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patented invention that may in any way be related thereto."

FOREWORD

This report published in three volumes was submitted by Los Alamos
Scientific Laboratory (LASL) of the University of California, Los Alamos,
New Mexico, 87545, under the auspices of U.S. Energy Research and Develop-
ment Administration Contract W-7405-ENG.-36,7to the Air Force Rocket
Propulsion Laboratory (AFRPL) under RFRPL;ﬂéEEBagreement F04611-76-X-003,
JON-305909JQ. The work was directed for LA y Mr. T.C. Wallace and for
AFRPL by Major J.G. Dean.

This report has been reviewed by the AFRPL Technical Information
Office and is releasable to the National Technical Information Service
(NTIS). At NTIS it will be available to the general public. This technical
report has been reviewed and is approved for publication; it is unclass-
ified and suitable for general public release.

Aorth £ T m m_@[«/w/

LESTER TEPE W.W. VELLS
Project Manager Acting Chief, Space & Ballistic
Propulsion Branch

. KE
S Solid Roziét-01v151od




A

BECURMITY CLASMPICATION OF Tuil PAGE fWhen Dete Bntered)

EPORT DOCUMENTATION PAGE U o
. GOVY ACCESSION NO. PIEN 0 NUMBER
AFRPIHTR-78- 46— VOL~ Koo
o e —
4—S43etandbussiiar] DEVELOPMENT OF PYROLYTIC GRAPHITE/ R0 CojLaLe
SILICON CARBIDE SITE m'gx.ns FOR_ROCKET- Fina July 2975<e
NOZZLE APPLICATIONS, Vol I, The Injector
Deposition Furnace , e « HOER
(7. AUT poRee L) A NV )
@ T. C.ﬁallaco. G. E./éort. Je J.Ibmtm “!‘0“11-76-!—003
& M. C./bline F04611-76~X-003 Amendment
Number 1
9. PERFORMING ORGANITATION NAME AND ADDRESS Wﬁ:?%‘hW

Los Alamos Scientific Laboratory of the

University of California, Los Alamos,
New Mexico, 87545

1. CONTROLLING OFFICE NAME AND ADDRESS

Alr Force Rocket Propulsion Laboratory

Director of Science and Technology 3k o

Air Force Systems Command, Edwards AFB._QA_Q}},Z}_____M

ADDRESS(!! dillorent trem Contrelling Ottice) | \8. SECURITY CLASS. (of thin repert)

UNCLASSIFIED

Fﬂ:T}gEigﬁgfﬁﬁﬁﬁﬁﬂiafi3iliﬁﬁr_'
N/A

W-7%2 6=4NE-36 |
MIPK-fRYGL1 -Ta— ) -3

—
7. DISTRIBUTION STATEMENT rof the abetract entered In Bloch 20, Il ditterent ivom Report)

v

‘6. DISTRIBUTION STATEMENT (ol

Unlimited

'8 SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side Il necessary and identily by bleock nummber)

chemical vapor deposition, computer modeiing, data acquisition system,
deposition kinetics, heat transfer, high temperature instrumentation,
high temperature materials, pyrographite, recirculating flow, silicon carbide

20. Al‘kﬂ\k:' (Centinue en reverse eide Il necosoary and identily by blesk mamber)

furnace used to prepare pyrographite/silicon carbide codopoai;ed material
for rocket nozzle applications is described. Flow into the furnace is an
axisymmetric confined jet with high Reynolds and low Mach number. The gas
flow within the furnace is characterized by a large separated flow fog:lon

DD ,on'ss 1473  toimion oF 1 nOv 68 18 oesoLETE
$/N 0102:014% 4801

SECURITY CLASSIFICATION OF THIS PAS te Bntered)

212 &4




oot SSIFIED
M HMAT YV CLASBIPICATION OF YHID PAGE/Whon Dote Bnteres;

with associated hot spot and a high level of turbulence. Methods of
instrumenting and collecting data, methods for defining the furnace and
process characteristics, test procedures, recording and reducing data,
data analysis, and model development are documented. Analytical models
of the furnace during transient and steady state operation were developed
and the results compared with the data obtained. Characterization of

the coatings obtained and the associated deposition kinetics are also
presented.

