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I. INTRODUCTION

A. Background

In 1971, at Atlantic Research Corporation*, the Air Force Rocket Pyo~ulsion

Laboratory started a study of silicon carbide (SIC) addition8 to continuously nu-

cleated pyrolytic graphite (PC). In the codeposited material, pyrolytic graph-

ite and silicon carbide (PG/Sic), the SiC phase is deposited in a PG matrix as

needles perpendicular to the deposition surface. This structure provides re-

inforcement in the c—direction and vastly improved shear strength between the

a—b layers of the PG matrix. Also, the bond between the PG/Sic coating and an

ATJ** graphite substrate was outstanding. Even in mechancial tests to failure,

no coating separations from the substrate were observed.
1

Early development involved small—throat rocket—nozzle inserts and explora-

tory firings to establish target compositions and structure and gather prelimi-

nary performance data.2 7  As this work was successful, work was begun to design,

fabricate, and evaluate the PG/SiC—coated , large—throat , rocket—nozzle inserts
8—11under advanced ICBM test firing conditions. Most of the work was on scaling

up the coating process from 25—nun—(1-in.—) .diam inserts to 89—, 178—, and 318—nun

(3.5— , 7— , and l2.5—ln.—)..diam inserts with coatings 3.3—7.6 mm (0.150—0.300 in)

thick.

As the coating development progressed toward making the larger diameter in-

serts, major changes in the deposition furnace configuration were required (Fig.

1), and the percentage of acceptable coated inserts decreased.
11 A requirement

for demonstrating capability to reproducibly coat a nose cap for the rocket—noz-

zle throat package led to even more drastic furnace configuration changes, and a

yet lower percentage of acceptable coated nose caps were produced.
12 The con-

clusion was that more fundamental understanding of the deposition process was

required In designing apparatus for making deposits on large inserts and nose

caps. The Los Alamos Scientific Laboratory (LASL) began a study with the Air

Force in July 1975, to provide that understanding.

B. Objective

This work was to improve the capability for making PG/SiC—coated rocket—

nozzle parts. The expected accomplishments were as follows.

*Atlantic Research Corporation , 5390 Cherokee Avenue, Alexandria, Virginia.

~~Trade name of a premiu~n grade graphite supplied by Union Carbide Corporation.1
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1. Development of a deposition process model. Development of an analyti -

cal model complete enough for designing furnace geometry and fixtures and specify-

ing power inputs, mass flow rates of reactants, and other input conditions (or

coating nozzle parts of differing shapes and sizes.

2. Control syst~~ specification. Specification of fully automatic control

system for the deposition process. System definition and complete specification.

No deailed circuit design or fabri-ation.

C. ~~~~~~~~~
This report consists of the following three volumes.

Vol. 1. The Injector Deposition Furnace.

Vol. II. The Channel Flow Depositing Furnace.

Vol. III. Comparison of Deposition Furnaces and a Generic Process
Control System Specification.

To establish a data base for validation the model developed and to document

the operation of an existing PG/SIC coating furnace, LASL asked (LASt Order No.

Lbb—l7503—l )Atlantic Research Corporation (ARC) to perform a series of engineer-

ing tests at their facility . LASt specified the test procedures and instrumen-

tation. Deposition furnace modifications for instrumentation , furnace operation

during the tests , and part of the coating characterization were done by ARC.

Volume I documents these engineering tests , characterizes the injector deposition

process, and compares the results obtained with the model developed .

The model had to be an efficient , simple design tool for PG/SIC coating of

nozzle parts. If the model were too complex , too expensive, or too demanding

of computer facilities for routine application , its utility would be greatly

diminished . Early in the injector deposition furnace work, it became apparent

that the model fluid dynamics would be very complex (primarily because of a re—
circulation zone in the furnace) and would require an extensive computer fac i l i ty .
Further, it appeared that the flow field for coating throat inserts would be

drastically different from that for nose caps , and the model would become even
mere complex. Therefore, the study objectives could not be achieved using ARC ’s
furnace .

Using information developed to that point and an available computation
fluid mechanics code13 that could treat steady, two—dimensional, turbulent boun-

dary layer flow with heat addition and chemical reactions (but not recirculation
flow), LASt designed a channel flow deposition furnace. Design criteria includ-
ed an inlet configuration that permited accurate specification of the fluid flow

3
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parameters at the start of the coating chamber, equivalent flow conditions for

throat inserts and nose caps, better heat transfer to parts being coated, more

economical use of power and coating gases, easier assembly, and higher production

rates. The furnace was built and run at LASL. The test matrix for the runs

was designed to provide maximum information for comparison with the model kinet-

ics. Volume II documents the fabrication details and the data obtained from the

engineering tests, characerizes the deposition process, and compares the results

obtained to the model developed.

Volume III compares the characteristics of the two deposition furnaces,

describes the models developed , and gives control system specifications.

II. THE EXPERIMENTS

A. General.

1. Prior process experience. The composite coatings are applied to heated

graphite substrates (1800—2500 K) by an atmospheric—pressure chemical vapor

deposition (CVD) process that involves the pyrolysis of a diluted (N2 diluent)

mixture of methyl trichiorosilane (CR
3SiCl~ or MTS) and methane (CH4). Other

hydrocarbons may be used in place of CR4.
1 When a fluid element containing CR4

is heated rapidly to 1500 K (or higher), a series of consecutively irreversible
15,16reactions occur; i.e.,

k2 k 3
CR4—> l/2C2H6 

—> C2H4 —> C2H2 —> {precursor}—>PG , (1)

where the k’s are the appropriate 1st—order reaction rate constants that are

temperature dependent.16’17 The chemistry and physics of pyrographite deposit—

ion (the nature of the PG precursor in the gas phase, the effect of energy grad—

lent effects near the wall, the kinetics of precursor formation, soot formation

in the gas phase, and pyrographite structure deposited relative to types of
18—20precursor species) are complex and poorly understood. Examination of the

relative magnitudes of the known reaction rate constants indicates that pyrol—

ysis of CR4 is the rate—controlling kinetic step (all succeding steps in Eq. (1)

occur at much faster rate) and that a temperature of 1500 K must be reached

before significant pyrolysis begins. A literature search failed to find any

kinetic data on thermal decomposition of CH3S1C13. Mass spectrometric data

suggest21 that the decomposition proceeds in two ways. First, CH3S1C13 decom-
poses by sequential detachment of chlorine atoms and, second, the Si—C

bond is broken and various silicon- and carbon—containing fragments form. The

Li
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rats of the first process is approximately twice that of the second.

Onc. the precursor species have formed in the gas stream , the deposition
rate is very dependent on flow conditions. Figure 1 shows typical configurations

of deposition canisters that contain the part to be coated . The process gas

(‘i 97 vol Z N2 + CR4 ard CR 3SIC ].3) is introduced into the can ist•r through a
watsr—cooled injector at Reynolds numbers of 7000 near the inlet based on the
canister i.d. For the larger throat inserts and nose caps , the practice has

been to place a contoured qenterbody in the canister to try to maintain flow

• conditions equivalent to those of the smal l—throat insert configurat on. The

deposition canisters may be heated by either resistance or induction heating.
Optical pyrometer readings are made on the surface of the part being coated ,

and the power to the furnace is varied to maintain a constan t substrat. temper—
ature.

When an injector is used, there will always be a recircula t ton region near

the canister inlet. The physical characteristics of the recirculation flow will
depend on the internal gsometery of the canister , wall and c.nterbody tempera-

tures, process gas flow rates , physical properties of ths dLluent , and the

injector i.d. Therefore , the time—thermal history of the precursors in the

recirculating flow region will differ from that of those in the nonrscirculating

region.
When all these complex factors are prop ’rly controlled , the SiC phase

deposits as needles perpendicular to the deposition surface , providing rein-
forcement in the c—direction and vastly improved shear strength between the a—b
layers of the codeposited PG matrix. Reasonably uniform coatings have been ob-
tained over axial distances of 75— to 125 nun along the substrate at ratis up to

0.5 rn/h. Uniform distribution of accicular SIC in the PG matrix can be main-
tained given 0.1—0.4 weight fractions of SIC . The experimental data available
indicate that tho PG and SIC deposition rates are essentially independent of each
other , The deposi~ion rates of both increase monotonically with increasing

concentrations of CR4 and CH3SiC13, resp.ctively . “he deposition rate of SiC

apparently decreases drastically with a temperature increase from 1900 to 2200

K. This factor emphasizes the req~ir.m.nt for accurate control. of the tempera-

ture along the substrate surface.
2. Approach. A model complete enough for use in designing furnace geom-

etry and fixtures and specifying pow.r inputs , mass flow rat.. of reactants , and

other input conditions for coating nozzle parts of differing shapes has a number 

~~~~~~~~~~~~~~~~ ..,fr A
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of interactive computation elements that must be validated against a reliable

data base. The data base must contain information 00 the nature and efficiency

of power input to the deposition furnace, transient and steady state thsrma l

characteristics of the óeposition furnace , heat transfer to the process gas ,

hydrodyn ic flow during the deposition , and dependence of coating characteristics

(deposition rate , microstructure, etc.) on process condition.. A review of

available data showed that the data base was inadequate to cover all the requi-

site areas.
It was determined that the most effective way to establish the data base

was to enter into a contract (LASt order No. LL6—17503—l) with ARC to provide

engineering services for conducting instrumented PG/SIC codeposition runs. The

work was divided into three tasks. The first was modification of an existing

deposition furnace to acco odat. additional instrumentation . Included also
vet. installation and operation of a data acquisition system. LASt furn ished
the additional instrumentation and data acquisition system.

The second task was to run deposition tests using a straight—tube geometry

similiar to that shown in Fig. 1*. This effort involved two subtasks. The

first was to get data on the flow field within the deposition canister and on

furnace temperatures during transient and steady state heating tests with flow—

j ing nitrogen. Th. second was to get similtar data during actual coating runs.

The third task was to have been the performance of deposition tests using

a curved annular passage similar to that shown in Pig . 1C , but the contract funds

were depleted by the second task.

B. Coating furnace and process equipment.
Initially ARC was the only company that had extensive experience with PG/SiC

codeposition. Therefore, as they had complementary work in progress , the least
expensive way to assemble the initial data base was to perform these engineering

tests at their facility. Appendix A details the modification of the ARC process

gas equipment and deposition furnace. The instrumentation requirements and cal-

ibration methods are described in Appendices I and C, respectively .
C. Test Procedure

1. General. The tests were planned to provide enough data to explain the
factors involved in coating nonreproducibility and to verify that the analytical
model could predict conditions in the furnace. The latter objective was partic-

ularly important because of the complex flow anticipated owing to the jet inject—

or and the complicated furnace configuration . All of the tests described invol-

ved the some basic furnace configuration , and they were conducted in the sequence

6



— 
~
‘•‘

~~
.,---

~
• 

~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—•-

~ ‘~~~~—-~ --.~~~---. ~—~
- -—-• • -, 

~~~
_

~
_ —

~
---

~
-,—• — —~

-
~
-,

~~~ T
_ - •

~~~~~~~~‘•~‘ ~~~~~ 
.• •-.•---—.-,-•.-—

listed. The tests ar. divided into four categories for discussion : cold—flow ,

transient h.atup. steady flow holds at temperature , and coating . The f i r s t
three designated 15601 (see Appendix D) were all conducted on March 16 and 17,
1976. Th. coating tests , designated 15800 through 15809 (see App.ndix D), were

conducted on May 6—7 , 1976.
2. Cold—flow tests. The cold—flow tests were run to answer basic questions

about the flow field downstream from the injector by use of a movable Pitot tube.
The objective was to locate the jet  boundaries and determine whether they were
affected by changes in the N 2 flow rate. For example, the location of the re-

attachment point and determination that the flow is axially syrn.t r ic are basic

pieces of information that affect the modeling.

The cold—flow tests also provided an early opportunity to exercise the

hydrodynamic code , VNAP , without requiring iterations with the heat—transfer
calculations. They were also intended to provide a comparison with the jet ve-

locity profile when the furnace was heated , but unfortunately , no such data were

taken.

3. Transient heatini test. The transient heating test was intended to veri-

fy the heat conduction model , without the complications introduced by the re-

circulating flow. Comparison of measured and calculated temperatures during the

transient was possible without iterations between the flow and heat conduction

models. The transient heating test was integrated with the normal furnace start

up procedure and did not s ignif icant ly increase the overall e f f o r t .  It also pro-

vided an opportunity to exercise the instrumentation and to measure the trans-

ient response of the furnace for control system design.
4. Flow tests. These were the basic tests used to verify the furnace

modeling through use of hydrodynamic calculations from VNAP and heat t ransfer
calculations from AYER. Conducting the tests at several N2 flow rates and power

levels allowed the relative scaling laws and sensitivity to modeling assumptions

also to b. verified. If any unexpected temperatures had been encountered , the

flow tests would have been used to guide the subsequent coating tests. However ,

this was not necessary.

Not attempting to coat parts in these tests allowed the objective s to be

et without additional constraints, thus permitting a wider latitude in power
and flow settings. It also allowed the substrate surface temperature to be meas-

ured without the possibility of errors introduced by radiation scattering and

absorption in the coating gas .

7
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3. Coati*g tilts. The coating teats wer• to characterize the coating

achieved using the relevan t process par ters. Tb.y also provided additional
opportunity to verif y the the rmal models as described above . Although we hoped

to develop a ch ical kinetics and coating deposition model from these data , the

complexity of the jet flow prevented doing so for the injector deposition

furnace.

D. Instrumentation.
The instrumentation necessary f or this study was determined from the above

requirements. Review of the instrumentation at ARC showed that it wa, necessary

to design a data acquisition system (DAS ) that could support the progra. fully.

LASL designed the system and gave ARC technical support in installing, calibrat-
ing , and operating it. All the instrumentation equipment was specified and
furnished by LASL . The instrumentation is described In Table B—I , and its

location in the furnace ii shown in Pig. A—6.
1. Flow velocities. To get data on the injector characteristics and gas

f low pattern in the furnace inlet tube , it was necessary to measure the gas ve—

locity profile across the tube at differ ent axial locations To obtain the gas

velocity profile, total and static pressure measurements were made using a Pitot

tube. The expression that relates thes. pressures to velocity is

v —  ( 2gRT (1 — 

~.“~~
)
1”2 , (2)

where
V — gas velocity

S — gravitational constant

R — gas constant

T — gas temperature

— absolute static pressure

— absolute total pressure.

2. Temperatures. To support the data requirements of the ATER and VRA P
codes, the inside vail temperatur.• of the furnace were measured. Figure A— 6

shows that the furnac. consisted of many different parts made of different

materials. The thermal resistance across the interface of two parts could not

be determined accurately ; so the heat flow could not be calculated accurately.
Hence, it was necessary to measure the wall temperature of each major part , as

well as temperatures at several axial and radial positions within the parts.
The number of measurements was limited by the availabl, space (Pig. A—6), the

8



instruments obtainable, and the wish to minimize heat transport pertubatione .
Parameters T— l through T—14 represent temperature measurements of the various
furnace parts. All except T—4 and T—l0 through T—12 were measured using optical

pyrometers . The W/W—Re thermocouple that measured parameter T-4 was included to
explore the feasibility of using thermocouples, instead of pyrometers, in a
furnace controller. Parameters T—lO through T—12 were measured using Type T

thermocouples. Other temperature parameters (T—l5 through T—20) were measured

by thermocouples as described below and in Table B-I.

3. Power. The power generated in the furnace susceptor is a necessary

input to the AYER code. To provide this input, two cooling water flow measure-

ments, seven temperature measurements, and measurements to calculate the power

supplied by the lO—kHz motor—generator set were made. The furnace input power

that the AYER code requires is power from the susceptor. The susceptor power

is what remains of the motor—generator output after the losses have been sub-

tracted.

The total furnace power parameter, *4 (El cos 0), was measured using
signal conditioning equipment designed and built at LASt. The parameter W—2

(El) was measured to verify the electrical power factor to which the furnace was
tuned.

PP — El cos 0 / El — cos 0 , (3)

where

PF — power factor
E • RMS value of voltage
I — RMS value of curren t

0 - phase angle between voltage and current.
The furnace coil was paralleled with capacitance to present the motor—generator

set with a power factor near unity. A power factor of unity occurs when the

current and voltage are in phase. The motor—generator set can deliver its rated

power at rated efficiency under these conditions.

Assuming an adiabatic process , the 12R loss in the furnace coil was deter—
mined by measuring the water flow rate (F-5), and the temperature of the cooling

water at the coil inlet (T— 17) and discharge (T—20) . Equation (4) is used to
calcu late 12R loss from these measurements.

— 
~

1

T2~ C , dt (4)
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Assuming that C~ is constant over the temperature range of interest , this
expressio n becomes

Q — mC~ (T
2 

— T1),

where
Q — power (12R) picked up by the cooling water
a — mass flow of cooling water

C~ — specific heat constant

T2 — temperature of discharge water

T1 — temperature of inlet water.

The power removed by the furnace fixtures and instrumentation sight ports

was similarly calculated from measurements of the water flow rate in these
circuits and the inlet and exhaust temperatures (T—l7 and T—19, respectively).

Only one parameter , F—5 , is listed in the measurement Ju t. The water
flow rate in the coil was obtained by first measuring the total flow rate in all
the water loops (F—S), then turning of f the coil supply and measuring the re-
maining flow rates. Subtration gives the coil flow rates. If inconstant water
supply pressure varied the flow rats, the flow rats of the two circuits would
be calculated from the same ratio to main flow (1—5) determined in the above

test.

The furnace radiation and conduction losses to the room ’s environment re-

quired measurement of th. temperature parameters, furnace exterior temperature
(T—lO , T—ll , T— 12) and the room temperature (T—18) . These measurements supplied
th. tempera ture data for the simplified equation 

~r 
— h

~ 
+ h

~
, where 

~T 
— the

total energy transferred and hr and h
~ 

are characteristic functions of the

furnace and furnace room materials that interface with each other and of their

temperature difference.

4. Plow rates. Accurate measurement of the reactant gas flow rates (along
with some temperature data) was necessary to study the kinetics of the PG/SIC
process. Measurement of ~fI~S flow rate (1—4) and N2 flow rate (1—1 and 1—2)
along with inlet pressure (P—3), substrate temperature CT—i ) , and the other in-
side wall temperatures , would help to determine and verify the MTS disassociation
rate with respect to the temperature and the SiC deposition rate. Accurate

determination of the mass flow rate of Cit4 (1—3) , was required to help deter—
mine and , v.rify which parameters controlled (or were a function of) the total

10
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deposition rate of PG/SiC and the ratio of PG to SiC. Accurate measurement of

these flow rates(and wall temperatures) was necessary to establish a data base

fl for furnace scaling as well as to determine, if possible, the reason for the
previous nonreproduceability of the deposition process at ARC. ,Flow controll—
ers were used to adjust and regulate the CH4 and MTS reactant flow rates. The
inherent properties of the deposition process dictated the need for accurate

measurement and control of the mass flow rates of these gasses.

Small fluctuations in the nitrogen flow were not critical, but knowledge

of the actual flow rate was necessary. Therefore, a flow controller was not

used for this gas, but accurate flowmeters were installed (F—i and F—2).

5. The inlet pressure parameter, P—3, was measured to determine

inlet pressure fluctuations. This parameter was also required as VNAP code in-

put. The wall static pressure measurements P—i and P—2 were specified to help

determine the flow pattern in the furnace inlet tube. Originally, these wall

pressure measurements were the only source of data for defining the velocity

flow field in the recirculating jet. Wall pressure measurements ware most

co~~only used to obtain data for sudden expansion of gasses. However, develop—

ment of the moveabie Pitot tube provided a means of obtaining significantly more

data.

6. Position. To relate the parameters P—4 and P—5 to position in the

furnace , the Pitot tube location had to be known . The parameters D— l and 0—1
were the Pitot tube’s linear distance from the injector face and its plus and

minus angular position from the center line of the nozzle, respectively.

7. Data—sampling rate. The sampling rates were specified after estimat-

ing the transient response of the furnace and the PG/Sic deposition process.
After reviewing the physical properties of the furnace , it was felt that the
characteristic equation to express its temperature as a function of time would
be a second—order (or higher) differential equation. The transient response

to a step power input would be similar to that of an over—damped second—order

electrical system. However, a “worst case” solution was obtained by the model—

ing the furnace as a first—order system (Eq. 6).

— e~ t h 1t , (6)



where
Tf — final substrate temperature

T~ 
— temperatue of substrate at t

T1 
— initial temperature of substrate

e — 2.7 1828
t — hours for substrate to reach temperature Tt

— furnace time constant in hours.
The time constant is defined as th. time required for the output to reach 63.22

of its final steady state value after being subjected to a step input function.

From experimental data (supplied by ARC) it was ascertained that the substrate

would achieve steady state temperature in approximately four hours. Assuming

the transient response of the furnace followed this simplified equation , Eq. 6,

the furnace w~uld reach 99.752 (or within 5’ I~) of its fin*l temperature in six

time constants (4 h).
The furnace time constant was calculated from Eq. (6).

2033 — 2028 
— 

—4h
2033 — 294 

e

t — O . 6 8 4 h — 4 l min.
The furnace time constant is analogous to that of an electrical system

defined by a first—orde r differential equation. The frequency response of this

type of system can be obtained from a Bode diagram.
22 On this diagram, the

corner frequence is that at which the system output amplitude has decreased 3 db.

The 3—db system frequency response is then bounded by asro and the corn er
frequence . Th. corner frequency is also identified as a function of the

system time constant. Equation (7) depicts this correl ation.

— l/2r r , (7)

where
tcf • corner frequency
• 3.14

— time constant of wystem.

Through the use of this equation and the furnace time constant , the highest

frequency to which the furnace will respond (corne r frequ.nc~) can be calculated.

12
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— 0.0039 cycles/mm

or , one cycle per 257 m m .
The sampling theorem stipulates that if the ins spectrum of a time function

g(t) is identically zero at aU frequencies above W Hz , then g(t )  is uniquely
determined by giving its ordinates at a ser ies of points spaced 1/2 W apart ,
the series extending throughout the time domain. However, for this theorem to

be ~alid, a perfect filter must be applied to the signal of interest with a
cutoff at W Hz, or the signal spectrum be ing sampled must be perfect and have

no energy above W Hz. Neither case is pract ical , so the sampling rate must be
greater than 2W samples/s to prevent the aliasing* error , present in all, sam-

pling data systems , from being exceptionally large.
To reduce the ch asing error23 to 12 in a t ime division multiplexing

(TDM) data system with two poles of filtering , the ratio of sampling frequency

(f 5) to the signal 3—db frequency ~~~~~~ 
must be less than 30. Here the two

poles of f i l tering are provided by the furnace since its transient response is
defined by at least a second—order equation with a damping ratio greater than

one . Substitut ing the 0.0039—cycle/mm frequence into

30 — / (8)

gives a sampling frequency of 0.117 per mm , or one sample per 8.6 miii.

