y B AND PRESSURE VESSEL CODE, The design, construction, and workmanship conform to ASME Rules, Section VIii, Division
i Ve and Addenda to . 55t5] and Code Case no.
L : Specia! Service per JG-120(d) :
Manufacturers’ Partial Data Reports properly idenﬁﬁed and sighed by Commissfoned Inspectors have been furnished for

— == =3

the following items of the raport:

U {Name of part, item number, mige’s name and idantifying stamp)

b} =
. - T I Y]

1]

T b P - T o7 ; ‘ T T
6. Shell: Material __+S#3 - 2G> Naominal Th!ckness._éa_?&in. CorrostonAllowance..—. i

(Spec. No., Grade) PR
piam_ 22 & . _in tengh 419 f in.

7. Seams: Longitudina! ELECTRIC RES, WELD R.T. e ——n —-. Ffficieney . . %
{Waldad, Dhl.. Sngl, Lap. Butt} {Spot or Full)
HT.Temp . F Time Girth

{Welded, Dbl, Sngi, Lap, Bunt}

R.T. No. of Courses
{Spot, Partial, or Full)

CERTIFICATE OF COMPLIANCE

I ]u. |

We certify that the statemonts made in this report are correct and that ali details of design, material, construction, and

i - warkmanship of this ve z?conform to the ASME Code for Pressure Vesssls, Section Vill, D:vlsnonfl },7 p

j bota 1 O 10%ned - DRAN PRODUCTS . THC. - by 2NV 1" azatd g
4 3 5(| facturer) ‘ (Hepresemanve) -

i “U'"-Certificate of Authorization No, expires ... FEBHUA RY Ba 19 78

n . CERTIFICATE OF SHOP INSPECTION .
DEAN PRODUCTS, INC. 985 DEAN STREET, BKLYN, N.Y. 11238
{ . Vessel mads by

I, the undersigned, holding w missmn issued by the National Board of Boiler and Pressure Vessel Inspectors andior the
State or Province of and employed by ALLENDALE MUT,INS .CO.have inspected the

'prassura vessel desciibed in this Manufacturers’ Data Report on 19 ,and state that,
weith ASME Code,

R A
==

1

i,

3 iv the Loxi of iy Mwwdedye and beliel, the Manufacturer has constructad this proosure vossst in cesordenen
I

k ® Section VI, Division 1.
I

i

[} Somme e J

By signing this certificate neither the Inspector nor his employer makes any warranty, expressed or implied, concerning the
pressura vessel described in the Manufacturars' Date Report. Furthermora, neither the Inspector nor his employer shall he
liable in any manner for any personat m;ury or property damage or a loss of any kind arising from or connected with this
mSpaclion. . ’

Date 7, / / 75 ﬁ

Signed 27,77, (7 ‘?”M/ Commissions ._gé g‘

{inspactor} ] {Nar't Board, State, Province and No.}

3
13

[t |

{7175) ' This form {E00103) may be abtained from the Order Dept ASME, 345 E. 47th St.,, New York, N,Y, 10017
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iE JJ FORM U-1A (BACK)
' , NONE . ,
«y. ] 8 Haad.f.. {a} Material : TEpoe o Grads) (b) Materiat e N Gradel
L Location Minimum Corrosion Crown Knuckle Eftiptical
{Top. Bottom, Ends) Thickness Allowance " Radius Radius Ratio
: ] {a) ' : '
{t) .
Conical Hemispherical Flat Side to Pressure
:-t Apex Angle Radius : Diametar * {Canvex or Concave)
i {a) -
(b}

If removab!é, bolts used (describe other fastenings}

{Material, Spec. No, Gr, Size, No.) .
Constructed for max. allowable working pressure _..,Ji_. psi at max. temp. ,._B.l___. F.  Min. temp, (when

3 B
@

l_ass than~20 F) — . F. Hyarostatic, pneumatic, ar combination test pressura =) - psi.
. Safety Valve Qutiets: Number Size Location
10. Nozzles: ' ‘
Purpose Diam. ) : Nominal Relnfotcament How
v - {Inlet, Outiet, Dra'n} Number orSize  Type Material Thickraess . Material Attached
) o -
J _NLET A " plas <6 3cat. S do WeeneD
J CUTLET (1 17 (e e5204-L Sende W00,
11. Inspaction Openings: _
Manholes No. - Size . Location _
l Handhalés No. - Size : _— Location
- Threaded io. Size t.acation
12, : Ski '
Ui Supports: Skt — e LGS e L80S ————— Other {Deserbal
2 J Attached
. {(Where and how)

13. Remarks: PANEL HEAT EXCHANGER-PAT, 301 TYEE " [° " IS DESIGNED AND CONSTRUCTED
U %mmmsmmmm 1292-9,

-
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DEAN] - v N N AR A Oy R
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” ACCESSORIES PER STANDARD DRAWINGS

MATERIAL

GAGé-

or TYPE

|PIECES |
SIZE

SHOP DWG. No.
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_ TYPE 304L MBR | FIN STZEL SHIS

e oy o W el Pera® A3 I Nt S A - M u{
N L L % in j g 4 . o
. ) v 3.
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REYNOLDS ALUMINUM SUPPLY COMPANY

