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ABSTRACT

An analytical study and laboratory evaluation of plasma-arc-sprayed
coatings was conducted. At the conclusion of this effort, three coating
systems were recommended for testing with subscale nozzles. For subscale
testing, three Titan II second-stage combustion chambers were modified and
installed on surface Wing I Minuteman solid propellant motors. The first
test fiéing was with an uncoated nozzle and resulted in a typical heat
transfer type burnout. The second and third tests were with coated nozzles
and were successful. On the third firing, the water flow rate was reduced

by 58% after start-up.
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I. SUMMARY

This report covers the investigative, laboratory evaluation and static
test evaluation phases of a program performed with the objective of developing
a thermal barrier coating to be used with a water-cooled nozzle of a large
solid propellant rocket motor,

A thermochemical analysis of candidate plasma-~arc~sprayed thermal bar-
rier materials was performed. The promising materials were then evaluated by
laboratory testing. Plasma-arc-sprayed disc specimans were used in screening
tests designed to provide thermal conductivity data and preliminary assessment
of resistance to oxidation and thermal shock. Selection of candidate coatings
for evaluation with subscale nozzle test firing was made on the basis of
5-tube specimen oxidation and thermal shock tests. In these tests, the speci-
mens were cycled in and out of a plasma flame providing a heat flux of 6 Btu/
in.z—sec—°F and a noﬁinal surface temperature of 3200°F, The cooling systems
recommended for further evaluation by subscale testing were A1203/Mo, A1203/Ni
and Ni-coated A1203.

Concurrent with the analytical and laboratory evaluation of coatings,
three subscale nozzles were designed and fabricated. In the interest of cost
saving, Titan II Second~Stage combustion chambers were modified for use as
water-cooled nozzles on surplus Minuteman Wing I motors, An adapter to pro-
vide a manifold and water outlet and an aft closure to replace the existing
four-nozzle Minuteman aft closure were deéigned and fabricated,

A heat transfer analysis was performed to determine the thermal bar~-

rier thermal resistance requirements and the water flow requirements. Design
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parameters were to obtain a coating temperature of 3000 to 3200°F while hold-
ing the coating side tube wall temperature to 1700°F or less and a burnout
heat flux ratio of 0.7 or less, The burnout heat flux ratio is defined or
the ratio of the actual heat flux to the theoretical burnout heat flux.

Test facilities were constructed at AFRPL, Edwards, California where

three test firings were performed during the course of the program,

TEST HISTORY-WATER~COOLED NOZZLES

Water Flow
Rate, lb/sec
Test No, Nozzle Thermal Barrier Max Min , Results
1 01 None 164% 117 Heat transfer burnout,
2 02 (Figure 12) 171 165 Successful - coating
intact. No regression.
3 03 (Figure 12) 200 84  Successful - coating

intact. No regression,
water flow reduced by
58%.

* Before burnout

Four test firings were planned, one uncoated and three coated; however,
unahticipated post-test analysis costs and schedule delays necessitated the
decision ﬁo delete the fourth test.

The first test firing was with an uncoated nozzle and resulted in a
tube burnout. Post-test analysis indicated that the burned out tubes were in
a pattern'directly related to the propellant grain pattern. Heat transfer
analysis supported the conclusion that at startup localized heat fluxes due

to the grain pattern were equai to double the average value predicted.
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Nozzle SN 02 was coated with one of the candidate systems studied in
Task I and was test fired in September 1968. This test was successful, Based
on the metallurgical posc-test analysis and on analysis of the test data, the
following major conclusions were made:

1. The coating remained intact,

2., The alumina in the propellant exhaust gas plated out in a uniform
manner over the nozzle with thickness up to 3/8 inch in the exit
area and on cooling cracked and fell off in the divergent section.

3. The bulk temperature rise was considerably less than predicted
indicating that the propellant plated alumina was very effective
in reducing heat flux for times greater than a few seconds after
ignition.

To further test the theory that the thermal barrier coating is possibly
needed only on startup and that the propellant alumina provides an excellent
thermal barrier once the high local heat fluxes during startup are survived,
it was proposed that for the third test, the water flow rate can be reduced in
steps after 10 seconds to one~half that required duriné the start transient,

The third nozzle was test fired in February 1969. The water flow rate
was reduced as planned and the nozzle survived with no apparent leaks or

abnormalities.
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II. INTRODUCTION

Solid propellant rocket nozzles and liquid propellant rocket combustion
chambers perform the same function and are subject to the same limitation,
that existing materials do not retain their strength and integrity at the
extreme temperatures developed. There are four basic methods for withstanding
the high temperature: one, removing the heat from the nozzle and chamber
wall and piping it elsewhere (regenerative cooling); two, cooling the wall
by spraying a coolant on or through the wall (film and transpiration cooling);
three, cooling the surface by chemical reaction of the material (ablation);
and, four, cooling the surface by conduction to a large heat sink. Regenerative
cooling is the most efficient system, if the quantity and quality of coolant
available is sufficient to cool the wall material to an acceptable level,
However, the balance has become increasingly difficult to obtain. High energy
propellants are often not effective coolants and with these propellants heat
fluxes up to SOBtu/in.Zsec,coupled with poor coolant has made necessary
either thermal barriers, film or transpiration cooling or a combination of
these to make regenerative cooling practical.

Past attempts to use thermal barrier coatings have not been particularly
successful. In part, this is because the coatings were not specifically
designed for the environment within which they were required to function.
Considerable analysis and study has been done since early attempts and an
increasing number of successful applications have shown that a properly designed
and applied coating can be relied upon to reduce the heat flux to the coolant

and therefore extend engine life and improve engine performance.
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The concept of employing a water—cooled nozzle with a solid propellant
rocket motor is a technological extension of the proven regenerative-cooling
systems employed in liquid engines. However, since the coolant is not used
as a fuel and serves no other purpose, it is evident that the coating system
employed must be one of maximum efficiency in order to result in minimgum
coolant and additional motor weight,

The objective of the investigation described kerein was to develop a
reliable A1203 thermal barrier coating that could be applied to a largé water-
cooled nozzle and provide a substantial reduction of heat flux to the cQolaﬁt.

Plasma-arc-spraying was selected as the method for applying the thermal
barrier because it is the most practical method that can be employed with
large nozzles where accurate dimensional control of thickness is required.

The approach followed was to design and select candidate coating
systems compatible with the environment, screen and evaluate these by
laboratory testing, and select and test the best coatings in a subscale

nozzle.
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III. SELECTION OF COATING SYSTEM

~A. MATERIAL SCREENING
A list of candidate materials was compiled from applicable
literature and recent Aerojet programs. These materials were subjected to
thermochemical analysis for the purpose of eliminating those whose corrosion
resistance would be poor because of reaction with the gas species or with A120 .

3

1. Compatibility of Candidate Coating Materials with Alzgs

with Mo, W, Ni and

The systems studied were based on A1203

Cr additions as reinforcing agents. The possibility of reaction between A1203

and the reinforcing materials was examined by evaluation of the free energies

of possible reactions. These were calculated as follows:

F, K cal
2240°F " '3140°F
Mo + A1203 = MoO3 + 2A1 +190 +159
2Cr + A12032;=::::2 Cr203 + 2A1 +107 + 99
Wt ALO, &= WO, + 241 +174 +163
3Ni + A1203 «————> 3Ni0 + 2Al1 +208 +202

The free energies are all positive and, therefore, the reaction to the right
in the above equations is unfavorable. The candidate materials may be con-
sidered compatible with A1203. Since the metal phase will be distributed
throughout the alumina, and the alumina will be maintained at a temperature
of 3000°F or less, higher temperatures of reaction in the above cases were

not considered. Thermochemical data for the above oxides and other candidate

oxides are shown in Table I.
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2.  Thermochemical Compatibility-Thermal Barrier Materials
'with Exhaust Gas Species

The principal chemical species present in the exhaust gas
of the most oxidizing of the two solid propellants under comsideration for
use in the program, ANB 3105, are shown below with the volume percentage of

each specie in the total gas species present at a chamber pressure of 500 psi,

Specte % Vol.

HC1 13.1

N, 8.4

H20 16.9

H2 27.0

H 3.9

co 24.8

CO2 1.9

A1,0, (liquid) 25,5 (Wt % of propellant)

The remaining species, including many of the oxidants such as

0., P, OH, and NO, are present in amounts of less than 1% by volume and their

2°
effect on the total reaction with the thermal barrier, therefore, is minimal.

Thermochemical analysis of the possible reactions involving
the exhaust gas species and the prime thermal barrier candidate materials,
A1203, W, Mo and Ni are shown in Table II,

The only reactions which are favorable to proceed to the

right have a negative free energy. The species in the exhaust gases which:are
present in the largest amounts are compatible at the temperatures showﬁ since
they exhibit positive free energy of reaction. References used for the

literature search and the compatibility studies presented above are listed

in the Bibliography at the end of the report.
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3. Thermal Conductivity
The literature search performed during the initial stage

of the materiéi screening task failed to provide adequate thermal-conductivity
data for a good heat transfer analysis, There was no data for mixtures of
materials and data given was for solid materials rather than plasma-sprayed
materials, Thus, it was evident early in the program that conductivity
measurements of the materials in the as—sprayed condition were necessary.