- . undp |
e e 0O
W o)

UNCLASSIFIED

u SECURITY CLASBIFICATION OF THIS PAGERMWRen Dote Bntered)




TABLE OF CONTENTS

Section

o
g

I INYRODUCEION o 4 2 s 9% ai s s s 6 6 8 s 5 8 a0 s s
Ay Backgrounl « o ¢ o 0 0w o8 s v w8 A iieoa sl

D REEL L U e S e e R

1. Development of a deposition process model .

2. Control system

c.APPI’o.Ch ® e & & & & & & & 0+ a2 ¢ 2 2 o+ e e e

I1 THE EXPERIMENTE . . ¢ ¢ « ¢ ¢ ¢ ¢ o o ¢ ¢ ¢ 0 o o
& QEBBYEL v ¢ @ v o€ v e A e § v e
1. Prior process experience . . . . « ¢« « « . .

2. “Approach § . 3 U AFUH TR 2NN d s

B. Coating furnace and process equipment . . . . .
0. ‘Taet procedures: « TMATUONUIS JREINEN o8 L e
1. ‘Geneval’ | 1 5 TIEREREE TR ol e v s

2, ,Cold-flow test® . . « ¢ ¢ ¢ ¢ ¢ 000 e e

3. Transient heating tests . . . . . . . . « .

&, Plow tests « « « PREUE WRBRMER 4 o e

S5 Coating tests « . ¢ Vi VNV A VN e oo e

D. Instrumentation . . . ¢ ¢ ¢ ¢ ¢ ¢ 0 v 000 e e
1, Plowvelocities . « « ¢ ¢ ¥ e 0 s v 0 o o o

2. TOMPRTALULES « « « « o v v o e w ne s

3. Power U] S T SR P T Y

Ko BIOW BERGE v . ¢ aviahe ot b abios g b6

Se b RYGRUMER & v v T8, b0, SR S e Y e

@ PoBltIon . o v v i oW B v v s e

7. Data-sampling rate . . .« ¢ ¢« ¢ ¢ ¢ 444 e

8. Data accuracy and recording . . . « « o+ . .

111 DATA OBTAINED . ¢ ¢ ¢« ¢ ¢ ¢ o ¢ ¢ ¢ s 0 0 8 s & o o
A. Cold flow tests . .« « ¢« ¢« ¢ ¢ ¢« s o ¢ & ¢ o o
l. Datareduction ¢« « ¢ ¢« ¢ ¢ ¢« ¢ ¢ ¢ ¢ ¢ ¢ o o

Cﬁ 5; E: E: E: tz fj t: t; WO o O PN NN EE R W W W

2. l..“lt. € ¢ ¢ % § 9,350 4.8 N.8Y 8% & & 0N

s oolie

L
—
e




Section

v

VI

iv

TABLE OF CONTENTS (continued)

B. Transient heating and “2 flow teats
1. Exit gas temperature profile .

2. Transient heatup

3. N1tr°‘.ﬂ flow tests . . . . .

C. Coating tests . . « « « « « & o« o

1. Characterization of pyrolytic

silicon carbide deposits . .

.

.

L N I I )

graphite/

2. Coating gas effect on substrate
temperature measurement . . . .

DEVELOPMENT OF THERMAL-FLOW MODEL
A. Heat conduction model . . .

1. Heat ;.ﬁ.rntion

2. Hatntiil properties .

3. Boundary conditions .

4. Overall heat balance

B. Flow model
1. Numerical method
2. Turbulence model
3. Results

4. Conclusion . . .

DEPOSITION KINETICS . . .

A. Characterization of the

1. Deposition rate .

2. Characterization of

N, flow field

deposition process

.

.

. . . .

L T D I D I D )

L L L T D T B B )

temperature and

2 LI L T T T B )

B. Comparison of present and

SUMMARY
A. Data base . . . . . .
B. Instrumentation . . .
C. Analytical modeling .
1. Heat transfer . .
2. Flow

prior work

. . . . .

.

.

.

