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NOTICES - . : -

When Qoverﬁment dfay}ihgs! specifications, or other data are used for any purpose other than m

“conniection with a definitely related” Government procurement opération, the United States
Government théréby -incurs. no- respo*nsxblhty nor any obligation whatsoever; and the fact that the
government may have formulated furnished, or in any’ way supplied the said drawings,
specifications, or other data, is.not to be regarded by implication or otherwise as in any mariner
licensing ‘the holder or any other person Or corporation, or ccnveying any rights or permission to
manufacture, use, or sell any patented invention that mdy in any way be related ‘thereto.

This document is subject to special export controls and each {ransmiftal to foreign govemments or

foreign nationals may be miadé only with prior approval of the Air Force Materials Laboratery,
anhtPaderson AFB, Ohio 45433.

Distribution of this repdrt;is‘limitéd because the U.S. Export.Control Act is gpplicable,_
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Part 1 FOREWORD

This report was preparéd by the Re-entry and Environmental Systems Division-of the Genefal

Electric Company, Philadelphia, Peansylvania, under USAF Contract F3361569-C—1503 This.

contract was initiated under Project 7340, “Nonmétallic and Composite Materials”, Task No.
- 734001, “Thermally Protective Plasiics and Composites”. The work was administered under the
_direction of the Nonmetallic Materials Division, Air Force Matenals Laboratory (AFML). The
AFML project engineer was Mr. R. Farmer (MANC)

This report covers work performed between 24 February 1969 and 30 Maich 1970.

The manuscript of this report was released by the authors 30 March 1970. The General Electric
‘ Company report number is 70SD649.

This technical report has been'reviewed and is approved.

”1.D. RAY Chlcf
Plastics and Comp051tes BranchA
Nonfnetalhc Materials Division
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ABYL-TR~70-95
. ABSTRACT Part 1

. Ablativé plastic composite materials were ixivestigated and developed for Jo. g time heating

env;ronments. The desirable -materials performance goals were high erosive resistance, insulative
abi!it){, spallation or oiher thermomechanical effects.

Carbon cloth reinforced phenolic resin and silica cloth reinforced nhenollc resin Neat shield
materials gave acceptable thermocheinical ablaiive surface patteras, erosive rates,. and internal
temperatuses, but these heat -shield materials are relatively heavy. Conséquently, the muliilayer
concept was examined with the objective of determining if -such constructions could perform
comparably with appropriate weight savings. Low density quartz (LDG) was an effective insulative
layer, when bonded between the heat shield and metallic substrates. The LDQ consisted of phenolic
‘impregnated silica strands, which alternated at nght angles to yield a squarc wa!! noi. .ced’
constructlm

The environment to which the specimens were subjected was generated by a five megawatt arc
hedter which was operated stepwise for 300 seconds. Caiibration of the heat transfer rates mdlcated

. nominal: values of 25 and 440 Btu/ft‘—-sec yielding an integrated heat trancier of 36550 Btu/it-

Other nosminal:conditions- o,ver the 230 and 70 second ‘heating intervals were, 5000 und 5500 Btu/ib
enthalpy. 25 and 400 Btufft2sec heat-flux, 0.4 and’ 2.5 ib/ft2 shea: stress. Specimen dimensions
were S5-inches long by 1.75-inch wide by a. -variable thickness. There was a ‘bonded alumimim
structure, five thermocouples, and a 20 degree fiber angle for the.simulated.tapezwrasp specimen.

The ablative 1espense to high heat loads was fourid to be Jependent upon material zomposition and
construction. Asymmetrical erosnon excessive erosion, or high mts rnal temperatures was found for

"six:of the candidate composites. !

This Abstract is subject to export controls and cach transmittal 1o foreign governments or foreig.
nationals may be made only with prior approval of the Air Force Materials Laboratory (MANC),
Wright-Patterson Air Force Base, Ohio 45433,
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) - Part “j
I. INTRODUCTION

The selection of ablation:materials and concepts for application as heat shields of véhicles subjected
to high integrated heat loads cun be made only if the total environmental problern area imposed by
these thermal conditions is thoroughly understood. The heat shield concepts mus$ be selected on
the basis of their ability to cope with the problem areas, while imposing miniraum weight and
volume penalties on the vehicle. Briefly, the heat shield must maintain an acceptable internal
temperature, whife it remains intact and maintains an aerodynamically stable skare.

The heat flux histories for the heat shields of two types of vehicles are compared in Figures 1 and 2.
Figure 1 shows the history of a typical high speed re-entry vehicle subjected to short time heating,
while Figure 2 shows the heat flux exposufe of a hypothetical vehicle subjected to Iong term
heating.

The structural integrity of the standard carbon phenolic tape wrapped heat shield under long term,
high heat load conditions has been observed to be poor, especially under conditions of variable heat
load. Organic resin bonded refractory -fiber composites, upon exposure to high temperatures far in
excess of normai environmental conditions-such as those encountered during re-entry, undergo
decomposition reactions that produce shape changes governed by the mode of decomposition of the
resin. A resin that yields a large proportion of char, and that allows gaseous decomposition products
to escape slowly and in controlled fashion, will form a morc stable composite than a resin that
breaks down rapidly into large volumes of gas, yielding little char. The characteristics of the fiber, in
particular such properties as thermal conductivity, surface area, and oxidative stability, will also
affect composite stability under these conditions. The processing steps that'a composite undergoes,
and the density, porosity, and degree of cure of the resin in the finished material, will influence the
shape stability and integrity of the piece upon pyrolysis. The tendercy of a laminate to crack, split,
and warp upon exposure to an arc or some other high temperature environment is due to an
interaction of the resin/fiber components during decomposition.
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Il. TECHNICAL APPROACH

Current practice utilizes a 20 degree tape wrapped heat shield fabricated from a bias prepreg tape.
Three reference (control) Jaminates were prepared from two types of carbon cloth and one type of
silica fabric impregnated with phenolic resin. In addition, seven devclopmental test specimens were
prepared consisting of four ablative shield samples and three low density quartz (LDQ) sdmples
sandwiched between an ablative shicld-and 2 2024-T3 aluminum.plate. (Tables I and II describe the
test specimens.) Tabl: III gives the properties of the pre-preg materials used in making the
specimens. ATJ graphite was used in a calibration run, and its properties are also given.

REFERENCE TEST SPECIMENS (R1, R2 AND R3)

Two types of carbon fabric and oné type-of silica fabric in the forni of a 45 degree bias tape and
impregnated with phenolic resin were cut into strips 6 inches long. The 6 x 2 inch strips were
stacked in an aluminum holding fixture which contained a 20 degree wedge at one end. This
facilitated the rmaintenance of a 20 degree orientation of all.the impregnated strips simulating a 20
degree tape wrapped ablative shield. The assembly was then vacuum bagged,.and the imptregnated
fabric was subjected to B-stage consolidation at 15 psi and 180°F for one hour. The bagged
assembly was then placed in an autoclave and exposed to the following cure schedule at 150 psi:

2 hours at 200°F
2 hours at 250°F
4-hours at 325°F
The cured material was then removed from the vacuum bag and post-cured for four hours at 400°F.

Test specimens, 5.00 x 1.75 x 0.50 were machined from the cured laminate and bonded to chromic
acid etched 2024-T3 aluminum (0.0625 inch thick) with HT-435 epoxy-phenolic film adhesive. The
assembly was clamped and the adhesive was cured for one hour at 350°F.

ABLATIVE SHIELD TEST SPECIMENS (A1, A2, A3 AND A4)
A. Phenolic Impregnated Carbon and Silica Fabric

VCX carbon fabric and refrasil silica fabric were dried at 250°F for one hour. A 67 percent solution
of DP2510 (solvated phenyl phenolic resin) in methyl ethyl ketone was used to impregnate the
dried fabrics. Twaq coats of the resin solution were brushed onto the fabrics. The impregnated
fabrics were allowed to air dry for 16 hours. An additional coating was then applied and the coatew
fabrics were dried six hours in air. Each fabric was then B-staged at 180°F for one hour in a
circulating air oven. Two inch wide strips were then cut on a 45 degree bias from each fabric. In
addition, samples for the determination of resin content, volatile conter:t and flow were cut from
each impregnated fabric. Carbon-phenolic and silica phenolic laminates and test specimens were
then prepared.

B. Polyimide Impregnated Carbon and Silica Fabrics

CCA1-1641 carbon fabric and refrasil silica fabric were dried at 250°F for one hour. A 50 percent
solution of Skybond 700 (solvated polyimide resin) in methyl ethyl ketone was used to impregnate
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the dried fabrics. Two coats of the resin solution were brushed onto the fabrics. The impregnated
fabrics were allowed to dry 16 hours. An additional coating was then applied and the coated:fabrics
were dried for six hours. Each fabric was then B-staged at 250°F for 45 minutes. Two inch wide
strips were then cut on a 45 degree bias from each fabric. In additicn samples for the determination
of resin content, volatile content and floy were cut from. each impregnated fabric.
Carben-polyimide and silica polyimide lamirates and test specimens were then prepared as
previously described with the exception of the cure schedules. B-stage consolidation in the 20
degree holding fixture was accomplished at 250°F for one hour at'15 psi. The laminates were cured
in the autoclave at 150-psi at 350°F for-four hours. The cured laminates were then post-cured four
hours each at 400°F, 450°F, 500°F and 600°F. -

LOW DENSITY COMPOSITE TEST SPECIMENS (C1, C2 AND C3)

A. Geneérai .
The process used in the fabrication of the C1 and C3 compasites (Tables I and II) involved the
simultaneous curing of the primary ablative shield with.the LDQ component. Test specimen C2 was
prepared by bonding cured constitiients of the multilayered material.

‘B. Fabrication of C1 and C3 Low Density Composites

A loom was fabricated for weaving the resin impregnated LDQ component of the composite shield
material. Nails, driven into a plywood panel, were spaced 0.25 inch between centers and formed a 6
x 6 inch square. A 2024-T3 aluminum panel, 6 x 6 x 0.063 inch, was degreased, scrubbed with
Comet cleanser, dried and placed at the base of the loom.

Q-24 quartz thread, impregnated with HT-424 epoxy-phenolic resin was woven into a
non-interlaced “‘egg-crate™ construction on top of the aluminum panel. Twenty-two plies of the
impregnated yvarn were woven in alternating 90 degree, non-interlaced layers resulting in a total of
44 yarn layers.

A 6 x 6 inch piece of 181 glass cloth was impregnated with HT-424 resin and placed on top of the
“egg-crate” construction. The LDQ ‘“‘egg-crate™ assembly was then vacuum-bagged and subjected to
B-staging at 15 psi and 180°F for one hour.

The stacked <arbon-phenoiic and silica phenolic tape, similar to the pre-B-staged material described
previously, was placed on top of the B-staged LDQ construction covered with the impregnated glass
cloth. The entire unit was then vacuum-bagged and subjected to 15 psi and 180°F for one hour. The
bagged assembly was then placed in an autoclave and exposed to the following cure schedule at 150

psi:
2 hours at 200°F
2 hours at 250°F
4 hours at 325°F
The cured multilayered material was then removed from the vaccum bag and post cured for four

hours at 400°F. The composte was then machined into test specimens 5.00 x 1.75 x 0.75 inch
(typical). The simultaneous curing process just described was employed to facilitate the anticipated
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fabrication of a composite frustum. Because of this processing technique, a wavy interface between

the ablative and LDQ layers resulted. It should be emphasized that this may not be a deleterious
cffect. - ) ’

C Fabrication of C2 Low Density Composite

This technique involved the separate curiny of the ablative and LDQ components followed by
bonding with HT-435 (HT-424 without aluminum filler) film adhesive. This procedure resulted in a
more reproducible LDQ thickness and a more uniform bond lize between the ablative and LDQ
components. in addition, the modified process included the use of 36 yarn layers, rather than 44
and the LDQ layer was bonded to 0.0625-inch thick 2024-T3, chromic acid etched aluminum with
HT-435 film adhesive:

T
! ’ 3
3 I § a
———
* »

Since all of the test specimens were fabricated by means of the same basic process, Figures 3, 4, and
5 can be looked upon as typical intermediate processing steps. These figures illustrate the
fabrication of the low density quartz fiber reinforced section, the lay-up of ablative material, and
the cured blank. Figures 6 and 7 are top views of test specimens prepared from the cured blanks.

TEST SPECIMEN INSTRUMENTATION

Carbon phenolic and silica phenolic speciments were provided in the form of rectangular pieces
machined fo 1.75 x 5 x 0.5 inches. ¥iber orientation was within the prescribed tolerances. Overall
weights measures and material density were provided. A specimen test record sheet was used to
maintain control over each specimen.
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The specimens provided were accurately instrumented with four thermocouples and a tungsten
referénce wire. In the process, a new drilling technique was evolved and used with success. It was
found that the small diameter- drilis used to proivde thermocouple insertion holes tended to break
when they encountered the fibrous components of the materials while running hot. Carbide tipped
drills suffered the same failure as the steel drills. It was corcluded that heating helped to weaken the
- drills. The first attempt to control the heating was to add water as a coolant, but that was not
i successful because fragments of the test material produced a slurry which, in turn, tended to
interfere with the drilling operation. A workable system was evolved using compressed air as the
coolant. Ordinary steel drills are used. Several are broken in preparing a specimen, but in each case,
the broken section has protruded and was extracted from the hole. No specimen for test retained a
drill fragment.

L

K An area that has been subject to some concern is the accurate determination of the depth of the
U thermocouple junction. Supplemental to the technique currently .’sed in the laboratory, x-ray films
have been taken of the first group of specimens. The films have be2n examined to evaluate depths,
however, measurements from x-ray films may contain inaccuracies averaging as much as five mils.
L Sources of error include parallax, specimen alignment, and film shrinkage. A technique developed to
satisfy the geometric restrictions of our particular model configuration could provide accuracies to
less than one mil. Figure 8, shows x-ray views of two of the specimens provided.

 —

The technique used in the instrumentation laboratory can provide good accuracy. An optical
comparator is employed to project images magnified ten times of the specimen (Calibration with a
standardized length easily confirms the magnification factor). After the instrumentation holes are
drilled, a drill of micrometrically measured length is then inserted in each hole. The projecting
length is measured to obtain the depth of the hole, by difference. The angular position of the
projecting length in the appropriate plane indicates the direction the drill has taken relative to the
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surface to be heated. Simple mgonomczris. calculations provide a_sacasurc of ihc point where the

~ thermocouple junction will he logated.

" An estimate of errer for a typical situstion has been obtained (see Figure 9). Measurement of the

location of the thermocoupie depth with an error of ten mils, as instalicd at an assumed angle of 3
degrees, resuits in an error of 0.5 mils -elative fc the surface. 1t has been the experience of
machinists that drills- of the size employed cannot sustain a bow of more than two or three mils
without breaking. Even this-amount of flexure could not be sustained within a curved hole. Hence,
hole enlargement of up to three mils could occur and negligible curvature would exist. Due to
enlargement, the measurement of the true axis may contain an error of less than ten minutes of arc.

This leads to a possible depth error of- -approximatély 1.5 mils. Assuming the errors to be maximum
and cumulative, an error of approximately. two mils might be accumulated and added to the true
absolute depth of the thérmocouple relative to the heated surface of a specimen.

The represented errors are reasonable, even conservative, compared fc those which might be
accumulated in actual measurement. Hence, it is estimated that the mcasurements are of an
accuracy superior to that obtainable from standard measurements of x-ray films. After test, the
specimens were sectioned to locate the actual hole positions, and the drill-rod reasuring technique

weighed against the x-ray films. The drill rod measurement technique was found to be acceptable.

LABORATORY CHARACT ERIZATION
Hyperthermal Arc Facility

A brief review of the characteristics of the arc heater employed for the test program is appropriate.
The arc heater u=it is of the Tandem Gerdien-design as depicted in Figure 10. Gas enters the unit
through two swirl chambers and the flow is divided. Part of the- gas passes througn the vortex
stabilized arc column into the plenum chamber and is then discharged to the test chamber. The
remainder of the gas passes over the elctrodes, carrying off any trace of contaminants, and exhausts
from the rear of the arc chamber. The arc unit, including electrodes, is watercooied copper with the
exception of insulators. For the present program, the secondary plenum, the rectangular nozzle, the
by pass assembly and other related components are added. Power to maintain the-arc is furnished
by two direct current gererators, each of which js rated at 2000 amperes 2nd 1300 volits. They are
connected in parallel. At the Hyperthermal facility, the Gerdien heater has a plenum of the wedge
design. The economy of infernal surface area within the plenum results in the capability to achieve
stagnation enthalpies approximately 20 percent greater than those attainable in the in-line electrode
geometry.

Heat transfer and pressure are measured above the upstream half of the sample during each run (see
Figure 12). These parameters are also read at the samnple during calibration and correlated with
upstream readings. Enthalpy is detcrmired by .nergy balance and all other parameters are measured
except shear stress. Shear is determinec by using Reynold’s analogy for turbulent flow together
with measured paraineters. Table IV summarizes the important parameters associated with ablation
testing. ,
A family of trajectories has been generated which are compatible with the study program. Figure 11
shows a typical trajectory which has bcen sulected to govern test conditions. In this characterization
pha. ¢, a nominal heat flux of 25 Btu/ft2-sec was used for the first 230 seconds and 440 Btu/ft2-sec
for tl. remaining 70 seconds. The latter heut flux was the highest obtainable for this type of long
term at'ation testing. Shear is low initially, but increases with an increase in heat transfer.
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Dericts, effect of
measurement error; .
Drill tip should seat wéll.

10 Mils —GJ

e [NUUUN
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Note: Tolerance of i0 mils represents an enlargement of the hole by 3 mils

Figure 9. Method for Estimatgzg Thermocouple Position
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Figure 10. Tandem Gerdien Arc Chamber (Schematic)
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Figure 11. Nowiinal Shear and Heat Traasfer Ablation Test Program

Standard procedures for conducting tests and I -:dling models are utilized. San ples are examined
before and after testing to determine pertinent data and assure quality control. All facility
conditions and test are accompanied by calibration data which present sufficient information to
verify flow conditions and perform further analysis.

CHRONOLOGY OF ABLATION TEST PROGRAM

The water cooled channel was designed to produce the capability to change the mass flow
distribution through auxiliary hardware and alter the heat transfer in a manner prescribed by the
requirements of the test program (see Figure 12). The solution of the desizgn problem was obtained
by introducing a second plenum between the arc plenum and the rectangular nozzle of the water
cooled channel (see Figure 13). The secondary plenum was equipped with an alternate cylindricai
by-pass chennel. All components were water cooled. An assembly consisting of a cylindrical
graphite plug driven by a reciprocating air cylinder was mounted co-axial with the by-pass channel.
The graphite plug functioned to close the by-pass which carried most of the mass flow when open.
Closure of the by-pass forced all air to pass through the rectangular nozzle producing supersonic
flow conditions.

