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FOREWORD

This firstﬂphase'technical repert covers: all work performed under
COntract F04611-67-C~0318 from 1 August 1967-to 6 October 1967. The msnu~
script was. released by ‘the authee-on 12 October- 1967 for publicaticn as an
R;D Te;hnical:Repqrt.

The work .on-this:contract; by the Research-and-Technology Operations

.quthé'éprojetqcéneral.Cotp6iation; Sacramento; €alifornia, is being admini-

étgiéd‘hnder'theﬂdirectioncof‘:heﬁAir:Force-Rocket’?ropnision‘Laboratory,

;E&wéfds:Air Force Base, California;-with-Hr.-H. Binder-as the project officer

" and-Mr. D Thrasher-.as- project: technicai: coordinator.

This-program-is under the:technicai:mansgexent-of-Dr.-J. DeAcetis.

Heat .transter anaiyses were ccaducted by Mri-D:-C. Rousar-and-Mgz. R. W. Michel,

dnd-the: Fiterature survey’ was-condocted-by-Johanna .C. Ross.

This- report contains no classified information-extracted from other
classified documénts.

This technical report-hits been-reviewed-~and-is .approved.

Harold I. Binder
AFRPL-Project Engineer
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ABSTRACT i

TR

The primary purpose .of this progream is to develop 2 high temperature
(3500 to 5000°F) indicating system to obtain internal temperature measurements
in ablarive type materizls during rocket:motor f£irings.

During the first phase .cf work z stazte-gf-the-art sorvey was conducted
to determine thcse necessary factors which wonld permit the accorate measure—
ment of in-.depth temperatures.- A high temperaturs indicatring systew was
designed on the basis of the phaese equilibrium of refractory naterials in the
3500 o 6C00°F range.
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SECTIUON I

INTRODUCTIOR

A.  GENERAL

This program was initiated under the sponsorship of the Air Force
Rocket Propulsion Laboratory. The objectives weres - (1) to develop .a high
temperature sensor capable of detecting temperatures in the 3500 to 6000°F
temperature range, and-(2) to determine-the char temperature profiles for
several ablative reinforced plastics-during rocket-motor firings.

The program was divided-into-the- follcwing three .phases of work:
Phase I, Study.and-System Design

Phase II, Test and Evaluation
Phase I1I, Field Utilization-of the Systers

The purpose of Phase I, Study and-System Design, is to (1) conduct

a state~of-the-art survey on high-temperatnure-sensing devices for the tempera~
ture range of 3500 to 6000°F; and {2) develop and design temperature-indicating

sensors for this-temperature range.

The purpose of  Phase II, Test-and Evaluaticn; is to fabricate and
experimentally test models of the developed- techniques and .evaluate the test

results.

The purpose of Phase III, Field Utilization of-the .Systems, is to
fabricate and deliver several temperature~sensor systems to the Air Force
Rocket Propulsion Laboratory for use in evalusting the temperatures of ablative

plastics in a series of motor test firings.
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- I, A4; CGeneral {cout.)

This-report covers Phase I,-conducted-doring the period I Avguogt
1967 to 6 October-1967. It contains a cdeteiled izy-out of the developad high-
fé=Harature-sensing technigume =nd an orgznized plan to test the tectnigra.

Pzst research te develop: instreoentation-for zblating mzrerisl hes

contentrated- sn ther=occuples so that temperatures oight ba determdned 2s 2z

function of - firing derstion. Though great strides heve been mads in accom—
piishing-azecarzte therzoccople measurezeat, suck imstrtoentation Is piagued by

tharzocoupie -breaksge, questionzble caiibraticn, heat condectics awey froo the

janction-by-the thircmocouple wizes, az¢ 10or zesponst times. 1lso. the highest

tesperature therzscouple; ¥-3%Z; Re/W-25Z Re, is Zimired to 4200°F which is
2izost 2800°F. below the .cperating temperatura of- the. chiar surface.

e soccessfui developrment of-aceorate tegperarove seascrs will
extend-the temperature ceasurexeat range-above 4200°F and emcble the char
sucrface texperature to be determined. These datz are neaded to betters precdict

scrface regressicr zates and-thermal-insclation capability.
B. PROGRAYM OBJECTIVES

The objectives of this program are: (1) design ard fabricate

temperature-indicating sensors which cover the temperature range from 3300 to

6020°F for instailation in ablating materials for rocket nozzles, (2) calibrate

and ver ify the accuracy of temperature measurement, end (3) using these devel-

oped temperature sensors, establish the temperature .profiles of NOMAD nozzle
components during-motor firimgs.

Page 2
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j§ SECTION II

: f§ SRRy

}.E - 4. LYIFSATURE SURYVEY 84D SYST=X DISICH

£y . A state-of-the-art survey was made tc deter=ine the present cspa—

bilities of obtaining te—perature measurezents in the range of 3500 to §000°F.
€z the tasis of this survey 2od znslyses of the dxta found, 2 system was
developed 2nd designed to be coopatible with severai zblative redaferced
plastic caterizis. It was fouad that the 3500 to €000°F tewperatures could
be odtained by utilizing high temperature rafractory unetal-cazboa eatectic
a2nd peritectic cexpositions. Eacapsuleting precalibrated mixtures of these
cozsositions irto 2 grephite comtainer of such 2 size that a zinize= terpera-
ture distiurbance fs caunsed in the region of maasurezeant provides z system that
is c<hemically compatible; the sexnsor material with the container and the zon—

tainer with the sblztive matsrias,

B. PROCRAX FOR EVALGATION £MD FIELD BTILIZATION OF SYSIEM

A progrzm was planned to evaiuzte znd field test the developed
techaique. The evaluation of the designed syste= is plzanad to consist of
two pajor categories; fabrication of containers to sncapsulate nirturss of
eutactic powders, and implantation of the fabriczted semsors into several
ablative plastic natirjzls for laboratory testing in 2 plasma arc scream.

The zblative materizls will consist of carbon- and graphite-reinforced

rhenolics, asbestos-reinforced phenclics, kraft puper—reinforced phenclic,
and five pyrolyzed-reinforced phenolics. Field uvtilization of the deeign
system was planned to comsist of sensor and thermocouple instrumentation of

nozzle components made of the above materials followed by a series of thzee

4 motor firings at the Air Force Rocket Propulsion Laberatory.

Page 3

’ :’Z:‘&Z;;J’ e Ta af(v-‘wv’%rs‘g:ﬁﬁv»mw’mi‘:.—'m Ty e
i




T Ry
: CONY T

e e
[v‘

N

u,;m
o %, J

]r‘n
£

AU
-

s

Report AFBFL~TP-67-284

SECTICR IIZ

TECEIICAL DISCLSSION

- A .itexaruze survey was cade on all cpen literature sovrces using
.he Aetoje.t-c-cnen Corporation Machine Betrievzl System zzd Card Catalog.

L.l subiect :at’ea. pextaining to Tigh teoperature: sensing devices, high tex—
peramze :easu:e:mts, 2nd tectinigues ro obtais high tezperatures {above 3500°F

- inezc:x case) in solid materials wae sought andé Xeviswed. In additicn to the
) :i:gen literature ssarces, requests were made to the HASA 2nd DPC agencies for

oy additionad reiereaces. 4 bibliogrephy of the referemces foummd is shoun
2n 2Agpendiz . A1l articles fevnd were primarily comcerned with either
pyrometric meagurecents or petallic thervocorple measurecents. The refereaces

., dealing with pyrosetric techmiques were peither considered nor inciuded in
Q;M' AL “T
et -

. Xasanof znd Kizmel (&pp 1) discussed a differemt approach to
obtaining texperatire measurezents in solids. They éiscuss the use of fusible
indicators manufactured id ziriature pellets for use In the tecperature range

of 160 to 3000°P. The fucible indicators consist essentially of a group of

compounds which liquefy at pzecaiibrated tecperatures. No mention was zade

of the specific compounds used to obtain tesperatures to 3000°F. It was
renticned, however, that the compounds used were chemically stable for long-
terx storage and at elevated temperztures up to their melting poiants. Also,
the suma compounds kave & low order of toxicity and are relatively ifnert to
o5t materials of construction in order to avoid reaction with surfaces being
examined. The pellets are zvailzble in commercial form (1/8 x 1/8 in.) znd
are intended for use in oxidizing or imert atmospheres when extended heating
peﬁoés are involveé. PForx the anticipated application here, their approach

appears to be limited only by size and the maxioum temperature obtained.
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111, A, Literatuze Survey (cont.)

Thexrzocouples have been the most widely used tempersture sensors
beczuse of their relative simplicity of construction and avaflabiliry,
Because of azn increasing need to obtain reilzble high *erperatures sbove
3500°F in both imer:t and oxidizing environ=ents, scoe progress has been made
in developing thermocouple systems to accurstely measure temperatures to
£500°F + 50°F.

Tangsten~raeniuwa a2lloy thertocouples are the most widely used
thercocouples for temperature ceasuresments zbove 3500°F because of their
excellant heat trensfer characteristics znd high melting point. The

tecperature-=illivolt relationships for these thermocouples have been estab—

lished by several investigztors te 4200°F for tungsten vs tungsten-26% rheniux
and tuagsten-5% rheniun veg tungsten-267 thenivn, and to 4350°F for the
tungsten-3% rheaium vs timgsten-25% rhenius.

P00 FIBTT I 0 TTPARAS P

To mzke relizble tecperature m2asurezents at 4000°F, consideration
P zust be given to the insuiator used in the thercocouple to electrically and
therceily separzte the thermoelements. Berylliwvn oxide has been the most
widely used thermocouple insulator for high tecperature werk, but its oelting
point (3 4590°F) linits itz usefulness at higher temperatures. Thoriz oxide
has received some attention as an iasuiztor (m.p. % 550C°F), but ite uncer-
tainties in electrical properties and compatibiiity with the refractory metalise

mskes its use questionable.
B. TEMPERATURE MEACUREMENT 0 ABLATIVE PLASTICS
To effectiveiy use 2 sensor system to provide temperature measure~

cents within ablative plastic chars in the upper temperature range of 3500 %9
6000°F, 2 knowledge is required of how sblative plastics perform; how mach

surfzce regression and charred material cam occur; and what generzX regiom

Page 5
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11I, B, Tezperntuve Msacuremsat in Ablative Rlastics {cont,)

- of ..he cha: 2an be expectr.d to reach the subject temperature range. Without

T

&
;_3 this knowledge, many tev,perature sensors would be wasted in improper locations
c: . ;3 the area in questica extends inward frem the flame surface, seldon exceeds
3N 05060 in. in depth, and is constantly receding from the original position of
i o .

X -the flane surface.

Aevofet has cerrnntly instrunented 13 NOMAD nozzles applying over
;3' 50 ther=ocoupie piugs ezch f which contains four therzocouples. This instru~
é =entation his previded considerable insight into the temperature gradient

& - _thircugh slative components.

; Figures 1 through 6 are plots of thermoccuple data from various

hm-!AD cotor nozzle firings. pictted to show “he temperature-tirme history im

aopty, thzou the zbiative plastics. The postfire surface regression data

AN

N

are azlso included in the plots. These data have been cross-plotted om the

o
5,

A g

szce figyze to shos the temperature gradient thrrugh the char and virgin

¥
QYR AT 1

riaterial at 60 sec. From the peasured total surface regression, peak surface
Ve

-t iy
"

;ézxgeratures of approzimately 6000°F appear to be possible for carbon phenolic,
Z4926 (Figure 1)-, and kraft paper phenolie, FM5272 (Figure 5) at nozzle loca-
tiong irdicated on each figure. Pezk surface temperature of 3400°F seems to

characterize both asbestos and silica phenolics as shown, respectively, in

Figures 4 and 6. Graphite phenolic (Figure Z) and carbon felt phenolic

\}’
>
z
5
g
©
'y
[
:Z..
2

(Figure 3) appear to exhibit surface temperatures up to about 4700°P. Also,

it can be notzd from the adove figures that carbon phenclic (Pigure 1) has
4 the largest char thickness (0.190 in.) over the 3060 to 5000°P range, while,
; of course, silica and asbestos pbenolic {Figures 4 and 6) have the least or

o,

v no ckar thickness correspoading to this same temperature range.

; Page 6
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Temperature, °F
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Figure 1. Distance vs Time for Various Isotherms in Carbon-R.:iuforced
Phenolic Material
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Temperature, °F
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. Temperature, OF
0 2000 3000 4000 5000 6000
| { f [
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Distance from oviginal flame surface, in-

MXC113 Carbon Felt Phenolic
Throat Extension, NOMAD 1 Series
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| 1 I 1 |
Y 10 20 30 40 50 60
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Figure 3. Distance vs Time for Various Isotherms in Carbon Felt Reinforced-
Phenolic Material

Page 9




a0 ey B s oW s Sy . :
RS O R . L A

P 5 R - - e -

EREE OX:NOQ gy WE a7 7. - -

A s Y SN 2 b -
T Tt A

SRESL a S e TN

o0

o
:

Depth From Origindl Flame ‘Surface,. in.

Report AFRPL-TR-67-285

Temperature, °F
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Temperature, °F

1000 2000 3600 4000 5000 6000 .
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k] Temperature Gradient 8
E‘_" al 60 sec &
o
5 .U i {
0
{
8
o
g FM 5272 Kraft Paper Phenclic
b Nozzle Exit Extension, NOMAD 10 Se.ies
8 0.5 | p
2,
A
0.6 7
0.7 { 1 i i ]
0 10 20 30 ho 50 60
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Figere 5. Distancz vs Time for Various Isotherms in Kraft Paper Reinforced-
Phenolic Material
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III, B, Temperature Measurement jn Ablative Plastics (cont.)

Although the accuracy of the measurements has not been estab-
lished, it appears that few measurements can be made above 3000°F in the
silica and asbescos phenolics. A probable error in this analysis, in addi-

tion to that of thermocouple inaccuracy, is char shrinkage.
C.  SENSOR MATERIALS SELECTION

The primary criteria for the selection of sensor material systems

(1) An irreversible temperature indication that occurs between
3500 and 6000°F,

(2) Chemical compatibility with charred ablative material,

(3) Ease of fabricability into small senzors that will not
affect normal heat flow, and

(4) Ease of detection of the irreversibie indication.