Page
18
18
18
20
28

28
3

Ny
Lo
L2
L2
L2
L6

2RR T8 YR ILEEESR

61
67




TABLE OF CONTENTS (continued)

Section Page
R T e G R e G
4., Simple scaling laws . . . . . . . . . ... 68

D. Alternative approach. . . . +. ¢« +« ¢« ¢« ¢« « « . . 68 :

ACERONLEDGEMERTE « « o 5 o 5 s % o o s 8 v 8 v s« 6B

REFERENCES e R s S R e R Wi e TN <

APPENDIX A - COATING FURNACE AND PROCESS

BQUIPMENT . . « s ¢ ¢ s ¢ ¢ ¢« s « s« T2

APPENDIX B - INSTRUMENTATION REQUIREMENTS
AND DESCRIPTION . . « « ¢« ¢« ¢« ¢« « « « 92

APPENDIX C - CALIBRATION DOCUMENTATION . . . . . . 120

APPENDIX D - TEST PROCEDURE AND DATA DOCUMENTATION. 133
LIST OF ILLUSTRATIONS
Figure

1 Various deposition canisters . . . + « « v « ¢ o o 2
2 Velocity profile at 51 mm . . . . . « « + « « « 16
3 Velocity profile at 102 mm . . . « « « « « ¢« « o 16
4 Velocity profile at 152 mm . . « « « ¢« « v ¢ o o & 16
5 Velocity profile at 203 mm . . . « « ¢« « « « « o o 16
6 Jet centerline velocity vs distance from injector 17
7 Coil outlet water temperature . . . « « o« « o o+ 19
8 Coil and susceptor input power . . « « « « « o o & 19
9 Room air temperature . . . « « « + « o &+ o « o o 19
10 Upper canister wall temperature . . « « « « o« + 19
11 Canister surface temperature (upper) . . . . . . . 21 1
12 Substrate backside temperature (thermocouple) . . 21 ;
13 Substrate backside temperature (pyrometer) . . . . 21 #
14 Canister surface temperature (mid-heigth) . . . . 21
15 Substrate surface temperature. . . « « « « « « o+ 22
16 Canister surface temperature (lower) . . . . . . . 22




—

Figure

39
40

41

42

43

44

45

46

47

48

49
50

51
52

LIST OF ILLUSTRATIONS (continued)

Wall Raat fIux . < o & o o ¢ ¢ 6 &8 & o0& 6.9 & @

Furnaée coating region considered in
the calculations + « =« + « o« s s & s s o s & o »

Velocity vectors, temperature, and Mach
number plots for the cold wall case . . . . . .

Centerline velocity decay with axial distance
from the injector for the cold wall case . . . .

Velocity profile at 152 mm (6 in) from the
injector for the cold wall case . . . . . . . .

Velocity vectors, temperature, and Mach
number plots for Flow Test IT . . . . . . « . .

Wall temperature vs axial distance from
the injector for the three flow tests . . . . .

Velocity vectors, temperature, and Mach
number plots for the coating run . . . . . . . .

Gas temperature at the wall vs axial distance
from the injector for the coating run . . . . .

Deposition rates as a function of distance from
injector Gl IO A ORBC Tty (T e JETC R et e M

Flow field for deposit . . . . ¢« ¢« « ¢ ¢ o & &

Flow rates and wall temperatures in canister
during deposition of Layers 1 and 2 . . . . . .

Deposition rate data from prior ARC coating runs

S1iC deposition rate vs MTS concentration . . . .

Page
L3

L8

50

52

53
Sk
55
56
59

62

65




I. INTRODUCTION
A. Background

In 1971, at Atlantic Research Corporation*, the Air Force Rocket Pyaopulsion
Laboratory started a study of silicon carbide (SiC) additions to continuously nu-
cleated pyrolytic graphite (PG). 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
under advanced ICBM test firing conditions.e-11 Most of the work was on scaling
up the coating process from 25-mm-(l-in.-).diam inserts to 89-~, 178-, and 318-mm
(3.5~-, 7-, and 12.5-in.~)=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 premium grade graphite supplied by Union Carbide Corporation.
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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 for
coating nozzle parts of differing shapes and sizes.

2. Control system specification. Specification of fully automatic control

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

No detailed circuit design or fabri~ation,

C. __Approach

This report consists of the following three volumes.
Vol. I. 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 (LASL Order No.
L66-17503-1)Atlantic Research Corporation (ARC) to perform a series of engineer-
ing tests at their facility. LASL 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

i of computer facilitties 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 facility.