The throat of the rectangular nozzle was sized to be 0.1000 square inches. Used in conjunction with
the conventional nozzle of the arc facility, it was intended that when the by-pass was closed,
virtuaiily no change in arc heater conditions should occur. The nozzle throat of the arc heater
measured 0.1104 square inches. Subsequent use of the system showed that no corresponding “hange
in arc plenum pressure resulted when the by-pass was closed.
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Figure 13. Equipment Installed at the Arc

When the hardware had been fully quaiified, tests were conducted, first without employing the
by-pass and later inserting the graphite plug to require pressurization of the second plenum and the
development of supersonic flow. Various problems arose, leading to improvement of the by-pass
plug mechanism. Finally calibration runs were coaducted. It was intended that asymptotic (Gardon)
gauges should give a continuous record of the rate of heat transfer being delivered at several stations
along the wall of the channel. After several attempts to evaluate the signals from the asymptotic
gauges, which displayed abnormalities attributed to spurious signals from the arc plasma, calibration
procedures were modified to include a water cooled gauge electrically insulated from the metallic
parts of the nozzle. The signals generated by this gauge appeared to be normal and heat transfer
rates approaching the values sought were recorded. The intention in using the water cocled
calorimeter which was installed in place of a specimen was to calibrate the signals generated by the
asymptotic gauges. Thereafter, the generation of signals from the asymptotic gauges were planned
to be used to evaluate heat transfer based on these calibrations. Unfortunately, the gauges were not
capable of sustaining the long time hes".ng required for the specimens. It appears probable that
deterioration may have begun during earlier long tests (e.g., run 80, 130.6 seconds).

In any case, the gauges ceased to respond at all during run 89, the first of the specimen tests.
Concurrently, other solutions to the problem of continuous recording of heat transfer have been
sought. While it is probable that further experimentation would probably result in a match of
measured heat transfer rates with those set as objectives, the expenditure of additional time and
effort seemed unprofitable. Therefore, testing of specimens was initiated. Initially, the long tests,
totalling some 300 seconds, created various problems and several aborted model tests. Some of
these will be discussed in this report. Toward the end of testing of the Phase One specimens, the
testing was progressing more routinely.
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MECHANICAL REDESIGNS

The initial experiments employed a graphite plug supported by a ceil spring. The spring was
intended to avoid a bottoming impact of the plug. It was considered likely that severe impact might
fracturc the plug and force premature termination of the test. Eacly, relatively short tests showed
that despite the significant distance between the end of the by-pass nozzle and the retracted
graphite plug, the latter acquired significant heating. In one case, the length of the test was
sufficiently long to bring the graphite to a temperature-yi-'ding significant visible radiation (perhaps
2600°R) before it was inserted. Indeed, the spring lost its temper, and metal parts inside were
melted. Consequently, the system of attaching the graphite to the cylinder was modified and an
arrangement of expendable O-rings was used to cushion the seating impact. More important,
however, a shield was constructed to deflect the by-pass flow and minimize premature heating of
the graphite. An auxiliary air cylinder was attached to a shield plate positioned between the by-pass
nozzle e it and the retracted graphite plug. Early experiments employed ESM (silicone rubber based
heat shield material). This method was shown to be capable of successful applica:ion, but the
severity of the heat produced significant ablation and required frequent replacement of the shield.
Furthermore, the ESM was not totally reliable in this application. However, it was used as an
interim method until water cooled components could be constructed and mounted on the shield
plate and the support beam for the graphite plug and related equipment. Since its installation the
water cooled shield equipment has performed faultlessly.

During tests of long duration, the interior leading edge of the by-pass rozzle, which lies
approximately on the centerline of the flow from the arc plenum, is burdened with intense heating.
The free jet issuing from the arc plenum is supersonic. The first attempt to develep the full test time
resulted in a failure of the by-pass nczzle. The failure was traced to errcneous fabrication
tolerances. The damaged part was removed by machining and a replacement which had been
fabricated to meet the design tolerances was affixed to the assembly. The replacement accumulated
a significant amount of exposure time, but eventually failed because the high enthalpy gas
stagnation on the nozzle had gradually eroded the metal. A replacement was again installed using
Elkonite, an alloy combining the advantage of good thermal conductivity with that of higher
melting point. The second nozzle replacement has been employed for all remaining tests.

Figure 12 is a schematic diagram which shows a cross-sectional view of the modified arc, and giv=s
operational details. Figure 13 is a photograph of the actual installation. Figure 14 shows the changes
that were made to the by-pass insert in order to insure reliable operation.

SPECIMENS

All specimens were constructed with flat surfaces. They measured 1.750 inches wide by 5 inches
long. The location of the model in the arc is shown in Figure 12. Thicknesses depended on the type
of model employed. Three broad classifications evolved in the course of development of the
program. The R-series were specimens construc..d for test as references. The C-series was comprised
of two layer composites of which the subsurface layer was an insulator and the surface material was
an ablative shield matenal of the R-series. A third group, the A-series was constituted of prospective
candidate shield materials. Each specizien was instrumented with five nominally equispaced
thermocouples. Early in the program, it was demonstrated that a system of physical measurements
gave accuracies as great as those obtainable by x-ray techniaues. These measurement techniques
have been employed consistently to measure the actual locations of the thermecouple junctions.
Although the nominal plan was to equispace the thermocouples, it was found that drill
misalignment and positioning error seldom resulted in the thermocouples being located in their
nomipal posttions. However, the actual depths are measured to estimated accuracies of two mils.
The thermocouples are chromel alumel with wire diameters of five mils.
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Figure 14. Modification of Graphite Inserts for Bypass
ARC HEATER PERFORMANCE

The performance of the arc heater is normally assessed in terms of the enthapy attainable in gases
passed through the arc plenum. Various methods exist for determining the gas enthalpy, and of
these, the Hyperthiermal Arc Facility employs the heat balance to determine enthalpy. The heat
balance merely sums all of the measurable values of rejected thermal energy, subtracts them from
the known input energy and uses the difference to represcat the amount of energy contained in the
air. The Gerdien arc has a multitude of individual lines furnishing cooling water from an iniet
manifold and a similar number returning the watei to the outlet manifold after it has passed
through the components of a-c hardwars. It would be advantageous with respect to dara acquisition
to menitor the flow rate and 1emperaiure rice of water flowing through each individual component,
but the aumbszr of measurements required becomes prohibitive. An acceptable aiternative is to
record the bulk water temperatures in the inlet and ovtlet water manifolds. It was demonstrated
experimentally at NASA Houston for the Gerdien arc installed there that the small temperature
changes deyeloped do not contribute significant heat to the hoses ang fittings joining individual
parts with the manifold. Within the accuracy of the measurements, heat losses compiled from all
individual components corresponded to bulk heat loss mcasurements in the mamfold. The Gerdien
Arc used in the present program is monitored for temperature change in the iniet and outlet water
manifolds. While the results may be representative, there is one area in which erroneous rcadings
may be obtained. In the event that mix.ng of the individual svater streams from hose lines joining
the outlet manifold is not thorough, it is possible to postulate the existence of strata of hot and
vold water. Inadequate thermocouple instrumentation within the water passage can lead to
erroneous hot water temperatures. In the present program, this situation exists and inay account for
some of the scatter in the enthalpy data. This scatter is evident because it has becn demonstrated
from an accumulation of experimental data that for a constant mass flow in a fixed geometry, the
cnergy contained in the gas exposed to the arc column is appicximately proportiosial to the energ
consumed by the arc. Statistical plotting of prior tests at similar conditions have dernonstrated the
approximation. Of course, such things as arc column behavior and the effectiveness of stabilization
niay produce effects which perturb the proportionality. Furthermore, the variations may be
aggravated by the more complex exchange of heat and redirection of mass flow in the high
integrated heating apparatus. Certainly there was more than usual scatter of the deta.
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An additional problem created by the heat balance method is the effective scatter introduced by
measurement errors of the recorded watei iemperature difference. The differences measured have in
general been about 25°7. An error of one degree represents a four percent temperature change.
Depending upnn the measured value of delivered energy and the mass flow rate of the water,
enthalpy variations of 20 percent are not unusual. Hence all measurements have been reviewed
carefully. Measurement errors have been minimized, but possible system errors associated with
recorded data (such as those introduced by insufficient thermocouple instrumentation) can not.-be
quantitatively identified. R2commendation has been made, however, that an array of
thermocouples be installed to provide an averaged outlet water temperature.

The water cooled channel design was based upon gas of an enthalpy of 5000 Btu/lb driven by a
plenum pressure of 60 psia. Early exploratory tests revealed that in order to achieve values
approaching those of design, a significantly higher enthalpy and pressure must be generated in the
arc plenum. When acceptable operating conditions were achieved in the seccndary plenum, which
furnished the driving potentiai for the fully operational rectangular nozzle, the pressure in the arc
plenum was in the vicinity of 100 psia. Although the arc plenum pressure is not normally
sufficiently high to produce a choked flow at the arc plenum nozzle exit when entering the second
plenum, it is extremely interesting to note that rarely during the specimen testing was there an
observed change in P| which reflected alteration in Py the secondary plenum pressure.

The conditions of operation achieved during each test have varied appreciably. One contributing
factor of importance is the furnished power and its division between the electrical voltage and the
current from which it is evaluated. The exact cuirent and veltage cannot be furnished by the GE
Switchgear operators with precision control. However, while direct control is not within the
province of the RESD facility personnel, it has been shown that once the arc is operating, it is
possible to modify current (and hence voliage) to a degree and hence adjust operating power toward
the same level on every run. Thus, within limits, there exists the capability to improve the
repeatability of successive runs. It is expected that this technique will be applied to subsequent
testing. The adjustments can be made in the early portion of the low heat transfer segment of a run.
Thus it is anticipated that little effect will be imposed on the integrateq heat transfer.

SOME ASPECTS OF TESTING

One of the principal objectives sought in designing the water cooled channel was to provide an
environment in which the flow was expanded to one atmosphere at the exit plane of the nozzle.
Achieving such conditions provides a parallel flow such that shock reflection and interaction effects
are minimized. In many of the tests (referring to the high heat transfer portion of the tests) the
pressure achieved approached the one atmosphere design value. Several tests produced pressure
values different from one atmosphere. Generally, in these cases, the pressures were subatmospheric
and the pressures were required to shock up to one atmosphere. It follows that when pressure
mismatch occurred, the resulting interactions produced irregular ablation on the specimen. Of
course, the maintcnance of an absolutely uniform channel cross section is impossible in the presence
of an ablating specimen. Hence the optimum solution is to create local pressure slightly in excess of
atmospheric at the upstrcam station. Ablation of the specimen will increase the channel
cross-section locally, resuiting in 2 decline in the static pressure. Overexpansion in the channel is not
desirable because of its adverse effect on heat transfer. Fortunately, the plan to attempt to control
the input power to the arc shouid yiela positive advantage with regard to pressure stability. The
contributions of ablation effects appear to be unavoidable and incapable of being compensated.
Poor ablators will obviously aggravate the decline in pressure, but control of the power will tend to
confine pressure changes to those procrced by ablation, since pressure conditions are variable as a
function of power.
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One area which created problems initially was the selection of insulators to isolate the test
specimens from the water cooled hardware. Several conventional ceramics were tried, but evidence
pointed to their inability to withstand the severe heatloading when ail flow was directed t.irough
the nozzle. Alumina plates became very brittle and tended to crack under the severe gradients. A
low Jensity foamed silica was tried, but it failed dramatically. Within a few seconds after closing the

" bypass, it glowed whitely and melted. The flow wac dispersed and the run aborted. The failure of

conventional insulators forced a compromise selection of graphite. The graphite has the capability
of withstanding ‘the high integra.2d heatload. Because it is appreciably more conductive than the
ceramic materials, the geometry of the holder was modified in order to minimize conduction paths
between the graphite and the water cooled equipment. Thus, although it may conduct more heat
from the specimen, the geometric considerations tend to offset excessive heat loss. Of paramouut
importance, the compromise soluti-n assures survival of the insulator throughout the run. Finally, a
brief comment about another possible objection-to graphite as the insulator is appropriate. It has
been demonstrated that when heated to high temperaiure, the graphite is quick to combine with
free oxygen. The possibility present.. itself that the graphite will deplete the oxygen in the a5 and
thus inhibit the ablation process on the surface of the specimen. However, it can.be shown that
carbon-oxygen reactions wiill be confined essertially to the boundary layers which develop above
the graphite plates. At the operating conditions employed, boundary layer growth is confined to
small dimensions. Hence oxygen consumption by the graphite insulators is not a serious problem.

Surface temperature responses have been recorded with a Millitron two-color pyrometer. In general,
pyrometer responses indicated biack surface temperatures of the o-der of 2,500°R during the low
heating portion of the test and values approximately twice as high during the high heating portion
of the test. In a few instances, the recorded temperatures indicated a very erratic high-frequency
signal. It has been suggested that in the low heating portions of the tests, this variation may have
been produced by an unstable flow which did not continually maintain contact with the surface.
However, both the shortness of the intervals and the magnitude of the variations tend to refute this
hypothesis. A more logical explanation consistent with the observed behavior revolves around the
sensitivities of the .wo detectors as well as their relative response rate. Local surface changes
evolving as the surface heats (degradation of the resin) may result in the formation of surface
materials which vary in departure from the zssumed grey/black conditions on which the theory of
two color pyrometry is based. Such postulated variations in the local spectral emissivities are
potentially rapid and the sensors in the pyrometer can respond with electronic rapidity. Rapid
“hunting™ of the detector signal may resuli. Data reduction involving the emissivities and surface
temperature of test specimens is simplified by introducing the assumption that the emissivity is a
constant 0.8 for all test surfaces. A * 25 percent variation in emissivity (i.e., 0.6 <€ < 1.0) gives a
temperature variation of approximately * € percent. Obviously, appreciable error in emissivity can
be tolerate¢ ‘n applying data for surface temperatures.

DATA EVALUATION

The responses of the system pressures were measured from the oscillograph records and pressure
data were obtained as a function of time. Due to the length of connecting tubing betwezn the
plenum and the plenum transducer, the response of the sensor is slow. Hence, although the recorded
responses indicate that plenum pressure has not equilibrated, in actuality, a maximum pressure is
attained in a short interval. Comparison of the current and voltage records during the course of a
test confirm this. Both, being interrelated in the arc column, are responsive to pressure change. In
general, they stabilize and remain relatively constant within a very few seconds of start-up.
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The pyrometer, which is directed toward a region (~ 1/4-inch diameter) jus* cutside the water
cooled nozzle exit makes a continuous record of the temperature of the surface. It cannot identify
effects due to emissivity- change or departures at either wavefength from the grey body condition.
Nevertheless, the data acquired suggest that changes in one or the other of these conditions may
have occurred. In several runs, the recorded surface temperature curves generated during the low
heat transfer portion of the test showed a drooping characteristic. Since the specimen was receiving
an ncreasing amount of thermal energy during the interval, the decline of surface temperature
appears to be contrary to the heat accumulation. Hence, one of the two phenomena cited may be
contributory to the changes observed. Other explanations of the characteristic curve are -also
possible.
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Motion pictures were taken during each test run. In order to attempt to cover the entire test
sequence, time lapse pictures were taken (one frame per second). The footage obtained was very
unsatisfactory. Heating during the low heat transfer portion of the run produced little visible
radiation, so the frames were underexposed. The high heat transfer portion of the tests had mixed
successes with the degree of exposure because of the intensity of the radiation. The framing device,
external to the camera, apparently failed to fully trigger the exposure and advance the film
properly. Consequently, filmed sequences frequently “rolled” in the manner of a poorly adjusted
television picture. The use of time lapse sequences permitted several tests to be exposed on a single
roll of film, thus several models had been photographed. It was necessary to await the use of a
reasonable amount of film before processing to reduce wastage. Therefore, changes could be
introduced in the filming procedures only after several runs had been completed. Since the
arrangement was not satisfactory, future filming will be confined to exposure during the high
heating portion of each test and framing rate will be .Jjusted to obtain maximum utilization of the
roll of film. With the Ligher frame frequency, it is possible that more detail regarding the ablation
process may be identified on the films.
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The first four specimens tested were not exposed for the full period of time to the appropriate heat
fluxes because of failurcs of the arc equipment. The data that were obtained were reduced and are
reported. R2-1 was the first specimen tested. After 201 seconds the test was terminated. Pressure
and temperature data are reported in Figures 15 and 16 respectively. The ablated specimen, and a
section, are shown in Figures 17 and 18. The second test specimen, (R1-1) was exposed for 264
seconds. The results of this test are summarized in Figures 19, 20, and 21. Figure 22 shows the
ablated test specimen, and Figure 23 is a section. Tables V and VI show model measurements.
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A third run was performed on a carbon phgnolic sample (R2-2) without refurbishment of test
hardware after the previous test. The anode of the arc heater eroded after 170 seconds and the art

was extinguished by the inrushing of coolant water. This was a demonstration of the inability of the Ff‘
arc hardware to withstand repeated exposure to the generated environment without the L

replacement of parts. The results of this aborted test is illustrated in Figures 24, 25 and 26. Figures
27 and 28 illustrate the ablated test specimen and Table VII indicates model measurements.

=5
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After the arc hardware was rebuilt, a silica phenolic test specimen (R1-3) was subjected to the two
step ablation test for 289 seconds. The flow appeared to prrdnce severe heating, since the side wall
msulators were badly eroded. This resulted in the distribution: of heat over the entire surface of the
test specimen indicated by the observation of the effect of ablation over most of the sample surface.
The graphite plug for the bypass appeared to have failed to seat uniformly. As the test progressed,
gas escaping past the plug appeared to have eroded it unevenly. As a result, the plenum pressure
(P2) dechned. Figures 29, 30 and 31, describe the pressure and temperature profiles of this test.
Figures 32 and 33 show the ablated test specimen, while Table VIII is a tabulation of model
measurements.
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In order to further assess the durability of the test hardware, a specimen of ATJ graphlte was used.
The test ran the full length of time, with no hardware failure. When the arc was disassembled after
the test, it wasfound that the equipment had barely survived. A firm decision was then made to
overhau; the arc hardware after each high integrated ablation fest. The ablated test specimén is
shown in Figure 34, while a tabulation of model measurements is.included in Table IX.

A third replicate carbon-phenoli- test specimen (R2-3) was exposed io ablation testing (see Figures
35 and 36). The test was terminzted early when it was observed that the graphite plug failed to seat
when inserted. Table X shows the measurements obtained on this specimen.

Six additional test specimens were instrumented and dimensioned. These mcluded duphc“te
specimens of C1, C3 and R3.

