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ABSTRACT

The purpose of this study was to test certain ceramic liner materials
in a liquid propelled, uncooled rocket motor chember to determine the best
type liner material and study the temperatures encountered on the chamber
casing wall and the outer ceramic liner wall.

The liner materials zirconie, zircon, beryllia and silicon carbide
were tested in a stationary test rocket motor using acid-aniline propellant,

From this study it was determined that rocket motors using a zirconia
chamber liner and operated under test conditions could be fired for periods

up to approximately 220 seconds.
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I. INTRODUCTION

There are two main purposes for using ceramic liners for rocket motor
chambers. The first purpose is to reduce the heat transfer through the
chamber thus making possible the use of regenerative cooling with liquid
propellents that could not otherwise De used with conventional type rocket
motors. The second purpose is to simplify the design of short-duration rocket
motor chaumbers.

Previous work at the Jet Propulsion Laboratory has been directed towasrd
the reduction of heat transfer through the chamber walls. In previous tests
it was found that the best type ceramic chember liners reduced the heat transfer
to the chamber coolant by as much as 79 per cent.

The present work is concerned with the testing of ceramic liners for the
vurpose of determining which types of ceramic liners showed the most promise
for use in uncooled rocket motor chambers of simple design.

In general, the liners used in the ceramic liner tests conducted a2t the
Jet Propulsion Laboratory have been pure oxides or combinations of pure oxides.
However, in addition to the oxides, cerbides znd various types of carbon liners
have been tested. All the liners tested had a melting point above BYOOOF.

Listed in Table I are the liners that have been tested at the Jet Propuision
Leboratory in a cooled rocket motor chamber.

The liners used in this study were selected on the basis of the results
of the tests carried out with cooled chambers, and are listed in Table II.

Studies have been made at the Jet Frooulsion Laboratory concerning the
physical properties of various ceramic materials, including those materials
used in this series of tests. The physical properties of interest to this

study eré included in this report as Table III and Figure 1.
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II. DISCUSSION OF THEORETICAL ANALYSIS

A theoretical analysis is not being made at this time because the rhysical
properties of.the merials at the temperatures encountered in this study are not
known. It will be noted by observing Figure 1 that the thermal conductivities
for the materials tested were determined in a temperature range from approxi-
mately 500°F to lBEOOF. Since‘a theoretical anslysis is largely dependent on
the thermal conductivity of the meterial being investigated, it is obvious
that this physicel property must be determined quite accurstely at the tempera-
ture of the analysis. For a theoretical analysis to accompeny this experimental
study, the thermal conductivity must be determined for temperatures near the
melting points of the ceramic materials used.

At 2 first glence it might appezr that an extrsvolation of the curves
presented in Figure 1 would serve the purpose. This was attempted for a one
dimensional heat flow anslysis, but the correlation between theoretical and
actual temperature versus time curves was very poor and was discarded as value-
less,

It is quite certain that at high temperatures the thermal conductivity
of a porous materiasl, such as used in these liner studies, increases rapidly.
At low temperatures the thermal conductivity is determined by conductive heat
transmission and is low because of the poor conductivity of the gases in the
pores of the material and the low conductivity of the solid portions of the
liner. At high temperatures, however, the heat transmission is increased by
the effect of radiation through the pores of the material. Since heat trans-
mission by radistion varies as the fourth power of the temperature difference

and hest transmission by conduction varies as the first power of the temperature



difference, the rate of increase of the value of thermal conductivity should
be greater at higher temperatures. It is therefore guite obvious that an
extrapolation on Figure 1 for high temperature thermal conductivities would
be very dangerous and nmisleading. In this connection it should be noted that
the porosity of the materials used varied between 20.8 and 37.3% as shown in
Table III.

Even if the physical properties of the materials were known accurately,
the analysis would be coﬁplicated by many different factors. Heat is being
extracted from the liners at both ends. Both the injector and the nozzle are
cooled--the injector by the liquid provellant and the nozzle by the coolant.
The gas temperature varies from point to point both longitudinally within the
chamber and circumferentislly about the chamber. This can be observed in the
various figures showing the condition of the liners after the tests. Heat is
being radiated from the outer casing wall in a sizsble amount. Computations
considering black body conditions show that spproximately 15% of the heat flow-
ing through the liners is radiated from the chamber casing wall when a chamber
casing wsll temperature of lMSOoF is reached. The physical properties of the
liner materials usually vary with temperatures.