The process variables (powe r , reactant flow rate , and cooling water flow

rate) had much faster time constants (~ 20s). However, the CVD furnace tempt?r—
atures could not respond to this 20—s time constant and the process resolution

exceeded 20s. Experience showed that if one of the process variable changed

drastically (MTS flow turned off), ‘ 15 mm was required to obtain an obserable

change in the process. If 15 nu n is two—thirds of a process time constant , the

process time constant is then 22.5 m m .  From Eq. (7) the frequency response is

one cycle per 141.3 mm or a sample rate of 4.7 m m  per sample. The frequency

of the room temperature fluctuation required a similar sampling rate .

Therefore, the sampling rate used during steady state operation was one

sample per 5 m m ,  which seemed adequate on the basis of the above calculations .
The sample rate was increased to one sample per minute during transient heating

5Th. aisrepresentati on of the frequency and amplitude of the recorded signal
when the data sampling rate is too much lower than the frequency of the signal

being measured.

13
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and cooling of the furnace to preven t loss of information during these periods
because of unknown furnace characteristics .

We are not sure that the error from aliasing in TOM systems is germane to

this particular application. However, ensuring that the data sampling rate

meets these require.snts lends that much more credibility to th. recorded data.

8. Data accuracy and recording. The end—to --end inaccuracy requirements
were specified as * 22 maximum. This requ iremen t was based on several factors ,
one of which was the accuracy of data required as inputs to the AYER and VNAP
codes or for comparison with condition s predicted by these codes. The need
to ascertain the process kinetics and reproduesability characteristics dictat-

ed an inaccuracy no greater than * 22. The parameters that control the process
were not entirely known at the beginning of the program. Therefore, to relate
the effect of one par ameter upon another , an accurate signature of each param-
eter was necessary . The * 22 require ment was also a prerequisite for an ccc—
urate data base on which a process control system was to be designed and
specified.

The data were recorded on 1/2—in, magnetic tape in a seven—track IBM for-

mat. The data— recording medium and format were chosen to allow easy access to

the computer facility at LASL and to reduce the cost of data reduction and
data handling.

Table B—I outline s the complete measuremen t list and the range required

for each parameter. All parameters except F—3, F—4, F—6, T—7, and W—2 were

required for the nitrogen flow test. Those measurements not required by the

deposition tests were P—i, P—2, P—4, P—5, D—l , 0-1, T—4, and T— 16.

III DATA OBTAINED

A. Cold Flow Tests.
Because the Pitot tube was moved during each set of measurements, a time

histo~-y plot of the pressure data is not meaningful, so they are not included
in App . D.

The instr ument readings that were recorded on continuous DAS scans at each
position on the Pilot tube’s traverse were the static and total pressure at

the Pilot tube (P— 4 and P—5), the two static pressures in the coating camber

wall (P— l and P—2), the static pressure in the injector tubs (P—3) , and the

nitrogen flow rate (P.5). At each Pitot tube location, the continuous scan

lasted at least 45 s and the data were sampled at 3—s interval.. Thu gave a

14
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total of about 15 data points that could be averaged for each instrument ( a
few points at the start and end of each scan were skipped) .

1. Data reduction. After averaging the data points for each Pitot posit—

ion, subtracting zero offsets for the initial instrument calibration, and con-
verting from gauge to absolute pressure, we reduced the data as follows.

The fluid velocity as measured by a Pitot tube pressure difference is

found from

V — C~, { 2 g (P0 — P )/p)112 (9)

where
C — Pitot tube coefficient, assumed equal to 1.0 (usually found byp calibration to be between 0.98 and 1.02)

g — gravitationa l constant

p — fluid density

P0 — absolute total perssure

P1 — absolute static pressure.

Use of the ideal gas law and the fact that velocities are low changes Eq. (9)

to

V — C~, (2gRT (P0 — P1)/P 1) 1”2 , (10)

where
ft — gas constant

T — static temperature.
This equation was normalized to the maximum fluid velocity, at the center-

line of the injector.

0.83 ~(~i (2gRT (P0 — ~~)/p ) l/2 (11)

where
V — jet centerline velocitymax

Q — volumetric flow rate
• A1 — injector cross—sectional area.

2. Results. The relative velocity plotted in Figs . 2—6 is V/Vmaxi
• defined above . The figures show that the velocity profile is very symeetrical

about the centerline , and that the three flow rates have the same profile.
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Also , the velocity profiles agree reasonable well with those that Gortler24

predicted for a circular , turbulent jet .  This theory predicts that the jet
spreads with a 12’ half—angle , which would place the reattachment point 213 me
from the injector. The experimental profile 203 me from the injector (Fig. 5)
indicates this is true in the cold flow test.

In a syametric plane expansion , the recirculating regions are often not
sylmnetric ,25 although , for the axisymeetric geometry, Macagno and Hung26 showed
that syumnetric flow is maintained regardless of Reynolds number. Nevertheless,
there is some evidence27 that asytunetries can occur at high Reynolds number and
high diameter ratios. An asymeetric jet in the coating furnace could cause severe
problems in data. interpretation and modeling.

The velocities measured near the co~itthg furnace wall are not accurate because

the Pitot tube could not be oriented with the flow direction.
B. Transient Heat and N 2 Flow Tests.

1. Exit gas temperature profile.

Because f low velocity and temperature profiles are not fully developed at the

furnace exit, it is not possible to measure a single temperature in the exit gin

stream to get a true mixed—mean gas temperature. Instead, the W/W--Re thermocouple

T—l5 was able to traverse the exit tube diameter. With the flow velocity profile

predicted by VNAP , this permits an integrated mixed—mean temperature to be cal-

culated . The measured temperature profiles in both the N2 flow tests and coating

b tests were very uniform ( Table I), mikiag the integration unnecessary.
The orobe stuck in the e,it tube after one traverse in both test-s and was

left in its “parking” position, 13 am from the wall for the duration of the test.

The temperature measured at the parking position was very close to the average

measured during the traverse.

2. Transient heatup. Data from this test were used to calibrate the AYER

thermal model of the coating furnace , described in Sec. IV. One important input

is the power generated in the susceptor. This is not the same as the total furn-

ace power because of 12R losses in the coil and bus bar. Figure 7 shows the

measured outlet water temperature from the coil during the transient heatup

test. (The transient heatup started at 9:30 p.m. on the first day . Therefore ,

time zero in Figs. 7—20 correspond. to 1290 mm in the figures in App. D.) The

coil water flow was measured before the start of the transient heatup test and

found to be 1.93 x l0~~ m/s. The water heat pickup , which equals the 12R losses,

was then subtracted from the total power input to the coil. (The email additional

F heat input to the coil cooling water caused by convection and radiation from the

18
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furnace o.d. was calculated and f ound to be negiligible) . The coil input power
(El cos 0) is shown in Fig. 8, together with the susceptor input power found by
differencing. The susceptor power was used as an i~~.it to the furn ~~e thermal
model. The process and annulus N2 flow rates were aid co”etant at 6 x 10~~ and
1.2 x kg/a , respectively. (See Appendix D.) These purges , used to maintain
an inert atmosphere in the furnace, did not remove significant heat (calculated
maximum is 0.5 kW at the end of the heat up). Consequently, the N2 flow could
not affect measured temperatures s~.gnifican t1y , and the ATER heat conduction
model could be run independent from the VNAP fluid—flow model. The 

~2 
fluw was

included as an approximate boundary condition in the AYER model. The only other

inputs to the model from the measured data were the gas inlet temperature and

room air temperature (Fig. 9). The cycling in room air temperature is caused by

the building heating system. Th. measured temperatures are compared with the

calculated values in Figs. 10—22.

The temperature slope discontinuity measured by Milletton instruments at
T— 5 and T—7 (Pigs . 13 and 15) is an artifact of the instrument as it comes on
range. The other two Milletron instruments at T—2 and T—9 vera not connected to
the DAS during these tests, but in the transient heatup at the start of the coat-

ing tests , T—2 showed the same behavior at T—5 and T—7. The instrument at T—9
did not come on range until after the N2 flow was increased and the DAS was
recording at 5—mm intervals. Measured and calcualted temperatures generally
show reasonable agreement , leading to the conclusion that the AYER model can be
used in conjunction with VNAP to predict stead y—state temperatures in the furnace .
The measured temperatures during the transient heatup before the coating tests on
May 5, 1976 ware almost identical (App. D).

3. 112 flow tests. The 112 flow tests consited of three steady—state (1—h)
holds at constant process 112 flow and (ARC panel) power. These holds were as

follows.

Sequence I
Start time (D&S) 04:05 12:55 22:30
Kin5 1685 2215 2790

bReference tim. 0 530 1105
Nominal flow (std i/eta ) 236 472 472
Nominal power (kW) 45 45 60

a Used in figures in App . D.
b Used for figures in this section .
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Ti8. 23. Typical temperature plot
during N2 flow test.

During the 7— to 9.-h interval between each 1—h hold , the furnace was gradually

reaching an equilibrium temperature. Figure 23 is a typical temperature plot.

The temperatures for these tests ar e perhap s better presented in a tabular form

than they are graphically.

Tables It-TV include, respectively, the measured and calculated data for

each of the three steady holds listed above. The input data for the calculation

are the saute as those for the transient heatup test. Two measured temperatures

are given for each total radiation pyrometer , T—l , T— 3 , T”-8, T—l3 , and T—l4. The

first is an eff ective black—body temperature that is equal to the true surface

temperature when the surface emissivity is equal to 1. The second (in parenthesis)

is a “t rue ” surface temperature 5 obtai ned from the Wsin approxoieation tô the - -

Planek equation1 with a surface emiasivity of ~~~~~~ Because the promater. are

*
~~~ 

this report , all plots for these instruments are the corrected “true” surface

tempe rature .

~~~~ “true surface temperature is T — 1/(4.5 x l0 ’
~ ln 0 8 5  + i/Tb), where Tb

is the observed effective black—body temperature (K).

24
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TABLE II

?~~A5WRED AND CALCUALATFD PARAM T~~ERS AT STEAD! HOLD NU~4R~~ 1

— Parameter Measured

F’—l, Process 112 (std ilnd n)  21.8 Input to calculation

T—2 , Annulus N2 (std t/min) 6.0 Input to calculation

W—l , El coe G (Ie~) 3~.8

Water heat pickup (kW) 7 • 8 — 

Net susceptor power, (kW ) 28.0 Input to calculation

Calculated

T—1 (K) 1590. 2 6.8 (1609.) 1690

2162 2146S

T—3 (K) 22~S (2293) 26~9

T—~~(K) 209~ 2111414

T—6 (K) 2066 2722

T-7 (K) 20~8 2111.8

T—8 (K) 20S11. ± ~.i (2o8~) 26~9
T_9& (K) 1163 1566

T—10 (K) 1431 14711

T—U ( K) 1429 1429

T-12 (K) 1401

T—13 (K) 2066 (2098) 2669

T—11~ (K) 2139 (2173) 2669

T—]5 (K) 1.3114 1821

~ Frost hand-recorded data.

b T—14 and T—16 om itted because of over range.

I 
_ _ _ _ _ _ _ _ _  
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TABLE III

MEASURED AND CALCULATED PARAMETERS AT STEAD! HOLD NUMBER 2

Parameter Measured

F-i, Process 112 (etd t/,sin) 1130 Input to calculation

P.2, Annuiua 112 (etd L/utin) 6.0 Input to calculation

W-1, El ~~ e (kw) 36.5 —

Water heat pickup (kW) 8.11

Net susoeptor power (kW) 28.1 Input to calculation

Calculated

‘P—i (K) 1513 ± 8.35 (1530) 11493

T_2a(K) 1922 1888

T—3 (K) 2115 ~ 2.93 (21 148) 2223

T—5 (K) 19147 ~ 56 1886

T—6 (K) 19211 ~ 3.37 2256

T—7 (K) 1925 ~ 5.1 1850

T—8 (K) 1909 ~ 2 .]. (1936) 2191

T—9 (K) 13114 ~ 39.2 1339

‘P—b (K) 1430 ~ 5.’~ 14142

T—1]. (K ) 1~30 ~ 1.5 1I1I14

T-12 (K) 1405 ~ 0.9? 1i12

T—13 (K) 1958 ~ 2 (1986) 22147

T—11~ (K) 2013 ~ 2 (20143) 2211

‘P-IS (K )  1218 ~ 1.57 1511

~From hand-recorded data .

26
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TABL-~ IV

MEASURED AND CAL(~ULAT1~D PAR.ANETFRS AT STEAD! HOLD NUMBER 3

Parameter Measured

F-i, Process 112 (std VaIn ) 1420 Input to calculation

F—2, Anmilue 
~2 (std Vmin) 6.1 Input to calculation

V—i , B! cos O 1kw) 148.? — 

Water }I~eat Pickup (kW) 11.7 — 

W,t susceptor power 1kw) 37.0 Input to calculation

Calculated

‘F—i (K) • 1820 (18145) 1810
(off—scale )

T—2~(K) 2279 2576

T—3 (K) ~ 26014 
(ii. 26514) 2896

‘P-S (K) 23C~* * 1.8 2507

T—6 (K) 2363 ~ 6.1 2970

T—7 (K) 2271 ~ 2.] 214514

1’—8 (K) 2331 ~ 6.3 (2371) 2897

T_9*(X) 114143 1706

T—10 (K) 14118 1195

‘P—li (K) 1467 5011

T—12 (K) 1465

T—13 (K) ~w 2325 (2365) 2916
(off—scale)

- - T—114 ( K) 21~147 ~ 1.14 2909

‘P—IS (K) ~ 1148S 19145

a Fr-~~ hand—recorded data.
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looking through a long graphite tube, with the end of the tube at nearly the

s~~~ temperature as the surface, the effective emisaivity of the tube/surface

approaches 1.0, and the correction may not be necessary . This will depend on

the relative diameter of the “spot ” focused on by the pyrometer to the diameter
of th. tube and the temperature gradient al ong the tube. Because the T—3 and
T—8 pyrometers look across the annular gap between the susceptor and cansiter,
the correction is probably needed for them. It is debatable whether it is need-

ed for the others, but in any case the two values given place limits on the

correct temperature.

C. Coat ing Tests.
1. Characterization of pyrolytic graphite/silicon carbide deposits.

a. General coaments. The process conditions were chosen to lie with—
in the range that ARC used for recent PG/Sic work to have a direct comparison
with work done before the instrumented runs. Table V sumearizes the process

conditions used. These conditions correspond to 1.2 vol 2 of CR4 for all three
layers , and 0.235, 0.155, and 0.125 vol 2 of ?ftS for layers 1, 2 , and 3, respect-
ively.

Near the start of the third deposition layer, a hole, caused by oxidation,

broke into the deposition canister at the joint between the upper spacer and the
cansiter extension. The hole was at 50° from the angular reference line. Fig—
gure 24 shows the extent of oxidation. Subsequent examination of the coat fromn

that layer indicated that the deposition chemistry was radically differen t, so

it was not used in the analysis. To minimize possible effects of the breech on

layers 1 and 2 , sample. were cut from the upper spacer , substrate , and exit

spacer at 230’ from the angular reference line, 180’ from the breech. Figure

25 shows the sooty, nonadherent type of deposit that typically occurs at the

upper end of the deposition cansiter near the coating gas inlet orifice. To a

degree , the sooty deposit was enhanced by the air leak. Figures 26—28 show the
surf ac. texture of the coat in the upper spacer, substrate, and exit spacer

regions. The third layer cracked and separated from the underlying coat near

F ; the bottom of the exit spacer.
b. Microstructure. Figures 29 and 30 show the microstructures of the

three layers at 248 me from the orifice. The microstrucutral code type appear .
to be Group 21 for both 1ayers~

9 “SiC phase medium sized with a tendency to

cluster in the PG cone boundaries, acicular needles 0.9—5.2. mm dia with a LID

ratio greater than 3/1.” Figure 33 is a phot osicrog raph of layer 1 at 306 me

28
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TABLE V

SUMMARY OF PROCESS COND~~I0NS

Surface Temnpe- ature Time
Layer 112(,td ~fain) CH14(std Vmin) MTS(gpin) Midpoint Subs,, (K) (h)

1 1405.0 ± 0.7 14.90 ± 0.05 6.1414±0.014 2020 ± 14 Is

2 1405.1 ± 0.7 14.90 ± 0.05 11.26±0.01 2020 ± 7 14
3 5145.1 ~ 3.8 7.72 ± 0.08 5.37±0.15 2020 ~ 15 it

C~~~ C 2 ~~ itI$AT~OI DATA

7DA.~ .,. (.21. DS’.t~ ( ,/u,~ Itt t,.t of C.s~ V.

~~~~~~ 
_

~~ tP~~~S 11) 164 15.7 — — ~~~ ~~~ 7.11 7.175 6.710J ~~~~~
1* 104 l~.0 - - 2.20 i.$ 1415 1.130 6.)$0.1 74104 - -

• 1k. 17.3 75.7 11.32 15 )S 
~~~~~~ ~~~ 7.25 7.14 ~.3L).1 5.5104 U~~ $~1

~~~,WtW 720 30.) 31.1 - - 2.30 ,.a~. ~~~~~~ 7.75 164104 10.7104

• a6 3Lt ik.h *38 35 
~~~ ~~~ 

1.2~ P.7% 17.7*04 334*0.1 1711 1111
• 331 $.‘~ 3k.) — - 2.1,3 7.13 ~~~ 2.15 21.7*0.7 17.7104 - - 

-
373 *•~ • 7.11 1.20 7.76% 2.75 18410.h 33.6*33

• 3~7 s.i 33.7 - *3 0  ~.as - - )J.7’O.l 123*3.1 - -
• 7,16 3~.7 31.~ 1.77 7.2) 7.175 7.75 l0j ’O.t 13.5104 — -

7,47 306 173 — — 247, 7.11 — — 2141 0.1 1.3.6*04 —
171 17.0 26.0 — 7.33 2.73 1.175 1.75 fl.6*0.i 1J..7,*o.1 — -

~ it !%1t ~~~ ~~~tIv~~~ z~ iI1 ~~ w-T .~r7 ‘sre.i tAT.b 
~~~~~ ~~~~~~~~~ ~ ~~~ S’ (list ~~~~~~~~~‘itt s tisI ~~ aiD7ii~ tmdmtSuo. TADIS ~711Itt ~is%ist t~ .Ii s$~~S ., ~.17u1..

~ v~’axm~ sauz s
C~. m6tobsd fr~~ 3.19 */s2n to ama St 02.37.24 (1597.1’) Pa — 91’0 $~~!Ti., St uviteS • 1597.40000 7tt~~er at Dots Pothts • 30

T-LI 0~ Avers.. Before • 1361’.(~~ ic. Avers.. After e 1364.195 ~
at Veri~~~p Deer..s of Fre.dcu $,~ a of Squires I1ke Sqam~~ ?..Dotto

Betwe~~ flows 1. 0.22~ 0.2253
With1n Dots 28 1.3333 0.0476
Total 29 1.559

?-T $Stutrat. Averegs D.for. - 2016.4T3 7,~ Average After - 2021.433 
~Sow ee of Vsrtottca ~~~ss~ of 7rei4a $uia of Squires 110s. Squares F-Ditto

Bstweet Flows 1 184.5120 184.5120 99.00
Within Data 28 52.182t 1.86S FTotal 29 236.69

T~L Backside Averags Before - 215~t.28) X, Average After - 21ky.1’6 0 K
Sot~rce of Virj stj~~ Deereti of Yreed~~ S~~~ Qf Squares Meet Squares F-Patio

Betwele Flows 1 0.3000 0.3000
Within Diii 2$ 15.6120
Total 29 23.922
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Fig. 2I~. 
Area where a hole was fonn~d by ox~dati’~n which a11ow-~ i : ast’s
in the furnace body to enter the ck~position canister.
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Fig • 25 • Interior of the canister extension
ahowTh~ the ch~racter1stio sooty,
deposit that farms near the orifice.

-I
40 mm

71g. 26. Surface of the deposited coat
on the entrance spacer.
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Fig. 27. A section of the substrate showing
the surface of the deposited coat.

I
40 tom

Fig. 28. A section of the exit spacer show—
ing the surface of the denosited
coat.

32

— ‘ - 4



-~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ‘ ~~~~~~~~~

‘S

I ~i~~~cii

P’ig. 29. Photomioroireph (itox ) of the
- - 

. vniorostruoture of the d.pos—
S 

ited layer. 2148 ii~ from the
I orific, and 25 m~ above the
I . bottom of the .ntrano.

- . S 

• . . spacer.
F:.

I ‘Y ’. ’~ I

5~ ~~~ ~ ~~~ I t  S

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 :IV(~ I 
— 

• 4,f

~ 1 ~
‘1g. 30. Photomiorograph (W)X ) of the

~ 2 mioroatruoture of the dopoe—
ited layers 306 i~u~ from the

I orifice at the midpoint of
I ~ the substrate .
I’ -

I,

.2.

• t ’vt .~ ~~ 
~d 

-
-

4. “~~~~‘•

-I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



-
~~~~~~~~~~~~~~~

-
~~~~~~~ 

- - . 

. ~~~~~~~~~~~~~~~

- - - -—-- -

)

Fig. 31. Photomiorograph (6301) of the
miorostructure of layer 1 2148
sin from the ortfiae .

I
30 ~.4

0 Fig. 32. Photomicrograph (630X) of’ the
‘

~~~ I microetructure of layer 2
2148 sin from the orifice.
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33. Photcmioror~raph (6301) of the
microstruoture of layer 1
306 sin from the orifice.

Fig. 314. Photomiorograoh (630x) of’ the
ndorostructure of layer 2
306 sin from the orifice.
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)
from the orifice. The microstructural code type appears to be Group 5: “SiC
phase very f ine , evenly dispersed , acicular needles less than 0.25 ~ m dia with
a LID ratio greater than 3/1.” There is a tendency for clustering at the PC
cone boundaries where the structure approaches Group 21.

c. Coat thickness measurements. The thièknessss of layers 1 and 2
were measured in 25—sin steps from 193 to 472 am from the inlet. The results
are given in Table VI,

d. Coat density measurements. A 25—am—wide strip was cut fro. the
upper spacer , substrate , and exit spacer; separated into the individual layers ;
cut into segments 25 am long; and then crushe d to c 1.5—am diam particle su e.
Th. density of the material from each segment was determined by mercury poros-
imetry at pressures of 0.5, 21., and 103. MPa. The values determined at 103 Ml’s
are tabulated in Table VI, The distances from the inlet corres-

pond to the mid point of the analyzed segment. The table also contains densities
determined at ARC by a sink—or—float technique.

e. Determination of the SIC content. The rest of the crushed material

from the coat density measurements was used to determine the SiC content of the

individual layers. Duplicate 0.2—g samples were fired in a muffle furnace at
1373 K for 24 h. The weight percent of SiC was calculated gravimetrically and

the results are presented in Table Vt. Table VI also contains ARC SiC micro—
probe analyses. The SIC content of the 3rd layer on the upper spacer and
substrate was 1 wt 1.

f. Correlation between sample density and wt X of contained SiC.
A least—squares fit to the data in Table VT gave the following relationship .