Post Ablation Test Measurements

After being photographed, the test specimens were sectioned to facilitate the determination of
recession characteristics. Recession and char measurements were made using a cathetometer. The
recession profiles, illustrated in Figures 37, 38, and 39 where determined from pre-test and post-test
measurements. While there are marked differences among the various profiles, they are, basically,
consistent with respect to the types of environments to which they were:exposed. The graphite
specimen (Figure 34) provided a representative result for the nominal environment. The peak
recession at the mid-iegion of the test specimen is a typical result of flow expanding through the
rcetangular nozzle. Although there is a decline in enthalpy, and thus, heat transfer along the sample
surface, it is relatively smaller than the shear effect which increased almost proportlona!ly with the
gas velccity.

The same pattern was found with the two phenolic-refrasil (R1) reference specimens, which were
subjected to both elements of the test environment. The second specimen of this type (R1-3) was
subjected to a higher heating environment. Peak recession was less because of lateral leakage. A
trace of the central peak may also be found in carbon-phenolic test specimen (R2-3) which was
subjected to higher heating conditions, but was modified by the presence of water vapor in the mass
flow of the hot gases.

The remaining two specimens of carbon-phenolic reference material (R2-1 and R2-2) produced
recession profiles typical of a low flow, low heating environment which was losing energy as it
moved along the specimen surface. Both specimens, in general, and R2-2, in particular, were
degraded and expanded and the expanded porticn was not completely ablated at the aft end of the
specimen. Table XI shows raw ablation data from this test sequence.

After this first series of tests was run, a re-design of the arc (previously explained) permitted
operation of the arc without any further equipment failures occurring. A second series of tests was
performed, with the results analyzed in the following section. Tables XII through XXIII show
measurements made on the tested specimens.

Data Analysis
Among the da:a reported, at least one of every type of specimen made available for Cycle I has been

tested for the total test time. It should be emphasized, however, that specimen A4-2A, Figures 77,
78, 79, 80, 81 and 82 (CCA1-1641/Skybond 700) is not considered a prime specimen because of its

19

F sttt v ot L T, A

“
ey, M T e

PRSPy

Ly Ay

f
.
ST ey 2 e e A 1 A e e it

R e

284

endB¥L

vk LAl s b

S e e e an sy g

¥ e



%
i
53
k9
¢
£
&
R
i

L ]

-AFML-TR-70-95
Part I

relatively low density. Because of this factor, as well as the difficulty in the fabrication of a low
purosity fest speumen using this polyimide resin, samples A3 and A4 have been prepared using the
newly developed GE polyimide resin. These test specimens appear to be excellent with respect to
mirimal porosity and they will be subjected to ablation testing during Cycle IL

Specimen R1-4 (Figures 40, 41, 42, 47, 48, 49, 50, 51, 52) was exposed fo obfain a representative
sample of the reference refrasil shield material. Previous samples had not been exposed for the
entire planned test period. The sample is exemplified by average recession of approximately 80 mils
and a char layer averaging in the range of 200 mils. Conditions of the test were slightly lower than
nominal. An interesting comparison can be made with R1-1. The latter was run for a time less than
intended, about half of the higher heating rate interval was obtained. Note that recession was
vorrespondingly lower, averaging about 50 mils. Char thickness averaged about 145 mils; the results
appuar reasonable. All other things being essentially equal, it can be estimated that the net recession
15 approximately proportional to the test time, weighted for the corresponding level of heating. On

. the order of 15 percent of the length loss occurs during ¢he low heating portion of the cycle
providing only the integrated heating is considered.

The sample of carbon phenotic,.R2-4 (Figures 43, 44, 45, 46) will serve as a comparison standard
for similar matenals developed later. In-depth heating of the carbon material was significantly lower
than the silica base material. Prior to the high heating step, no thermocouple response exceeded
1,000°R. This contrasts to R1-4 where the first two thermccouples exceeded this value. Note that
the drooping surface temperature is again apparent. While char depth was greater than for the silica,
the net recession averaged less. Since the enthalpy and the heat transfer were slightly greater, a
prehminary preference can be given the carbon base material on the bases of both gross reccssion
and of internal temperature response.

A preliminary examination of the behavior of R36 (Figures 59,60, 61, 62, 63, 64) the standard
reference model of Pluton carbon base material, indicates it has the best insulative characteristics of
the three reference specimens. However, its resistance to the ablative environment appears to be
inferior to the other materials. The upstream end of the model was deeply eroded and the
subsequent diminution of the recession downstream may be attributed to the blocking action of the
large amount of material added to the boundary layer. However, the local ablation appears
abnormally excessive. It is estimated that the most representative recession values are those near
mid specimen.

The “C™ series specimens employ each of the reference materials, assembied atop a low density
quartz fiber lattice. The tests of these materials were designed to examine whether or not the
substructure has any appreciable effect on the shield material whern they act together as a composite
system. Specimen Cl1-1 (Figures 44, 83, 84, 85, 86, 87, 88) was exposed to an environment more
severe than that of 1ts non- composite counterpart. Although the in-depth response was higher, for
the low heating portion of the run, the first two thermocouples failed exactly in the manner of the
reference specimen. Note that these were about 25 percent deeper than those installed in the
thinner reference specimen. The effectiveness of the insulative layer and uniformity of its
temperature gradient can be seen by mating the responses of the remaining two thermocouples. The
ablation profile exlubits 3n abnormally large upstream recession similar to the reference specimen of
Pluton carbon. Note that values on the aft half of the specimen are essentially similar (combined
graph). Significantly, the depth of char corresponds to the thickness of the shield material. This
suggests that the presence of the efficient insulative material may have modified the recession

pattern.
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Corresponding to the Pluton carbon reference specimen C2-2 (Figures 46,94, 95, 96, 917, 98, 99)

was subjected to the complete heating profile. As the data tabies show, enthalpies in the two tests
were nearly identical. Recession .in the composite was smaller, primarily in the region of higher

.ablation on R3-6. The downstream ends of the two specimens show comparable recession averaging

about 100 mils and both exhibit similar char characteristics. Note that surface temperature
responses are nearly coincident. The last of the composite-group, C3-2, was tested at an enthalpy
below nominal. The thermocouple responses are marked in this silica based composite. A
comparison of recession profile with R1-4 (Figure 42) shows the upstream portiofs to’be equitable,
but the aft half of C3-2 (Figures 105, 106, 107, 108) appears to have grown. This is due to

-accumulation of the moiten glass on the aft end of the specimen. For reasons not clear, the liquid

phase solidified here and was not swept off. Notice that both had low enthalpy and the values were
not drastically different. The char layers were quite comparable. A brief discussion of the three
experimental combinations follows below.

The shield material empioyed-in Al-2 (Figures 65, 66, 67, 68, 69, 70) appears to be characterized
by rather high conduction at higher heat transfer rates. During exposure, two thermocouples failed
and the tt.;rd was brought to incipient failure. It can.be noted that durine the low heating portion
of- the exposure, thermocouple responses were not particularly diiferent from those installed in
other specimens. Recession was not excessive compared to reference materiais but cl*ar thickness
averaged close to 0.25 inch.

Specimen A2-1 (Figures 71, 72, 73, 74, 75, 76) was subjected to an environment of higher

enthalpy. In part, the relatively high surface temperature may be attributed to the more energetic
gas impinging on the model. Internal conduction was similar to other silica-based modJeis, when
consideration is given to the lesser thickness of the sample (0.46 inch compared to 0.50 inch). The
ablation was not severe, but the pattern of recession and char suggests that perhaps-the char is much
weaker than the parent material and that the {low may have removed some char in chip form. This
is suggested by the inverse symmetry of the two curves.

Specimen A4-2A (Figures 77, 78, 79, 80, 81, 82) suffered badly in its environment. Conduction was
rather severe and, according ro information on fabrication, the fissures in the material may have
been present prior to the test. In this case they may have aggravated the movement of heat into the
center of the model. Char had progressed essentially through the entire specim:n. In this case, the
full penetration of the char gives riss to the inverse char-recession patterns. It is merely a geomeiric
aspect of the model which is, that char plus recession wiil total thickness in the central portion of
the model. It appears that the specimen provided was not thick enough and it is probable that
better performance can be achieved on a thicker and more carefully fabricated specimen.

The resuits obtained on R1-1 and R1-3 are generally consistent with circumstances irvolved in the
tests. Although both ran normally up to the closure of the by-pass, nozzle, the latter specimen
suffered abrormal conditions immediate!y thereafter. Note that wne surface temperatures obtained
during the low heating portion of the cycle both average about 2,300°R, although the higher
enthalpy obtained on run 97 induced slightly higher initial effects and produced somewhat greater
response changes during test. It is inferred that the decline in surface temperature during the low
heating portion of the test is « result of changes in the surface characteristics. Speculation suggests
two possibilities. 1) the glassy surface formed by liquid phase silica has a lessening emissivity, and
2) the onset of ablation introduces increased mass tc the boundary layer, effectively blocking an
increasing portion of the available thermal flux. Either concept is consistent with the relative
decline of the response curve. For example, in the enviromaent of greater enthalpy, ablation will
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initiate earlier and suppression.qf heat transfer to the surface will occur easlier. On the other hand, a
lower enthalpy (and related heat trans’er) will require a longer time in which to develop the liquid
layer. Because the recorded surface teraperature is above the softening range of quartz, the theory
of ablative mass addition being the cause tends to be more acceptable. ’

During the second portion (the “high heat rate™ portion), only RI-1 was exposed to a
representative environment. Two failures tended to degrade the results on R1-3. First, the seal of
the bypass nozzle was not maintained. The effect is evident in the decline of P5, the pressure which
serves as the driving potential for the flow through the rectangular nozzle and across the specimen.
While the pressure remains high enough-to produce a choked-fiow, the Mach number of subsequent
nozzle flow must decline. In this particular rwn, however, a second failure aggravated the
vircumstances, The insulator was not sealing properly and flow was not confined to the channel.
The lateral escape of the flow was not detected and the test ran its course, but obviously, the
available gas cnergy was dissipated over much larger areas than that of a normal test. The resulting
lower surface temperature concurs as does the net lower recession values. However, the more
eniergetic gases causeu an over-ail greater mass loss, taking material from the specimen in the regions
of leakage as well as in the normal channel and continuing for a greater test time. Therefore, it is
clear that the two resuits are consistent with the circumstances of the tests and that the first
specimen is more representative of the optimum tes: conditions.

The surface structure of the specimens varied widely. The carbon-cloth materials were generally
characterized by a porous char with clearly visible cloth edge patterns. The porosity and irregularity
of the ablated surface tend to create the illusion that the char penctration is irregular. Such is not
the case. For example, specimen R2-4 (Figure 54) exhibits a relatively smooth line of demarcation
between the Jhar and the virgin material. Since <har thickness is taken between this interface and
the ablated surface, the surface irregularitic: are frequently transferred to the char thickness
profiles. In some cases it can be seen that the char profile is approximately a mirror image of the
recession contour.

It is appropriate to obtain intercomparisons of the char profiles. Despite the irregularities of the
profiles, some trends can be observed. The intercomparisons were made among four categories.
First, the general aspects of chars among the three reference specimens were noted. All three
reference specimens were subjected to nominally equal integrated heat transfer. Of the three, the
carbon CCA1-1641 exhibited the thickest char. In general, it uppeared that the char developed by
the Plutor Bl with DP-2510 ph.nolic was very similar in thickness to that developed in (R1-4) the
sifica phenolie reference specimen. All three specimens cvolved char layer thicknesses in excess of
200 mils, on the average.

A second group e¢xamined compared the basic refrasil models employing two different resins.
Inclugded in this category was C3-2, a two layer composite. Evidence was sought indicating any
change in char which might be attributed to the presence of the insulative layer. The use of
DP-2510 appeared to yield a thinner char than the USP9S resin. Specimen A2-1 had a char layer
consistently thinner than the reference specimen. It averaged less than 200 mils in thickness. The
performance of the standard refrasil phenolic appeared to be essentially unchanged when mounted
atop the LDQ insulative layer.

A third comparison examined the relative performance of the CCA1-1641 carbon in the presence of
USP95 phenolic and of Skybond 700 polyimide. The two specimens (R2-4 and A4-2A) both
exhibited relatively deep chars. As was pointed out in the first group comparison, the char of R2-4
was the deepest. In general, however, the Skybond does not appear to have significantly improved
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the char resistance. The. composite, C1-1, was charred completely through the shield material. This
suggests that the LDQ insulation may have modified the char resistance of the shield layer.
However, it must be observed that the integrated heat transfer to this specimen was much greater
than the other two specimens. Hence, the complete charzing of the shield material is more probably
the result of the-increased integrated heat load. ’

A final intercomparison exarmines the performance of Pluton B-1 and VCX carbon fiber, both using
the same resin. The VCX carbon showed a thinner char layer. The carbon pluton reference material
and the corresponding composite (C2-2) performed very similarly. By considering the more severe
ablation suffered by the VCX carbon, it can be concluded that the thinner char layer is the resuit of
the more rapid ablation removal of the surface, rather than improved char resistance.

In all cases, the evaluation of the relative performance of the char layer is affected by the suiface
recession. Obviously, the interplay of these two factors introduces difficulty in interpreting the
changes resulting from the use of a different material (fiber or resin). In general, a basic fiber will
withstand ablation essentially the same for different resins, but, coupled with the fiber conduction,
the constituents of the resin system may develop thicker or less thick char layers. In this vein, the
data available suggests the DP-2510 is a little !ess char prone thaa USPQ5. ¥hen design
considerations require control of the char thickness, the differenc> :: resin resistance may be of
importance. -

THERMAL CALCULATIONS
Introduction

A portion of the program has as its objective the evaluation of the ablation resistance of the
matenals in. terms of the environmental properties. In order to provide as complete a profile of
interrelated data as possible, numerical evaluation of specimen recession for calculating ablation
resistance will be obtained from the region lying within the pyrometer viewing area. Thus, recession
(and char depth) observed at this point have surface and subsurface temperatures as direct
supporting data. It is intended that effective heats of ablation be calculated for the observed
recession values.

Most test programs examine materal performance in a “constant” environment. Unlike the prior
studies, the present program deliberately subjects each specimen to a varied environment. The
present test environment consists of essentially two distinct ievels of heat transfer at a nominally
invariant enthalpy. The heat transfer rates differ by more than an order of magnitude. The problem
1s one of devising a logical expression for evaluating the effective heat of ablation. In its simplest
form the heat of ablation is defined as the ratio of the heat transfer rate to the mass removal rate,
thus:

q*=3an-l-=g—s &)

The equation is evidently quite simple, but its interpretation leads to various, more complex
representation. A choice of a suitable definitive expression must be governed by the objective of
describing realistically the actual distribution of energies at the specimen-environment interface and
the ultimate disposition of those energies.
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Data Analysis

In evaluating the general behavior of the test specimens, there are several ways in which the
response of the materials may be considered. An intercomparison of those specimens which are
nominally identical ablators can, of course, be made directly. However, the variations in test
conditions which have been discussed in other sections of this report prevent the comparisons made
in this direct manner from being absolute. One of the most common systems of attempting to
measure performance of a material in varied ablative environments is to evaluate its
*Heat of Ablation™. Several forms of the heat of ablaticn have been introduced in ap ciiort to
consider all factors contributing to the process. The heat of ablation attempts to identify the
amount of energy consumed in removing a unit quantity of material from the ablator. Obviously
the total energy brought to the vicinity of the surface is expended in different processes or rejected.
Hence, the fack of discrimination in obtaining a cold-wall heat of ablation makes it at best a
convenient expedient. The values are useful and reliable only when applied to a similar
environment. ’

The definition for heat of ablation which perhaps comes closest to describing the true distribution
of available energy is called the “Thermocliemical Heat of Ablation™.

Expressed in its most common form,
%k = ¢ - - c i
q la,, X-B,/A)-q 1/m )

it served as the basis for calculations in the present program. The modification of the cold wall heat
transfer was based on the ratio of enthalpy difference between the hot gas (h;) and the hot wali
(hy) to the enthalpy difference between the hot gas and the cold wall (hy,). The net heat transfer
to the specimen was further reduced by reradiative loss.

/h -h
Y = [ Tr w ”o 3
qnel: ch h -h qrr (3)
T cw

When introduced into the basic heat of ablation expression and combined with the related
expressions, an equation was derived to describe the thermochemical heat of ablation:

Y (AR),
* E ——— +
e LR an, 4)

in Equation (4), the symbols are identified as:

q* = Thermochemical heat-of-ablation

Rate of heat transfer

q

n

p = Material density (ablator only)
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s = Total recession

t = Time

r = 49/4

AH = Enthalpy difference, (hy — hy)

he subscripts, 1 and 2, refer tc the low and high-heat transfer rate portions cf a test, respectively.
Not.: that the heat of ablation calculated is proportional to the enthalpy difference. The calculation
appears to be the only method by which the net recession can be interpreted as a heat ofablation.

After the method applicable to the calculation of the thermochemical heat of ablation had been
determined consideration was given to its application to the data accumulated in the various
ablation tests. Inasmuch as the heat transfer rates reported were perforce based on calculated values,
particular attention was given to a review of these values. The original heat transfer rate
calculations, proportioned to the heat transfer rates obtained in the calibration runs had employed
the pressures reported at the first channel station. In reviewing the entire group of data it appeared
appropriate to use values representative of the station at which the original calorimeter
measurements has been made. Furthermore, in the preliminary evaluations, a single value had been
used for pressure. It is evident that pressure along the channel waiis varied appreciably during every
test run. This behavior can be attributed to the increase in channel cross section resulting from
ablation of the specimen. In a few identifiable cases, the drop in pressure was due to failure of the
insulator with attendant lateral leakage. The former cases are amenable to evaluations bui large
uncertainties in the channel mass flow make correct heats of ablation difficult to obtain. Future
improvement will include more positive sealing around the specimen. In any case, to accommodate
the effect of varying pressure the heat transfer for a point two inches from the forward edge of the
specimen was determined as a function of time. The heat transfer corresponding to each evaluated
pressure was then determined using the modified version of the Gilbert-Scala correlation. Since the
expression is applied as a ratio at a nominally corresponding point of the specimen, the basic
relationship is independent of dimension:

. r € -]
qc:al h,. \€ P
cal cal ®cal

‘Q.

f (5)

However, since the Gilbert-Scala relationship is fundamentally a laminar correlation, the factor f
reintroduces dimension through the Reynolds Number and provides the conversion required to
interpret changes in turbulent flow. The variation in heat trans.cr during the high- heat transfer
portion of the test cannot be employed conveniently in the heat of ablation equation described
earlier. Therefore, the variable curve was re-evaluated and an equivalent mean value of heat transfer
was determined. It is these values, together with the less variable values of lower heat transfer which
have been tabulated in the revised data Tables XXIV, XXV and XXVI. Also included are summaries
of the net integrated heat transfer accumulated during the tests. These tabulations show that the
high heat transfer rate, when integrated yields the larger variations in its contributed share of the
heating. Note that in many instances the average values of heat transfer based on the variable
pressure are substantially below those evaluated at the upstream location. The thermochemical

25

T A SN AT RS T TWEe MU ook T e T e A TS TETY W YU AR, aping N AN Al i o MR % T b S v AR s SV e 4Pt E s b4 vt A o B RS T B B A

i &4

R



e e A e s e o = -

APML-TR-70-95
Part 1

heats of ablation, using the summarized heat transfer rates have been calculated in those cases where
it was practical (Table XXVII). The net recession values in whicn the heats of ablaticn are based
accompany the calculated values. In each case, the recessivn used corresponds to areas just forward
of the middle of the specimen (approximately at Station 10).