The method developed at Aerojet-General for oxidation and
thermal shock testing of thermal barriers permits derivation of a rough
measure of thermal conductivity., The test is performed by mounting a coated
disc specimen in a water-cooled fixture and exposing the specimen to a plasma
flame. The gas—side temperature is measured with an optical pyrometer and the
heat flux is measured with a water-cooled calorimeter, Coating thermal

resistance (%) is calculated as follows:

T T
Q/A (heat flux)» = g (gas side temp) - 2 (water side temp)

-I% (stainless) +5I5 coating

Since the thermal conductivity of the stainless-steel disc is known.'% of the
coating can be calculated, The thermal conductivity of the coating is derived
by dividing the thickness by the thermal resistance,

To provide a starting point for the initial tests, thermal
conductivity of mixtures of A1203 and candidate metals were calculated
using the Lichtenecker formula given below, which is applicable to mechanical
mixtures of two materials between which no solubility or chemical reaction

occurs:?:
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P
_ 1 (1-p.)
Km = Kl . K2 1
or Log km = P; log K; + (1-P;) log K,
where
Km = thermal conductivity of mixture
K, & K2 = thermal conductivity of components and
one and two, respectively

P1 = volume fraction of component one

The conductivity of the mixture is, as noted above, dependent
on the volume fraction of the components involved, but to determine the proper
proportion of mixture 1n spraying, the weight fraction of the components in
the mixture must be known. The relation between volﬁme fraction and weight
fraction is given by the following formula:

v

L T W G §+31D

.2 17171

where
W, = weight fraction of component omne
D1 & D2 = densities of components one and two,
respectively

V1 = volume fraction of component one

The thermal conductivity of alumina used was that presented in
vendor's data (both Norton and Metco), 1.58 Btu/ft-hr-°F over the range of
temperature between 1000 and 2000°F, and two values of the conductivity of
chromium and nichrome alloy were used, 2/3 and 1/3, respectively, of the average
values given in tables for these metals between room temperature and 1000°F,

Two values of thermal conductivity for both molybdenum and tungsten were also
used; 2/3 of the average value between 1000 and 3000°F, and the experimentally

determined values obtained for the sprayed metals in previous Aerojet programs.
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After calculating the thermal conductivity of the various
voiume mixtures of each of the metals with alumina, the thickness of coating
required for each of the volume mixtures was calculated to provide the desired
thermal resistance of 250 (in.z—sec—°F/Btu). The thermal resistance is the
coating thickness of a given coating divided by the thermal conductivity of the
coating. The required thicknesses were plotted on semi-~logarithmic graph paper
with thickness of coating in mils as the ordinate and percent volume of metal
addition as the abscissa ~ the corresponding percent weight of metal addition
to alumina is also shown on the abscissa. Figure 1 is shown for illustration.
K was calculated for all the coatings tested.

Results of the thermal conductivity, oxidation and thermal shock
tests are shown in Table II. Calculations made from the temperature and heat
flux data indicated that the K values used were generally too high. Revised
values were used for the second series of tests. As can be seen in Table I1I,
the surface temperature obtained on most specimens exceeded the 3000°F desired
indicating that the revised K values were again too high. Thermal conductivity
was calculated for this series of tests as shown in the last column of Table 1V.
To more accurately determine K values for use in 5-tube specimen testing, special
specimens were prepared for measurement of thermal diffusivity. The thermal
diffusivity was measured by the method described by Parker (1). Thermal

conductivity is derived from the thermal diffusivity measurement as follows:

K=a . P ., Cp 0.0056
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where
K = thermal conductivity Btu in./sec/in.2/°F
L = thermal diffusivity cm?/sec

P = Density grams/cm3

Cp = specific heat per unit mass

The results of thermal diffusivity measurements converted to
K are shown in Table V, These data were used in calculating coating thick-
ness for the test nozzles. The measurements were taken at 1400°F, the upper
temperature limit of the equipment, while the average temperature of the
coating at the test nozzle throat is calculated to be around 2300°F, However,
it appeared reasonable to extrapolate based on known behavior of solid materials
from 1400°F to 2300°F, The thermal conductivity of Alp03 and Mo both decrease
slightly from 1400°F to 2400°F, The K values determined by these tests agree
reasonably well with those calculated from the disc coupon tests shown in
Table IV, This comparison is shown in Figure 2.

B, MATERIAL SELECTION

1. Coating Adherence

A test plan was prepared for determining coating adherence
as related to substrate preparation and precocating material, The test apparatus
constructed to perform bond shear tests was patterned after that used by
Grisaffe (2), The load required to shear the coating from the substrate is
indicated in psi in Table VI, The primers evaluated were Nichrome, Mo; Nickel
Aluminide wire and Nickel Aluminide powder., Tests 1 through 4 were made with
no surface preparations of the substrate, The value indicated for specimens
8 and 14 are probably not comparable in that it proved impossible to spray
inside the 0.625 in. dia x 0.25-in.-dia hole of the test fixture with the

oxy-acetylene wire gun and hold the coating thickness desired. The throat
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size of the test nozzle used precluded the use of the wire gun as an
application method. Based on these tests, Nickel Aluminide powder applied by
plasma—-arc was selected as the primer and grit blast with silicon-carbide
grit to obtain maximum (250 microinches) roughness was selected as the
surface preparation. The use of SiC, 24-28 mesh grit, was established as
optimum at the time of a previous substrate preparation evaluation program at
Aerojet (Ref 3) and confirms findings by Grisaffe (2).

2, Oxidation and Thermal Shock Testing

The heat transfer study conducted under the nozzle design
task of the program concurrently with the material screening and material
selection task predicted that a thermal resistance of 250 in.z-sec-°F/Btu
in the nozzle throat would be required to obtain a gas side temperature of the
coating of 3000°F, This was the targeted maximum gas side temperature for
Al203. Calculations were made to determine the coating thickness required
and the initial series of disc specimens were used as a gcreening test for
oxidation and thermal shock testing as well as to provide the previously
discussed data for calculating thermal conductivity.

The test consisted of exposing the specimen to a plasma-
arc-flame for a period of time sufficient to obtain the surface temperature
reading with an optical pyrometer than cycling 10 cycles of 10 sec of
heating and 5 sec cooling. The tests were performed at 7 Btu/in.z—sec-°F.
Table II contains the results of the testing. The surface temperatures were
too high because of the previously discussed use of K values that were too
high and considerable melting and spalling were observed. However, the tests

were useful in establishing more accurate values for subsequent specimens,
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The results of the second series of tests are shown in Table IV,
The thickness of the coatings was reduced proportionally to provide the desired
thermal resistance of 250 in.z—sec~°F/Btu. The testkagéin consisted of 10 .
cycles of 10 sec exposure and 5 sec cooldown at 7 in,z«sec-°F/Btu and a nominal
surface temperature of 3000°F, The gas-side surface temperatures were somewhat
higher than desired and some melting occurred. No cracking was observed. Erosion
was quite evident especially on coatings formulated with a high percentage of‘
chromium, The results of thermal conductivity calculations in the twp series of
tests described suggests that there is a relation between thermal gonductivity
and coating thickness. Thermal conductivity increases with an increase in
thickness, This should be investigated in future work. It is evident that more
accurate measurement of thermal conductivity of plasma-sprayced coatings is
needed.

Based on the results of the second disc specimen test series,
6 coating systems were selected for application and testing with 3-tube specimens.
’Five*tube specimens W;l through ~6 were constructed equivalent to disc specimens
19, 22, 24, 25, 26 and 29. See Table VII. These specimens were subjected to
thermal shock and thermal resistance tests at 6 Btu/in.2~sec~°F and at a nqminal
3000°F surface temperature. In addition, the oxidiziﬁg effect of the 260-in. motor
exhaust gas was simulated by the addition of oxygen and acetylene to the plasma
gas. The results of these tests confirmed the results obtained with the disc
specimens.

The superior corrosion resistance of the pure alumina\was
demonstrated and there was evidence that brittleness and susceptibility to

cracking of an unreinforced oxide was avoided by the thinness of the coating.

Page 13-



Report CR-72549

To determine the as-sprayed effect of Ni-coated alumina powders, a comparison

was made of the microstructure before and after plasma spraying, and further
with the as-sprayed condition of the 80 A1203/20 Ni mix powder. Photomicrographs
of the powder particles (Figure 3) show that the particles are in fact coated,
however, examination after plasma-arc spraying does not indicate that the coating
continues to exist in the as-sprayed material to a great extent. Specimen W6 has
several large grains (Figure 4) in the intermediate coat with a suggestion in the
large grain at the right that the nickel still surrounds the particle. However,
this evidence of nickel is not apparent in the large particles in the center of
the picture. The coating on specimen X18 (Figure 5) was an 80 A1203/20 Ni mix.
The horizontal stringer or platelet effect experienced with most metal ceramic
mixes is evident. Referring to Table V will show that the thermal conductivity of
Ni~coated Al_,0, is more than twice that of the Ni/A1203/20 mix, and nearly double

273

that of pure A120 Although the value for the 80 A1203/20 Ni mix is unexplainably

3°

low (probably due to measurement error or excess porosity) the comparisons indicate

that a continuous metal matrix probably exists throughout the Ni-coated A1203

structure, thus creating a heat flow path and accounting.for the high conductivity.
A final test series was made in which the 4 remaining coating

system candidates were compared on the basis of coating regression. Three

identical 5-tube specimens were prepared with each coating system and one

specimen was coated with pure alumina. One end of the specimen was tested in

the plasma flame for 150 sec continuous exposure, and the other end was tested

250 sec 25 cycles of 10 sec on and 5 sec off. To simulate rocket combustion

gases, oxygen 100 SCF/hr and methane at 50 SCF/hr were introduced into the

plasma flame for 5-tube specimen tests. These gases were not used for the

disc specimen tests. The coating composition and the test results are shown

in Table VIII.
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After testing, measurements were made to determine regression.
Considerable spread was noted, However, it is evident that the surface of
specimens with a pure alumina topcoat over an alumina-nickel second coat,
regress less than that with the alumina-moly and the alumina~mbly with a
pure alumina topcoat in both the steady exposure and cycling tests. Some
spalling of the topcoat ocecurred in the cycling tests of specimens‘X13. X14,
and X15 which are a 70 A1203/30Mo second coat with a pure A1203 topcoat.