DATE___spids - L
ke P 2002505
_Jéa?ﬁ’o Sﬁ?}y 3254 2

477

MATERIAL
730 & SSPIRE SRS /a 3 v’
o v A sy
- - " // 3 é”//.?'/
fip/ s I e L XK Lo

CERTIFICATION
THIS WILL CERTIFY THAT THE ABOVE DESCRIBED MATERIAL IS PRODUCED IN ACCORDANCE WITH

SPECIFICATIONS:

At =

REYNOLDS ALUMINUM SUPPLY COMPANY
P. 0, BOX 2072

BIR#:;&?AZ ALABAMA

,, a3 s el

INDUSTRIAL METALS BEPARTHENT

26
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3562 eim. street, ‘hapevllhe, georgia 30054 phone (404) 767*7522
Date [l—i?f’jlk

C@NFGRHANCE CERTIFICATE FOR HATERIAL SHIPPED

O-AIR Incorperated hereby certifies that all materials used
in t;i manufacture of parts called for on,rurch se grder n '
7 ,fi 3?' /o received by us from /L. ¢ j i/ r?‘&L v
, ‘0 the material specifications 1in icated in drawings or
spec;flcatlens as called for on the said purchase order. Test re-
ports are on file with us or with our suppliers for examination
"and indicate conforTance with appllcable specxfzcation reguirements.

3
GO-AIR Incorpgrat d also certifies that the parts listed below
and shipped on [/ £ 2§ are manufactured in accordance with

the material sPecﬁtlcatzons called for on said purchase order that
- are. eurrent on the- date .on which the order was accepted.

' ) Cure
pecifications Compound Date C.B.X. Oty.

oms s3of 1St l1ans] 1070y |

Item Pa.rt. Numbep

| GO-ATR Incorporated

OTARY PLBLTC.GEORGIA STRIE by%‘” s AT entror
at Large, My Comm1ss1on Exp1res :
May 22, 1977

T

t fed * s oyorg

s T L
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J. M. TULL METALS COMPANY
‘ .
CERTIFICATION OF MATERIALS

Date SePt. 19 975

HEuntsville AY 35805 = = - Your Order No. _2AN718530X

Our Order No. __495417

MATERIAL |
1tem No. ; Pe 1/2 x_ 48 x 120 Hot Rolled Steel rlate A-36 C F (19" x 30"‘)

1 Pc 3/8 x 48 x 120 Hot Rolled Steel Plate A-36 CE (30" x Q_SJ

3
%
3 _

82

Msmmm«@uspm@pm ONER NG MDNER LDNERS DGR LADHER? FADHENS ADIUER 1M

CERTIFICATION
This will certify that, to the best of my knowledge and belisf, the above described matsrial was
produced in accordance with the following specifications. . HR_Stl Plate A-36 CE

_ day of _. 19 Signed W %44

Kathy//Camp

— Tull warchouse loutmn _ iminqham ‘1
Notary Public City State

Form 232 7-74
W@WW@WWWWWW*%@WWWWWW SuD»

Sig_ncd and sworn to before me this _ 1. M. TULL METALS COMPANY 3




TUBULAR PRODUCTS N CARBON STEEL, ALLOY STEEL, STAINLESS STEEL AND ALUHINU”
-4\ CERTIFICATE

e qUBESALES.

v ‘\  175TUBEWAY FOREST PARK, GEORGIA 30050
T | : : {404) 361-5050

J.- [ LOCKMEED MISSILES & SPACE R

. 7 &-:': i
.- *£;4(/, ; A
n n /
: ZAA 7185 50 A , 5-31930 09-12-7% '1,
cx?smusnonuzn NO I . INVOICE NOL___ i DY el

. 1 - 10'0"
: uuunneu- sz QUANTITY B i e
i , BHLS 304 ‘
§ PECIFeATRON_ GRADE .- - e
2 X 095 - '
M 5126, S e R . ' ..
] _ PT N * MB8329
. UFACTURER —— “HEAT NO._ e {
- . 6
GMELTER S GRAIN SIZE__ -
J . - o . CHEMICAL ANALYSIS i ,
TLE | MN Pl vs loom L | CW‘"‘ “041 N" _ w g
f—r e et === : A -
‘aona 1420 0023 p 020 (0440 E ; D {140 10 540 ! g
ﬂ&ﬂﬁlﬂﬁsl. — pg_;_m .‘pm;; o ',ﬂ,,- 1 nocxwa.l.nmnbness T smugu. ._,11 N FREG | SEVER!
. - . . 1 t
82550 41860 70 77-78. 5 ;
5 : _ L - ¢ sk
3 THE FOLLOWING TESTS WAVE BEEN FERFORMED smsrnc'ronu,v - T
I R é 9 11 12 _
"T 1 Dys Panetrant 3 Ullu_'.onlc' 5 X:fuy 1 Migraacaplc 9 -Flm_mlnq 1t Flarifg 13 ‘Crushing 15 Macro Efch
7 Eddy Curient 4 Corroslon & Erbrittleriarit 8 Banding 10 Decarburization 12 Hydeontatic 14 Flarging 16 :Haverss Bending
“ ! .

‘ | CERTIFY THE ABOVE TEST INFORMATION TG BE CORRECT
}  AS CONTAINED IN THE RECORDS OF THE COMPANY

| E ; :m;mxi

29
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PEDIBD B

Welding & Fabrication Company, Inc.
LACEYS SPRING, ALABAMA

Phone - 881-6173

17Pdtkiﬁg-$li

. PARTIAL []

L RECEIVED BY?