Since the problem presented here 1s clearly a complicated three-dimensional
heat fldw problem, it is quite necessary to look for assumptions that can be
made to simplify the problem considerably and still give a fairly accurate
appraisal of what really hapvens. As in most heat flow analysis problems,
average values of physical vropverties can be tezken and a2 one-dimensional heat
flow problem can be assumed as a first epproximestion. Only transient heat flow
need be considered in such an analysis since stesdy state conditions will never
be reached at the chamber temperatures encountered with an acid-sniline, licuid

provnellent rocket motor.



III. EXPERIMENTAL PROCEDURE

All tests were made in a standerd test pit as used at the Jet Propulsion
Leboratory. All testing wes done on a stationary test stend. The test stand
was located in a test pit which was separated from the control room by thick
concrete walls. Multiple thickness safety gless windows were provided for
viewing the rocket motor under test from the control room. Figure 3 shows a
test motor on the stationary stand. This figure shows the necessary plumbing
to provide fuel, oxidizer and coolant water to the test motor as well as the
various test connections to provide performance data. In this particular case,
a rocket motor with a watercooled unlined chamber is on the test stand., This
motor was used a2s a standard motor in checking out the system to be used in
this study. Figures 4 and 5 show a ceramic-lined uncooled motor in place on
the test stand.

The rocket motor used in this study was a 750-pound thrust motor using
aniline (C6H5NH2) as a fuel and red fuming nitric acid (HN03+N02) as an oxidizer.
The nitric acid contained approximately 6.5% by weight of NOZ.

The motor was of simple design consisting prinecivally of an injector, a
nozzle, a chamber czsing and a ceramic liner; Figures 6 and 7 show the main
components of the rocket motor as disassembled end as assembled. The injector
(see Figure 8) was of the multi-orifice type with the orifices yielding six
impinging streems. A stainless steel adapter ring as shown in Figures 9 and 10
was necescary to fit the injector to the chamber casing and still allow the
liner to fit loosely within the chamber casing. The nozzle was a copper, chrome
plated nozzle as shown in Figure 1l. The chsmber casing was made of 347 stainless

steel and provided the container for the ceramic liner. It was originally
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designed as shown in Figure 12 but later modified to adhere to the design shown
in Figure 13. This change wes necessitated by faulty design in the csse of
Figure 12. The liners to be tested were mede of stabilized zirconia, zircon,
beryllia, and silicon carbide (see Table II). For the physicel dimensions of
these liners see Table IV. Figure 1L shows o photograph of the four different
liners before being tested. |

The silicon carbide and zircon liners as received from the manufacturer
were of such dimensions as to be easily inserted into the chamber casing without
altering the outside diameters. However, the outer diameters of the beryllia
end zirconia liners had to be reduced so as to fit into the casing.

A prepared liner was then placed in the chamber casing and the nozzle,
~injector edepter ring and injector were bolted to the casing. The thermocouples
used to measure the temperature of the outer wall of the ceramic liner were then
placed in the thermocouple wells provided on the casing. A gas-tight seal_was
obtained around the thermocouple leads by use of a sasket of No. 76 Sauereisen
cement and powdered asbestos. This gasket-seal also held the thermocouple
junction in contact with the ceramic liner wall ‘throughout the test. Figures U
and 15 show the thermocouple wells with some thermocouples in place. Figure 16
shows the location of the thermocouple well on the inside of the chamber casing
wall. Thermocouples were then affixed to the outer well of the chamber cesing.
Figure 5 shows these thermocouples in place on the casing. These two sets of
thermocouples gave the primary temperature data for this study. Data concerning
these two sets of thermocouples are given in Figure 2 and Table V. Temperature
measurements were also tezken of the coolant water for the nozzle. This measure-
ment was accomplished by using a differential iron-constantan thermocouple
vile and gave data regarding the heat flow through the nozzle with the various

liners. A record of this heat flow is given in Teble I, Apvendix I.



All temperature data were recorded on recording potentiometers as indicated
in Teble V, except one control thermocougle sttached to the chamber cesing and
shown as being attached to a calibrated millivoltumeter. HMore is said of this
control device in the following paragraphs.

During the operestion of thé rocket motor the following data were also
recorded: Flow rates of fuel, oxidizer and coolant water to the nozzle; the
total conswmption of fuel and oxidizer during a test; regulating pressures on
the fuel and oxidizer supply tenks; thrust developed by the motor; chamber
pressure of the motor; and the various pressures in the system so as to indicate
line losses and injector losées in the pressure system,

The length of test possible during this study wes controlled by one of two
conditions. The first criterion was that tests were cut off if the calibrated
millivoltmeter at the control penel indiceted a temperature of approximately
1450°F. This millivoltmeter was connected to the thermocouple nearest the
nozzle end of the test motor and recorded the hichest temperature along the
length of the chamber casing. If the rocket motor ran relatively cool and
the outer chamber wzll temperature did not reach 1450°F, the length of test
was determined by the capacity of the oxidizer supply tenk. This tank held
ayxproximately enough oxidizer for tests of 180 seconds at the mixture ratios
and oxidizer flow rates used.