The three specimens (X10, X11, and X12), coated with a
0,006-in. of 70 Al203/30 Mo powder, had the same regression rate as the pure
alumina coating for the continuous 150 sec firing, but had a much higher
regreséion rate for the 25 cycle firing congisting of 10 sec on, 5 sec off,
for each cycle. This probably indicates the effects of thermal stresses.

It is also possiple that some oxidation cof the molybdenum is occurring during
the off cycle; the off cycle time is not included in calculating the regression
rate. The appearance of the specimens suggests some spalling occurred. The
thermochemical analysis made at the beginning of the program indicated that

reaction of molybdenum with HZO, CO, and 0, was favorable,

2 2
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The next three specimens, X13, X14, and X15 consisted of a
two-layer coating, 3 mils of 70A1203/30 Mo overlayed with 2 mils of A1203 (X14),
3 mils of A1203 (X13), and 4 mils of A1203(X15). All these specimens had lower
regression rates in the 150 sec continuous firing than either the pure A1203
coating (X19) or the straight 70A1203/30Mb (X10, X11, and X12). This may have
been due to oxidation protection of the molybdenum by the A1203 overlay. During
the intermittent cycled firings, higher regression rates were observed and it
appeared likely that the difference in the thermal expansion characteristics
caused some loss of material by spalling., The appearance of the specimens
suggests spalling in some areas. The dioxide, MoOz, melts at about the same
temperature (4730°F) as the metal. The dioxide, however, can be readily oxidized
by oxygen to the volatile trioxide MoO3 which sublimes at about 2100°F. The
free energies for the reactions of carbon dioxide and water vapor with molybdenum
dioxide, are positive; however, this indicates that these gases will not
readily oxidize the MoO2 to MoO3. A comparison of the vépor pressure of MoO3
and NiO at 2240°F points up the differences in the volatility of these two
oxides. NiO has a vapor pressure of 1.43 x 10'"8 atmospheres at 2240°F while
MoO3 has a vapor pressure at 2240°F of 0.6 atmosphere. Therefore MoO3 is
much more likely to vaporize than NiO.

Specimens X7, X8, and X9, were coated with three mils of nickel-
coated alumina powder overlayed with three mils of alumina. Specimens X16,

X17, and X18 consisted of three mils of 80A1203/20Ni overlayed with three mils
of alumina. These, in general, performed better than the coatings containing
Mo. The oxidation of nickel by H20 and 302 is shown below on a free energy

basis (AF) at 2000 and 3000°F.
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AF, Keal
2000°F 3000°F
2Ni + 2C0, - 2Ni0 + 2C0 -7 +25
Ni + H,0 > Ni O+ H, -16 +18
Ni + 0, > 2Ni0 ~50 ~30

This would indicate that the reaction is favorable in the
case of CO2 at 2000°F and unfavorable in the case of HZO' Any excess oxygen
would also favor oxidation in a reaction with nickel at these temperatures.

At 3000°F, both HZO and CO, in the above reactions with nickel have positive
free energies and are therefore unfavorable.

It should be noted that nickel oxide melts at 2610°F while
nickel melts at 2650°F. Thus, oxidation of nickel promotes the formation of
a more refractory and stable product (NiO) than the metal itself,

Thé free energies of CH4, CO, and H20 with A1203 are positive
at both 2000 and 3000°F as indicated below, and, therefore, regression due to

oxidation is not predicted. However, measurement of specimens before and after

testing indicate a reduction in thickness had occurred.

AF, Kcal
2000°F 3000°F
CH4 + 2A1203 4A10H + COZ :Zg;~“ i:;I;”
co + A1203 A1203 + €0, +164 +142
HZO + A1203 2A120 H + O2 +248 +217
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The regression rates of specimens with a nickel-coated
alumina second coat are compared in Table IX with specimens employing a
80 A1203/20 Ni mixture. The average regression rate in mils per second are
as follows:

Ni-Coated Alumina Ni=Alumina Mix

Continuous 0.0022 0.0055

Cycling 0.0019 0.0120

These above comparisons indicate that superior results were
obtained with nickel-coated alumina. However, examination of the regression
rates of individual specimens shows that specimen X17 has a regression rate 6f
0.0133 for the 150 continuous exposure test, but only 0.0020 for the cycling
tests (250 sec). This difference suggests a measuring error. If specimen X17
is omitted from the calculation, the average regression_rate for continuous
exposure for nickel alumina mix specimens becomes 0.0017 (slightly less than
the rate of nickel-coated alumina) an ingignifieant difference.

The following comparison can be made of cycling test results
of 5~tube specimens and disc specimens considered separately:

Ni~Coated Alumina Ni<Alumina Mix

5~Tube Specimens

Continuous 0.0022 0.0017
Cycling 0.0007 0.0033

Disc Specimens

Continuous - 0

Cycling 0.0058 0.0250
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It can be seen from Table IX that the regresslon rates of
disc specimens 34 and 35 (0.02 and 0.03, respectively) have the greatest
influenée on the combined averages. Th' fact that these specimens were tested
with a nitrogen plasma and an argon shield gas without the addition of oxidizers
0

and CHA suggests that the reduction in coating thickness may be due to a

2

mechanism such as sintering rather than oxidation. The introduction of 02
and CH4 into the flame in the 5-tube specimen tests spreads the flame over a
larger area and thus results in less measured reduction of coating thickness
than with the disc specimens where the flame is concentrated on the center of -
the disc. The concentrated heat in that area may result in a localized shrink
due to sintering.

Evidence of sintering of Alumina coatings can be found in
the temperature trace during the 150 sec exposure test. The temperature readings
obtained appear to bg peculiar for each coating system but all start high and
drop rapidly, then continue to decrease at a very much slower rate throughout
the test., A range of 300° has been noted.

Specimen X18 (Table VIII) was sectioned and examined for
comparison of microstructure as sprayed to after 150 sec exposure. The before
and after photomicrographs are shown in Figure 5. Note the refinement of the
milcrostructure along the top surface of the exposed area,

To further postulate concerning the apparent lower regression
rate of nickel-coated powders in the plasma-arc~tests, the finer particles of
the Ni-alumina mix would be expected to compact or shrink more on partial
sintering than the coarse particles that make up the nickel-ccated alumina
powder. This occurs because finer powders have a greater number of points of
contact and a greater free energy associated with their surface area and there-~
fore they will densify at a lower temperature than coarse powders,
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At this point in the investigation, it was recommended that
the nickel-alumina mix be used on the nozzle for the first hot firing test
because of its lower cost and lower thermal conductivity and that the nickel-
coated élumina'system be used for the second test firing with the third coating
system to be selected after the planned uncoated test and the two coated tests.

" As will be brought out in Section IV, C of this report, it was
necessary to reconsider the coating system recommendations made at the conclu-
sion of the Materi?l Screening and Material Selection Task in the light of the
results of the uncoated mozzle test firing. Also due to unanticipated post-test
analysis costs and schedule delays a decision was made to delete the third
coated test, The uncoated nozzle was fired under water flow conditions pre-
dicted as safe, however, due to unanticipated local high heat flux area related
fo the solid propellant grain, the nozzle suffered a burnout.

3. Wire Reinforced Coatings

As part of the Material Selection Task, the feasibility of
reinforcing the basic alumina coating with molybdenum wires was investigated.
This use of wire or screen in reinforcing a plasma-arc-sprayed coating is not
new, but generally it is accomplished by wrapping wire over a mandrel simultane-
ously with application of the coating. Most efforts have been pointed toward
obtaining a free standing body after removing the mandrel, A different approach
is needed where the desire is to produce a wire-reinforced coating on the ID of
a regenerative tube bundle. In several schemes of disbursing chopped wire up to
1/4 in, length over the surface of disc specimens, it was found that the wires
tended to bunch and uniform distribution was not obtained. Experiments with

available powder feeders indicated the possibility of feeding small wires with
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one power feeder and directing them into the plasma stream which includes

the alimina. Since this would require the design and fabrication of a

special powder (wire) feeder, a separate program was undertaken to accemplish
the development of the wire feeder and the testing of wire reinforced coatings.
The criteria set‘forth for maximum effectiveness of wire reinforcement was as
follows:

1., Random uniform distribution throughout the coating
and over the substrate.

2., Wires to be entirely surrounded by the coating.

3. Orientation of wires such that the surface is not
appreciably rougher than can be obtained with
- conventional coatings.