The governing criterion in the selection of the sensor system is
chemical compatibility. First, the container material must be compatible with
the charred ablative material in which the temperature sensor is placed and,
secondly, the sensor material must be compatible with the container material.
The nozzle materials, in which the sensors will be placed, are composite
structures which can be considered as being 100% carbon. The only ingredients
that are not 100% carbon are the asbestos~reinforced material and the phenolic
resins. However, the asbestos melts at <3500°F and the phenolic resin decom-
poses at approximately 1000°F, leaving behind a carbon residue. Therefore,
the sensor contaipver materizl must vc chemically compatible with carbon.
Graphite (or carbon) is the only material which can be unequivocally selected
as compatible., Ceramic oxides are reduced by carbon and metals are carburized
forming low melting eutectics. Chromium, for example, with a melting tem-
perature of 3430°F (ideal for indlcating the bottom of the temperature range)
will form a eutectic with carbon that melts at 269G°F.

Page 13
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111, C, Sensor Materials Selection (cont.)
Ey taking advantage of the formation of metal eutectics with
carbon, ideal seasor indicators can be made that ave compatible with graphite

as a container material. The melting of premixed powdezs of the eutectic will

of tha phage relationships existing in refractory matals with carbon has been
cbtained by Aerojet in Contract AF 33(615)-1249. Dr. E. Rudy, et al., has
written over 33 reports which are listed in Appendix II documenting the melt-

ing temperatures 2nd phase changes that occur in these sysatems,

In the temperature yange of 3500 to 6Q000°F, Dr. Rudy has found
thart cutectic veactioa rates are extremely fast and occur at precise tem—
peratures. The melting temperatures of 15 selected bimary eutectic composi-
tions that melt between 3000°F and 6000°F are iisted in Table I. In preparing

A Y

this 1ist, consideration has been given to all refractory metal carboa eutectics

and peritectics that melt between the above temperatures. Where two systems ’
had approximately the same melting temperature, preference was given first to

the carbon rich cutectic, then the metal rich eutectic and last the intex- -
pediate eutectics and peritectics. Ternary systems were not selected because

intermediate reactions make it difficult to select a composition that will

give a discrete melt temperature. In the following paragraphs, specific

examples of selection consideratiocns are given.

Figure 7 is the phase diagram of the Molybdenum-Carbon system,
gelected for discussion because four of tne selected sensor materials are
based on this phase diagram. The mixture of 17 atomic Z C zand Mo powders
will melt upon reaching 2200 + 5°C (3992 + 14°F). Such a system is relatively -
insensitive to composition. Ninety percent or more of the powders will melt
between 15.3 and 17.9 atomic % carbon. As the temperature is increased above
3992°F, carbon will be picked up from the graphite container and the compo-
gition of the melt will change, but will not alter the fact that meliing has
occurred. It is apparent, however, that care must be taken so that sensors

containing molybdenur of different compositiors not be mixed.
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IASLE I
TEMPERATURE-SENSING MATERIALS

¥olting Temperature

Eutectic Phases Eutectic °c °F

Pt + C 34030 1732 + 15 3150 + 27
Zx + ZrC 5 At.% C 1835 + 15 3335 + 27
Mo + 8-¥0,C 17 st.Z2 € 2200 + 5 3992 + %
§b + Bib,C 10.5 £ 0.5 At.Z C 2353 + 10 5267 + 18
ZzB, + C 33+ 243X C 239G + 15 6334 + 17
Bfg, + C 38+2At.Z¢C 2515 + 10 £559 + 18
« ¥oC, +C 45 at.Z C 2534 + 5 4683 + 9
VC+C 49.5 + 0.5 At.Z C 2625 + 12 4757 + 22
We,  t+We 41.C At.Z ‘C 2720 + 10 4928 + 18
TiCc + C 63+ 1 At.Z C 2776 + 6 5029 + 11
Ta + 8Ta,C 12 + 0.5 At.Z C 2843 + 15 5149 + 27
ZrxC + C 64.5 + 1 At.Z C 2911 + 12 5272 + 22
EfC + C 65+ 1 At.Z C 3180 + 20 5756 + 36
NbC + C 60 + 1 At.Z C 3305 + 20 5981 + 36
TaC + 61 + 0.5 At.%Z C 3445 + 26 6233 + 47

Copositico. of

Page 15




1oy RV

sl

. A
T

SN

0
i*’s“ >

: Report AFRPL-TR-57-28%
} H T T . y T T T T T
: 8.6, #5505°
. 1
&R - 363;251023° ——395:25472+3° L°C
b °5!9"4‘ 34‘ 2522’5’ [—— 42;260’0i5.
e { + 60 "ji_’//r
zg)q- . . 32.6; 246926 ¥ -
31.8; 2486*"’ 2584 5°
r ~43
1 Q—Hcc;.xfc
) 2400" L+Mo .
? - ’ a-HoC, .
o 22uo+5°
222200 : L 7-MaC, , + c~MaC,,
B3 <0.1 b x
o 2
] / ]
%’:2006‘- |_+¢-M° c = i560120° _i
13 £
1_ H O \
- a~§ o +ﬂ M C | [ 40—4 P
L 2 L) g 7-MoT, ¢ C
1300¢~ & 7-MoC, ‘;
™~~Ho 1655% 15° |
_ X ;.
1620} HotMo,C 39 ‘1
{
— 8-}0,C &+
1400} Mol % '5
Ot T B-Mc,CC .
1190%20° !
1200}~ ...;
338 2-Mo,C+C v
1 ] { ) 1 J 5 ] o B 1 'nv»a»»w d
o 0 20 30 40 50 20
Mo e ATCM % C—>
Figure 7. The Phase Diagram of the System Molybderum Carbon
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IiI. C, Sensor Materials Selection (coat.)

Toe initial cozposition of ““acldz + € wili provide the 2585 +5°C
(4683 + 19°7) eutectic melt. Like the ¥o-rich eutectie, the C-rich entectic
ig relatively insensitive to co—position. Xinety percent or wore of the
posdsrs will melt between 44.9 and 30.5 ztoxic pereent carhon. As the ten~
perature increrses above 4683°F, the oelt will 2bsorb carbon fros the graphite
coutainer. This absorption of carbon does not elter the fzet that melting
occurrad 2% 4683°F., The microstructure of the sample would provide a quzli-
tative indication of tewmperature, tut with such limited accuracy as to nmake
the petaliographic evaluatice not economically feasible,

Coaoposition-control must be nzintained more accurately with tha
internediate eutectics than withk the metal or carbon-rich eutectics: This cen
be readily achieved by mixtures of the warious molybdenum carbide powders.

One of these intermediate eutectics was not selected because an imtezmediate
temperature between the 4559°F for HfBz + C, and 4683°F for a MoC + C, was

not czonsidered necessary.

By zcmpzrison of the Mo + MoZC end the o Mof + C eutectics, it is
apparent that there is a greater permissible composition range with the carbon-
rich eutectic than with the metal-rich eutectic. Also, the shifting composi-

tion upon superheating the melt makes it easier for subsequent identification
of the sensor for the carbon-~rich eutectic should a mixup occur. Therefore,
in all instances where a carbon-rich eutectic provided the same temperature as
a metal-rich euwtectic, the carbon-rich composition was selected. In cother

instances, the simpler system providing a similar temperature was selected,
An example of a temperature rxange containing a lzrge number of

eutectics £rom which to select is 4910 to 5029°F., These temperatures are pro-
vided by the following material mixtures: W+H,C (4910°F), WeC,  HiC (4928°F),
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_m, <, S.éo.sor ¥aterials Selection {coat.)

GBQ-C (495‘1 » 8 ‘i’zz"’ + ﬂf: (4935°?), RCrC (3627°F) aad T=C:C (5029°F).

Se..ectica of the mi +WC iﬂs:ead of WiH,C was made because it is the carbon-
r‘ch en..ev:ic. TicHC yos -selscted instead of WCHC because the larter being

. a paritectic could be ezsily confused with the WC, x—- KC if a =ixup occurred.

e h, = ] Another system, Il (4184°F), is possible but was not selected
~1:4&2::3115& winor contiémination in the cozposition parkediy Zecreases the rmelt

temperature. Thz -..ontazinants present in grzchite zs mivor Iopurities are

- gach that it Sould be @ifficiit to contrcl this cormposirion.

The only other sgysten to be given serious consideration as sensor

natarialsx are. the térnary eutectics. Howewv:r, rnelting of the compositions is
'inoras sa’aightfomard as it would appear co bz from the phase diagrams.

A édtectic trough exists between the ZrC + ¢, ané HFC + C eutectics in the
ternary system so that all temperatures between 5272 and 57556°F appear
feasible. Since mo binary eutectic exists ir this range, utilization of this
system would be desirable. Howéver, it has been reported that crystallization,
ingtead of discréte melting, occurs. Should the investigation of sensor
vesponse in subsequent tests indicate that it is necessary to devalor this

type system, more consideration will be given to its evaluation.
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Report AFRPL--TR~67-284
IXI, Technical Discussion (cont.)
D. BRAT TIANSYER ANALYSIS

Beat transfer znalyses were performed to determine the influence .oa
the tezperature field within ablative mzterials during 2 trapsient heating
period after icplantaticr of snmall teoperature sensing devices. Tae two types
of sensing devices considered were encapsulatad semsor caterials end sheathed
and baxe-wire>therzncouples. Tone caterials congidered were 2 carbon-reinforeed
phenolic, an zsbestos-reinforced phenolic, and a paper-reinforced phenolic.

Tne thermal properties of materials used in this analysis are presemted in
Table II and in Figure 8.

1. Srpsor Element Analysis

The first step of the analysis was to invegtigate the effect
of the parame.ers listed below on the temperatur2 measurement error encountered

with sensor 2lements,

1. Sensor size

2. S8ensor distritution

3, Ablative material properties
4, Contact resistance

5. Gas~gide conditions

6. Heat of fusion

The analysis was performed assuming two-dimensional conduction
in an axisymmetric coordinate system. Conduction in the region of the sensor
was evaluated using the node network shown in Figure 9. This system consists
of a 0.55~in. radius cylinder of charred ablative material about 1.5 in. long
which is subdivided into 28 cylindrical elzments. An adiabatic boundary '

condition was assumad at the outer radius of the cylinder and at ome erd,
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TABLE IT

" THESMAL PROFERTIES OF ABLATIVE AND SENSCR MATERTALS

—— e iy

: Eatedal ‘ Tesp. °F k, Btofsec in. °F C_, Btu/Ib-°F :
53 - 2
o w 4&:26 BT (Ses Pigure 8) 0.18 v
4 (&rocn ”heno‘iﬂ)
¥ - SpuGr. = 1.23 1000 C.38
1. 2000 0.48
3 3. 3000 ) 0.53
] 4600 0.55
" T : 5000 : _ 0.56
& mxa 602 (See Figure 8) -  0.28
- TAsbestos Phenolicl {assumed constant)
5
SpoCE. = 1,40
g "7\ L 3
; ¥ 5272 4600 2,31 x 107>
b {Pgpsr Phenolic) (assumed constant) Same as )
. : ' MX 5926
- Sp.Gr. = 0.40 (all temp)
: €-90 Graphite 3000 to 6000 4.¢ x 1075 -
4 (with grain}
4 3000 to 6000 2.9 x 196 -
i (against grain)
E RT to 5600 Same ag
‘ - MX $926

Mo + Mo.C - 8.4 % 10™%  pC_ = 0.027 Btu/in.3-°F 3

, (1.7 At. %C) (Constantfvalues assumed)
%
K2
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Figure 8. Thermal Conductivity of MX4926 and MXA6012
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Figure 9. Node Network
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111, D, Heat Transfer Analysis (cont.)

and a convective boundary condition was exployed at the other end of th¢>
cylinder. The sensor wasg assuz=ed to be ezbedded 0,09 in. from the heated
surfzce at the center line c¢f the cylinder. ‘The sensor temperature was
censidered to be wmiforn ard conductica into and cuv of the senger was
evaluated using the regsistance metwork shown in Figuze 10.

Termperature measurement errors were determined by ccmparing
the temparature responses obtained for the gensor and a reference point on
the cuter cylinder edge whea the heated end of the cylinder was suddenly
subjected to convective heating. The reference point at the edge of tha
cylinder was at the same distance from the hexted surface a2z the sensor mid-
point, and was sufficiently removed from the sensor so that the temperature

responge at this paiut was one-dinensional.

The process of charring was not considered because resuits
from the one-dimensional conduction analyses showed that the temperature
distribution in the region of a char layer where the temperature is 3500°F
or more (the range of interest for these sensor elements) depends almost
completely on the char layer properties and is relatively independent of the
virgin material properties and the heat of char. All calculations were
performed for the Mo + Hozc sensor element material. This mixtuvre appears
to have a higher thermal conductivity than the other sensor materiale which
are planned for use, and the analysis using this materrial should, therefore,

represent the maximum error condition.

The theoretical combustion temperature for propellant
ARC-APG114D of 6540°F was agsumed as the driving {orce temperature in the
convective boundary condition. A heat-transfer coefficient of 0.00407
Btu/in.2 sec °F was also assumed in the majority of the calculations, This

value was obtained from the simplified Bartz equation for a gas-side wall
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Report AFRPL-TR-67-284
I1I, D, Heat Transfer Analysis {(coat.)

temperature of 4500°F. Solution of the temperature raesponses was obtained by
the use of the Thermal Network Analyzer, Computer Frogram E12901, on the IBM 360

computer.
a. Effect of Sensor Size

Tne effect of sensor diameter and thickness on the
measurement error for a single sensor embedded in ablative material was
investigated for diameters ranging from 0.03 to 0.10 in. and thicknesses
ranging from 0.01 to 0.03 in. The results, as shown in Figure 11, indicate
that the diameter has a significant effect cn the measurement error and that
small diameters are desirable. At the 3500°F temperature level for a 0.0l-in.-
thick sensor, an error of 10 to 40°F was indicated for a 0.03-in.~dia sensor
and an error of 25 to 130°F was indicated for a 0.10-in.-dia semsor. The
larger errors were obtained for the material (F45272) with lowest thermal
conductivity at high temperatures. The error does not appear to increase with
thickness appreciably for the range covered; however, a thickness as small as
practical considerations will allow, seems appropriate from the standpoint of
minimizing the uncertainty involved in relating the sensor reading to a '

particular point in the char layer.