1 l - W  W
p 2.195 + 2.689

where W is the SiC weight fraction in the coat, and p is the density. Figure

35 shows the calculated and observed results.

2. Coating gas effect on substrate temperature measurement. Control of
the coating process has generally been based on the optically measured temper-
ature on the substrata (T—7 in these tests). Concern had arisen because the
readings might be affected by radiation scattering and absorption in the coat-
ing gases and/or their pyrolysis products. Some preliminary calculations had

indicated that tI’e ef fec t , if any, would be small, but these were not conclusive
because of a lack of property data and informatio n about elemental (solid) car—
bon particle size , shape , and distribution.

36



-5-
-
---

-- 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~~~~~~~ ~
-
~~~ :

:~

‘

.

- - o
+

8
- 

~~~~~~~~~~~~~ 
;~~~

••

(çW/b I f t l )  ~4!SUaO 4003

37

- -

~

-________ ______- - --- - --_______



- 
~~‘ “~~w 

-p.’, 
~~~~~~~~~~~~~ 

- - --
~~~ —- - —- . ..4 - - — . — .-a 

_ - - - _~~~. _ - .~~ - - -- -

The tests Involved measuring the temperatures at the coating surface (T—7)
and behind the substrate (T—5), and that of the exit gas (T— 15) with con-
tinuous scans of the DAS while the coating gases were switched on and of f .  If
the opacity of the coating gases was affecting the pyrometer at T—7 , it should
record nearly instantaneous changes in temperature while the others were un-
affected.  If simultaneous pertubations in the furnace power and flow, or
unknown causes, were affecting T—7, the other instruments should also record the
changes. Furthermore , the changes must be statistically significant and there—
fore distinguishable from the uncontrolled (random) errors in the data. The
test for significance used analysis of variance, computing the “F—rat io,” or
ratio of the mean squares in the data between flows to that within flows.

Probabilities for such F—ratios are in standard tables for judging whether or

not the ratio of variances is great enough to be significant. For example.

comparing 15 temperature data points before the CR4 ii switched , to 15 data

points taken after the switch, the F—ratio must be greater than 7.64 for 99%

probability that the difference observed is real and not caused by chance alone.

Note that a high F—ratio does not prove the cause of the difference, but only

that it is not by chance. It is thus a necessary, but not sufficient,ccondition

for the concJ’~sions to be drawn.

Table VII presents results of the variance analysis for 30 data points

spanning the time when the CR4 was switched from a nominal 3.5 t/inin to zero.

The first line in the printout identifies what happened and the time when the

CR4 switch was thrown. The data are sampled at 3—s intervals so the 15 data

points span 45 s before and after CR4 introduction. The time the CR4 took to

travel 8 in from the valve to the furnace through the line is < 0.13 s. The

second line of the printout verifies the time in minutes when the switch was

thrown and the total number of data points. The third line shows the measured

average CR4 
flow rate for the 15 data points on either side of introduction.

The analysis of variance results for the three temperature measurements fill
the rest of the table.

The exit gas temperature, T—15, increased by an average 0.173 K, which is

not significant. The substrate surface temperature increased by 4.96 K which

is statistically significant . The backside temperature of the substrate , T—5 ,

increased by 0.2 K. which is not significant. The increase in indicated tem—

perature for T-7 is in the direction that would be expected from clearing the
opaque gas from between the substrate and sight port when CR4 is switched off.
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Figure 36 is a plot of the temperature data used in the analysis shown in 
. -

Table VII. The temperature scales for T—l5 and T—5 are greatly expanded over

that used for T-.7.
Similar analyses were carried out for each time during the coating runs

when coating gases were switched on and off. The conclusions are that the

apparent temperature measured by the Milletron two—color pyrometer at T— 7 is

affected by an average of 4.3 K by CR4, but the MTS cau&ed a statistically

significant effect in only 3 out of 10 cases.

IV DEVELOPMENT OF THERMAL-FLOW MODEL

The coating furnace was modeled by use of the finite—element heat conduct-
ion program , AYER. 27 The program implicitly solves the general two—dimensional

equation of heat conduction including effects of time (transieitt problem), in—

plane anisotropic thermal conductivity, and interface thermal contact resistance.

Besides the furnace dimensions and material properties, the modal of the ARC

furnace used the following measured parameters as input.

Heat generation rate in the suaceptor.

~4ater flow rate and temperature.

Gas inlet temperature.
Room temperature.

The code output consists of temperatures that can be compared with corres—

pending measurements. Also, the total heat transported out of the furnace at
the various boundaries is computed and can be used to check the overall heat
balance. The calculated temperature along the vail is an input to the namer—
[cal fluid dynamics code , VNAP28, used to model the furnace gas flow. This
code solves the two— dimensional , time—dependent Navier—Stokes equations through

use of an explicit finite—difference procedure. VNAP requires the measured gas—
flow rate, pressure , and temperature as input data. The output includes fluid
velocity components in the radial and axial directions, temperature, pressure,
and density at each mesh point . The axial distribution of heat transferred
from the wall is calculated and used as an input to AYER . The first part of
this section discusses AYER ; the second part discusses VNAP .
A. Heat Conduction Model.

The coating furnace shown in Fig. A—6 was idealized as a series of finite
elements , shown in Fig. 37. The various materials used to assemble the furnace
are identified by shading. At lateral interfaces between component parts , a
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thermal contact resistance is included. The following subsections describe the

modeling parameters.

1. Heat generation. The power generated in the susceptor is distributed

uniformily throughout the susceptor volume, except for reduced power in the f i—

nite element opposite the bottom end of the coil. The total power in the suscep—

;or is obtained from the measured power input to the furnace, minus the 12R loss I —

in the coil and bus bar , measured by the heat pickup in the coil cooling water
(see Tables II—IV).

2. Material properties. Properties of the HLM
5 and the ATJ graphite were

obtained from Ref.  29. Porous carbon properties based on supplier’s literature

were obtained from ARC.

The effective thermal conduct,ivity** of carbon black depends on the par-
ticle size , shape, size distriubtion, and packing fraction, the properties
of the interstitial gas; and the temperature, The data available in the liter-

ature are not always identified with all of the appropriate parameters. Also

the packing fraction (or the void fraction) of the material as—loaded in the ARC

furnace could not be measured . A theoretical equation3° was used to evaluate

the significance of some of these par~aeters. Figure 38 shows the thermal con—

ductivity of carbon black in nitrogen at 1—atm pressure vs temperature. The

average particle size and size distribution used in the theoretical equation
correspond to those of the “Thermax” brand of carbon black used at ARC . The
scatter in the literature data is about the same order of magnitude as the
effect of a 50—90% range in void fraction (about the limits of the range expect-

ed in the furnace). The curve for 75% void was used in the calculations, except

in the upper part of the furnace where an adjustment for the sight ports was in-

cluded (dotted line).

The thermal conductivity of fiberfrax laminate tubes is about the same as

that of the carbon black (0.084 W/m .K) , according to the supplier’s literature.

For economy in modeling, the fiberfrax was not included explicitly in the finite
element mesh.

3. Boundary conditions. Heat transfer boundary conditions to the finite

element model include the gas jet flowing along the furnace centerline, water

5flanufacture’s designation for a type of graphite produced by Great Lakes Carbon

Corp.

**Congigting of contributions from conduction through the solid and gaseous

phases, plus radiation.
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cooling of the top and bottom plates , and the combined radiation with natural
convection to the room air and surroundings.

a. Gas jet. This was the most important and most difficult boundary

condition to model. A very large, strong recirculating zone is set up by the

jet injector. Depending on flow conditions, the raattachinent point of the jet

to the furnace wall can extend downstream beyond the substrate. Within the re—

circulation zone, the gas velocity along the wall is much slower than the jet

and is in the opposite direction (see Sec. B). There is a net transport of heat

energy in this gas toward the inlet end of the furnace. Between 0 and 102 me

from the injector, the wall is cooler than the gas adjacent to it, so there is

a negative wall heat flux (the vail is heated by the gas) in this region.

Because of the nonuniformities, the usual nondimensional treatment of heat trans-

fer to flow in a tube cannot be used to extrapolate to other geometries or flow

conditions.
The wall heat flux in the recirculating region was first estimated from the

available l i terature.31 The wall temperature that AYER calculated using this

boundary heat flux at the gas—solid interface was then used as a

boundary condition in the VNAP hydrod ynamic code. The resulting wall heat flux
calculated by VNAP was then substituted for the original estimate and the process
was repeated until the temperatures and heat flux were essentially unchanged.
Figure 39 shove vail heat flux vs distance from the injector for N2 flow test II.
Wall temperatures are discussed in Sec. B.

b. Fiberfrax . The heat transfer from the outer surface of the fiber—
frax cylinder has three components; radiation , free convection , and localized
cooling at the water—cooled sight ports. The free convection coefficient along

the vertical side of the furnace was obtained from

Nu 0.378 Gr 1/4
x x

where

— Nusseit number based on distance from bottom plate

Gr — Grasholf number based on distance from bottom plate.

The radiation heat transfer was based on the assumption that the fiberfrax

radiates as a grey body with total hemispherical emissivity29 
of 0.8 at room

temperature, decreasing linearly to 0.7 at 600 K.

The localized cooling at the sight ports would require a three—dimensional
finite element mesh for explicit modeling, so the localized cooling was area—

weighted and averaged with the combined radiation—free convection described above.
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The overall heat loss from sight ports was about 26% of the total loss from the
f iberfrax.

c. Top and bottom plates. The water—cooled furnace base plate and
furnace lid (part Nos. 3 and 29 , respectively , in Fig . A—6) are stainless steel
with internal flow passages. The water heat—transfer coefficient was calculated
by use of standard correlations based on the flow passage dimensions and measured
water flow rates. An adjustment was made to account for the thicknes. of sta in-
less steel surrounding the coolant, as it was not explicitly modeled .

d. Internal boundaries. At interfaces between the internal parts of

the furnace , there are con tact resistances or actual gaps between th. part..
Also, there are large internal cavities in some locations (Pig. A—6).

The effective heat transfer conductance at the interfaces was calculated

from the following relation for parallel paths;

h -h +he r c

where he is the effective conductance used in the model. The quantity h~ . the
conductance from thermal radiation, is given by the relation

hr — F12 c
’ a (T

1
4 

— T2
4) /(T1 — T2) , (15)

where

— (l/c~ + l/C2 — 11
a — Stefan—Boltzman constant

~ i ~2 — total hemispherical emissivity of surfaces, 0.85 for graphite
T1, T2 — temperature of surfaces.

Because the gaps are small, the radiation view factor, Fl...2~ 
is unity.

The quantity h
~
, the conductance through stagnant N2 at the joints, is given

by

~~~~ ~ /6

where
A — thermal conductivity of nitrogen — 0.000321 ~ 0.771

— average temperature of gas in the gap

6 — gap thickness — 6 + a .  r (T
1 

- T0) 
— 

2 
r 

~
‘
~2 

— T0)

where

— nominal gap at assembly
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a , a — thermal expansion coefficients for parts on either side of the gap

r1, r2 — nominal radius of the parts on either side of the gap, r1 > r 2

~ average temperature of the parts

To — room temperature.

For the large cavities, radiation is the dominant mode of heat transfer.

Approximatey 70% of the susceptor power is transported to the canister o.d. by

radiation . Calculation of the diffuse reflection and absorption in the toroidal
cavity beneath the canister lid could become complicated because the temperature

varies along the surface. After several alternative schemes were tried, the

best results were obtained by assuming that the incremental areas defined by the

finite elements radiate only to the incremental areas directly opposite. The

appropriate view factors for each surface were obtained from standard references.

Interior cavities in the furnace greatly complicate the thermal analysis.

Heat can radiate axially along the furnace centerline from -the hotter region

near the substrate to the cooler regions near the injector and the furnace exit.
Fortunately, the view factor is small, and a small correction ( 10%) was made

to the wall heat flux supplied by VNAP .
Because much heat is transferred by radiation, free convection in the cav-

ities is negligible in comparison.

4. Overall heat balance. As a check on the heat transfer model, the sume-

ary in Table VIII lists the measured heat pickup in the furnace cooling water.
The heat convected to the gas jet and that lost from the fiberfrax to the room

are also listed, as calculated by AYER . The total of these three quantities

should equal the susceptor power, except for measurement and modeling errors .

B. Flow Mbdel.

The inner part, or coating region, of the furnace is shown in Fig. 40.

The injector is assumed to be mounted flush with the upstream end of the furnace.
Th. flow enters from the left and leaves at the right. The bottom line is the

axis of symeet ry ; the upper line is the furnace and gas interface .
1. Numerical method. The flow region in Fig. 40 is divided into 40 axial

and 16 radial computational cells. The fluid properties at the cell edges or

mesh points are computed by use of a second—order explicit, finite—difference

scbeme. The boundary conditions consist of specification of the density, the
axial and radial velocity components at the inlet , the temperature (ATER code)

46



- -~—-5--- 5- 
- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

+1
c e ~~

‘

f,.
’

I
o — -~~ C4 r-~ ‘C r

m

.
~~8 r -~~ C

~1t\ 

S

Up4
(,\ ~‘ J O C ’ J  

p

~~~~~~ ~~~~~ ~~~.

I

~~~~~~~~~~~~~~~~~~~~~~~ 
.
~

I ~

ijJi
47

J 5- ij



F— 
• ——-

~~~~~~
- - -

~

— -‘--‘---— 

~~~~~~~~~~~~

I 
_ _I ~~~~~~~~ S�~~~~ — —

I cs~~~~I

~~~
‘I ~~~

0

§ I — —I -‘.1
I 01

~ . I
i 1

~A

I 

I

_

~~~

48



-
~~ 2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~ A

and zero velocity components at the furnace wall, and the pressure at the furnace
exit. The steady- state solutions presented here are obtained by allowing the
flow to relax in time from an arbitrary initial guess to the final, two—dimension-
al , steady—state solution . Typical cases required 1 h of computational time on
a CDC—7600 computer with the VNAP code using the bulk of the time.

2. Turbulence model • The turbulence was modeled by using a mixing- length
approximation . A more advanced kinetic—energy model is in progress. However ,

because present kinetic—energy models neglect density variations and generally do

not predict flows with large density variatiions very well,
32 it is not obvious

that these more advanced models will offer significant improvement for the seven-

fold density variations considered here.

3. Results. The results for one cold wall flow test with N2 gas , three
hot wall flow tests with N2 gas, and one coating run are presented below.

a. Cold wall flow tests. The 472 C/mm (1000 SCFH) case was calculated

and compared with experiment. Figure 41 shove the velocity vector plot and con-
tour plots of temperature and Mach number. Again, the bottom line is the axis of -

symeetry, the upper line is the furnace—gas interface, and the flow is fro. leftp 
to right. The high and low contour lines are labeled H and L , respectively.

The flow remains separated from the furnace wall well past the substrate . The

axis of symeetry , or centerline, velocity decay with axial distance is shown in
Fig. 42, and the velocity as a function of radius at an axial station 152 me from
the injector is given in Fig. 43. Figures 42 and 43 show that while the calcu—

lated velocity decay lags behind these experimental data , the agreement is reason-
ably good for the present calculations. Although a kinetic—energy turbulence

model would improve these results,32 
again it is not obvious that such models

would significantly improve the heated wall cases.

b. Heated wall flow tests. Figure 44 shows the velocity vector plot

along with contour plots of temperature and Mach numbers for Flow Test II.

Again, the flow remains separated from the furnace wall past the substrate. This

recirculat ing flow causes gas to flow upstream from a hotter to cooler region,
thereby forming a hot spot near the furnace inlet • This causes heat to flow from

the gas to the furnace. Figure 45 shows the calculated gas temperature at the

furnace wall as a function of axial distance for the three flow tests.

c. Coating run. The velocity vector plot and contour plot, of temper—
ature and Mach number for the coating run are shown in Fig. 46. The calculated

ga. temperature at the furnace wall is given in Fig. 47.

-~~~ 
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d. Discussion of results. The calculated wall temperature profiles

for Flow Test II and the coating run agree fairly well with the experimental data.

However, Flow Test I and III do not agree. It is not clear whether the problem

lies in the furnace modeling, flow and turbulence modeling, or the ATER and VNAP
code interfacing. Because the part of the experiment that was to produce velocity

profiles for the heated wall case failed, the entire experimental flow data con-

sist of three wall temperature measurements. Such data are not adequate to eval—

uate the performance of the flow and turbulence models. Because the turbulence

modeling for such large density variations of a compressible fluid in a duct

with an abrupt area Increase is largely unknown, these data were very necessary.

Therefore, the determination of the performance and subsequent improvement 
-

of the flow and turbulence models will require additional flow data. Also, cx—

periments with a simplified furnace geometry as well as ones with a simplier flow

passage would be very helpful in locating problem areas.

4. Conclusions. The gas flow in injector furnaces is characterized by a

large separated flow region with associated hot spot and a high level of turbu—
lince . When the substrate is in the separated region, the amount of new material

convected over the substrate is reduced. However, the high level of turbulence

increased the diffusion of new material through the separated region. Also, high
levels of turbulence may have a pronounced effect on the uniformity of coating.

Finally, the wall temperature distribution upstream of the substrate seems dif f— 
-

icult to control.

The injector furnace contains many complex physical phenomena occuring,

simultaneously,  so its design is a complicated task. The combined experimental
and theorectical approach taken here does appear to be very promising.

V DEPOSITION KINETICS

We were not able to develop an analytical deposition kinetics model for the
injector deposition furnace because of the complex computational problems encount—
ered. (An analytical deposition kinetics model was developed for the channel

flow furnace and is described in Volume II.) The following discussion character—

izes the deposition process.

A. Characterization of the deposition process.

1. Deposition rate. The experimental deposition rate of PG and SiC as a
‘I.

function of axial position were calculated from the relations,

R — ~~t p (1 — W) (moles/cm2—s) (17)
C t l2 .Ol
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and

A & p W

~~~~ 
~~t 40.10 (moles/cm —a) (18)

where
— the layer thickness deposited in time t

t — time that deposition for the layer occurs
p — density of the layer
W — weight fraction of SiC in layer

12.01 — molecular weight of C
40.01 — molecular weight of SiC .

Smooth curve plots of the data from Table VI were used to interpolate values
of~~ .t , p , and W at 20—ma intervals. Figure 48 shows the calculated deposition

rates as a function of distance from the injector. The deposition rate data for

carbon are essentially the same for layers 1 and 2 , in agreement with the cons-
tant CH4/N 2 ratio used for both runs. The SiC deposition ra te is proportional

to the MTS concentration in the process gas stream.
The carbon deposition rate is constant (* SZ) from 295 to 375 am from the

injector. This interval adequately spans the substrate surface. The SiC dep—

osition rate for both layers 1 and 2 was constant (* SZ) over the interval 315 to
395 me from the injector. At about 260 me, the deposition rates of both com-
ponents dtop of f sharply.

2. Characterization of temperature and N2 flow field. Figure 49 shows the
characteristic N2 gas flow for the coating run. The separated flow region (re—

circulation region)- is characterized by two intersecting surfaces. On one surf—

ace , VR, the radial velocity component is zero; on the other, V~, the axial ve-
locity component is zero. The line at which V~ and yR intersect is the axis of

rotation of the recirculation region. The line at which V~ intersects the dep-

osition canister wall (attachment point) separates the deposition process into

two domains. Upstream frost the attachment point, deposition is from a separated
flow region and downstream from the attachment point, the deposition is from an
attached flow region. Because the mass flow in the attached flow region must

.qual the mass flow introduced through the injector, one can define the surface

of separation between the recirculation region and the flow that forms the attach-
ed flow region beyond the attachment point by the relation
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— .“i f r ~ v ~lt- • (19)

0

where

r — rad t us

p — gas density
V — 9*$ velocity

R — radius at wht 1-h o t a ~~l t.v  is sat-1at~Iud

di — mass flow rat s ,
for a fixed axial distani o tit ~~ii~ the Injector. Values of R that satisfy this
relation have boon p lot t o d  in  t-’t~ . ~0 and denoted as the envelope surface . To
determine the rat to ot the mdsi~ low In  the t-oi ’f rculrn t thg region t o  di, the follow—

ing Intugrattons were 1~it ’roiini’iI.

— 2n f r ~‘ v di (20)

along 
~R from the ~~ Is ot  t o t  ~t t  ton i o hi’ w a i l  and

• • 2nf a- ,~ v dr (21)

along V~ from the axis ot r o tn t l i~u t o  the w a l l .  As expected , th~ 
— and the

ratios. ih / ~ — / th — 0. .~~~~ .

To compare I I tax r at  oo III ~~ IE  Iii ’ ~ubst r~it ‘ • axial plots of the radial compo-
nent of nitrogen flux (v~~/.’8.0l~ at R — 44. 5 and 47.6 mm f rom the wall are p re-
sented in Fig. ~OA and ~0B. 1 the N1 flux ii multiplied by the initial volume
percent of methane In tho  pi-o. ’i’uo ~ as stream , one has an upper approx imation of
th. flux of cmrbon ~ ao eli 4 ) movin * 1w th~ subs t rate .  For example, at 300 mm

(approximate center of suhwtrato) tho axial component- of the flux past the sur—
fac. at I .  S umi I s 1.8 L0

_ 11 
inolos/om —s; whereas t h e  radial component of the

flux toward the sut’t :%t 5 11* ~~~
. Io ~inii ~ to

’ ~ moi.s/cm2—s at R.44. 3 and 47.6 me,

respect ively. Those values stay be compared with the e~per imentally determined
carbon flux of i .io_6 

meles/em 2 -s at this point. Th. canister wall temperature

is shown in Fig. 50C.

From the information presented , the following characteristics of th. t emper-
ature and flow field were identit led .



--5--—-
~~
- -

~~~~
—”-

~~~ ~~~~~~~ - —‘--5- i .F~~~~~ T’ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

_ ‘too

1050

/
4 ~~~~T~~~ T

2000 C
200 250 300 350 400 450

DISTANCE FROM PLENUM (MM)

-5--

Pig. 50. Flow rates and wall tesperatures in canister during deposition
of La)’ereland2. A~~~Radial cnmponent Of N2 f10w tOWard Wall
atR.147.6and Uz.5 in. B - H s an axtal oomponent (l.S smt
from wall) of N2 flow back up wall. C - calculated wail temper-
ature • T—? asasured on substrate surface • T-2 calculated sur-
face s~thetrate temperature baaed on wall temperature measurement.