4. Criteria 1 through 3 above to be obtained with
minimum melting of the wires.

The cost of wires in the initial size selected,0.002 in, dia
x 0.050 in. length was very high. Bids received ranged from $1500 per pound
to $698.50 per pound. Two pounds were purchases from General Electric Company
at a‘$i,397 lot price. Discussion with the suppliers indicate that the cost
is primarily that of cutting the wires to length. The demand for chopped wires
has not been sufficient to encourage any supplier to install high production
equipment, Such equipment while it must be high speed and capable of precision
adjustment for size and length is considered to be easily within the capability
of most machine tool producers.

a. Developmeni of Wire Tecder

An apparatus for feeding wire was successfully developed

using a Syntron Vibrator_to feed the wire into a specially designed aspirater
which could be directed at any desired angle ints the plasma stream., Experi-

ments conducted to optimize the gas flow setting, the vibrator setting the
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torch setting and the wire feed to substrate distance, seéped encouraging and
it was decided to proceed with disc specimen preparation and testﬂng.w The
original supply of 2 1b of wire had been exhausted at this point’gndva newksup~
ply was ordered, To assess the gffect of slightly larger wires, the second 1ot
was specified to be 0.005 in. dia x 0.060 in. length., It was found that thé
feeder and aspirator handled this size very well; however, the deposition rate
was judged to be lower than with the smaller wires. The smaller wires tended
to melt slightly and stay in the plasma stream, whereas the larger wires did
not melt and tended to bounce off the substrate giving poor results. However,
the feeding mechanism fed the wires into the plasma at a uniform and adequate
rate.
b. Testing of Wire-Reinforced Coatings

To compare a molybdenum wire-reinforced alumina coating
;CQ the nickel—reinfo:ced alumina coatings for resisténce to thermai shock; it
is necessary to subject the coatings to severe enough thermal shock that
cracking can be induced. The tests performed in the first stages of the pro-
gram dild not produce cracks in any of the specimens. Experience at Aefojet on
this and othe: programs points to the relative thinness,of the céating as the
reason no cracks occurred. Cracks have been induced with the same test condi-
tions where thick coatings are being tested. Therefore, several specimens of
each of the previously developed nickel—alumina coatings as well as the antici-
pated molybdenum wire-alumina coating were prepared in thicknesses of over

30 mils.
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The first series of tests were with disc specimens
tested as delineated in Table X with the objective of determining the effect
of varying percentages of Mo wire content. Deposition was poor at all the
settings used. It was not possible in tests of the specimens to differentiate
between high and low wire content. The regression rates were very low, but
some cracks were observed indicating the spraying process may have been
compromised by introduction of the wires,

The second series of tests, Table XI, were with 5-tube
specimens and included thick coatings of the compositions previously tested as
thin coatings in the early part of the program. 7The Mo wire coatings appeared
rougher and contained voids in some cases around the wires. The results insofar
as wire deposition and dispersement are concerned --ere disappointing. Deposition
rate was observed to be poor during plasma spraying. This was confirmed by
examination at 40X magnification.

The heat flux dyring testing was established at
6.9 Btu/in.z-sec—°F. The specimens were movad iz and out of the plasma jet
25 times with 10 seconds exposure and 5 seconds cooldown. The surface tempera-
tures were recorded and corrected to give true temperatures. It is evident
that temperatures were generally higher than planned. Regression was very
slight in all cases but greater where temperatures higher than 3200°F are
recorded. There is no significant difference in regression rate or amount of

cracking between thick control coatings and thick Mo wire coatings. The test
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results do not favor the further use of wires in coatings at least in the size
used and in the manner of deposit used. Test results do confirm, however,
that thin coatings are considerably less susceptible to cracking than thick
coatings.

Figure 6 upper is a photomacrograph of a disc coupon
and shows poor wire deposition and dispersion as 1is also evident in the,é—tube
specimen in the lower photo. Figure 7 shows a 5-tube specimen after testing.
The wires and partially melted wires on the surface have oxidized.

¢. Wire Production Cost Study

When it was discovered early in the wire-reinforced
coating investigation that the cost of small wires in small quantities was
around $700.00/1b it was decided to investigate the reasons for the high cost
and make a search to determine if a supplier exists who can produce wires at
a reasonable cost. The planned approach was to survey all known wire producers
and fabricators for the required wire cutting capability and if an existing
facility was not found to prepare specifications for the design and fabrication
of a wire cutting machine. Previous discussion with suppliers had indicated
that the cost is primarily that of cutting wires to length, the cost of cold
drawvn wire being approximately $90.00/1b.

Quotation requests were sent to ten suppliers for cost
of 0.002 in.-dia x 0.050 in. length molybdenum wires in lots of 25, 50 and
100 1b. Bids received were as high as $2,723.00/1b with the lowest bid being

$301.00/1b for 25 1b, 255.00/1b for 50 1b and $214.00/1b for 100 1b. This
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supplier stipulated, however, that his quotations were based on a $750.00 best
effort evaluation order. To determine if high-speed cutting equipment existed,
the specification appearing below was prepared and sent to 17 machinery design
and fabrication companies. Only one reply was received, this was for design
and fabrication to the specification at a cost of $52,250.00,

SPECIFICATION

Name: Wire Cutoff Machine

Wire 8ize: Molybdenum and Tungsten Cold Drawn Wires in Range
of 0.002 to 0,005 in. dia

Wire Data: Wire is furnished in spools containing approximateiy
7,000 meters (22,967 ft)

Production 40,000 pcs/minute (minimum)
Capacity:

Cutoff 0.050 # 0.005 in. to 0.125 + 0.010
Length:

This is a high preduction machiﬁe and should be cépable
of rupning 8 hours without stop for resharpening or oiher maintenance; however,
the total life operation time expectancy is relatively short —- approximately
1,000 hours.,

The wire to be used has been cleaned. The feeding and
gathering system must be free from oil and other foreign matter that would
contaminate the material.

The gathering hopper should feed into a small funnel to
£fill approximately quart size powﬁer cans.

Two separate éutting mechanisms each providing half the
required production capacity would be acceptable. Modified existing equipment

is likewise acceptable,
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To properly evaluate proposals from outside suppliers, a
preliminary design of a wire cutter was made at Aerojet and an estimated cost
of the equipment and production from the equipment was made.

‘ The design presented in Figure 8 consists of a constant
speed revolvingAZ—bladed cutter which is fed by a powered wire feeder. The
wire must be rewound on the storage spools which are mounted above the shearing
mechanism, Wire is positioned through a starter tube and into a roller assembly
which feeds it into the cutoff die. The speed of the roller feeder and the
cutting blade are independently controllable., The relative settings, therefore,
control the length of the wire.

For example:

With the 2-blade cutter traveling at 1000 rpm
(2000 cuts/min) to obtain a wire length of 0.050 in., the wire feed roller

would have to feed wire at the rate of 100 in./min (0.050 x 2000). A 0,320-in.-

100

dia feed roller would, therefore, bet set at T 0.320

= 100 RPM

The output of 0.002 in. dia x 0,050 in. length Mo
wires at the feed and speed of the example above would be 25 x 2000 x 60 =

3 x 106 pcs/hr. Since there are 18.2 x lO6 pcs/1b, one days production figur-

7 x 3 x 10°

18.2 x 106
head rate of $15.00/hr is used, the cost per 1b is:

ing 7 hours run time would be = 1,15 1b/day. If a labor and over-

Material 1.15/1b @ $90.00 = 103.50
Labor 8 hr @ 15.00 120.00
TOTAL $223.50
$223.50
1.15 1b $194.35/1b
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The practical top production rate «f the deaign shown
is likely dependent on the success of the spool overspeed control system,
A simple preloaded formed washer spring design is used here, however, higher
speeds may require a more sensitive and sophisticated mechanism to maintain a
uniform drag through an 8 hour run time.

The cost of completing the design, fabrication and
tool proofing the machine is estimated to be $22,000.00,

The conclusions to be drawn from ﬁhe results of the
wire cutting cost study are: |

1. Prices quoted by present suppliers for small lots are not
unreasonable,

2. The quotation of $213.00/1b for a 100 1b lot falls well within
the price range estimated for productipn from a high-speed special machine.
If a requirement of 100 1b is ever anticipated, this source should be
investigated furthe; to determine if the $750.00 trial run is a good investment.

3. The present supplier (General Electric Company) quoted $457.00/1b
in 100 1b lots. This is a proven source. Based on this cost, design and’
fabrication of a machine should be considered for any‘production requirements

of 100 1b or more.
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1v. FABRICATION AND TESTING

A. NOZZLE DESIGN ANALYSIS
1. Nozzle Design

The basic program requirement was to test a water—cooled
nozzle with a Wing I Minuteman motor. It was determined in discussion with
NASA that this could be a non-submerged noézle, and secondly that in ﬁhe
interest of éﬁst saving, a Titan II second-stage combustion chamber could be
modified for use. An adapter to provide a water outlet from the tube that
normally would feed.into thé injector was designed. In addition, a new aft
closure to mate the Minuteman motor to the adapter was required. The method
chosen to effect the transition into the nozzle from the motor was to provide
the nozzle with an ablative liner of carbon phenolic and blend from the aft
closure with V61 trowellable rubber. Figure 9 shows the completed design.

The completed design was reviewed by the stress section and
determined to be acceptable. No effort was made to minimize weight as this
ié not a consideration for static tesﬁing. |

2. Heat Transfer Analysis

A heat transfer study was made to optimize the water flow
requirements and to determine the basic thermal barrier resistance to be used
in coating design and development.

Predicted gas side, coolant side and bulk coolant temperature
for an uncoated nozzle are shown in Figure 10. On the basis of these data,
the initial estimate of water supply system minimum requirements were con~

firmed at 130 1b/sec flow and 750 psi inlet pressure.
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From the gas side temperature profile shown, a plan was
formulated for applying braze patches along the contour of the uncoatedk
chamber. This technique has been used successfully many times at Aerojet
in confirming predicted gas side temperatures. Accuracy in interprétation
within 100°F can be expected.

The maximum safe gas side temperature for the alumina base
thermal barrier system was set at 3000°F. The thermal resistance calculated
to reach that temperature in the throat was 250 in-z—SEC*°F/ﬁtu- These daﬁa
were used in preparing and testing the laboratory specimens described in the
first sections of this report. Figure 11 shows the predicted coating and
tube wall temperatures for a t/K of 250 in.2~sec~°F/Btu.

