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FOREWORD

this, firiti',phaser- technical report-covers'all work performed under

Conct -F0461i1-67-C-0118,from 1 August 1967-to 6 October 1967. The manu-

RPI Technical Report.K

The work .bn- this-.contract; by the- Research:an1 echnology Operations

;:~:::ie~Genra1Cotporationj Gaeramento; California,- Is being admini-
stere-d under- the-.direction-of- Zhe-;Air-%Force- Rocket-Propulsion- Laboratory,

Exid-ArForce--Base,. Califoria -wih- Mr.-. Binder- as the project officer I
ahxd - .. Thtasher-.as' -proj ect- technida1: coordinator.

This e-program--As under- the~ technicalt mangeaent--of - Dr-. - J . DeAcetis.

Heat .transfer -analyzes were ceciducted by-Mr-D.--C. Rousar-aid-Mr. R. W. Michel,j And- thit, literature survey, was ;iconductedby-Johanna C. -Ross.

Tni6-.ieport contains no classified information;vextraeted from other

-classified documents.

-This -.technical-report--hts -be.n' reviewed- en:-is -approved.

Harold I. Binder
AFRPL, Project Engineer
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ABSTRACT

The primary purpose .of this program is to develop a high temperature

(3500 to 60000F) indicating system to obtain internal temperature measurements

in ablative type materials during rocket- motor firings.

During the first phase of work a state--of-the-art survey was eonducted

to determine these necessary factors which, would permit- the accurate measure-

ment of in-depth temperatures.- A high temperature indicating syste _was

designed on .tlie .basis of the phase equilibrium of refractory- materials in the

3500 to 60000F range.
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SECTION 1

INTRODUCTION

-e A. GEERAL

This program was initiated-under the sponsorship of the Air Force

Rocket Propulsion Laboratory. The objectives were; - (I) to develop -a high

temperature sensor capable- of detecting temperatures in the 3500 to 6i0000F

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- follwing- three .phases of work:

Phase-I; Study-.and-System Design

Phase II, Test and Evaluation

Phase III, Field Utilization-of the Systers

The purpose of Phase I, Study amd-System Design, is to (i) conduct

a state-of-the-art survey on high-temperature-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 .Evaluaticni-is to fabricate and

experimentally test models of the developed-techniquei 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 evaluating the temperatures of ablative

plastics in a-series of-motor test firir'gs.

Page 1
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1, A, GenerAL colj.

I This-report covers Phase. 1 - conducted- during the- period 1 Au.-wuL

I - 1967- to 6 October 3.96. it contains a detailed la-out of #-'e dereloped high-j

tiiratue-sensing-tecimiqqa =-d an- organized pLan to test- the tecbniocae.

-concentrated- =n thermocouples so tha te=pezturea =ight be determined as a

fuiict!n- of -firing- duration. M-rugh great s-trides have- been made in acccm-

plishfrg-accurate-thernocouple zeisurent, such instrumentation- is plagued by

~tbeniioccupie -breakage, questionable 'cialbreca, heat cocl dutiM vY from the

te~peratare-thexrmocoupl1;e; W-3ZZ Re!N-25Z Re, is U=-Ited to 4200*7 which isj

- 1=~st 2WOQ*F. beloJ- the -reati temueratara of:s-the.eh~ar surface.j

j - The successful, develouineat of-accurate temreratm-= sensors w-1l

j extend -the temperature measure~ient range:ai,-ve 42WMF mand ezxble ths ch.ar

-~ surface teziperature to be determined. These data are needed to bettez pres~ict

B. PROURA} OBJECTIVES

The objectives of this program are: (I) -design and-fabricate(

- temperature-indicating sensors-which cover the temperature range from 3500 to

600 0 F for t11ustallation in ablating-materials for rocket nozzles, (2) calibrate

and ye; ify the accuracy of temperature measurement, and (3) using these devel-

oped temperatuire sensors, establish the temperature .prof-Lles of NOMAD nozzle

-components during.-motor firings.

Page 2
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S'9CION II

A. LITEAURI SUVEY A-D SYS7 DESIGI

A state-of-the-art su~vey was made to deterzdie the present ca9-

bilities of obtainIng rtepeature aeasure=ents in the range of 3500 to 60000F.

oa the basis cf this s-rvey and c."yses of the data found, a system was

developed axd designed to be connatih:le with se-eral ablative reinforced

plast-ic terials. It was fod that the 3500 to 6000°F teperatures could

be obtained by utilizing hijgh te=.-atre refractory meta1-carbn eucectic

a=d peritectic ccmpositinms. E-acapsulating precalbrated =ixtures of these

co azsitions Jxmo a graphite container of such a size that a eimx tepera-

tore disturbance is caused in the region of measureent provides a system that

is chemically compatible; the se!isor material xith the conta-In and the con-

a.t er W the ablative Iaax
B. ?POGRAM FOE EVAT7( A1.0 FIML UIMZA110 OF SYSTEM

A progra was planned to evaluate and field test the developed

technique. The eialuation of the designed syst- is planned to consist of

two -,ajor categories; fabrication of containers to encapsulate. mixtures of

eutectic povders, and i-piantation of the fabricated sensors into several
ablative plastic mat t.rials for !akoratory testing in a plasm-a are scream.

The ablative materials will consist of carbon- and graphite-reinforced

phenolics, asbestos-reinforced phenolics, kraft paper-reinforced phenolic,

and five pyrolyzed-reinforced phenolics. Field utilization of the dessgn

system was planned to consist of sensor and thermocouple instru=entation of

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

motor firings at the Air Force Rocket Propulsion Laboratory.

Page 3
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SCCTIGN in!

-Altrauesuv a cz- DIanSI allpen literature sources using

A4 sndblject natter pertaining to ti& te- erature sensing devices, high te--

pierature neasuremnts, and, techniqtes to dhstain high tenperatures (above 3500"F

In ach case) in solid nateriazls W220 Sought arid reviewed. in addition to the
open litera-re saoarces, requests were ade o the N and DDC agencies for

In Appn~dix 11- All artizles found re pr:=ar' ly corn-cerned with either

p~ceticor tz tali c ther~acotnle measure~ents. Mie references

dalig %ith pyrocietiric techi're vere neither considered nor included in

j Kasanof and, i M-,e (Anyp i)discussed a different approach to

obtaf.n,.ng tezperatLre measuremnts in solids. They dis cuss the use of fusible

indicators Manufact,.'ed in miniature pellets for use in the te=perature range

o0, 100 to 3000*F.. The fusible 1.ndicators consist essentially of a group of

-con i which liquef at precaibrated teperatures. No mention was made

of the specific cczpounds used to obtain temeraturez to 3000 *F. It vas

nentioned, however, that the compouuds used were chemically stable for long-

term sterage and at elevated temperatures up to their melting points. Also,

the se compounds have a low order of toxicity and are relatively inert to
most materials of construction in order to avoid reaction with surfaces being

ex-anined. The pellets are avail-able in co--ercial fora (1/8 x 1/8 in.) and

are intended for use in oxidizing or inert atmospheres when extended heating

periods are involved. For the anticipated application here, their approach

appears to be limited only by size and the maximum temperature obtained.

Page 4
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M.I, A, Literature Survey (cont.)

Thermcouvles have been the most widely used tennerature sensors

because of their relative sirmlicity of construction and availability.

Because of an increasing need to obtain reif.able high teqpexatures above

3500F34 in both inert and oxidizing envf1rona-ents, some progress has been made

in developing thermocouple systems to accutreely measure tenrDeratures to

4500*F + 50*F.

Vmzgsten-rhenitm alloy themo couples are the most widely used

thermocou9oles for temnerature measurements above 3500*F becaus e of their

excel-lent heat transfer characteristics and high neltinig point. The

tem~eratre-illi1volt relationships for these thermocouples have been estab-

Alshed by several investigators to 4200OF for tungsten vs tungste 6 thiun

and tungsten-5Z rhenium vs; tungsten-26Zrhenium, and to 4350*F for the

ttmgsten-3Z henium vs tungsten-=5 rhenix .I

j To make reliable temnerature measurezents at 40000!, consideration

=1st be eiven to the insulator used in tae thermocouple to electrically and

thea~yseparate the thermoelem-ents. BerylIum4-- oxide has been the most

widly sedthemooupe isuitorfo bih t=-vratrework, but its Melting
point (% 45900!F) limits it-- usefulness at higher temperatures. Thoria oxideI
has received some- attention as an insulator (ri.p. :1. 55000!), but its unmcer-

tainties in electrical properties and co~patibility with the refractor- metalz

=Akes its use questionable.I

B. TE-WMMPA1E SEA-CURMOE Ml ABU-TIVE PLASTICS

To effectively use a sensor system to provide temperature measure-

ments within ablative plastic, chars in the upper temperature range of 3500 to
60000!, a knowl7edge is required of how; ablative plastics perform; how 17'ch

surface regress-ion and charred material can occur; and what generai region

Page .

- - ---- : --c~D



Rept AFROP-T-67-284

-rI, B, Te=pertu-e Heacuremrit in Ablative Plastics (cont.)

-of the char -an be expectr.d to reach the subject temperature range. Without
t.is- knowledge, many. te7,perature sensors would be wasted in improper locations

-as - 2te aea in. questicn extends inward from the flame surface, seldom exceedsI 0,060 .n.. in depth, and is constantly receding from the original position of

-the -flarne surface.

Ae-ojet has cuirently instrumented 13 NOMAD nozzles applying over
50 therocoupile._plugs e;rch of Vnich contains four thermocouples. This instru-

mentation h;,s provided considerable Insight into the temperature gradient

" : thtou. ablatlv& coponents.