In order to illustrate more graphically the performances of the various materials, the
thermochemical heats of ablation have been assembled on a bar graph (Figure 113). The upper
limits shown are values corresponding to the environment of greater enthalpy difference and the
lower limits to the environments of lesser enthalpy difference (higher heat transfer). The values are
based on the postulation that the heat of ablation is proportional to the enthalpy difference
available to drive the ablation process.

Figure 114 compares the cold wall heats of ablation of the carbon fiber specimens. Figure 115
shows the thermochemical heats of ablation of both silica and carbon specimens, summarizing data
to illustrate scatter.

A very convincing bit of evidence has been noted which demonstrates effectively that heat transfer
is dependent on the local pressure to a pronounced degree. In examining the data, it was observed
that surface temperaturc response tended to change as local pressure changed. Since pressure
charges modify the heat transfer rate, a corresponding alteration of surface temperature is an
obvious corollary. The evidence tends to validate the contention of that coroliary.

Further Improvements
“»

In subsequent testing, severﬁanges in technique will be introduced in an effort to develop
improved data. One change will be the introduction of local voltage control to attempt to get more
uniform power demand from run to run. A second modification, which has been requested, is the
introduction of multiple junctions in the outlet water manifold. Use of such a pile will more
accurately determine the mean outlet water temperature. In turn, better enthalpy evaluations
should be available. Thirdly, motion picture sequences in real time will be obtained in lieu of time
lapse pictures and will cover the high heat transfer portion of each run.

Fourth, a study is underway to improve sealing around the specimens. Lateral leakage, however
small in quantity, introduces uncertainties which make difficult the calculation of a meaningful
thermochemical heat of ablation. Figures 111 and 112 show transverse cross-sectional views of
specimen R1-4 (silica phenelic) and specimen R2-4 (carbon phenolic). The effectiveness of the
sealing technique in localizing the heat flux is readily apparent. Finally an effort will be made to
determine representative values of the insulative index for each material of interest.
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~ i}, SUMMARY AND CONCLUSIONS

The principal objective of the program was to seek new material concepts capable of sustaining a
high integrated heat load. The devclopmental materials were designed to provide lighter weight and
more efficient thermal protection than conventional tape wrapped constructions. The program thus
far has examined the thermal response of three reference materials and six developmental materials.
Each of the test speciniens was exposed to a long time two step heat flux environment in the five
megawatt arc heater. Despite some rather wide variations in the response of the materials, it was
possible to make comparative evaluations of the groups of specimens. The following summary
outline highlights the details of program. Bnef paragraphs are employed to describe the progress and

observations made thus far.

It was the objective of the program to evaluate the ablation performance and
insulative properties of a group of composite candidate materials subjected to a high
integrated heat load. To this end, performance goals consisted of high resistance tc
thermomechanical surface erosion, good insulative characteristics for structural
thermal protection and low total weight per unit area. Detailed study was planncd
for asymmetrical ablation char instability, and dimensional changes resulting from
pyrolysis, in-depth heating, lack of physical integrity, spallaton or other

thermomechanically induced deleterious phenomena.

b. An investigation was made of the adequacy, limitations, and materials problems
associated with the use of conventional tape wrapped carbon and silica reinforced
phenolic resin materials. Consideration was given the specific components, fiber
sizes, weave patterns and r=sin systems as well as the geometrical orientation of the
cloth fibers in the conventional matcrials. Three were selected as reference materials.
These were a silica- cloth/phénolic resin (C-100-48/USP95, Code R1) and two
different carbon- cloth/phenclic resin systems: 1) CCA1-1641/USP95, Code R2
and 2) Pluton P1/DP-2510, Code R3.

c. To compare with these reference heatshield materials, four developmental heatshield
combinations were considered. Different carbon cloths and the :ilica cloth were
combined with phenolic resins and polyimide resin. The combinations consisted of
VCX/DP2510 (Code A1), C-100-48/DP-2510 (Code A2), C-100-48/Skybond 700
(Code A3), and CCA1-1641/Skybond 700 (Code A4).

d. In order to effect a structure of lower weight per unit area, the heatshield materials
were incorporated into two layer composites. The subsurface layer was designed to
be highly insulative and of a low density. It consisted of a loom woven low density
quartz (LDQ), which was bonded to each of the shield materials. The LDQ was
made with silica phenolic strands alternating at right angles to give a square wali
pattern simulating a filament wound structure. The composites described in this
report were R2/LDQ (Code C1), R3/LDQ (Code C2} and R1/LDQ (Code C3).

e. Specimens for ablation test were obtained from larger fabricated plates of the
various materials. The finished specimens measured 5.0 x 1.75 inches. Thicknesses
were appropriate to the materials and material combinations. All specimens were
processed to simulate a tape wrapped heatshield element. An aluminum plate was
bonded to the shield or the LDQ insulative layer. Each specimen was equipped with
five thermocouples. They were installed in isothermal planes at progressively

increasing depths.
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f. The specimens were testesd in a facilily powered by a five megawatt arc. The i ]
cquipment was arranged tu provide an integrated heat transfer of 36,_550'Btulff2 in g
two discrete heating pulses during a 300 second inierval. The nominal conditions )

achieved during the 230 and 70 second heating irntervals were 5,000 and 5,000
Btu/ib enthalpy, 25 and 440 Btujsec-ft2, heat transfer and 0.4 and 2.5 lb[ft2 shear
stezss. The stepwise change in heat transfer was obtained by redirection of portions
of a constant net mass flow of air. :

2 I N A A + 2 MO SR s Tt

ORI o NI g

g The test facility equipment was constructed around a rectangular two dimensional
flow poz2le. The nozzle was designed o provide an expansion ratio of four from a
plenuin pressure of 60 psia at an enthalpy of 5,000 Btu/lb. The corresponding Mach
Number was approximately 1.5. Calculations were based on an assumed frozen flow.
The specimens wate mounted to form one wall of the rectangular nozzle during test.

3]

h. After sest. recession proides and char depths were determined from the
longitudinally sectioned specimen. The material performance was determined as a
function of distance along each specimen. The most representative, average values
were those obtaired near the middle of the specimen. In each case, a time resolved
history of suriuce temperaiurs, subsurface temperatures and local pressures was also
obtained.

e
Ly otnwe sy
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e 0 ey

i. The three reference specimens can be intercompared for relative performance. Test
resuits indicate that for ablation resistance they can be ranked R2, Ri, R3. The
rejative char resistance is not so clearly defined. Although the first two are very
simnilar with respect to char depth, the apparent ranking is R3, R1, R2. Because
recession was smaller while char thickness was very similar (in R1 compared to R3)
it appears that the char resistance of R3 may be interpreted as progressing at a more
rapid rate through the specimen material. Interpreted in this way, it may be rated as
inferior to the resistance of R1.

™ e

| U0 i g

Bl

It

j- Based on the thermocougle responses, it is possible to rank the ability of each of the
three reference materials to provide insulative advantage. With no equivocation the
ranking may be estabiished as R3, R2, R1. However, it is interesting to note that the
relative performance of the materiais has been established primarily on the responses
occurring during the low heat transfer portion of the tests. In each case, the first two ;
thermocouples only were destroyed during the remainder of the run at the high heat i'
transfer rate.

IR —

k. A similar group of evaluations can be made for the composites constructed with
identical heat shield atop LDQ construction. In the presence of the insulative second
layer, the performance of Carbon CCA1-1641/USP-95 appears to be diminished.
Thus the specimen ranking is altered- €3, Cl, C2. Char layers are nominally the
same and the same ranking uc for the referenice materials was determined: C3, C2,
Cl.

/-

L A distinct difference in the performance of internal thermocouples wa: apparent due
to the insulative layer of the composites. Although the C3 spzcimern lost only one
thermocouple the remaining composite specimens each lost two. However, the
temperatures of the deeper thermocouples were lower in all cases. The ranking £
becomes C3, C2, C1. With respect to internal heat penetration, the specimens '
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constructed as composites performed in the same pattern as the corresponding
referenice specimens. :

The variant materiais constructed as candidates for heat shields were consistertly
less satisfactory in performance that the reference materials most similar to them. In
the cases of Al and A4, much lower densities were achieved in preparing the
specimens. As may be seen, the effective heats of ablation for these specimens are
not very disparate when the low density is considered. It can be concluded, that
with a thicker shieid of approximately the same weight, the low density material
would give approximaiely the same performance. If volumetric limitations are a
consider.fion however, the low dersity materials would not be satisfactory.

Specimen Al-2, with a variant fiber contained :.. DP-2510 resin was compared with
R3, which possessed the same resin. Recession was -imilar, but a thicker char
developed. During the low heating pulse, back face thermocouples behaved similarly,
but the high hoating pulse was more damaging tc the Al spt_imen. Considering that
the density is about 7 percent lower for Al-2 its ablation resistance was relatively
good. However, the specimen was able to show neither good char resistance nor
good resistance to the penetration of heat.

Specimen A2-1 employed a silica fiber. It was compared io R1-4. The two differed
in the type of resin employed in their fabrication. Ablation resistance appeared to
have been adversely affected although a much thinner char was developed on
specimen A2. It appears that the increased recession rate may be responsible for the
apparently thinner char. For specimen R1-4, recession plus char is 287 mils. For
A2-1, the sum is 265 mils. These values differ by less than 10 percent, and,
significantly, the sum is smaller for the deviant material. The backface
thermocouples show A2-1 to be less conductive than the reference specimen during
the low heating pulse. Performance in the high heat transfer environments is
approximately comparable.

Specimen A4-2A was constructed of CCA1-1641 carbon and a polyimide resin. It
was compared to R2-4 which employed the same fiber but differed in that the
phenolic resin was used. The variant material had significantly greater recession, a
thicker char layer and much poorer resistance to the conduction of heat. As with
Al-2, the ablation performance is consistent with the lower density. However, in
general this specimen performed worst of the three variants.

Irregular erosion was found at the specimen-nozzle edge. This was possible due to a
combination of irregular flow and thermochemical erosion. It may be noted that the
disturbed region is less pronounced in the more ablation resistant materials. _

A second disturbed region frequently cccurs at the nozzle exit. This region is
dependent on the pressure gradient within the nozzle. If the pressure within the
nozzle departs greatly from one atmosphere, a shock will be created at the exit.
Enhanced local heat transfer will result. The ability of the system to maintain
approximately one atmosphere is strongly influenced by the amount of specimen
erosion which occurs. Obviously the ablation changes the area of the nozzle exit, the
effective area ratio, and the characteristics of local conditions furnished by the
heated gas.

29



AFML-TR-70-95

Part 1

A very interesting phenomenon was observed on specimen C1-1. This specimen was
a carbon pheno.sc and carbon removal is in part an oxidation process. A feature of
the specimen was a tungsten wire instali=d on the centerline and normal to the
surface. In this particular test, the tungsten oxidized strongly (white deposit
downstream of wire, Finrgre 83). In consuming the oxygen, it depleted the gas
downstrcam. Oxidation of the carbon was inhibited and a small region remained
raised in the wake of the wire. The hump betwezn 3 and 4 inches (Figure 88) is a
local condition in the region of the center line. Although not its function in these
tests, the use of tungsten (or another material) as a preferential ablator could be
considered to modify heat shield ablation for various purposes.

The design of the two-step heating nozzle can be improved. Presently the design
conditions are achieved in the second plenum by operating the arc heater at higher
pressure. This is necessitated by the appreciable transfer oi heat to the water ccoled
equipment. An optimization of the design could be achieved by incorporating
elements tending to reduce the surface arca through which heat is transferred to the
cooling water. This in turn would lower the requirements of arc heater operation
and provide longer operating life for the arc heater components.

Improvements installed in the equipment to date include the use of Elkonite to tip
the air bypass tube and a redesign and reconstruction of the secondary plenum. In
addition, the introduction of water cooled elements or the bypass plug mechanism
has produced a system free from subsequent failures.
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IV. RECOMMENDATICNS
Based on the results obtained thus far in the program, the following recommendations are made.

a. Develop a more readily processable polyimide composite system, and investigate
high density carbon and silica based polyimide composites.

b. Re-examine the VCX fabric ablation system, using a more thermally stable resin.

c. Investigate the improvement to be achieved by using quartz fabric in place of silica
in ablative composites tested under long term, high heating condijtions.

d. Continue tc upgrade the performance of the arc facilily to provide a more realistic
simulation of actuai trajectories.
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TABLEL. (CYCLE1TESTSERIES APML4IR-~70<95
Pt
] — T 51 =1
3 Sample ! ) Ablativel ! insulative™ I~ Structural”® |
i} Designation | ayer r iLayer ; {Layer ;
i : . = - i
i R1 | ssilica/Phenclic i i 20242m3 )
i | «waoo-as/uspas ! - ! “Aluminum’
i ; FA5020 !
: : i
; R2 i| Carhon/Phendlic ; - ) i i
4 "CCA1-1641/TUSP 95 z :
N g M TS0G55A - ; ;
3 “
: ]
- : ! R «Carbon/Phenolic - !
4 Pluton B1/DP:2510 - |
: ! MXG=51HP ; i
H .1 - . H }
; A «arbon/Phenclic || ° 1R
! | wox/pp-2si0 - i |
' ] a2 . sSilica/Phendlic
} «(=5100-48/DP:2510 -
¢ <
: { ) A3 | Silica/iPolyimide -
: )| «=100-48/Skybond
i § %700 )
! 1 .
; A4 «CatborifPolyimide -
; ' ‘GUAL-1641/Skybond |
: { 700 i
; | ) i
1 N 3 . ; 7
{ €1 Carbon/Rhendlic Tsoom Woven ILow |
g CC31-1641/USP95 DensityQuart:
i TNMB055A
i C2 .Carbon/Phendlic Toom Woven Low !
{ 1 Pluton B1/DP:2510 Density Quartz i
i | Mxcesmp | § '
s : f i :
‘ {3 { .Silica/Phenolic ii T.oom Woven Low f
; 1 (~100-48/USP95 | Density Quartz . X
i 1 Fms020 ; Y ;
1, .Ablativelayer wasfabricated from impregnated cloth, cut.on a
45.degree ‘b 1s :and .oriented :at 20 degrees to:the surface.
2, ‘Insilative layerwas fabricated from Q=24 quartz-yvarn-impregnated
with 'HT424 .epoxy-phendlic resin and ioomwovenin a-non-interlaced
configuration, 22 yarn‘ayers:in.each direction for samples .C1 -and
C3 .and 18 yarn layers for sampie C2.
3. Structuralilayer was-a chromic acid-etched, .2024-T3 aluminum plate,
0. 0625 inch thick.
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AFML<TR~70-95

TABLEIl. MATERIALS DATA )
Pant T

’ AT3=S:GRAPHITE

oy

o o o=

- !

‘With«Grain Across«Grain 3

ox - ; £

: Density, -g/cc X 1..82 1.82 i -4

UTS, Psi 4700 3800
‘Flex:Strength, Psi 6200 5100
‘Compressive:Strength, Psi 11800 12400

| YoungisModdlus, Bsi o T.04x10° 0.65x 108
e ‘Thermai «Conduetivity, — 106. °88

’ ‘hr=ft - F

A

L

PRE-PREG MATERIAT:S

]
7 ! . * ’ ., oz v
N eIt ama e R T |

e MXC-31HP EM505548 ¥ME620 _
B (Pluton B-1 HP Fabric) (CCA1-1641 Fabrie) (C-100-43 Fabric) | b
Resin, % 45-50 '34-38 27-:33

i 2 R
] *Volatile % ) 48 36 ! :
s -4
L ;
*FElow 7% . co " f ’ %
- at 150, s 12-20 : 10-18 10-18 | .
! 4
L *Noteithdt flow:andwoldtile«walues:areikigh ; ' éi
- itoipermit :autoclaveiprocessing. | L
i 4 . ;:%
¥ (Q24/HT424 TMPREGNATED QUARTZ THREAD a%
| ot ‘W-T108 ; E
- Resin 26.6% | }5
| Woldtile 10% 3
i

' ]
I St B
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Njo-rz nAu

TABLE V. SPECIMEN R2-1 MODEL MEASUREMENTS

" NOTE “B"

SPECIMEN CODE: R2-1
SPECIMEN MATERIAL: Carbon-phenolic (Run $9)

PROFiLE MEASUREMENTS
MEASURED BY _A.C, Nedby

ARPML-TR-70-95

Part I

oA

\
AT NN

d‘ .
: T ] AFTER |
|LocATioN| BEFORE | RECESSION | CHAR
g [STATION| iweues [To] @] @] ¢ ’
o 1 END .605, .532]|.487 . 025 i
48 2 .2 0 .512] 402 | 020 | 061,
1 & 3 .4 1-512].488 | 024 |. 1107
a 4 .G, 512,401 T Lo2pliul
p 5 .8 ,.51271.491 |, .021 |.:57)
a 6 1.0 P.5121.491 , .021 ] 154,
7. 1.2 1.5121.488 , .024 |.155,
; ) 8 1.4 L-512].491 | .021 [.iu3,
RADIUS = / 9 1.6 604 | 511].492 | 019 |as1t |
N 10 L8 .5111.499 , 012 | 141,
v Qe X 5 Py T i ]
STATION 1 1S INDICATED. READ ALL 111; io, { 5;1 ‘ggz 1 ‘3;13 Ly
LOCATIONS.ON MODEL PROFILE FROM. < 2.2 o311, y 0171131,
¥ : 13 2.4 . 604, .5131.492 | .019].119
HIS STATION 2 .
5 14 2.6 (-511] 487 . 021} 117
NOTE “B* 15 2.8 . 511).487 | . 20,
iNSERT TUNGSTEN WIRE VERTICALLY T 55 } = ;85 : gi;:? _
THRU SPECIMEN ON CENTERLINE. 7 =5 ST T KT
NOTE *C" ' 18 3.4 t.511).498 ' o013 ] 1174
-OVERMARK DIMENSIONAL VARIATIONS 19. 3.6 1605 ,.512].486 , 026 |.111,
) ' 20 | 3.8 . (-512].500 , .012 ] 115,
. 21 4.0 " 1.5121 496 | . 016 |. 04,
HOLE LOCATIONS 25 4,2 1-012] 494 . 018 0!
e - 23 1.4 175127 503 | 009 . 102!
MO h - 2 . , -009 {102,
©_| NOMINAL | ACTUAL ANCHES) 53 1.6 1606 ' .513,.508 | 010 ] 088’
1 4/5 25 4.8 . -5181 502 . 011 .074,
2 23/5 26 END 1.513] 508 ! 005 | 04y’
3 34,5 . ’ ™ -
1 1d/5 t t 1
[ d 4 }
2 . ] 1 :
REMARKS