All tests were made by starting the motor on reduced flow rates of fuel
and oxidizer (approximately 1/6 of normal flow rates). The reduced flow operation
lested only one to three seconds. As soon as the motor had started on the
reduced flow the full flow rates were established through the use of solenoid
opersted quick opening velves. In this manner the initial shock to the motor

was lessened end usually eny melfunctioning of equipment was noted during the
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starting phase of the operation and could be corrected before full flow

operation was attempted.



IV, DISCUSSION OF RESULTS

The results obtained in this study can be evaluated in many different ways.
The eveluation of merits of the various liners tested will be compared by the
following methods:

1. The length of run possible under the conditions of the test.

2. The rise in temperature on the outer wall of the chamber casing.

3. The rise in temperature on the outer wall of the liners.

4, The condition of the liner after a test.

Any evaluation of liner materisls for rocket motors must be carefully
correlated with the physical properties of the material. Probably the two
most important physicel properties of a ceramic liner are its melting point
and its thermal conductivity. Unfortunately, presctically nothing is known of
the thermal conductivity of the liner materials used in this study above
temperatures of approximately 1350°F, Although thermal conductivities are
knowvn for the materisls tested between the temperatures of 80°F énd 1350°F,
these values are of little significance at the temperatures encountered in
these experiments, as indicated in Section II.

It is well to discuss those items that are common to all the tests before
giving individval results for the various liners.,

All liners were cracked during the testing. There were at least three
contributing factér; for this. First, the thermal stresses were very high
through the liner. Although the gas temperature was not measured, it is quite
certain that the temperatures were between 4000° and 5000°F. The thermal stresses
set up by virtuebof the large temperature differences between the cold outer

surface of the liner and the hested inner surfece of the liner at the outset
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of the test, were exceedingly large. Second, some cracking was undoubtedly

the result of the stresses set up by the impulse imparted to the liner when the
initial chember pressure of 300 pounds per square inch absolute was estsblished
within the chamber. Third, all liners fitted cuite loosely in the chamber
casing, thus allowing the chember pressure to force the liner out against the
chamber casing wall. In only one out of twelve tests did any trouble result
from this liner looseness. This occurred in one test of silicon carbide and
will be noted in the individual evaluation.

In studying the various curves presented in this report it must be borQe
in mind that very large temperature gradients existed throughout the chamber
section of the motor. Since a water cooled nozzle was used in this group of
tests and the injector was cooled by the large quantity of fuei and oxidizer
that flowed through it, both ends of the chamber were kept at relatively low
temperatures. Both the injector and the nozzle were kept at temperstures
between 100°F and 250°F throughout the tests. During the tests the chamber
casing wall temperstures at a distance of 2-1/16 inches from the nozzle end
of the chamber reached temperatures as high as 1450°F while the outer wall
of the ceramic liners reached temperastures es high as 2M50°F at a distance of
1-3/4 inches from the nozzle end of the chamber. It is a known fact thst the
gas temperatures within the chember are not uniform from the injector end to
the nozzle end of the chamber. It is assumed thet the maximum gas temmerature
(near 5000°F) occurs near the nozzle end of the chember. Furthermore, it cen
readily be seen by looking a2t any of the photographs of a liner after a test
that the temperatures around the circumference of the chamber were not uniform.

This shows up by the uneven melting and eroding of the liners as well as the
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injector patterns cn the liner. With the various gas temneratures from point
to point within the motor chamber it is quite obvious that heat is flowing
in three directions at each point. This heat flow is radially out through
the liner and casing, longitudinally along the liner and the cesing, and
circumferentially sround the liner and casing. As is illustrated in Figure 15,
the temperature measurements on the liner wall and the outer casing wall were
taken at arbitrary points longitudinally along the motor. It is quite obvious
that the highest temperatures of the liner and the cesing walls were not neces-
sarily recorded during these tests. Unfortunately time, materiasls, and meaéuring
equipment available did not nermit more tests or more temperatures to be taken
dufing each test. A comparison of the curves as a whole presented in Figures 27,
36, 42, and Y4 which are plots of time versus temperature of the outer ceramic
wall will show quite clearly that the maximum temperature longitudineally along
the chamber will be measured at or very near l% inches from the nozzle end of
the chamber. At distances of % inch from the nozzle end the cooling effect of
the cooled nozzle against the ceramic liner is shown quite conclusively by
the tendency for the curves to level off and approach steady state conditions.
This is also true of temperatures measured at distances of 2-3/4 inches and
grezter from the nozzle end of the chamber. This theory eccounts for the
tendency of many of the curves to appear to be epproaching steady state co%ditions
when it is known thet melting and eroding is occurring to the liner.