Figuires, 1 through 6 are plots of thernocouple data from various
NOMAD i=otor nozzle firings, plotted to shoV the temperature-tine hitory in
d t?, through the ablatiVe plastics. 'Nhe postfire surface regression data

are also included In the plots. These data have been cross-plotted on the

ii st.= figu, to shcr. the temperature gradient thrrjgh the char and virgin
nateeal at 60-sec. From the measured total surface regression, peak surface

1tmperatures of approxi=ately 60000? appear to be possible for carbon phenolic,

~J! X4926 (Figure 1), and kraft paper phenolic, FM5272 (Figure 5) at nozzle loca-

' ons indicated on each figure. Peak surface temperature of 34000F seems to

characterize both asbestos and silica phenolics as shown, respectively, in
Figures 4 and 6. Graphite phenolic (Figure 2) and carbon felt phenolic

(Figu-re 3) appear to exhibit surf;ace temperatures up to about 47000F. Also,

i it can be noted frrm the above figures that carbon phenolic (Figure 1) has
the largest char thickness (0.190 In.) over the 3000 to 6000*F range, while,

of course, silica and asbestos phenolic (Figures 4 and 6) have the least or
' no char thickmess corresponding to this same temperature range.

IPI-

"'i'. !Page 6
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Temperature, OF
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Figure 1. Distance vs 'ime for Various Isotherms in Carbon-R.-iuforced
Phenolic Material
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Temperature, O
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Figure 3. Distance vs Time for Various Isotherms in Carbon Felt Reinforced-
Phenolic Material
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STmperature, OF
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Figure 4. Distance vs Time for Various Isotherms in Asbeitos-Reinforced
Phenolic Material
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Figure 5. Distance vs Time for Various Isotherms in Kraft Paper Reinforced-
Phenolic Material

Page 11



oTemperatur, -

2400 I

I, 0
I Tenperature, 0

t4 ian at 60 sec.

-0.16- Nozzl Rxi &tesion NOMD 1 erie

-. 7
*0 4-,6 5 4 _6

oiin eDueaaiore se

Phdenoli Mat ec.a

Pae1



Report AFRPL-TR-67-284

III, B, Temperature Measurement in Ablative Plastics (cont.)

Although the accuracy of the measurements has not been estab-

lished, it appears that few measurements can be made above 3000OF in the

silica and asbesLos 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

are:

(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 sensors that will not

affect normal heat flow, and

(4) Ease of detection of the irreversible indication.

The governing criterion in the selection of the sensor system is

chemical compatibility. First, the container material must be compatible with IC
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 container material must 6c 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 indicating the bottom of the temperature range)

will form a eutectic with carbon that melts at 269G0F.

Page 13
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11i, C, Sensor Materials Selection (cont.)

By taking advantage of the formation of metal eutectics with

cafoon, ideal sensor indicators can be made that are compatible with graphite

as a containex material. The melting of premixed powders of the eutectic will

-provide an irreversiblk indication of temperature. A thorough understanding

of the phase relatonships existing in refractory metals with carbon has been

obtained 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 and phase changes that occur in these systems.

In the temperature range of 3500 to 6000*F, Dr. Rudy has found

that autectic reaction rates are extremely fast and occur at precise tern-

peratures. The melting temperatures of 15 selected binary eutectic composi-

tions that melt between 3000*F and 6C 0'F are listed in Table I. In preparing

this list, cons.,deration has been given to all zefractory metal carbon 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 eutectic, then the metal rich eutectic and last the inter-

mediate 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 considerations are given.

Figure 7 is the phase diagram of the Holybdenum-Carbon system,

selected for discussion because four of the selected sensor materialo are

based on this phase diagram. The mixture of 17 atomic % C znd Mo powders

will melt upon reaching 2200 + 50C (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-

sition of the melt will change, but will not alter the fact that melting has

occurred. It is apparent, however, that care must be taken so that sensors

containing molybdenum of different compositions not be mixed.] Page 14
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rlALE I

TEMERAIUR'-SENSING MHEBIA1S

Conosiriv. of Melting Te=eraur-

Eutectic Phases Eutectic oC op

Pt + C 3 At. C 1732 + 15 3150 + 27

Z - + Zrc 5 At.% C 1835 + 15 3335 + 27

Ho + -mo2C 17 At.%C 2200 + 5 3992+ 9

+Nb-- 10 2I5 + 0.5 At.A C Z353 + 10 4267 + 18

ZrB2 + C 33 + 2 AtA C 2390 + 15 4334 + 27

HfB2 + C 38 + 2 At. C 2515 + 10 4559 + 18

a HOC 1 -x + C 45 At.% C 254 + 5 4683 + 9

VC + c 49.5 + 0.5 At.% C 26Z5 + 12 4757 + 22

WC1 -x + WC 41.0 At.% C 2720 + 10 4928 + 18

TiC + C 63 +i At.% C 2776 +6 5029'+11

Ta + OTa2C 12 + 0.5 At.% C 2843 + 15 5149 + 27

ZrC + C 64.5 + AtA.% C 2911+ 12 5272 + 22

HfC + C 65 + 1 At.% C 3180 + 20 5756 + 36

NbC + C 60 + 1 At% C 3305 + 20 5981 + 36

TaC + G 61 + 0.5 At.% C 3445 + 26 6233 + 47

Page 15
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3L8~38.6L*C j
~.2~~±434-,2=t5-J 42;260043O5

32-6;2469±6* 722 0 ±

L+Mo LI
0 -X

- I2200±5'3,MC. 1-- cMC

W_ ( 0
L~a-mC 1960+200
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Jzt 165±

tw o 39 5±j11400-
1400a-Mo 2  a-Mo

1200-19±0

33.8 4-Mo C+C
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Mo -ATOM % C-.

Figure 7. The Phase Diagram of the System Molybdepum Carboin
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MII, C, Sensor Materliais Selection (cont.)

The initial co~nsirica of HoC!.., 4 C will provide the 2584 - 5*C

(4683 + 190?) eutectic melt. Like the Yo-rich eutectic, the C-rich entectid

is relatively insensitive to co-position. Ninety percent or more of the

por,;ders wil z.elt between 44.9 and 50.5 atomic pe-cmt carbon. As the te=-

perature incre., es above 4683°F, the melt will absorb carbon frt the graphite

container. This absorption of carbon does not alter the fact that melting

occurred at 46830F. The vicrostructure of the sa-ple Vwuld provide a qu-Ali-

tative indication of temperature, but with such l-Iited accuracy as to make

the metaliographic evaluaticn not economically feasible.

Composition-control must be maintained more accurately with the

intermediate eutectics than with the metal or carbon-rich eutectics-. This can

be readily achieved by mixtures of the various molybdenum carbide powders.
One of these inte diate eutectics was not selected because an Inter-ediate

temperature between the 45590F for HfB2 + C, and 46830F for a MoC + C, was

not considered necessary..

By zomparison of the Mo + Mo2C and the a MoC + 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 eutectic, the carbon-rich composition was selected. In other

instances, the simpler system providing a similar temperature was selected.

An example of a temperature range containing a large number of

eutectics from which to select is 4910 to 5029°F. These temperatures are pro-

vided by the following material mixtures: W+W2C (49100F), WCI x+WC (49280F),

i PaSe .0

OW*

Zp_~~ MP±1
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4. flp. ~,Sensor Lfaterials: Selection (cantz.)

O 4C (493'F)., C + W2C (4955-F), ;cHZ (5021-F) aad TL-C+.' (5029-F).

Seciuz~ o th 1 , +iC Idstead of W'Y was made because it is the carban-

r'ch eIutie*tid. !PiC+c s -selected instead of WC+C becaus e the latter ben

2 .,.pi tectic could -be eazily confuased with the WC :+ WC Hf a almup occurred.

}Another system, lr-i-r (41440*F), is possible but vas not selected

I because minor contihination in the composition miarkedly iecreases the inelt

tenp Brt ke. Te contaminants present in graphite as minor ippurities areI-- c that it iwuld be difficulit to control this coTosition.

The only -other ssyiiten to be given serious consideration as sensor

ite~tia~i are. the ternary eutectics. Howew.tr, rielting of the compositions is

iiotas stifhtfo7*ard as it would appear co, ba from the phase diagrams.

C etelctic. trough exis§ts between. the ZrC + G~ and HfC + C eutectics in the
ternary system so that all temperatures between 5272 and 5756*F appear

17feaible. Since no binary euteactic exists in. this range,, utilization of this~

I system-would be-desirable. Howtiver, it has been reported that crystallization,

instead of discrete melting, occurs. Should the investigation of sensor

response in subsequent tests indicate that it is necessary to de~ralc'V Lhis

C type syst~i, more consideration will be given to its evaluation.

T.
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II, Technical Discussion (cont.)

D. 1;7AT MRANSFEM A HdLY S iS

Heat transfer analyses were performed to deter-ine the influence on

the temmerature field within ablative materials during a transient heating

period after inlantatioz of small temperature sensing devices. 'e two types

of sensing devices considered were encapsulated sensor materials and sheathed

and bare-wire thermocouples. The materials considered were a carbon-reinforced

phenolic, an asbestos-reinforced phenolic, and a papr-reinforced pheno c.

The thermal properties of materials used in this analysis are preseated in

Table iI and in Figure 8.

1. Sensor Element Analysis

The first step of the analysis was to investigate the effect

of the parame.ers listed below on the temperature measurement error encountered

with sensor ,elements.