62

- - - -5- - -~~~~~~~~~~~~ - 

--



—- - n ~’r.ç-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S ’  -- - ~~~ r -~- — - -  -,,_ ,-~ - - _-~~. -w ~~~~y
-- - . -

- — — - - - — , - — - - - -~ -—- — ‘—- - -

/

Deposition on the substrate occured from a recirculation region (separat-

ed flow region). The coating gas was flowing back toward the inlet end

of the canister when it moved over the substrate.

The substrate surface temperature and the gas temperature near the sub-

strate decrease as the coating gas moves across the substrate surface.

Fresh CH4 and MrS are introduced into the recirculat ion region by tur-

bulent mixing along the envelope surface. The amount of new material

convected to the substrate in a recirculation region is less than that

in the attached flow region.

B. Comparison of Present and Prior Work.

Figure 51 suimnarizes prior ARC work with a depoaiton furnace similar to the

one used now. The inside diameter of the deposition canister and injector, and

the coating gas compositions were the same. The internal configuration was
similiar to that shown in Fig. 1—C . The distance to the center of the substrate

was - 300 tins , and the deposition apparently took place from an attached flow
region. The temperature corresponds to the surface temperature at the center of

the substrate.

The carbon deposition rate at 2033 K (calculated surface temperature at

center of substrate) in the prior work was 1.5 times greater than that

in the current work. This can be explained by a larger convective transfer near

the point of attachment. Figure 52 compares the SIC deposition rates as a fun-

ction of MTS concentration at 2033 K. At 0.1 vol % MTS, the prior ARC deposition
rate is approximately 1.5 times that of the present owrk.

The most striking feature of Fig. 51 is the increased SiC deposition rate

with decreasing temperature. This trend suggests that there is a lower range

of temperatures where the SiC deposition rate would be independent of temperature

and hence gas diffusion limited .

The loas of layer 3 data kept us from getting data on the effects of the

coating gas velocity over the substrate surface. Generally the coating gas ve-

locity over the substrate and the substrate surface temperature strongly in-

fluence the SiC inicrostructure and the surface roughness of the coat. For exam—

pie , if the deposition temperature gets too high or the coating gas velocity too

low, the SiC fo rms at the PG cone boundaries as large equiaxed crystals that

• degrade the mechanical properties of the material . The coat surface becomes

rougher with the same changes in temperature and velocity.
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Unfor t unately there was no prior work with which to compare axial variations
of deposition rates . In the present work, the sharp decrease at 260 tins must be
caused by deposition depletion of the freshly introduced CR4 and MrS in the
recirculation region as the gas flows back upstream over the canister wall. If

this were not so, one would expect the weight percent of SiC to increase in the
deposited layers between 350 and 200 mm because of the decreasing surface temper-
atures and associated SiC deposition rate (see Pig. 50C and Fig. 51).

Historically , the coating development of small—throat inserts (Fig. 1—A)
was done in the separated flow domain. As coating development moved toward the

large—throat inserts (Fig. 1—B), a centerbody was placed in the canister to move

the attachment point upstream and place the substrate in the attached flow do-
main. The nose cap configuration (Fig. 1—C) placed the substrate even further

down in the attached flow region and, because of the geometery and the fixed
configuration of induction coils and exterior furnace shape, made it impossible
to maintain a constant substrate surface temperature around the nose cap.

Because of the many complex physical phenomena that occur simultaneously in
in the injector deposition furnace and the limitations of present numerical meth—
ode for modeling the flow, scaling of the furnace configuration and optimum de-
sign of new deposition furnace configurations must rely on costly, instrumented
development runs.

Another approach is coating development in the attached flow domain which
is compatible with an existing fluid mechanics code13 that can treat steady , two—

dimensional , turbulent boundary layer flow with heat addition and chemical react—

ions. Further , the furnace design can be changed drastically to allow more

flexibility in induction heating configurations to solve the nose cap heating

problem. Volume II describes a series of coating test that meet these requirements.

VI SUMMARY

A. Data Base.
Methods of instrumenting and collecting data (Sec. tIC and App. B) for de—

fining the furnace and process characteristics (Sec. ItS and App . A) ,  test

procedures (App. D) , and recorded and reduced data (App. D) were documented. 
-

B. Instrumentation.
A data acquisition system was designed and implemented to measure and record

37 furnace parameters to ~ 2% maximum overall inaccuracy. These measurements

included seven flow rate parameters , two furnace power parameters , two linear
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parameters , one angular position parameter , and time of day. Controllers to pro—

vide stable and accurate control of the mass flow rates of the process gases were
specified and installed. The design and performance of the furnace instrumentat—

ion permitted assembly of a data base than greatly enhanced the ability to under—
stand and model the characteristics of the chemical vapor deposition furnace.
C. Analytical _Modeling.

1. Heat transfer. The general—purpose heat transfer code , AYER (Sec. IV.A)
was proved capable of modeling the complex injector depostion furnace in trans-
ient and steady state operation (Sec. III). The thermal properties of the ma-

terials (Sec. IV.A.2) and the boundary conditions (Sec. IV.A.3), particulary at
the coating gas boundary, are the most difficult inputs to supply accurately.
Intprnal cavities in the furnace add complexities caused by radiation scattering
and reflection (Sec. IV.A.3.d) . The computer program is not too large and run-
ning times on a CDC 7600 are about 30 a per case.

2. Flow. The modified numerical fluid dynamics code , VNAP (Sec. IV.B.l)
showed fair ability to model the coating runs and the flow in the cold wall and
heated vail (Sec. IV.B.3). Problems arose because (a) the only code available

had been developed to handle inviscid supersonic flows without recircuiation, so

it was less versatile than was desirable and difficult to use in this specific
application; and (b) the modeling of turbulent, separated flows with heat addit—

ion, chemical reaction, and mass transfer is in an early stage of development

world—wide so very little information was available to guide a timely develop—
went. Given the t ime and resources, the combined experimental and theoretical
approach developed here is a promising way to advance modeling of this phenomenon.

The computer program is large , and the running times on a CDC 7600 are about 1 h

per case.
3. Kinetics. No analytical deposition kinetics models was developed. Such

development required a numerical fluid dynamics code that could model turbulent,

separated flows with heat addition , chemical reactions , and mass transfer. We

thought that VNAP would serve, but difficulties in validating the code through

the heat addition stage left inseuficient time to develop the kinetics model.

However, VNAP proved capable of modeling the gas stream lines and thermal Ma—

tories in injection deposition furnaces with configuration similar to those shown

in Figs. 1—A and 1—B. In principle, this capability should provide a basis for

making qualitative chemical kinetic calculations. The data from the coating runs

were analyzed (Sec. III.C.) and the deposition process was characterized (Sec. V).
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4. Simple scaling laws. No simple scaling laws were developed, because of

the complex relationships between the variation of the axial heat transfer to the

gas at the wall as a function of process variable , and the extreme sensitivity of
the calculated temperatures to this heat transfer. Even so simple a change as a

shift in the gas flow rat e for a fixed geometry and power input caused unexpected
shifts in the modeled wall heat—flux distribution. If the effects of changes in

the furnace design are to be fully understood, use of the costly iterative in-

strumented engineering teats and modeling approach developed here would be re-
quired.

D. Alternative Approach. -

During the early part of this work, it became apparent that some complex
computational problems would have to be solved if the turbulent, separated flow
were to be modeled adequately . Preliminary analysis of the flow fields encoun-
tered in the injection deposition furnac~

I
~
8C8tudthat codeposited PG/Sic material

with the requisite mechancial properties had been obtained from both separated

and attached flow regions. On the basis of information developed to this point

and the availability of a qualified computational fluid mechanics code that could

treat steady, two—dimensional, turbulent boundary flow with heat addition, chew—

ical reactions, and mass transfer (but not recirculation flow) an alternative

approach was developed. A coating furnace was designed to operate in the attach—

ed flow region and be compatible with the data input required by the flow code
and the ATER code. A further consideration was easy modification of substrate

and induction coil configurations. The furnace was built, tested, and analyzed.

The results are presented in Volume II.
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I. WATER AND ELECTRICAL SERVICE

The furnace cooling water was taken from a house service line . Pressure
fluctuations from the varying demands on the line caused some probl~~~ . Moderate
decreases in the line pressure caused lowered flow rates of cooling water chrough
the induction coil , support plate, furnace lid, water—cooled injector, and water—
cooled sight ports. If the situation continued for 10—15 m m .  the temperature in
the deposition canister rose. The supply water pressure in the induction coil
was interlocked with the motor generator set so that a major pressure drop would
turn it off. Problems from water pressure fluctuations could be minimized if the

water came directly from a large water main or a closed loop process water cool-

ing system.

The induction coil power was provided by a l0—kHz, lOO—kW, motor generator

set. Figure A—l shows the control panel.

II. PROCESS CASES
A. Nitrogam ~~~~

The nitrogen was supplied from a large liquid nitrogen dewar. The main
supply line from the dewar was connected -to the distribution panel shown in Fig.

A—2. Figure A—3 shows the configuration of the distribution panel. The process
nitrogen line passes from the manifold through a shutoff valve, pressure regulat—

or , process nitrogen transducer (F—l , see Fig . B—l4), process nitrogen flowmeter ,
metering valve a manifold for mixing with CE4 and CH3S1C13, to the water—cooled
process gas injector on the top of the furnace, Fig. A—4. The process flow rate
was set with the metering valve, and with the configuration used, direct compar-

ison could be made with the process nitrogen flow meter used in the past and the

data acquisition system readout from the newly installed process nitrogen trans-

ducer.

The other line from the manifold passed through a shutoff valve and a pres-

sure regulator and then divided into lines for sight port purge , case purge , and
annulus purge. The case purge supplied a nitrogen atmosphere to the lamp black—
containing parts of the furnace. The annulus nitrogen line passed through a flow

meter and nitrogen transducer and then to the injector seal on top of the furn-

ace, Fig. A—4 . The annulus nitrogen forms a gas seal around the process gas
injector. Again the configuration used permitted a direct comparison with the

annulus nitrogen flow meter used in the past and the data acquisition system

readout from the newly installed annulus nitrogen transducer.
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B. Methane (CH4~

The methane was taken from the house natural gas lines. Analysis shoved
that it contained 952 CR 4 and 52 C2H6. The CH 4 line entered the distr ibution
panel through a shutoff valve , passed th rough a pressure regulator and a CR 4
controller , and then tied into the mixing manifold on the process gas line. Com-

parison could be made with the CE4 flow rate indicator and the CE4 flow meter.

C. Methyl trichlorosilane (CH3SiC13, MTS).

The NTS delivery system is described in App. B, Sec. II.B.3. A line ran

from the MTS controller to the mixing manifold on the process gas line.

III. COATING FURNACE ASSEMBLY

Figure A—5 is a plan view of the deposition furnace and the circumferential

location of the instruments that penetrate its outer wall. Instrument types are

coded, i.e., T—l, and the code number is shown in a hexagon. For specific des-

criptions see Tables A—I and B—I. Figure A— 6 is an elevation of the deposition

furnace, and a parts list is given in Table A—Il. The parts code numbers are

circled on Fig. A—6.

Figures A—7 through A—14 show the various stages of furnace assembly.

Figure A—7 shows the inside surface of the outer fibrefrax wall of the furnace

with penetration holeA for the various sight and pressure port tubes . These
graphite tubes were sealed to the outer wall with a fibrefrax base cement. On

the outside surface of the wall , a seal of silicon rubber was placed over the
base cement. The susceptor support and lover exhaust liner are supported by the
water—cooled support plate . Figure A—8 shows the addition of the susceptor. The

electrical field from the induction coil suscepta this piece thereby setting up
eddy currents that cause 12R heating. Figure A— 9 shows the addition of the can-

ister base and the lower canister. Heat is transferred from the susceptor
to the lower and upper canister by radiation. Figure A—l0 shows the

addition of the upper canister and the exit spacer. The material deposited on

the exit spacer during the coating run was subsequently characterized.
Figure A—li shows the addition of the substrate ring that simulated a

rocket—nozzle throat liner. The deposited coat on this component was also char— -

acterized. Figure A—l2 shows the addiition of the entrance spacer and the can—

ister lid. The coat deposited on the entrance spacer also was characterized.

Figure A—13 shows the addition of the canister extension and the lampblack
shield. The outer furnace wall is sealed to the furnace top with a f ibrefrax
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TABLE A-I

~~STRIJMENTATION LOCATION

Circumferential Distance from
Parameter Location (CW) Base Plate (mm ) Notes

P—I. 370 3S’ 1010

P-2 1140° 00’ 806

T—l 2890 l~2’ 1010

T—2 16].° 13’ 797

T—3 58 II’ 832

2000 00’ 71i6 Thernocoup].. measuring
location, leads exit
between Items 28 and 29.

332’ 143’ 714~
T-6 2920 07’ 714~
T—7 3300 SS ’ ~81 Angled sight port, dis-

tance from base plate
is at point of penetra-
tion of Item 6, furnace
case.

T—8 2141.0 13’ S97

T—9 273° S6’ 30~

T—13 360 22’ 81iS

T—].11 299’ 23’ S91

T-15 214’ 111’ 3C~

T-16 90° 00’ 89S Thermocouple measuring
location, leads exit
between Items 28 and
29.

TABLE A-Il

M&TERIALS OR PARTS

Part Number Name Material

Furnace exhaust tube assembly Stainless steel

2 Furnace stand Aluminum
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TABLE A-Il (continued)

Part Number Name Material
3 Fiirnace báse plate Stainless ate.].

14 Support plate Stainless steel

5 Ali~~ment collar Stainless steel

6 Furnace case Fibrefrax

7 Susceptor support Porous carbon

8 Lower exhaust line HLM graphite

9 Susceptor support ring Porous carbon

10 Upper exhaust liner HLM granhite

U Susceptor support Porous carbon

12 Sueceptor base HLM graphite

13 Canister base }T114 graphite

114 Susoeptor HLM graphite

15 Lower canister HLM graphite

16 Exit soacer HrJM gra~hite

17 Substrate ATJ graphite

13 Backup ring }{LM graphite

19 ~~trance spacer HLM graphite

20 Canister filler ring HLM graphite

21 Upper canister KLM graphite

22 Canister lid HLM graphite

23 Susceptor lid HLM graphite

214 Canister extension I~JM graphite

25 Lampblack shield HLM graphite

26 Sflide r }fl.M graphite

27 Lainpblack shield lid HLM graphite
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TABLE A— t T ( .~~n t .

Part Nuie* er
_____ — ______ 

Mat ~r i  ~ - ____

28 ~\1TT ~~1C~ t C i fl ~~t :11 U t n  a

29 Furn:tce Id ~ c~;n itoel

30 Dr ivo shat’t, b ’ i r~ni~ IIL ~’. :r,’~’hi t o

31. flr ~~vo sh~t t ’t ){1.~ ~r ‘~~i t.~’

32 Drive ~hac t. t~~C i’U:; an ~ l ~r :~~~i I to

33 tnj ’ct ~ r ~~‘~ 1 ; t T h~~~ st.eei

Inj octa~r (~~‘t ” ~

3~ Inj cc ( or  ‘o I a t,a inU’a~ tool

base cement Figure A— 14 show s t ho add I i  t I on o t ho dr I vo sha t and t ho lamp—

black shield. After  the l a s t  h ’  I ~‘ wa~ I usc r t t ’d t hr~ ugh ho n t i s c o p t  ~ r

l id , the space between t ho IscO~~ t or and w:1 ii wa a t ( I I  ~d w i t h  I amp h 1 a~’ k t o

wit h in 5—6 in • of the furnace top . tho wa • i - ~~ ~oo l cd  t ~u n. ~co I Id and t ho n~ oct or

seal , added las t , wt’rt’ shown I n  F I ~~. A-
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I . REQUIREMENT S

The data acquisition system (DAS) had to measure and record approximately

35 channels of analog data. The end—to—end inaccuracy of each channel was to be

* 22 maximum. The frequency response of each parameter was < 1 Hz, and the

resolution had to be at least one part in 1000. The Measurement List (Table B—I)

specifies th. parameters to be measured , their ranges, and the transducer or

method used.

II. DESCRIPTION

A. General.

The DAS consisted of a data logger that multiplexed the 35 analog channels

and formatted the data. These data were then recorded on magnetic tape by a

seven—track incremental tape recorder. Twenty temperature measurements, five

pressure msaaursa.flts, seven flow measurements, two power measurements and the

time of the day were recorded. Two linear distances and one angular position
were recorded manually. Figure B—i shows the measurement locations on the
furnace. Figure 5—2 i. a block diagram of the DAS. Figures B—3 and 3—4 show

the furnace room and the completly instrumented furnace.

B. Transducer Installations and Signal Conditioning Section.

1. Pressure measurements. Total and static pressures were measured using

conventional bonded strain gauge and variable reluctance type pressure trans-

ducers. Parameter P—3 was measured just upstream of the injection nozzle by

a bonded strain— guage type pressure transducer. Its output was 5 Vdc for 138 kPa

full—scale input. The output was connected to a voltage divider to reduce the

S Vdc to 3 Vdc to be compatible with the 3 Vdc full—scale range of the data

logger.

P—i and P—2 are static pressure measurements made at the wall in the upper

section of th. coating canister, 51 and 254 ma from the injector, respectively.

The pressure inside the furnace was transferred through impulse lines to the

pressure transducers mounted about a meter from the furnace. The impulse lines

consisted of a 19—em—dia carbon tube threaded on one end and screwed into the
wall of the coating canister. A 6—rn line then connected one of the transducer

pressur . ports to the carbon tube extending through th. furnace wall. The

connection between the line and the carbon tube was water—cooled , Fig. B—S. The

other transducer pressure port was left open to the atmosphere which made this

a gauge—pressure measurement, as the furnace exhaust also was open to the atmos—
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phere. A 5:3 voltage divider was used on the transducer output signal, to scale
its output to the full—scale input that the data logger required.

The static and total pressure measurements , P—4 and P—5 , respectively,

were measured axially from 25 to 289 me from the injector face. At each 102—me

increment from the injector, the Pitot tube was swung through an arc of ~ 80

degrees , dwelling at every 5 degrees to obtain data. The configuration of the

tantaltIe tubing Pitot tube is depicted in Fig. 3—6. Figure 8—7 shows the

connections of thá impulse lines from the pressure transducers to the Pitot

tube. It also depicts th. measurement setup for parameters D—l and 0—1. The

12—me—thick clear plastic sheet had a line scribed on both sides to eliminate

errors associated with parallax when measuring the angular position of the

Pitot tuhe. The pressure transducers ’ reference pressure ports were left open

to the atmosphere to yield the same results as those described above for P—l

and P—2. Again, the 5—Vdc full—scale output signal was connected to a 5:3

voltage divider before being connected to the data logger.

2. Temperature measurements. Temperature was measured using copper

va~sua Constantan (Type T) and W—5Z Re vs W—262 Re thermocouples, total rad-
iation pyrometers , and two—color pyrometers.

The low-temperature measurements (273—673 K) were measured using Type T
thermocouples (TC) with ungrounded junctions. The TCs were 3 me dia with a
stainless steel sheath. Parameters measured with this TC configuration were
T—17 , T—18, T—19, and T—20. Figure 3—8 shows a typical installation.
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• Parameters T—1O, T—ll, and T—l2 were measured by use of a bare wire junction

placed on the surface of the Ftberfax insu l ation. This junction was bonded to

the surface with a Fiberfrax bas . cement and insulated fro. the atmospheric cool-
ing and heating affects by silicon rubber. Each measurement device consisted of

three junctions wired in parallel and placed in a horizontal plane around the

furnace. The three junction. were spaced approximately 120 degrees apart . This

configurat ion was used to obtain an approximate averag, of the furnace surface

temperature in three parallel planes. Figure 8—9 shows a typical junction

installation .

The remaining typ.-T TC measurement was T—l6. This unit was a 6.35—me—dia

stainless steel sheath TC inserted into a tantalum thermowell . This TC was used

to extend the range of T—4 to room ambient. The tantalum thermovell was used to

captu re and contain the stainless steel and MgO insulation when it mel ted, as the
temperature at this location was expected to exceed 1800 K.

The reference junction for the Type—T TCs was contained within the data

logger. Premium grad., shielded TC extension wire was used to connect the TCs

to the data logger.

The parameters T—4 and T—lS were measured using ungrounded, W—5X Re vs W— 262

Re TCs. The TC sheath was 3—me dia tantalum, and compac ted beryllia (BeO) was

used to connect the units to a room temperature reference junction. The TC that

measured T—4 was wrapped in 42 turns of a 0.025—me—thick tantalum foil, and this

assembly was inserted into a tantalum thermowell , 12.7 me in diameter and 0.38
me thick. This completed assembly was to protect the TC from being contaminated
with carbon for approximately 100 h at 2035 K.

The TC that measured T—l5 was inserted into a 0.38—me—thick tantalum sheath 
—

that had bean installed in the furnace. Pressure fittings were used on the

furnace exterior to seal the installation from an exhaust gas leak. Figure 8—10

shows the water—cooled port and TC installation. A shield was installed inside

the furnace to minimise thermal radiation errors. The TC was inserted inside

the 12.7— —diaa tantalum tube shown in Fig. B—il. Dur ing installation , the

shield was rotated and locked in place so that the slots in it were p laced at
approximately 45 degrees to facilitate gas flow through the shield.

Tb. total radiation pyro..ters were used to measure paraaetsrs T—l , T—3 ,

T—8, T—13, and T—14, These pyrometers respond to a particular band or “windowt’

within the radiation spectrum resulting from the thermal excitation of matter.
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Most of the un i t s  used responded to a r e la t ive ly  narrow bandwidth wi th in  the ir

spectrum ; the par t icular  wavelength depended upon the temperature range of the

instrument.

Each pyrometer “looked” through a clear fused quartz window, and into a

graphite tube to the surface whose tamperatue was to be measured. The window

mount was water—cooled, and the graphite tube was constant 1), purged with dry

nitrogen gas. The purging was necessary to keep the window clean and to insure

that the optical path to the target was free of solid and gaseous matter that

would interfere with an accurate temperature measurement (nitrogen is transparent

at these wavelengths). Typical installations are shown in Figs. 8—12 and 8—13.

The signals from several of the instruments had to be amplified before being

presented to the data logger for range matching..

Two—color pyrometers were used to “look” through a gas with varying com-
position to the surface to be measured. As mentioned earlier, any radiation—

attenuating material in the optical path between the radiant source and detector

would affect the readings.

It is theoretically possible to eliminate these errors by using the prin-

ciple of ratio pyrometry. In this type of measurement, the ratio of the radiant

powers in two wavebands is measured. Wein’s Law may be operated on to demonstrate

that the ratio of the power in two wavebands enunited by a heated object is a

function of the temperature only. Such a ratio characterizes the temperature

distribution regardless of geometry, eminittance (if the material is a gray body),

and transmittance. If the two wavebands are suitable, a linear relationship be-

tween the ratio and temperature over a wide range of temperatures can be obtained.

These pyrometers were mounted like the total radiation units. Figure 8—12 shows

a typical installation for measurements T—2, T—5, T—6, T—7, and T—9.