Many materials go through allotropic transformations Qith increasing
temperatures. These lattice structure transfofmations are not desirable for
ceramic liner materials primarily becsuse the transformation is normally

accompanied by an expension or contraction of the materiasl. For this series
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of tests the materials chosen do not change lattice structure with increasing
temperatures.

The test pit provided for this study did not have a means of varying the
mixture ratio of oxidizer to fuel and it was necessary to mske all tests using
restrictors in the fuel and oxidizer»lines to provide the desired mixture ratio.
Once the desirable mixture ratio was established the restrictors were not changed
during the entire group of tests. It was necessary, however, from time to time
to change injector orifices due to corrosion and burning of the orifices. Unfor-
tunately, the mixture ratios obtained from test to test varied and since cogtrol
of mixture ratio was next to impossible with the test set-up as it existed,
this condition was accepted as an error introducing varisble. Since the average
mixture ratios during individual tests varied from 2.91 to 3.45 there resulted
2 considerasble variation in motor performance throughout the group of tests.

At this point it is well to introduce the parameter used in comparing motor
performence of rocket motors. This parameter is called the "characteristic

velocity" and is given by the symbol. c*.

Pe ft _ pefre
i w

c* =

where!: Dpg rocket motor chamber pressure

fi = throat area of nozzle

m = rate of flow of mass through the nozzle
w = weight rate of flow through the nozzle
g = acceleration due to gravity

It is seen that the characteristic velocity is determined only by quantities
related to the combustion chamber snd the nozzle throat dimensions. Since it

is independent of exit conditions, it can actuelly be considered as a parameter
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of the combustion vrocess. Another expression can be shown where c* = f(T;/M)
where T, is the chamber temperature and M is the molecular weight of the propellant.
It is, therefore, shown that large velues of the parameter c* are dependent on
high chamber temperatures and low molecular weight of the propellant. Thus a
high value of the characteristic velocity will indicate a high chamber temperature
developed‘by a small amount of propellant and consequently shows high motor
performance. Appendix I gives further data on the parameter c* as well as
individual performance data for each test. A study of these data presented

in Appendix I will show that one test with a liner of zirconia gave the highest
performance data (c* = L4880 ft/sec based on sight glass readings of fuel and
oxidizer consumption), one test with a liner of beryllis gave a c* = 4800 ft/sec,
one test of a zircon liner gave a c* = 4730 ft/sec and one test of a silicon
carbide liner gave a c* = 4590 ft/sec. As is borne out in the individual
discussion of results of the various liners that follows this section, the
performence data as obtained strengthens the conclusions as to the best tyne

of liner tested.



VY. RESULTS OF EXPERIMENT
ZIRCONIA (LZ0-73%)

Zirconia is interesting as a liner material primarily because of its
nigh melting point (4928°F) and ite relatively low thermal conductivity.

Unfortunately, pure zirconia normally has a monoclinic structure at
room temperature and exists in other allotropic forms at elevated temperatures.
It has been found, however, that it can be made to have a cubic structure at
all temperatures ur to the melting point by the addition of other oxides to
it. The particular zirconia used in this experiment was stabilized by the :
addition of calcia. ©Since stabilized zirconia was used it was to be expected
that there would be no changes in lattice structure during these tests.

Four tests were made with the stabilized zirconia type liner. The first
test (B-83-N) was stopped after 121.1 seconds because of a malfunctioning of a
pressure gage. A visual inspection of the liner after this test showed that
some melting and erosion had occurred in the two-thirds of the liner nesrest
the nozzle. However, the condition of the liner was such as to make it usgble
‘again. Figures 23, 25, and 2b show the condition of the liner and nozzle after
this test. A second test (B-84-N) was then made using this same liner. The
durstion of this run was 147.2 seconds and was stopped because of the limited
amount of oxidizer available. (Following this test the capacity of the oxiéizer
storage tank wes increased.) An inspection of the liner after this test showed
that the liner had melted and eroded quite badly and in one place the liner
thickness had been reduced from 0.375 inches to 0.120 inches. This point of
melting was 2.25 inches from the nozzle end of the chamber and can be seen in
Figure 29. Other photographs showing the liner condition after a total test

time of 268.3 seconds are shown in Figures 28 and 30. A second series of two
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tests was made using a stabilized zirconia liner. The total test time for this
second series was 363%.5 seconds. The liner after these runs (B-89-N and B-91-N)
had the same appearence as Figures 28 and 30. The minimum thickness of the
liner after these two tests was 0.26 inch.