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
more 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 code!’

dary layer flow with heat addition and chemical reactions (but not recirculation

that could treat steady, two-dimensional, turbulent boun-

flow), LASL designed a channel flow deposition furnace. Design criteria includ-
ed an inlet configuration that permited accurate specification of the fluid flow

3




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 trichlorosilane (CH3SiCi or MIS) and methane (CHa). Other
hydrocarbons may be used in place of CH&’ When a fluid element containing CHQ

is heated rapidly to 1500 K (or higher), a series of consecutively irreversible

reactions occur;ls’16 i.e.,
ki, ko k3 ky
CHK_——_> 1/202H6 > CZHA —_ C2H2 > {precursor —PG, (1)
where the k's are the appropriate lst-order reaction rate constants that are

temperature dependent.lG’17

The chemistry and physics of pyrographite deposit--
ion (the nature of the PG precursor in ghe gas phase, the effect of energy grad-
ient effects near the wall, the kiﬁetics of precursor formation, soot formation
in the gas phase, and pyrographite structure deposited relative to types of
precursor species) are complex and poorly understood.ls-zo Examination of the
relative magnitudes of the known reaction rate constants indicates that pyrol-
ysis of CH6 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 CH381013. Mass spectrometric data
suggest21 that the decomposition proceeds in two ways. First, CH3SiC13 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
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rate of the first process is approximately twice that of the second.

Once 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
(v 97 vol X N, + CH, ard ca381c13) is introduced into the canister through a ;
water-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 conicured centerbody in the canister to try to maintain flow
conditions equivalent to those of the small-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 constant -ublt;atc temper-
ature.

When an injector is used, there will always be a recirculation region near
the canister inlet. The physical characteristics of the recirculation flow will
depend on the internal geometery of the canistaer, wall and centerbody tempera- ‘
tures, process gas flow rates, physical properties of the diluent, and the
injector i.d. Therefore, the time-thermsl history of the precursors in the
recirculating flow region will differ from that of those in the nonrecirculating
region.,

When all these complex factors are properly 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 mm along the substrate at rates up to
0.5 mm/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 CH‘ and CH381613. respectively. The deposition rate of SiC ‘ |

apparently decreases drastically with a temperature increase from 1900 to 2200
K. This factor emphasizes the requirement for accurate control of the tempera-
ture along the substrate surface. |
2. Approach. A model complete enough for use in designing furnace geom- é
etry and fixtures and specifying power inputs, mass flow rates of reactants, and |
other input conditions for coating nozszle parts of differing shapes has a number |

5

.
i




of interactive computation elements that must be validated against a reliable
data base. The data base must contain information oo the nature and efficiency
of power input to the deposition furnace, transient and steady state thermal
characteristice of the aeposition furnace, heat transfer to the process gas,

hydrodynamic flow during the deposition, and dependence of coating characteristics

(deposition rate, microstructure, etc.) on process conditions. 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 (LASL order No. LL6-17503-1) with ARC to provide
engineering services for conducting instrumented PG/S{C codeposition rune. The
work was divided into three tasks. The first was modification of an existing
deposition furnace to accommodate additional instrumentation. Included also
were installation and operation of a data acquisition system. LASL furnished
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. 1A. 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-
ing nitrogen. The second was to get similiar 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 Fig. 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 B and C, respectively.
C. est Pr ure

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 same basic furnace configuration, and they were conducted in the sequence
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listed. The tests are divided into four categories for discussion: cold-flow,
transient heatup, steady flow holds at temperature, and coating. The first
three designated 15601 (see Appendix D) were all conducted on March 16 and 17,
1976. The coating tests, designated 15800 through 15809 (see Appendix 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 N2 flow rate. For example, the location of the re-
attachment point and determination that the flow is axially symmetric are basic
pleces 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 profiie when the furnace was heated, but unfortunately, no such data were
taken.