1. Sensor size

2. Sensor distribution

3. Ablative material properties

4. Contact resistance

5. Gas-side 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 eIS-ICS. An adiabatic boundary

condition was as-u1ad at the outer radius of the cylinder and at one enid,
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( :- V . TABLE 11
1BER~.AL ~~B~OF7IES OF ABLA 'LV AND SBS0 MAIE TA.S

Marial Tep. OF k, Btu/see in. F C, Btu/lb-°F

W , 4926- - R (See Figure 8) 0.V8
an~o Thanolic) T(eFiue8 .

Sp..Gr.- 1.23 1000 0.38
- 2000 0.48
" -" 3000 0.53

4C0 0.55
J 5000 0.56

M 6 " (See Figure 8) 0.28

1 - (A4sbtos Phenolic) (assumed, constant)
S0.Gr,- 1.40

.F l5272 4000 2.31 x 10 -5I(Pper Phenolic) (assumed constant) Same as
M1 4926

Sp.Gr. = 0.40 (all temp)

G-90 Graphite 3000 to 6000 4. CX x 10- 4

(with grain"

3000 to 6000 2.9- x 10-4
(against grain)

RT to 5000 Same as
MX 4926

Mo + Mo C 8.4 x 10- 4  PC 0.027 Btu/in. 3 -'F
(17 At.C) (Constantpvalues assumed)

J
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f(Convection kiidary Cndition)

0.5" -015- 0 . .u r=015

1- 7_ 
J- ~[ I. 0-03"

___ z r!zf ,o.06"

Sensor 0.010
° Elemnt 06

m6"

- ____ l~lt o.6nt-

-4 !I .... 0.3)"

LIIo

0 .30"

:~ 0.30"

IL

0.30"

(Adiabatic Boundary Condition)l

Figure 9. Node Network
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Ill, D, Hezat Transfer Analysis (cont.)

and a convective boundary condition was employee. at the other ei ,if the

cylinder. The sensor was assumed to be embedded 0.09 in. from the heated

surface at the center line of ths cylinder. The sensor temperature was

considered to be uniform and conduction into and our of fhe senser was

evaluated using the resistcnce uetvork shown in Figure 10.

Temperature measurement err6rs were determiued by comparing

the temperature responses obtained for the sensor and' a reference point on.

the outer cylinder edge when the heated end of the cylinder was suddenly

subjected to convective heating. The reference point at the edge of the

cylinder was at the same distance from the heated surface -z the sensor mid-

point, and was sufficiently removed from the sensor so that the temperature

response at this poiut was one-dinensional.

The process of charring was not considered because results

from zhe 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 + Mo2C sensor element material. This mixture appears

to have a higher thermal conductivity than the other vensor materials which

are planned for use, and the analysis using this material should, therefore,

represent the maximum error condition.

The theoretical combustion temperature for propellant

ARC-APG114D of 6540*F was assumed as the driving force temperature in the

convective boundary condition. A heat-transfer coefficient of 0.00407
2Btu/in. see *F was also assumed in the majority of the calculations, This

value was obtained from the simplified Bartz equation !or a gas-side wall
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Figure 10. !Sensor Element Configuration
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III, D, Heat Transfer Analysis (cont.)

temperature of 4500°F. Solution of the temperature responses was obt/ained by

the use of the Thermal Network Analyzer, Computer Program E12901, on the IBM 360

computer.

a. Effect of Sensor Size

The 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 ll indicate

that the diameter has a significant effect on the measurement error and that

small diameters are desirable. At the 3500°F temperature level for a 0.01-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 sensor. The

larger errors were obtained for the material (FM5272) with lowest thermal

conductivity at high temperatures. The error does not appear to increase withI

thickness appreciably for the range covered; however, a thickness as small as

practical considerations will allm, 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.eased 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 separating them with a disk of ablative material,

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

used). Figure 12 shows the results obtained for two stacked sensors 0.03-In. dia
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t= .010" t = .0.10
40 TID = One Di -ensional Tee erature-- , Ts  Sensor Temzerature

t =tSensor Thckness, in.

.Lta tIDS G 03\

t= .0o D 0.03 in.
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2j 502
ICE lX4926

'04 5272
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.2 Temperature, /10

Figure 11. Effect of Diameter, Thickness, and Ablative Material on
Senisor Error
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Sensor Diametez 0.030 L1.
Sensor Thickness 0.01.0 in.
Spacing Between Sensors 0.010 in.

Higxrker Sen:,or

rTiD-T s F

0

Sensor Diz--ter 0.030 in.
Sensor Thickness 0.0!0 in.
Spacing Between Sensors 0.030- in.

+50[ Higher Sensor

OF

TID-Te' 0

Sensor Diameter 0.030 in.
-4 Sensor Thickness 0.010 in.
+.L Spacing Betwe.n Sensors 0.050 in.

Higher Seno

0
TID-Ts, OF

5CL . . t _1 2 3 4 5 6 7

Temperature, OF/lo0

Figure 12. Errors for Two Stacked Sensors in MY4926
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IiD, Heat Transfer Analysis (cont.)

by 001-4n. thick, embedded in MX4926 material and separated by 0.01-, 0.03-,

iiTf&01.05.n.-thick ablative disks. It is apparent that the error decreases

wi-t increasing separation thickness and that an allowable error of +50'F is
obtained for separation distances of 0.03 ii. or greater. The general trend

of h reiults shown i-n Figure 12 is that the upper sensor (nearest the heated

strface) tends to read low while the lower sensor tends to read high. These

ujpper sem uIor re lts ae similar _o those obtained for a single sensor

(Figure 3 ). The reatively high temperature of the lewer sensor is due to

thh retlvely low thermal resistane of the upper sensor.

An analysis of three stacked sensors has also been

conducted. Sensor d-ameters of 0.03 and 0.10 in. by 0.01 in. in thickness

v'ara evaluated in 1"4926 and F115272 char material a- separation distances of

0.03 La. The results as shown in Figure 13 indicate that, as in the single

sensor case, large errors are encountered with a larger sensor diameter and

In the lower thermal conductivity materiala. The maximum error for the 0'.03 -in.-

dia sensor ranges from 40 to 75*F at 3500*F while errors from 100 to 300*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 relatively large number of sensors

can be iustalled in a reasonably small area. Radial temperature distributions

obtained from the midpoint plane of the sensor elements in the single sensor

analysis indicate that the peztufbation produced by the sensor is approximately

10F or less if a mirdvum radial spacing of one diameter is maintained,

c. 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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Sensor Diameter 0.030 in.
Sensor Thickness 0.010 in.
Spacing Between

+50 Sensors 0.030 in-

% 3.

3. 
MX 4926

X~ 5272

300 Sensor Diameter 0.100 in.

Sensor Thickness 0.010 in.
Spacing Between

Sensors 0.030 in.

b. TD = One Dimensional Temperaturehi %T s = Sensor Temperature
200 % 1 - Denotes Upper Sensor

J.2 - Denotes Middle Sensor•% 3 -Denotes Lower Sensor !'

3.

2 3 4 5 6 7
Tempterature, OF/lOO

Figure 13. Errors for Three Stacked Sensors in MX4926 and in FM5272
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"" II, -D, Heat Transfer Analysis (cont.)

-reSistance is difficult; however, previous studies (Ref 1) on bonded

surfaces and metal to graphite Joints Indicate that contact conductance values
r-agi4tom 0.002 to 0.20 Btu/in. se.c°F can be expected.

The results obtained from a single 0.03-1n.-dia by

40.0l-In.-thick senso-r shari th&t incorroration of the higher contact conductance

value (lowet t contact resistance) into the analysis does not yield an error
appreciably higher than was obtained assuming no contact resistance. As

shown in Figure 14., a 25*F erro': is indicated at 3500*F for this case while

a 10*F error was. obtained prevLously. However, the 0.002 Btu/in. 2sec0 F

contac t conductance value (highest contact resistance) produces a significantly

larger error; & 135OF error %s indicated at 3500*F temperature. Similarly,
a 10OF error ai 35000F is !ndicated for the case where contact resistance is

neglected on the inner surLace and where the lower cntact conductance value

is asmfed on the outer srarface.

d. Ef'ect of Gas-Side Conditions

T e effect of the gas-side heat transfer coefficient on

the temperature response of a seasor was investigated by obtaining temperature-

sensor errors for a 0.03-in.-dia by 0.01-in.-thick sensor with heat-transfer

coefficleuts ranging +50% of the nominal value (0.00407 Btu/in.2 sec OF). The

results of this analysis, shown in Figure 14, indicate that essentially

identical temperatuce errors were obtainLd for the range of values chosen for

the heat transfer coefficient. Therefore, the results appear applicable for

both planned nozzle instrumentation locations since the heat transfer

coefficient at the.se two locations i6 not expected to differ from the nominal

value by more thrn 50%.

Ref (1) Eperimental Interftzce Heat Transfer Contact Coefficients in the
Minuteman Solid R.aket Nozzle by E. J. Gilchrist, Contract No.
AF 04,(694)-258, July 1964.
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Figure 14 Effect of Contact Resistance and Heat Transfer Coefficient on,
Sensor Error in MX4926
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Ii, D, Heat Transfer Analysis (cont.)