A general trend toward dec:reased error at the higher
temperatures is indicated in Figure 11. This is apparently due to the decreased
temperature gradient in the region of the sensor at the higher wall temperatures.

b. Effect of Sensor Distribution

The feasibility of stacking sensor elements, i.e.,

placing one above the other and separatinrg them with a disk of ablative material,

has also been investigated (a node network similar to that shown in Figure 9 was

used). Figure 12 shows the results obtained for two stacked semsors 0.()3~in. dia
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Figure 12. Errors for Two Stacked Sensors in MX4926
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III,D, Heat Transfer Analysis (comt.)
*W-ljggpléin. thick, embedded in MX4926 material and separated by 0.01-, 0.03-,
i <1’"05-in.—th*ck ablative disks. It is apparent that the error decreases
wit& increasing separation thickness and that an allowable error of +50°F is
No%ta.n.d for separataon distances of G.03 iu. or greater. The general trend
: T”of the raﬂults shown in Figure 12 i3 that the upper sensor (nearest the heated
' ﬁrface) vends to read low while the lower sensor tends to read high. These
upper Bensor vesults are similar to those obtained for a single seasgsor
{Figure 11). The relatively high temperature of the lower sensor is due to
 the refatively low thermal resistance of the upper sensor.

7 Ap znalysis of thxee stacked sensors has a2lso been

conducted, Sensor diameters of 0.03 and 0.10 in. by 0.91 in. in thickness
wars evaluaged in ¥X4926 and PM5272 char material at separatien distances of

_ 0.03 3z, The xesults as shown in Figure 13 indicate that, as in the singie
sensoz case, iarge errors are encountered with a larger sensor diameter and
in the lower thermsl coaductivity materials. The maximum error for the £§.03-in.-
dia sengor ranges from 40 to 75°F at 3500°F while errors from i00 o 360°F are
indicated at this temperature for the 0.10-in.-dia case.

The minimum radial spacing of sensor elements is also o]
interest from a design standpoint so that a rziatively large number of sensors
can be iastalled in a reasonably small 2rea. Radial temperature distributions
obtained from the midpoint plane of the sensor elements in the single sznsor
analysis indicate that the pezturbation produced by the sensor is approximately
16°F or less if a mindmum radial spacing of one diameter is maintained.

¢, Effect of Contact Resistance
The effect of contact resistance at the graphite/ablative -

material interface (outer surface) and the eutectic powder/graphite interface

(inner surface) has also been investigated. A precise prediction of the contact
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" ¥¥I, D, Heat Transfer Analysis (comut.)

N

' ;:surfaces and metal to graphite joints iadicate that contact conductance values
lﬂranging from 6.002 to 0.020 Rtufin. 25ec®F can be expected.

- The results ohtained from a single 0.03~in.-dia by
:0,01~in.~thick sensor sh;v that incorporation of the higher contact conductance
‘value (lowent. contact resistance) inte the analysis does not yield an error

gpprééiaily higﬁer than was obtained assuming no contact resistance. As

~ghown in figure 14, a 25°F erro: is indicated at 3500°F for this case while

a 10°F error was. cbtained previously. However, the 0.002 Btu/in.zsec°F
contact conductance value (hizhest contact resistance) produces a significantly
larger er:&t; & 135°F ervor 3 iadicated at 3500°F temperature. Similarly,

& 100°F error ap 3500°F is “ndiceted for the case where contact resistance is
neglected on the inner surface and where the lower cuntact conductance value

4s =acimed on the outer surface.
d. Effect of Gas~Side Conditions

Tue effiect of the gas-side heat traasfer coefficient on
the temperature response of 2 sensor was investigated by obtalning temperature-
gsensor errors for a 0.03-in.-dia by 0.0l-in.-thick sensor with heat~tran8ter
eoefficieants ranging +50%Z of the nominal value (0.00407 Btu/in. sec YF). The

_ results of this analysis, shown in Figure 14, indicate that essentially
identical temperature errors were obtainud for the range of values chosen for
the heat transfer coefficient. Therefore, the results appear applicable for
both planned nezzle instrumentation locations since the heat transfer
coefficient at thase two locations is not expected to differ from the nominal

value by more then 50%Z.

Ref (1) Experimental Interfuce Heat Tranafer Contact Coefficients in the
Minuteman Solid R.cket Nozzle by E, J. Gilchrist, Contract No.
AF 04(694)~258, July 1964.
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Figure 14, Effect of Contact Resistarce and Heat Transfer Coefficient on.
Sensor Error in MX4926
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IlT, D, leat Transfer Analysis (conc.)

In addicion, the temperature historf of the gensor
during cooldown of the ablative wall was investigated. Th; results indicate
that at shuzdown the sensor teuperature will begin to decrease immedlately at
a slightly faster rate than the sblative material at the same distance from
the heated wall as the sensor midpoint (see Figure 14). No unusual increases )
in sensor temperature were indicated and, therefore, no erroneous temperaguge

indications as s result of postfire phenomena are expected.
e. Effect of Heat of Fusion

The perturbation in temperature distribution produced
by fusion ol the sensor powder has been found to be small. This is demonstrated
in Figure 15 which shows the results obtained in an anslysis of three stacked
sensors cmbedded in MX4926. Each sensor in this analysis is 0.03-in. dia,
0.010-in. thickness, and containa Mo + o Mo,C as sersor material. Arbitrary .
fusion temperatures of 3500 and 4500°F were assumed for the upper and middle
sensors and the sensor thermal properties were assumed to be unaffected by
the fusion process. A heat of fusion of 15 Kcal/mole was also assumed as a

representative value for all sensor materials.

These results indicate that a period of 0.25 to 0.5 sec
is required to completely fuse the sensor depending on the magnitude of the
local heat flux. It is apparent that at the higher heat fluxes, the sensor
temperature can be as much as 200°F lower than the surrounding abiative
material, This temperature difference decrezses rapidly, however, as soon
as the fusion process is completed since the luower sensor temperature produces
relatively high transfer rates from the surroundings to the sensor. Sensor
temperatures identical to those obtained without considering fusion effects

are achieved within atout 1 second after fusion begins.
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ITI, D, Heat Transfer Analysis (cont.)
f. Effect of a Moving Boundary

The effect of a moving gas-gide surface on gensor
response has been evaluuted for an 0.030-in.-dia 0.010-in.-thick sensor.
MX 4925 and FM 5272 char materials were considered. This effect was investiL
gated using a node network similar to that shown in Figure 9, except that |
raegression of the gas-side surface was simulated ‘y assuming that the layer
of char material adjacent to the gas-side surface shrinks at a constant rate.
The shrinkage was accounted for by Garying the thermal resistance and
capacitance of this layer with time. Previous experience Iin the NOMAD firings -
indicated that surface regression rates of 0.003 1in./sec and 0.012 in./sec
were appropriate for MX 4926 and FM 5272 char layers, respectively, and thege
values were employed in the analysis. A fixed surface temperature of 4000°F
and constant thermal properties for the char material and sensor material were

also assumed (4000°F thermal properties ware used).

The results of the moving boundary analygis along with
those obtained for a fixed boundary (also at a 4000°F constant temperature)
are shown in Figure 16. They indicate that the effect of a moving boundary
on sensor error is relatively small, An additional error of about 20°F is
indicated for u sensor in FM 5272 char material, while the effect 1s essentially
negligible for a sensor embedded in MX 4926 char. The higher additional error.
for FM 5272 char 13 probably due to the higher regression rate assumed for this

material.

Figure 16 regults are comparable to the results obtained
in the single sensor amalysis (Figure 11) in which a fixed boundary and a
convective boundary condition were employed. Somewhat lower sensor temperatures
are indicated in Figurc 16; however, this is inherent im the assumption of
a 4U00°F wall temperature. Wall temperatures on the order of 6000°F were ;

calculated in the single sengor analysis with a convective boundary condition.
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Figure 16. Effect of Moving Boundary on Sensor Response
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III, D, Heat Transfer Analysis (cont.)

2. Sheath and Bare Wire-Type ThermocoupleiAnalyais

This section considers the errors that can be acsociated
with sheath-type and bare wire-type thermocouples, These errors arise first.
because the thermocouple influenccs the local wall temperature by removing
heat from it, and second, becsuse the thermocouple junction temperature différq
from the adjacent wall temperature due to less-than-perfect contact between
the two., Both types of ervors are mégnified when the difference between the
thermocouple and wall couductivity is lawrge, as in the case with low conductivity
ablative materials. The problem, moreover, is a translent one -- the size éf !
the error depends on the transient nature of the heat flux, rather than solely
on temperature level -- since ablative maéerials are characteristically used

ia a transient mode of operation.
The following cases were analyzed:

- single sheath-type thermocouple in MX4926;
Z single bare wire-type thermocouple in MX4926;
S two gheath-type thermocouples in MX4926;

4, single sheath-type thermocouple in MX4926 with
different gas-side boundary conditions

5. single sheath-type thermocouple in MX4926 with
contact resistance between couple and wall consgidered;

6. single sheath-type thermocouple in MXA6012. o

Cases 1 and 2 (single sheath and single bare wire) serve as
base cases. The error assoclated with the single bare wire was found to be
negligible and consequently no variations (multiple couples, different materials
or boundary conditions) were investigated. The error possible with a single '
sheath-1ype thermocouple {3 not negligible and hence this type is considered
further; specifically, the effect of multiple couples, less severe gas-gide

boundary conditions, different materials, and the inclusion of an assumed
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II1, D, Beat Tranzfer Analysis (cont.}

contact resistance betwesn the thermocouple and the wall. The other matezial
treated, MEAG012, has the lowest conductivity of the three materials of
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iaterest, while the 1X4926 hags the highest; thus, the selection brackets the
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range of errors that can be expected. Figure 17 shows the two types of thermo-
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couples.

The heat-transfer studies are based on standard finite
difference techniques for representing the physical system in terms of a
lumped parameter nodal network. Mass is represented as discrete points of
thermal capacitance, and heat transfer between points is defined in terms of
thermal resistance. Solution of the transient temperature response of the nodal

poicts is by a Thermal Xetwork Analyzer program on the IBM 360 computer.

Figure 18 shows a portion of the nodal point network used in
analyzing the sheatin~type thermocouple, It is a three-dimensional represen-
tation, whose overall dimensions are 1.5 in. thick, 0.5 in. wide, and 1.5 in.
deep. ie thermocouple junction is located 0.3 in. from the gas-side. The
figure is not drawn to scale: except for the gas-side (top), the boundaries
are treated as adiabatic; this ignores any heat losses from the back~side
(bottom), and assumes that the thermocouple is isolated sufficiently not to
influence the far-wall temperatures, and further, that the thermocouple lead
normal to the gas-side defines two planes of symmetry that quadrisect the lead.
While symmetry in fact prevails only in one plane, the discrepancy is slight.

The relative coarseness of the nodal network is justified by
the inherent limitation in fixing the gas-side boundary condition as well as
the material thermal properties. Even so, the thermal model involves some
hundred capacitances and three hundred resistances. Temperature dependence

of material properties is accounted for in this analysis.
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Figure 17. Sheathed and Bare-Wire Type Thermocouples
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Not to Scale

Figure 18. Nodal Network Used for Analysis of Single Sheathed-Type

Thermocouple
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_ 1iI, D, Heat Transfer Anmalysis (cont.)

L The capacitance of the thermocouple itself could not be

1*‘ includeds When very small capacitances are treated exactly, stauility

» "ngn;géméhgs ie an egplicit,time differencing scheme such as tha? used in the
fhgrhéi Network Analyzer necessitate correspondingly small time steps in the
'éégéglg:ional procedure. This causes excessive computer run %ime. The error
inVolved in ignoring the capacitance is not great, and in fact is "conservative",
in thgt it overstates the difference between the thermocouple junction and the
adjacent wzll temperature. Without capacitancaz, the predicted wire temperature
is less than it would be with capacitance because axial heat flow in the wire
can be more readily accommodated., Since the junction temperature lags the

adjacent wall material temperature in any event (i.e. is less than), the

difference between the two temperatures is predicted to be greater when the

"~ wire capacitance is excluded.

Material properties used for the ablative materials are given
in Table II. Properties of thermocouple materials are given in Table II1L.
For the sheath~type thermocouple the tantalum and beryllium oxide conductivities
are lumped into an effective conductivity; the temperature variations of the
two compensate to yield an almost—-constant value of 0,00075 Btu/in.-sec®F,
The lead wire conductivity is not included in the effective conductivity
(which is based on the heat flow area) because the heat flow area is relatively
small., For the bare wire-type thermocouple, the lead wire conductivity is
considered to be a constant value of 0,0014 Btu/in.-sec®F, and the beryllium
oxide conductivity is again in accordance with Table II1I. The effect of the
gap between the lead wire and the beryllium oxide is not treated. In effect,
the lumping of conductivities and exclusion of gap resistance presumes that
heat flow is strictly axial, or, 2quivalently, that there is no radial temper-
ature gradient.
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TABLE III

THERMAL PROPERTIES OF THERMOCOUPLE MATERIALS

Temperature, °F kTq, Btu/in.-sec °F kBeQ, Btu/in.~sec °F
0 0.0008 0.0030
500 0.0008 2,0017
1000 0.0009 0.0008
2000 0.0010 0.0003
4000 0.0011 ~ 0.00018

The gas-silde film coefficient has a value of 0,00407
Btu/in.zsec°F, as based on the simplified method of Bartz. Recovery
temperature is 6540°F. '

N
8 74% A

a. Single Sheath-Type Thermoucouple in MX4926

s Bl b

Figure 19 shows the predicted temperature response of
the sheath-~type thermocouple junction and a point far removed from it, but at

PR OISR EEAIPUIT NY

the same distance from the gas-side surface. The differerne between the two

is the error that can be ascribed to this type cf thermoccuple in this
particular material (MX4926), for these particular gas~side heating conditions,
on the basis of the assumption that perfect thermal contact exists between the
couple and the wall.