3, Transient heating 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 significantly increase the overall effort. 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 transfer
calculations from AYER. Conducting the tests at several N2 flow rates and power
levela allowed the relative scaling laws and senaitivity to modeling assumptions
also to be 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 teats allowed the objectives to be
met without additional constraints, thus permitting a wider latitude in power
and flow settings. It alao allowed the substrate surface temperature to be meas-
ured without the possibility of errors introduced by radiation scattering and
absorption in the coating gas.
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S. Coating tests. The coating tests were to characterisze the coating
achieved using the relevant process parameters. They also provided additional
opportunity to verify the thermal models as described above. Although we hoped
to develop a chemical kinetice 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 for this study was determined from the above
requirements. Review of the instrumentation at ARC showed that it was necessary
to design a data acquisition system (DAS) that could support the program 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 is shown in Fig. A-6.

1. Flow velocities. To get data on the injector characteristics and gas

flow pattern in the furnace inlet tube, it was necessary to measure the gas ve-
locity profile across the tube at different axial locations. To obtain the gas
velocity profile, total and static pressure measurements were made using a Pitot
tube. The expression that relates these pressures to velocity is

V= (2gRT (1 -P/P) g )

where
= gas velocity
= gravitational constant

= gas constant

H P <

= gas temperature
P. = absolute static pressure
Pt = absolute total pressure.

2. Temperatures. To support the data requirements of the AYER and VNAP

codes, the inside wall temperatures of the furnace were measured. Figure A-6
shows that the furnace 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 parte.
The number of measurements was limited by the available space (Fig. A-6), the




instruments obtainable, and the wish to minimize heat transport pertubations.

Parameters T-1 through T-14 represent temperature measurements of the various

furnace parts. All except T-4 and T-10 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-10 through T-12 were measured using Type T

thermocouples. Other temperature parameters (T-15 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 10-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, W-1 (EI cos @), was measured using
signal conditioning equipment designed and built at LASL. The parameter W-2

(EI) was measured to verify the electrical power factor to which the furnace was

tuned.

PF

El cos @ / EI = cos ¢ ,

where
PF = power factor
E = RMS value of voltage
I = RMS value of current

@ = 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 3

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 Izk 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).

calculate Izn loss from these measurements.
T

2
QI-Q2-£ mC, dt
1

3

Equation (4) is used to

(4)

i 3




Assuning that cp is constant over the temperature range of interest, this

expression becomes
where

Q = power (Izn) picked up by the cooling water
m = mass flow of cooling water

(2]
]

specific heat constant
Tz = temperature of discharge water
'l‘1 = 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-17 and T-19, respectively).

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

The furnace radiation and conduction losses to the room's environment re-
quired measurement of the temperature parameters, furnace exterior temperature
(T-10, T-11, T-12) and the room temperature (T-18), These measurements supplied
the temperature data for the simplified equation QT - hr + “c’ where QT = the
total energy transferred and hr and hc are characteristic functions of the
furnace and furnace room materials that interface with each other and of their
temperature difference.

4, Flow 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 MTS flow rate (F-4) and Nz flow rate (F-1 and F-2)
along with inlet pressure (P-3), substrate temperature (T-7), 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 Cll6 (F-3), was required to help deter-
mine and, verify 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
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 CHa 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-1 and F-2).

5. Pressure. The inlet pressure paramecer, 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-1 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
commonly used to obtain data for sudden expansion of gasses. However, develop- 3
ment of the moveable 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-1 and @-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 1
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).
Te - Ty

Tf - T1

' e-:/t 4 (6)
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L]

final substrate temperature

-3
]

temperatue of sudbstrate at t

initial temperature of substrate

-3
-
8

2.71828
hours for substrate to reach temperature T

t
t = furnace time constant in hours.

The time constant is defined as the time required for the output to reach 63.2%X
of its final steady state value after being subjected to a step input fumction.
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 would reach 99.75% (or within 5° K) of its final temperature in six
time constants (4 h).

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

2033 - 2028 .-6/1
2033 - 294

T = 0.684 h = 41 min.

The furnace time constant is analogous to that of an alectrical system
defined by a first-order differential equation. The frequency rasponse of this
type of system can be obtained from a Bode din;rnl.zz 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 zero and the cczner
frequence. The corner frequency is also identified as a function of the

system time constant. Equation (7) depicts this correlation.

. ® 1/2nt ¢))
where
‘cf = corner frequency
r =314

t = time constant of wystem.
Through the use of this equation and the furnace time constant, the highest
frequency to which the furnace will respond (cornmer frequency) can be calculated.