REGISTER NO:
Sofm: ol

PN A R S

SHJIPPED TO _ locthecd

W .
- e Caniwitle  A¥obores .
' CUSTOMER ORDER NO. |  WORK ORDPER NO. GOVT. CONTIRACT NO. . !
L L ¥ Yoo .- i . _ . .. ' LT 15.- 2 ropdto» ..

- . QUANUITY |  PART NUMBER - - DESCRIPTION © IP.O.NtemNo. -
o b T TN i . : . |
N T R R K Anioohyrn AT fre) o i

e o i ey f".-_;'; e W Fearany
‘ T TR berdn DU Susietens 1 (§ o
. i pmberded TPeticd s on (N lac b T Tan 5V Ok ‘
!

INSPECTOR IR A - INSPECTOR

SHIPPED BY B, Ty thdten . _ DATE____ 13575 . REC'D. BY __ 5 v T e o

T o




1 Section 9, Page 1
" STATEMENT OF COMPLIANCE
2 [
All parts and comhponents of the NASA -MSFC Hot Gas Facility as
E delivered on 17 December 1975 were inspected and found to comply with
" their applicable drawings., These drawings are as follows:
U No. R80104" Modification to HGF Injector
__ No. R80105 Injector Face Plate
B No. R80106 * Throat Section
No. R80107 * Nozzle
U No. RB0O108 + Test Section
KNo. R80109 v+ Calibration Panel

Ne.R80110' Calibration Panel (Dummy)
No. R80111 Combustion Chamber Water -In Manifold
No, R80112  Combustion Chamber Water -Out Manifold
No, R80116 Glass Window Spacer

No, R80117 Test Panel Spacer

No. R80119+ Test Section Support

No. R80120 Bottom Support Plate

No. R8012} Side Plate Thrust Structure
No. R80122  Side U-Plate Thrust Structure
No.R80123+ Combustion Chamber Support
4 " No.R80125- Thrust Structure Assembly
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W.G. Dean, .
Lockheed Project Engineer
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Appendix N
Dean, W. G., ""Modification/Fabrication of the NASA-MSFC Low Enthalpy

Hot Gas Test Facility," LMSC-HREC TM D496690, Lockheed Missiles &
Space Company, Huntsville, Ala., January 1976,
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LMSC-HREC TM D496690

FOREWORD
This report presents a review and suminary of the work

conductéd by Lockheed -Huntsville for NASA -Marshall Spaé_e
Flight Center under Contract NAS8-25569, ""Design and Develop
the Modification of the Hot Gas Test Chamber." This work was
begun on 19 September 1975, and the hardware was delivered
on 17 December 1975,

The NASA-MSFC Contracting Officer's Representatives

~ for this contract were Dr. K. E. McCoy, S&E-EP44 and Mr.

R. N. Stone, S&E-ET18.
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Section 1
_ INTRODUC TION

On 17 September 1975 Lockheed-Huntsville received a contract from
NASA -MSFC to modify and fabricate a low-enthalpy hot gas test facility for
testing large thermal protection system (TPS) panels in support of the External
Tank (ET) and Solid Rocket Booster (SRB) TPS development programs. A pre-
liminaty design of this facility had already been cornpleted under a separately .
funded study.

Throughout the design, every effort was made to: (1) minimize cost;
(2) meet the requirements of simulating the flight énvironmen:t as closely as
possible; {3) use as much existing hardware as poésible from a set of backup
hardware previously fabricated for the high enthalpy version of the MSFC Hot
Gas Test Facility; and, (4) test large (22 x 113 inch) panels.

The design requirements and capabilities of this '""modified" facility are:

e Will run on hydrogen/air, as opposed to hydrogen/air or hydrég‘eﬁ/
oxygen for the present configuration -

e Will run without the steam ejecter system, i.e., it will exhaust to

atmospheric pressure, This will greatly reduce operating cost
and complexity

Will run large panels (over 113 inches long and 22 inches wide)

Will r'_'equirgalrﬁo wall coolihg water except for the esttmg ‘water «
cooled copper combustor section, i.e., none of the new parts
will be water-cooled ' '

e Will simuiate the effect of varying q on streaks, i.e.: Do they
stop when they proceed into a loew q region?

e Will simulate local pressure, heating rate, shear and enthalpy
near body point 7065. (Figures 1, 2 and 3 present plots of these
parameters for a comparison with flight vehicle values as listed
in Table 1.) The heating rates will be turbulent without using trip
spheres, ) ' ' '

. LOCKHEED -HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Table 1

LMSC -HREC TM D496690

FLIGHT VEHICLE VALUES (REF. 1)

(55 N.MI. AOA TRAJECTORY AT TIME OF MAX. HEATING = 110 SEC)

External Tank Body Point q‘cw PL Shear
| (Btu/et%-sec) | (psia) | (be/f%)
- Max. Heating Point on __ _
SRB Shock Impingement _
Point (BP No. 7325) 12.4 3.9 4.0
(_)i'biter Shock Impingernent _
5
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LMSC -HREC TM D496690

Will simulate shock impingement effects on ET/TPS (Orbiter/ET
and SRB/ET shock impingement areas)

[
[ .
¢

Will simulate cryogenic backface temperature using a cryopanel,

)

e The flowfield chemistry will closély simulate that of the vehicle
in flight (air): The combustion products for the design operating
point are:

i .