Figures 19 and 27 show graphs of time versus temperature for the tests
mentioned above. It will be noted from Figure 19 that temperatures of the
outer chamber casing well only resched & value near the predetermined cut-off
temperature of lMBOOF during the second test of a series oan the same liner.
An extrepolation of the test giving the greatest rate of heating for a new -
liner (B-83-N at a point 4 inches from the nozzle end of the chamber) shows
that it could be expected that a gzirconia liner operated under the same condi-
tions as the test could be fired for approximately 220 seconds before the outer
wall of the chamber casing reached a temperature of 1U450°F, Data svailable on
304 stainless steel indicate that 2t temperatures of 1700°F the tensile strength
is great enough to provide a factor of safety of 4 in a chamber casing of the
seme design as used in this test and operating with a chamber nressure of 300
pounds per square inch absolute. Since it has been found that the hottest
point elong the length of the chember is somewhere near 2 point 1% inches from
the nozzle Qnd, it ié well to assume thet lM50°F at 4 inches from the nozzle
end is a maximum allowable temperature until the actual temperature is known
at the hottest point. If Figure 27 is now considered it will be seen that the
temperatures measured here are also relétively low compared to the ges stream,
and that there is nothing to indicate that a test as predicted from Figure 19
is not possible. It will be noted from all the curves as presented in Figures 1

and 27 that a steady state condition is rnot approached in these tests. It is
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entirely probable that instead of the curves tending to "level out" or show
a decreasing rate of heating as would be the case when a steady state condition
is being approached, the curves would tend to show an increasing rate of heating.
This tendency would be due to the melting and eroding of the liner and is
reflected in the curves representing the second test on the same liner.
Reference to Figures 28 and 29 will show that melting and erdding occurred
quite near the injector end of the chamber. In this case, it is believed that
the melting and eroding rates were high enough at places other than the vicinity
of the hottest region of the motor to cause all the curves of Figure 28 to show
more oOr lesé constant rates of heating throughout the experiment. This is the
only series of tests wherein temperature measurements awey from the hottest
point of the chamber liner did not show decreasing rates of heating with
increasing time. This can be explained by viewing Figures 28 and 29 and
noting that melting and erosion occurred in ebout 2/3 of the total 1ength.of
the chamber. Since all temperature measurements were taken in the region in
which melting end erosion occurred, it is believed that the melting and erosion
rates were high enough in this region to keep the curves of time versus tempera-
ture of Figure 27 more or less straight lines.
The performaence data for the tests of zirconia were the highest obtained
for any of the liners tested. This means that the chamber gas temperatures
were higher for these tests than for any of the other materials tested and,

therefore, this liner was given the most severe test of the lot.
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ZIRCON LZS-78

Zircon is an interesting liner material because of low thermal expansion
characteristics, high melting point (H532°F), g00d thermal shock characteristics,
and its relative cheapness of manufacture.

Three tests were made with this type of liner. The first test (B-85-N)
was for a duration of 110.H seconds and was halted by a2 motor burnout as shown
in Figures 31 and 32. This failure showed the need for a redesign of the
chamber casing and resulied in a chamber casing of the design shown in Figure 1l.
Figures 17 and 18 show the replacement of the metal lip of the original des;gn
with a ceramic ring of the same material as the chamber liner. Figure 31 shows
the blistering effect that is ususl in zircon liners. Figure 32 shows the usual
cracking in a loosely fitted liner. In this relatively short test it wes found
that the liner had eroded to a minimum thickness of 0.26 inch at a distance of
1.75 inch from the nozzle end of the chamber. A second series of two tests was
made on the same tyve liner. The first test (B-92-N) ran for 181.5 seconds
with the modified chamber design. Figure 33 shows a photograph of the liner
after this test. The projections into the chamber cevity are blisters that
have flaked off the liner. The second test of this series (B-92-NW) was for
173 seconds and was cut-off when the outer chamber casing reached a dangerogs
temperature. Figures ok, 34, and 35 show the condition of the liner and noézle
after the total run time of 354.5 seconds. The minimum thickness of the liner
after this series was 0.10 inches.