12




S =

f . = 0.0039 cycles/min
cf

or, one cycle per 257 min.

The sampling theorem stipulates that if the rms spectrum of a time function
g(t) is identically zero at all frequencies above W Hz, then g(t) is uniquely
determined by giving its ordinates at a series of points spaced 1/2 W apart,
the series extending throughout the time domain. However, for this theorem to
be valid, a perfect filter must be applied to the signal of interest with a
cutoff at W Hz, or the signal spectrum being sampled must be perfect and have
no energy above W Hz. Neither case is practical, 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 aliasing arror23 to < 12 in a time division multiplexing
(TDM) data system with two poles of filtering, the ratio of sampling frequency
(fs) to the signal 3-db frequency (fcf) must be less than 30. Here the two

poles of filtering 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. Substituting the 0.0039-cycle/min frequence into
30 = fs / fcf " (8)

gives a sampling frequency of 0.117 per min, or one sample per 8.6 min.
The process variables (power, reactant flow rate, and cooling water flow

rate) had much faster time constants (v 20s). However, the CVD furnace temper-

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), Vv 15 min was required to obtain an obserable
change in the process. If 15 min is two-thirds of a process time constant, the
process time constant is then 22.5 min. From Eq. (7) the frequency response is
one cycle per 141.3 min or a sample rate of 4.7 min 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 min, which seemed adequate on the basis of the above calculations.
The sample rate was increased to one sample per minute during transient heating

*The misrepresentation 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 prevent loss of information during these periods
because of unknown furnace characteristics.

We are not sure that the error from aliasing in TDM systems is germane to
this particular application. However, ensuring that the data sampling rate
meets these requirements lends that much more credibility to the recorded data.

8. Data accuracy and recording. The end-to-end inaccuracy requirements
were specified as + 2% maximum. This requirement 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 conditions predicted by these codes. The need
to ascertain the process kinetics and reproduceability characteristics dictat-
ed an inaccuracy no greater than t+ 2X. The parameters that control the process
were not entirely known at the beginning of the program. Therefore, to relate
the effect of one parameter upon another, an accurate signature of each param-
eter was necessary. The + 2X requirement was also a prerequisite for an acc-
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 outlines the complete measurement 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-1, P-2, P-4, P-5, D-1, @-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

history plot of the pressure data is not mesningful, so they are not included
in App. D.

The instrument readings that were recorded on continuous DAS scans at each
position on the Pitot tube's traverse were the static and total pressure at
the Pitot tube (P-4 and P-5), the two static pressures in the coating camber
wall (P-1 and P-2), the static pressure in the injector tube (P-3), and the
nitrogen flow rate (F-5). At each Pitot tube location, the continuous scan
lasted at least 45 s and the data were sampled at 3-s intervals. This 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 gcan 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
1/2
vec {28 (®-P/Y", )
where

C_ = Pitot tube coefficient, assumed equal to 1.0 (usually found by
P calibration to be between 0.98 and 1.02)

g = gravitational constant
p = fluid density

P_ = absolute total perssure
Pl = absolute static pressure.

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

1/2
V= cp {ZgR‘l‘(Po - Pl)/Pl} g (10)

where

R = gas constant

T = static temperature.

This equation was normalized to the maximum fluid velocity, at the center-
line of the injector.

A
) 1 1/2
v =~0.83 3 (2gRT(P° - Pl)/Pl} . (11)
max
where

v = jet centerline velocity
max

Q = volumetric flow rate

Al = injector cross-sectional area.

2. Results. The relative velocity plotted in Figs. 2-6 is v/vnax‘
defined above. The figures show that the velocity profile is very symmetrical
about the centerline, and that the three flow rates have the same profile.
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TABLS 1

EXTT 0AS TWPERATURE TRAVERSE

Distance
from Wall Ny Flow Test® Coating Tssta
(mn) (T, X) (T, X)
13 1315 1269
25 1326 1281
: 38 1322 1298
é 51 1326 1289
i 6l 1312 1286
% 76 1308 1278
89 1305 1273
102 1311 1266
e 11k 1295 1e67
: Average 1314 1279

& pverare of 10 scans.