Figure 20 shows the error as a function of time. The
spike to 100°F and subsequent reduction in error to roughly 30°F is due to
the change in wall properties as the material chars; the char conductivity
is higher than the virgin material conductivity and hence the heat loss viz
the thermocouple is relatively less. This is seen on Figure 21, where thermo-
couple error versus wall temperature for the single sheath~type is plotted.
This plot applies only to these particular conditions and not necessarily to
any others, although the trend is typical.
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. Figure 22 compares the errors of the single sgheath,
double uheath and single bare wire types, as a2 function of temperature. The
single and double sheath erzors are nearly identical, indicating that the
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«gdd;:iog,pf the secord thermocouple at a distance of 0.4 in. from the gas-gide

?ha&”ﬁb effee& on the first, when displaced 0.1 in. or more from it. The bare
wire thermocouple haz almost no error, the maximum value being less than 10°F
in the tempetature range 2000 to 3000°F,

5lgbtc 23 shows the error associated with the sheath-

>*$qge. theruogouples at different disrances from the gas-side (0.3 and 0.4 in.)
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as a function of wall temperature. The dependence of ervor on temperature

iz compa*abla for the two cusss, for these particular gas—side conditions.

c. Single Sheath-Type Thermocouples in MX4926 with
Different Gag-Side Boundary Conditions

. . Lesy severe gas—-side ceonditions (one-half the former
convéction coefricient) result in a somewhat different relationship between
the thermocouple error amnd the wall temperature, as seen in Figure 24, which
relates to a single sheath~type thermocouple st a distance of 0.3 in., from
thé gas-side. The reduced heat flux resuvlts in a greater error im the char
temperature rauge.

d.  Single Sheath-Type Thermocouple in MXA6012

ﬂ Figure 25 compares the error for a sheath-type couple in
jf MXA6012 to that for one in MX4926. 1Thcrmal conductivity of MXA6012 is the °
;f lowest of the materials of interest; hence the internal heatup is the glowest

and the thermocouple error is the greatest, During the 40~sec duration
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Figure 22. Error in Thermocouple Response vs Temperature
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Figure 23. Error in Thermocouple Response vs Temperature
(Double Sheath Type)
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III, D, Heat Tranzfer Analysis (cont.)

considered ir the analysils, the wall temperature at theAthermncouple location
rises only to some 300°F; the thermocouple junction, however, lags by nearly
100°F. Contact resistance is not accounted for here, aad would tend to

increase the error.
e. Effect of Contract Resistance

Figure 26 shows the kind of error that could be axpected
when contact resistance is considered, for a sheath-type couple in MX4928.
The arbitrarily chosen value of contact conductance {1000 Btu/hr-ft2°F) typifies
that parameter for epoxied joints between metzls and non-metals. The increased
thermocouple error manifests itself only in the higher temperature range
corresponding to the char material properties, where the error approaches 50°F.

The error involved with virgin material is largely unaffected by the inmclusion.

of contact resistance.

3. Thermal Network Analyzer

The Thermal Network Analyzer 18 a computer program written for
the IBM 360 that serves for heat transfer analyses involving conduction,

coavection, or radiation; it may be used for charring as well.

Input involves a finite difference, or lumped parameter,
rerresentation of the physical system being analyzed: nodal points, initial
temperatures, thermal capacitances, thermal resistances and their nodal
connections. For the case of variable thermal propertiez; conductivity, specific
heat, convectlon coefficients, etc., they may be entered as functions of

temperature or other independent variables.
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III, D, Heat Transfer Analysis (ccnt.)

The program solves the heat conduction equation expressed

in finite difference form. For the transient ccadition:

T
At i 1
T, (t +At) = = I -7 = |+ T, (t)
i ci jkij 1i7] Rij i

where T, is the temperature of node 1, Tj's are the aéfécent nede texperatures

i
which are connected to I, by registances R C, is the capacilance of node i;

i i3 1
t is the time and At is the time increment. ¥For the steady-state case:

1 1
T, = I, = [I, =~
S B A I .
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III, Technical Discussion (cont.)

E. TEMPERATURE-SENSOR DEVELOPMENT

1., Fabrication

The eutectic composition usad as tlie temperature-sensing
device will be contained as verv fine mixed powders (approximately 325 mesh)
in a graphite microcapsule. The microcapsule will be fabricated frem POCO
graphite, & very dense (Sp. Gr. = 1.88) non-porous graphite, to the dimeasions
shown in Figure 27. This material replaces the G~90 graphite considered during
the thermal analysis because of its low total impurities (<6 ppm) and fine
grain structure, Powders from the eutectic compositions will be hand packed

into the capsules and sealed in by a "slip-fit" graphite plug.

2. Calibration

To calibrate the sensors each will be inserted in melting

point specimens for testing in the Pirani Melting Point Furnace.

Duplicate pairs of melting point specimens will be fabricated.
One specimen of each pair will be heated to a temperature 50°F below eutectic
temperature and the other 590°F above. This technique has already been demon-
strated using sensor elements slightly larger than those shown in Figure 27,
Figure 28 shows the photomicrograph of the 2rC + C system (64.5 At.% C) which
was heated to 2862°C and held there for 20 sec., Figure 29 shows the photo-
micrograph of the same ZrC + C system fused at 2950°C. It can be clearly seen
from the photomicrographs that when the melting point hasg been exceeded, a
definite change in microstructure is obtained. Figurs 30 shows the standaxd
melting point specimen, whichi is held between the grips of the melting point
furnace, Two such specimens of graphite were drilled to accept sensor cap-
sules, Both contained finely divided powders of ZrC and ¢, Temperature was
recorded at the midpoint by sighting the optical pyrometer ir a blackbody hole,
Figure 31 shows a radiograph of the two identical samples of the ZrC + C
system that were heated to two different temperatures, Sample A of Figure 31
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Sketch of the Graphite Microcapsule

Figure 27.
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111, E, Temperature-Sensor Development (cont.)

. shows the result of heating the‘euteétic'mixture'beioW'the eutectic tempera-
‘tﬁténaﬁh\sample‘B‘shows the-result of heating' the- eutectic mixture above the
.iéutectic tgmpeiatqre;: It is-readily cbserved-on' the radiograph tha* melting
occurred in sample B, .as evidenced by areas- of material fiow and the formation
..6£ivoid§.dﬁento.shrinkage. Although-it--is-realized- that-the above sample is
Adarger than .the .contemplated sample;- the-same phenomenon is expected to éccur.
mees - In these calibraticn tests; theroptical pyrometers that will
be ‘ugsed are microopticai’pyrometers‘manufactured;by'the Pyrometer Instrument
Cos, Incg% Bergenfield, New: Jersey: These pyrometers- have three overlapping
blackbodyﬁscales on .direct reading milliammeters;- the ranges on the standard
model are .700 to 1400°C, 1300-to 1900°C, and- 1800 to 3200-(4560) °C, ané the

temperatures-are - measured at-.an .effective wave- length-of- 0.65 microns.

TWOﬁsepafate'pxocedures<are involved-in the calibration of
the pyrometerg: ealibration of- the pyrometer- proper, and calibration and

.adjustment- of- the meter- readout- for- the- £ilament current.

The objective: of  the calibration:.of: the pyrcmeter is to estab-
lish a precise ‘yelationship between filament current-and temperature, using
czlibrated radiation sources or pyrometers- as standards., For temperatures up
to-.2300°C, the pyromester is either compared with standard pyrometers certified
by the National Bureau of Standards, or-against a' tungsten ribbon-filament

-lamp with precisely- known- current-temperature: relationship.

For calibration points' at- higher- temperatures, the carbon-arc
technique using an .arc-furnace manufactured by the Mole-Richardson Comp.s,,
Hollywood, California, is employed. On the basis-of data from the National
Buréau~o£‘5tandards, a temperature of 3808 + 20°K is asserted to the crater of
the ancde, when operated in the- region of the quiet arc. Lower temperature
fixed points .are obtained in the well-known manner using absorbing glasses of

.accurately known: transmission.
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In the calibratici runs, at least five readings- are- taken at
each point, The current through the pyrometer filament is determined by the
voltage drop across a 10 ohm precision (5 ppm)-resistor, and reccrded to the
nearest one or ten microamps. A temperature~-filament current relationship is
then established by a least square fit of the-data.  -The same meter and resis-
tor are employed to calibrate the temperature scale-of-the-milliammeter pro-
vided with .the pyrometer. The calibration-is-usually- started at the low
temperature end and at least five readings-are-taken-at each of the selected
cardinal puints; after averaging, the meter reading-is then adjusted to .comply

with- the established pyrcometer~filament' current-relationship.

The total temperature error ic composed-of several parts:
“he uncertainties in the calibration-equipment and the errors-introduced by

the individual calibration steps.

Considering the first error sources first, the data given in
Table IV represent the uncertainty levels assigned to the certified pyrometers.
Although the data probably correspond more to estimates rather than to exact

values, the data are claimed to have a confidence level of more than 95%.

Typical uncertainties introduced-by the visual matching of
test and calibration pyrometers are + 1.7°C, and hysteresis effects in the
microoptical pyrometers in use amount to approximately 1.8°C; a further uncer-
tainty of approximately + 3°C maximum at the high temperature 2nd ig introduced
by the limit resolution of the ten~turn pot used in the pyrometer. A least
square fit of the calibration data, and incorporating- the uncertainties of the

temperature standards, yielde: the error limits listed in Table V.
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: - - Table IV
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TEMPERATURE UNCERTAINTIES IN THE NBS CERTIFIED STANDARD PYROMETERS

AND TUNGSTEN RIBBON-FILAMENT LAM?S (95% Confidence Level)

‘Certified Pyrometer

Tungsten Ribton Lamp

°c
800
1063

2800
4000

800
1100
2300

TABLE ¥

Tenmperature,

Uncertainty,

°c

+ 4
+3
+ 8
+ 40 max

+ 5

+3
+ 7

OVERALL TEMPERATURE UNCERTAINTIES FOR THE MICROOPTICAL PYROMETERS

Temperature,
°c

1100
2000
2300
3000
3600

Uucertainty,
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111, 2, Temperature-Sensor Development (cont.)

3. Sensor Size and Location in Ablative Plugz

The sensor size was established by considering the results
of the heat-transfer analysis, the temperature profiles obtained from the
NOMAD motor firings, and the feasibility of economically producing a small
capsule., The heat-transfer analysis indicated that various size graphité cap~
sules containing eutectic compositions wc.ild not produce or cause temperature
perturbations in an amount greater than the calibration accuracy of the
eutectic melting points. A capsule size of 0.10C in. in diameter and
0.030 in. in thickness was found to be an upper 1limit and still not cause a
temperature disturbance greater than eutectic meiting point accuracies at the
higher temperatures. As seen from Figure 1, however, 0.030 in. in thickness
corresponds to approximately a 450°F temperature difference within the abla-
tive material, Such a temperature difference would produce an average tem-
perature difference of 225°F across a particular'capsule assuming in each
case a linear temperature distribution within the materizl. Since the
- eutrectic compusitions are capable of detecting temperature ranges well below

225°F, it appears that the 0.030-in. thickness is too large. Similarly, by
considering a thickness of ¢.010 in. in capsule thickuness for the same
naterial, an average temperature difference of approximately 75°F across a
particular capsule is obtained. This latter average temperature difference
is within the eutectic sensing accuracy for all practical purposes. The
feasibility of economically fabricating a capsule smaller than 0.010 in. in
thickness to obtain an average temperatuxe difference of approximately 25°F

was considered prohibitive.

Several methods of installation of the dindividual sensor cap-~
sules in the ablative plastic plugs have been considered. The primary emphasis
must be placed upon location because, as shown in Figures 1 through 6, the
depth of the char in which the temperature range of interest (3500 to 60CO°F)

occurs may be very small. Also, the reginn will progress 2s recession occurs,
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III? E, Temperature~Sensor Development {cont.)

o fxom a finite position at the initial surface upon initiatien of firing to a

location approximately 1/2 in. below the original surface at the throat of a
/&éibpn<6r graphite phenolic material inm a typical 60-sec firing. Obviously,
ail sensors Ioéated in the regressed rxegion wiil be lost during firing. It is
also. apparent that miltiple, identicel sensors‘in depth will be required so

that adjacent sensors will indicate a temperature by one melting and the next

" “one not melting. The preposed method of installation is shown in Figure 32.

€

Installation of 4000°F indicating thermocouples in the plug at the depths of
the 4000°F sensors using the bare wire technique employed on Contract
AF 04(511)-11646 is also shown in the plug configuration. ;.

It was indicated by the heat-transfer design calculations
that stacking of the graphite sensors was a possible approach to ascertain a
-particular’isbtherm during a motor firing. It is clearly understood that only
one sensor is needed to locste any one temperdture level at a specific depth
in the material. However, with the present state-of-the-ar: techniques for
predicting these locations, this approach is stili not possible. Using the
stacking appreoach, the minimum distance allowable between sensors was found to
be 0,030 in. for the 0.010-in.-thick sensors. Therefore, any number of sensors
can be stacked to meet these criteria and each sensor will respond independently
of its nearest neighbor gensor. The question then beccmes one of how many sen-
sors are necessary to adequately establish a temperature level and yet be within
practical limits. A rigorous answer to this question is hardly possible, but
by considering the results of the heat-transfer cazlculaticns, motor firing data
avaii.able on the ablative materials, and the reliability of present methode to
prediet material regression behavior, !t is possible to estimate the number of
sensors needed. Data obtained from the NOMAD firings have indicated that the
maximum range of thickness 5f the 3500 to 6000°F temperature interval for the
ablative materials being considered was 0.190 in. for a carbon phenolic
material (MX 4926), and the winimum range of thickness over this same tempera-

ture interval was 0.000 in. for several other materials. An average thickness
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Ablative plug inserted.
% in 0.100" drilléd hole -
A,—”j:::;fi g : ’

4 -

Predicted Surface

3, 6000°F seusors o Regression
at 0.030" spacings *
. 7 !
E 0.200"
¢ .
- i
/ 0.1{00" |
Predicted 4000°F
0.003" Die : isotherm
W 3Re/W 25Re . 0.100"
T/C 0 . N t
. 3, 4000°F seasors at 0,030
3 - 0.003" Dia / 0.100" spacings- I
Chromel/Alumel
T/C Ranniid

Figure 32. Ablative Plug Configuration with Installed Sensors and Thermocouples
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i;?; ﬁ, Temperature-Sensor Development-(cont.)
,for—thgs interval them is about 0.095 in. with all other materials, excapt
., ‘MR 4926, amounting to this value or less. Due to a lack of informatioa,
gyrolyzed phenolics will be considered to exhibit similar characteriscics as
~ the earbon and graphiée phenolics, and, therefore, it will be assumed that
- their average thickness is also about 0.095 in. Thus, in order to cover this
range, three sensors, each 0.010 in. in thickness, and each spaced 0.030 in.

from cone to the other, will cover the entire temperature interval from 3500

*

to 6000°F, while each sensor covers a thickness of material which corresponds
.to a temperature interval at approximately 150°F. In the case of MX 4925,
.the §tacked>sensors will be staggered, as shown in Figure 32, to cover the
entire temperafure range. For most of the materials where the 3500 to 6000°F
range is seen to be of the order of 0.095 in. in thickness or less, all sensors
11 essentially cover the same char increment over this temperature range.
This region covered by the stacking of the three sensors s considered to be
sufficient in order to allow a mazgin of safety in predicting the location of

this temperature region.