In addicion, the temperature history of the sensor

during cooldown of the ablative wall was investigated. Thi. results indicate

that at shutdovn the sensor telaperature will begin t,) decrease immediately at:

a slightly faster rate than the ablative material at the same distance from

the heated wall as the sensor aidpoint (see Figure 14). No unusual increases
in sensor temperature were indicated and, therefore, no erroneous temperatuze

indications as a result of postfire phenomena are expected.

e. Effect of Heat of Fusion

The perturbation in temperature distribution produced

by fusion o:C the sensor powder has been found to be small. This is demonstrated

in Figure 15 which shows the results obtained in an analysis of three stacked

sensors embedded in MX4926. Each sensor in this analysis is 0.03-in. dia,
0.010-in. thickness, and contain3 Mo + a Mo2C as sesror 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 ablative

material. This temperature difference decreases rapidly, however, as soon

as the fusion process is completed since the lower 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 about 1 second after fusion begins.
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Figure 15. Effect of Heat of Fusion on Sensor Errors
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111, D, Heat Transfer Analysis (cont.)

f. Effect of a Moving Boundary

The effect of a moving gas-side surface on sensor

response has becei evaluated for an 0.030-in.-dia 0.010-in.-thick sensor.

MX 4926 and FM 5272 char materials were considered. This effect was investi-

gated using a node network simailar to that shown in Figure 9, except that

regression of the gas-side surface was simulated Ny assuming that the layer

of char material adjacent to the gap-side surface shrinks at a constant rate.

The shrinkage was accounted for by varying the thermal resistance and

capacitance of this layer with time. Previous experience in the NOMAD firings -

indicated that surface regression rates of 0.003 in./sec and 0.012 in./sec

were appropriate for MX 4926 and FM 5272 char layers, respectively, and these

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 analysis 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 .:t sensor in FM 5272 char material, while the effect is essentially

negligible for a sensor embedded in MX 4926 char. The higher additional error.

for FM 5272 char is probably due to the higher regression rate assumed for thia

material.

Figure 16 results are comparable to the results obtained

in the single sensor analysis (Figure 11) in which a fixed boundary and a

convective boundary condition were employed. Somewhat lower sensor temperature:;

are indicated in Figure 16; however, this is inherent in the assumption of

a 4000°F wall temperature. Wall temperatures on the order of 6000*F were

calculated in the single sensor analysis with a convective boundary condition.
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Figure 16. Effect of Moving Boundary on Sensor Response

Page 35



Report AFRPL-TR-67-284

III, D, Heat Transfer Analysis (cont.)

2. Sheath and Bare W!roZ-Tpe Thermocouple Analysis

This section considers the errors that can be aosociated

with sheath-type and bare wire-type thermocouples. These errors arise first

because the thermocouple influences the local wall temperature by removing

heat from it, and second, becoase the thermocouple junction temperature differs

from the adjacent wall tempetature dfue to less-than-perfect contact between

the two, Both types of errors are magnified when the difference between the

thermocouple and wall cotiductivity is large, as in the case with low conductivity

ablative materials. The problem, moreover, is a transient one -- the size of

the error depends on the transient nature of the heat flux, rather than solely

on temperature level -- since ablative materials are characteristically used

in a transient mode of operation.

The following cases were analyzed:

.. single sheath-type thermocouple in FX4926;

2 single bare wire-type thermocouple in MX4926;
two sheath-type thermocouples in MX4926;

4. single sheath-type thermocouple in 4926 with
different gas-side boundary conditions

5. single sheath-type thermocouple in KX4926 with
contact resistance between couple and wall considered;

6. single sheath-type thermocouple in MXA6012.

Cases 1 and 2 (single sheath and single bare wire) serve as

base cases. The error associated 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-type thermocouple is not negligible and hence this type is considered

further; specifically, the effect of multiple couples, less severe gas-side

boundary conditions, different materials, and the inclusion of an assumed
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III, D, Heat Trarfer Analysis (cont.)

contact resistance betwee~n the thermocouple and the wall. The other material

treated, MXA6012, has the lowest conductivity of the three materials of

iaterest, while the bX4926 has the highest; thus the selection brackets the

remge of errors that can be expected. Figure 17 shows the two types of thermo-

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 9f the nodal

points is by a Thermal Network Analyze: program on the IBM 360 computer.

Figure 18 shows a portion of the nodal point network used in

analyzing the sheath-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. The 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.

Page 37



~ I Report AFRPL-TR-67-284

~z' 1Heated

-~ ' 

Ta Sheath

1&res

o~o~2ny(T Iu~ation

SECTION A-A

I-*
B Heated

Surface
0.003"1 Dia Wire

Junction L/D=Lf 0.03

~ Dia Wire

BeO

0.0027"1

SECTION B-B

BARE WIRE TYPE

Figure 17. Sheathed and Bare-Wire Type Thermocouples

Page 38



Report AFRPL-T-67-284

_ L Not to Scale

Figure 18. Nodal Network Used for Analysis of Single Sheathed-Type
Thermocouple
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-kII, Heat TrnfrAnalysis (cont.)

SThe capacitance of the thermocouple itself could not be

intluded:r When very small capacitances are treated exactly, stal-ility

i !equiremeints in an explicit time differencing scheme such as that. used in the

STheruil Network Analyzer necessitate correspondingly small time steps in the
-4ga~ulational procedure. This causes excessive computer ru time. The error

-41 inYoveA in ignoring the capacitance is not great, and in fact is "conservative",

in that it ovcrstates the difference between .the thermocoupile junction and the

Wihu aaiactepeited wire temperature
aidslethtwa ll ldbmeru th t ca aecessive, cothe run e Teero
is "ess than i- would be with capacitance because axial heat flow in the wireii can be more readily accommodated. Since the junction temperature lags the

r 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

j wire capacitance is excluded.

inTaleMaterial properties used for the ablative materials are given

Sin Table II. Properties of thermocouple materials are given in Table III.

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 III. 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, equivalently, that there is no radial temper-

ature gradient.
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TABLE III

THERIAL PROPERTIES OF THERMOCOUPLE MATERIALS

Temperature, *F kTa, Btu/in.-sec *F BeO, Btu/in.-sec 0 F

0 0.0008 0.0030

500 0.0008 0.0017

1000 0.0009 0.0008

2000 0.0010 0.0003

4000 0.0011 ' 0.00018

The gas-side film coefficient has a value of 0.00407

Btu/in.2 sec*F, as based on the simplified method of Bartz. Recovery

temperature is 6540*F.

a. Single Sheath-Type Thermocouple in MX4926

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

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

is the error that can be ascribed to this type of 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 via

the thermocouple is relatively less. This is seen on Figure 21, where thermo-

couple error versus wall i-emperature 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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Single Sheath Typo Thenmocouplt,
Material: M 4926

Boundary Condi tions:
Gas Side: h = .0040'(,

Tr = 65'io0F
Back Side: Adiabatic

V 1~3000 /I
d)

LIL

2000

Wall

1000

Thermocoupl e

0/
0 10 20 30

Time, sec

Figure 19. Predicted Temperature Responses Thermocouple Junction and

Unaffected Wall at a Depth of 0.3 in.
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Figure 20. Error in Single Sheath-Type ThermocDuple Response vs Time
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Figure 21. Error in Single Sheath-Type Thermocouple Response vs Temperature
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-1, D, Heat leansfer Analysts (cont.)

- b. Double Sheath-Type Thermocouples in MX4926

Figure 22 compares the errors of the single sheath,

dule-fiheth- and- single bare wire types, as a function of temperature. The4~~~~~~~ sige. and double sheath errors are nearly idnialndctnghate

Addition of the-secotd thermocouple at a distance of 0.*4 in.-from. the gas-side

_hao effec on the first, when displaced 0.1 in. or more from it. The bare

Vir6 thermocouple has almost no error, the ukaximum value being less than 100F
'6:6~ t eieture range 2000 to 30000 F.

'fiiure 23 shows the error associated with the sheath-

te-the;rmocouples at -different distances from the gas-s:Lde (0. 3 and 0. 4 in.)
as a function of wall temperature. The dependence of er-or on temperature
Is comparable for the two cass for these particular gas-side conditions.

4 a* Single Sheath-Type Thermocouples in MK4926 with
Pfferent Gas-Side Boundary Conditions

-- Less severe gas-stde conaditions (one-half the former

convection coefficient) result in a somewhat different relationship between

the thermocouple error and the wall temperatLure, as seen iiA Figure 2,whi.-h

relates to a single sheath-type thermocouple 6t a distance. of 0.3 in. froma

the' gas-side. The reduced heat flux res.1ts in a greater error in the charj temperature ramge.

d. Single Sheath-Type Thermocouple in MXA6012

Figure 25 compares the error for a sheath.- type couple in

MXA6Ol2 to that for one in MUM492. Vthermal conductivity of MXA6012 is the
lowest of the materials of interest; hence the internal heatup is the slowest
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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Figure 24. Error in Thermocouple Response vs Temperature
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Figure 25. Error in Thermocouple Response vs Temperature
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FIII, D, Heat Transfer Analysis (cont.)

considered in the analysis, the wall temperature at the thermocouple location

rises only to some 300*F; the thermocouple junction, however, lags by nearly

100*F. Contact resistance is not accounted for here, and would tend to

increase the error.

e. Effect of Contract Resistance

Figure 26 shows the kind of error that could be expected

when contact resistance is considered, for a sheath-type couple in MX4926.

The arbitrarily chosen value of contact conductance (1000 Btu/hr-ft2oF) typifies

that parameter for epoxied joints between metals 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 inclusion

of contact resistance.