3. Flow measurements. Flow rates and mass flow rates were measured using

turbine type type flowmeters, respectively. The parameters encompass a range

extending from 3 g/min to 10 ft3/min. All the flowmeters were installed so that

a minimal length of straight p ipe with constant diameter was connected to the

inlet and outlet of the flowmeters. The length of this straight section was at

least five times and three times the flowmeter diameter for the flowneter inlet

and outlet , respectively. All the output signals were 5 Vdc full scale. They

were reduced to 3 Vdc fu.U scale by a 5:3 voltage divider before being applied

to the data logger’s input.
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Parameters F—i and F—2 were measured by a thermal—type mass flow—meter. The

units measured t rue mass flow without corrections or compensations for the temper-

ature and pressure of the gas. They operate on the thermal principle which de—

pends on the mass flow of the gas and its heat capacity to change the temperature
along a heated conduit. This temperature change fs measured by a built—in arran-

gement of thermocouples and does not require any sensing elements or projections

into the flow stream. Figures 8—14 and 8—15 show the F—i and F—2 installation,
respectively.

The parameters F—3 , F—4, and F—6 were measured by use of a similiar prin-

ciple. As stated earlier, the temperature rise of a gas is a function of the

amount of heat added, the mass—flow rate, and gas properties. These mass—flow

meters incorporate two resistance type temperature sensors wound adjacent to each

other on the outside of a sensor tube. They form part of a bridge circuit and

have 40—mW power dissipation each. When there is no flow in the tube, both

sensors are at the same temperature, the bridge is balanced, and the output

signal is zero. When there is flow in the tube, the upstream sensor is cooled

and the downstream sensor is heated, which produces a signal from the bridge

proportional to flow. This signal is then amplified and linearized.

To facilitate accurate control of these parameters, controllers were used

to set and regulate their mass flow rate. The cont—olier for the methane (CH4)

was a standard ptoportional controller, whereas that for the methyl trichioro—

silane (MTS) was unique. The MTS mass flow rate is controlled by controlling

the mass flow rate of gaseous helium. This is accomplished as follows: helium

carrier gas is injected into the bottom of a tank of liquid MrS. A controller

using the above thermal principle measures and controls the helium mass flow rate
as a function of the demand for MTS. As the carrier gas bubbles through the

liquid ~frs, it vaporizes the liquid and the combination (He and MTS) passes
through a second thermal flovmeter. This second unit has one self—heated ele—

ment positioned in a cavity through which the carrier gas flows and another in a

cavity through which the mix flows. These elements conduct heat through the

gases to the bass. The temperature difference between the element and the base

is proportional to the thermal conductivity of the gas. The thermal conductivity

of the mixed gases depends on the ratio of source to carrier. By comparing the

temperature of the element on the carrier side to that of the element of the

mixture side, and with proper amplification and linerazation, a 0— to 5—Vdc out—

put signal is obtained for zero to full—scale ratio. Another circuit electron—

ill
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)
ically multiplies carrier times ratio (source/carrier) to give a 0— to 5—Vdc

source output for zero to full—scale source (MTS) mass flow rate. Figures B—lb

and B—li show the system that measures and controls these parameters.

The flow rate of the furnace cooling water (F—5) was measured using a

standard turbine type flowmeter, shown in Fig. B—8.

4. Power measurements. Two power parameters, true power (El cos 0) and

apparent power (El), were recorded. The 10000—Hz voltage and current signals
were obtained through isolation voltage and cu rrent transformers. The current

signal was applied to a 0.1—ohm precision resistor positioned adjacent to the

transformer (Fig. 8-18) to eliminate signal error due to transformer loading and

a drop associated with lead wire resistance. The resulting voltage signal was

then applied to a signal conditioner located approximately 30 m away adjacent to

the data logger. The two voltage signals (one from the voltage transformer and

the other from the precision resistor) were scaled using high—input impedance

amplifiers and electronically multiplied together by a four quadrant multiplier.

The resulting dc signal was scaled, filtered, and applied to the data logger as

power (HI cos 0 ). The signal out of the multiplier was also ac coupled to a ENS
dc converter who-se..output was scaled to achieve the apparent power signal.

5. Data logger. The data logger used was a digital multipoint recorder,

capable of measuring and formatting 40 channels of analog data. System opera-

tion is controlled by an eight—bit parallel microprocessor with ROM and PROM

unicroprograms.

The basic unit, a complete system within itself, included 40 points of

input terminations, reference junction compensation, solid state (rET) multi-

plexing, microvolt—level analog to digital conversion with a digital display

in engineering units, printout on a built—in str i p printer , an internal alarm

system , and a built—in electronic t imer to initiate selective periodic logging

cycles for unattended operation.

Front panel controls are provided in the form of pushbuttons and thumb—
wheel switches as shown in Fig. 8—19. The upper series of six pushbuttons

operates the time—of—day clock, peripheral devices, the alarm system, and the

internal printer. The lower series of eight pushbuttons provides the mode

selection and scan interval controls. FIRST POINT and LAST POINT thuinbwheel

switches, each with three decades, select the low and high scan points and set

the time—of—day clock.
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Th. unit has a full 16—bit dtgitia.r capable of 10— or 10O—~W re.olutl i ’n

or 0.2 K thermocoupl. resolution, depending on the rang. the operator selects.

An all—digital method of linearization for near perfect match to NBS thermocoup le

tables eliminates analog shaping circuit drift.

The digital display provides point address , magnitude (with negative polar-

ity indication), time—of—day (hours, minutes and seconds), and units of measure-

ment readout. In addition , an “I/O” neon light shines to indicate that an error

has been d.t.ct.d in a peripheral instrument. The display light, when the power

switch is activated and flashes to inform the operator of power on or power

interrupt, alarm, 1/0 failure, or low tap. conditions.

An intsrnal interfac , circuit card is used to couple the data logger to

peripheral equipment such as the seven—track incremental magnetic tape recorder.

The output of this card includes the digitized data, an operator—selected
test number, time-of-day (days, hours, minutes, seconds), and peripheral control

signals.

Th. internal printer has a typical recording rate of two points per second.

It print. out the same information that is provided to th. other peripheral

equipment.

6. Magnetic tape recorder. The digital data from the data logger wer ’

recorded on magnetic tape by the incremental magnetic tape recorder. The unit

uses half—inch—wide tape and records in an IBM seven—channel BCD code. In a

seven—track system, six of the tracks are data channel, and the seventh is the

parity channel. Even parity was used for the BCD coding.
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- - I. PYROMETERS

A. Configuration

The pyrometers were calibrated with a radiation source whose temperature

could be changed readily and measured independent1~.y.

The temperature of the radiation source was accurately determined with a

Micro Optical Pyrometer, M—5399 , that had been calibrated by National Bureau

of Standards Test No. 182836.

The radiation source was an inductively heated graphite crucible mounted in

an eddy current concentrator. Figure C—I shows the configuration of the cal-

ibration system. The graphite crucible and eddy current concentratior are

mounted in a quartz mantle connected to a vacuum system. This arrangement

permits operation of the radiation source in either a vacuum or inert gas.

The thin—walled graphite crucible (38 mm o.d., 5 mm thick, and 57 mm high)

and lid were machined from ATJ graphite. The interior of the crucible was lined

with Carbocel , a porous graphite , to minimize temperature gradients and to in—

crease the surface area of the blackbody cavity in the bottom section of the

crucible. The maximum target diameter required for the various pyrometers

calibrated was 8 mm. Correspondingly, the sight hole into the blackbody cavity

was 9.5 mm and the hole in the crucible lid was 10 nun.

The optical path from the blackbody cavity passes through a polished quartz

window and is then reflected at a right angle by a polished quartz prism to the

pyrometers. The intensity of the light beam is decreased slightly by reflection

as it passes through each quartz surface. The decrease in light intensity may

be treated as an absorhtion coefficient (independent of window or prism thick-

ness) and is calculated from the relation

A — l/T0 
— l /T 5 (K~~ ) (C—I )

where T0 is the temperature , K, observed through the window (or prism) and T5,

is the temperature , K , of the source. For the reference pyrometer, M—5399, A

is 2.6 l0
_6 

K ’ for both the prism and window . If there is a series of windows

or prisms in the optical path , i.e., n windows, the total absorption coefficient ,

A~ , is equal to mA. A will vary with the pyrometer’s sensitivity at the wave-

length absorbed by the quartz. Values determined for each pyrometer calibrated

are given in Table C—L Further , quartz windows for the ARC deposition furnace
were fabricated from the same quartz stock used for the calibration.
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B. Procedure

Specif ted preoperation , operation and focusing procedures for each pyrom-

eter were followed before calibration. Pyrometer voltage outputs were measured

with a Hewlett—Packard 3490 A multimeter. The black body crucible was brought

up to temperature and allowed to equilibrate for ½ h and the calibration was

started. The voltage output and meter readings were recorded for the pyrometer
being calibrated; the prism was then rotated to the reference pyrometer and the

temperature of the radiation source was determined and recorded. The prism was

then rotated back to the first pyrometer, and the voltage and meter readings
were again recorded. The temperature was raised sequentially (20—40 K) allowing

10 m m  for thermal equilization before repeating the above calibration stemps , to

approximately 2300 K and then sequenced back down to the starting temperature.

About every third calibration point, an additional quartz window was placed

in the optical path to the pyrometer being calibrated and the change in meter

reading and voltage output were recorded . This information permitted determin-

ation of the absorption for the window.

C. Calibration data

The data, mV output vs temperature for one quartz window in the optical

path, was least—squares fitted for several of the pyrometers to an equation of

the form

T(K) — A + B(mV) + C(mV)2 + . - . . (C—2)

and the standard deviation, was used to determine what degree of polynomial

adequately represented the data. For pyrometers, S/N 744 and S/N 745, the data

was least—squares fitted to an equation of the form

T(K) — A/(B — ln(mV)) (C—3)

The results are presented in Table C—I

II PRESSURE TRANSDUCERS

The pressure transducers were calibrated by their respective manufacturers.

The calibration data were used for the end—to—end calibration of the data acqui—
sition system (DAS). The calibration was accomplished by disconnecting the
electrical connector at the transducer and substituting a short circuit and then

a dc voltage for the transducer. The calibration equation for each pressure

channel is given in Tables C—Il and C—Ill for the nitrogen flow tests and coating

tests, respectively.
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TABlE C-Il

DATA RED~~~ IOJ FCiU4ULAS F~~ TEST NIJ4BER SERIES L~60o - DATE 3-1.6-76

Instrument
Ch. Para.st~~ R~~ge Ibits Data Reducti~~ Formula ~~g~_

00 Ref. Cal. --- Volts Y = V

01 P-I. *25 psfd Y = 1.6.667(v ) - 25
02 P-2 *25 psfd Y = 16.667(v) - 25

03 P.3 0/20 peig Y = 6.6667(v)

04 P.4 *25 psfd Y = 16.667 (V) - 25

05 P.5 ~‘T5 pefd Y = 50(V) - 75

06 F-i 0/50 SCFM Y = 16.66i(v )

07 P.2 0/20,000 SCCM = (2o,00o/3)v

08 ---

09 T-15 273/2200 •K Y = 303.5 + 6.7632 X 102(v) -

l.0~e23 x io~(v2) +
3.0118 x ].01(V~)

10 T-9 1163/2780 K Y - 11.63.6 + 27.0145 X ].03(V)

11 T-5 1279/2300 K Y = 1279.0 + 10.192 X 103(V) Low

1.1. T-5 2295/3592 K Y - 2295.0 + 12.942 X 103(v ) I~.gh

12 T-7 1300/25~2 K Y • 1299.7 + 4.2155 x io3(v)
13 --- --- --- --- --.
14 P-i) 1235/2590 IC Y = 1235.2 + 6.5241 X io~(v) i F

- 6.6957 x 1o3(v2)

15 T-6 1834/3000 x = 1833.9 + 2.3323 X LO3(v)
+ 2.1196 X 103(’V2)

16 P-i 131.0/1910 K Y 1310.1. + 39.785 X 103(v) t.td

17 ~-8 1260/1700 K Y - 1260.9 + 5.8412 x 102(v) 2600 F
+ 2.9308 x 103(v2) Full

Scale

12
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TAi~I1E c-u (cont~d .)  instrument
Ch. Parameter Remge tbits Data Reductiom Formula R~ ige

17 T-8 1.620/2480 K Y .ti lj~~0.3 + 1.1015 X to3( v) 4000’F
+ 5.71.07 X L03(V2) Full

Scale

18 T-3 1250/2590 K = i.6’~ 6 x iO~ / 18.5189 -

1n(V/3 .~ 28 X l0~~ )

19 - - - - -- - -- - - -
20 - - - --- --- -- -
21 --- --- -- -

22 T-17 273/310 K Y = 0.5556(°F) + 255.22

2) T-19 273/373 K i t

24 T-18 zr)/s25 K •

25 T-10 273/673 K

26 T-11 273/673 K Ft

27 T-12 273/673 K

28 T-].6 273/673 K ii

29 T-20 273/575 K Y = 0.5556(°F) + 255.22

30 F-5 0/3140.65 SLPM Y = 113.55(V)

31. W-1 0/117.18 KW Y = 39.06(V)

32 T-14 1200/3310 K Y = 1.7209 X 104/C9.6848 -

ln (V/3.381 X 10.2)]

33 P.4 273/2200 K Y = 303.5 + 6.7632 x l02 (v)-
1.01423 X 1o2(v2) +
3.0118 x 101(v 3)
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TA13LE C-Ill

DATA REDUCTI(14 FC~MULAS FCZ~ TEST N~14BER SERIES 15800 - DATE 5-5-76

InstrLm~ent
Cli. Parameter Range Units Dat a Red uction Formula Range

00 Ref. Cal. --- Volt s Y - V

01 F-6 0/6 SLPM Y 2(V)

02 F-7 0/30 ~ s/c Y - 10(V)

05 P.5 0/20 psig Y - 20/3(V)

04 ‘r-14 1200/3310 K Y - 1.7209 X 10~/C9.681e8 -
in (v/3.381 X 10-2)]

05 F-2 0/20,000 SCCM Y - 20,000(V)/3

06 F-I 0/1416 si..pi~i y - 472(v)

07 P.4 0/9 GPM Y - -3(V)

08 F-) 0/1.0 ST~PM Y - 3.3333(V)

09 T-15 ~ T3/2200 K - 303.5 + 6.7632 X io2(v).
1.01423 X 109V2) +
5.0118 x io1(v 3)

10 --- --- --- --- ---
U T-7 1300/2582 K ‘i - 11 .2755 X 1o3(v) + 1299.7

12 P.5 ]29~9/2300 
K Y - 10.192 X 103(v) + 1279.0 Low

1.3 T-2 11435/2015 K Y - 2.5328 X 105(v2) +
1.5073 x 1o4(v) +
1437.8

1.4 T-13 1137/4710 K y - -1.5475 X 103(V2) + H
2.6232 X 10’(v) +
1137.32

P-i) 1137/4710 K Y - -5.727]. xiom(v2) +
6.6981 x 105(V) +
1298.5 -

15 T-6 1834/3000 K Y - 2.1196 X ].03(v2) +
2.3323 X io~(v) +
1833.9
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TA3I3E C-i11(cont~d.) Inatrtmiem~t
Ch. Par ameter Range Units Dat a Reduction Formntila Range

16 T-1 K (Low range not calib. yet.) Low

P-I 1310/1910 K Y = 39.783 x 1o3(v) + Mid
1310.1

17 T-8 1620/21480 K Y = 5.7107 X iO~(V
2) + 14000°?

1.1015 X 1o3(v) + Full
1620.3 Scale

18 T-3 1250/2590 K = 1.6446 x 10~/[8.5189 -
ln (V/3.428 X i0~~)]

19 T-9 1125/1880 K Y = 1.5157 X 104(V) +
1125.148

20 -- - -- - -- - -- -

21 --- ---
22 T-17 273/310 K Y = 0.5556(°F ) + 255.22

23 T-19 273/373 K 1

24 ~-i8 273/325 K it

25 T-l0 273/673 K it

26 T-11 273/673 K it

27 T-12 273/673 K Y = 0.5556(’F) + 255.22

28 - -- --- ---
29 T-20 273/373 K Y = 0.5556(’F) + 255.22

30 F-5 0/340.65 SLPM Y = 113.55(V)

31. W-1 0/125 KW = 41.667(v )

32 W-2 0/125 KW = 141.550(V)
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III THERMOCOUPLES

F Th. thermocouples (TCs) were calibrated by their respective manufacturers .

The calibration data were usd to calibrate the signal condition.rs and , sub—
s.qu.ntly, for the end—to--end calibration ot the DAS. The DAS for the W—SX Re
vs W—26X Re channels was calibrated by th~ holtage substitution method d•scribed
above. Vol tag, substitution was used for the type—T TCa also , but only as an
end—to—end wiring check. Ambient t.mnperatum c readings of the units were com-

pared for a single—point calibrtion check. The calibration equation (data

reduction equation) for each PC is listed in Tables C—It and C—Ill for the teat —

series 15600 and 15800, respectively.
IV POWER TRANSDUCER

The voltag. and current transformers vvre calibrated at LASL to verify

their accuracy. The signal conditioning wa~ calibrated at LASt by varying the

input voltage, curren t , and phase angle. No end—t o—end cdlibration was per—

formed on the.. channels (W— l and W—2) at ARC owthg to the lack of teat equip—

mant. Th. data reduction equations are shown in Tables C-Il and C-lit.

V DATA ACQU ISITION SYSTEM

An and—to—snd pr.t.st calibration was conducted on the DAS as described

above. In addition, the calibrate switches on the pyrometers were activated and
these channels were verified . Thu above cal ibration data wore recorded on

magnetic tape for the firs t tests (mitrogen flow tests), and the data were
reduced and verified before we proceeded with the test . The calibration data

were hand—recorded but not recorded on magnotic tape for the deposition tests.
A post—test calibration was p.rform.d on the DAS to th. degre . possible , limited
only by test and hardware constraints~ Tables C—tV and C—V outlin, the Pr.— and
post—test calibration data dor the two series of tests.

In addition to th. calibration performed above a pseudo pr.— and post—test

calibration was conducted just before and after the tests. This calibration

consisted of recording on magnetic tape the calibration point for the pyrømeters,

asr os for some channel s and ambien t conditions for others. A minimimum of 10

data points per channel was r.cord.d. Beciwaed of the need to maintain gas and
cooling water flow rates on th. furnace for approximately 24 h subsequent to the

test , no pot—teat calibration da ta were obtained for some channels.
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I GENERAL 

- -

This appendix contains the test procedures, the test logs, and graphs of
reduced data from the nitrogen flow and deposition tests. Included also is a

discussion of data anoin~l1es.

II. NITROGEN FLOW TESTS

These tests coninenced on March 16, 1976 at 1440 h after several hours of
system configuration verification and pretest checkout. The test identification

nt~ ber is 15601. The test procedure, which is part of the data package, is

given here. These tests were concluded on March 18, 1976 at 0300 h.

The procedure was modified as the test proceded and data were being analyzed

and compared with the objectives. It was found unnecessary to perform paragraphs

5.3, 5.4, 7.2, and 8.2 of the test procedure.

A. Procedure for Nitrogen Flow Tests

The procedure for the nitrogen flow tests is presented in Table D—I. The

procedure is that on file at LASL.

B. Nitrogen Flow Test Log.

The enclosed test log for test 15601 (Table fl—Il) is a typewritten copy of

the original Ob file at LASt. It is included because it Outlines pertinent events

that occured during the test and their time of occurrence. It is included so

that the reader may correlate these events with the data presented here.

C. Nitrogen Flow Test Data.

The data in Table fl—Ill cover that part of the test in which power was

applied to the furnace. It was not convenient to present the data on other parts

of the test in this format; so parts of the data appear in Sec. III of this re-

port. All data were recorded on magnetic tape which is on file at LASL.

D. Discussion of N2 Flow Tests Data.
Part of the data from the flowmeter which measured cooling water flow rate

(F—5) is erroneous. The data obtained before applying power to the furnace are

accurate; however, power ii~ dxcess of 25 t~W a~p1ied to the furnace caused a
signal—to—noise rCtio of approximately 0.1. This problem was resolved before

the deposition tests.

~arárnet~rs T—2 and t~9 were nd~ re~orde~ dii t1I~ DAS I~~cAhse of excessive
comeon mode voltage on their signals. These parameters were recorded manually

at 15—mm intervals throughout this test. The signal conditioner for these two

parameters drifted approximately * deg/h . A circuit was designed to reduce the

i~1~

L
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F ‘
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‘ ~~~~~~~~~~~~~~~

4 4 7 , ) 7~ j t  /c~~~ o i .
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~~~~~~ 
7 A ,  ~~~~~~~ ~q c.. ‘s-S. _____ 

by

1.0 ASSI~~~33’ W
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.t) “ . .~

LL3 ~1.1 ~. ‘- ‘~~~~~~~~~~ ‘ 
‘~~~~~~ ~~~~~~~~~~~~~~~~~ _ ,

~ .2 T—2 ‘ ~~~ ~~~~~~~~~~~~~~~~~ - . -

• .3 1—3 
* I F .

.4~~ t-4 ” ‘
~~~

-

.6 1-6 _ _ _  

.

_ _ _

.8 ~T—8 
I

- - .9 1-9 ____  ____
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.32~ T—12 _____ ______
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TABLE D-I (continued)

*ti.&mc mSSSAMCH CO~~P0~~AtON £ ,, •r -~~~g~. £ -

LAS!. Procedures (continued) -

Checked Checked
bY by

,3O F-S - j~~~~~*~ _____

.31 W-l 
_ _ _ _  _ _ _ _

.32 - 

furnace Case Pressure Gage 
-

1.2 Injector location (10.8 inche s from subs.) 
_______- _______

1.3 La~~b1ack approx. 8 Inches above susc. ‘Slope 
- 

-upwards towards flberfrax to compensate for
settling. Measured depth (3 places)_________ 

_______ _______

1.4 Cooling water connections to: S r~IL 4~ NS vl- 7b £ 4 .  1MszLO

1.4.1 1-1 
~~~ IL’ ~‘.1,h.-

.2 T-2 t _____ _____

.3 T-3 
6

.4 1-5 
______ _______

.5 1—6 
_______ _______

.6 1-7 
_______ _______

.7 1-8 -

.8 t-9 
_______ _______

.9 1-33 - -

.10 1—34 
_______ _______

.11’ T—15’ 
______ ______

.12 P.4 .