Pigures 20 and 36 show graphs of time vefsus temperature for the tests
mentioned above. It will be noticed from Figure 20 that temperatures of the

outer chamber casing well reached a2 value near the predetermined cut-off
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temperature of 1450°on1y in the case of the second test on a liner. An
extrapolation of the test giving the greatest rate of heating for a new
liner (B-85-N at 2 point 3-13/16 inches from the nozzle end of the chamber)
shows that it could be expected that a zircon liner under the same conditions
as test conditions could be operzted for apyroximately 195 seconds before the
outer wall of the chamber casing reached a temperature of IMBOOF. t will
be noted that the rate of heating through zircon is higher than for zirconia.
The curves of Figure 36 show a general tendency toward a reduced rate of
heating with an increase in time. This can be explained by the statement
made in the discussion section of this report wherein it wes postulated that
all temperature measurement at points away from the hottest points of the
chamber casing would have a tendency toward approaching steady state conditions.
It will be observed from the data appearing on Figure 36 that no temperature
measurements were made at approximately 1% inches from the nozzle end of the
liner. If such a measurement had been made it is assumed that the curve of
temperature versus time would approach a straight line curve.

The performance data for this series of tests were lower than for zirconia
or beryllia and thus indicated that the chamber temperatures were lower. The
lower chamber temperatures undoubtedly contributed to the decreasing rate of

heating with time.



SILICON CARBIDE (2%509)

Silicon carbide is an interesting liner material because of low thermal
expansion cherscteristics, good thermal shock characteristics, and its
relatively high melting vpoint or decomposition point. (Silicon carbide decom-
poses at a temperature above 4060°F in air.) Whether silicon carbide decomposes
or melts is a function of the atmosphere around the material.

Three tests were made with silicon carbide. In the first test (B-38-N)

a very loosely fitting liner was used. The test lasted for 63 seconds at
which timg a motor burnout caused the test to be terminated. This motor burn-
out was a direct result of the sloppy fit end the large cracks developed in
the liner. Figures 37, 38, and 39 show this motor failure. It is the belief
of this writer that the failure was caused by a piece of the liner falling
from the inner face of the chamber casing wall and allowing the hot gases

to come in direct contact with the metal wall. The piece of liner fell from
the liner because the cracks were so0 large.

A’series of two runs was then mesde with the silicon carbide liner cemented
into place with a paste of megnesia. The aversge thickness of this layer of
magnesis was 3/64‘inches. Under these conditions cracking was very trivieal
and no trouble wes encountered. The first test of this series (B-QY-N) for’
121.0 seconds and the second test (B-95-N) ren for 113.0 seconds. Figures 40
and 41 show condition of liner after test B-9L-N. Both of these tests were
ended when the outer casing wall reached a temperature of 1450°F, It is
interesting to note that the minimum thickness of the liner after test B-88-N
was 0.34 inches end the minimum thickness of the liner after runs B-QU-N and
B-95-N was 0.30 inches. This shows that after a total test time of 234.0 seconds

approximately 0.07 inches of the silicon carbide liner had been eroded away
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as compared to 0.25 inches erosion and melting with zirconia for somewhat
comparable testing times. By comparing the melting and erosion effect of
gircon and zirconia it is seen that they are quite comparasble and thus silicon
carbide is a more rugged liner thsn either. This shows the silicon carbide
liner to be a very rugged liner with a high overesll therﬁal conductivity.
Figures 21 end 42 show plots of time versus temperaturevfor this type liner.

By extrapolation on Figure 21 as done for zirconia and zircon it is found

that tests of approximately 105 seconds could be run in the case of uncemented
silicon carbide and tests of agpproximately 130 seconds could be run in the

case of cemented silicon carbide before an outer chamber casing temperature

of 1450°F was reached. Although only a very thin thickness of magnesia was
used in cementing the silicon carbide into the chember casing, it tended to
reduce the heat trensmission to the outer chamber casing well by a considerable
smount. In this connection it must be remembered that the thermal conductivity
of silicon carbide is approximately thirty times that of magnesia.

As in the case of zircon, Figure 42 shows a reduced rate of heat transfer
with time for silicon carbide. This is gquite understandable in this case
since the thickness of the liner was not being substantislly reduced during
the test. It will also be noted that 211 temperature measurements showing a
decressing heating rate were made st points away from the hottest points. The
one temmerature curve made for a point % inches from the nozzle end of the
liner again showed more or less a constant heating rate up to a point just
before the test was discontinued. It is glso possible in this series of tests
that the magnesia filler used and the low verformance of the motor might have

contributed to the tendency for the curve to approach stesdy state conditions.
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BERYLLIA (LB-3%0)

This liner material is interesting for two primary reasons. It has a
high melting point (4658°F) and a small weight per unit volume (0.0694/cubic
inch as compared to zirconia - 0.1Ulh #/cubic inch - and zircon - 0.125 #/cu.
in.).