The plug configuration éﬁown in Figure 32, with the sensor
and thermocouple orientations, is an initial configuration to be tested in the
experimental phase of the program. Should this sensor orientation prove to ke
insensitive to the regulting temperature distribut.on through the maierial, an
alternative sensor orientation will be used. Such an alternative orientation
may be one in which all sensor materials zre placed at equal depths and extend
over the same increment of material thickness. In this case, and similar to
the one shown iz che above figure, several identical sensors would cover the
increzent of thickness by placing one sensor immediately belcw another identical
one, and so on. As shown in this same figure, it appears that a predetermined
temperature profile will result according to the positions occupied by the
sensors and their characteristic temperatdres. However, as seen in Figure 32,
there will be 15 different sensor wells at different levels extending over a
maximum of 0.190 in. of material depth, and thus, there will be much overlapping

in temperature sensing capability.
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III, E, Temperature-Sensor Development (cont.)

Bach capsule will be bonded into place by hkand using a minimum
amount of epoxy resin tov provide good contact with the ablative material. A ‘
spacer, which is a disc of the ablative material, will be bonded ketween sen~
sors in 2 similar fashion. An ablative piug will then be bonded into place

above the sensors.

Utilizing the concept shown in Figure 32, the capability 5%
the sensor elemeats to provide reliable temperatuve data will »z tested and
evaluated. Plugs willlbe prepared nf six materials surpified by AFRPL, currently
identified as follows:

a. Carbon phezolic, MX 4926
b. shestos phenolic, M¥A 6012

¢, Three different pyrolyzed {precharred) carbon and
graphite~reinforced phenclics

d. Carbon felt phenolic, MXC 113 (supplied by AGC)
e. Paper phenolic, M 5272

Identifications, spacial locations, and depths of ail placed
sensor eutectics will be maintained by suitably marking the base of each plug
assembly and comparing each assembly to an identifying template, The exact
depth of each seusing eutectic from the flame surface will be determined by
taking radiographs before and after exposure to the flame front. It will be
possible to visually observe all sensors placed in a plug assembly on one radio-
grapn by properly spacing each "sensor-well" so that the resulting X-ray appears
as shown in Figure 32, A direct reference and comparison can then be made
between the original plug assembly and the post-test plug assembly. By con-
trolling the orientation of thermocouple wires and relative positions of the
sensor materials, identification of the different types of eutsctic mixes
should not be difficult. However, should a mixup appear ¢o have occurred, the
entectic compositions readily lend themselves to identification by X-ray
diffraction,
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%{ "~ I11, B, Temperature-Sensor Development (cont.)

E%?j -~ i ) -

353 1: LT ’ " The location of the sensors in the ablative nmaterial prior
g o ) B .

g " ‘to test firing can be determined by two ways: (1) by physical measurement _
L éyfiﬁg asgembly of the sensors and spacers into drilied holes of known depths,
2 i - :

5?‘ ) and- (2) by X-ray photographs after complete assembly of the ablative plug with

:1;:',

EE_ ééésdrs and thermocouples. The latter approash will be used because of its
éi éé§g3 accuracy, and evailability. From the initial X~ray photographs, loca-
% tioh of the sehsors can be very accuracely measured, and can then be used
i T

5] later as a reference for the fired ablative plugs. Identification of each

sehsor after assembly will be accomplished by a reference template, as shown

o vi‘a“.‘ﬁ
Y
)

in the top view of Figure 32. Nach identical set of three sensors per drilled
location will have a particular radial position from a reference groove, and
“this radial position for each set of identical sensors will be maintained for
all é&blative plug materials. In this mamnmer, location and identification of
the-sensors after test firing will be possible by using the tewplate and X-ray

v 2 bt o St

photographs in conjunction with each other. -

Prior to test firing of the ablative plugs, no problems are -
anticipated in either locating or identifying the sensors after complete
assembly. However, after test firing, complications could arise in relacating

the sensora becaugse of material delamination, spallation of the material,

w g—" RN

physical distortion, or thermal expansion of either the ablative material or

of the graphite capsule material., Any of these complications could obscure
initial X-ray photographs that are taken in the same fashion as th: unfired

L o oy AT

plugs, but by taking several photographs at various circumferenty sl locationms,

all of the sensors can be fiund and then located with respect tc¢ the back side

of the ablative plug. Positive identification of any sensor is always possible
by sectioning the part and examining by metallographic technicues regardless

of the ccmplicaiion.,

SR

X~ray photographs of the assembled ablative plugs will be
taken with a Picker Portable X-Ray unit using Type M-2 X-ray film. This
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technique generally involves a 15-sec exposure time at a power setting of 70 EV
and 0.003 amp at a distance of 14 in. An alumiaum filter is used to ensure as
much contrast as possible. The film is then developed under standard X~-ray

dark room procedures.

Identification of the sensors by metallcgraphic techniques
first involves specimen preparation by grinding mounted specimens on silicon
carbide papers using grit sizes down to 600. Polishing will then be performed
on microcloth, for example, using Linde "B" alumina (0.05x) in Murakami's
solution. The etchant te be used will depend primarily on the sensor material
system, 28 determined in the work indicated in Appendix II, but of the various
possible etchants, such as, electroetch in 2% NaOH or a solution of 4 gm of
KMnO4 and 4 g~ of NaOH in 100 ml. of water, the etchant will produce a2 charac~
teristic microstructure that can then be compared to systems of known micro-
structures. The specimens are generally etched at room temperature; the times
required to produce sufficient development of the microstructure varies up to
10 sec. The micrographs will be examined and photographed on a Zelss
Ultraphot II metallograph.

The plugs will be installed in billets of the same ablative
material. These billets will serve to simulate a section of an ablative cempo-
nent and will also shield the plug assembly from side heating during tests
which will be performed with the plasma arc. Because the temperature profiles
throughout the specimen is the criterion used for evaluation, an inert plasma
gas will be utilized so that surface material loss during the tests is minimal,
Each plug containing 15 different sensor materials with melting temperature
spanning the 3500 to 6000°F range, installed in a series of three each, will
be employed. Each plug will also contain the four thermocouples {(as determined
in the NOMAD program) shown in Figure 32 to accurately establish the in-depth
temperature profiles and wverify thermocouple accuracies. During testing, the

temperature reading of the W-W Re thermocouple will be monitored and the heat
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11, B, Temperature-'Sensor DRevelopment (cont.)

;'ﬁpﬁféé”hill be removed when it reaches 4000°F. After testing, each plug con-

égihiﬁg_its sensors will be removed from the billet in whi:h it was instailed

wnd»will be radidgripked. The molten eutectic will be identifiable by change

in -shape as previously discussed and shown in Figure 31, After X-ray, each
Plug will be disassrubled, and the capsules removed and examined to verify

) 7he radiographic anilysis. A thorough correlation analysis of senser tempera—

ture indications anl thermocouple temperature indications will be mada to
determine the temperature profiles at times of maximum temperature. Based

upon the results oi these analysas, the necessary modifications to the system

»wiil be made and a duplicate test with each ablative plastic material will be

perfuimed.

Upin completion of -the above testing and evaluation, 12 plugs
containing sensing clements and thermocouples will be fobricated and provided

to AFRPL for installation in rocket nozzle components.

The success of experimentally determining the 3500 to 6000°F
temperature range during firing will depénd upon the ability to place the com-
bined plug assembly with sensors at the proper depth location within the
ablative material, so that, at the end of the motor firing, the regression
depth equals the depth to which the uppermost seusor(s) were placed. Tc¢ ensure
the proper depth location of the sensor materiais and obtain maximum informa-
tion from the sensor plug, the totzl surface regression of the particular
material must be known to within about + 0.050 in.

Current techniques of directly predicting the regressiocn rate
are not rellable encugh for this purpose. However, data recenzly generated on
the NOMAD programs for the materials listed above provide a reliable source of
regression behavior to guide the location of the sensor plugs. Further,
temperature-time histories, as determined for these materials in the NOMAD

program will also be an invaluable guide in locating the sensors within the
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ablative plugs. Finally, frem the physical and chemical properties determined
for these materials in the NOMAD program and in conjunctica with the nozzle
design (Pigure 33) and the propellant to be used for the test motor firings,
a conduction analysis pregram will be used to predict and verify the regression
£ the materials used at the various nozzle locations. In addition, the pro-
gram will be used to place the sensors at their respective temperature loca-
tions within the ablative plug. Data obtained from the plasma-arc tests will
also be used as a guide in this latter prediction.

The conduction analysis program which will be used represents -
a solution to the ablation~corrosion problems. This program, "Charring-Ablation
Program" (CAP), describes the transieat thermal response of a composite mate-
rial which reacts or decomposes in the heat affected area. It includes the
effect of gaseoug reaction products and heterogenecus reactions between the
decomposition gases and the char. The boundary conditions include surface
regregsion due Lo surface reaction with propellant combusticn product and
regression due to shear failure at the surface as a funestion of local shear{ng
forces and wall temperature. 1In addition, internal gas pressure drop and

resulting material failure due to spallation are included in the calculatioms.

The particular method of sclution is numerical, wherein the
given confiquration is again divided into a large number of individual small
elements. Each element is small enough that accuracy and convergen.: of the
numerical solution is achieved. Temperature variation of thermal properties
can be jincorporated. Output format allows each of tbs following parameters
to be yrinted at any desired time intervals: a. Erosion Depth; b. Char Depth,
¢. Pyrolysis Gas Formation Rate, d. Temperature Distribution, and e. Dengity

Distribution in Decomposif:ion Zone.

To facilitate performing ablatiowu-corrosion analyses, one
additional program is used, namely; "The Ther-..-Chemical Equilibrium Program"
(TEP). This routine computes the equiliorium compositlon of the gas adjacent
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III, E, Temperature-Sensor Development (cont.)

to the wall considering aither (1) no reaction with the wall materfal,

(2) pyrolysis gas flowing with non~reacting wall material, or (3} pyrolysis
gas blowing with a reacting wall materizl. Output from this program is com—
patible with input surface equilibrium data requirements of the (CAP) program
and includes surface temperature and total enthalpy (chemical and sensible)

of the gas mixture as a function of pyrolysis gas rates and char removal rates.

Additional input requirements Zuclude: (1} thermal conductivity

and specific heat c¢f both charred and virgin materials, (2) pyrolysis gas
enthaipy, (3) rate constants for the kinetically controlled deccm?osition

reactions, aid (4) heat of formatnion of the virgin and fully charred materials.

it is anticipated that the successful application of this
program will require that existing amalytical techniques be supplemented with
empirically derived correlation coefficients (for some materials). For this
reason, the existing computer program that is based on the analytical model
deseribed herein will be used in conjuncticon with experimental datas that -has
been accumulated in existing programs, and data that will be generated during
this program tc obtain experimental-analytical correlation parameters for use
with each material. These correlation factors will then be incorporated as
an optional part of the computer program input for prediction of specific

materials performance in the various nozzle locations.,

The conduction analysis as discussed abuve pertains to both
the heat~up as well as the subsequent cool-down. The only changes required
are boundary conditions appropriate to each mode of heat transfer ‘i.e.,

convection during heating and radiation and convection during cool~dowm).

Should one attempt to offer more reliability in plug
performance and location, it would be possible to install sgeveral instrumenved

sensor plugs circumferentially at various overlapping depths and 2t the same
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- -~ 111, B, Temperature-Sensoxr Development (cont.)

- ééial location. Such a task, however, iz believed to become prohibitive in
- the amourtt of additional fabrication and analyses required. It is anticipated

V that the different temperature~sensing elements can be reduced from the 15
evaluated in the plasma-arc tests because of a more accurate establishment of
the temperature range existing between the upper limit of the W~Re thermo-
couple aﬁd the surface temperature (the surface temperature of the graphite
phenolic is probably approximately 5000°F inestead of 6000°F). The reduction
in the number of senmsors will be partially offset by the possitle requirement
for a greater test coverage of each sensor material to decrease uncertainty of
resuits. It is anticipated that 35 sensor elemsats per plvug will be sufficient

instead of the 45 sensor elements per plug used in the plasma—arec tests.

After static testing of each nozzle by AFRPL, disassembly of
, the thermocguple plugs from the nozzle components, and their retura to
-Aerojet, the post-test analysis will be performed on each plug taking intc
account the thermocouple measurements provided by AFRPL and the temperature

indications from the sensors.

The thermocouple data will be anaiyzed by plotting the
thermocouple locations as a function of firing time for various temperatures,
as shown in Figures 1 through &. This will generate a family of isotherms
which can be used to determine the temperature profile through the ablative
material at any time. The thermocouple distance versus firing time data may
be further extrapolated to temperatures beyond the thermocouple capabilities
from the relationships produced by the higher temperature isotherms. Tempera-
ture indications obtained from the lower temperature sensors will be directly
compared to the thermocouple temperature versus distance data. At the lower
temperatures (3000 to 4500°F), any discrepancies between the two temperature
indicators will be noted and explained. Temperature indications ob.ained from

the higher temperature sensors will be plotted as a function of di.stance along
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II1, E, Temperature-Senscr Developmeat (cont.)

with the thermocouple data. If the sensors and thermocouple ezch inlicate a
trte temperature, then they will bear the same relationshiy .~ each other.

If there is in fact a difference in temperatures measwuy~ - by the two indicaztors,
then, extrapolation of the thermocouple data or ex!: .olation of the sensor
data to the thermocouple data will show a differer.. functional dependence with
distance and, thus, their relationship with tempcrature and distance will not
ceincide. Any deviations shown in this latter case will a2lso be described

and explained.