3. Thermal Network Analyzer

The Thermal Network Analyzer is a computer prograrn written for

the IBM 360 that serves for heat transfer analyses involving conduction,

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

Input involves a finite difference, or lumped parameter,

rerzesentation of the physical system being analyzed: nodal points, initial

temperatures, thermal capacitances, thetmal resistances and their nodal

connections. For the case of variable thermal properties; conductivity, specific

heat, convection coefficients, etc., they may be entered as functions of

temperature or other independent variables.
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?II

1 150 -- No Contact Resistance
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Figure 26. Error in Single Sheath-Type The- ,. couple Response vs Temperature
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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 ccndition:

(t + At) - E Ti E + T (t)
Ti Ci i R i i i

where T is the temperature of node i, T 's are the a..icent nede temperatures

which are connected to £i by resistances R J. C Is the capacitance of nvde i

t is the time and At is the time increment. For the steady-state case:

Ti / 1

I!
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III, Technical Discussion (cont.)

E. TEMPERATURE-SENSOR DEVELOPMENT

1. Fabrication

The eutectic composition used as the temperature-sensing

device will be contained as very fine mixed powders (approximately 325 mesh)

in a graphite microcapsule. The microcapsule will be fabricated from POCO

graphite, a very dense (Sp. Gr. - 1.88) non-porous graphite, to the dimensions

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

4point specimens for testinS 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 500F 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 ZrC + C system (64.5 At.% C) which

was heated to 28620 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 has been exceeded, a
definite change in microstructure is obtained. Figure 30 shows the standard

melting point specimen, which 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 C. Temperature was

a recorded at the midpoint by sighting the optical pyrometer in 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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§A

Black Body Hole
- (0.032 In. I.D.)

~ - 0170 in.

Eutectic Coimposition

Melting Point- odesn

] -0.12-5 'n. I.D. Hole--

0-.506 in.- 0.D.

Resistt~ne Heated Specimean Holder<1 fromu 3oth Faces

eigure 30. Melting Point Specimen with Holder
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U shows the--result of-heating the- eutectic-mixture- below- the eutectic tempera-

ture- .and-.sampie, B' shows the- result of heating- -the- eutectic mixture above the

e0utectic teperature;. - - It is' -,eadily observedr on- the radiograph that melting -
occurred- in-sample t, -as evidenced' by' areas' of- materialI ftow and the formation

. -f'v oids duieto .shirinkage. Although-it--±s--reailized- that- the- above sample is

Ildrge-- than the contemplated sample;" thee same- phenomenon- is expected to occur.

In these calibration' tests; thee optical -pyrometers that will

be-used are microoptical -pyrometers-manufactured- by' the Pyrometer Instrument

Co. Inc.,j Bergenfield-,.Newr Jersey,; These- pyrometers-have three overlappingI blackbody.scales on~direct reading i'.illiammeters;- the ranges on the standard
mode ar ~7~ to1400C, 300to 19000C, and-1-800' to 3200-'(4500)0C, andth

temperatures, -are- measured at- an ef fective- vave- length- of'- 0.65 microns.

- Two-:separate-procedures:.are involved-in- the calibration of

_ *aA-Justment-of- the--meter' readout' for- the-fil-ament current.

-- The obj ective- of'- the- ca-libration- -of~ the, pyrcmeter -is to estab-

lish a precise relationship between filament current-"and temperature, using

calibrated radiation sources or pyrometers- as standards. For temperatures up -

to- 2300*C, the pyromater is either compared with standard pyrometers certified

by the National Bureaax of Standards, or'-against a' tungsten ribbon-filament

-lamp with precisely- kno)wn-current-temperature' relationship.

A:I'
For ca-libration poin-'at- higher' temperatures, the carbon-airc

-technique- using an -arc-furnace manufactured by the Mole-Richardson Comp-r;,1

Hollywood, California, is employed. On the basis-of data from-the National

Bureau o-o.'Standards, a temperature of 3808 + 20'K is asserted to the crater of

the anode, 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.ii Page 56
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III, E, Temperature-Sensor Development (cont.)

In the calibratioi 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 recorded-to the Al

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-isusually- started at the low

temperature end and at least five readings-are-.taken-at each- of-the selected

cardinal .points; after averaging, the meter reading-is then adjusted to comply

with-the established pyrometer-filament- current relationship.

The total temperature error ie composed-of several parts:

the uncertainties in the calibration-equipment -and the errors-introduced by

the individual calibration steps.

Considering the first error sources-first, the data given in I
II~~I Table IV represent the uncertainty levels assigned to the certified pyrometers.I

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 + 1.70 C, and hysteresis effects in the

microoptical pyrometers in use amount to approximately 1.8*C; a further uncer-

tainty of approximately + 30C maximum at the high temperature end is 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.i the error limits listed in Table V.
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~Ii" I E, Temperattire-Sensor Development (cont.)

Table IV

TEMPERATURE UNCERTAINTIES IN THE hBS CERTIFIED STANDARD PYROMETERS
AND TUNGSTEN RIBBON-FILAMENT LAMPS (95% Confidence Level)

Temperature, Uncertainty,• -O C  0C

Certified Pyrometer 800 + 4

1063 + 3

2800 + 8

4000 + 40 max

Tungsten Ribbon Lamp 800 + 5

1100 + 3

2300 + 7

TABLE V

1 ; ] OVERALL TEMPERATURE UNCERTAINTIES FOR THE MICROOPTICAL PYROMETERS

Temperature, Uncertaiuty,
0-' 0C.

- 1100 + 4
2000 + 7

2300 + 8

3000 + 10

3600 +25

*L 4
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1II, Z, Temperature-Sensor Development (cont.)

3. Sensor Size and Location iu Ablative Plugz

The sensor size was established by considering the results

of the heaf-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 graphite cap-

sules containing eutectic compositions wc-ld not produce or cause temperature

perturbations in an amount greater than the calibration accuracy of the

eutectic melting points. A capsule size of 0.100 in. in diameter and

0.030 in. in thickness was found to be an upper limit and still not cause a

temperature disturbance greater than eutectic melting point accuracies at the

higher temperatures. As seen from Figure 1. hoi;ever, 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 material. Since the

eutectic 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 0.010 in. n capsule thickness for the same

material, 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 fabricaLing a capsule smaller than 0.010 in. in

thickness to obtain an average temperature difference of approximately 25*F

was considered prohibitive.

Several methods of installation of the individual 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 60000F)

occurs may be very small. Also, the region will progress as recession occurs1
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ilI, E, Temperature-Sensor Development (cont.)

--from a finite position at the initial surface upon initiati n of firing to a

location approximately 1/2 in. below the original surface at the throat of a

carbon or graphite phenolic material in a typical 60-sec firing. Obviously,

all sensors located in the regressed region w..il be lost during firing. It is

also-apparent that mltiple, idenCical sensors in depth will be required soJ that -adjacent sensors will indicate a temperature by one melting and the next

one -ot melting. The proposed method of inetallation is shown in Figure 32.

-Installation of 4000F indicating thermocouples in the plug at the depths of

the 4000'F sensors using the bare wire technique employed on Contract

AF 04(611)-11646 is also shown in the plug configuration.;.

F -It was indicated by the heat-transfer design calculations

that stacking of the graphite sensors was a possible approach to ascertain a
particular isotherm during a motor firing. It is clearly understood that only

one sensor is needed to locate any one temperature level at a specific depth j
in the material. However, with the present state-of-the-art techniques for

predicting these locations, this approach is still not possible. Using the .] stacking approach, the minimun 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 sensor. The question then becomes 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 calculations, motor firing data

avaiTable on the ablative materials, and the reliability of present methods to

predict material regression behavior, it is possible to estimate the number of

sensors needed. Data obtained from the NOMAD firings have indicated that the

maximum range of thickness of 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 minimum range of thickness over this same tempera-

ture interval was 0.000 in. for several other materials. An average thickness
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Figure 32. Ablative Plug Configuration with Installed Sensors and Thermocouples
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--, E, Temperature-Sensor Development-(cont.)

.' for this interal then is about 0.095 in. with all other materials, excapt

Mt 4926, ammt zing to this value or less. Due to a lack of information,

pOyro lyzed phenolics will be considered to exhibit similar characteriscics as

thle carbon and graphite 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.

frbm one to the other, will cover the entire temperature interval from 3500

to 6000*F, while each sensor covers a thickness of material lchich corresponds

to a temperature interval at approximately 150*F. In the case of MX 4926,

-the stacked sensors will be staggered, as shown in Figure 32, to cover the

entire temperature 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

will essentially cover the same char increment over this temperature range.

This region covered by the stacking of the three sensors 4.s considered to be

sufficient in order to allow a margin of safety in predicting the location of
CfI this temperature region.

The plug configuration shown 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 senaor orientation prove to Ic

insensitive to the resulting temperature distribution through the msterial, an

alternative sensor orientation will be used. Such an alternative orientation

may be one in which all sensor materials are placed at equal depths and extend

over the same increment of =aLerial thickness. In this case, and similar to

the one shown in che above figure, several identical sensors would cover the

increr=nt of thickness by placing one sensor immediately below 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 temperatures. 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.)

Each capsule will be bonded into place by hand using a minimum

amount of epoxy resin to provide good contact with the ablative material. -A

spacer, which is a disc of the ablative material, will be bonded between sen-

sors in a similar fashion. An ablative plug will then be bonded into place

above the sensors.