10 v v + v —
09 1
o8
ar

&
06
Qs
04 K

03 ¢

e o

g 02 ®

|

& ao-—..._,>._t..--,.,.r-t-—.-‘.vk__— 4 -_ a

) 50 100 150 200 2% 300
Distance from lnjector (mm)
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Also, the velocity profiles agree reasonable well with those that Gortler
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 mm
from the injector. The experimental profile 203 mm from the injector (Fig. 5)
indicates this is true in the cold flow test,

In a symmetric plane expansion, the recirculating regions are often not
synnetric.zs although, for the axisymmetric geometry, Macagno and Hungz6 showed
that symmetric flow is maintained regardless of Reynolds number. Nevertheless,
there is some evidence27 that asymmetries can occur at high Reynolds number and
high diameter ratios. An asymmetric jet in the coating furnace could cause severe
problems in dats interpretation and modeling.

The velocities measured near the coating furnace wall are not accurate because
the Pitot tube could not lLe oriented with the flow direction.

B. Transient Heat and Nz Flow Tests.

1. Exit gas temperature profile.

Because flow velocity and temperature profiles are not fully developed at the
furnace exit, it is not possible to measure a single temperature in the exit gas
stream to get a true mixed-mean gas temperature. Instead, the W/W-Re thermocouple
T-15 was able to traverse the exit tube diameter. With the flow velocity profile
predicted by VNAP, this permits an irtegrated mixed-mean tempcrature to be cal-
culated. The measured temperature profiles in both the N2 flow tests and coating
tests were very uniform ( Table 7), making the integration unnecessary.

The probe stuck in the exit tube after one traverse in both tests and was
left in its "parking" position, 13 mm 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 Izn 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 corresponds to 1290 min 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 10-6 m/s. The water heat pickup, which equals the 12R losses,
was then subtracted from the total power input to the coil. (The small additional
heat input to the coil cooling water caused by convection and radiation from the
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furnace o.d. was calculated and found to be negiligible). The coil input power
(EI cos @) is shown in Fig. 8, together with the susceptor input power found by
differencing. The susceptor power was used as an iurut to the furn~ce thermal
model. The proceas and annulus “2 flow rates were '‘eld corstant at 6 x 10-6 and
1.2 x 10-‘ kg/s, respectively. (See Appendix D.) These purges, used to maintain
an inert atmosphere in the furnace, did not remove significant heat (calculated

maximum 1s 0.5 kW at the end of the heat up). Consequently, the Nz flow could
not affect measured temperatures significantly, and the AYER heat conduction
model could be run independent from the VNAP fluid-flow model. The “2 fluow 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. The measured temperatures are compared with the
calculated values in Figs. 10-22.

The temperature slope discontinuity measured by Milletron instruments at
T-5 and T-7 (Figs. 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 were 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 Nz flow was increased and the DAS was
recording at 5-min 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 steady-state temperatures in the furnace.
The measured temperatures during the transient heatup before the coating tests on
May 5, 1976 were almost identical (App. D).

3. N, flow tests. The “2 flow tests consited of three steady-state (1-h)

holds at constant process “2 flow and (ARC panel) power. These holds were as

follows.
Sequence 1 2 3
Start time (DAS) 04:05 12:55 22:30
Min® 1685 2215 2790
Reference tincb 0 530 1105
Nominal flow (std &/min) 236 472 472
| Nominal power (kW) 45 45 60
K & Uged in figures in App. D. : 1
: 20 b ysed for figures in this section. 3
|
|
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During the 7- to 9~h interval between each l-h hold, the furnace was gradually
reaching an equilibrium temperature. Figure 23 is a typical temperature plot.

The temperatures for these tests are perhaps better presented in a tabular form
than they are graphically.

Tables II-IV include, respectively, the measured and calculated data for
each of the three steady holds listed above. The input data for the calculation
are the same as those for the transient heatup test, Two measured temperatures
are given for each total radiation pyrometer, T-1, T-3, T-8, T-13, and T-14, -The
first is an effective black-body temperature that fs equal to the true surface
temperature when the surface emissivity is equal to 1, The second (in parenthesis)
is a "true" surface temperature* obtained from the Wein approxomation td the
Planck equation, with a surface emissivity of 0.85.%* Because the pyvometers are
*In this report, all plots for these instruments are the corrected "true" surface
temperature,

**The "true surface temperature is <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>