3 - Constituent Mass Fraction(%)
. H,0 5.8 - ¢ .
. 1o
[L N, : 74.9 :
| | 02 17.8
U | - Ar 1.5
. e The recovery enthalpy for this modified chamber is 425 Btu/1b
L ' as compared to 424 Btu/lb for the flight vehicle at a trajectory

time of 110 seconds (near the time of maximum heating) for the
55 n.mi., AOA design trajectory.

WG AR |
l'm} &

[

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




o

LMSC-HREC TM D496690

Section 2

GENERAL DESCRIPTION OF THE FACILITY
AND COMPONENT HARDWARE

Figure 4 shows an artist's sketch of the modified facility, This sketch
was taken from the proposal (Ref. 1), and several design changes were made
since then, However, the ba,sici:.fa-eizl'ity/companents are the same, (No photo-
graphs are yet available of the completed facility,) The facility consists of:
(1) an injector boedy; (2) water-cooled copper combustor; (3) stainless steel
throat section; (4) nozzle section; (5) test section or duct; (6) thrust structure;
(7) two support stands; (B) camera mounts and light brackets; (9) camera/light
purge boxes; (10) one ""live" calibration panel; (11) three "dummy" calibration
panels; {12) four cooling-water manifolds; (13) a stainless stleél cryopanel to
provide a cold ET tank wall panel substructure simuiation; (14) two angular
seals inside the bottom of the duct where the foam panels mate with the side -
wails; and, (15) two "tailgate' seals, ' | |

Each of these components is described in the following sections, Final
drawings of all components have been delivered to NASA with the hardware.
The injector body and combustor are modified existing hardware. All other
components are new,

2.1 INJECTOR B‘.OB-Y
. 'Th-:e. injector was modified as follows:

" The "Rigimesh'" injector face was removed and a new face of 304
stainless was made with the same burning hole locations but with
additional rows of air "bleed' holes to allow a large increase in
the air flow rate. Also new air manifolds and manifold feedline
pipes were made and welded in place of the old ones. Also the feed
holes from the manifolds through the injector body side walls were
greatly enlargéd to accommodate the larger air flow rate. No
changes were made to the hydrogen manifolds, léad-in pipes, or
injection tubes, The m;ector face was scaled in place with RTV

LEI‘KHE.... ~HUNTSVILLE ‘RESEARCH & ENGINEERING CENTER
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LMSC ~-HREC TM D496690

E rather than being welded in place so it ¢can bé removed if any
: additional modifications are required, i
ii
i
i 2.2 WATER-COOLED COPPER COMBUSTOR L
;
| The combustor was obtained from the NASA warehouse, separated from i
B~ the copper throat section and used "as is" except for drilling and tapping one )
hole for the chamber temperature measurement thermocouple assembly, This !
Ll_ . hole is on the top side about one inch upstream eof the combustor/throat inter - 4
face.

The copper throat section was returned to NASA "as is'" and will not be
U used in this facility.

g 2.3 THROAT SECTION

- A completely new throat section was made., It is 304 stainless steel and
has an inside threat height of one inch rather than the approximately 0,31 inch
height of the old copper throat, It is made of four parts: top and bottor: and
two side plates welded together at the sides. The throat section has no water

- cooling,

13 2.4 NOZZLE SECTION

The nozzle is made of mild steel, It is essentially a two-dimensional

) expansion nozzle, The entrance height is approximately 1.5 inches and its

exit height is approximately 8 ifiches, It is a "half-cone' oxr '"half nozzle”

L

design, all the expansion being on the top side with the bottom flat.  The expan-

E sion angle is 15 degrees, and the exit mode number is about 3.6, The nozzle

has a 0,35 inch lateral expansion to allow for boundary layer growth aleng the
side walls. (0,175 inch on either side).

2.5 TEST SECTION/DUCT

The test section is made of mild steel. It has two rectangular viéw ports

or windows on top for taking movies during the tests., Light and camera mounting

9
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brackets are also provided, as well as purge boxes for safety purposes since
G'HZ is involved. The camera brackets allow for moving the cameras up and
down and for aiming at various angles, The duct is essentially rectangular
except for the approximately 1 inch taper on each side wall and 2 inch tai)er

on the top wall to allow for bound'ai_-y layer growth. The bottom is flat, The
foam test panels are mounted in the bottom of the test duct resting on the cryo-
panel and bolted in place from the bottom, The maximum panel size is 2 x 22.25
x 113.3 inches, Two angles are used as seals along the sides of the panel where
they mate with the sides of the duct,

2.6 THRUST STRUCTURE AND SUPPORT STANDS

The thrust structure was changed from that shown in Fig. 4. It is now
an over/under design and sits on a ''sawhorsz" stand similar to those shown
in Fig. 4. Four height alignment bolts are provided for aligning the duct te
the nezzle, and rollers are provided under the duct for 'Long-itud-inal movement
of the duct away from the nozzle, '

2.7 WATER MANIFOLDS

These manifolds provide cooling water to the copper combustor. A water
pressure drop of about 40 to 50 psi is predicted to supply a sufficient cooling
water flow rate,