F. ALTERNATIVE METHOD TO DISTRIBUIE TEMPERATURE SENSORS
AND THERMOCOUPLES WITHIN THE ABLATIVE LINER

As indicated frop the discussion o: the ablative plug configuration,
several machiring operations are necessary to place the small seansors into the
- plug assembly. These operations include the machining of the plug itself,
bottoming each sensor weli, replugging each semsor well, avud the machining
operations involved with the instrumentation of the thermocouples. To elimi-
nate or minimize the time-consuming machining operations, an alternative

approach is suggested to place both the temperature gensors and thermocouples

P veardva s B a

in the ablative material. The technigque shown to place the temperature

senscrs into the materiai is depicted in Figure 34. 1In this technique, pre-

i

AT o e T Tt e o AT

cured ply plates are made and then drilled to loucate the sensors, as shown in

Figure 35. Each ply plate is then cozted with resin and allowed to air-dry

)

8o that all plies can be assembled and cured into a laminate containing the
sensors. Exact location of the sensors is made by X~raying the complete
laninate assembly before placing the laminated plates into the wrapping
operation, It is believed that the laminated plates, mow the insert, will

not affect the lay-up procedure or the performance of the fabricated part.

s
Fonorad R - AT I LA VSN

Post~test analysis of the insert can be made by either X-raying in a tangential
direction to the exposed fired surface or, most preferably, by removing the

ingsert and analyzing it separately.
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Hole Through Ply
For Sensor 4

' |

i _—
Approx. K

0.012 in.

Pre-Cured Ply Platie

/7 Mandrel

Figure 35. Precured Plies for Semsor Laminated Plate Set~Up
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III, 2, Alternative Method to Distribute Temperature Seasors
~ . .and Thermocouples Within the Ablative Liner (cont.)

Random geattering or placing of the senmsors during regular lay-up
of’the plies is not suggested becavse of the uncertainty of obtaining any
que;gd.arrangement of the sensors during and after the debulk-and cure cycles.
ﬁeéig:ﬁovement during the curing process of the plies would cause a very
random distribution of the sensors and would prevent any control on predeter-
mined locatfons for the senmsors.

) Instrumentation of thexmocouples in an ablative material can be
aéqqﬁplisbed in a 3imilar procedure as discussed above. In this case,

thErmdéQupJes can be placed between ply plates at specific locations and

‘tﬁqn-the-éngire-assembly,precured into a laminate (Figure 36): "The laminated

plate can be placed intc position during fabrication lay-up, as indicated

before, without aifecting any other procedures. The laminated plate can be

made-to.be somewhat smaller i. width than the regular plies so that the lead

vires can extend freely, as shown in Figure 37.
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Molded Prepreg -
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Figure 36. Molded Prepreg Thermocouple Plate
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SECTION IV

PROGRAM PLAN

The program is planned as a 12-month technical program and is divided
into three phases, as shown in Figure 38. During the third phase, a break in
the program is planned to allow for imstallatior of the plugs suppliedAby ‘
Aerojet to AFRPL into ablative components, the test firing, digsassembly of

the components, and return to Aerojet for posttesting
A. TEST PLAN

1. Phage I. Study, Duration — Two and a Half Months

a. Task 1. State-of-the-Art Survey

N R R
LU AN X et el s e il

Py Loy EPiracy we -
PR Y SN DY VAR SIS ey R v X G A S Tl T e

- A search of the literature was performed and scurces of

sengor fabrication vhich might provide an advantage over those proposed by

Aerojet were sought.

gty

iy

b. Task 2. Analysis

NN

A thorough study of the proposed sensor system was made

with emphasis on the following factors:

AL YT b i

(1) Fabrication cost

ey
i TERRINN

(2) Calibration accuracy
- (3) Ease cf installation and interpretation

(4) Minimization of effects of sensors on ablative
performance

s "
s AT IR 3 Wk R M SaE

(5) Ease of identification of sensor types

(6) Sizes, ghapes, compositiong, and location of sensors

Page 77

Fimancin s oo S SRR Y TR, AT TRl . T B S A




aTnpayss weadoxg

*g¢ 2an3t4

SLUOJHY TYNId

SLUOQdd L SILVLS

SISATVYNY HYId ISOd "

SONTd 2 avd "V

ITY HSVHd

2

SLSHL DYV VIWSVId HNVW (NV gvd "D

SYOSNIS 0§ FIVIIIIVD 4

SINIWTIT ONTWOSNYS #€iviIugvd "V

Report A¥RPL-TR-67-284

NOILVMIVAY aMV LSHL ~ IT [S8Vid

JYOdEY TVOINHDAL  °D

SWILSAS YOSNAS AZATYNV 4

ATANAS HUNLVYHLIT 'V

NOISHA WHLSAS ANV AGALS - T FSVHd

.

4 €

syauoy

Page 78




Report AFRPL-TR-67-284

IV, A, Test Plan (cont.)

2. Phase IX. Test and Evaluation, Duration — Three Months

a. Task 1. Fabrication and Encapsulating Sensors -

It igs currectly planned to machine the configuration
shown 1in Figure 27 from graphite stock, insert powders of the proper composi-
tion in the cavity, and close the capsule.

b. Tagk 2. Calibration

Three gensor capsules of each of the 15 materials selected
to cover the 3100 to 6000°F temperature range will be installed in graphite
specimens prepared for the melting point furmace. The first specimen will be
tested at a temperature 50°F below the melting temperature of the sensor and
the other will »e tested at a temperature 50°F above the melting temperature.
The third specimen will be tested at a temperature to verify the initial results. Ef%

The required tests are 45.

c. Task 3. Plasma-Arc Tests

Piug assemblies will be fabricated in accordance with the
sketch (Figure 32) as defined in Phase I of this program to include four

thermocouples (one of W-3Re/W-25Re) and 45 temperature sensors., These sensors

will be three of each of 15 types designed to cover the temperature range from
3100 to 6Q00°F in approximately 75°F increments. Two plugs will be fabricated
from each of nine ablative materials to be supplied by AFRPL.

The plug assemblies will be installed ir small billets of
gimilar material and will be tested in the plasma arc using anr inert plasma gas.
The temperature rise of the W-32e'W-25Re thermocouple will be monitored during
test and when it reaches 4000°F, the test will be terminated.
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IV, A4, Test Plan (cont.)

. . The tests will be conducted in two series; one of each
ablative material in the first series after which a post-analysis will be
gg;foxmgd using first radiography and second, visual examination of the sensors
Eé‘dgfé%miﬁé_if melting occurred. Then, modification of the system will he
mé&eeéﬁd the dhpiica:e specimen of each ablative material will be tested in
‘the secend series and evaluated.

Requir:d are 18 plasma tests, 800 sensors.
d. Task 4. Thermophysical Property Measurements

. — - — - Heat capacity, deasity, and thermal conductivity meagure-
ments will be made as "spot" checks on the follewing materials to confirm th:t
these materials are identical to the NOMAD materials used:

(1) Carbon~reinforced phenolic
(2) Asbestns-reinforced phenolic
(3) Kraft paper-reinforced phenolic

- (4) Carbon felt-reinforced phemolic

fhe same propertieg for five pyrolyzed graphite-reinforced phenolic materials
will be furnished to Aerojet by AFRPL. Density determinations will bte at room
temperatures and heat capacity and thermal conductivity determinations will be
made up to 200°C.

3. Phase IIL. Field Utilization, Duration — Seven Months

a, Task 1. Instrumented Plug Fabrication

At the completion of Phase II, a plug/sensor/thermocouple
design will be coordinated with the AFRPL Project Engineer. ‘Then, 12 instrumented
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IV, A, Test Plan (cont.)

plugs will be fsbricated usipg ablative materials supplied by AFRPL. Each
will contain 35 sensors (covering the range established in Phase II plasma-arc
tects as compatible with the upper limits of a W-3Re/W-25Re thermocouple and
the suriace temperature), a W-3Re/W-25Re thermocouple and three chromel/alumel
thermocouples, These plugs will be provided to AFRPL for digposition to the

fabricators of ablative plastic components.
b. Task 2. Analytical Predictions

A thorough study end review will be made of all data
generated on the NOMAD program concerning the same phenolic-~reinforced materials
that will be test fired on this program, and also, of all plasma-arc data
generated in Phase II involving these materials., The charring-ablation ccmputer
program will then be used to predict the regression and temperature profiles for
2ll of the materials to be test fired at locations in the nozzle where the

instrumented ablative plugs will be inmserted,
c. Task.3. Post-Test Avulysis

Upon return of the instrumented plugs to Aerojet, they
will be oriented properly using the thermocouples as references and radio-
graphed. After radiography, the plugs will be carefully disassembled to recover
the sensor capsules which will be opened and visually examined for evidence of
melting. Thermocouple measurements and temperature versus depth diagram will
be constructed. Any deviations or discontinuities will be explained.
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ﬁ ~ * .. IV, Program Plan (cont.)
: . B. -LIST OF CRITERIA TO BE FOLLOWED IN COMPLETING PHASES IL AND III
; .o+ = 1. Phase II. Test and Evaluation

|

|

I ok . In fabricating the temperature indicating system.for plasma-

| arc terting and evaluation, the follewing list of specifications and procedures
will be f£ollowed:

! - - -a. Approximately 10 cc of 15 different sensor materials will

‘ be médm to the composition shown in Tsble I. These systems will be calibrated

" in triplicate by use of graphite melting poiant capsules (shcwm.in Figure 30)
and a Pirani furnace for the precision determination of melting temperatures.
Each gensor matérial will be heated to three different temperatures: omne 50°F

] ébdﬁé the melting temperature, one 50°F below the melting temperature, and the
retiaining ona will be heated to the melting temperature. The heat-treated
sensor materials will then be X~rayed and metallographically examined to

- determineg whether or not melting has occurred.

- - b. The graphite microcapsules (a total of 810 for Phase I1)
will be made of POCO graphite to the dimensions shown in Figure 27,

- ¢, Each graphite microcapsule will be hand packed with
325 mesh size sensor material; epoxy resin will be used to bond the capsule
1lid or cop to the graphite crucibla,

d. The graphite capsules and ablative spacers will te bonded
into place by the use of epoxy resin.

e. Duplicate ablative plugs of all phenolic mater’.als,

except one (asbestos phenolic), will be instrumented with 15 sengor materials

and four backup thermocouples for plasma-arc testing and evaluatior. One
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IV, B, List of Criteria to be Followaed in Completing Phases II.and III (cont.)

ablative plug specimen of nasbestos phenolic will be tested with instrumented
sensor materials which will cover the temperature range of 3500 to 5000°F,

f. The .packed microcapsules will be dispersed throughcut

the ablative plug in a manner as shown in Figure 32; three microcapsules con-
taining identical gensor material and separated axially 0,030 in, .apart will

be used to ascertain a particular isotherm. The microcapsules will be dispersed
radially (at least one diameter apart) as shown and will be dispersed axially

O U L RN

to cover an axial distance of 0.200 in.

.g. Four bare-wire type thermocouples will be instrumented

into each ablative plug as shown in Figure 32; a tungsten~rhenium.(0,003-in.-CD)
thermocouple will be placed at a level corresponding to the 4000°F .sensor :
material, and three chromel-alumel thermozouples (0.003-in.-0D) each will be Egg

placed 0.100 in. apart and below the tungsten~rhenium thermocouple... Thege

thermocouples will be used to monitor the temperature-time history.during

plasma-~arc testing.

Sy e
. N 1‘ R )
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h. The instrumented ablative plugs will be X-rayed before

and after plasma-arc testing to precisely locate sensors and thermocouples and
to determine whether or not melting occurzed at specific locations within the
ablative plug. Random metallography will also be conducted to.confirm the

X~-rav photographs. -

i. . An instrumented and shrouded ablative plug of each
phenolic material will be test—fired and analyzed before a duplicate test is
made, This will allow for modification and redesign, if necessary, for any of
the materials,
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IV, B, List of Criteria to be Followed in Completing Phases II and III (cent.)

‘ j~ An awalysis of each fired ablative plug will include the
béhivior of each sensor material as to whether it melted, vaporized, rzacted
awgéi'étc., the apparent compatibility of each sensor with the ablative
material, the spacial movement, if any, of the graphite capsules during firing,
the temperature profile through the charred material, as indicated by the
. rengor materials, temperature-time histories as indicated by the thermocouples,
and thermocouple and sensor temperature comparisons to determine thermocouple

accuracies.

k. The plasma-arc tests will be conducted at a coid-wall

heat flux thet will simulate motor firing conditions.

1. The ablative materials that will be analyzed in Phase II
are (1) MX 4926, carbon phenolic, (2) MXA 6012, asbestosg phenolic, (3) FM 5272,
paper phenolic, (4) MXC 113, carbon felt phenolic, and (5) five different
pyrolyzed (precharred) carbon and graphite phenolics.

2., Phase IYXI. V¥Field Utilization of System

Based upon the results and analyses of Phase II, 12 instru-
mented ablative plugs will be fabricated and delivered to an AFRPL vendor

according to the following procedures and specifications:

a. The graphite microcapsules (a total of 540 for
Phase III) will be made as already indicated in b, ¢, and d of Part A,

Phase II, above.

b, The sensors will be distributed radially as mentioned
above in £, but will be distributed axially according to the results obtained
from the NOMAD Program, to the results obtained from the plasma~arc firings of
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IV, B, List of Criteria to be Followed in Completing Phases II and III (cont.)

Phase II, and to the results cobtained from the Charring Ablaticn Computer

Program,

c. The instrumented sblative plugs will Le X~rayed before
and after test as indicated in h. above.

d. Four sheathed-type thermocouples will be instrumented
into each ablative plug; a2 tantalum-sheathed tunggten-rhenium probe will be

placed at the 4000°F isotherm level, and three inconel-gheathed chromei~alumel

thermocouples will be each placed 0.100 in. apart, one below the other.

"e. The analysis of each motor-fired ablative plug will be

analyzed as indicated in j. above.

- f. Duplicate instrumented sblative plugs will be made for
MX 4226, MXC 113, and for three pyrolyzed materials. Single aklative plugs will
be made for MXA 6012 and FM 5272. The 12 ablative plugs will then be hand
carried to the motor fabricator designated by AFRPL,
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Asamoto, R. R. and Novak, P. E., Tungsten-Rhenium Thermocourles for use at
High Temperatures, Review of Scientific Instruments, V.38, Wo. 8, August 1967,
p. 1047 (2300 te 3000°C in Vacuum. Thorla insulation used.) ‘

Bacon, J. F. et al.,, High Temperature Vacuum Furnace with Metallic Sheet
Resistance Elements. Review of Scientific Instruments, V. 34, No. 11, p. 1200,
Nov 1963 (to 2800°C).