The first test firing with an uncoated nozzle SN 01 resulted
in a burnout. The failure analysis performed on the fired nozzle and study of
the test data indicate that the failure was marginalAand permitted certaiﬁ
assumptions to be made as the basis for a revised heat transfer study, For
continuity of events and to show the relation between test results and design
revisions, further design and heat transfer amnalysis is included in sequence

of testing and post-test analysis under the heading Static Tests and Post-Test

Analysis appearing later in this report.
B. NOZZLE FABRICATION
Three nozzles were fabricated to the design shown in the Nozzle
Design Section above (see Figure 9). Three adapter assemblies and two aft
closures were fabricated. The first nozzle was for the uncoated firing test
and included the braze patches on the tube crowns. The nozzle was leak checked

at 750 psig before shipping to AFRPL for test firing. Changes in the nozzle
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as a result of the post—-test amalysis of the test firiﬁg were incorporated in
the second nozzle SN 02. These changes were the rework of the ablative liner
to a tapered configuration and the thinning of the tube wall in the throat
area from 0.020-in. thick to 0.015 in.

On the basis of experiments with a hand-operated grit blast nozzle
on some 5-tube specimens, a grit blast program was prepared for the purpose of
reducing the tube wall from 0.020 in. to 0.015-in. at the nozzle throat.
Post~test analysis determined that the wall had in fact been reduced to
0.013 in. Tukon hardness tests on specimens indicated that the grit blasted
side of the tube was R/C 35 compared to R/C 27.5 on the side not grit blasted.
This represents roughly an increase in tensile strength to 150K due to work
hardening. This increase in strength is not useful inasmuchas the stresses
would be relieved at 900°F in less than 15 seconds.

the second nozzle SN 02 was plasma—arc-sprayed with the selected
coating system (see Figure 12), assembled, leak checked at 1000 psig, and
shipped to AFRPL for testing.

The third nozzle SN 03 was fabricated and cdated with the same
coating system as SN 02 except that additional bands of plasma-arc-sprayed

high-temperature materials were added in the exit end as delineated below.

Station No. Coating
0~-7 Base
7-9 Base =~ grit blasted
9-11 Hafnia
11-1 13.0 Strontium Zirconate
13-1 14~9 Zirconia
10-11 Tungsten (Topcoat)
12-12.9 Tungsten (Topcoat)
14-14.8 Tungsten (Topcoat)
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C. STATIC TESTS AND POST-TEST ANALYSES
l. Facility

The water flow facility for test firing the Titan II combus-
tion chamber with the Minuteman motors was designed and constructed by AFRPL,
Edwards Air Force Base, California. A description of the system and the cali-
bration and checkout procedures is contained in Reference (4). AFRPL per-
sonnel also assembled the nozzle with the aft closure and V61 insulation and
installed this assembly on the Minuteman Wing I motor (see Figure 9).

The water system capability is as follows:

Tank ptessure - 250 to 1200 psi

Flow rate - 500 to 1266 gpm

Maximum nozzle inlet pressure - 825 psi at 1200 gpm flow

Instrumentation was supplied in accordance with the speci-~
fications furnished by Aerojet and is shown in Table XII. Thermocouples TCNl,
TCN2, TCNB, and TCN4 were located on down tubes opposite the propellant grain
valleys with TCNS, TCN6, TCN7, and TCN8 located 45° counter clockwise opposite
the propellant grain peaks.

In addition to the digital recorder, Quick look data was

provided for tank pressure, inlet pressure, outlet pressure, and flow rate.

2. Static Test Serial No. 01

The first static test firing of nozzle Serial No. 01l was made
on 5 June 1968. Before firing, five cold flow test runs of 5 to 10 seconds
duration were made to establish the downstream valve setting in relation to
inlet pressure and water flow requirements. The fifth cold flow test was made
with the downstream valve 237 open, inlet pressure 775 psig, outlet pressure

560 psig and flow rate 880 gpm. This was considered to be as near to the
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desired rates as possible in that the downstream valve is not calibrated
finely and is difficult to adjust.

The test firing was made at approximateiy 1:00 p.m. and con-
tinued for 62.08 séconds. It was noted on the visual gauges that water flow
increased within one second after start from 850 gpm to approximately 1100 gpm.
Also, inlet pressure decreased from 788 psig to approximately 690 psig while
outlet pressure decreased from 570 to 468 psig. Later inspection of the data
indicated that the water flow conditions changed at 0.21 seconds. Pc appeared
normal throughout the firing and there was no visual evidence of malfunction
of equipment, however, it was discovered later that’the water inlet valve
closed at 60.2 seconds due to a failure of electricity on the pad. This loss
of water flow permitted excessive socak back of heat through the chamber and
caused the backside of the nozzle wall to overheat. In addition, the pro-
grammed N2 purge was delayed several minutes permitting stored heat in the
chamber to soak into the nozzle.

Inspection of the nozzle several minutes after firing con-
firmed that a burnout had occurred in the throat area. .There were also
several small leaks in the aft manifold joint between the tubes.

3. Post-Test Analyses, SN 01

a. Discussion
The nozzle was removed from the stand at AFRPL, dis-
assembled and shipped to Aerojet. Preliminary inspection confirmed a typi-
cal burnout appearance, complicated by the fact that there were two areas of
burnout. The first and most obvious was the throat region which was not
covered with aluminum oxide buildup. In this region, almost all the burned

out tubes were up tubes implying an RBo type failure where the heat exceeded
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the cooling capacity of the coolant, or film beiling. The burned-out sections
were in a definite pattern, i.e,, four locations refleecting the star pattern

of the propellant grain., There was a buildup of slag in the area baﬁw¢¢n the
throat and the nozzle insulation. In this region, both the up and down coolant
tubes'were bumed out. It is pestulated that these burnouts could be related .
to gas flow disturbance or boundary layer tripping caused by the rather abrupt
ending of the insulation. whis jum:tion represents a sudden change in gas

flow due to discontinuity in the wall,

The area aroynd the leaks in the tubes at the aft mani-
fold closing weld had the appearance of being ground by a grinder or wire brush,
In approximately 180° of area, the weld bead was entirely missing and the patent
metal was thinned to the axtent uhat holes appeared in the area batwgan the tube
end fittings and the manifold. All the‘va;ﬂeya between the tubes had what
appear to be grind or wire hrush marks; however, the marks appeared in such a
synmetrical pattern that erxpsion was a more llkely cause than unauthopized
grinding.

A complete failure analysis was perﬁarm@dyou‘cha fired
nozzle., The metallographic examination revealed no @tﬁar possible cause of
failure other than inadequate cooling resulting in burnout. PFigure 13 is
presented to illustrate the appearance of the typical burned through tube,

Conclusions based on visual observation, metallurgical
examination and analysis of test data are as follows:

(1) Tube ruptures in the throat regions were ﬁéat
transfer burnout in nature,

(2) The tubes upstream of the throat adjacent to the
ablative insulation failed by m@lniﬁg either due to baundary layer tripping

occurring at the end of the insulation or by soék back of heat from the thiak
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layer of A1,0 The latter case is a more likely explanation in that water

273"
was shut off before tail off and the nitrogen purge was delayed several minutes.
(3) The small leaks in the tube valleys at the junction
of the aft manlfold are due to stream erosion and A1203 particle impingement at
the discontinuity formed by the round to rectangular tube adapters and the
closing weld‘bead at the aft manifold. Failure occurred by rupture from internal
pressure when the scrubbed area became too thin to withstand the-internal pressure.
4b. heat Transfer Analysis SN Ol -
A count of burned-out tubes was made and oriented to the
propellant grain pattern. Fifty—one tubes were burned through. Of these 10
’were downtubes or lst pass and 41 were uptubes or return pass. Twenty tubes
showed slight surface melting and the balance (77) were intact. The majority
of the burned—out tubes were opposite the peak of the propellant grain pattern.
Based on these data, the assumption was made that the downtubes had burned out
at a burnout heat flux ratio of 1.0. To determine what gas—31de heat transfer
’ooefficient was necessary to satisfy this assumption a post-test heat transfer
analys1s was made with the actual ‘test conditions, coolant water flow rate
(117 lb/sec) inlet pressure (v 750 psia) and temperature of coolant (71°F)
The results shown in Figure 14 1ndicate:that a heat transfer coeffic1ent that
is 2.4 times the original design value would satisfy;the downtube burnout assum-
tion. It is felt that the heat transfer coefficient used’in the original study
may have been correct, however, it is eyident from the burnout pattern that the
local heat‘fluxes due to mass flow effects were considerably higher than average.
Using thlS higher coefficient, a parametric study of cool-
ing requirements for the uncoated chamber was made. The results are shown in

Figure 15, Water flow was varied from 140 to 200 lb/sec at inlet pressure of

650, 750 and: 850 psia. Both 70 and 90 F water inlet temperatures were
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investigated., This figure (Figure 15) plainlyjshawa the high tuybe wall tem-
peratures (2200°F) experienced by the chamber regardleaa of the water flow.

For example, with 170 1lb/sec of water at 650 psia inlét,presaure'and 7Q°F inlet
temperature, the wall temperature is approximately 2239°F, The latest water
flow data from AFRPL indicate a maximum flow of approximately 170 1lb/sec. It
i1s evident from this study that an uncoated chamber probably would not survive,

A coated chamber study waa'then made to determine the
coating thermal resistance required for safe operatiom of the chambgr, Coating
thermal resistance is defined as the ratio of coating thickness (t;) to the
coating thermal conductivity (kc)- This resistance was varied from 60 to-

120 in.zmsecv°F/Btu at coolant flows of 100, 140, and 170 lb/sec. The results
of the parametric study are shown in Figure 16. At a thermal resistance of

100 in.2~seCw°F/Btu and water flow of 140 lb/seq,’the maximum RBQ is 0,62,
while the coating and tube wall temperatures are 3310 and 1860°F, respectively.
The tube wall temperature (1860°F) at the coatipg tube interface is much higher
than the desired design limit of approximatel& 1600°F; theréfore, a study was
made to investigate methods of lowering this temperature.