MODEL INSTRUMFNTATION
INSTALLER A. C. Nedby

NO WIRE . CONFIRMED
GA | TYPE | DEPTH, (INCHES)
1 36 C/A . 107
2 36 C/A , 242
3 36 C/A . 280
4 36 C/A , 366
5 36 C/A . 500
Photographea

(1) Sample thickness including backing plate and bond

(2) Sample thickness not including hacking plate and bond

(3) Sample thickress aftec recession not including backing
plate and bond

(4} Total recession

Backing plate: 2024-T3 aluminw 9. 0625 in.
Bond: RTV-560

Weight before: 106.6195 gm
Weight after: 102, 5098 gm
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AFML-TR-70-95" ) ’ .
Part I TABLE VI, SPECIMEN R1-1 MODEL MEAS{REMENTS
FABRICATION- SPECIMEN CODE: R1-} )
SOTE “B* - SPRCIMEN MATERIAL: Phenolic-Belrasil (Run 95
NOTE “A* L 3 PROFILE MEASUREMENTS
3 MEASURED BY __A. (. Nedby .
¢ - 1. AFTER )
A% STATION LOCATION]| .BEFORE’| RECESSION'|] CHAR
e ) “) INCHES | m | 2] @y 43
FLOW o E 1 ENTY 705" :612].5a7 T 035 | inal
: nH o 18 2 .2 ,6121:578 © eva fagi,
- , ) man & - 3 .4 Yoozl see oL odg |82
Wy ui i g ; Q 1 L6 .612[.556 17056, ) 1600
i b g2 o 5 o8~ b .612f 544 o6k [ 155
- - G 1.0 . %.mz 545 ¢ L OGT | 156
L=5 T _ 1.2 704 GILLS4E ¢ 0065 L1537y
- 8 1.4 o611 1.516 , . 095 | 142;
RADICS ~ ,/ 3 1.6 1.6111.518 . . 093 L 1un’
) 10 1.8 T1.513].528 083 | 1id,
NOTE “A” . 11 "2.0 1-611].528 ; .083 [ 145,
STATION 1 1S INDICATED, READ AL = =5 + = —+
LOCATIONS ON MODEIL PROFILE FROM 3 >3 704 523 333 d gng iqu
THIS STATION == 0 iL gt ; A L i $
14 2.6 Gl L 2T L oRd |y
NOTE "1™ 15 2.8 61115526 . 085 [ 127,
INSERT TUNGSTEN WIRE VERTITALLY 1: 50 { o1l nzw 1 oa; _1_,_27
THRU SPECIMEN ON CENTERLINE e . e 2 2 22 s ==3
r 17 3.2 .. 6111561 . 060 | {u7,
NOTE "C" 18 3.4 16311575 1 o%6 |158;
OVERMARK DIMENSIONAT VAIATICNS 19 3.6, 7708 ; 610,577 035 | 160,
20 3.8 1.610°].568 T 044 | 152]
21 . | 4.0 1.6101.567 043 1153,
HOLE LOCATIONS = t ~ L
22 4.2 j.6100569 041 | 1d0;
- —— —— 23 4.4 1.610].574 | .036 | 154,
; a/s 25 . 1.8 ..610].591 . 019 i 161,
2 A 26 END 703 . 6101.598 012 | 165
3 175 . ! .
4 14/5 . ! 1
5 d 1 1 :
REMARKS

MODEL INSTRUMENTATION
INSTALLER A.C, Nedby

NO WIRE CONFIRMED
GA| TYPE | DEPTH, (INCHES)

i 36 Cs/A 155

% 36 C/A . 281

N 36 CA 382

4 o6 CA . 469

5 36 CA , 600 ]
Thotographed

(1) Sample thickness including bazking plate and hond -

{2) Sample thickness not including backing

{3) Sample thicknees after recessicn not including hacking

plate and bond
(4) Total recession
Backing plate: 2024-
Bond: RTV-360
Weight before: 142 743 gm.
Weight after: 132, 025 gm.

140

plate and bond

‘3 aluminum 0, 0625 in.
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TABLE VII. SPECIMEN R2:2 M ODEL MEAS UREMENTS

SPﬁgfLmN CODE: R2-2
SPECIMEN MASY £RIAL: Carbor-Phernolic (Run 96)

" PROFILE MEASUREMENTS ~

MEASURED:-BY -A.C. Nedby

AFML-TR~70~95
Part I

T AFTER -
_JLOCATION} TBEFORE | RECESSION | CHAR
~ Ja TN wews o[ e @ | @
238 & 1 END |02 ' .499] 498 | .oor] T
24 13 2 .2 ©_199f .478 o} 921l.107,
2.50/;, & 3 .4 3 .599] 464 ! .035]:139
2,56 o @ 4 .6 .603 , .500] .471 ! .029].150
2,63 ° 5 .8 L -500] .473 , .0271.149]
e B 6 1.0 .604 | .501} .476 , .025].126, .
2 L=5 _7 1.2 ;. 501) .483 | .0181].921;
: ’ - 1.4 |.605, .502] .486 ¢ .016].117
RADIVS = "/ 9 1.6 _ 1.502] .491 , .o11}.116
NOTE A 10 1.8 .606 ; .503] .492 ; .011].117,
X7 " m CEN ? N
STATION 1 IS INDICATED: READ ALL 1 2.2 200002 O,
LOCATIONS ON MODEL PROFILE FROM = i R Wi Ll
THIS STATION - 13 2.4 607 } 5041 . 494. 4 010 .1193 l
) 34 2.6 .504].500 ; .004].122
NOTE "B" | . 15 238 = s0a] ag9 005 ] 123t
INSERT TUNGSTEN WIRE VERTICALLY To 20 Y TR TR
THRU SPECIMEN ON CENTERLINE : 45041 . 496 , .0084.11G, . .
° 17 3.2 606 , _503] 499 > 0041 112,
NOTE "C* ‘ ] 18 3.4 , 503} .501 - 002l 099,
- OVERMARK DIMENSIONAL VARIATIONS ~19 36 = oa o 00z | ooz
- , = -~ = " RO S
20 3,8 {503l 407 . 006 079
: 21 - ~ 4.0 .605 | .502).502 | .0001.054,
HOLE LOCATIONS = ¢ —t-
29 4.2 | 502} .507  +.005 ], 005; _
7 = 1
Pl AL 4 23 4.4 1 502} .503 , = 0011 002
| _NOMINAL | ACTUAL GNCHES) 24 4.6 1G04 .501] .503 ! +. 0027602, .
1 d/s 25 4.8 . 501|503 ; -.002], 002
2 2/5 26 END _|.604 : .501] .503 ! - 002]. o001
4 4d/5 | f RTINS 1
5 d ,; ; i‘
' REMARKS
MODEL INSTRUMENTATION {1} Sample thickness including backing plate and bond
INSTALLER A. C, Nedby
(2) Sample thickness not including backing plate and hond
NO{ - WIRE CONFIRMED (3) Sample thickness after recession not including backing
GA | TYPE | DEPTH, (INCHES) plate and bond
1 36 C/A . 071 (4) Total recession
36 C/A - 295 Backing plate: 2024-T3 aluminum 0. 0625 in.
3 1-36 c/A 321
36 | C/A 399 Bond: RTV-560
3 1 36 1 C/A 509 Weight before: 106, 8967 gm.
Weight after: 102.5780 gm.

Photographed

141
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APML-TR-70-95 : )
Part 1 TABLE ¥IIl. SPECIMEN R1-3 MODEL MEASUREMENTS -
FABRICATION- SPECIMEN CODE: " Ri-3 ) -

NOTE "B"

®

SPECIMEN MATERIAL: Phenolic Refrasil ¢Run 97,
PROFILE MEASUREMENTS

4 - MEASURED BY AC Nedhy i
d
. S AFTER
3F LOCATION] BEFORE | RECESSION | CHAR. -
s N : :
a TATION) “incues | ar] @] @] &1 -
FLOW & 1 END 706 |.e1a].598 | _o15 | 177
. a4 Q 2 2 7 6131.599 v Corr | ane
& 3 4 1613600 | o1 ks
o o 4 6 T R e 8 T A
I\I i o 5 8 T 613].602 , 011 ). 268"
" . 5 .1 10 1 5131.599 |, 014 1.267;
L=5 7 1.2 707 0 .6341.601 | .01 ] 2y,
c 8 1.4 6141586 | -. 014 ‘2‘;-_1t ]
RADIUS = 9 1.6 v 614581 -ons |20
10 1.8 1T08 615157 5 041 | 250,
NOTE A" 2 HGE I S T Y
STATION 1 IS INDICATED. READ ALL :; o'g f f;:s’ ':71 } j&: ‘-)"3
LOCATIONS ON MODEL PROFILE FROM ‘ 2. i T PR
Tl‘fls STATION - 13 2.4 .709%;.616 .587 ‘;. 0;'9‘ ..-)..; -
TE B <q 2.6 . 6161.590 . 026 | 250]
N() (1] 11 : p p ' .'< By ’
INSERT TUNGSTEN WIRE VERTICALLY #}: 22 —— g:‘; *;::'; t ‘gfk f;‘:,
i ON CENTERLINE 3 3. 110, . 6170594 . 623 | 212
»aRU SPECIMEN ON CEX 17 3.2 V617 1.6865 012 | 2111
NOTE “C" o ' 18 3:4 1.6171.608 | 009 | 210,
OVERMARK DIMENSIONAL VARIATIGNS =T 5o G TR
20 3.8 . 617].610 |\ . 007 |. 238
[y H 3 LIRS 53 DI
ous sk f | D e e
. ———d B S . ilidy
. } ; }
0 {OMD ' N 23 44 1 .0171.604 , .013 }.193
N NOMINAL ACTUAL (INCHES) 2 4-4 'f'.'sn o o Tk
1 a/s 25 4.8 v.617).602 1 015 |.1%4
2 24/5 26 END 711 ' o618].600 ' 018 |.16%
3 ad/s i ! i
4 4d/5 v ! 1 |
5 d ] 1 T
l l 1
REMARKS

MODEL INSTRUMENTATION
INSTALLER A. C. Nedby

no|  WIRE CONFIRMED
GA | TYPE | DEPTH, (INCHES)
1| 36 | C/A 141
2 | 36 | C/A . 205
3| 36 | C/A .315
3 | a6 | C/A 444
5 | 36 | C/A 00
Photographed

{1} Sample thickness including backing plate and hond
(2) Sample thickness not including backing plate and bend

(3) Sample thickness after recession not including backing
plate and bond

(4) Totai recession
Backing plate: 2024-T3 aluminum 0, 0625 in

Bond: RTV-560
Weight before 142.7096 gms
Weight after:  128.6432gms
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L3 _ - » ‘ Part T
- - TABLE IX. AT GRAPHITE SPECIMEN MODEL MEASUREMENTS
FABRICATION: - - SPECIMEN com-:-
NOTE "B" -, - SPECIMEN MATERIAL: ATJ Graphiie (Run 9&.;
- NOTE A" €  PROFILE ‘MEASUREMENTS °© - Tl
l _ 4  MEASURED BY _A.C. Nedby ’ :
- d e — e
E = P _l ot ... AFTER
-4 wagion LOCATION| BEFORE | RECESSION] CHAR
: a .~ | INCHES 2y 2y 3| . 4): N
! FLOW k 1 | EDGE c271 e t.os | T
) o - Py B | ) R -
; 2 2. .2 . .. 610 ;.017 )
- . » 3 4 v l.605 o2 |~ ¢
[e 47 2.5 ) 4 .6 ", . |-.608.1, 019 ;
- ! a t -+ —
- g 5 .8 ) 602, 025 | .. !
_ : T ) 6 1.0 ! 601 026 | .,
rf : 1 Lis o 1.2 ! 2601 1,026 | T
“ : SR -8 | 13 v | .e04 023 1
RADIUS = |7 i 9 1.6 . l.eoo, .027. [ "
o 1 138 626 1. 594 , 033 |. -y
EA B A ’ '11 . 2.6 : + 5,81 : ?Jig -
* STATION 1'1S INDICATED. READ ALL - -~ oE: S WP ——
LOCATICNS ON MODEL PROFILE FROM 12 2.2 i 583" 0431 .
THIS STATION 13 - 2.4 1 588 .038: 1 .
B NOTE “B- 114 [ 26 {503 oz | 1
2 - L9 = T CERE S
INSERT TUNGSTEN WIRE VERTICALLY - 4}2 §'§- ¥ 'ggg t ggg —1—
{ CENTERLINE : . - .1..593 | ) N
. THRU SPECIMEN CN CENTERLIN 7 7 =5 : BT P
[; ~ NOTE "C” | 18 3.4 HEN R A
:  OVERMARK DIMENSIONAL VARIATIONS ST Y + TR
20 | 3.8 H .604 7 022 |
r-’ 21 4 Ll .s04 i
; HOLE LOCATIONS L N b -.604 . 022 4
22 4,2 I 607 ¢ (019 :
H NO | NOMINAL | ACTUAL ANCHES) .23 44 } 606 , .020 | .
i ' | 24 4.8 , 607 ;019 {" |
' 1 d/5 25 4.8 H 618 | . 016 e
- ™ — 1 i ! 4
2 2d/5 26 EDGE : 611 | .015 ‘1 |
. 3 s —t ¢ +
1 4 1d/5__ + f —t—
5 5 d + — r
~ i { H
¢ MODEL INSTRUMENTATION REMARKS
B INSTALLER (1) Sample thickness
WIRE (3) Sample thickness after recession
} NO CONFIRMED
GA | TYPE | DEPTH, (INCHES)
! 4) Total recession
— No
U ATioy 1
Bond: RTV-560
. Density: 108 Ib/ft>
U Photographed
P
|
-t
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AFML-<TR-70-95
Part I . . .
) - TABLE X. SPECIMEN R2-3 MGDEL MEASUREMENTS
FABRICATION: SPECIMEN CODE:" pu.y
NGTE “B" SPECIMEN MATERIAL: Carbon Phenolic {Run 102y
NOTE “A" e PROFILE HEASUKEMENTS
- ’ L MEASULED BY A ¢ Nedhy
8 — - - e — -1
’r ) ‘ ] " AFTER .
, _|LOCATION| BEFORE | RECESSION | CHAR
a ST_“"TIO:‘ INCHES | (| | B | _h ,
FLOW K 1 EDGE | .604, 511 491! o2l T ]
) g 2 .2 V.511) L4950 o1 | o’
& 3 i C.s11] 489t 012 o7y
_ i 4 .6 ,-511] 5037 008 | o6z
’ 1o 5 8 6505 5121 592, .o10f st |
e £ G 1.0 15121 .504, .008] 062,
CLes L1 1,2 L5132} 504, 008 ] a70,
. ) 8 1.4 .606, .513] 309, o004} 073,
mADIUS « P g L6 sl 5051 ponl oral
B 10 1.8 .513] 504, .009 |, 069;
NOTE "A® 11 2.0 .513]  .508, 095 ] 079,
STATION 1 1S IRDICATED. READ ALL 15 > 5 (;07*- ._:14 - 51;5 on;'. ﬂi_.fr -
-LOCATIONS ON MODEL PROFiLE FROM 13 ;'4 —== , vy =
HIS STATION . 2.4 yo514] 513, co01}oiz,
. 14 2.6 { '514 .51‘;1 . 000 .()ﬁl.
NOTE "B" SUNGETEN WIRE VERTICALLY 15 2.8 _665, .513) 504 .009|. 057,
INSERT T —= = ~—4
SERT TUNGSTEN 16 3.0 . 513] .509, _004 | oG5! °
Tﬂguspsc,mnox CENTERLINE 17 35 B E G TR R
NOTE "C" 18 3.4 .605, .512] .511' 001 | 061,
OVERMAREK DIMENSIGNAL VARIATIONS 15 31 1ol s0s. ool onal
20 3.8 .604, .511] .508! 003 {. 051,
21 4.0 1511l 508 003 ] 060,
HOLE LOCATIONS 22 1.2 6035100 507 003 | 050
e - 23 4.4 ; .510] 503, .007 |. 045,
NOMINAL ACTUAL (NCHES) 24 1.6 602 T569] 506 003 ) 010
L)
1 d/s 25 .48 0 | . . 5091 505, 004} 0t
2 2d/5 2 EDGE 601, .508] .508' . o6o .012; .
3 3d/5 . ) X
4 33/5 ) ! !
5 d — — t 1 H 1

MODEL INSTRUMENTATION
INSTALLER A.C. Nedby

NC WIRE COXFIRMED
GA | TYPE | DEDPTH, (INCHES)
1 36 C/A . 148
2 36 C/A .203
3 36 C/A . 295
4 36 C/A . 412
5 36 C/A .500
Photographed

REMARKS
(1) Sample thickness including hacking plate and hond

(2) Sample thickness not including backing plate and hond

(3) Sample thickness after recession not including backing
plate and hond

(4) Total recession
Backing plate: 2024-T3 aluminum 0. 0625 in.

Bond: RTV-560
Weight before: 106,830 gm.