Bedford, R. E., Reference Tables for Platinum 20%, Rhodium/Platinum 5% Rhodium
Thermecouples, Review of Scientific Instruments, V. 35, No. 9, p. 1177,
Sep 1964 (to 1750°C).

Black, F. S., High Temperature Sensors for z Re-Entry Research Veiiicle,
SAE Paper 750K, 1963 (A63-23891).

Blum, N. A., Recording Optical Pyrometer, Review of Seientific Instruments,
V. 30, No. 4, p. 251, Apr 1959.

Camac, M. and Flinberg, R., High Speed Infrared Balometer, Review of Scientific
Instruments, V. 33, No. 9, p. 964, Sep 1962, (5 to 30-micron range).

Cchen, J. and Eaton, W., High Temperature High Vacuum Resistance Furnace,
Review of Scientific Instruments, V. 31, Ne. 5, p. 522, May 1960.

Clark,R.B.,Calibration and Stability of W/WRe Thermocouples to 2760° {S5000°F),
in: Instrument Society of American Annual Conf., V. 19, P, 2, (A65-11197).

Daniels,W.B.,Simple Apparatus for the Gemeration of Prassures Above 100,000 ATM,
Simultaneously with Temperatuzes above 3000°C. Review of Scientific Instruments,
V. 32, No. &; p. 885, Aug 1961,

Danishevskii, S. K., et al., Thermccouples Made of Tungsten Alloys with
Rhenium for Messuring Temperature up to 2500°C, in: Industrial Laboratory,
V. 29, Mar 1964, p. 1242-1244 (A64-16973).

Dergunov, N. N., and Barabanov, V, N., Tekhnika Eksperimenta pir Issledovanii
Uglegrafitovykh Materialou pir 20-3200°C. Trans. in Industrial Laboratory,
V. 30, No. 8, 1964, p. 997-1005 (EI 1965, p. 128.).

Grey, J., et al., Temperature Measurement in a Graphite Environment from

1600°C to 2500°C, Hoskins Mfg. Co., Detroit, Mich., In-Instrument Society of
r America, Annual Conference, 19th, New York., Oct. 12-15, 1964 Proceedings,

V. 19; Pt II, Physical and Mechanical Measurement lnstrumentation, Pittsburgh

Instrument Society of America, 1964. 12p. Preprint 16.13-3-64.
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~ OPEN LITERATURE REFERENCES (cont.)

thl F. .y aad Spooner, ¥., Application and Performance Data for Tungsten—
. -,Rhenium Alloy Thermocouples, Sept 1963, SAE Paper 750C (463-23914).

Hall T., Some Hggg_gressure, High Temperature Apparatus Design Congiderations:
Equipment for Use at 100,000 ATM and 3900°C, Review of Scientific Instruments,
v. 29, No. 4, p. 267, Apr 1958.

-’Eall, T., Ul;rarﬁggp-Pressure, High Tewmperature Apparatus: The "Belt™. Review
of Scientific Instruments, V. 31, No. 2, p. 125, Feb 1960, (200:0°C).

Bicks E W.,Investigatlon of Tungsten/Tungsten-26% Rhenium The'mocouples Above
3500°F in Oxidizing Environments, in: Instrument Society of America 19th
Adanual ISA Conference and Exhibit New York. Oct 12 - 15, 1964, V. 19,

pt. 2, preprint 16, 10-3-64 (TL Q 184 Pro 1964 pt. 2).

Hicks, E. W., The Requirements for a Direct-Reading 5000°F Thermocoupie, in:
Instrument Society of America 18tn Annual ISA Conference znd Exhibit, Chirwago,
Sep 9 - 12, 1963, 7. 18, pt. 1, 2Preprint 29.2.63% (TL Q 18} Pro 1963).

Johneon, P., Ultra Yigh Temperature Thermocouplie for Aerospace Application,
in: JInstrument Society of America National Aerospace Istrumentation Symposium
12th, Philadelphia, May 2 - 4 1966, pp 275-277 (467-11139.) (to 5200°F).

“Jonas, R. A., and Hun%, J. L., Use of Temperuture Sensitive Coatings for
Obtaining Quantitative Aerodynamic Heat-Transfer Date, AILAA Journal, 1964,

Kasanof,D. R., and Kimmel, E,, Recent Developments ‘n Fusibie Temparature
Indicators in Temperature — Its Measurement. and Control in Science and Industry
No. 3, Pt 2, Reinhold, 1962.
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Kiyoura, R., Studies on the Tungsten Furnace and ‘ts Temperature Measurement
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OPEN LITERATURE REFERENCES (eont.)

Moen, W. K., Significance of Errers in Hizh Tempersture Mezsurement, North
American Aviation, Inc., Space and Iaformation Division, Downey, Calif. 5AR,

- NASA Engineering and Mfg. Meeting, los Angeles, Calif,, Sept. 23-27, 1963,
Paper 750F.

- Moen,; W. K., Spacecraft Thermocouple Installation Degign, in: Instrument
Society of American Annual Conf., 1964. V. 19, Pt. II, (Says thermocouples "
should not be used from 2000 to 5000°F), (A63-11195).

Nadler, M. R. and Kempter, C. P., Thermocouples for uée in Carbon Atmospheres,
Review of Scientific Instruments, V. 32, No, 1, p. 43, Jan 1961, (to 2200°C).

Nanigian, J., Ribbon Thermocouples in the 3000 to 5000°F Range, Instruments
and Control Systems, V. 39, May 1966, pp 93-99, (A66-32038).

Nanigian, J., Temperature Measurements in the 3000 to 5000°F Range Using
Ribbon Thermocouples, Nanmac Corp., Needham, Mass. Instrument Society of
America, Annual Conference, 19th, New York, N.Y., Oct. 19, 1964, paper. 12 p..

Nilson, J. R., Elimination of Electrical Interference in High Temperature
Thermocouple Installations, in: Imstrument Society of America 1960 Summér
Instrument-Automation Corference and Exhibit, San Francisco. May 9 - 12, 1960.
Preprint 36 -SF60 (TL Q184 Pro 1960). -

- Nydick, S. E., Thermocouple Errors in Ablatior Materials, Instrument Scciety
of America Annual Conference and Exhibit, 2ist, N.Y.. Oct 24 - 27, 1966
(A67-11104) ., . .-

Olsen, L. O. (NBS), Some Recent Developments in Noble Metal Thermoconples,
SAE Paper 7504, 1963, (A63-23892).

Pentecost, J. L., and Eliason, L. K., Characterizing Materials Above 1500°C,

Int Symposium on Maguetohydrodynamic Electric Power Generation, U.S. - Proc.
Jul 6 - 11, 1964 (E7. 1965, p. 1282).

Pustell, R. A., §390°F Thermocouples for Re~Entry Vehicle Applications, General
Electric Co,, Imstrument Dept., West Lynn, Mass. SAE, NASA Engincering and
Mfg. Meeting, Los Angeles, Calif:, Sept. 23-27, 1963, Paper 750E. 10 p.

Samsonov, G. V., Thermocouples for Meszsuring High Temperatures. Akademiia Nauk
Ukrainskoi SSR, Institut Problem Materialovedeniia, Kiev, Ukrainian S3R.

, Stadnyk, B, I., Teplofizika Vysokikh Temperatur, V. 2, July - Aug 1964,
pp 634-647, Hipgh Temperature, V. 2, Jul - Aug. 1964, pp 573-583,
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S OPEN LITERATURE BEFERENCES (Cont.)

Sandets, V. b:, Review >f Higg Tempetatvre Immersivn Therinzi Sensing Devices
E -£o%: Inerlight Engine Coatrol, Review of Scientific Instrument, V. 29, No. 71,
Lx p. 917 Nov 1958 (3500- to 4000‘?)“

,l S;ﬁs, C. os Refractory—ﬁktal Therwocouples Containing Rhenium, Review of
Scientifie Iﬁstruuents, V. 304 No, 2, p. 112, Peb 1959, (Useful in Vacuum on
"Neatral or Reducing Atmosphere to 2600°C)

hrl

Smetanina, L. I., The Dynamlc Method of Measuring High Temperatures, Teplofizika
Vysdkikh Temperatur, V. 2, Jan. - Feb %64, pp 94-97, Bigh Temperature, V. 2,
Jan. - Feb 1964, pp 80—83. .

) Sféﬁnyk,_B. I., and Samsonov, G. V., Thermocouples for High-Temperature
Measurements, Tepiofizika Vysokikh Temperatur, V. 2, Jul-Aug 1964, In Russian
"*(Aﬁﬁ;27336)

Téylor, J- L., Apnaratus for Tensile Testing o 5400°F in Vacuum, Review of
Qcientifie Instruménts,, V. ‘34, No. 5, p. 500, May 1963.

Thomaa, D. B., Studies on the Tungsten—-Rhenium Thexmocoupls: to 2000°C, in:
‘Instrument Society of America 1963 Annual Instrument-Autcuatisn Conference
and ‘Exhibit, Chicago, Sep 9 - 12, 1963. V. 18, Pt. 2, Preprint 57,3.63
(TL Q 184 .Pro 1963).

Tinkaev, V. I. and Shashkov, A. G., High-Tempenrature Materials of Advanced
Technolqu and Methods for Studying their Thermophysical Properties at
Temparatures. up to 3500°C, Inghenero-Fizicheskii Zhurnal, V. 12, Feb 1967,
pp- 263277 (Ab7-25321).

Walker, B."b., et. al., Instability of Refractory Metal Thermocouples, Review
~ of Scientific Instruments, V. 36, No. 6, p. 816, Jun 1965 (1C00 to 2000°C
Undexr Vacuum).

Walker, 8. E., et. al., Theruoelectric Instabilit of Some Noble Metal

: Thermocouples at High Temperatures, Review of Sciuntific Instruments, V. 33,

¢ No. 10, p. 1029, Oct 1962. Erratum V., 34, No, 12, p. 1456 (Platinum, Rhodium,
Irridium Metals in Temperature Range 1000 to 1700°C).

Wilson, W, B., Device for Ultra High Pressure High Temperature Research,
Review of Scientific Instruments, V. 31, No, 3, p. 331, Mar 1i960.

. Witteman, W. J., and Workman, H., Cylindrical® High Temperature, High Pressure
: Apparatus, Review of Scientific Instruments, V. 35, Wo. 4, p. 461, Apr 1964.

. Yanowitz, H., A New Heat Flux Gage for Use on Recessive Surfaces, Instrument
i Society of America Annual Conf. and Exhibit, 2ist, N.Y. Oct 24 - 27. p.66
. (A67-11106).
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Aerojet-General Corporation

Carbon Resistant Coating for Tungsten~Rhenium Thermocoqples. R. -G, Hoff,
23 May 1966 (AGC RN-TM~-0325) (TL No. 6U3742).

Deflection Transmission Cable Link for Use in Thermal Environments in
Excess of 3500°F, Proposal to Aeronautical Systems Division,. .Prcpesal
No. SRR-63013, Peb 1963 (AGC SRR-33213 REF, TL No. 5U3808).

Desion, Development, and Fabrication of Twelve Prototype Thermocouples,
V., 1: Technical; A preposal. Mar 1964 (LR 640174, TL No. 4U3705).

Exploratory Development of Thermionic Ewission Techniques for Tramsduction
of Elevated Temperature, V. 1. A proposal (LR 640737. TL No. 4U8524),

Feasibility Report for a Method of Piezoelectric Accelerometer Temperature
Compensation; REON Technical Memorandum, D. G. Kneeland, 26 Jan 1966
(AGC RN-TM-0300, TL No. 6U1374).

Nerva Instrumentation Quarterly Review Minutes, Apr 1964, (RN-S~0096).
{rL No, 4U5468).

Thrust -Chamber Temperature Profile Probe, Nerva Program, Summary Report,
Jun 1966, Contract SNP-1 (AGC RN-S-0297, TL No. 6U6670).

Transient Temperatures and Associated Deflections in Model Rocket Nozzle
Inserts, S. K. Ferriera, Apr 1964 (TM-248, TL No. 4U4998).

Tungsten-Rhenium Thermocouples, May 1965, Report KN-S-022 (TL RC .0028).

Accuracy of Temperature Meagurements. T, M. Anderson, 8 Pec 1964
(TM 4873:64-2-256, CTIC Abst. 10455),

Aerojet Model J153 Optical-Electronic Extensometer, Special Report,
Oct 1961 (R-2103, CTIC Abst, 6373).

Equipment and Facilities for Determination of the Mechanical Properties
of Refractory Materials at Elevated Temperatures, C, E., Waller and
M. L. Stebgsel., Special Report, Jul 1859 (CTIC Abst. 695)
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Aeronautical Regearch Laboratory

Egpecimantal Evaluation oi 2 .Dual-Elems:n* Transducer for High Temperature

* Gas/Measu"ements, Chambers, J. T., et &l,, Mar 1563 (ARL-63-58, TL No.

430564); -

Aerbﬁautical SysLems Diviszan

; jﬁevelqpment of an -Ultra-Hi igh Temperature Pyrolytic Graphite .Thermocouple,
,fglige, .Ce AJ, Jan 1964 (TDR-63-844, TL Ko. 4U5853).

Egéeéfchuénd~Evﬂluatioﬁ of HMaterials fox Thermccdﬁple Application .Suitable
for Temperature Measurements up to -4500°F on the Surface -0f Glide Re-Entry
: Vehiéleé?(TDR=63-233; TL No, .3U4973).

‘Thérmal Pfoperties -of Twentv-six .Solid Mater*als to .5000°F .or Their
Destructicn Temperatures, Aug 1962° (TDR-62-7653, TL No. 3U4197).

.Aarsspace Corporation

;e@perature Messurement, Slaughter, J. I., Oct 1962 (TDRr169(3240~20) T,
SSD-TDR=-62-140, TL No. 3U5615).

~A§Tq5pgqa.Research-Labbratories

Température Determination in Moderately Dense, High~Temperature .Gases by
Transient .Thermocouple.Probes, Interim Technical Recport, P.S. Tschang
(Columbia Univi). May 1964. Contract AF 49(638)~1395, (ARL.65-95,

AD 617 702, TL No. 6U0439).

" AF Cambridge Research Laboratories, Bedford, Massachusetts

. Study of High. Temperature Thermocouples, Final Repcrt, 1 Jun.1963 -

- 15 Dec 1964, Hall; B, F., Jr., and Spooner, N, F., (Hoskins Mfg. Co.).
23 Mar 1965, Contract AF 19(628)-~2957 (AFCRL 65-251, AD 619 038,
TL No. 5U7365).