Utilizing the concept shown in Figure 32, the capabil i±'- i

the sensor elements to provide reliable temperature data will -1- tested and

evaluated. Plugs will be prepared of six materials su:-,-ied by AFRPL, currently

identified as follows:

a. Carbon phenolic, MI 4926

b. Abestos phenolic, MA 6012

c. Three different pyrolyzed (precharred) carbon and
graphite-reinforced phenolics

d. Carbon felt phenolic, MC 113 (supplied by AGC)

e. Paper phenolic, FM 5272

Identifications, spacial locations, and depths of all 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 sensing 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-

graph 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 eutectic mixes

should not be difficult. However, should a mixup appear -to have occurred, the

elitectic compositions readily lend themselves to identification by X-ray

diffraction.
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I}I E, Temperature-Sensor Development (cont.)

-_The location of the sensors in the ablative naterial prior

f6 ist' fiting can be determined by two ways: (I) by physical measurement

duiri.ng as-embly of the sensors and spacers into drilled holes of known depths,

i4d (2) by X-ray photographs after complete assembly f the ablative plug with

sEnsors and thermocouples. The latter approach will be used because of its

ease, accuracy, and evalability. From the initial X-ray photographs, loca-

tion of the sehsors can be very accurately measured, and can then be used

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

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

41 . in the top view of Figure 32. Each identical set of three sensors per drilled

location will have a particular radial position from a reference groove, and

J 'this radial position for each set of identical sensors will be maintained for

all'.Ablative plug materials. In this manner, location and identification of

the sensors after test firIng will be possible by using the template and X-ray

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 relJcating

the sensors because of material delamination, spallation of the materfal,

physical distortion, or thermal expansion of either the ablative matfyrial 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

plugs, but by taking several photographs at various circumferent, Al locations,

all of the sensors can be found 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 technicaes regardless

of the complicazion.

X-ray photographs of the assembled ablatiie plugs will be

taken with a Picker Portable X-Ray unit using Type M-2 X-iay film. This
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III, E, Temperature-Sensor Development (cont.)

technique generally involves a 15-sec exposure time at a power setting of 70 KV

and 0.003 amp at a distance of 14 in. An aluminum 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 metallographic 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 . 0 5,) in Murakami's

solution. The etchant to be used will depend primarily on the sensor material

system, as 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 gv of NaOH in 100 ml. of water, the etchaat will produce a charac-F

teristic microstructure that can then be compared to systems of known micro-

structures. The specimens are generally etched at :oom 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 Zeiss

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 compo-

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 verify thermocouple accuracies. During testing, the

temperature reading of the W-W Re thermocouple will be monitored and the heat
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Ii, E, Temperature-'Sensor Development (cont.)

S osoure wi'l be removed when it reaches 4000*F. After testing, each plug con-

tuinin its sensors will be removed from the billet in whi':h it was installed

and will be radibgraiphed. The molten eutectic will be identifiable by change

in_,'shape as previou~ly discussed and shown in Figure 31. After X-ray, each

plg will be disassp.mbled, and the capsules removed and examined to verify

the radiographic analysis. A thorough correlation analysis of sensor tempera-

turT indLcations ani thermocouple temperature indications will be made to

determine the temperature profiles at times of maximam temperature. Based

upon the results of these analyses, the necessary modifications to the system

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

p eeur-md.

Upon completion of-the above testing and evaluation, 12 plugs

containing sensing e-lements and thermocouples will be fabricated and provided

to APL for instal iAtion in rocket nozzle components.

The success of experimentally deterninng the 3500 to 6000 0F

temperature range during firing will depend upon the ability to place the com-

bined plug assembly writh 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 se'sor(s) were placed. To ensure

the proper depth location of the sensor materials and obtain maximum informa-

!|ttn from the sensor plug, the total surface regression of the particular

material must be known to within about + 0.050 in.

Current techniques of directly predicting the regression rate

are not reliable enough for this purpose. However, data recently generated on

p 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 determinel for these materials in the NOM{AD

program vUll also be an invaluable guide in locating the sensors within the
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Iii, E, Terature-Sensor DevelopL.ent (coat.)

ablative plugs. Finally, from the physical and chemical properties determined

for these materials in the NOMA0 program and in conjunction 1-eth the nozzle

design (Figure 33) and the propellant to be used for the test motor firings,

a conduction analysis program will be used to predict and verify the regression

of 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 transient thermal response of a composite mate-

rial which reacts or decomposes in the heat affected area. It includes the

effect of gaseous reaction products and heterogeneous reactions between the

decomposition gases and the char. The boundary conditions include surface

regression due to surface reaction with propellant combusticn product andI

regressiou due to shear failure at the surface as a function of local shearing

forces and wall temperature. Ir. addition, Internal gas pressure drop and

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

The particular method of solution is numerical, wherein the

given confi,;uration 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 pt:operties

can be incorporated. Output format allows each of tbo following parameters

to be ?rinted at any desired time intervals; a. Erosion Depth, b. Char Dapth*

c. Pyrolysis Gas Formation Rate, d. Temperature Distribution, and e. Density

Distribution in Decomposition Zone.

To facilitate performing ablatiot.-corrosion analyses, one

additional program is used, namely; "The The rr;-Chemical Equilibrium Program"

(TEP). This routine computes the equiliorium composition of the gas adjacent
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Figure 33. Char Motor Nozzle Design
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III, E, Temperature-Sensor Development (cont.)

to the wall considering either (1) no reaction with the wall material,

(2) pyrolysis gas flowing with non-reacting wall material, or (3) pyrolysis

gas blowing with a reacting wall material. 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.

Addition al input requirements iuclude: (1) thermal conductivity

and specific heat of both charred and virgin materials, (2) pyrolysis gas

enthaipy, (3) rate constants for the kinetically controlled decomposition

reactions, aLd (4) heat of formazion of the virgin and fully charred materials.

it is anticipated that the successful application of this

program will require that existing analytical 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

described herein will be used in conjunction with experimental data that-has

been accumulated in existing programs, and data that will be generated during

this program to 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 'ie.,

convection during heating and radiation and convection during cool-down).

Should one attempt to offer more reliability in plug

performance and location, it would be possible to install several instrumented

sensor plugs circumferentially at various overlapping depths and at the same
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I:II, F Temperature-Sensor Development (cont.)

axial location. Such a task, however, is believed to become prohibitive in

the amount of additional fabrication and analyses required. It is anticipated

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 and the surface temperature (the surface temperature of the graphite

phenolic is probably approximately 5000*F instead of 6000*F). The reduction

in the number of sensors will be partially offset by the possible requirement

for a greater test coverage of each sensor material to decrease uncertainty of

results. it is anticipated that 35 sensor elements per plug will be sufficient

instead of the 45 sensor elements per plug used in the plasma-arc tests.

After static testing of each nozzle by AFMPL, disassembly of

the thermocouple plugs from the nozzle components, and their return 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 analyzed by plotting the

thermocouple locations as a function of firing time for various temperatures,

as shown in Figures 1 through 6. 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 dltance along
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III, E, Temperature-Sensor Development (cont.)

with the thermocouple data. If the sensors and thermoconple each i:-icate a

true tetperature, then they will bear the same relationship -,, each other.

If there is in fact a difference in temperatures measur- by the two indicators,

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 tempoe.rature and distance will not

coincide. Any deviations shown in this latter case will also be described

and explained.

F. ALTERNATIVE METHOD TO DISTRIBUTE TEMPERAIURE SENSORS
AND THERMOCOUPLES WITHIN THE ABLATIVE LINER

As indicated from the discussion a- the ablative plug configuration,

several machiring operations are necessary to place the small sensors into the

plug assembly. These operations include the machining of the plug itself,
bottoming each sensor well, replugging each sensor well, aud the ma-=chining

operations involved with the instrumentation of the thermocouplez. To elimi-

nate or minimize the time-consuming machining operations, an alternative

approach is suggested to place both the temperature sensors and thermocouples

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

sensors into the material is depicted in Figure 34. In this technique, pre-

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

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

so 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

laminate assembly before placing the laminated plates into the wrapping

operation. It is believed that the laminated plates, now the insert, will

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

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

insert and analyzing it separately.
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Figure 34. Molded Temperature-Sensor Laminate
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Hole Through Ply
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0.012 in.

Pre-Cured Ply Plate

Figure 35. Precured Plies for Sensor Laminated Plate Set-Up
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accomplished in a similar procedure as discussed above. In this case,

thermocouples can be placed between ply plates at specific locations and

then-the- entire- assembly precuired into a laminate (Figure 36)- -The laminated

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

K befjore, without affecting any other procedures. The laminated plate can bej

made-to be somewhat smaller L,- width than the regular plies so that the lead

iwires can extend freely, as shown in Figure 37.
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Figure 36. Molded Prepreg Thermocouple Plate
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Figure 37. Laminated Plate Set-Up Showing Extended Lead Wires
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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 installation of the plugs supplied by

Aerojet to AFRPL into ablative components, the test firing, disassembly of

the components, and return to Aerojet for posttesting

A. TEST PLAN

1. Phase I. Study, Duration - Two and a Half Months

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

A search of the literature was performed and sources of [
sensor fabrication which might provide an advantage over those proposed by

Aerojet were sought.

b. Task 2. Analysis

A thorough study of the proposed sensor system was made

with emphasis on the following factors:

(1) Fabrication cost

(2) Calibration accuracy

(3) Ease cf installation and interpretation

(4) Minimization of effects of sensors on ablative
performance

(5) Ease of identification of sensor types

(6) Sizes, shapes, compositions, and location of sensors
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IV, A, Test Plan (cont,)

2. Phase II. Test and Evaluation, Duration - Three Months

a. Task 1. Fabrication and Encapsulating Sensors

it is currently planned to machine the configuration

shomn in Figure 27 from graphite stock, insert powders of the proper composi-.

tion in the cavity, and close the capsule.

b. Task 2. Calibration

Three sensor 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 furnace. The first specimen will be

tested at a temperature 50*F below the melting temperature of the sensor and

the other will be tested at a temperature 50*F above the melting temperature.