One way of lowering the tube wall temperature is to thin
the tube wall thickness by controlled grit blasting prior to the coating appli~
cation. The effects of such thinning is shown in Figure 17 for coating thermal
resistances (t/k) of 100 and 110 in.zwsec*qF/Btu; the latter t/k is included to
show that an increased coating thickness can be used with thinner tube wall.
This figure indicates for t/k of 100 a feduation in tube wall temperature from
1860 to 1600°F and coating temperature from 3310°F tov3l60°F, as the tube wall
is thinned from 0,020 to 0.015 in. Thé tube thinning does slightly increase

the coolant-side tube wall temperature (less than 10°F for a 0.015-in. wall).
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Calculations were made that indicated that a thermal
resistance (t/k) of 600 in;2&5ec4°F/Btu instead of 100 in;zésec—°F/Btu~at
the exit would reduce the heat flux approximately 16 percent and the coating
temperature in this area would increase from 990 to 1690°F. This would provide
an increased margin and a better chance for nozzle survival in the event that
some of the coating failed during the test.

c. Selection of Design, Coating System and Test
Plan for Second Test

A joint conference was held with Aerojet and NASA per-
sonnel for the purpose of adopting a course of action for the second nozzle
_test. Based on the failure analysis and the data provided by the post—test
heat transfer analysis, the following items were agreed upon.
(1) Thin the tube wall in the throat area to 0.015 in.
}by grit blasting. }
| (2) Coat the throat and forward sections with a 70

Mo/BOAl 0 mlxture to give a (t£/K) of 100 in.z—sec—°F/Btu.

273
(3) Coat the exit end of the nozzle with the nickel-
coated alumina—alumina topcoat system to obtain a t/K of 100 S.OIin. aftrof
_the throat to 600 in. 2—sec—°F/Btu at the exit end. See Figure 12.
(4) Eliminate the discontinuity below the upstream
insuletion and the nogzle by machining a taper on the ID of the lower insert.
(5) Flow water at maximum system capacity.

The selection of a 70 Mo/30 Al,0, mixture for coating

‘ 273
the throat area rather than the 20 Ni/BO Ale3 mix recommended as first choice
at the end of the material selection phase, was based on the necessity to pro-

vide a thicker coating to facilitate dimensional control of thickness. The

20 Ni/80 A1203 coating has a thermal conductiv1ty of approximately
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1.6 Btu—in./sec/in.2/°F x 10—5. With a t/K of 100 in.z—sec-°F/Btu, the coating
thickness required over the 0.002 in. nickel aluminide primer was determined

to be 0,00137 in.

t/K K x 107
Primer N Al, 0.002 14.3 35.0%
20/n1/80 Al,04 0.00137 85.7 1.6
100.0

*Subsequent thermal diffusivity testing established the thermal
conductivity of Nickel Aluminide at 11.2 x 10~5

’The obvious difficulty of obtaining a cdating of slightly
over a mil in thickness indicated that a coating of higher conductivity should
be used. Also, because of the local high heat flux regions apparent ftom
analysis of the first test and the uncertainty of the predictions in these
regions, it was decided that a higher melting temperature metal should be used
in place of nickel which melts at 2631°F. Molybdenum melts at 4730°F, It was
expected that Mo would perform better in a nozzle than in the disc and 5-tube
specimen tests insofar as regression due to oxidation. The labofatory tests
are made in the opeﬁ and entrain undetermined amounts of air into the plasma
stream. The oxygen content expected in the gas species is actually less than
expected with laboratory tests. The coating thickness required for several
different weight percent mixtures of Mo and A1203 were calculated. A 70 Mo/

30 A1203 mixture was determined to give a coating thickness of 0.0039 in. This
mixture was selected for the chamber and throat area, and nickel-coated alumina
with a K value of 3,19 with a pure alumina topcoat K = 1.6 was selected for the
divergent section from 5.0 in. downstream of the throat to the exit. The
thickness was tailored to result in gradual increase in t/K from 100 to 600

in.zmsec-°F/Btu. See Figure 12.

Planned test conditions were as follows:

Water Flow Rate 170 1b/sec
Tank Pressure 1100 psia
Inlet Pressure 850 psia
Outlet Pressure 450 psia
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Test instrumentation used was the same as for SN 01l.

4, Static Test SN 02

The second test firing (Nozzle SN 02) was accomplished
at AFRPL on 20 September 1968. The firing was of full duration with no
observed abnormality. Visual inspection of the nozzle after firing showed
no tube rupture or leakage. A layer of A1203 had plated out over the entire
nozzle. This layer was approximately 1/16 in. thick over the tube crowns in
“the throat area and 3/8 in. thick in the exit area. The alumina had shrunk
away from the nozzle at cooldown and had a network of cracks. Figure 18 shows
the coated nozzle. Figure 19 shows the condition of the nozzle immediately

after firing.

5. Post~Test Analysis SN 02

a. Laboratory Investigation
The fired nozzle was leak checked with air at 100 psig.
There appeared to be a leak in the forward section in the area just below the
remaining ablative insert. This area had approximately 0.080 in. of A1203 in
addition to the original plasma-arc-sprayed coating. A section about 2.0 in.
square was removed and examined. No evidence of cracks or burnthrough could
be found. It was concluded that the leak may have been in an adjacent area and

a leak path was formed under the Al O, permitting the air to escape through a

2°3
crack in the A1203 several inches away. No other leaks were indicated. Since
the Al,0, from the propellant was in general adhering tightly, it was felt that

2°3

the cost of finding the leak was not warranted.
Sections were cut from the fired nozzle in the forward
section, at the throat and the aft section. These were mounted, polished,

and examined metallographically. Measurements were made of the plasma-arc-sprayed
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thermal barrier and of the tube thickness at the throat, Photomicrographs
of the forward section, throat and aft section are shown in Figures 20 through

22. The measurements taken are shown below.

Forward Throat Aft
Coating 0.0048 (min ) 0.0040 (min ) 0.0080 (min )
Tubes 0.020 0.013 min 0.020

Figure 12 illustrates the nominal coating thicknesses. The thermal barrier
was constructed to give a thermal resistance of 100 inz—sec~°F/Btu;in the‘
throat and forward section with an approximately constant increase to 600 inz-
sec~°F/Btu at the aft end.

The coating in the forward section and throat (Figures 20 and
21) appears to have a void between the nickel aluminide primer and the topcoat.
This occurred either in the sectioning and polishing process or when theﬁ
propgllant A1203 cracked and fell off due to shrinking while cooling., Pieces
of the A1203 have been examined by X-ray diffraction for the existence of
either Mo or Ni on the underside. The results of the analysis are that only
alpha A1203 was observed. The conclusionwas made that the plasma-a;c~sprayed
coating was still in place and did not come off with the propellant deposited
A1203 on cooldown,

In addition, pieces of the A1203 were sectioned, mounted, and
polished for metallographic examination. TFigure 23 is a section at the throat
ahd‘is particulariy»interesting in that it shows three phases of growth. The
propellani Alzo3 evidently plated out on the relatively cold tube walls and
valleys (< 3100°F) during the first few seconds of firing, then when the
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thickness of the deposit was such that the hot side exceeded 3630°F, the

A1203 became molten and sluffed off while remaining semi-molten underneath.
Then as Pc dropped off and the heat flux decreased, the molten and semi-
molten layer solidified and as further cooling occurred, thls area was again
covered with the samé type of random grain deposit indicated in the layer

near the tube. This 1s, of course, speculation; however, no other explanation
for the three phases suggests itself. Figure 24 shows the large columnar
grains in a well-defined band. These grains are translucent and crystalline
in appearance.

To summarize the results of the metallographic part of
post—test analysis:

1. The wall thickness in the throat area was successfully
Areduced from 20 to 13 mils by controlled grit blasting.

2. The plasma-arc-sprayed thermal barrier survived the
start-up and stayed on even after the propellant deposited A,1203 cracked and
fell off on cooling.

3. The aluminum from the propellant oxidized and plated
out over the coating in a uniform manner exhibiting what appeared to be
three phases.

b. Heat Transfer Analysis

(1) Local Coolant Bulk Temperatures
In addition to the regular coolant inlet and outlet
temperature data, two sets of four thermocouples were installed to measure

local coolant bulk temperatures. The first set was located in line with the

solid propellant grain pattern peaks and the other in the grain valleys.
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The four thermocouples were located in the following axial positions:
(1) 3.9 in. upstream of throét, ~(2)vv 0.6 in. upstream of throat, (3) 4,0 in,
downstream of throat, énd (4) 2.3 in. from the aft end. The data from these
thermocouples for the first 8 sec are shown in Figures 25 and 26, The
temperatures in Figure 25 are those in line with the propellant peaks with T1
upstream of throat and T4 near the aft end. Figure 26 represents temperatures
in the propellant valleys with T8 located near the aft end. All eight thermo-
couples were installed in downtubes.

(a) Local Heat Flux

It is immediately apparent that the local

coolant temperatures decrease instead of increasing as one would expect in a
downtube. This decrease is attributed to the hot-side fluid mixing with the
cooler backside fluid. It is not possible, therefore, to determine local
heat fluxes directly from these data.

(b) Propellant Grain Pattern Effects

These coolant temperatures indicate that the

propellant peak region (Figure 25) is hotter than the propellant valley region
(Figure 26). This is most noticeable in comparing Tl and T5 both located 3.9
in. upstream of the throat. Thermocouple Tl peaked at 101°F in 1.5 sec while
T5 peaked at 99°F in 2.5 sec. This information verified the burnout pattern
notices in chamber SN Ol after the first test where the burnouts were

apparently in line with the peaks.
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Calculations were made to determine the
difference in_heat load between the propellant peaks and valleys. First, "
it was assumed that T4 and T8 represented the average coolant bulk temperatures
near the aft end.’ Using these temperatures and knowing the heat transfer surface
areas, an average heat flux was calculated for each region. The results indicated
that at 8 sec thé average heat flux in the peak regibh was approximately 22.5
percent higher than that in the_ﬁalleys.