.13 P-2 
_______ ______

.14 CoIl - 
_______

.15 Injec’t~r 
_______ _______

.16 S.P. Outlet Manifold 
_______ _______

.17 Furnace Eiçhaust Tube Assembly 
_______ _______

.18 Bus Bar

.19 Support Plate . 
— _______

.~0 S.P. In1~t ~1anifold : 
_______

.21 Furflate Lid -

1.5 Drain llflts to i~Pifls 1.4.1 — 1.4.36 Ih~br—connected and monitored by T-19 & F-S 
_______ _______

1.6 Process gas connections fbr:
1.6.1 N2 Process i., . - -

.2 N2 Annulus _______ _______

.3~~~~~~~4$~~~~~~)

.4 ~~
iF
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TABLE fl-I (continued)

AT LANYC mI SIA~~tH CO~~PORA’YION
p 3  ‘/11

LASI Procedures (continued)

Checked Checked
by by

1.7 Purge gas connections to:
1.7.1 T-1 ~~~~~ 

._ t~~f
.2 T—2 

_____

.3 T-3 
_______

.4 “1—5 
______

.5 1-6 
______

.6 T-7 
______

.7 1-8 
_____

.8 T-9 
______

.9 T-13 
_______

.10 T-14 -

.11 T-l5 
_______

.12 P-i. — ~ 1~~~~~~~.33 P—2 
_______

.14 P.4 & P—2 Annul us 
_______

.15 Furnace Case 
_______

1.8 Furnace power connections 
- — 

-

1.9 Capacitor onnections qiade and recorded .. is 
_______ _______

2.0 ~ a’ r C~e~~&i
’
~~ ~~~~~~~~~~ ~ ~~~~~~~~ ‘i”

Al L,~,.4../ ~~~~ -
2.3 N2 Supply 

~
‘

2.2 -4H~ 9ttpp1~y ~j ,ga a/’~’ J~ N* _____ _____

2.3 MU Lupply ~~~~~~ ~~~~~~~~ 
______ ______

2.4 All Cooling Water Valves Open 
_______ _______

2.4.1 WV-i — — _______

.2 WV-2 
______

.3 WV-3 
—~~~~~~~~

.4 W Y 4  
—~~~~~~~~

.5 WV-S 
_______

.6 WV- 6 — —  — .

.7 W-7 — — ______

.8 111-8
2.5 Check cooling water sight flow indicators

2.5.1 T-1 ______ ______

2 T-2 

13?
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TABLE fl-I (continued) 
- - 

-

AT8.AUTC P15t *rt.’. CORPD~~ATION 

~~— —

LASL Procedure s (continued)

Checked Checked
by by

2.5.3 T-3 (u-~
.. 

‘.~~~ 
-

.4 1-S _____ _____

.5 - 7-6 
______ ______

.6 1—7 _______ _______

.7 1-8 
______ ______

.8 1-9 
______ ______

.9 1-33 
______ ______

.)O 1—14 
_______ _______

.13 1-15 
_______ _______

.32 P-I 
_______ _______

.13 P—2 -

e ’14 Bus Bar 
_______ _______

.35 Support Pla’te 
_______ _______

.16 CoIl 
_______ _______

.37 Exhaust lube 
________ 

.

.38 Furnace Lid 
_______ _______

.1~ Iniector 
_______ _______

2:6 Coil water flow rate measurement 
- 

-
~~~~t.t.. ,-~~. ~~~~~~~~ ~~~~~~~~ ~~ ~~~~~~~ W.t ~ tn.e 5.4 ~~~~~~~~

~~~~ ,~ ~ 2.6.1 Close WV- 8 
_______ _______cJ,.2 Mannual ly record flow rate of F—S ~L..j  ~~~ Ci? 

~.3 Note DAS tlme-7~~ c i~ ~~~~~~~~~~~~~~ re . - , p1~ ______

.4 Open WV- 8 ,~,)
( 

______ ______

.5 Manual ly record flow rate of F-5 - 
______ ______

.6 Note DAS time —
. 

Ta~t. ~ ‘ .co.t ~...i ii ~~~~~~~~~~~~~~~~~~~~~

2.7 ARC Instrument panel should be set up as follows:
2.7.1 Al l flowrator valves closed 

-.2 NV—i open _______ 
.2 - 

—

.3 NP-i set at 50 psig _______ 

— ‘•-

.4 NV-2 open —— 
-

.5 NV-3 open 
_____ _____

.6 NP-2 set at 50 psig _______ _______

-.7 MV-l-epee. 
______ _____

-8 ‘NV-2 open to desired rotometer 
______ ______

.9 liP-i set at 50 psig_

13R
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TABLE fl-I (continued)

ATLANTC RES[ARCS’4 CORPO~~AT’ON p 
~ •-~~ 

,j
— -

LASL Procedures (contlnue4)
Checked Checked

by by
2.8 InitIate heatup gas flow rates -at gas

panel by adjusting flowrator va lves to
achieve following indicated rates: -

2.8.1 ;N2 Case — 150 SCFH (4002) ______ ______

.2 ‘12 Mnulus 24% (4O01 ) Fz. 
______ ______

.3 
~2 

Process - 200 SCFH F~ - —
~~~~~~~~~~~~~~~~ -

.4 N2 P-l - -35% 0 _ _ _ _

.5 N2 P-2 - ~&W’ 0 ______ ______

.6 - P—l & P-2 Mnuius - 10% 
______ 

—. - —

‘ .7 .1-1 -~$~ a-”.. ______ ______

•~ (.~~JJ;./~P P ~?? .8 112 ‘1-2 - ~ O 
______ 

~~~~~~~~~~~~~

v~~ti .9 112 7-3 - 39% 
- ioo 

_______ _______

.10 N~ 1-5 - )O( ~0 _______ 

-~
. .— . . —

.11 N2 1-6 - ~~~~~ 
ioO 

- _______ _______

—

.12 112 1-7 - 100% - 
‘

~~~
- ‘- --

.13 1-8 - ~~ 
- 

~~~~~~~~~~~~

• .14 112 1-9 -~5% ~~‘ 
-

.35 N2 ‘1-13 - .s( ~~~~ - ______

36 112 ‘1-14. - ,5( ~~ -

.17 112 7-15 — 100% _______ _______

Note : Items 2.8.4 through 2.8.17 requIre flovaneter tube No. 1/8 - 20 - p - 3/37
with SS float.

139
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TABLE fl-I (continued)

ATLANTIC R(BSAflCH COfl~~Oi~AY IOI~.
ALt k*t-~~~~*.~~~~~ -A j

-Li

3.0 Cold Flow Profile Tests 
—

3.1 Adjust 112 process rate to 500 SCFH (ARC fl owmeter).) .

-. 7g-~~~~*~~~~
7 

-j

3.1.1 ‘Start reading with probe at 00 positIon and 2 inches below
Injector tip.

.2 Rotate probe from side to side stopping to take pressure readings
every 5 degrees. This may be accomplished by stopping the
DAS as the probe is rotated and starting it whenever the

(DA i ’~’,’~’)desired position is reached. ~~~~~~~~~~~~~~~~~~~~~~~ 
..
, —

mately 30 seconds. Record DAS time , rotational position ,

,/~axtaI position of each reading , and b alrpressure transducer
(D 

~;c2
outputs.o4

~ P~ * PS,
.3 Repeat this procedure at 2 Inch Increments from the injector

to full extent of probe. (4.1.ii~~)
.4 Record left and right extentL of travel at eachA position to

determine location of canister extension inside wal l and as

an indication of the amount of eccentricity of the probe
f rom the centerline position.

3.2 Adjust 112 process rate to 1000 SCFH (ARC flowmeter) and duplicate pro-
cedure of 3.1.

3.3 Adjust 112 process rate to~~3 SCEK (ARC f lowmeter) and duplicate pro-
cedure of 3.1.

- 
~~~~~~ ~~p j~/t ;~~ ~~~~~

)Ui~.ic ,(~~ ~~~: ‘, /s-
)(/ ) )  scF.Y ? - .~~, j ,.~ 

3 Ps ’
~~) J  $ tFøY ~,

.

1110
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TABLE fl—I (continued)

ATLAP4Y1C ~ 5 SA A~~CP-4 ccc.po~ *t u01..~

4.0 Transient Heatinq Tests
4.3 DurIng heatup hand record all available data in run logs A and B at

-15 mInute intervals. (Continue this procedure throughout remainder
of run.) ‘~i)#~~ ~~~~~~~~ O I 1  ? l-i, 0

4.1.1 All gas flow rates same as in SectIon 2.8. e 
~~~~~~ .53)

~~~~~~ 4.2 Heat furnace at 50 kW for 30 minutes. St...-t ~k ‘1~ ~~

s9’~~”~- 4.3 After 30 minutes adjust power to 90 kW.
?~~

‘J ’ T~~ 4.3.1 Adjust settings on control panel as smoothly and rapidly as’
~~~~ ~~~~ 

.0 possI ble , within limitations of equipment.
.2 If an intended power setting is overshot, do not readjust—-

In other words, do not juggle the controls in attempting to
exactly duplicate a printed test condition.

.3 The number pf changes in power are to be minimized.

.4 Except in cases where a safety hazard is invol ved , do not
adjust power settings in response to measured parameters
(temperatures) which might have been established for nori~al

~~~~~~~~~~~~~~~ z-~-i..~~oating runs. ( .v ~ t.... S .~?)

— 4.4 After substrate inner surface temperature has reached 1738°C ((—7);
4.4.1 - Record DAS tine and elapsed time . .

.-.. ‘~~
----- ~~~~~~~~~~~~ P/1.5 ‘~ec~’.2 Adjust 112 process rate to 500 SCFH.

.3 Adjust power level to maintain 1733°C.
4.5 ARC pyrometer calibration (to be condu~ted after temperature has

stabilized).
4.5.1 Remove 2-color pyrometer head from SP-7 - I ) i~ 

D
’
~ i -  

,

.2 Read temperature with ARC optical pyrometer ~~ l7926~4~ with
sight port cover in place. ~~~~~~~~

.3 Repeat 4.5.2 with sight port cover off. ‘

.4 Reinstall 2-color pyrometer head, and record temperature with
sight port cover removed.

.5 Replace sight port cover and record temperature with 2-~o1or ~~~~ 
‘
~..

pyrometer.

11k].
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TABLE D— T (continued)

AT L&4~~C cj ESE A5~C,4 ~~~fl c’OflA1ION
ALl

-5-

,(o 
~2 Flow Tests

~.6. 1 H2-Flow Test 1
.ç’ fl.l.l Adjust 112 process rate to 500 SCFU. + 10

~ .2 . ,Stabillze substrate inner surface temperature at l738~ °c
for at least one hour wi th no power adjustment required .
greater than + 2 kW/l5 minutes.

.3 Record time stabi lization is achieved and start DAS ~ S”n-i -~ ,.. tr.-’~”.

.4 Intain p~~ -t- r level for 1 hour with no changes to allow
temperature t~ stab i1i~e. If substrate inner surface tempera-
ture drifts mere than 25°c. repeat steps 6.1.2, 6.1.3, and

ç 6.1.4. 
~~,

,,~
.2 112 1l~-’-. hc t  2.

6.2.1 Adjust N , process rate to 1000 SCFH.
.2 MaintaIn all ~~~~~~~~ ~~t J ~ete rs including power level .
.3 M i n~~s~ 1C~’Ii sCF~: for 1 hour or longer to ach ieve stable

temperature .
1~~- t  ~ 

. .. 
~
. c ~~~~ ~~~,6.3. 1 - A~~~ t~~ ~rcccss rate..t~—t4 uC SCFH.. io f

~ — ‘
~~;~~~~~ ; ~~“ / ,- c

’
~ sg~~ r’~.2 MaIntain a l l  Ot~iE ameters including po~er level . ‘~‘°~~~

.~~ for 1 ~~~~~~~~~~~~~~~~~~~~ stable

6.4.~ Adjust K2 vss rate to 1000 SCFH. ~ es~~~ 
9’ o

.2 MaIntain afl ot~ ~~as~ mcte rs inclu~~ng po~er ’leve1 . - - .~~~

.3’ 
~~ ntain these parameters 1 hour or lr’ger to achieve
stable tc~;~ r~tut-e and then proceed to~~?5~-~!r-1eve1 Test 1.- 

- - - - - - -

- ______ 
________  ____

-
- 
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7~O Power Level Tests (Maintain N
~ 

Flow Test 4 Gas Flow Rates)
7.1 Power Level Test 1.

7.3.1 ‘Increase coil power level by 15 kW.
.2 ~‘ Maintain this power level for 1 hour or longer to achieve

stable temperature.

7.2 Level Test 2.
7.2.1 ase coi l power ci by 15 kW.

.2 

~~~~~ ature~~~~
dl for 1 hour Or longer to achieve

~~~~~~~~~ 
- 

/~~~~
,‘/e , Prø ~~~~w
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8.0 lest lermi nation
8.1 Turn off furnace power.1

8.3.3 R cord DAS time and elapsed time In run logs.
.2 ‘Maintain gas flow rates of previous tesj (Section 7.0).

~e ,~~‘ ~~.. ..~~•.. j
.3 ContInue hand recording of dataAand continue DAS recordij~g

of data, wI ~~ ..... - ~~~~~~~~~~~ il c.A~~~....di C.. — 33)

.2 Aft.r J-.1sour~ adiust
)

Pro ess gas f low ra~e to 200 CFH. 
-- - 

—
~~ -

8.2.1 ~. cord DAS t1~~ an elapsed ti In run log~. ~~~~~~~~
.2 to tinue hand reco Ing of data a d cont1nu~~ )AS recording ‘I

8.3 After 1 hour, terminate run. ~~~ 
- -

~

8.3.1 DiscontInue hand recording of data ,.nt turn f19.
1,5,2 s.f -~.J/ ‘.,‘,.i. .L4  ,~~~~~~~~ 4 #?rJ t.,

e
~
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~~
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TABLE D—II
TEST LOG - N2 FL(~ TESTS, I.D. 1560].

DAS Time Remarks
22:04:50 F-5 disconnected.

22:05 25 F-5 reccxmected.

22:38:00 Water pressure dropped suddenly to approximately 12 psi,
then returned to 26.

23:18:34 T-1I. (Channel 16); switch from low to medium scale.

23:18:15 Water pressure fluctuation 27 to 20 to 27 psi in 5 sec-
onds.

23:34:20 Switched range from low to medium; T-8, ch. 17. DAS
showed momentary overrange. Shut furn ace power off to
check F-5 meter effect .

23:54:50 At end of transient heat test, increased N2 process to
500 SCFH. F-5 decreased from 52 to 22 when power off.
When power reapplied, F-5 increased to 33 again .

ft 24:00:00 Low intensity light on T-7. Glass clouded. Slid glass
to clear. Low intensity light out. T-7 = 1720°C/DAS off.

24:10:00 Low intensity light back on T-7; readjusted focus; light
out. Temperature reading did not change.

02:00:00 Prior to temperature recording, adjusted T-9 pyrometer
head. Temperature reading now seems reasonable and low
intensity light not on. Small adjustments in head aii~ a..ment no longer cause gross indicated temperature changes.

03:15:00 Paragraph 11.5 of the - Test Procedures: ARC pyrometer cal-
ibra~ion.Temperature using 2 color with glass cover in place - 1740°C
Temperature using ARC optical pyrometer with glass cover
in place - 3123°F (ii) - 3123°F (xiO
Temperature using ARC optical pyrc~et~r yithout glass
cover in place - 3150°F (H) - 3145 F ~XH)
Temperature using 2 color optical pyrometer without glass
cover in place - 17142°C
Temperature using 2 color optical pyrometer with glass
cover in place — 1750°C
Pressure determination at P-I. while sj ght port glass
removed: pressure 0 or’ less (- .2 psi ).

04:15:00 Whi le taking exhaust temperature scans cannot maintain
T-15 N2 flow rate. Thermocouple seems to be blocking
flow. Aftqr shoving T/C back In, maximum achievable
rate is 65%.
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- B~~~D-Th ~opntinued)

DAS Time Remarks

011:53:45 Tried to make traverse of exit gu temperatures with T-l5.
Wouldn’t budge • Left in plac, approximately 4” from wall
for remainder of rizi.

05:04:30 Increased process N2 flow to 1000 SCFH.

09:38:35 Calibrated T-2; was reading about 30°C law.

09:50:00 Calibrated remaining Instruments.

14:29:115 Increased power from 45 Kw to 60 K~ in 5 seconds.

17:00 :00 }bt spot in f’iberfrax - 180 position- center of furnace.

17:20:00 Tapped with wood stick to cause carbon block to fall
into void.

17:40:00 }bt spot near T-3 and T-llA (0°).

18:45 :00 Intermittent low intensity indication on T-7 .

19:00:00 Power circuit back on line.

19:10:00 T-5 in calibrate position for this scan.. Next scan it
wiLl. be switched to high scale (19:15:00 scan).

20:15:00 Shielding F-5 with dustpan , aluminum foil , foil in place
for 20:15:00 scan.

20:25 :00 Low intensity ai~~al (intermittent) on T-5.

21:10:00 F-5 disconnected to check mag. pickup signal.

22:05:00 Dismotzited T-l3 pyrometer head (IRCa~).Read temperature tm ing IkI pyrometer 3715°F (2319 K).
(Conversion from scale reading on Range I is 2095 K.)

22:17 :00 T-1 switched to high scale.

23 :04 :00 Read T-l.3 with L~~ pyrometer - 3745°F (2356 K).

23:30:30 Turned power off.

23:32:00 F-5: 21 0Pt4, water pressure 27 * psig.

23:35 :20 T-5 switched to low scale.

23:36:25 T-2 switched to low scale.

1li7
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TABLE D-III

REDt~ ED DATA FOR T}E NITR0~~ FILM TESTS

The reduced test data are plotted versus normalized time in minutes. A
second reference scale at the bottom of each page gives the corresponding DAS
or real time in hours. The label on each figure identifies the parameter
plotted (see Figs . A-6 and B-i). The parameters are arranged in alphabetical
and numerical order .
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coimeon mode voltage on the signal, and these parameters were recorded on the DAS
during the depoaition tests. The units were calibrated and adjusted hourly as
required during the deposition tests in an attempt to alleviate the error assoc-

iated with signal drift.

The data shown here for the total radiation and ir type pyrometers reflect

a correction of the 0.85 surface emissivity of HLM graphite. The surface emis—
sivity used for this graphite was 0.85. To increase the flexibility of data
handling, the data reduction equations for these pyrometers do not incorporate
the correction for surface emissivity. Therefore, one can look at the upper and

lower temperature limits, depending upon the physical configuration of the meas-

urement and the measuring instrument (see Sec. III B).

These pyrometers were calibrated on a near—perfect blackbody with a “sight

tube” whose length—to—diameter ratio was approximately seven; therefore , no

emissivity correction factor is necessary for the equations derived from the

calibration data. The sight ports (graphite tubes) on the ARC furnace had a

length—to—diameter ratio of approximately 36. If this ratio is larger than five
and the sight tube bottoms out on the surface to be measured , no correction for

surface emissivity is required. The above discussion pertains only to the total

radiation and ir pyrometers, as this correction is not required for the two—

color pyrometers. Therefore, the two—color units were used to “look” beyond the

sight port tubes to the surface to be measured, the substrate surface.

Each data dpoint of the figures in Table III is illustrated by a plus sign.

These data points are then connected together by a straight line. Very few

data points were taken on most of the figures from the time 23:56:55 to 04:05:00.

Paragraphs 4.4.3 through 5.1.2 of the test procedure were being performed during

this period.

The pyrometer that measured temperature T—]. has not been calibrated on the

“low” or “high” ranges. Therefore, the reduced data taken before 23:18:34 on

March 16 and after  22:17:00 on March 17 are incorrect. These data will be

reduced correctly if needed for the furnace analysis.

The total radiation pyrometer that measured T—3 was over—ranged from

20:20:01 to 23:31:00 on day 077. The furnace temperature at this location

exceeded the calibrated range of this channel.

The tungsten vs tungsten—rhenium thermocouple that measured T—4 over—ranged

at 22:47:00 on day 076 and ultimately failed. At 06:45 on day 077 , the output

signal from T—4 came back on scale , and at 09:55 it over—ranged again. Also,
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at these exact times the recorded output of T—l , T—5, T—6, and T—7 changed.

These output signals increased when T-4’s signal was within the DAS range and

decreased again as T-4 over—ranged.

The errors associated with T—5, T—6, and T—7 during this period are plus

40, 30, and 15 K respectively. The T—l data are completely erroneous during

this period, except, possibly, for the points at 08:55:00 and 09 :20:00 h.
As indicated above, the T—l data were affected during this sane period .

The negative—going spike at 08:55 on T—l corresponds to the time when T—4 mo~cn-

tarily over—ranged. The temperature recorded for T—l at this time was 1537 K.

The parameters T—5 , T—6, T—7, and T—8 also were affected at this time. Their

data showed temperature drops of 16, 3. 7, and 16 K, respectively.

These data indicate that T—4 was intermittently shorted to the furnace.

This short circuit was either providing a ground loop or connecting the voltage

on the furnace (substrate) to the DAS, exceeding its comeon mode voltage spec-

!fication . The data on almost all of the channels are noisier than normal which

suggests the existance of such a system problem.

The positive—going spike in the data plots of parameters T—5, T—6 , T-7 , and
T—8 at 09:50 h on day 077 occurs because the pyrometers that measured these

parameters were placed in the “CAL” position for a single DAS scan. The pvrs.-’m-

eter measuring T—5 showed a “34 K calibration error.” However, when this pyrom-

eter was placed in the “CAL” position at 19:10:01 on day 077, it repeated its

original calibration of 2304 K. This fact gives weight to the argument that t h~
data offset between 06:45 h and 09:50 h is approximately 4 K in error.

During the above calibration check of the pyrometers, we found that the
calibration circuit for T—6 had failed. The calibration signal for T—7 over-

ranged, indicating a positive shift in its output signal. The pyrometer measur-

ing T—8 repeated its calibration point within 1 K.

After the test, the pyrometer heads for parameters T—5 and T—6 were found

to be reversed. The pyrometers were connected to the respective signal condit-

ioners and DAS channels correctly. However, the units were “looking” at the

wrong parameter. The reduced data show his discrepancy but the correct data

were used for the computer model study.

The data for furnace power, W—l, are sporadic after approximately 14:00 on

day 077. The signal conditioning for the power measurement was being trouble

shot and repaired at this time. The data are correct except for the large

deviations away from the 50—kW level.
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III DEPOSITION TESTS

The test identification numbers for the deposition test are in the series

15800. These tests started at 13:32:08 on day 126 (May 5, 1976) and concluded

at 19:24:28 on day 127 - (May 6, 1976). The procedures for these tests are includ-

ed because they are part of the data package.

A. Deposition Test Procedure.

The deposition test procedure is presented in Table D—IV. It is a copy of

that on file at LASL.

B. Deposition Test Log..

The enclosed test log (Table D—V ) for test series 15800 is a typed copy of

the original which is on file at LASL. It is included as part of the data pack-

age since it outlines pertinent events which occurred during the test and their

time occurrence. It is enclosed so that the reader may correlate these events

with the data graphs presented in this appendix.

C. Deposition Test Data.

The data in the following figures (Table VI) depict that portion of the

test in which power was applied to the furnace. It was not convenient to present

the data taken during other parts of the test in this format ; therefore, portions

of the data appear in Sec. III of this report. All of the data was recorded on

magnetic tape which is on file at LASL.

D. Discussion of Deposition Tests Data.

Each data point on the figures is illustrated by a plus sign. These data

points are then connected together by a straight line. The small arrows on the

abscissa depict a different tess number. To facilitate the interpretation of

the data, the test I. D. numbers are identified below.

Test I.D.
Number Test Description

1 15800 Furnace Heat Up

2. 15801 Ef fec t  of MTS on Substrate Temp T— 7
3. 15802 Coating Run Number 1
4. 15803 Ef fec t  of CH4 on Substrate Temp T—7
5 15804 Coating Run Number 2
6 15805 Coating Run Number 3 Setup

15818 Ef fec t  of HTS on Substrate Temp T— 7

i6
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TABLE D-IV 
F

COPY OF TEST PR OCEDURE - DEP06ITI~ 4 TESTS

Pai~e I o f tS

LASL PQ0CEDUR~ S ‘~~~
Checked Checked

by by

1.0 Aas.~~ly

1.1 FIxtures assembled as per SK6944—OOIA. Check
following items for proper location , align-
ment , and nssure that correct transducers
are in place.

/
1.1.1 T- t

.2 1-2 r”~- •_ (~J~

.3 1-3

.4 1-5

.5 1-6 J

.6 1-7 _

• .7 1-8 1
.8 1-9

.9 1-10 (
_

~~
_‘

.10 1—11

.11 1—12

.12 1—13 (v’~ ~~.13 T—14

.14 1—15

.15 T— 17 C.±~.. 2~.~~ii

.16 1—18 - —k\ .1 (J

.17 1—1 9 ~~.18 1—20 Ci~..

.19 P 3

.20 F-I ~~~~~~~~~

.21 F—2

.22 F-a
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TABLE D-IV (continued)

1.1.23 P—4 
_____

.24 F~5 r

.23 V-i

.26 Furnace Case Pressure Gages. 
.~~~~~~~~.• ..i 1~

1.2 Injector location (10.8 inches from subs.) er’ _.~._~::?

1.3 Lsmpblack approx . 8 inches above suec.
Slope upwards towards fiberfrax to com-
pensate for settling. Measure depth (3
places) 

~~ ..± ~~ ... ..21. �~±~
__

&.4 Cooling water connections to:

1.4.1 1-1
.2 1—2
.3 1-3 ,~~~ MI
.4 1-S
.5 1-6

.6 1-7 
_

.7 1-8 ~~~~~~~~~~

.8 1-9 e~

.9 1—13 - 

~~~&
.10 1—14 ( Y ,.