Two tests only were made with this liner. The first test (B-86-N) was
for a duration of 87.4 seconds and the second test on the seme liner (B-87-N)
was for a duration of 68.1 seconds. Figure 43 shows the liner condition after
test B-86-N and Figures U5 and U6 show the liner condition after the second
test. A study of the photographs presented in Figures U5 and 46 shows the
presence of chipping on the liner face.. This is cheracteristic of a beryllis
liner. The "chipped-out" area of Figure 46 has » minimum liner thickness of
0.24 inches. This represents a reduction of 1/3 from the original liner thick-
ness. Although melting and eroding was not observed with this type of liner,
the chipping of the liner resulted in z condition thet is as serious as any
other means of reducing the liner thickness. Both of the tests of fhis
series were discontinued because the outer chamber casing wall reached a
temperature of 1450°F,

Figure 22 and 44 show plots of {ime versus temperature for beryllia.

An extrapolation of the curves of Figure 22 as previously done for zircomie,
zircon and silicon carbide shows that firings of approximstely &5 seconds cen
be expected before the outer chamber wall temperature reaches 1450°F.

The curves of Figure 4 for tests B-86-N and B-%7-N at 2 point 6 inches
from the nozzle end of the liner show a tendency to approach steady state
conditions while the curve of the point 1-3/U4 inches from the nozzle end shows
no tendency in this direction. This is in direct agreement with the statements

made previously for other liners.
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Vi. CONCLUSIONS

Based on this group of tests it is concluded that:

1.

2.

Ceremic liners for the chambers of uncooled rocket motors of short durstion--
less than 220 seconds--are feasible with liguid propellants that develop
chember temperatures up to approximately BOOOOF.

For overall performance stabilized zirconia was the best liner tested and
the other liners in order of decreasing merit were zircon, silicon carbide,
and beryllia. It is realized that under other conditions of operation and
for lesser periods of operation, the order of merit might be completely
changed. .

Although cracking occurred for 211 liners, this was not serious and did not
materially affect the motor performance. It is believed that cementing of
liners into the casing is unwarranted unless extreme looseness of fit is
observed. ZXExtreme looseness is assumed if the average clearance between
liner and casing exceeds 1/16 inch when the opposite side of the liner is
in contact with the chamber casing.

Care must be taken in the design of e ceramic liner chamber to make sure
that the entire length of chamber from injector to nozzle be ceramic lined.
When using a maximum outer chamber casing wall temperature of lH50°F %ﬁ a
criterion, a liquid propelled rocket motor with a ceramic lined chamber
operating with a chamber gas temperature of approximately 4500°F can be
operated for approximately 220 seconds with a2 gzirconia liner, epproximately

195 seconds with a zircon liner, avproximately 130 seconds with a silicon

.carbide liner cemented into the chamber with magnesia, and aprroximately

85 seconds with a beryllia liner. All of these could be incressed propor-
tionately by allowing the outer chamber casing wall to go to higher tempera-

tures than used in this group of tests.
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6. A theoretical analysis at this time is not feasible since the physical
properties of the liner materials have not been determined at the temperae-

tures encountered in this study.
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TABLE I.

LIST OF LINErS 1287T%D BY CAXRIGHT ANLD 027N IN WATWF-COOLTD,
LIQUID-PROrELL¥E, 750-POUKD nOCK'T MOTOR
(See Eefersnce 1)

JPL Lesignstion Manufacturer Manufecturer's
Lescrintion
alumina RAL191 Norton Co., Fure 2lumina
worchester, itiess,
A 98 Sane Clay bound alumine
Beryllie LB 30 dorton Co.,
Worch- ster, d:rse
Gt i
Zirconia LZ0-73 i Stebilized 7zirconisa
Cone 35-2200°F
LZ20-89 " Same
Zircon LZS-78 " Pure zircon body
TAM Titenium Alloy Senme
inorie TAHM Same Frobebly fired around
3500°F
Silicon Cerbicde 2506 Carborundun Co. Metal vtonded
Cerbon Hard Nationel Carbon Co.
#10 Seme Porous materisl
#50 Seme Same
Grephite #10 Sanme Forous material

#50 Same Same : ¥



TABLE II.