(2) Coolant Inlet and Outlet Temperatures

Chamber coolant inlet and outlet temperatures were
taken, and for this test the average inlet temperature was 67°F. The chamber
coolant bulk temperature rise vs time is shown in Figure 27. This figure
represents an average temperature rise of the chamber coolant, and, therefore,
and average heat transfer rate, but these averages do not necessarily represent
the local circumferential variation as shown by the local data. However, these
data were used to coﬁpare test results to the predicted.

(a) Test Data Bulk Temperature Rise

The overall bulk temperature rise (Figure 27)
peaked out at 32°F in 8 sec, held approximately constant to 15 sec, then de-
creased continually to 21°F at 60 sec. This decrease can be attributed to
both the chamber pressure profile and the piating out effects of the alumina
on the coated tubes. Calculations were made at 8 sec, the maximum coolant
outlet temperature indicated, to determine the temperature rise at the propellant
grain peak region.

In the previous calculation it was determined
that the peaks were 22.5 percent higher than the valleys. Also, if it were
conservatively assumed that the 8 sec DT of 32°F represented the valley data,
then the peak AT would calculate to be approximately 39°F. This value is

then compared to the predicted value of 44°F temperature rise.
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(b) Comparison of Test to Prediction

The predicted coolant bulk temperature rise
of 44°F was made based on a thermal model modified 1n‘nhe divergent seation
of the chamber to account for the two-dimensional axisymmetric flow field
(Ref. 5). This modification was based on recent temperature data obtained from
the identically contoured Titan IIIM Stage II chamber program and-was‘aimilar
to that currently used in gll Titam IIIM Stage I chambers.

The test data maximym temperature rise af‘39”F
compares to 44°F of the new predicted value. Considering other uncertaiﬁvies
such as the effect of additional alumina plating out on the tubes, it is felt
that no correction in the analytical model is necessary, i.e., the test data sub-
stantiated the use of the current analytical model, as 1t is without modification.

(3) Conclusions"
(a) Local heat flux dg;a cannot be obtained from
the local ¢oolant bulk temperature data.
‘ (b) The avarage heat flux in the propellant grain
peak regions is approximately 22.5 percent greater than the valley region.
(¢) The overall coplant bulk temperature rise
maximum was 32°F at 8 sec and decreased to 21°F at 60 sec,
(d) The current analytical model is satisfactory
for future analysis.

¢. Selection of Design, Coating System and Test Conditions
for Third Static Test '

(1) Revised Test Requirements
Post~test analysis of the first test nozzle indicated
that the high local heat fluxes due to the propellant grain pattern would have

to be accounted for in the next test. The successful test of the second nozzle
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was evidence that this could be done by employment of a properly designed
and appliéd thermal barrier and increased wéter fl&w. Based on the abparent'

2°3

behavior of tﬁe propellant plated Al1,0, and the reduction in predicted bulk
temperatﬁré‘rise,Ait wéé theofizéd that after 8 seconds, the water fiow hould
be reduced to coincideiapproximately with the reduction in heat flux to the
coolant as evidenced by fﬁe éurve in Figure 27, Negotiationé with NASA resulted
in agreemént to change the prdgfam scope to include an analysis of the effects
of the plated out alumina and to prepare a test program to include gradualm
reduction in coolant flow after 8 or more seconds.

kAn additional change in scbpé’added a fequirément
to inclﬁdé several high meiting point ceramics over the original thermal barrier
coating of the third nozzle with the objective of determining the reaction, if
any, of these materials with A1293 and the gas species.

(2) Heat Transfer Analysis

To determine miﬁimum water flow requirements under
safe conditions while accouﬁting for the thermal resistance of the propellant
plated alumin;, tﬁb heaﬁytfansfer analyses were made for the coated chamber.
The first assumed no alumina plating and the severe thermal conditions experienced
during the start transients with coating temperatures of 3200°F. The second
analysis assumed alumina plating at 3700°F and realistic coolant bulk temperatures
experienced>in the second test. In both, the watér tank!pressure was assumed

to be 1100 psia and the water flow rate was reduced from 170 to 50 1b/sec,

or approximately 1225 to 360 gpm.
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The maximum burnout heaf flux ratios and wall
temperatures are shown in Figures 28 and 29. For the severe start conditions
at full flow (170 1b/sec) and RBo is 0.53 and the minimum flow for RBoof.

1.0 is 70 1b/sec or approximately 510 gpm. Assuming that alumina plating does
occur the RBo at full flow (170 1b/s¢c) is 0.39 and to achieve an RBo of 1.0
the wafer could be reduced to 50 1b/sec. These predictions are valid only
if the original coating remains Intact. The recommendations based on the above
analysis was to reduce the water flow rate after 10 seconds in stepdown to a
minimum of 80 lb/sec holding each step for a minimum of 5 seconds.

(3) Selection of Experimental Coatings

The basic criteria for selection of high temperature
coating materials for evaluation by test firing was that the melting points

should be above 4700°F and that they should be compatible with Al 03 and the

2
exhaust gas speciles.

A literature search was made covering recent data
on high=temperature oxides. Table XIII lists these materials and their
thermal and chemical properties. Data was not available for several of the
oxides and mixed oxides. The thermal conductivity and thermal expansion values
are for 1007 dense materials except where noted.

Table XIV indicates candidate coating materials
compatibility with the gas specles based on the free energles of the materials
and the gas species. A plus number indicates a condition unfavorablé to a
reaction while minus number indicates conditions for reaction as favorable.

ZrOz, Hfoz and SrO'ZrO2 were selected for testing

in the nozzle exit section. These materials have melting points of 4700°F or

above and are easily plasma-arc-sprayed. Zirconia and hafnia have very low
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thermal conductivity and are known to have good thermal shock resistance when
used as thin coatings. Aerojet has had little experience with Strontium
Zirconate and there is little published data other than that its thermal shock
resistance is somewhat inferior to zirconia and other zirconates and its
porosity is somewhat higher. When magnesium oxide was eliminated because it
proved impossible to plasma-arc-spray, Sr0-2r0, was substituted due to its
availability and ease of spraying.

MgO, ZrOz, Hf0Q, and ThO2 are attractive due to their

2

low thermal conductivity. There is no experience recorded concerning plasma-

arc-spraying of thoria.r This is probably due to its reported radioactivity and

poor. thermal shock properties. A special facility would be required for spraying

thoria. Mg0 is reported to be difficult or impossible to plasma spray due to

its vaporization. This was confirmed by a laboratory test where 10 passes of

the plasma torch over a substrate failed to result in a measurable Increase in

specimen thickness. The melting point of Be0 at 4660°F is near the target

of 4700°F, however, its thermal conductivity is high, it reacts with~H20 above
3000°F and its reported toxicity creates unknown handling problems. The other

candidate materials listed have meiting points considerably 1owér than 4700°F

and were eliminated from further consideration for that reason.

6. Static Test SN- 03

The third test firing (Nozzle SN 03) was accomplished
on 19 January 1969. The firing was of full duration. The LN2 tank to H20 tank
was regulator valve malfunctioned at approximately 27.621 and was below tank

pressure at 36.054 seconds causing a loss of flow and inlet pressure. Visual
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inspection after firing showed no evidence of leakage or loss of coating.

The appearance of the tested nozzle was nearly identical to SN 02. The experi-
mental coating materials that had been sprayed in the exit end appeared as
multicolored bands.

Planned test conditions were as follows:

T+ 12 T + 22
Initial 1st Reduction 2nd Reduction
Water Flow Rate, 1lb/sec 170 125 80
Inlet Pressure, psia 900
Outlet Pressure, psia 450

7. Post-Test Analysis SN 03

a. Laboratory Investigation

The tested nozzle was removed from the stand and returned
to Aerojet. Visual inspection indicated no damage or abnormalities. The
condition of the ablative inserts and the coating was nearly identical to that
of the previous test nozzle SN 02.

The nozzle was sectioned to obtain specimens of the
experimental coatings in the aft section. These were mounted and polished
for microprobe analysis. A specimen was made for each condition shown in
Table XV.

The purpose of the microprobe analysis was to determine
the extent of reaction, if any, between the plasma-arc-sprayed layers and
between the top layer and the AléO3 of the propellant. On specimens B, D, F,
the 2nd and 3xd iayer'interface and the 3rd layer surface were examined. On
specimens C, E, G, containing the tungsten topcoat, the 3-4th layer interface
and the 4th layer surface were examined. Results tabulated by specimen and

material layer are delineated below:
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‘Eleément ‘Layer

Al 2-3

Hf 3

Al Surface
Al 3-4

Hf 3

W 4

Al Surface
Al 2-3

Zr 3

Al Surface
Al 3-4

zr 3

W 4

Al Surface
Al 2-3

Zr 3

Al Surface
Al 3-4

Zr 3

W b4

Al Surface
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Results

No diffusion
Found,.no diffusion

Residue ~/ 2 to 10 p thick

No diffusion
Found;no diffusion
L 47 Al all through

Residue ,»2 to 3 p thick

No diffusion
Found, no diffusion

Small residue

No diffusion

Found, no diffusion
< 4% Al content

2 to 3 u residue

No diffusion
Found, no diffusion

Residue <2 u thick

No diffusion
Found, no diffusion
< 57 Al content throughout

Residue <2 u thick
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b. Data Analysis

Review of the digital data indicated that initial flow
rates were somewhat higher than planned and higher than indicated by the visual
and quick look data. Table XVI summarizes the significant data and sequence of
events. At 27.621 seconds regulator pressure dropped below tank pressure and -
continued to reduce to zero at 36.054 seconds. At approximately 45 seconds the
remove control downstream valve was opened permitting an increased flow while
pressure in the pressure out continued to fall off. Flow did not fall below
the planned 600 gpm maximum. Because of the valve malfunction the actual test
conditions were out of the range of conditions studied; therefore, it was
necessary to perform a heat transfer analysis using the actual test conditions.
Calculations indicated a maximum burnout heat flux ratio of 0.74 which is approxi-
mately 18%Z higher than would have been experienced if the regulator had not
malfunctioned. The corresponding tube wall temperature on the coating side was
calculated to be 1425°F. These maximum conditions occurred at 44 seconds when
the minimum flow (610 gpm) and maximum local coolant bulk temperature (85°F) were
experienced. Table XVII compares predicted burnout heat flux ratios (RBO) at
representative points during the test. The fact that the water temperature was
47.5°F rather than 70°F provided a small margin in RBo' This, coupled with quick
action by NASA and AFRPL personnel in opening the downstream valve when H2 pressure
regulator valve closed, contributed to obtaining a successful test under poten-
tially hazardous conditions.