.11 1-15 - 
~~~~~~~~~~

.12 P-i LLQ

.13 P—2 ,L~Z.14 Coil 
~~~~~~~~ .tL

.15 Injector ~~~~~~~ ~~~~~~~~~

.16 S. P. Outlet Manifold 
.~~~~~~~~~

.17 Furnace Exhaust Tube Meembly

.18 Sus Bar

.19 Support Plate 
~~~~~~~~~ i~i2i

it 
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TABLE D-IV (conti.nued)

Page 3 .1 LS

1.4.20 S. P. Inlet Manifold .4~,Q.21 Furnace Lid ~~~~

1.5 Drain lines to items 1.4.1 — 1.4 .16  in ter—

connected and monitored by 1—19 and F—S.

1.6 Process gas connections for :

1.6.1 N2 Process .c:~:_.
.2 N2 Annulus 

~~~~ A~~~~L

.3 ~H4 (to Tyian Panel) e”

.4 He (to Tylan Panel) ...C~ ..

.~~ ~~~~ _ _

.6 Pressure to pneumatic valves on Tylan 
Iunit . 

~~~~~~~~ ~~~~~~~_

1.7 Initial MIS System Purge:

1.7.1 All valves closed (SV—l through
SV—ll ) Cr~

.2 Adjust N2 pressure to 25 psi to

Valve ~ SV—l0 ~~~~~
.3 Disconnect MIS fill line at MIS -

Valve E

.4 Set Valve I SV—7 to “ PURGE ”
Valve I SV—l l to “OPEN”

Valve I SV—30 to “OPEN ” - -

HIS purge rotarnuter - to ~‘ FUU. SCALE ’ ~~~‘
.5 Purge with N2 for 15 minutes ‘

.
.‘

.6 Set Valve I SV—7 to “OFF”
Va lve I SV—8 to “PURGE ”
Valve I SV— 9 to “ PURGE ”

.7 Purge with N2 for 15 minute S ‘
~~‘

.8 Set Valve . I SV—ll to “CLOSE~i
”

Valve I SV— 8 to “FILL” -

.9 Purge with N2 for 15 minutes ~~~~~~~~~

.10 Connect MIS fill line to MIS Valve
E w hile N is flow ing. Tighten
fitt ing wit h wrench and leak tes t .  ‘

-‘ _~~~~~_
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TABLE D-IV (continued)

Fag. 4 of 18

1.7.11 Set Valve I SV— 9 to “FILL ”
Valve I SV—8 to “PURGE ’
Valve I SV—7 to “OVERFLOW” ~~~~~~~~~

.12 Connec t vacuum pump to overflow line t”~~s

.13 Set Valve 9 SV—ll to “OPEN” 
.—Ci ~~..

.14 Pump until tank is evacuated (~‘v~

.15 Set Valve 9 SV—1l to “CLOSED”
Valve I SV— 9 to “PURGE” (~~ ~/

.16 Flow N2 until tank ia pressurized r”P’_ ()

.17 Set Valve I SV— 9 to “FILL” f~”P’

.18 Return to Step 1.7.13 until Steps
1.7.13 through 1.7 .18 hav, been -

,
repeated 10 times

.19 Disconnect vacuum pump ,
~~~~

.20 Depreseuriat bubbler ta~*.. Set
Va lve I SV— 7 to “OFF” and Valve I 7.
SV-1 1 to “OPEN” ~~~~~~~~~ L.Q

.21 After t ank has depressuriged , set
Velve ~ SV—1l to “ CL~~LD ”
Va lve I SV—9 to “OFF ”

Valve I SV—8 to “OF?”
Valve I SV— lO to “ CLOSED”

.22 Adjust lie pressure to 25 peig to
Valve I SV—4. Adjust N 2 pressure to
25 psig to Valve I SV—4. Adjust CU4pressure to peig .

.23 Set Valve I SV—4 to “HELIUM”
Valve I SV—1A & SV—l B to “O PEN”
Valve I SV— 2 to “OPEN”
yalve I SV— 6 to “BYPASS” -

Valve I $V—5 to “BYPASS ”

.24 Flow Helium for 5 minute s 
~~~~~~~~

.25 Set Valve I SV— 4 to “NITROGEN ” and .

set proco ss N2 bleed to 100 SCFH 

~~ ~~~~~~~~~

.26 Set. Valve I $V—3 to “OPEN” ~~~~~~~~~

.27 Purge with CU4 for s minutes “p-

.28 Set Valv e I SV-3 to “ CLOSED” •J~~ ~~~
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TABLE D-IV (contth ued)

Page S o t  IS

1.7.29 Continue Nitrogen purge for 15 minutes 
~~~~~~~~~

.30 Set Valve I SV—4 to “OFF ”
V alve I SV-2 to “CLOSED ”
Va lve S SV— 5 to “ OFF ”
Valve I SV— 6 to “OFF ”

Valve I SV—IA & SV—lB to “ CLOSEL) ”
Process U bleed to 0 SCFH

1.8 Fill MIS bubbler tank
2

1.8.1 Set Valve E to “OFF ” éV\ _1jj .)
.2 Close all valves on MIS dtum (on

porch)

.3 Open Helium tank valve (on porch) ~~t.\

.4 Adl,ust the pressure to 8 psi maxim um ~~~~~ _j
~’)OPf,.I i.I-e/’~ .-- l~ l ’- •~

.5 Set Valve A to “HELT Lfr~” ,~~~

.6 Set Valve B to “OPEN ” 
~~~~

.7 Set Valve C down toward MTS drum 
~~~~

.8 Set Valve D to “MIS F iLL” 
~~~

.9 Adjust N
2 

pressure to SV—lO to 10 psi ~~~~~~

.10 S~t V..lve, .~ SV— lO L~ ’ “~)~EN ”
Valve S SV— 7 to “ OVERFLOW”

Valve I SV—9 to “PURGE ”
Valve I SV—8 to “PURGE” 

-MIS purge rotameter to “FULl. SCALE” ~~~~
.1~~~~ ft er bubbler has pressurized to 10 psi :

f
’ Set Valve I SV—10 to “ CLOSED”

Valve I SV—9 to “OFF”
Va lve I SV—8 to ‘~OFF”
Valve I SV—1l to “ OPEN”
Hood blower to “OU”
Close HIS purge rotai ’*etor va lvo .~%‘\

.12 After bubbler has depressurized :
Set Valve I SV— 9 to “FILL ”

Valve I SV—8 to “ FILL ” I

Valve E to “BUBBLER ”

.13 When MIS liquid flo ws from overflow
tube: 

,—. CSL)5~ , 4j3 / 4 L V. S o $1.~ ~~
Set Valve C to “OFF” -

~~~~
..._. Ctm.’~u v#,,-at’S. E

Valve I $V-8 to “PURG E”
Valve I SV—9 to “PURG E”
Va lve I SV—7 to “PURGE”
Valve I SV—l O to “OPEN ”
MIS purge rot am,t o r to minim um
flow requ ired for purge
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TABLE D-IV (continued)

Psge b of 18

1.8.14 Continu s purgin g over flow lin, until /fr ee of MIS

.13 Set Valve I SV—lO to “CLOSED”
Valv e I SV—9 to “OFF”
Valve I. SV—8 to “OFF”
Valve I SV—7 to “OFF” ..

r —I I  ~~ 
• CLu~~fa  —

1.9 Purge gas connections to:

1.9.1 1-1 ~~~~~~~~

.2 1-2 j~~

.3 T-3 
~~~

.4 1-5 t’~~ .. .. ~~~~~)

.5 1-6

.6 1-7 _ 
L~)

.7 1-8 
__

.8 T-9

.9 1-13 
_____

- /  ?.10 T—14 
~~~~~~~~~

.11 1—13 - Lt... 
~~~~~~~~~~~.12 Furnace Ca..

1.10 Furnace power co nnections ~~~~
1.11 Capacitor connections made and recorded 

~ ..........2 
~1.12 Turn on all instrumentation and power

supplies. Place pyrometer. in “Cal” mode.
(DAS procedure 1.1) ~~~,, _~~

_•

1.13 Label and mount tape . (Sea DAS proc dures —2.1 und 1.2.) Set run number to

~ 
“
~

4

Y1 (...adI1l.l4 
(SSo UAS procedure 1,4. ins.rt one ftlt gi;

I ~~~~~~~
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TABLE D-1V (continued)

l’age 7 ol 18

2,0 Pts—IISatup check Out

2.1 
~2 

Supply .ç7. ç ,b, a 111,210 ca ft ~~~~ _ j~~~~~

2.2 CR4 Supply ç~ ~~~~~ •~tg p.. ~Z3 (.~? ~~~
- 1 2.3 HIS Supply - 6,.&41..v f~’/ Ie~ £.!2...

2.4 £11 Cooling Water Valve. Open

1,4.1 WV—i _,f~~,
.2 WV—2 ~~~ L.2
.3 WV-3

.4 WV—4

.5 WV—S ~~~~

.6 WV—6 .1

J WV-i

-.8 WV—8

2.5 Check cooling water sight flow indicators

2.5.1 1—1 
~~~~ LL

.2 1-2 
~~~~~~~ J_~-

.3 1—3 a” —

.4 1-5 
—

.5 1-6 
~~~ l.. —

.6 1-7 ~~~~~~~ —

.7 1-8 ,
~~~

,. 

~~~~~~~- 
- 

.8 T-9 .!‘2 — 

- - 
~~‘tu C~~

.9 1-13 ‘~“

.10 1—14 ~~~~~~~

.11 1—15 ~~~~
,12 P-i _

.13 P-2 ..~~~~~~~ .. ,. ,,,~~~ 
- 

-~
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TABLE D-1V (continued)

I’~~ t ~ •~ 1$

2.5.14 Bus Bar ( 
- 

~ 
“~ ~‘~‘ )  

~~‘‘
.15 Support Plate

.16 Coil 
~~~~~~~~~

.17 Exh*ust Tubs

.18 Furnace Lid

.19 Injector _~~~~

2.6 Coil water flow rate measurement

2.6.1 Ten continuous scans , all channelsj
(DAS procedure 1.4 and manuall y ~~~record DAS time and F-S. ~~~ a3

.2 Close WV -8 l~4 .’ ?O ’ O~~ &b’

.3 Hanually record flow ‘rste _ S
~~~)~ ~~~~~~~~~ L~s)

,4 Not . DAS time. Take 10 continuous
scan, all channdls. (OAR procedure 

~~~

.5 Open WV—8 
~~~~

.6 Manually record fI,9w rat. ot F—S — ~-%‘ . J ’\tJ1~..ç a rá~~
)

.7 Note DAS time. Take 10 co ntinuous
scans, all channels. (DAS procedure
1.4) Insert one file gap on mag tape ‘\
(OAR procedure 2.2.1). ‘ ~~~~~~ ~~

2.7 ARC instrument panel should be set up as toll o~~~
’

2.7.1 All rotameter valves closed —i ’

.2 NV—I open ~~~~
‘

.3 NP—i set at 30 p.tg 
S

.4 NV— 2 open ~~~~~~~~~ -~~~~~~~~

.5 NV—3 open 
)

.6 NP—2 set at 30 psig s’,’

.1 NV-i open ‘-~~

.1 NV-2 open to depired rotameter ~~~~~ ~~~

.9 HP—I set at ~~ psig S~
.I’

40
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TABLE D-IV (continued)

Pags 9 of 18

2.7.10 tylan control switches SV—l , SV— 2
and SV-3 to “OFF” &v~. &LL.

.11 Open valve to N supply (or Tylan /
unit. Set reguLitor to 73 psig.

.12 Open valve to Ms supply for Tylen
unit. Set regulator to 23 p.1g. 

~~~.)3 vA~&’S RV-’  ~ v 
~2,8 initiate heatup gas flow rates at gas panel ~~~~~~~~~~ ~~~~~

by ad,.~ st tng rot amet er valves to achieve
the fo llowi ng indicated rates :

2.8.1 N2 Case — 150 SCFH (4002) 
~~~

.2 N2 Annulus 242 (4001) (Parameter
P2) ,

.3 N2 Process Bleed — SO SCFII ,
~~~~~~~~

, 4
.4 N Procesa — 200 SCFR (I’arAm.ter

Ti ) ,  ~~~~~~

.3 N2 1—1 — 202 ~~~~~~~~~ ~~~~~~~~~~

.6 N 2 1—2 — 501 ~~~~~

• 7 N2 1—3 - 1002 
L~~~. .~~ L

.5 112 ‘ f —S  - 502 ( Its ~~~~~~~

.)  N2 1—6 - 1002 
~~~~~

.10 N2 T—7 - 1002

.11 N 2 T—8 — lOOX .. .L

.12 N2 T—9 — 202 :±~. .........L.

.13 N2 T— 13 — 202 (v~

.14 N2 T—14 — 202 L.&~. J

.13 N2 T— lS — 1002 
~~~~~~~~~

.16 t~H4 
— 010 ) L:t1_ J.~2I Tylan Control Panel

.17 MIS - 010 J

.18 Tylan switches S V 1 , SV— 2 and SV—3 I
to “Or?” 

~~~~~~~~~ .~L....
)

.19 Sat Valv. a SV-5 and SV— 6 to “ BUBBLER ” 
~~~~~~~~~
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TABLE D ’ !V (continued )

- 
Page 10 of 18

NOTE: Item. 2 .8 .4  throu gh 2.8.13 rs q ’ i i rc flow ino ter
tubu No , 1/8 — 20 — p 3/37 with SS floa t.

3.0 Furnace Heat Up:

3.1 Dur ing  heatup print-out and hand record all
available data in run logs A & 8 at 15-minute
interva l,. DAS record on 1—minute interval.
of channels 00—32. (01.5 procedure 1.4).
Insert one file gap on nag tape at each pyro-
me ter range chang e (DAS procedure 2.2.1). 1-5, —
Manually record DAS time. 

~~j” J~
1

3.1.1 1.1) gas flow ra tes same as In Section

3.2 Mea t furnace at SO KW for 30 minutes 0
3.3 Af ter 30 minutes adjust power to 90 KW

3.3.1 Adjus t settings on control panel as

S smoothly and raptdly~as po*stbl.,
w ithin limit atio ns of eqii ipetent. 

—

.2 If an intended power s etting is
overshot , do not readjust——in other
words , do no t jugg le the con t rols
in an a tt emp t to exac t ly dup lica te
a printed test condition. 

—

3.4 After substrate inner surface temperature
has reached 1738 + l0 C (1—7):

3.4.1 Record DAS time and elapsed time ,( 53~0~
.2 Change DAS recording t~’ ~ minuteintervals (DAS procedure 1..4) 

— 

S

.3 Adjust N2 process -at , to 940 SCF1I 
—

,4 Adjust power level to maintain 1738
± 1 0 C (T-7) 

—

.5 Stabili ze •ubat~ra te Inner surface
temperature 1738 + 10’ C f o r at
leas t one hour with no power adjust—
mon t required 5rea ter than + 2 kW/lS
minu tes. Uu .Ing stab ilit a tion , measu re
exhaus t temperature pr ofile. 

-~~~~~~~~

.6 Racord time stabilization is achieved
DAS 7 .’ne .r ct~~.—~~.:,r4.0 CoO ting Runs :

4.1 Effect of MIS on substrate temperature (1—7)

4.1.1 Discontinue DAS scan (DAS procedu re
1.4.1). insert 1. (ii. gap on mag
tap. (DAS proc edure 2 . 2 . 1 ) .  

— —

17~s
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TABLE D-IV (continued)

Page 11 ot 18
... l.1.1 Realign pri sm

4.1.2 Change Test ID number to L~~O1
(DAS proc edure 1.2) .  

—

.3 Set DAS to scan channels 06 - 12.
(OAR procedure 1.4)  (1—5 , 1—7 , F—) ,
F—4 , F—i , 1—13) . — —

.4 initiste DAS for continuous scan of
above channels and take a minimum of
10 comp lete scans prior to proceed ing
to next step. Hand record parameters ,
I—B , T—7 , F—3 , F—4 , F—i , T—i5 (DAS
procedure 1.4)

.3 Record sub strate temperature (1—7)
with ARC L&H Pyrometer and pris m.
Record DAS t ime.

.6 Rumove prism .s/:s~ :.2o — —

.7 Set MIS flow co ntr oltdl ~ to 4 g/rain. 
—

7y4 .’- ~ l#Vs,~~r-  

~j~~i o
.8 i~rn lylan switch SV— 1 to “ON”.

Record DAS tim e. 
—

.9 After  NTS flow rate I. stab le , hold
for 2 m m .  Hand record parameters ,
1—3 , 1—7 , F—3 , F—4 , F—i , 1—I S. 

—

“ .10 Turn Tylan swi t ch SV—1 to “OFT ” .
Record DAS time. 1.S. ’$) - ‘l’~

..— .ll Af te r  2 mm hand record parameters
1—5 , 1—7 , F—3 , F—4 , F—l , 1—15 

— ‘s

Set MIS flow at 6.5 g/min.
l y le. ~~~~~~ 7 200 

— _~j~
&-.13 Turn Ty lan sw i tch SV— 1 to “ON” .

Record DAS tim e ~~~~~~~~~~~~~~ —

.14 A f t e t  f low rate is stable fo r 2 mm ,
hand record parameters , 1—5 , 1—7 ,

S F— ) , F—A , F— i , 1—13 
—

“ .15 Set C)14 flow at ~~~~~~~~ 1P” — —

l’y/’~
. ~~~~ 2.’c PP ~~~~~~~~ ~~ ,T’yh’.. V’A D - (U  ~.16 Turn Ty lan switch SV—3 to “ OH ” .

Record DAS t imc

/.l7 After CM flow rots  is stable for 2
mm , hans record param eters . 1—5 , 1—7 ,
F — I , F—4 , F—i , 1—IS

17~
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TABLE D-IV (continued)

Page 12 of 18

~
...-‘ 4.1.18 Record subst rate temperature (T’7)

wit h ARC L&N Pyrometer and prism.
Record DAS time, 

~~:o?~a? — —
t.— .19 Remove prism 

~~~o~-:o~ —

.20 Discontinue 0/IS scan (0/IS procedure
1.4.1). Insert 1 file gap on nag
taps (DAS procedure 2 .2 .1 ) .

4 .2  Coatin g Run No. 1 C.v,’t~’,/ T~.sy ~1—s-/ ;sLJ ~.f / 7 2S 2..
4V 4.2.1 Change Test ID number to LS~~2

CD/IS procedure 1.2) — —
.2 Set 0/IS to sca,~ channels 00 — 32

(DAS procedure 1.4)

.3 Set DAS to scan at 5—minute interva ls .

- - Recor d DAS time . (DkS procedure 1.4) $~~~j~~.’~~o

“.4 Hand record and prin t out all da ta at
this time & at 15—mm intervals over
the next 4 hours. (0/IS procedure 1.4.4)

“,5 Adjus t power as required to maintain
1—7 at value measured in 4.1.17.
Record DAS time at each adjustment
of power. — —

.6 After 4 hours , discontinue DAS scan.
(0/IS procedure 1.4.1) Insert 1 (ii.
gap on nag tape (0/IS procedure 2 .2 . 1 ) .  

— —

4.3 Effect of 014 on substrate temperature

4.3.1 Change Tes t ID number to l~~ O3 -
(0/IS procedure 1.2) 

—

.2 Set 0/IS to scan chan neim 06 — 12_,
(1—5 , 1—7 , F—3 , F—4 , F—i , 1—15)

S (0/IS procedure 1. 4 ) .

.3 Initiate DAS for continuous scan of
above channels end take a minimum of
10 complete scans prior to proceeding
to next s te p. Hand record pa~amet era
1—5 , 1—7 , F—3 , F—4 , f —i , 1— 15. (0/IS
procedure 1.4), — —

-z ç .4 Turn lylan sw itch SV—1 to “ OFF” .
Record 0/IS time .