Weight after: 104. 2676 gm.
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‘Run No, i " 69-69 70-69 71-58 73-68 14-69 75-69 76269
-Specimen. Calibration | Calibration | Calibration § Calibration | Calibrarion] Calibration Calibra
Run Time {low q/highq)  (sec) 30,2 27,6 .| 251.6 71.4 -~ 9L6 78.7(52/26.7) | 78.7%6
i - \S
Current Amps 2360 2260 228¢ 2250 2220 2185 2320 :
Voliage Volts 774 1777 787 774 775 717 848
Power kw ‘1827 1756 1749 1742 1720 1698 1967 '
Air Flow - IN Ih/sec 0. 0600 0. 0600 0. 0606 0.0600 ~ | 0.0600 0. 0500 0, osqo;
- Exh 0. 0286 0, 0283 8, 0265 0. 0268 0. 0269 0. 0290 0. 0165
- Nozz, 0; 0314 0, 0217 0,4335 0,0332 0.0331 0.0310 0, 0435,
Cooling Water o 445 443 448 447 445 444 47
Fuw 1b/sec 62.2 62.£9 62,32 62,31 62.03 61.9 62,311
Cooldng Water AT °F 19.7 23.7 22.6 24.4 25.1 23,6 2.5 *
Arc Power bhu/sec 1732 1659 1658 1651 1631 1610 1865 |
Energy Los 1225 1486 1500 1520 1457 1498 1651 !
Energy to Air 507 182 158 131 174 112 214 >
Air Enthalpy bitu/ib 15146 5741 4700 3346 5250 4800 4920 °
Plenum Press, 1b/in? abs 50,45 49, 45 49.0 5395 56,7 51 79.0
Plen—q (2) Press. 14,7 19,4 14.7/33.8 | 13.9/5
Wall Press., Stn, 1 14,9/13,0 14,7/9,
3 14,9/14.5 14.7/1
4 14,7149 4.7/

Wail Heat Tranefer, Stn, 2 (btu/sec ft2 14,2/27.8

(&) orwiiminary
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%
" 76-69 77-69 79-69 B0-69 82-69 85-69 86-69 87-69 \ 89—695'
Calibration Calibration Calibration Calibration Calibration Calibration Calibration Calibratton { RZ-1 =«
78.7(6/22.7)| 89, 2(43.6/45.5)| 37.9(30.0,7.9) | 130. 6(26. 77103, 9)| 22, 7(4/4718. 3)| 2L O(11. 0/10, 0) | 31.2(3.4/27. )| 32.0(2. %725, )| 289.6(23%
2320 2000 2080 2100|2060 1850 1860 2000|2080
848 915 936 910 : 905 960 951 ‘921 910
1967 | 1830 1947 1911 1864 1842 1769 1891 1890 s
0. 0600 0. 0650 ¢. 0650 0. 0650 To.os55 - 00650 0. 0650 9, 0650 0. 0650
0.0165 0. 0197 0.0195 | 0.0182 0, 0195 00195  |0:0195 0. 0195 0. 0156
0. 0435 0. 0452 0. 0455 0. 0468 0. 0455 3, 0455 0.0455 | 0-0455-- 10,0494
T
47 444 444 446 444 443 443 444 444 ?
62,31 61.9 61,9 62,17 61.9 61.5 61.5 61.6 617
26,5 25,4 25,8 25 2 26, 04 25.3 23.04 25,0 25,00
1865 5 1846 1801 1767 17149 1677 1793 s |
1651 1572 1597 1566 1612 1547 1413 1540 1543
214 163 240 1235 155 103 264 253 250
h -
4320 3598 5473 5030 3410 4240 5810 5550 5240
9.0 92,5 94.0 95,0 91.2 97.9 97,95 9,0 90. 0
13.9/52.3 13.6/59.5 14.0/52. 9 13.8/57.90 13,8/58, 0 13,8/55.0 13.2/52.5 15,2/54,5 13, 0/63.
14.7/2.3 14,7/, 2 14,7/11.5 14.7/11.0 14,7/11. 417 14.7/12.5 15,0/22.5 15.2/19.0 14,7/22
14.7/12.8 14.7/12.6 14.7/13.5 14.7/13.4 14,7/13.42  [14.7/9.9 14.7/14.7 14,3/14,7 14, 0/24
14.7/14 2 14,7713 8 14.7/14. 9 14,7/14.2 14.7/14.34 | 14.7/6.9 14.7/14.7 14.3/15.6 14.0/17
-/280 -/225 -/220 -/121 26/445
-/660 /245%,175% | ~/128%,109* :
(Variable) |
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Part I

TABLE XI. ABLATION TEST RESULTS (UNCORRECTER)

R W N

130 OGN

1 87-6%

"86-69. ‘89-69 95-69 96-69 | 97-69 98-69 102-69 | 11769
~Calibration | Calibrzfion R2-1 Ri-1 [ R2-2 11-3 ATJ Graphite R2Z-3 | oo
SL2(3. 4721, 8)| 32, 0(2. 4729.5)| 289, 5(234755. 6) | 264 S(25075. ) | 175.6 |25, 7(235/50. T) | 288. 2(236. 7. 51.5) | L5 | saw; ]
1860 {2040 12089 1940 1840 {2149 2040 1740 {2180
{951 927 210 935 987 |s00 918 936 |00
11769 1891 1890 1875 1816 ({1926 1873 1629 | 1962
0. 0550 { 0.0650 0. 0650 1 0. 0850 0. 05500, 0650 0. 0650 0.0550 | 0. 0550
;,o. 0195 0,0195 0. 0156 0. 0165 0.0195{ 0, 0160 0.0160 ] 0.0166 | 0. 0155
<| 0. 0455 0. 0455 0.0494 0. 0485 0, 0455} 0, 0490 0. 0490 0.0490 | 0. 0495
443 444 444 444 46 |aas 442 445 452
61,5 le16 61.7 61.7 619|617 61.4 61,6 | 527
| 23,04 125.0 25, 00- 25,3 1253 |24.7 24.9 21.59 |25,7
;1 J
1677 1793 1792 1779 1723 [1826 1776 1540|1860
- 1413 1540 1543 1560 1568 |1524 1529 1330 {1611
({264 253 259 218 153 !302 | 247 210|249
: " |
5810 5550 5240 4520 3420 16160 5082 4290 | 5040
% 97.95 90,0 90, 0 101.2 103.0 {96.5 105.7 162p) |97, 2(p)
i|13.2/52.5 15.2/54,5 13.0/63.0 13.5/64,0 13.7 |13.6/50.6 13.6/52,8
15,0/22,5  }15,2/19.0 14.7/22.0 14.2/19.7 14,7 [14.5/30.2 14.4/14.9
4 14.7/14.7 14,3/14.7 14.0/24,5 14.3/35.0 14.5 |14.5/14.5 14.4/15.9
’ 14.7/14.7 14,3/15.6 14.6/17.5 14,1/25.1 14,7 |15,0/14.5 14.6/15.5
26/445

e

145/146
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MODEL INSTHUMENTATION
INKTALLER

- AFML-TR-70<95
i-_ TABLE XI1. SPECIMEN R14 MODELMEASUREMENTS Part T
ABKICATION
‘ r NOTE 13 SPECIMZNCODE:  R1-4
NOTE CA" L SPECTMEN MATERIAL: ilica ic (F :
(— ,&— AEN MATE ! Siddca-Phenolic %Run-lZg):
- 4.4 PROFILE MEASUREMENTS
; ,IF, MEASURED BY . Nedliv .
[ & [ Trocamon | aFrEr |
. T |'STATION]| - OEE | BEFORE ——r ’_,“ —
L 5 | INCHES || gy jikscEssionjcRan |
S : 0~ ys708  asen 013 i3y
> . 5 t T "o, ", 3
L ER i 4 w53 017 Lose
- 3 : 4 560 9030 L2cd
e [ & ; 157920 y5%6 41,0086 14,274 4
& 5 T U508 5.00h L25¢
r ‘La 157271 W51 w06 2
i 1 _— 7 ; i G Ja9L B 79 okt
7 RADIS = | 8 . 4560% 1480 4,070, 237 |
] R i g - (; F4B2 4078 ) 20y
[ NOTE “A" EECE T 0 Juge jogr oo
N2 1M 1 19 INDICATED, READ ALL i 1560 1 Jabs 076 1,247
I.O(LA:l.tl(r).NS O MODEL PROFILE FROM [T : ; 1 478 082 75Y |
- NOTE 13 : U 1559y 1458 301 {2y
- BERT TUNGETEN WIRE VERTICALLY 1 15 | i w7 3102 4ia
[_ rHRU KPECIMEN ON CENTERLINE 1 % : 15580 L2 1096 (2t
. 17 { *; 1468 4090 214
N‘.yr}' "C" 18 1] 1 3 & 4 - § t. Wy ] X | Py H
OVERMARK DIMENSIONAL VARIATIONS ’ {220 JATn o ORO 1232
[ 49 i : " 3 478 w074 120 J
- . 20 L W lesg togl jood o
k i j HTACR ty i i
”(H.E IK,CA'I‘IONB 21 , N 553 I 11‘;73 ~].‘080 ).-202‘
L 22 ; : M W7s 107§ f201n
| N0 | wominar_ | ACTUAL aNCHES) 23 I T T T
24 ) 1553 4 1491 ,I,O(u ‘}slh"): {
( 25 i i 1503 4,050 397
A a4/ I :
! 2 zc_l_/; 26 5. 1555 4 o4s 4 021 [opet
A1 “_‘_hL/S ‘ ; i i ) 1 F| i 1
L B 0 [ R
b J J{ ;l 3 i ‘; {
l~ 4 | 1 I

Overall Refractory Layer Thickness 014

] NO Wi CONFIRMED Remarks

GA TYPL DEPTH, (INCHES) R
(1) Sample thickness insluding backing plute

r~é.-h__}h-__.§fﬁ 1073 and bond

r"—‘ﬂ

36 C/A .184
5 3 ?KV__ CfA ’27} Pretest measurvments every 0,90 inch
r. S TCN OV . 370 Post test measurements every 0,20 inch
] K[ ClA. L2200

Backing Plate: 2024-T3 a2luminmn, 0,0625 1in,
- Welpht Before: 146,967 wm
Weight After: 136,872 gm

147, .
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Part 1

BARRICATION:
NOTE "B

NOTE. “A™

TABLE XIII. SPECIMEN R2-3 MODEL MEASUREMENTS

SPECIMEN CODE: go-3

SPECIMEN MATERIAL: Cirison Phenolie (Run 102)

PROFILE MEASUREMENTS
MEASURED BY _ A-C. Nedby

ot

T |

AFTER
JLOCATION! REFORE | RECESSION | CHARC
a STATIONI “invenies L ool @] ® ] @1
FLOW S 1t | enge | .ced 511 .401) a2} b
: 5 | .2 el 4950 016 | oan
& ; i Lo6til 4090 o3| gzu.
i 1 S . .511] .seal oo fros)
o 5 8 .(igt};__._{)j_’.;_ 502, ojuf oy
2 G 1.0 6120 604, 008 | 062,
Les 7 1.2° ;.512 Y HIT E T
l'/ R 1,4 606 513} 500,  ood-| o7,
RADIIS = 9 1.6 Posial 505, .oon i g7s]
A 10 1.8 .513] 504, 009 | ose,
NOTE “A*" . 1 2.0 513} 508, 005 | 079,
STATION 1 18 INDICATED, READ ALL v e m‘r ,:,4 ',.:1 0,! . ou.; 'ﬂ;ﬁ‘
LOCATIONE ON MODEIL PROFILE FROM <= e R ey
THI8 STATION 13 2.4 4514 513, om | 072,
i i 14 2.6 L 5141 . 514, . 000 | 061
NOTE "0 EN WiRE VERTICALLY 15 2.8 .um;f .5131 L5040 . 009 _us'ﬁ'
INSERT TUNGBTEN Wi : 16 3.0 s .513] 509, _ond | o)
Y - X ob, 2 o s K L e . L
THRY SPECIMEN ON CENTERLINE 7 33 LT R TT M N
NOTE™"C" 18 3.4 .605, .512] 5110 L0011t o6y,
GYERMARK DIMENSIONAL VARIATIONS m e NGO T T A NH
.20 3.8 .604, 531} .508° _oa3]. 051,
e - 2] 4,0 15111 508, . 003 | 66O,
HOLE LOCATIONS a9 4.2 LGo3j_ 510 507, 003 |, 050}
o - ~ 23 1.4 .} -510 .503; 007 | 045;
NOMINAL | ACTUAL ANCHES) 24 16 .02 568y K06, 004 | 010,
1 v . T
", 25 A . G001 . 505. 0011 oin
.._.%.._ 2(!/'» ,___.,f - T e -: -2 24 &y
/0 26 EDGE L6031, 508 *hos! 000 012
/5 : ! '
4 /6 H f t
5 2 1 L !
REMARKS

MODEL INSTRUMENTATION
INSTALLER A C, Nedhy

— —

O Wik CONFIRMED
L GA ] YRR ] DerTH, ANCHES)

1 [ w6 | C/A 14
R 204

H] an C/A . 205

I S

b ] C/A . 500
Photographod

(1) Sample thickness including backing plate and bond

(2) Sample thickness not including backing plate and bond

(1) Sample thickness after recession not including hucking

plate and bond
(1) Total recession
Racking plates 2024-T31 aluminum 0, 0625 in.
Bond: RTV-560
Welght before: 106, 8830 @,
Weight after: 104. 2676 gm.

148
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Part I

FABRV'ATION:
NOTE "B"

=

NOTE “A™

)

SPECIMEN CODE:
SPECIMEN MATEHIAL:

TABLE XIH. SPECIMEN R2-3 MUDEi MEASUREMENTS

Re-3
“arbon Phenolic (Itun 102y

PROFILE MEASUREMENTS

§  MEASURED BY _ A ¢, Nédby R
d ] 7 ) AFTER
T LGCATION| REFORE | RECESSION | GHAR
N )' - -
g [STATION) oxenes [l |_@ ] o
FEOW K 1 _EnGE | o4 L .511; 401 020 1
o 2 "2 os11] 495! o m.:i
& i i T B
i 1 G , 5111 5030 ook oz
o 5 . .(.o.,;___..r’ 5027  olef asil:
4l t 1.0 .612] 604, . 00K 1 062,
Les 7 L2 b ;,..12 504, 008 | 070,
) 8 1.4 606, _513] 503, 004 ] 073,
RAL;US = L — 9 1.6 1 .n13) U505, .00%] 03s
NGTE A 10 1.8 1 .513F 504, 009 | on9,
A" 1 2 .513] 608, 0051 079,
STATION 1 18 INDICATED, READ ALL 1.,1, zg =t ;:1 : ,’2:% g‘:’. '“,‘I"{
LNCATIONS ON MODEL PROFILE FROM = = 000 ool 10, 00 1073y
THIB STATION :2 : ';L: 4,';’:‘: :::r g‘:‘ -2‘*’
:-. . a348° .0 - . ‘“ . rl
m:;: ';:‘;ﬂmcrrzn WIRE VERTICALLY 15 2.;; .(;m;iur:m ..':042, . 009 .or:‘ff
ER’ ' . - LIS - 1] P& Al
: " 16 3.0 >.513l o509 ond | oss)
THRU SPECIMEN ON CENTERLINE 17 W T RS T TR A
NOTE"C" 18 3.4 .665, .512] .511] .001 nmL
OVERMARK DIMENSIONAL VARIATIONS 15 30 ST T Y, o»». >
20 3.8 | .604; .581] .508; .o0x ] 051,
. 21 4.0 16111 508, _ooy oisél
NOLE LOCATIONS —
LacAT a9 1,2 603,510 507 003 1 os0)
23 4.4 ~ L .510] 503 007 | 045,
RO . o} I - '
NOMINAL | ACTUAL 05CHES) % 16 .60Z, 509} 506, 004010,
1 A5 25 48 . L. ..sool so5. . 60tl s,
2 2/5 24 EDGE | .u0l .508] * 508 ool 012
3 34/5 i ] 1
4 W/5 N { t
5 d 1 i :
REMARKS

MODEL INSTRUMENTATION

INSTALLER A, C. Nedhy
NGO WIRE CONFIRMED
| L GA ] TYRE D DUPTHL, (ONCHES) |
I N L1

2. (‘/A 203

a_ e T C/A . 2an

IR O 7 RS

6 J w6 | C/A 500

Photographod

(1) Sample thickness inciuding backing plate and bond

{2) Sample thickness not including backing plate ind bond

) Sample thickness after recession not including backing

plate and bond

{1) Total recession

Backing plate: 2024-7%

Hond:

aluminum 0, 0625 in.

RTV-560

Weight before: 106, X830 gm,

Weight after: 104, 2676 gm,

ey geeens fesen gonep gRWY

I
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v ’ TABLE XIV. SPECIMEN R2-4 MODEL MEASUREMENTS Fart I
.. B FABRICATION: ' " '
NOTE "B" " CPECIMEN CODE: R24
; B NOTE "A" 2 j— SPECIMEN MATERIAL: CARBON-PHENOLIC (RUN 134)
! ~~| 4 PROFILE MEASUREMENTS
: ﬂ ¥ MEASURED BY _ NEDBY
a : AFTER
, ) LOCATION :
L FIOW STATION BEFORE -
E T ~ g g INCHES () |RECESSION| CHAR
: le -~ u 1 0 . 575 571 1 .004 }
o . ] T2 531 T 044 [ 2121
‘ W= u/ii !'!:’2 58 a 3 1 ST 05 | 2141
. . <) { . . ¢
y 2,63 o 4 575 ¢ S14 ¢ 0611237
(“g -~ 5 |59 1 05612697
{ L=5 6 517 1§ 524 | 053 1,270 }
— ) , 7 524 1 053 )2751
] RADIUS = ‘/ 3 578 | | 524 | .054]2681
L o 9 Hi 52 1052|285}
NOTE "A 10 1 521 056 12751
STATION 1 I8 INDICATED, READ ALL m Tt s 1 0w ool ]
U LOCATIONS ON MODEL PROFILE FROM = TRk
THIB STATION 13 H .521 0571085 |
NOTE "B" 14 578 523y 0551286,
[ INSERT TUNGBTEN WIRE VERTICALLY [ 15 25 1 oss Laas ]
THRU SPECIMEN OR CENTERLINE 16 ryv : 491 um'__j
1]
i NOTE "C" 17 S 490 : 087 }249
E OVERMARK DIMENSIONAL VARIATIONS 18 —p ARG,
20 H Si6 1 oe1foary |
U HOLE LOCATIONS 21 575 S17 | 058|244
j _ 22 H 521 1 0542481 /
. NO | NOMINAL ACTUAL (INCHES) 23 ! 520 1055 1208
[3 24 575 | 523 1 052|198
’ 1 4/6 23 H 520 1 .0s5 Ja81
2 24/6 76 3 574 1 |.520 | 034 |21 |
botmmmnnasn
[ 3 3d/8 H HE ]
L 4 4d/5 { ]
$ d i
/ !L E
L’ MODEL INSTRUMENTA TION
INSTALLER . REMARKS
L NO WIRE CONFIRMED (1) SAMPLE THICKNESS INCLUDING BACKING
GA | TYPE | DEPTH, (INCHES) PLATE AND BOND
, 1 3€ CIA 110 PRE-TEST MEASUREMENTS EVERY 0.50 INCH
L 2 36 C/A 218 POST-TEST MEASUREMENTS EVERY 0.20 INCH
. 3 36 C/A 316 |  BACKING PLATE: 2024-T3 ALUMINUM, 0.0625 INCH
4 36 C/A 432 WEIGHT BEFORE: 133.5590 gm
L’ S 36 CiA 510 WEIGHT AFTER: 118.0650
1490

\
AaNaa
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AFML-TR-70-95 o g
Part I TABLE XV. SPECIMEN R3-6 MODEL MEASUREMENTS i
FABRICATION: . )
NOTE "B SPECIMEN CODE:  R3-6 E