The 610 gpm water flow rate represents a reduction of
58% under the actual starting flow rate and 527 under the planned starting

flow rate.
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V. CONCLUSIONS AND RECOMMENDATIONS

Several candidate A1203 base plasma-arc-sprayed thermal barrier materials
were analyzed for compatibility with the exhaust gas species of the 260-in. solid
propellant rocket motor. The promising coatings were further evaluated by
laboratory testing for resistance to thermal shock-and corrosion.

Three coating systems were superior to all others. These were 80 A1203/

20 Ni, Ni-coated Al1,0,, both with a pure A120

2035 topcoat, and Ni/A1l,0. in various

3 273

weight percents,

Two subscale tests were made using coated water-cooled nozzles and
Wing I Minuteman solid propellant motors. The thermal barrier materials used in
both tests were a 70 Mo/30 Al,0, mixture in the chamber and throat area and»a

273

Ni-coated Al 03 plus Al topcoat in the exit area. The coating survived the

2 203
tests with no evidence of erosion or cracking and remained intact when the
A1203 in the propellant plated out over the nozzle and cracked and fell off on
cooldown.

To test the theory that the propellant alumina which plates out over the
nozzle is itself an effective thermal barrier during the coated nozzle test, the
water flow rate was reduced by 52% under that predicted safe during start transient
conditions. Post-test inspection revealed appearance to be nearly identical to
the previous test with no evidence of loss to coating.

On the basis of testing and analysis performed during the program the
conclusions are:

1. The alumina-based thermal barriers developed are capable of surviving

the environment of the Minuteman exhaust gases and functioning as a thermal barrier

to provide a substantial reduction in heat flux to the coolant.
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2. The alumina in the propellant plates out over the nozzle in a uniform
manner, reaches a surface temperature ~3700°F at which time it melts and sluffs
off. At tailoff it increases in thickness; then on cooldown it shrinks and cracks.

3. By employing a plasma—-arc-sprayed thermal barrier and taking advantage
of the effect of propellant plated alumina in reducing the heat flux, water flow
rates can be reduced at least by 52% after 10 seconds.

The alumina in the propellant plates out on the nozzle walls up to 3/8 in.
thick. Its weight and its effect on performance are not known. The employment
of thermal barrier materials capable of operating at a surface temperature >4500°F
would prevent the alumina from plating out. In addition, a thermal barrier
operating at >4500°F would provide a greater thermal resistance and thereby reduce
coolant requirements. For these reasons, it is recommended that higher temperature
thermal barriers be developed for use on water—cooled mnozzles. To further reduce
coolant requirements, it is recommended that studies be initiated for developing
other methods of obtaining more efficient utilization of the coolant.

b The total bulk temperature rise of the coolant was low (“40°F)
in all cases in relation to the temperature rise to the ppint of boiling (V400°F).
This was because of the high flow rates required by this chamber design to

prevent burnout.
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TABLE I. THERMOCHEMICAL DATA FOR CERTAIN METAL OXIDES

Melting Point, Boiling Point, Density, Heat of Fusion
°cC__ °c - _gm/ec K cal/mol
C f -
) 04 2435 4000 5.21
WO, 1473 - 7.16 15.0
A1203 2045 2980 3.96 26.0
Mo0, 795 1155 4.69 -
ZrO.2 2715 - 5.6 20,8
NiQ 1990 - 6.65 12,1

F, K cal/mol

1227°C 1727°C 2227°C

(2240°F) (3140°F) (4040°F)
Zr0, -193.8 ~172.3 ~-150.07
WO3 ~-111.4 -83.6 ~-56.5
Cr203 -178.6 -147.9 -115.6
Mo0 4 -159.7 | -95.9 -88,1
A1203 ~286.08 -247.6 -209.8

NiO -25.8 -15.1 -3.7
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TABLE II. COMPATIBILITY OF CANDIDATE MATERIALS WITH THE EXHAUST GAS SPECIES

Free Energy of Reactions,
F, Keal-moke™l to 500 psi

Reaction 2000°F ’3000'? 4000°F
3H2(g) + A1203 3H20(g) + 2A1 +172 -153 +136
6H(g) + A1203 2A1 + 3H20(g) - 63 - 42 - 36
6HC1(g) + A120 3H20(g) + 2A1C1 + 54 + 60 + 71
2HC1(g) + W WClZ(g) + HZ(g) + 74 + 69 + 65
Hzo(g) + A1203 2A1 OZH(g) +257 +230 +207
2C0 + A1203 Alzo(g) + 2C02 . +171 +148 +123
W + ZCO ch + 002 + 12 + 31
W+ H No Reaction

W+ 9H20 W309(g) + 9H2 + 42
Mo + 2CO MoC + 002 - 0.5 - 11 + 8
Mo + H No Reaction

Mo + 3H20 MbO3 + 3H2 + 27 + 12 - 5
W+ 3CO2 W03 + 3C0 + 9.7 +10.4 + 2.7
Mo + 3CO2 MoO3 + 3C0 + 31 + 9.5 -13.5
2 Ni+ 2 CO2 2Ni0 + 2C0 - 7 + 25

Ni + H20 NiQ0 + H, - 16 + 18

2Ni + 02 2Ni0 - 50 - 30

4Cr+6 CO2 ZCrO2 + 6CO ~-128 -132

CR + 3H20 CrO2 + 3H2 - 61 - 51

4CR + 302 2Cr0, -393 -329
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TABLE V. THERMAL CONDUCTIVITY OF ?LASMA SPRAYED MATERIALS AS DETERMINED BY
THERMAL DIFFUSIVITY MEASUREMENTS

Temperature, °F

Material RT T 750 1400
A120,3 1.61
Ni Coated A1203 3.19
80 A1203/20 Ni 1.42
Nickel Aluminite (Metco 404) 11.2
84 A1203/16 Mo 2,43 1.53 1.82
50 A1203/50 Mo 2.79 2.10 2.71
4.92
30 A1203/70 Mo 4.28 3.16 4.55
A1203/Mo wires 1.74

K= Btu-—in./sec.in.2 F x 10
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TABLE VI.

Surface
~ Finish,
Microinches RMS

25
25
25
25
250
240
250
2o
250
250
250
250
250

250
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THERMAL BARRIER ADHERENCE EVALUATION

Primer

None

Ni Cr

None

i Cr

None

i Cr

Mo

Coating

(Weight %)

70 A1203/3O Mo
70A1203/3O Mo
T0Mv/30A1,04
TOMo/ 3041203
TOA1203/30 Mv
70A1203/3O Mo

TOA1p03/ 30Mo

NiAlg(wire) TOA1,03/MO Mo

Nisl3(powder) TOAloO3/30 Mo

None

Ni Cr

No

7OMo/ 30A1,03
TOM /3041203

T0Mo/30A1203

NiAlz(wire) 70 M./30A1203‘

NiAlz(Powder) 70 Mv/30A1203

Ultimate Shear
Strength, psi

664
12h5
1250
1110

Tl
15h2
1010
204k
1670
1998
1750
1198
3320
2480
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TABLE XV. MICROPROBE ANALYSIS -~ EXPERIMENTAL COATINGS
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Ky Mo = 37 Btu/ft-hr-°F

Ky Mo = 14 Btu/ft-hr-%F

Al,03 - Molybdenum

Thickness vs Composition for
Thermal Resistance
of 250 iné~sec®E/Btu

| R W N 1 b ]

L

22 39 52 63 72 80 8 91 96 100 Wt.% Mo
10 20 30 40 50 60 70 80 90 100 Vol.% Mo

Thermal Resistance of Alzo ~Mo Mixtures as a Function of Coating

3
Thicknesses and Composition

Figure 1
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Thermal Conductivity of Métal/Alzo Coatings at 2000°F
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Figure 2
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250X

Nickel~-Coated Alumina Powder

Figure 3
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350X

Specimen W6 Ni-Coated A1203 Intermediate Coating

Figure 4
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250X
Specimen X18 Before (upper) and After Testing (lower)

Figure 5
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Top View 6X

5-Tube Specimen, Mo Wire/A1203 After Testing

Figure 7
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100X

Burned Tube at Throat

Figure 13
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Figure 19

Nozzle SN 02 After Test
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Forward Section - 250X
Figure 20
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100X

Throat - 250X

Figure 21
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100X

Aft End - 250X

Figure 22
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Section of Propellant Deposited Al,0, Throat Area
Showing Band of Large Columnar Grains - 100X

Figure 24
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NOTE:
1.

Coolant: Water

i i | ) 1 1

1 2 3 4 5 6

Time, sec

Coolant Bulk Temperature Thermocouple Data SN 02

Figure 25
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