L76
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TABLE D-IV (continued)

Pagu i3 of lb

I.. j., _4, i
~~~~~

‘ 

~~ 
4.3.5 Record substrate temperature (1—7)

with ARC LAN pyrometer and prism . 
-

Record 0/IS time. 3o~~ 
CF ( j•,~LjkL~

.6 Remove prism. 
—

.7 After 15 minutes from 4 .3 .4 , set
~ Tylan switch SV—3 to “OFF” . Recor d

0/IS t ime ,

‘~‘ . - .
1.4 2. .8 Rbcord substrate temperatu re (T—7)

wi th ARC LAN pyrome ter and prism.
Record 0/IS time . ‘~o%3 ‘F 4c°J— e~ ;3?.4’4

.9 Remove prism. 
—

.10 Discon tinue 0/IS scan (U/IS procedure
1,4,1). Inser t 1 File gap on nag
tape (B/IS procedure 2.2.1), 

—

4.4 Coating Run No. 2

,,V 4.4.1 Change Test ID number to l5~~4
(0/IS procedure 1.2)

.2 Set D/IS to scan channels 00 — 32
(U/IS procedure 1.4)

•
.3 Set DAt to scan

(0/IS procedure 1.4.6) Record 0/IS time.

e*~ii:io
v, ~4 Set HIS flow at 4 . 3  g/ rnin

r f l... ~.ler’~ C? ‘-1. ) 70 —

/ .5 S%,,,TY~an switch~SV-l to “ON” 
—

J .6 After the MIS flow rate is 5table for
2 minutes , hand record parameters 1—5 ,
1—7 , F—3 , F—4 , F—I , 1—15.

/ ‘ .7 S~~~ Oi~ ~~~~ W
••
~~t 

~~~~~~~~~ 

1pm ,r~O ~~~~~~~~ g l C ’ ’-

7’y #~.. 4~~ ” ..3~~~çQ ~~~~~~~~~~~ ~ 3~
• —

‘
~~ .8 Set Tylan switch SV—3 to “ON”. Record

0/IS time.

After cn4 is stable for 2 minutes , I.”
hand record parameters T—5, 1—7, F—3, ~~~~~~~~~
F—4 F—I , 1—15.

‘S.— $~f P.4S ~~ sc-~~ S S Ms” ~~~~~~~~~~~~~ 
—

,.‘.lO Hand record ~nd print—out all dat a at
15— minut e intervals over the next 4
hours (DAS procedure 1 .4 .4 ) .

177
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TABLE D-IV (continued )

Pagis 14 ci Lb

~~
Adjust power as required to maintain ~1—7 at value recorded in 4 ,4, 9. Hand
record B/IS time at esch adjustment of
power. 

— —

ô D.12 Af ter  4 hours set Tylan switch SV—1
~ O

’
~ to “OFF ”. Record D/IS time. O’7OS00 

—

~/ ~ 4 .13 After 15 minutes from 4.4.12 sat
Tylan switch SV—3 to “OFF”. Record
DAS time. O_~l_~.oO —

.14 Discon tinu e 0/IS scan .(DAS procedure
1.4.1). inser t 1 file gap on nag
tape (U/IS procedure 2.2.1). — —

4.3 Coating Run No. 3 set up.
4.3.1 Change Test ID number to ~,$16!S 

~~~~~~~~~~

(D/IS procedure 1.2) 1 _41. — —

.2 Set 0/IS to scan at(~ ,i—tninute intervals
and initia le scan . Record 0/IS time. O7’~S’OO(0/IS procedure 1.4) — —
Set N process flow rate to 1465 SCEM .
Recor 3 0/IS time . 0 ’~5b.oo 

—

Adjust power to maintain 1738 + 10 C
(T—7 ) , Record 0/IS time at each adjust—
ment of power . —

Stabilite substrate inner surface tem-
pera ture at 1738 + 10’ C (1—7) for at
least one hour with power adjustments - -

required no greater than 4 t kW/15 mm /LLO~°~~~
\
~

~~.* Record t ime stab i lization is -e~~jav.d. j~~j~:.’
.) 

~~~~~~~~~

.7 Discon tinue DAS scan (0/IS procedure
1.4.1). Inser t 1 file gap on sag tape
(U/IS procedure 2.2. 1)

4.6  Repeat of 4 .1 with increased flow :

-‘4.6.1 Change Test 10 nun~er to ~~~~
?‘ (DAS 

— —
procedure 1.2).

/ .2 Set U/IS to scan channels 06 — 23-.
‘ (‘1—3 , 1—7 , F—3 , F—4 , F—I , 1—1 5) (B/IS

proc edure 1.4). — —
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TABLE D-IV (continued)

• Page 15 of IS

Initiate 0/IS for continuous Scan of
above channels and take a minimu, of
10 comp lete scans prior to proceed ing
to next step. Hand record para..tars
‘1—5, ‘1—7 , F—3 , F—4 , V—i , t—i5. (B/IS
procedure 1.4) 

— —

Recor d substrate temperature (1—7)
with ARC LAN pyrome ter and r’i.’. SE 3s~ OTRecord DAS time . ....4.... —

t..c’3 Remove prism . s~~~’: 27 
—

4.,.-r~ Set ’ MTS flow rate to 4 g/rein.
Ty /.~ t.CfA. ’ - hf. ‘l’iO 

— —

Set Tylan switch SV—1 to “ON ” . -

Recor d 0/IS time. + ‘4 ~~~~1~~~~~
’ S~~’ ’1O’.’97

“~~~ Af ter MIS flow rate is stable , hold
for 2 m m .  Hand recdtd parameters
‘1—5, ‘1—7 , F—3 , F—A , F— i , 1—15. a..~ ‘~‘-~.._jj : :s~.,

• .9 Set Tylan switch SV—i to “OFF”.
Record B/IS time. J.2.....fJ:o(......._.

2.. After 2 mm hand record parameters
1—5 , T—7 , F~-3, F—4 , F—i , ‘1-15. /2e’~

£~4~I Set HIS flow at 5.42 g/min.
“,‘S,le~ Vp.’ml# I’ — ~.OSO —

Set Tylan switch SV—i. to “ON”.
Record 0/IS time . t F i S 1 ’et —

~~~~~~ Af ter  flow rate is stable f’ur 2 isin ,
hand record parameters, 1—5 , 1—7, F—3 ,
F-A , F—i , 1—15. F1er~’-.S’ DAs 

~~~~~~~

Set CM flow rate at 6 .496 ip.
7~ /a.. ~~~~~~ - ~~.O4- - cfl ~~~~~~ ~~~~ 

—

~f~~- C r ~ .O?O ~~c4../ fl.~ ~~~~~~~~Cvt5 Set ‘ly lan Switch SV—3 to ‘ON” .
Record DAS time. j

~~ — 
—

6.~~/ I f t e r  CII flow rate is stable for 2
m m ,  hans record parameters 1—5, T—7,
F—), F—4 , F—l , ‘1—15. R..-...A 124 -. 

~
- — ‘  ~~~~~~~ —

Record substrata temperature (‘1—7)
with ARC LAN pyrometer and prism.
Record U/IS time. 17:04’:02 — —

• LCd Removo prism. ~
, — —

I 2 :°~‘ : “/ 7

•
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TABLE D-IV (continued)

Page 16 nI lb

Discontinue 0/IS scan (DAS procedure
1.4.1) . Insert 1 file gap on mag tape
(D/I5 procedure 2.2.1). — —

4.7 Coating Run No. 3

4.7.1 Change Test 1D number to-
(B/IS procedure 1.2). — —
Set 0/IS to scan channels 00 — 32
(DAS procedure 1.4). 

—

Set 0/IS to scan at 5—minute intervals.
Record B/IS time. (DAS procedure 1.4.6) 12..~J.9.’OO_

Hand record and prin t—out all data at
this t ime & at 15—minute ineervaJs over
the next 4 hours (0/IS procedure 1.4.4).

.5 Adjust power as required to maintain
‘1—7 a t value measured In 4.6.16.
Record b/IS tine at each edjusteent 0k
power . 

—

6. Af ter 4 hours, discon tinue DAS scan
(U/IS procedure 1.4.1). Inser t 1 file
gap on nag tape (0/IS procedure 2 .2 .1) .

4,8 Repeat of 4.3 with increased flow : 
— - - - — 

.

4.8.1 Change Test ID number to ~~~0~~
” (~,-J~ ~~~~~~(U/IS procedure 1.2). SI’~P ~~~~~~~~~~~~~~~~~

Set B/IS to scan channel. 06 — 13. (1— 5.
‘1— 7, F—3 , F—4 , F—i , T—15) (Z AS pro— —

cedure 1.4). i~~~~:_’:j

&3 Initiate OA� Ior continuous scan of
above channels and take a minimum of
10 comple te scans prior to proceeding
to next step. Hand record parameters
‘1—5, ‘1—7 , F—3 , V—4 , F—i . 1— 15. (0/IS
procedure 1.4).

—

Set Tylan switch SV—1 to “OFF”. .—+--‘—....,
Record B/IS time . ,) .l~,’ -3. s 7: 1/ ’~Jjj . —

Record substrate temperature (1—7)
d’ with ARC LAN pyrometer Cnd prism .

Record B/IS time. 
~~~~~~~~~ — —

~~~ ,
/ Reutove prism. — —

180
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TABLE D-IV (continued)

- . 
Page L7 .f La

4.8~7 After 15 minutes from 4.8.4, set Tylan
switch SV— 3 to “OFF”. Record DAS time. 4jjj :33

.8 Record substrate temperature (‘1—7)
with ARC LAN pyrome ter and prism .
Record 0/IS ti me. l7:3S:5~ —

.9 Remove prism. — —

.10 Discontinue B/IS scan , (0/IS procedure
1.4.1). Insert 1 file gap on nag
tape (0/IS procedure 2.2.1).

3.0 Teat lermination:

5.1 Change Test ID n,sbar to ~~~~~~~~~~~~ Set 0/IS
to scan channels 00 - 32 . Set DAS to scan
at 3—minute intervals. Record- 0/IS time. _i4~~~i ~~~ , g: ô~~ 

00
Ksnd record all data at t~ is time. (U/IS pro-
cedures 1.2, 1.4).

5.2 Turn off furnace p~~er.

5.2.1 RecorJ fl/IS time and elapsed time in it’run logs. 
—

.2 Maintain N~ ~~a flnw r”tef “f pre”i~’us
condittcns (Section 4.8) .

.3 Cont inue hana ~e’nrding and print-out
all data at 15-minute i,;tervals over
nex t hour (U/IS procedur e l.A .4).

5.3 After 1 hour , adjust process N2 to 200 SCFH. — —
3.3.1 Record 0/IS time and elapsed time in

run logs. I~~~~ :0O —

.2 Discontinue hand recording of data.

.3 Set all applicable pyrometers to
“calibrate” node. Take 10 scans of
0/IS of channels 00 — 32 . Using
the tape recorder control , add £ file
gape and rewind the tape. Verify
that it has been labeled wi th the date ,
test numbers and tape sequence nusther.
Turn off the DAS and tape deck. (B/IS
procedure 1.4 and 2.2.1). —

C

Ill
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TABLE D-IV (continued)

Page 18 o~ 18

.4 Cover all sight ports with cardboard — —

.5 Turn of I all instruments .gc’p~ pq ~~~
IøIS.,~S. C~~ft4f .

.6 Cover all pyrometer heads with plastic
bags 

— —

5.3 Purge Tylan HIS System :
., opr,t ~a3~e~ PU~ 41 

~43.5.1 Set Valve SV—5 to “BYPASS”

.2 Set Valve SV—6 to “BYPASS” 
— —

.3 Set Valve 1/I and lB to “OPEN”

.4 Set Valve SV—4 to “NITROGEN”
Sat ~~~&a~ ~~‘~ir ~J,. ~~~~~~~~ t~.3 Set Valve SV—2 to “OPEN” —

.6 Purge with~~~ few 1 hams- —f~e~Spi - —

.7 Set Valve S V 4  to “OFF”

.8 Set Valve SV—l/I and SV—lB to “CLOSED” -

.9 Set Valve SV—2 to 
~jO5~~Q — —

.10 Set Valve SV—3 to “ OFF”

.11 Set Valve by—b to “OFF ”
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TABLE D—V

TEST LOG - CQk1~ING TEST SERIES 15800

DAB Time Remarks

14:10:03 F—5 (WV—8 open) — 26 ± 1.
F—5 (WV—8 closed — 22 ± . 5 .

14:13:55 F—S (WV-.8 open — 26.5 ± .5.
16:05/16:15 Adjusting pyrometers T—5 and T—2 for alignment. Noticed that

iris does not converge in center of sight port.

16:32:30 Changed from low to medium range on T—l.

16:45/17:00 Adjusting alignment of T—2 (Channel 13).

17:00/17:15 Adjusting alignment of T—5 (channel 12) and T—7 (channel 11).

17:12:40 Start stabilization; T—7 reads 1738°C.
17:22:00 Increase process N2 to 940 SCFH.

18:10 Recalibrate T—2 (channel 13) and T—9 (channel 19).
18.36:00 T—15 T/C found to be approx. 0.5 inch out of fitting.

‘ Inserted it fully for start of temp profile test.

19:18 Calib T—2 and T—9 (Adjusted T—2 down approx 60°).

19:20 Adjusting position of pyrometer T-.9 (channel 19).

20:02 Calib T—2 and T—9 (adjusted T—2 up 35°). ch’e 13 and 19.

20:15 Temp stabilized at 1738°C.
21:02 Calib T—2 and T—9 (adj T—2 down approx 80°C).

22:02:31 Stopped cont scan and took all ch scan.
Started cont scan of ch 06—12.

22:05 Inadvertantly turned Tylan unit off for approx 1 sec.

22:18 T-8 meter reading has been very low for approx. 30 m m .
Calib unit and unit now looks ok.

22:22 Calib T—8 again — unit looks ok.

22:27 Calib T—2 and T—9 (Adjusted T—2 down approx 60°)

23:02 Calib T2 and T~: T— 2, 20° low, adjusted up. T—9 zero, ad—
justed down 20

23:20 Removed case from T—13 pyrometer head in an attempt to free
stuck filter. T—l3 off during this period.

183
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TABLE 1)-V (continued)

DAS Time Remarks

24:02 T—2 Calib 400 low, adjust up; T—9 zero ok.

23:30 Started to trouble shoot T—13. Data is bad from start of
run to now . (Realigned) ; data should be good after  about
0130 hrs.

01:02 T—2 calib 60° high, adjust down; T—9 zero ok.

02:02 T2 calib 20° low, adjust up; T—9 zero ok.

02:15 No file gap after this record.

03:06 T—2 40° low, adjusted up; T—9 zero ok.

03:19 Increased power from 50 + to 51 kw.

03:52 Increased power from 50 + to 51 kw.

04:02 T—2 20° low, adjusted up; T—9 zero ok.

04:18 increased power from 50 to 52 kw.

04:48 Increased power from 52— to 52 kw.

05:02 T—2 50° high, adjusted down; T—9 zero ok.

05:19 Increased power from 52 to 52 + kw.

05 :49 Decreased power f rom 52 + to 52 kw.

06:02 T—2 30° low , adjusted up; T—9 zero ok.

06:03 Decreased power from 58 to 52 kw.

06:33:30 Decreased power from 52 to 52— kw.

7:02 T—2 40° high, adjust down; T—9 zero ok.

07:33 increased power from 52 to 55 kv.

07:45 Increased power from 55 to 58 kw.

07:30 Test ID XX)OCX dropped the 4 bit (15801).

07:58 increased power from 58 to 62 kw.

08:02 T—2 100 low, adjusted up; T—9 zero ok.

08:29 Increased power from 60 to 63 kv.

18~i
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TABLE fr-V (continued)

DAB Time Remarks

08:30 Teat ID XXXXX now ok (15805).

09:03 Adj T—2 and T—9 (ad~uat T—2 down appro~ 40°C)
(T-9 high approx 10 R).

09:06:50 Increased power from 63 to 65 kw.

09:32:00 Decreased power from 64 to 63 kw.

l0:Ob Cal T—2 and T—9 (no adjust necessary).

10:18 Decreased pover from 63 to 62 kw.

10:32 Decreased power from 62 + to 62 kw.

10:25 Increased case flow for 150 to 200 (stuf fed locum blanket
into hole in RTV at case tube inlet).

1.0:51 Decreased power from 62 to 61 kw.

11:02 CAL T—2 and T—9 (T—9 approx 20°R high on zero).
11:12 N2 case increased to 230.

11:15 Cal T—2 (10°R high).

11:30 Begin stabilization for run no 3.

11:33 Increased power from 61 to 62 kw.

12:06 Cal T—2 and T—9; (T—2 approx 40°C low).

13:08 Cal T—2 and T—9; (T—9 approx 60°R low at zero); adjusted.

13:16 Increase power from 61 + to 62 kw.

13:24 Increase power from 62 to 63 kw.

13:36 Increase power from 63 to 64 kw.

14:07 Cal T—2 and T—9; (T-9 approx l0°R high on zero).

14:19 Increase power from 64 to 65 kw.

14:51 Decrease power from 65 to 64 kw.

15:07 Cal T—2 and T—9, both units 20° low; adjusted

15:36 Decrease per from 64 to 63 kw.

18~
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TAILE D—V (continued)

DAS Time Remarks

15:50 Reduced CH4 rate from 20 to 19.9 SCFH (F6P flow meter).

16:02 Cal T—2 end T-9; (T-2 15° high - adjusted).

17:02 Cal T—2 and T-9; (no adjust).

17:36:39 Turned SV—l back on. Was thought to have been turned off
inadvertently .

18:50 Changed range on T-13 from I to H.

18:53 Cal T—2 and T—9; (T—2 30°low - adjusted).
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TABLE D-V 7

REDL~ ED DATA FOB TIE COATING TESTS

The reduced t. .t data are plotted ven us nonmalised time in minutes. A
second reference scale at the bottom of each page gives th. corresponding DAS
or real. time in hours. The label on each tigure identifi.s the parameter
plotted (see rigs. A-6 and B-i). The parameters are arranged in alphabetical
and n~~~nical order . At the bottom of each page there is a circled test nuaber
that is referred to in the text .
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~~~ 15828 Coating Run Number 3

• 15838 Effect of CR4 on Substrat. T.mp T—7

15839 Effect of CR4 on Subutrat. Temp (rerunj

15889 Test Termination

The following time log (Table D—VII) will assist in the interpretation of
of •vents in Table D-VI.

TABLE D-VII

DEPC6ITI~ 4 TESTS TIt€ LOG

DAS Time Event Remarks

14:45:11 Turned furnace power on (50 Ky) DAS scan all channels at
1 minute intervals

15:15:00 Increased furnace power to 90 KW

16:52:00 Substrate temp at 1738 C Changed DAS recording
to 5 minute intervals

17:22:00 Increased process nitrogen to 940 SCFH

18:50:31 Start exhaust temp profile DAS continuous scan of
channels 06 through 12

19:01:30 DAS scan all channels

19:08:26 End exhaust temp prof ii. DAS continuous scan of
channesl 06 through 12

21:30;00 End test 15800 Discontinued DAS scan

21:35:45 Start test 15801 Continuous DAS scan of
channels 06 through 12

21:38:111
Read ARC UN pyrometer T—7 data erroneous

21: 38: 20J

21:42:39 Turn t.frS on (4 gpm)

21:45:42 Turn PITS off

21:51:26 Turn PITS on (6.5 gpm)

21:58:20 Turn CB~ on (3.48 1pm)
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TA3LE D-VII (continued)

DAS Time Event Rs.arks

22:07:27
Read ARC U N  pyrometer T—7 data erroneous

22:08:09

22:08:47 End test 15801 Discontinued DAS scan

22:15:00 Start test 15802 DAS scan all channels
at 5 minute intervals

02:15:00 End test 15802

02:16:08 Start test 15803 Continuous DAS scan of
channels 06 through 12

02:22:52 Turn IITS off

02:25:27
Read ARC UN pyrometer T—7 data erroneous

02:27:15

02:37:24 Turn Cu1, of f Continuous DAS scans of
• channels 06 through 12

02:39:46 I
• Read ARC IAN pyrometer T—7 data erroneous

02 : 40: 59 j
02:41:28 End test 158003
02:43:30 Start test 158004 Continuous DAS scan of
02:45:14 PITS on (4.3 gpm) all channels

02:51:19 CR4 on (3.45 1pm)

03:00:00 DAS scan all channels
at 5 minute intervals

07:05:00 PITS turned off

07:20:00 CR
4 
turned off — End of test 158004

07:25:00 Start test 158005 DAS scan all channels
at 5 minute intervals

07:30:00 N set to 1465 SCFR2

11:30:00 Start T—1 stabilization period

• 12:30:00 Complete T—7 stabilization period

12:30:00 End test 158005
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TABLE D—VII (continued)
DAS Time Event Remarks

12:36:16 Start test 15818 Continuous DAS scans
of channels 06 through
12

12:38 :09
Read ARC L&N pyrometer T-7 data erroneous

12:38 : 37

12:40:37 PITS turned on (4 gpm)

12:47:08 PITS turned off

12:51:48 PITS turned on (5 .42 gpm)

12:58:08 CR4 
turned on (6.04 1pm) Continuous DAS scans of

channels 06 through 12

13:02:00 Three DAS scans all
channels

13:03:23 Continuous DAS scans of
channels 06 through 12

13:04:02
Read ARC U.N T—7 data erroneous

13:04:47

13:05:44 End test 15818

13:10:00 Start test 15828 DAS scan all channels at
5 minute intervals

17:~5:00 End test 15828

17:20:01 Start test 15838 Continuous DAS scans of
channels 06 through 12

17:39:43 Abo rt test

17:41:01 Start test 15839 Continuous DAS scans of
channels 06 through 12

17:42 :27 ~ITS Turn.d off

17:43:20

17:44:06 
Read ARC IAN pyrometer T—7 data erroneous
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TABLE D—VII (continued)

DAS Time Event Remarks

17:58:33 Turn CR4 off

• 17:58:56
Read ARC U.N pyrometer T—7 data erroneous

17:59; 30

18:00:33 End of test 15839

18:06:00 Start test 15889 DAS scan all channels
at 5 minute intervals

18:10:25 Turn furnace power off

19:20:00 Sbt N2 at 200 SCFH

19:22;02 Place all pyrometers in “Cal” Continuous DAB scan of
position all channels

19:24:28 End of test 15889

The data depicted for paramter T—1 is incorrect prior to 16:32:30 on day

126. This is due to the fact that the pyrometer had not been calibrated in the

“low range.” Should this data become necessary for analysis of the furnace, the

pyrometer will be calibrated and the data reduced.

Subsequent to the test, the pyrometer heads for parameters T—5 and T--6

were discovered to be reversed. The pyrometers were connected to the respective

signal conditioners and DAS channels correctly. However, the units were

“looking” at the wrong parameter. The reduced data depicts this discrepancy

but the correct data was used for the computer model study.

The data from the pyrometer which measured T—13 is erroneous throughout

the test. The unit could not be focused properly on the target.

Some of the figures show a single data point spike on day 126 at times

15:10:00, and 15:19:00, and 18:53:09. On day 127 a data spike appears on some

of the figures at 02:45:50. These spikes represent erroneous data.
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