American Standards Association, New York, N.Y.

Temperature Measurement Thermocouples, American Standard (Instrument
Society of America), 9 Jun 1964 (ASA C96-1-~1964, TL No. 6U2051).

Armour Research Foundation

Develoyment of High Temperature Thermocouples, Sep 1948 (TL No. 3U4071),
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Atcmic Energy Commission

High-Temperature Sensors -for Borax-V Boiling Fuel Rods, E. J,.Brooks,
Oct 1962, Contract W-31-109-Eng-28 (AEC ANL~6636, TL No. -3U2359).

- Eigh Temperaturve Thermometry..Seminar, Qak Ridge Naticnal..Laboratory,
goct 1 -~ 2, 1959 (TID-7586 (PT. 1), TL No. 4U536%).

. : High~Temperature High-Vacuum Thermocouple Drift Tests, Hendricks,.J. W.,
Mcleroy, D. L., In Its High Temperature Thermometry, Mar 1966, 26 p, -
see N67-19621 09-22 CFSTI.

I In-Pile Performance of digh-Temperature Thermocoupies, Carrell, R. W.,
{ Reagan, P, E,, In Its High Temperature Thermometry, Mar .1966, 9 p, see

N67-1962109~22 CFSTI.

Summary of Experience with High-~Temperature Thermocouples..Used.in the
.ORNL=GCR .Progran .Fuel .Irradiation .Experiments, Briggs, .N. H., Long, E. L.,
Jr., McQuilkin, F..R., In Its Bigh Temperature Thermometzy,-Mar 1966,

22 p, N67-19621-09-22 CFSTI,

Thermal EMF Drift of Refractozry Metal Theimocouples in .Purze.and .Slightly

Contaminated Helium Atmospheres, Bennett, R, L., Hemphill, H, L.,

Rainey, W. T., Jr., In Its High Temperature Thermometry, Mar. 1966, 2 p,
- see N67-19621 09-22 CFSTI,

Thermal EMF Drift of High~Tempsrature Thermocouples in Helium.and: Argon,
Briges, N. H., Johnston, W. W., Jr., In Its High Temperature -Thermometry,
Mar 1966, 3 p, see N67-1962109-22 CFSTI.

Argoune National Laboratory

High~Temperature Sensors for Borax~V .Boiling Fuel Rods, Brooks,-E. J.,
Kramer, W. C.,, and McGowan, R. D., Oct 1962, 41 p, Contract W~31-109-Eng-38,
ANL"‘6636 .

Refractory Oxide Insulated Thermocouple Analysis and Design, Popper, G. F.,
Zeren, T, Z.,, In AEC High Temperature Thermometry, Mar 1966, 26 p, see
N67-~19621 09-22 CFSTI.

Arnold Engineering Development

Equations and Tables for Thermocouples 32°F Reference .Junction,
Spengler, W, E., and others, Mar 1964, AEDC TR-64-55, AD 432 828 (N64-17456).

Auto-Control Laboratories, Inc.

High Tempersture Thermocouple Research and Developmert Program.-Monthly
Progress Report, No., 11, 1 Apr - 1 May 1964, Smith, R. R., Jr.,
10 May 1964, 19 p, NAS 8-5438, NASA-CR~58569, T-1097-11 OTS.,
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A High Temperature Thermosouple -Research .and Devalopment .Program, Appendw:. 3

Miscellaneoug Technical Data Summary Report, Smith, R. R., Jr., 18 June 1965,

~ -r

?ﬁ{?{;: “:3 79 P, NAS8-5438, NASA-CR-67347 T-1097, Appendix 3,

T ”-‘;“ ‘}ﬁiggiigégéiéture ThermocéuglerRasaarch-and%DavelopmentﬂBrgggam, Summary
o= - 7. Tepott: Smith, R, Re, Jr., 18 June 1965, 14 p, NASB-5435, NASA-CR-67348
s T<1097.

4 Iii@_ -Temp azature Thermocouple -Reseazch .and .Development -Program, Appendix 2,
--Calibraticns, Smith, R. R., Jr., 18 June 1965, 99 p, NAS8-5438, .NASA-CR~

. 67197 T-1097, Appendix 2,

" ‘Batnes Epgineering Company

>

Study of a Temperature Measuring System-for the 1000° to 2500°C Range,
Guy Moffitt, Wright-Patterson AFB, Ohie, Flight Control Lah., Feb 1962,
106 p, Contract AF 33(616)-7479, ASD-TR-61~847, AD-274794.,

Study of a Temperature Measuring -System.for the 1000 to-2500°C -Ran e,
Final Report, July 1, 1960 - Aug 31, 1961, Guy Moffitt, Wright-Patterson
AFB, Ohio, Flight Control Lab., OGet 1961, 108 p, Contract AP 33(616)~7479,
ASD~TR=61-487, .BEC-4247,

Battelle Memorial Institute

Continuation .of the Small-Scale Operation of g Transducer Infoxmation
-Center, Chapin, W, E., et al. Oct 1956 (AFFDL-TR-66-66,.TL No. 7U5933).

Defense Documentation Center, Alexandria, Virginia

High Temperature Instrumentation, A Report Bibliography, Covering Period
1961 - Jul 1962 (DDC ARB~11040, AD 446 929, TL No. 5U0884),

Diamond Ordnance Fuze .Laboratory

Measurement of Temperature, Advanced State~of-the-Art Bibliography,
Joseph .Pearlstein, Aug 1961 (TR-969, TL No. 2-1729).

Fairchild Engine and Airplane Company

The Development of Thermocouples, Feb 1948 (NEPA-ARM-3. TL No. 3U4415),

Foreign Technology Divis:ilon

Boride Zirconium Tips for Immersion Thermocouples, Samsonov, G. V., et al,
Jul 1962 (TT-62-732/ 1 + 2, TL No. 3U4203),
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Flight Dynamics Laberatory

A Probe for the Instantaneous Measurement of Surface -Temperature,
Jan 1964 (RTD-TDR-63-4015, TL No. 4U6548).

General Electric Company

ARP Materials, Final Report, 20 Sep 1965 - 31 Oct 1966, 15 Nov 1966,
Contract AF 04(694)-667 (GE D-66SD 9207 Secret-RD, SA-67-00132(00G2)--£7,
AD 376 948, TL No. 751657).

Survey for a High Temperature Sensor -for Southwest Atomic Energy
Associates, Asamoto, R. R., and Novak, P. E., Jul 1965 (CGEAP-4993).

Research and Evaluation of Materials for Thermocouple Applicat:ion Suitable
for Tepperature Measurements up to 4500°F on the Surface.of Glids Re-Entry
Vehicles, Kuhlman, W. C., May 1963, Contract AF 33(647)-847Z, (8472 63-5,
CIIC Abst. 4770).

Research and Evaluation of Materials for Thermocouple Application Suitable
for Temperature Measurements up to 4500°F on the Surface of Guide Re-Entry
Vehicles, Final Report, Mar 15, 1962 -- Mar 15, 1963, Kuhlman, W. C..
Wright-Patterson AFB, Ohic, Directorate of Materials and Processes,

May 1963 83 p, Contract AF 33(657)-8472, ASD-TPR~63-233,

Hoskins Manufacturing Company

Study .of High Temperature Thermocouples, Finzl Report, June 1, 1963 -
Dzcember 15, 1964, Hall, B. ¥., Jr., Spooner, N, F., 23 March-1965,
89 p, AF 19(628)-2957, AFCRL~65-251, AD-619038.

Instrument Society of America, Pittsburgh, Pa,.

Temperature Measurements in a Graphite Environment from .1600 to -2500°C.
Hall, B, F., Jr., and Spoonexr, N. F., (Hoskins Mfg. Co.). Paper to be
presented at the 19th Annual 1SA Conference and Exhibit, N.Y., 12 - 15
October 1964 (ISA PP-16.13-3-64, TL No. 5U7986).

Johns Hopkins University

Instruments for the Measurement of Lccal Flame Temperature in High-
Velocity Streams, Conrad Grumfelder, January 1953 (CM-768- TL No. 3U4398).

National Aeronautics & Space Administration, Washington, D.C.

Cumparison of Measurements of Internal Temperatuzes in Ablation-Material
by Various Thermocouple Configurations, M. B. Dow, November 1964 (NASA
TN D-2165, TL No. 5U0245).
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.:Déveioﬁﬁeﬁt‘of)é Vapbeéfiessure-Operated High-Temperature Sengor Device,
%ingl Report, .J. R, Van Orsdel and others (Battelle Memorial Imst.),

*"- 1 Mareh 1965, Contrsct NAS 3-5202 (NASA CR-5436¢, TL No. 6U3329).

Effect .of Tharmocouple Wire Size and Configuration of Intermal Temperature
Measurements in a Charring Ablator, Technical Note, W. D. Brewer, March 1967,
(NASA T D-3812, TL No. 7U1990).

Small Plasiia Probes with Guard Rings and Thermocouples, J. F. Morris,
Oatober 1966 {NASA T™M X-1294, TL No. 6UG7024),

Forebody Temperatures and Calorimetric Heating Rates Measured During Project
Fire II Re-Entzy at 11,35 Kilometers per Second, by Elden S, Carnette,
November 1966, NASA TM X-1305, (TL 6C 7420).

‘National Bureau of Standards

Bibliography of Temperature Measurement, January 1653 - June 1960, April 1961,
Monograph - 27 (TL 1-6433).

Naval Ordnance Test Statien

Design and Use of Fine Wire Thermocouples for Research, M. H. Hunt,
September 1959 (NAVORD 5828, TL 3U4207).

Naval Research Laboratory

Thermoelectric Instability of Some Noble Metal Thermocouples at Hich

o
Temperatures, B. E. Walker, et al, June 1962 (NRL Rept 5792,
TL No. 3U04205).

QOak Ridge National Laboratory

Smoothed Thermocouple Tables of Extended Significance (°C), March 1965,
various sections, ORNL 3649, v. 1,2 (N65-20151 - 20159 N65 20€8C ~ 20684).

Pratt & Whitney

High Temperature Thermometry at Canel, P. Bliss, February 1965, presented
at AEC Tech. Meeting on High Temperature Thermomstry, Washington, D.C.,
24-26 February 1965, AEC Conf. 650204-8, TIM-888 (Thermocouple Film
Diagram for High Temperature Applications) (N66-20304, p. 1659).

Thermocouple Development - Lithium Cooled Reactor Experiment, S. Faniciullo,
March 1964, (PWAC-422 (N64-16000 -~ 07-15).
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Sandia Corporation

Measurements of High Temperatures, Barber, J. A., in AEC High Temperature
Thermonetry, March 1966, 30 p, see N67-19621 09~22 CFSTI.

Society of Automotive Engineers

Pulse Technique Extends Range of Chromel-Alumel to 7000°F, Wormser, A. F.,
and Pfuntrer, R. A., April 1962, Pap. 524A (IL 3U01632).

Tungsten/Tungsten-Rhenium Thermocouple Research and Development,
McGruty, J. A., and Kuhlman, W. C., April 1962, Pap. 524C (TL No. 4U2469).

Southern Research Institute

Fvaluation of the Performance of Tungsten - Tungsten 26 Rhenium Thermo-
couples to About 5000°F, Allen J. G., and Pears, C. D,, July 1963
(N64-17269) .

The Thermal.Properties of 13 Solid Materials to 5000° for Theixr
Degtruction Temperatures, Neel, D. 8., et al, Tech. Doe. Rpt.,
February 1962, Contract AF 33(616)--6312, (S14 6312 62-2, CTIC Abst.
5620) .

Stanford Researzch Iastitute

High Temperature - A Tool for the Future, Proceedings of the Sympos:.um
Held at Berkeley, Calif., June 25 - 27, 1956, Menlo Park (SRI, ¢l956,
218 p. TL No. QC 277 Sta).

St. Louis University

Temperature Measurements in Oxy-Hydrogen Flames Using Scattered Neutrons,
Delaney, R. M., and Weber, A. H., (AROD 2504:2, TL No. 3U4400).

Thompson Ramo Woolridge

Developmeat of Advanced Mozzle Designs for Large Solid Propellant Motors,
FR 4900 13 (TL 3C 5096).
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TERNAKY PHASE EQUILIBRIA IN TRANSITION
METAL~CARBON~SILICON SYSTEMS

Contract AF 33{615)-1249

In this project, experimental and theoretical investigations of
refractory metal carbide and boride phase relationships have been -performed.
As a result of this work, the melting temperatures of these refrasctory.
materials and the intermediate phases that form have been accurately estab-
lished, The following reports have been issued in this program.

Part I--Related Binary System

Volume X Mo-C Systemw

Volume II Ti-C and Z:~C Systems

Volume III Mo~B and W~B Systems

Volume IV Hf-C System

Volume V Ta-C System

Volume VI W-C System, Supplemental Information

on the Mo~-C System
Volume VII Ti-B System
Volume VIII Z2r-B System
Volume IX Hf-B System
Volume X V-B, Nb-B, and Ta~B Systems

Part IiI-Ternary Systems

Volume I Ta-Hf~C System
Volume II Ti-Ta~C System
Volume III Zr-Ta~C System-
Volume IV Zr-Hf-C, Ti-Hf-C;, and Ti-Zr-C Systems
Volume V Ti-Hf-B System
Volume VI Zr-Hf-B Systen

Volume VII T1~8i-C, Nb-Si~C, and W-$i-C Systems
Volume VIII Ta-W~C System
Volume IX Zy-W~B System. Pseudobinary Systems

TaBZ--HfB2
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Volume X The Systems Zr:-Si-C, Hf-Si-C, Zr-8i-B,
- and HE-S1i-3 ‘
‘Volume XTI- Bf-Mo-B .and' Bf--W-3 Systems

"~ Yolume XII. - Ti-Zr-B System, Pseudobinary .Systems

ZrBz~Hsz, ZranTaBzg.and HfBé—Nsz

Volume XIII  Phase Diagrams of the Systems Ti-B-C,
: Zr-B-C, and HE-B-C

"Eafn ¥Ei~-Speciak Experimental Techniques

Volume T High Temperature Differential
: Thermal Analys:is
Volume.XII =~ A Pizani~Furnace for the Precision

Determination of the Melting
Tempatatures of Refractory Metallic
Substances
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