2.8 CALIBRATION AND DUMMY CALIBRATION PANELS

One 'live' calibration panel is previded to measure pressures and heat-
i-n.g rates aloh_g the bottom of the duct where the foam panels will be tested., This
panel is approximately 22 inches wide and 28 inches long. It is to be placed at
various positions along the duct during each of séveral calibraticn runs to deter-
mine the environment. Three dummy panels are provided to alternate with the

calibration panel as spacers as the "live" panel is moved to each pasition,

io -
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Twenty ~two pressures and 22 adjacent heating rate measurement loca -
tions are provided in a cross pattern to get distributions both along and across
the duct length ahd width, These locations are numbered and etcied on the top
of the panel for reference/data reduction purposes, Pressure tubas and thermo-
couple leads apprexima-tely'lz feet long are provided and numbered with corres-
ponding numbex 5,

Heating rates are to be measured using the standard "thin-skin/thermo-
cou'p-le" method using chromel-alumel thermocoupies. Data reduction curves
have already been made for obtaining heating rates from the temperature
versus time traces,

It is expected that the time required for the pressures to stabilize will .
be about 5 to 10 seconds which will also be sufficient time to obtain heating
rates, ' '

2,9 CRYOPANEL .

An "off the shelf" cryopanel was bought and installed inside the duct.

- It is made of 304:1L, stainless and certified for a 135 psia pressure capability, It

is mounted on a 1 in, thick layer of rigid ceramic (Glassrock) foam insulation,.

The insulation was used to reduce heat loss from the cryogen (LNZ) to the heavy

‘steel bottom wall of the test section during chill-down, ete, -

"Tailgate' pieces were also provided at the exit end of the duct Vo seal
around the top of the cryopanel and also to seal around the pressure tubes

and thermocouple leads.

11
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Sec ‘ion 3
SUPPORTING ANALYSES

Most of the suppofting analyses were completed during the preliminary

design phase. However, several additional stress analyses were conducted

during this medification/fabrication phase., These included stress analyses of:

I

Bolts .s:onnectin'tg thrust structure to its support stand. Result:
large raargin of safety,

Problem of having the hot {(uncooled) stainless steel throat sec-
tion bolted to the water-cooled copper combustor (Refs. 2, 3 and
4), Results showed that there will be some slippage between
these parts, but no stress problem.

Rod bolts connec.tmg injector, combustor, throat and nozzle
flange. (allowable dry torque 200 in-1b).

Effect of three sides of test section being heated while bottom
is cold due to its bemg protected by the foam panel, Results:

large pesitive marginh of safety, maximum deflection of 0,172
inch in middle of duct upper wall,

Nozzle section pressure and thermal loading. Result: a 1-3/4 inch

support angle was added to the original design across the top of
the nozzle.

In addition to these stress analyses, an igh-ition/burni-ng/ mixing analysis

of the combustor nflow field" was performed (Ref.5). This was a two dimen-
sional finite-rate analysis where the ignition was started on the side of theé com-
bustor (simulating the flame igniters) and allowed to propagate across the width
of the combustor teward the centerline, The flame front reached the centerline
about two=thirds of the w.ay down the combustor, This:-mea-n's that the large

air flow will not "flame out' the flame froant. It is felt that this analysis was con-
-servative and that the propagation will actually be faster than predicted. How-
ever, ii is assumed that the igniteré are burning continuously, which is the planned
operational mode., If the 1gn1ters are turned off the flame is quickly extmgumhed
due to the quenching reactions,

12
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4 LMSC-HREC TM D496690
Section 4
L PROOF TESTS PERFORMED
] Five proof tests were conducted as follows: "
e 4.1 VACUUM TEST OF TEST SECTION/NOZZLE
] - Since the pressures inside the nozzle and test section are léss than atmo- '
A spheric during facility operation (Fig, 2) a vacuum leak test was performed,
The test section was bolted to the nozzle and both ends blanked off. The windows
‘ were mounted in place and a vacuum pump used to bring the inside pressure down,
- The pressure did not reach the planned test point of 1.0 psia. However, it atabi- '
lized at about 1.3 psia due to the combination of small leaks around the !
) blank-off plates at the ends, and the small pumping capacity of the pump at this
) pressure level. At this point the pump was shut down and the valve closed, i
- ~ A pressure-rise rate and internal volume was used to calculate the leak rate. |
¥ The value turned out to be 0.13 in-Hg/min, as 'eo-mparedr to an allowable value of 3
I 2,36 in-Hg/min, This was therefore declared to be an acceptable leak-rate proof 3
test, _ | ,
T : _ -
b 3
This allowable leak rate was established as follows; a criterion of 1% of ;
{' . the mass flow rate in a 1 in. wide strip of boundary layér was established as a %
- value to assure no flow disturbance, This yielded a mass leak rate of 0,003 i
] 1bm/sec which converts, with the proper volume, to 1,164 psia/ min or 2,36
L in-Hg/min. .
g
i 42 PRESSURE TEST OF THE WATER MANIFOLDS
i The design water pressure for the water manifolds is 50 psia, A proof
i pressure of 60 psi was selected for leak checks, The four manifolds were con= %
nected to the copper combustor, and the two circuits were filled with water and %

omkpny
Tawwvend

veont B

the air bled out, They were pressurized to 60 psia using an argon pressure bottle,

Some small leaks were found in the braze je'in'ts and in the copper combustor end

plugs. These were stopped and the system retested until ho leaks were seen.
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LMSC -HREC TM D496690

4.3 PRESSURE TESTS OF THE INJECTOR, COPPER COMBUSTOR, THROAT
SECTION UNIT

The design chamber pressure during operation is 100 psia, thkerefore a
300 psia value was selected to give a ""safety factor'' of 3. The purpose of this
test was to check the weld joints in the air and hyd-rogen manifolds, and the O-
ring joints between the throat/combuster and the injector/combustor.