The third specimen will be tested at a temperature to verify the initial results.

The required tests are 45.

c. Task 3. Plasma-Arc Tests

Plug 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 6000*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 in small billets of

similar material and will be tested in the plasma arc using an inert plasma gas.

The temperature rise of the W-32o,'W-25Re thermocouple will be monitored during

test and when it reaches 40000F, the test will be terminated.
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-T /q A, Test Plan (cont.)

i; Th-tests will be condacted in two series, one of each

|[ 4bldtivd iiatetiai in the first series after which a post-analysis will be

I . p.-for~ sn is radiography and second, visual examination of the sensors

to, 0 detoetine -if melting occurred. Then, modification of the system will be

maaedead the dupiicate specimen of each ablative material will be tested in

l 'the secend series and evaluated.

.| : Requir, !d are 18 plasma tests, 800 sensors.

!Id. Task 4. Thermophysical Property Measurements

S---Heat capacity , density, and thermal conductivity measure-

*ents will be made as "spot" checks on the following materials to confirm tl it

these -materials are identical to the NOMAD materials used:

(1) Carbon-reinforced phenolic

(2) Asbestgs-reinforced phenolic

(3) Kraft paper-reinforced phenolic

(4) Carbon felt-reinforced phenolic

Thne same properties for five pyrolyzed graphlte-reinforced phenolic materials
will be furnished to AeroJet by AFRPL. Density determinations will be at room

temperatures and heat capacity and thermal conductivity determinations will be

made up to 200iC.

3. Phase III. Field Utilization Duration - Seven Months

a. Task 4. ihstrumented Plug Fabrication

At the completion of Phase II, a plug/sensor/thermocouple

destgn will be coordinated with the AFRPL Project Engineer. Then, 12 instrumented
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IV, A, Test Plan (cont.)

plugs will be fabricated using ablative materials supplied by AFRPL. Each

will contain 35 sensors (covering the range established in Phase II plasma-arc

tebts as compatible with the upper limits of a W-3Re/W-25Re thermocouple and

the surface temperature a W-3Re/W-25Re thermocouple and three chromel/alumel

thermocouples. These plugs will be provided to AFRPL for disposition to the

fabricators of ablative plastic components.

b. Task 2. Analytical Predictions

A thorough study and 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 computer

program will then be used to predict the regression and temperature profiles for

all of the materials to be test fired at locations in the nozzle where the

instrumented ablative plugs will be inserted,

c. Task .3. Post-Test A)alysis

Upon return of the instrumented plugs to Aerojet, they

will be oriented properly using the thermocouples as references and radio- A

graphed. After radiography, the plugs will be carefully disassembled to recover

the senaor capsules which will be opened and visually examined for evidence of

melting. Thermocouple measurements and temperature versus depth diagram will 4

be constructed. Any deviations or discontinuities will be explained.
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IV- Program Plan (cont.)

S B. -LIST OF CRITERIA TO BE FOLLOWED 1N COMPLETING PHASES II AND Ui

e . Phase II. Test amd Evaluation

In -fabricating the temperature indicating system for plasma-

-ac twiting and evaluation, the following list of specifications and procedures

will be l:61lowed:

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

be made, to the cgmposition shown in Table I. These systems will be calibrated

in triolcate by use of graphite melting point capsules (shown.in Figure 30)

and a Pirani furnace for the precision determination of melting temperatures.

Each sensor material will be heated to three different temperatures: one 50*F

abdote the melting temperature, one 500F below the melting temperature, and the

retining one will be heated to the melting temperature. The heat-treated

sensor materials will then be X-rayed and metallographically examined to

determine whether or not melting has occurred.

S - b. The graphite microcapsules (a total of 810 for- Phase I)

will be made of POCO graphite to the dimensions shown in Figure 27.

- co Each graphite microcapsuln will be hand packed with

325 mesh size sensor material; epoxy resin will be used to bond the capsule

lid or cap to the graphite crucible.

d. The graphite capsules and ablative spacers will be bonded

into place by the use of epoxy resin.

ea Duplicate ablative plugs of all phenolic mater-'.als,

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

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

ablative plug specimen of t, bestos phenolic will be tested with instrumented

sensor materials which will cover the temperature range of 3500 to 5000*F.

- ff. The -packed microcapsules will be dispersed throughout

the ablative plug in a -manner as shown in Figure 32; three microcapsules con-

taining identical sensor material and separated axially 0.030 in. -apart will

be used to ascertain a particular isotherm. The micrccapsules will be dispersed

radially (at least one diameter apart) as shown and will be dispersed axially

to cover an axial distance of 0.200 in.

g. Four bare-wire type thermocouples will be instrumented

into each ablative plug as show, in Figure 32; a tungsten-rhenium-( -. 003-n.,-OD)

thermocouple will be placed at a level corresponding to the 4000F .sensor

material, and three chromel-alumel thermo-ouples (0.003-in.-OD) each will be

placed 0.100 in. apart and below the tungsten-rhenium thermocouple.- These

thermocouples will be used to monitor the temperature-time histo y -during

plasma-arc testing.

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 occurred at specific locations within the

ablative plug. Random metallography will also be conducted to-confirm the

X-raF 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 necessazy, for any of
tho materials.
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Vt B, List of Criteria to be Followed in Completing Phases II and III (cant.)

j.- An aralysis of each fired ablative plug will include the

bih~vior of each sensQr material as to whether it melted, vaporized, reacted

away, etc., 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

Pensor materials, temperature-time histories as indicated by the thermocouples,
and thermocouple and sensor temperature comparisons to determine thermocouple l
accuracies.

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

heat flux that 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, asbestos phenolic, (3) FM 5272,

paper phenolic, (4) MXC 113, carbon felt phenolic, and (5) five different

pyrolyzed (precharred) carbon and graphite phenolics.

2. Phase IIl. 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, c, and d of Part A,

Phase II, above.

b. The sensors will be distributed radially as mentioned

above in f, 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 obtained from the Charring Ablation Computer

Program.

c. The instrumented ablative plugs will be X-rayed before

.nd after test as indicated in h. above.

d. Four sheathed-type thermocouples will be instrumented

into each ablative plug; a tantalum-sheathed tungsten-rhenium probe will be

placed at the 4000°F iaotherm level, and three inconel-sheathed chromel-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 ablative plugs will be made for

MX 4926, MXC 113, and for three pyrolyzed materials. Single ablative 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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Kuhlman, W. C., Status Report of the Investigation of Thermocouple Materials
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Aeroj et-General Corporation

Carbon Resistant Coating for Tungsteri-Rhenium Thermocouples.* 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,. Proposal
No. SRR-63013. Feb 1963 (AGC SRR-S33~-3 REF, TL No. 5U13808).

Design, Development, and Fabrication of Twelve Prototype Thermocouples,
V. 1: Technical; A prcposal. Mar 1964 (LR 640174$ TL No. 4U13705).

Exploratory Development of Thermionic Eission Technigues for Transduction
of Elevated Temperature, V. 1. A proposal (LR 640737. TL No. 408524).

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. 6111374),

Nerva Instrumentation Quarterly Reviev' Minutes, Apr 1964, (RN-S-0096).
(X No. 4U5468).

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

Transient Temperatures and Associated Deflections in Model Rocket Nozzle
Inserts. S. K. Ferriera, Apr 1964 (TH-248, TL No. 4U14998).

Tungsten-Rhenium Thermocouples, May 1965, Report RN-S-022 (TL RC .0028>.

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

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

Equipment and Facilities for Determination of the Mechanical Properties
of Refractory, Materials at Elevated Temperatures, C. E. Waller and
M. L. Stebsel. Special Report, Jul 1959 (CTIC Abst,, 695)
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EX,-Pbdenta1 Evaluation oL a -DualElmenn" Transducer for High Temperature
-Gas Meaadeents, Chambers, J. T., et al., Mar 1963 (ARL-63-58. TL No.
--4Go54).
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.D¢ev1o0pmen of-an -Ultra-High Temperature Pyrolytic Graphite .Thermocouple,
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TemperatdteMeAsurement, Slaughter, J. i., Oct 1962 (TDR-169(3240-20) T,
- SSD-TDR462-I4G, TL No, 3U5615).
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AD 617 702. TL-No. 6U0439),.

AP- COmbridge Research Laboratories, Bedford, Massachusetts

Study of-1HighTemperature Thermocouples, Final Report, 1 Jun.1963 -
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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

Develoment of High Temperature Thermocoup es, Sep 1948 (TL No. 3U4071).
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Atomic 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*. 3U2450).4

High. .Temerue -Thermometry.,Seminar, Oak Ridge National-.-Laboratory,
Oct 1 - 2, 1959 (TID-7586 (PT. 1), TL No. 405365).

High:-Temeate Hg-Vacuum Thermocoule rf Tss Hendricks, -J. Wo

Mcieroy, D. L., In Its High Temperature Thermometry, Mar 1966, 26 pD -

see N67-19621 09-22 CFSTI.

In-Pile Performance of High-Temperature Thermocouples, Carroll, R. W.,
Reagan, P. E., In Its High Temperature Thermometry, Mar.1966, 9 p, see
N67-1962109-22 CFSTI.