-

R

SPECIMEN MATERIAL: Csrbon-Phenolic

4 PROFILE MEASUREMENTS % B
_F MEASURED BY Nedby - B
a \ AFTER g
) : B :
i |starion| LOCATION} ppporE :
5 INCHES (1). |RECESSION; CHAR %
@ 1 0 5561 - 1540 1 016}
Z 2 1 462 ',094 |,183
2 3 1 399 1,157 1.173 %
o Z 554t [372.1,182 1157 $
5 H 419 ;.135 ].20%
y, - g 2550 ! 400 24150 197 g
> ] } 376 !.174 ]18%
:U,/D/zﬂb - 8 550 383 1.167 1189
c. ; 391 1. 159 l18d 3
NOYE "A 1C 1399 i35t [yos g;
LOCATIONS O MODEL PROFILE FROM 13 T s
TINK STATION 14301119 1213 i
: 13 H 641 1,108 1217 §§
NOTE »i» : 14 ] 551 ¢ 443 j.108 1218
INSERT TUNGBTEN WIRE VERTICALLY 15 ] 453 {.098 |223
FHRU:8PECIMEN ON CENTERLINE 16 i 554 1 453 1,101 1226 | g
- l - ~ -
NOTE bt 17 . g 1452 1,102 ;224
OVERMARK DIMENSIONAL VARIATIONS 18 234 L 635 1103 218 =
19 [ ls38 3,088 lood ﬁ
20 H 480 1076 |23}
HOLE LOCATIONS 21 3361 181 4075 |226 -
¥) : 481 1,075 1219 1
NO | NOMINAL | ACTUAL (INCHES) 23 11480 1076 1219,
24 558 + k83 .075 |239
1 4/5 : 25 L kae 1072 Jang! I
5 z.s;:, 26 5 558 1 901068, 166! -
K RUVE | \ ]
I ' 1 i
6 d ; 1 ) ]
1
: 1
MODEL INSTRUMENTATION .
INSTALLER . ‘ ‘ R
- Remarks: )
o WIRE CONFIRMED ° -
GA TYPE | DEPTH, (INCHES) (1) Sample Thickness includinb backing i
1 30 C/A . 100 plate and bond.
2 | 36 C/A .198 7
A 36 C/A .285 Pre test measurements every 0,50 inch z
T 1736 T[T C/IA 405 Post test measurements every 0,20 inch ot
. 36 c/h YR .
Backing Plate: 2024-Te Aluminum, 0,0625 inch i
Weight Before: 12497 gm 13

Weight After: 103,636 gm

150 g§
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TABLE XVI. SPECIMEN Ai-2 MODEL MEASUREMENTS Part I

FABRICATION:

NOTE "B" S8PECIMEN CODE: a1

®

=2 33 &3

LTE "A" }— SPECIMEN MATERIAL:  CARBON-PHENOLIC (RUN 133)
| ¢ PROFILE MEASUREMENTS
,r MEABURED BY NEDBY
a T Location AFTER
E & |STATION] ‘wengs | PERP™ [REcEssion] crAR
} g 1 0 571 539 1 632 1.104]
. ] 2 ! 479 1 092 ].253}
E - 3 1 4101 161 | 2191
o a 571 1 381 ¢ .190 {.190%
| : 5 { 366 7 .205 |.169,
L Le§ 6 572 1. 4531119 .241:
7 441 ¢ 137 |.204}
RADIUS = — 3 572 1 427 1 .145 | 2621
B 9 3 Va2 V14919330
NOTE “A" 10 571 | {445 | 126 | 244
STATION 1 I8 INDICATED, READ ALL 11 . 452 119 | 246
B LOCATIONS ON MODEL PROFILZ FROM [~ R T T
» THI8 STATION " T TR
NOTE "B" 14 5704 4724008 .zszg
L INSERT TUNGSTEN WIRE VEATICALLY is I Tas 1 gop 125
THRU SPECIMEN ON CENTERLINE 16 dsr0 ¢ Lams | oowr iow
17 H 472 b 098 |oa1!
- NOTE "¢ - - - $
¥ OVERMARK DIMENSIONAL VARIATIONS 18 53 R e S sorr B
19 404 )14 t2sed
20 : 499 b oeo 1oset
r HOLE LOCATIONS 21 568 1 488 4 .050 [.250]
L 22 H 437 1 081 2511
~ 23 i A92 3 076 }.256
NO | NOMINAL ACTUAL (NCHES) 2 567 |} 496 ' 071 |.229
{ 1 a/6 75 505§ 062 1222
2 2d/6 76 5 567 1 531 ] 036 |.174)
r 3 4d/% H {
L 4 4d/5 1
8 d
H H
B MODEL INSTRUMENTATION
INSTALLER REMARKS
U NO WIRE CONFIRMED (1)  SAMPLE THICKNESS INCLUDING BACKING
GA TYPE DEPTH, (iNCHES) PLATE AND BOND
: 1 36 CiA 085 PRE-TEST MEASUREMENTS EVERY 0.50 INCH
L 2 36 C/A 200 POST-TEST MEASUREMENTS EVERY 0.20 INCH
/ 3 36 CIA 260 BACKING PLATE 2024-T3 ALUMINUM, 0.0625 INCH
< 36 C/A 400 WEIGHT BEFORE: 120.6395 gm
L’I i 36 C/A 502 WEIGHT AFTER: 98.7125 gm

'

151




APML-TR~70-95

Part I

FABRICATION.

) o‘rt HA!-

TABLE XVii. SPEC'MEN A2-1 MODEL MEASUREMENTS

N()Ts uBu

®

SPECIMEN CODE:
SPECIMEN MATIRIAL:

PROFILE MEASURRMENTS

AZ-1 (RUN 138)

SILICA-PHENOLIC

o doun s
M m m v
A o et

3
d
T MEASURED BY . NEDBY ﬁ
@ 1 AFIER
E |sTaTION ’;‘i‘é‘:{g’:" BEFORE * q;
S : 1) RECESSION| CHAR 5
o i i 0 T2 1 - 1535 1 .27 177 1~
v 2 2 Voo fsse 1 oom3 pan
- 2 a 3 - 1 550 1 D12 32 E
J 2.83 2 4 6 556 | S35 23 el y
o , 5 5 I N R T ,
L= 2 10 524 5234 029 200 | %
7 1.7 . 496 o056 f19e 1
RADIUB = [o/ 4 1.0 547 1 [476 | 0671 (181 | -
9 1.6 I 459 o088 1173 1 y
NOTE "A" 16 1.5 T a9 | .07k 172§ v
E£TATION 1 I8 INDICATED. READ ALL 1 20 Wl a3 1 o6 ez ]
Tu;c;gg;aogn MODEL PROFILE YROM e ET T; a72 1 672 Ao |, %
12 24 H ga5 | ous Lig: d
NOTE "B" 14 26 22| 4434 099 1ay ]
INSERT TUNGSTEN WIRE VERTICALLY 15 24 .1 445 1 097 1issd ?
THRU SPECIMEN ON CENTERLINE 16 30 fsa3 V.. 1as3 yoo9n fisw e
NOTE “C" 17 32 H 45T | 0% .sr.a,[ i
OVERMARK DIMENSIONAL VARIATIONS T 34 3464 pase g 692 Dsoy -4
19 36_ i 461 1 085 f1ast ﬁ
20 318 H 469 1 ool
ROLE LOCATIONS 21 4.0 550 i 479 ) o7m1 L ) 6
2 4.2 H a1 L o6 172 } i
NO | NOMINAL | ACTUAL (INCHES) 2 44 TS WETR 778 el
2 26 556 48 o 06% |73
1 d/6 096 25 48 I 495 | ox lig | E:
3 2475 192 26 50 555 1 S12 4 046 fix g
) 3d/ 288 1 1 ) \
4 4d/5 363 il | E
_2 d 473 i i
4 i
MODEL INSTRUMENTATION 4 . I
INSTALLER
REMARKS
NO bl CONFIRMED (1)  SAMPLE THICKNESS INCLUDING BACKING i
GA | TYPE | DEPTH, (INCHES) bLATE AND BOND ; i
1 36 Cia oee Prr-TEST MEASUREMENTS EVERY 0.50 INCH :
I CIA 208 POST-TEST MEASUREMENTS EVERY 0.20 INCH |
: 22 8:: Z’gi BACKING PLATZ. 2024-T3 ALUMINUM. 0.0625 INCH ¢
WEIGHT BEFORE: 140.8835 gm ,
A5 cia 28 WEIGHT AFTER: 132.1890 gm
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_j - TABLE XVIII. SPECIMEN A4-2A MODEL MEASUREMENTS
, . - " AFML-TR-70-95
FABRICATION: , . Partl
] NOTE “B" SPECIMEN CODE:  A%2A
- OTE "A" ’%’j, SPECIMEN MATERIAL:  CARBCN-POLYIMIDE
- 4 PROFILE MEASURZMENTS
E T MEASURED BY NEDBY
’ 2 T AFTER
. g .1 LOCATION =
FLOW STATION EEFORE
[l g INCHES |a) < |RECE®SION{ CHAR
(4 A o 1 0 492 1 a0y o1 a70f.
A W 3/4 - 2 J 070, 421 |23
E{ w /\3-55 @ 3 . 000! av]ms
! = 2.83 2 4 493 1 a86] 092 1 .39 [208 ¥
_ - ’ 5 H 092 1 394 ].331 )
L L=§ 6 493 1 asil 087 ;4194 31
: / 7 : 086 ;395 13327
RADIUS = 8 492 U 476l o096 1. 380 |31
ﬂ AN s H 136 ¥ 3g0 | a9
i NOTE "A 10 492 § 472) 118 1 354 286
BTATION 118 INDICATED. READ ALL - , o EYre Jow
LOCATIONB ON MODEL PROFILE FROM 3 T 35 1 333 12601
THIS STATION : - T o T e
> 13 HE 147 L 325 }osy i
NOTE ""B" 14 491 1 472) 154 4 .318 .2441
INSERT TUNGETEN WIRE VERTICALLY _15 1 57 1 315 12234
E THRU S8PECIMEN ON CENTZRLINE 16 497 ¥ 475t 1693 306 12393
NOTE "C" 17 H 229 1 246 246 )
T -
r OVERMARK DIMENSIONAL VARIATIONS 18 A2l L ATl 20 4 Al Q0L
L 19 | 202 § 274 o068
20 H 1324 ss Logi g
HOLE LOCATIONS 21 490 ) 4798 1224 357 {389 ¢
(& 232 H 21 1 353 292 |
NO NOMINAL ACTUAL (INCHES) 23 J' 128 ¢ 381 124K
. 24 490 4 asa] .126 ;§ 355 |278
[ 1 d/6 086 p H 19 § 365 L2se
2 2d/5 17z 26 5 490 1 assl 124 | .364 [215)
) 3d/8 258 1 H )
L 4 4d/8 344 1 1 ™~
B d 428 !
- MODEL INSTRUMENTATION 4 4
INBTALLER REMARKS
"o WIRE CONFIRMED M SAMPLE THICKNESS INCLUDING BACKING
] PLATE AND BOND
CA TYPE DEPTH, {INCHES)
g ) THICKNESS DIMENSIONS AFTER MILLING OF
1§36 C/A 072 BOWED SAMPLE
- 3 36 CiA -186 PRE-TEST MEASUREMENTS EVERY 0.50 INCH
| 3 ;: g 2 46 POST-TEST MEASUREMENTS EVERY 0.20 INCH
15 o iij BACKING PLATE: 2024-T3 ALUMINUM. 0.0625 INCH
WEIGHT BEFORE: 126 6592 gm
WEIGHT AFTER: 106.3778 gm
i53
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AFML-TR-70-95 - ,
Part I TABLE XIX. SPECIMEN CI-1 MODEL MEASUREMENTS

FAURICATION.

NOTE B SP”..CIM’E:N CODE: Ci-1
Z ;  SPECIMEN MATERIAL: Carbon-Phenolic Composite
> N (Run 12p)
d PROFILE MEASUKEMENTS -
5~ MWEASURED BY Nedby
P '
- @ LOCATION | AFTER ‘—}
i |STATION| ~->0° BEFORE T
- 5 - INCHES (1)  JRECESSION! CHAR |
- 1 0 7531 1741 roi2 1y
5] @ 2 1577 3076 1 ! _:
S _+ m 3 j 1 1024 1129 . ¢ ¢
o} 4 {753 | 1594 159 . 1 i
= TELLS ? ——
‘Lws 6 756 § 600 1,154 y 1 |
: 7 " 608 '146 1 | |
N ] - 3 <
RADIUS ] 8 754 1 607 1.147 J
3 } 619 1135 !
NOTE "A 10 1 Te36 t1IR i
HE2 V10N 118 INDICATED, READ ALL 1 7501 cis L 106 T
LOCATIGNS OW MODEL PROFILE FROM ) T1660 004 ,
I8 STATION 13 H 623 1051 !
NOTE " 14 754 1691 1063 | !
INSERT TUNGSTEN WIRE VERTICALLY 15 1 700 | 054 !
THRU KPECIMEN ON CENTERLINE 16 s srwng 1755 1 711 ;064 '
NOTE w0 17 i leo1 toss | |
! y
OVERMAIK DIML SSIONAL VARIATIONS 18 1204 1676 L0094
19 ! lg22_.081 N
20 dsse lo;n Lo
HOLE LOCATIONS 21 7551 691 064 | g
22 H 595 L060 !
- - 23 ! 707 1,048 3
NO | NOMINAL ACTUAL (INCHES) , 04
24 755 4 00 ;0551 |
25 H 706 1,051 1
s n X
"2 Y 26 5 753", 698 ,055 |
AN O 1 .
- A/ 4 ! L
: — R
. INSTRUMENTATIC L i 1 L i ]
M(,)..'T}'L INNTRUMENTATION Note - No char figures shown as mcdel is
INKTALLER approx. complete charred,
NO) i CONFIRMED T
GA | TYPE | DEPTH, (INCHES) ‘aries:
L1 36 | /A 128 (1) Sample thickness including backing plate
| 2 ] 36 1 _CIA L - 262 and bond,
T 3w [T clA LRT
::-”__EQ;ZN-L_LZA 1206 Pretest measurements every 0.50 inch
Lo 30 cla 000 Post test measurements every 0,20 inch

Backing Plate: 2024-T3 Aluminum, 00,0625 inch
Weight Before: 122.358 gm
Weight After: 101,277 gm
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* AFML-TR-70-95

- TABLE XX. SPECIMEN C2-1 MODEL MEASUREMENTS

Part I

FARBICAT

ST v

KOS AT

SPECIMEN CODE: c2-1

SPECIMEN MATERIAL:

Carbon-Phenolic (Run 131)

N F
- 4 PHOFILE MEASUHEWENTS
~. Y 4~ MEASURED BY Nedby
. <, ~ l‘
S a — 1
epow ot 2 {stamon| LOCATION ‘ BEMORE h“‘_ |
5 ! INCHES (1) {RECESSION! Cian
.. Y 1 0 =815' 790 T.025 139
W eyl : “ 2 | I : 1720 :.095 155}
..»/" : & 3 i+ 718 +.097 169
- 2.63 c 4 i i813F 1791 1,092 ;161!
U | ™ 5 © 1 1702 4,111 5,203 ¢
| Le5 6 1806  :735 ' 071 1184 |
I 7 i 716 {1,090 1185 !
RAmITIS ~ 4© 8 3803: {714 1,084 11385 !
9 — 705 . 09% ;.196
RGT AT '
HY- tiv o+ 3 INDICATEL, READ ALL 2 500 ,;;;4 313 ’;’;
?:()f\f‘il: l.su(”.- MODEL PROFILE FROM 12 ) 200 %100 200,
T35 STATION 13 T 201 1 pva lond
NOTE *Iy" 14 7983 1118 ,.080 l20%
INBEIT TUNGSTEN WIRE VERTICALLY 1o- ! 722 1,076 {200
THIU K1 ECIMEN ON CENTERLINE 15 1795.1 722+1,073 {222 |
— 1 L J746 1:049 {108
OVEAMARK DIMENSIONAL VARIATIONS s 795 ; ';’29 4056 (210
21,033 i20d
20 o737 _loss {210
HOLE LOCATIONS 21 7951|747 1,048 {200
_ 27 H 747 3048 1191
| NG w(x\uv.!, VoacTiAL m:c:m:S)j 23 ! [756 1,039 3192
A 24 796 11760 ).036 151
.L.’ U 25 R 1753 1,043 {115 |
IR 26 5 797 1 759 1038 l116 |
I 7 [ N
4 1 Tl 1 i i)
R o e
-t et [ { 1| ‘:L J :
MODETL INSTRUMENTATION L1 : -
INSTALLER e Remarkss
[ N i T convimED (1) Sample thickness including backing
GA 't'\'l [ DEPTIH, (iNCHESR) plate and bond
I I LR /Y 160
VU360 T C/A 298 Pretest measurements every 0.50 inch
- -3(, A CIA T TTTTTTI Post test measurements every 0,20 inch
i T/IA .55
{“" "'J - J e In nen Backing Plate: 2024-T3 aluminum, 0,0625 inch
- Weight Before: 133,901 gm
Weight After: 121,072 gm
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Part I

FARCL TION

NOTE "

r‘.(

NOTE A

SPECIMEN C2-2 MODEL'MEASUREMENTS .