The unit was assembled with a blank plate used on the downstream end
of the throat section and B-nuts/plugs in each of the manifold feed lines, It
wa s Qa_zf'igihalljr proposed that this 300 psia pressure check be performed using
helium gas, However, this was '"outlawed'" by Lockheed safety perscnnel
and a hydrostatic test was substituted, That is, the unit was filled with .
water and the air bled out and then it was pressurized using an argon pressure
bottle with regulator, :

Three tries were required before the full 300 psi pressure was obtained,
On the first two tries leaks were observed at the O-ring and at the seal between
the throat and blank plate, These wezre é.topp ed by using an "oversized" (fatter)
O-ring and by using a thicker blank plate plus bolting the nozzle in place to

- let the flange serve to stiffen the blank plate so it didn't b:tﬂ:g‘e out and cause a

leak,

On the third try a pressure oi approximately 300 psi was reached at which
time the O-rings started leaking. During dissassembly of the unit after this last
test it was discovered that beth the copper combuster and the throat séction lower
wall had taken on a perm‘a-nént deformation. Figure 5 shows the extent of this de-
formation of the copper, In the middle the deformation was measured to be about
0.2 in. The steel section was deformed about .050 in, This also caused some
negging” of the rod-bolt holes. '

" This problem was i-mme_diateliy brought to the attention of thé Technical

COR of the contract, It was decided that we should try to straighten ‘

these parts back to their original position on a hydraulic press. This was

14
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Fig. 5 - Post Test Photo of Copper Combustor Showing
Approximate 0,2 in, Permanent Deformation

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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LMSC -HREC TM D496690

accomplished without a great deal of extra effort and the straightened pa-ft_a
were re-inspected by NASA representatives, The steel throat section went
back inte place to within about 0,007 inch of its original size, and the copper

was straight enough so that the rod bolts "'fell through" without effort,

Sincé no leak was observed on the welds at 300 psia and the O-rings did
not leak until approximately this value, it was decided that the test objectives
had been met and therefore no further tests were performed.

An "after-the-fact" ecursory stress analysis showed that some permanent
deformation of the coppér should have been expected. This was an oversight
on our part and should have been caught before we conducted the test,

A dye-penetrant test was made of the copper coinbustor after it was
pressed back into shape and no ¢racks were found. '

4.4 HELIUM PRESSURE TEST OF THE HYDROGEN MANIFOLDS, FEED
' PIPES, AND BURNER TUBES

The 92 GHZ burner tubes were blanked off using ''shrink" tubing and taken
to theé NASA-MSf‘G' test lab shops for a helium l-e_ak detector test, The unit was
purged and then pumped up to 30 psia and "gniffed" thoroughly. No leaks were
found, '

4.5 WELD JOINT TESTS WITH DYE PENETRANT

All wél’d joints were checked using a "Zyg-‘lo” dye-penetrant test kit, No
problems were found,
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Section 5
INSPECTION/QUALITY ASSURANCE

All parts were inspected before delivery and found to meet réquirements
as specified on the applicable drawings (see Section 7, Applicable Documents,
for drawing numbers and titles),

A separate document (Ref. 6) has been written to cover quality assurance
of this project. Included in this docurnent are: material certifications, LMSC
Minimum Quality Assurance Statement, subcontracted work inspection form,
welder certification, welding rod certification/specification referénces, NASA
acceptance form DD-250, ete.
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Section 6
INSTRUMENTATION

In addition to the 22 pressure and heating rate measurements provided

with the "live' calibration panel as discussed earlier the following ''facility"
instrumentation is provided:

Combustion chamber pressure tap

Combustion chamber tempeérature thermeocuuple assembly, (Omega
brand, chromel-alumel, 1/16 inch diameter, with inconel sheath,
ungrounded junction, max temp capability = 2100°F, approximately
2-11/16 inches along, exténds to centerline of combustor, located

‘about 1 inchupstream of throat/combustor interface,)

Nozzles upper wall temperature: Chromel-alumel thermocouple,
located about 2 inches downstream of throat/nozzle interface,

Test section/duct upper-wall temperatures: Two chromel-alumel
thermorouples are provided:; one about 2 inches downstream of the
nozzle/test section interface and one about 3 inches upstream of
test section exit plane,

Test section upper wall pressures, Seven pressure tap locations

are provided on the test section uprer wall, These are more or
less equally distributed along the duct iength,

In addition to this insirumentation, consideration is now being given to

the addition of acoustic instrumentation, The purpose of this is te determine
how well this facility simulates the .ﬂight acoustics environment, This has been
discussed with NASA- MSFC acoustics personnel and their estimated acoustics
level is 140 to 165 dB. They have also made a recommendation as to the
type of instrumentation to install, If it is decided to add these transducers,

they can be installed ih one of the "dummy" calibration panels,

18
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No, R80122
No, R80123
No, R80125