Summry o .Exerience with High-Temperature The _coples. .Used. .in the
.ORNL--GCR -Program $uel -Irradiation ,Experiments, Briggs, .N..HL, Long,EB. L.,
Jr., McQuilkin, F. .R., In Its High Temperature Thermometry,-Mar 1966,
22 pt N67-19621-09-22 CESTI.

Thermal .EMF Drif t of Refractory Metal Thermocouples in XBi"re .and -Slightly
Contaminated Helium Atmospheres, Bennett, R. L., Hemphill, H-. L.,
Rainey, W. T., Jr., In Its High Temperature Thermomtry, Mar..1966, 2 pl,
see N67-19621 09-22 CFSTI.

Thermal EM Drift of High-Temprature Thermocouples in .elium-and:_Argon,
Briggs, N. H., Johnston, W. W., Jr., In Its High Temperature-Thermometry,
Mar 1966, 3 p, see N67-1962109-22 CESTI.

Argonne National Laboratory

High-Temperature Sensors for Borax-V Boiling-FuelRods,, Brooks..E. J.,
Kramer, W. C., and McGowan, R. D., Oct 1962, 41 p, Contract W-31-109-Eng-38,
ANL-66 36.

Refractory Oxide Insulated Thermocouple Analysis and Design, Popper, G-4 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 320? Reference -Junction,

Spengler, W, B., and others, Mar 1964, AEDC TR-64-55i AD 432 828 (N64-17456).

Auto-Control Laboratories, Inc.

High Temperature Thermocouple Research and Development Program.Monthiz
Progress -Report, No. 11, 1 Apr - 1 May 1964, Smith, R. R.i Jr.,
10 May 1964, 1.9 p, NAS 8-5438, NASA-CR-58569, T-1097-11 OTS.
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High -Temparature Theimocoupl -Research -and Development .Program, Append ,:. 3,
Miscellaneois Technical Data Summary Report, Smith, R. Re. Jr., 18 June 1965,
79 ps. NA8-5438, NASA-CR-67347 T-1097, Appendix 3.

. -ischTimper ature Thermocouple R1asearch .and'.116elopment -Program, Summary
- po~t. Smith, . R. Jr., 18 June 1 9 65 s 34 p, NAS8-5438,-NASA-CR-67348

_ T-4097i:

khZAparature Thermocouple -Raseasch -and -Develo.ment .P-ograme Appendix 2,
CaliBrations, Smiths -. e R. Jr., 18 June 1965, 99 p, NS8-5438s,,NASA.-CR-
6 7197 T-1097, Appendix 2.

-akne6 Engineering Company

Study of a Temperature Measuring-System-for the 10000 to 2500.C Rang s,
Guy Moffitt, Wright-Patterson AFB, Ohio, Flight Control-Lab., Feb 1962,
106 ps Contract AF 33(616)-7479, ASD-TR-61847, AD-274794.

Study of a _Temperature Measuring .System.for the 1000 to-2500C-Range,
Final.Report.-July 1, 1960 - Aug 31, 1961, Guy Moffitt, Wright-Patterson
AF., Oh*o, Flight Control Lab., Oct 1961, 108 p, Contract AF 33(616)-7479;
ASD-TR-61-487 , .BEC-4247.

Battelle Memorial Institute

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

Defense Documentation .Centeri Alexandria, Virginia

High Temperature Instrumentation, A Report Bibliography, Covering Period
1961 - Jul 1962 (DDC ARB-110400 AD 446 9290 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:ion

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 DynamiLcs Laboratory

A Probe for the Instantaneous Measurement of Surface Temperature,
Jan 1964 (RTD-TDR-63-4015, TL No. 406548).

General Electric Company

ARP -Materials, Final Report, 20 Sep 1965 - 31 Oct 1966s; 15 Now 1966.
Contract AF 04(694)-667 (GE D.-66SD 9207 Secret-RD, SA-67-00133(0002)-67,
AD 376 968, TL. No. 751657).

Survey for a High Temperattive Sensor -for Southwest Atomia. nrgy
Associates, Asainoto, R. R., and Novak, P. E., Jul 1965 (GEAP-4903).

Researc-h and Evaluation of Materials for Thermocouple Aplication Sutitable
for Temperature Measurements up to 45000 F on the Surface -of- Glide Re-Entry
Vehicles, Kuhlman, W. C., May 1963, Contract AF 33(647)-8472, (8472 63-5,
CTIC AJbst. 4770).

Research and Evaluation of Materials for Thermocouple Aplication Suitable
for Temerature Measurements up to 45000? on the Surface of Guid-e -Entry
Vehicles, Final Report, Mar 15, 1962 -- Mar 15, 1963, Kuhlman, W. C.,
Wright-Patterson AFB, Ohio,, Directorate of Materials and Processes,
May 1963 83 p, Contract AF 33(657)r-8472, ASD-TDR-63-233.

Hoskins Manufacturing Company

Stud .of High .Temperature Tharmocouples, Final Report, June 1, 1963 -I
December 15, 1964, Hall, B. F., Jr., Spooner, N. F., 23 Marclv:1965,
89 p, A2 19(628)-2957, AFCRL-65-251, AD-619038.

Instrument-Society of America, Pittsburgh, Pa.

Temperature Measurements in a Graphjite En~vironment from -16900 to -2500*C.
Hall, B. F., Jr., and Spooner, N. F., (Hoskins Mfg. Co.). Paper to be
presented at the 19th Annual 1SA Conferernce and Exhibit, N.Y.,, 12 - 15
October 1964 (ISA PP-16.13-3-64, TL No. 507986).

Johns Hopkins University

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

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

Comparison of Measurements of Internal Temeratures in Ablation--Material
by Various Thermocouple Configurations, M. B. Dow, NovenibeIr 1964- (NASA
TN D-2165, TL No. 500245).
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I eVisiopmeft of a VatbirPressure-Operated High-Temperature Sensor Device,

FinalReport, -J. R. Van Orsdel and others (Battelle Memorial Inst.),
1L March 1965,Cbntract NAS 3-5202 (NASA CR-54369, TL No. 6U3329).

Effect,.of Thermocouple Wire Size and Configuration of Internal Temperature
Measurements in a Charring Ablator, Technical Note, W. D. Brewer, March 1967, I
(NASA rN D -3812, TL No. 7U1990)j.

Small Plasma Probes with Guard Rings and Thiermocouples, J. F. Morris,
-0atober 1966 %NASA TM X-1294, TL No. 6U7024).

Forebody Temperatures and Calorimetric Heating Rates Measured During Project
Fire II Re-EntFy at 11.35 Kilometers per Second, by Elden S. Carnette,
November 1966, NASA TM X-1305, (TL 6C 7420).

National Bureau of Standards

Bibliograpty of Temperature Measurement, January 1953 -June 1960, April 1961,
M~onograph - 27 (TL 1-6433).

Naval Ordnance Test Staticn

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 Highn
Temeratures, B. E. Walker, et al, June 1962 (NRL Rept 5792,
TL No. 3UJ4205).

Oak Ridge National Laboratory

Smoothed Thermocouple Tables of Extended Significance ("C), March 1965,
various sections, ORNL 3649, v. 1,2 (N65-20151 - 20159 N65 20E80 - 20684).

Pratt & Whitney

High Temperature Thermometry at Canel, P. Bliss, February 1965, presented
at AEC Tech. Meeting on High Temperature Thermometry, W~ashington, 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 Timperature

Thermometry, 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 Pfuntner, R. A., April 1962, Pap. 524A (TL 3U1632).

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

Southern Research Institute

Evaluation 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 50000 for Their
Destruction Temperatures, Neel, D. S., et al, Tech. Doe. Rpt.,
February 1962, Contract AF 33(616)-6312, (S14 6312 62-2, CTIC Abst.
5620).

Stanford Research Institute

High Temperature - A Tool for the Future, Proceedings of the Sympos(.um
Held at Berkeley, Calif., June 25 - 27, 1956, Menlo Park (SRI, c1956,
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

Development of Advanced Nozzle Designs for Large Solid Propellant Motors,
FR 4900 13 (TL 3C 5096).
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TERNARY PHASE EQUILIBRIA IN TRANSITION
METAL-CARBON-SILICON SYSTEMS

Contract AF 33(6l5)-1249

In this -project, experimental1 and thieoretical investigations of

refractory metal catbide and boride phase relationships have been.-performd.

As a result of this work, the malting temperature5 of these refractory-

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 I Mo-C Systemu-
Volume II Ti-C and Zzr-C Systems
Volume III Mo-B and TW-B Systems
Volume IV Hf-C System
Volume V Ta-C SystemI
Volume VI W-C System, Supplemental Information

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

Part II-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 VT Zr-Hf-B System
Volume VII Ti-Si-C, Nb-Si-C, and W-Si-C Systems
Volume VIII Ta-W-C System
Volume IX Zr-W-B System. Pseudobinary Systems

TaB 2 -H f B2
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~o~ue X The Systems Zr.-Si-C, -Hf-Si-TC, Zr-.Si-B,
and KRf-Si-B

~Vb~um XI- f-Mo-B -and-Ef*-W-B Systems
-~Volu~me XII -- Ti-Zr-B*System, Pseudobinary.Systems

ZrD2NB2, rB2 -aB 2~and HfB- -NbB 2

Volume XIII' Phase Diagrams of the Systems Ti-B-C,
Zr-B-C, and Hf-B-CK

'Part YNII-Special Experizental Techniques

VOLme. 1, High ,Temperatuxe Differential
Thermal AnalysiLs

Volue. I - A Pirani-Furna'e for the PrecisionVolume.I
Determiination of the-Melting

Teme~aure o~Refractory MetallicI- Substances
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