SPRCIVEN CODE: (C2-2

SPECIMEN MATYRIAL: Carbon Phenolic Composi te

j& \ (Run_tBZ‘)
d PROFILE MEASUREMENTS
f MEASURED BY _ Nedbv
" a [ LOCATION A¥TER |
T A FORE ! -
P E | STATION] ‘vewzs | PETORT [Recssion] cran l
2 T ) T5T (516 1+.00% Noge
& ) YT {751 1.054 1151
a K L 1726 1,067 3,19% 1
s 4 . 8151 1726 1.089 ,,22&¢ |
5 | |731 ,.084 .21
3 808 1 731 1,077 5201
7 H 717 191 {223
Maus ~ ;s B0S 1 {705 1.100 |.229
g : 692 1,113 1,230
NOTY “A® 10 11692 1113 1016
1OCATIONS ON MOREL PROFILE FROM 12 1. 707 13,094 L244
TS STATION 13 e 62z o4 Load”
NOTE »18 14 7974 712 1,085 {251
INGER'T TUNGHTEN WIRE VERTICALLY }5' ! 676 g,l?.l_ J'.?%"-
THRU KIECIMEN ON CENTERLINE 15 798 1 652 4.146 i22d
'Y e 1 1 1652 114671207
NOTY: O = ! T oo
18 79 A3 122 52213
OVEMMARK DIMENSIONAL VARIATIONS I T 683 112 co1n
20 o685 L1310 )217
21 795 1 682 j.113 l21¢
)}, ) \ A
HOLE LOCATIONS 73 T S8 1111 120%
- 73 i 693 1,102 122%
r '!. . s . [ A L
NO | NOMINAL | ACTUAL ONCHES) | |... 7937 697 109 |216
N a/s Z5 1 707 1.080 201
. s % | 5 787 ¢ {709 1,088_]14§
[} L8
R A 1 K I f !
1 /s ! ! ]
9 L 1 ! !
HEN -
MODEL INSTRUMENTATION - )
INSFALLER Remarks:
WiRkE CONFIRMED (1) Sample thickness including backing plate and
N GA T Fvor | DEPTH, (INCHES) bond
A 361 __C/A A0 Pretest measurements every 0,50 inch
¢ ;? __,_,,95'\ z?g‘ Pogt test measurements every 0,20 inch
K| ) C/A L4602
R W L 1) 23! \
) . : Backing Plate: 2024-T3 Aluminum, 0.0625 inch
ul 35 c/A 244 Weight Before: 133,997 gm

Weight After: 114,044 gm
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; A i AFML-TR~70~
# TABLE XXIi. SPECIMEN C3-1 MODEL MEASUREMENTS ST TRP ;ft 9;
SARKICA TON, i
] NOTE I3 . SPECIVMENOQLLE: (¢3-1
e € LTI . . .
NOTE A “J- TICIMEN MATLRIAL: Silics Phenolic Composite
] N\ ] S {run 117)
: f> — 3¢ 1 ¢ PROSILE MEASUGIIINTS
\ ) - ° = MEASURED BY __ MNedby
{} pe YR, 3
A ‘ a = i MREY 1
ol I/ 9 | grarion| LOCATION! oo | ATTER
E ink V g “| INCHIS | " lrzczamon’ cEac !
. . Y ey ~e, Q3 )
> ‘ . ] ?—3 1 - |7ﬁ ! 707 Ii‘?ﬁz‘ds;_
W1/4 e 2 i : 02 !
[ o _ ;/ 256 o % 3 i . 07 e I
. 2,63 O i L ] ()‘)Q . :;‘:} t, ll. ’-‘:\ :
T L 31699 000w
r : L= % _15og 16 _tx (3%
L R 7 11 1719 M4 0210037
RA]‘:U’S » / 8 - Py l ()’98 “ ) ! 702 ‘rl_;_ Or':- ‘.\!.f:-;‘-——‘
F st - 9 by fbEY Lo L
4 NOTE "A™ ! N 10 1 1682 §.007 ..
WLEATION 1 1S IHDICATED, READ ALL 1 698 | ~|692 " 006 o .2' .
, LOCATIONS OX MODEL PROFILE FROM 12 T 1GR7 L 00 . :
E I8 STATION ) 13 : | . 200 = s i
N“ Pj' ulgu ; : 14 L S N_ 698 l '702 “1’7’,00-’.! l’: ™, 4! B
: INBEIUT TUNGETEN WIRE VERTICALLY . | DD ] 704 E'H‘C‘ SRS
L THRU 8PECIMEN ON CENTERLINE 16 4700 ¢ 1708 ,',+;6sn.-§t*'.__f_-_'~. J
: i 17 I 706 W 00819+ |
N . 18 TOZ 7L . 009 0t
Q OVERMARK DIMENSIONAL VARIATIONS 3 : ! HERY ml:.‘l’.‘"__ i
20 2 203 B0 e
) . 21 702 § 709 =+.007' 1% | =
B HOLE LOCATIONS |, - TIT (Mul/‘ , E
- . : 23 i 708 v, 008} 17F ;
. ] R =S - - §
B MO ) LOMINAL | ACTUAL ANCHES) R 764 T |700 . 005, 116 %g
f ’ 1 A/ 43 { 717 %.,00%111( E
L ” i/ 76 5 705 1 il w.610:08a ¢ !
A I o
P A o i L d
- ik ! ] i ! b g;
N
U MODEL INSTRUMENTA%ION Overall refractory layer thickness ,01/" i
INSTALLER 4
. - Remarks: B
0 N WIRE CONFIRMED ff
L GA FYPE | DEPTH, (INCHES) | (1) Sample thickness inciudinb backin,, plate o g
T RN kY, bond i
(] ST _C/A ,259 b
g N oYe C/A i 4139 Pretest megsurement s every 0.50 inch ,ﬁ
‘L_...? 17796 L" CINT 4,98 Post test measurements every 0.20 inch f
i 0 36 C/a L8490 b
i Bacling plate: 2024-Te aluminum, 0.06625 Lr.. X:
L. Welpht Before: 130,588 g
Weight After: 125,246 yn
- 157
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AFML-TR-70-95

YABLE XXIII. SPECIMEN C3-2 MODEL MEASUREMENTS

Part I
FABRICATION:
NOTE "B" SPRECIMEN CODZ:  €3-2
b dl 1N W11 e . ’
 NOTZ "A ~" SPECIMIN MATZRIAL: Sillca Phenolic Composiien
3 )
d PROFILEZ MEASURNEMENTS
.~ MEASURZD BY Nedhy
Llﬂ
a
i APTER .
= |station| LOCATION | hovoRE , —],
5 INCHES (1) JRECESSION| CHAR i
> 1 ) 202 ' 691 1011 Hogy
2 2 i 701 1001 221 207
a k] 7 678 _1.024 222 009
o A 7001 1669 1,032 P33 D07
& 5 1650 1,051 ®18 D03
6 701 ! 097 ;LQM. by
7 H 646 1055 209 Doy
RADIUS = "/ 8 7021 647 1,055 224 04|
E, : 639 1,063 200 007
NOTE "A" , 10 L1646 1.056 #16 010
BTATION 118 INDICATED,. READ ALL T1 - 702 1 635 1,067 204 jk)()f,
JOCATIONS ON MODEL PROFILE FROM W] H 36 1,066 Y96 00K
THIS STATION T3 H 635 1.069 195 X
NOTE "It 14 204 662 1,062 202 D06
INJERT TUNGHTEN WIRE VERTICALLY 15 i 657 1.047 195 010
THRU SPECIMEN ON CENTERLINE 16 707 ¥ 679 Y028 v24 }km
17 o 701 1,006 $27 D08
NOTE, " d : e
T8 708, F09 Y4, 007:27%G 007
SR, DIMENSIONAL VARIATIONS ) '
OVERMARK DIMEN ) l TR
20 #a 1 1709 4001 ::.'3.«.2!).&121
21 709 § 709 {000 328 04
HOLE LOCATIONS L Rl
L I 722 HO114 231 011
e 23 ) 721 g012 222 D07
Yy COMIN TUAL (INCHES . -
MO | nOMINAL ACTU ) yi0 7671|726 W01y 12 Uin
L a5 75 T 729 w020 {87 007
y Ty | 76 . TO8 1 721 #0172 118 posy
Lo (i il : H !
7/ , | N I N
7 ' ! i 1 I
l - 1
MODEL INSTRUMENTATION Remm s
INSTALLER _ (1) Sample thickness fncluding backing plate and
o WIRE CONFIRMED ~bond
___(""\ TYP’E DEPTH, (INCHES) Pretest measurements every 0,50 inch
1 0 C/A L 121 Post, test . measurements every 0,20 fuch
v 36 | CIA .247
2] 6 C/A Y Backing piate:  2024-T3 Aluminum, 0,0625 inch
[ 36 - /A Tl Wedgat befores 131,464 pw
s 36 CIA &1 Y Weipght afrer: 124,808 pgm
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B AFML-~TR~70-95

o] Part I

] TABLE XXIV. ABLATION TEST RESULTS REFERENCE TEST SPECIMENS

- MATERIALD s/p | s/p | s/p | ¢/P | C/P | C/P-| C/P | Cy/Py

J‘ SAMPLE NO. Ri-1 | Ri-3 | Ri1-4 | R2-1 | R2-2 | R2-3 | R2-4 | R3-6
RUN NO, - o | o | 1@ | 8® | o® | 12 1f | 1304

3 RUNM 'I‘IME(I.o“'?!/lligh(.;),sec 239/25 | 238/51 | 243/48 ] 234/56{ 176/- | 255/- | 242/51| 243/52
CURRENT, amp 194¢ {2140 |2085 | 2080 | 1840 | 1800 | 2180 | 1940

) VOLTAGE, volt . 935 900 822 910 987 924 870 942

_j POWER, kw 1875 | 1926 | 1797 | 1890 | 1816 | 1663 | 1888 | 1827
AIR FLOW - in, Ib/sec B L0650 | .0630 | L0650 | (0650 | .0650 [ .0650 | .0650 | .0650

' AIR FLOW - exh, b/scc .0165 | .0160 |.0163 | ,0156 | .0195 | .0180 | .0152 | .0134

L AIR F1OW - nozz,, 1b/sec L0485 | ,0490 | .0487 | .0494 | .0455 | .0490. | .0498 | .0486

[ COOLING WATER, gal/min 1 a4t 444 449 444 146 445 452 449

8 FLOW, Ib/sec = 61,7 |61.7 {622 |61.7 |61.9 | 61.6 | 62.7 | 62.3
COOLING WATER AT, °F 25.3 | 24,7 |23.7 |25.0 | 25.3 | 21.6 | 24,7 | 24.3

r %

L ARC POWER, BTU/sec 1779 | 1826 | 1695 | 1792 | 1723 | 1573 | 1792 | 1732
ENERGY LOSS, BTU/sec 1560 | 1524 | 1475 | 1543 | 1568 | 1330 | 1548 | 1514
ENFRGY TO AIR, BTU/sec 219 302 220 259 155 243 244 218

» AIR ENTHALPY, BTU/Ib 4520 | 6160 | 4540 | 5240 3420 | 4980 | 4900 | 4426
PLENUM PRESSURE, psia 101 96.5 |98 90 193 98,4 | 82,5 | 100

PLENUM (2) PRESSURE, psia | 13/64 | i4/51 | 15/61 | 13/63 | 14/- | 14/- 15/53 | 14/59
WALL PRESSURE, St.1, psia | 14/20 | 15/30 | 15/38 | 15/22 | 15/- | 12/~ 15/13 | 15/17
et WALL PRESSURE, S$p.3, psia | 14/35 | 15/15 | 15/29 | 14/25 | 15/- 15/~ 14/11 | 14/16
WATLIL PRESSURE, Sp.4, psia{ 11/25 | 15/15 | 15/- 14/i8 | 15/- 15/~ 15/9 14/14

) HEAT FLUX (cale'd), BRU/ft -sec 21.2/ 27/ 21.4/ ©)] 16.5 23.3 220/ 21.0/
390 470 276 255 312
F integrated Heat Flux BTU/fH2 )
} Low q Portion 5060 6430 5200 2810 5930 5560 5100
High § Portion 9750 | 23950 | 13230 13010 | 16220
( ; Total Heat 14810 | 30380 | 18430 2810 5930 18570 | 21320
L
1- S/P = silica/phenolic, C100~48/USP 95

C/P = carbon/phenolic, CCA1-1641/USP 95

C1/Py = carbon/phenolic, Pluton B1/D?2510

Pressure hose failure

Failure of insulator causing lateral leakage

Good design data run

Bypass tube rupture added water to mass flow

Erosion of anode of arc heater and arc was extinguished by coolant water
Bypass plug did not seat properly

Mass addition to flow due to water makes q evaluation uncertain

—— C
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AFML-TR~-70-95
Part I

TABLE XXV. ABLATION TEST RESULTS LDQ COMPOSITE TEST SPECIMENS

Lo

MATERIALY C/P-LDQ | C;/P;~-LDQ |C1/P1-LDQ | S/P-LDQ | S/P-LDQ %

: SAMPLE NO. | Ci-1 C2-1 C2-2 Ca-1 C3-2 :
RUN NO. 1262 B | wQ | @ = @ E
RUN TIME (Low g/High q), sec 244/54 | 244/50 244/50 244/16 245 /50 W}
CURRENT, amp 1940 2040 2080 2280 1880 i
VOLTAGE, volt 942 942 894 | 894 942 ik
POWER, kw 1827 1922 1859 © | 2038 1771

{ .
AIR FLOW - in, 1b/sec . 0650 .0650 . 0650 . 0850 . 0650 - @
AR FLOW -~ exh.,1b/sec L0157 .0154 .0154 .0155 .0164
AIR FLOW - nozz., 1b/sec .0493 . 0496 . 0496 . 0495 . 0486
COOLING WATER, gal/mir 442 448 448 452 455 g
FLOW, Ib/sec 61.3 62.1 62.3 62.7 63.1
COOLING WATER AT, °F 24,1 24.9 24.7 26,7 l23.2 &
ARC POWER, BTU/scc 1732 1822 1762 1932 1679 -
ENERGY LOSS, BTU/sec 1478 1549 1539 1671 1462 |
ENERGY TO AIR, BTU/sec 254 273 223 261 217 %"’5 !

wl |

AIR ENTHALPY, BTU/Ib 5160 5500 4487 5273 4460
PLENUM PRESSURE, psia 100 110 90 94,7 102 -
PLENUM (2) PRESSURE, psia 15/58 14/63 14/62 14/57 15/62 £
WALL PRESSURE, St. 1, psia 15/30 15/34 15/18 15/31. 15/36
WALL PRESSURE, Sp. 3, psia 15/22 14/26 14/18 15/21 15/30
WALL PRESSURE , Sp. 4, psia 15/17 15/18 15/15 15/16 15/22 %
HEAT FLUX (calcd), BTU/€t2-sec 25.1/442 ® 21.1/260 24.8/383 | 21.7/396
L.*egrated Heat Flux BTU/ft2 i
Low g Portion 6120 5150 6300 5310 =
High q Portion 23900 13000 6130 19600
Total Heat 30020 18150 12430 24910 f;

1 - C/P-LDQ = carbon/phenolic, CCA1-1641/USP 95-low density quartz
Cy/P1-LDQ = carbon/phenolic, Pluton B1/DP-2510-low density quariz
S/P-LDQ = silica/phenolic, C100~48/USP95 ~low density quartz

2 - Good design data run

3 - Abortive run due to leak in bypass valve

4 - Aborted run due to insulator failure

5§ - Mass addition to flow due to water makes q evaluation uncertain

s
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TABLE XXVI. ABLATION TEST RESULTS EXPERIMENTAL TEST SPECIMENS

- MATERIAL C,/P; | 8/P; | C/1 Graphite
SAMPLE NO. AI=2 | A2-1 [ A4=2A | ATV 1
"RUN NO. 133 135 138 98
RUN TIME (Low q/High &), sec 248/52 | 241/49! 240/52 | 238/52
CURRENT, amp 1986 2000 | 2160 2040
VOLTAGE, volt 915 900 888 918
POWER, kv 1822 1830 | 1918 1873
AIR FLOW - in, 1b/sec . 0650 .0650 | .0650 .0650
AIR FLOW - exh., ib/sec . 0153 .0151 | ,0170 .0160
ATIR FLOW - nozz., lb/sec .0497 | .0499 | .0480 .0490
COOLING WATER, gal/min 449 452 450 442
FLOW, 1b/sec 62.2 62,7 62.4 61.4
COOLING WATER AT, °F 23, 4 23.7 | 25.4 24,9
ARC POWER, BTU/sec 1728 1766 | 1818 1776
ENERGY LOSS, BTU/sec 1461 1485 | 1584 1529
ENERGY TO AIR, BTU/sec 267 281 232 247
AIR ENTHALPY, BTU/Ib 5180 5630 | 4830 5082
PLENUM PRESSURE, psia 90, 2 87.7 | 84.0 105,7
PLENUM (2) PRESSURE, psia 14/63 15/61 | 12/41 14/53
WALL PRESSURE, St. 1, psia 15/18 15/39 | 15/10 15/15
WALL PRESSURE, Sp. 3, psia 15/12 | 14/20 | 14/9 14/16
WALL PRESSURE, Sp. 4, psia 14/13 15/13 | 15/13 15/16
HEAT FLUX (cale'd), BTU/ft2-sec | 24.4/ | 27.1/ | 20.9/ | 23.4/
N 333 368 321 390
Integrated Heat Flux BTU/%t
Low q Portion 6050 6530 | 5020 5570
High q Portion 17300 | 17920 | 16690 20389
Total Heat 23350 | 24450 | 21710 25950
CZ/PI =  carbon/phenolic, VCX/DP-2510
s/P1 = gilica/phenolic, C100-48/DP~2510
c/1 = carbon/polyimide, CCA1-9641/Skybond 700
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Model R1-1 R2-2 R1-3 AT R2-3 c3-1* | C1-1 C3<

Run No. 95 96 97 98 102 | 117 126 127
E;l (ew) 21.1 16.5 27.0 23.4 23.3 24.8 25.1 21
g, (cw) 390 - 470 390 - 383 442 396?
h 4520 3420 6160 5082 4980 5273 5160 446?
T, °R 2300 2250 2180 2650 2280 2690 2000 250

o °R 4000 - 5100 4300 - 4500 3800 435

Wl 580 570 560 630 580 670 570 67()5

w2 1110 - 1540 1350 - 1290 1040 12§
An, 3940 2850 5600 4452 4400 4603 4590 3793
Ah2 3410 - 4620 3732 - 3983 4120 323::
t (sec) 239/25| 176 238/51 238/52 255 244/16 | 244/54 24§
]’ sdt (mils)| 90 13 41 37 9.5 7.0 106 68
a* 9020 15300 | 26500 #| 24700 22800 | 60600 | 20600 16:%
a*, 7820 21900 20750 52400 | 18600 13¢

* High gq* resulted from lateral blow-by
# Values Affected by Unusually High Enthalpy

NOTE: Runs 89, 131 Omitted-water added to mass flow; evaluation in progress
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TABLE XXVII.

Part 1

SUMMARY OF HEAT OF ABLATION DATA

C2-z.

C3-2 Ri~4 R3-6 Al-2 | B4 | a2-1 | As-2a
127 129 130 132 133 134 135 138
91,7 21.4 21.0 21.2 | 24.4 | 230 | 27.1 | 20.9
396 276 312 260 332 255 368 321
4460 4540 4486 | 4487 | 5180 | 4900 | 5630 | 4830
2500 1980 1970 | 1970 | 1%80 | 2090 | 2080 | 2040
4350 4020 4070 3950 | 3980 | 4040 | 4650 | 4100
670 510 510 510 510 540 530 520
1230 1120 1130 | 1090 | 1110 | 1120 | 1270 | 1130
3790 4030 3976 | 3977 | 4670 | 4360 | 5100 | 4310
5983 | 4120 3530 3420 3356 3397 | 4070 | 3780 | 4360 | 3700
244/54 | 245/50 | 243/48 | 243/52 | 244/50 | 248/52| 242/51| 241/49 | 240/52
106 68 77 108 110 105 56 90 128
20600 16350 14800 11360 | 11440 | 18850 | 20600 | 12440 | 13020
18600 13920 12550 9600 9790 | 16400 | 17800 | 10620 | 11180
({ 163/164
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