/] Y
-l i
LMSC -HREC TM D496690 :
i
Section 7
N APPLICABLE DOCUMENTS
1 . .
- The documents applicable to this facility are covered in the Reference 5
g section,
; Also the following drawings are applicable: ‘
] No, R80104 Modification to HGF Injector
f‘ No, R80105 Injector Fa,eve Plate |
- No, R80106 Throat Section |
] No. R80107  Nezzle
= No,R80108  Test Section
No. R80109 Calibration Panel
No, R80110 Calibration Panel (Dummy)
No,R80111  Combustion Chamber Water-In Manifold
3 No. R80112 Combustion Chamber Water-Out Marifold
No.R80116  Glass Window Spacer
No, R80117  Test Panel Spacer
No. R80119 Test Section Support
i No. R80120  Bottom Support Plate
- No, R80121  Side Plate Thrust Structure

Side U-Plate Thrust Structure
Combustion Chamber Support
Thrust Structure Assembly

" }} : ' No, R80156 L.ong Foam Panel
B No, R80157 Hole Pattern Template - HGF Panel i
P 3‘ : Final copies of these drawings were delivered to the NASA - MSFC
L o Technical COR at the end of the contract period,

g .

i
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Section 8
L.OAN OF WINDOWS

The two quartz windows and frames used on the top of the test section
for camera viewing ports are on loan {without charge) from Lockheed to NASA.
The present loan period is one year. It is expected that this loan period can
be extended at the end of one year if needed. These windows are from a surplus
wind tunnel owned by Lockheed., Under the terms of the loan agreement, if
Lockheed should neéed these windows before the end of the loan period, a three-

month notice will be given so that replacement windows may be made or pur-

chased, However, this need is not expected te occur.

20
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Section 9
DELIVERY OF HARDWARE

-
PR

Delivery of all applicable hardware was made by Lockheed -Huntsville

! . . - g

{ to NASA -MSFC on 17 December 1975. It was accepted and received under r, _

2 form DD-250, Government furnished parts (copper combustor and throat

[ : sections) were also returned or accepted undev this same form.
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u| Section 10

' OPERATIONAL CONSIDERATIONS

J 10.1 CALIBRATION PANEL LOADING

‘{ The calibration panel has a front and rear edge, obviously located by the

; ) d‘-i-rec—_:-tién the pressure leads run. The "dumy" calibration panels have dowel
E U alignment éins for mating to the front of the duct, to each other, and to the ‘'live"

calibration panel, These dummy panels also have front and rear edges, These

U are stamped on the lateral edges, "FR and RR." The "FR'" edge goes nearest

: the combustion chamber end of the test section. These durnmy panels also have
position aumbers 1, 2, 3, Panel No. 1l goes nearest the combustion chamber, :
ete. | :

|l 102 MATING GAP CONSIDERATION

“ When the calibration panels are loaded they must be sealed ;t their gaps l

L on the sides and front. This is required to prevent redistribution of the pres- ' '

sure aleng the test section which would foul the flow field. This will be dene

U using 2 -component RTV as they are loaded into the test section from its dewn-
stream end. On the sides two angle ""seals" are provided, RTV gaskets are

d attached to these rails already. However, some additional wet RTV will be re-

_ quired to obtain a proper seal. This RTV can be removed without a2 great deal ;

H of effort from these su.ﬁfaees if they are not primed, (This has been tried and

- it works!)

( | i

H Also the two tailgate pieces must be sealed with RTV to prevent air from ‘

i being drawn into the cavity under the cryopanel and calibration panels during i

d facility firing. ' '

oty
Lanerarmyes
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.10 séconds, The acoustics instrumentation will also obtain sufficient data in

10,3 FACILITY CALIBRATION

Lockheed personnel will be available for helping monitor and coordinate
facility checkout/ calibrating and data reduct-ion/an'alysea.

Temperature time histories have been predicted for each of the calibra-
tion panel heating rate areas, Heating rate and pressure predictions are shown

on Figs. 1 and 2,respectively, Upper wall pressures have also been predicted,

The time required to get pressure and heating rates is estimated at 5 to

this time period.

At least four runs will be required for calibration = one for each of the

live calibration parallel positions,

10.4 FOAM PANEL DESIGN

A preliminary design drawing of the foam panel has been made — Drawing
Ne, R80156,

There are two basic ways these panels could be rmade. The simpler, and
less expensive from a manufacturing standpoint, is recommended as shown on
the drawing., This is simply a flat plate 1/8 inch thick aluminum backup struc-
ture with drilled and tapped holes for mounting from the bottom., The g.ap or joint
between the foam sides of this panel and the test section walls would be sealed
with the two angle seals coated with RTV. The disadvantages of this design is
that if the RTV gaskets now on the angle seals do not completely seal against
the foam, then "wet'" RTV will have to be used during panel loading to ensure a
seal, This means the angles may stick to the foam and have to be ieut loose after
each test,

The sego_hd approach would be to have th.e p)z’mel ma-nufécturer furnish a

substructure which extends up the walls of the duct far enough to be bolted

23
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LMSC -HREC TM D496690

in place at the holes which presently hold the angles in place. This would give
a "breadpan'' for the foam to be sprayed into and it would then be ''stuck' to the

sides and no seal would be required at the foam/metal interface,

As stated earlier, the first (simpler) approach is recommended at least
for the first batch of panels. An alternative, which is probably advisable, is to
have MSFC spray some 'trial" panels of the simple design to see how they

will actually work.

10,5 FACILITY DISASSEMBLY/REASSEMBLY NOTES

The facility consists of two basic units: the parts upstream of the nozzle/
duct interface and then the duct itself,

The first assembly is held together with 18 rod bolts 3/8 inch in diameter.
Silicone Q-rings are provided between the injector body/copper combustor and
between the copper combustor and steel threat. These O-rings are quoted to be
good up to 7-000}? for short perieods of time., However, they are not predicted to
get this hot and thereforec no disassembly or replacement of these between runs

is required, However, periodic inspection of these is recommended, If there is

-a leak at these joints during operation it should be obvious from "burn marksa"

on the ecutside. If the temperature capability turns out to be a problem, then

"Vitron'" O-rings are available which are goed to higher temperatures,

Specifications for these O-rings are Parker Ref, No, 2 -385, size 15.955

inch i.d,, and 0.210 inch cross -sectional diameter.

Dowel pins are provided for alignment at the throat/nozzle interface and
nozzle/duct interface. No alignment pins are provided between the copper com-
bustor and steel throat because of the differential expansion problem during oper-
ation because thethroat is not water cooled. The alignment between the in-

jéetor'bo'dy/'éapper coinbustor is provided by a "boss" that fits into the copper,
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LMSC -HREC TM D496690

Alignment between the nezzle/test section is controlled by four threaded
studs, two in each of the test section support stands, These allow lateral and
horizental adjustment of the test section to match up with the nozzle dowel pins,
Longitudinal movement of the test section is provided by rollers on top of these
twoe stands, .

When assembling the facility the mating surfaces should be -a'lig\ned' to ob .

tain the best match of joints at their lower surfaces, This is because flow dis-

turbances are critical on the lower wall where the foam is to be tested,

An RTV "mold-in-place' gasket is provided between the nozzle/test sec-

- tien. If damaged it is easily patched or replaced,

Recommended torque on the rod bolt nuts is 200 in, -lb-dry. Recommended
tightening pattern is: alternate top and bottom; start in middle working outward,

Go over pattern three times.

Kecommended torgue on nozzle/test section mating flange connecting bolts

is 35 in, +lb-dry, Tightening patterns are the same as for the rod bolts.

25

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




S

R

i s

ke g e A b

o
o=

.
.
.

etc,

LMSC -HREC TM D496690

Section 11

FACILITY OVERALL DIMENSIONS

Figure 6 shows a sketch of the assembled facility with overall dimensions,
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Section 12

FACILITY DATA SUMMARY

The following information is presented in summary form for quick

reference in the future use by the reader,
@ Nominal Run Conditions

P_ = 100 psia
T

=T, = 1773°R = 1313°F

T Theoretical values
Tp = 1620°R = 1120°F using 100% burning
efficiency
Hop = 472 Biu/1b
Hp = 425 Btu/1b, (R. F. = 0.9)

C” = 2630 it/sec
Maximum predicted run time: 120 seconds.

Limiting factor on run time: temperatures of
nozzle and duct.

@ Propellant Flow Rates

Air = 29.1 1b/sec
0.1914 1b/sec Assuming

0
oI
1l

O/F = 152 New = 92%

|

s Propellants Pressure Drop Across Injector Face

Air ~ 35 psi
GH, ~ 10 psi

29
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s Cryopanel

Material 304-1,
Nominal Size: 22-1/8 x 119 in,
Proof Test Pressure; 135 psia
Predicted Pressure Drop: 70 psi
Predicted LN, Flow Rate: 36 gpm
Connections:

Inlet: 0.5 in, M. F. Pipe Thread

Qutlet: 1.0 in. M. F. Pipe Thread.

o Foam Panel

Nominal Size: 22.25 x 113.30 x 2.0 in,

@ Water Manifold

Inlet Pressure: 50 psi
Flow Rate: 56 gpm

e O-Rings

Quantity: 2
Material: Silicone Rubber

Size: 15,955 in, i.d., x 0.210 in. Cross-Sectional
diameter

Specification No: Parker No. 2-385

¢ Calibration Panel

Pressures: 22

Heating Rates: 22

Thermocouples; Type K (Chromel Alumel)
Material: 304-L Stainless Steel

Nominal: Thin-Skin/T. C.

Liocation Thickness: 0.030 in. +.01
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| Plate Thickness: 3/8 in.

o Size: 22.25 x 28.44 x 2.00 in.

i

: e Dummy Panels

;

E Sizes:

Panels 1 and 2

A HEETY R T Y A b Ve

0 22.25 x 28.44 x 2,00 in.
’E Panel 3

Lo 22.25 x 27.81 x 2.00 in.
Me. crial: Mild Steel

i Plate Thickness: 3/8 in,

o Bolt Torque:

Injector /Combustor /Throat/Nozzle
Rod Bolts: 200 in-1b (dry)
Nozzle/Duct Bolts: 35 in-1b (dry)

© Window Size:

Glass: 4-1/2 x 20 in.
Inside Frame: 7-1/2 x 22 in.
Outside Frame: 10-5/8 x 24 in.

;
]
4

i
H
3
b
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