LIST OF CURAMIC LINERS T:al W.onl TESTIED IR IHIS STUDY

JPL Designetion Manufacturer lanufecturer
vescription

Beryllis LB-30 Norton Commnany

Zirconia LZC-73 " " Stabilized zirconis

Cone 35-32000F
Zircon LuS-78 " " Pure Zircon body

Silicon Carbice 2509  Carborundum Co. Metal bonded
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TABLE III.
FRYSICAL PROFErTITS* CF CE-AMIC LIBWR MATIRIALS

USED IN TEIS STUDY

~N
Apparent Weight - Average Coefficient
helting  Specific  Specific  Per Unit of Thermel Expsnsion

Liner Point Gravity Gravity Volune Porosity Coefficient Temn. Fanfe
Meteriasl OF — s #/in % 10-0 OF i
Zirconia Loog 5.70 3,98 0.1kY 30,2 6.65 802000
(L20-73)
Beryllie LEsg 3.03 1.90 0.069 . 37.3 6.05 $0-2000
(LB-30)
Zircon LRz b 52 3.46 0.125 23.5 °.85 80-1200
(L75-78) -
Silicon Decomnoses
Cerbicde st
(~KCC) Lnen O kL 2.51 0.991 20.8% 3.15 80-1800

*Thermz]l conductivities sre given as a s<t of curves in Figure 1

**ngeuned velue "



TABLE IV.

PHYSICAL PIMENSICNS OF LINKES (RLFCHY RUNS)
(ALL DIMENSICNS IN INCHES)

4
Liner Length Length  Inzide Thickness Clearsnce Longi- Test
Mein Sect. Segment Diameter Minimum Msximum Average in Chamber tudinal No.
) ' Fit
Beryllia g £3/3on Loyfzom 5/16" 3/8n 11/ 32" Kone Loose  B-2f&-N
(LB-30) B_g7-N
si, C. 7-15/16" 5/8"  3-15/16"  11/32" /8" 11/ 32" 3/32%  Loose  B-gg&-N
(2502) i ‘
*Zircon g *None 331 /300 3/8" 3/3" 3/gn 1/32" Loose  B-85-W
(L2S8-73-16)
Zirconia g-9/ 16" None Y o1/6un  3/3" 11/ 32" Very Loose  B-gc-N
(L20-73-125) Little B-G1-N
*Zirconia " *Nore L 21/oun 3/ 11/32 Very Léose B-g2.N
(L20-73-35) Little | B-gl-X
Zircon g-/g" Yone 3-31/300 3/8" 3/8" 3/g" Very Tight  B-Gp-N
(LZ2S-78-10) Little B-G3-N
8. ©, 7-1%5/16" 5/&n 2-15/16" 11/32 3/g" 11/32" Cemented Tight  B-GL-N
(2509) W/Msgnesia B_oH.N
*These teste were m=de with & c~sinz 2¢ shown in Figure 17, All SR

other runs were nade in a cesing

a2s shown in Figure 13,

#iClerrence between the liner =nd casing was taven on one side only
with ornrosite side egainst the casing.
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TABLY V.

Data concerning the rlzcement of
liner wzll and casing wall

theraccourles for measurenent of tem

(Lote:  thies tahle to be used

2) Cramber Casing #3720 (Used for tests Nos. 83, 8U4, &0,
87, end £3)

with Flgure

merstare of

~\
& of

Thermo. Iyre of Thermo. “emn. Mesneured Dietrnce frono Measuring
e 7" ) nozzle end of Device
o liner ) ~

Chromel-aAlunel 5-3/4 inches

" (i} " ) u "

1

2

3 Tl M " ;“E/u 1
L Ft-Pi#10p Eh Lirer g-1/8 »
5 1 [t} 6 "
0 ' " zq/e
7 " " l~f/h il

b) Chember Casing #3777 (Us2d for tests Nos., &%, 8¢, Gl
CH 9~ TR Sy

Zm ) <0 - » -

Therao iyre of Thermo. Temn. dezsured Listsnce fron
No. nozcle end of
- liner

8 Chauder -

9 n“ ‘ n 1

-Alumnal P
2
-
10 1" " f 1_1/15n
S5-1
7

L e Fh=rtt10% &k Liner =1 /e
2 i " By
13 It 1" a~1/hn
Lhiwowwx 1" t l/q“

*Brown 12-point recording votenticmetsr
**Lecde-Yorthruys 16-nolnt recordini potentionater
***5*°rt1n* with test B-gC.ll wag connectasd ts Brown notentiometer
Gpnnsy eriine vith test Be¥G-N wes connected

ct o

o Sueedomax woterntioneter

Byrown*

]
Hillivoltneter
not connected
Steedomax*™
not connected
Sveedomax™*

tersuring
Levice

Brown*
it
millivoltueter
Sreedomax* ™
not connected
S~eedonax**
not connected



Coefficient of Thermal Conductivity (k)

(Btu-in/hr-sq £t-°F)
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1200

Temperature (OF)

FIGURE l--Thermal Conductivity vs Temperature Curves for Ceramic
Liner Materisls Used in This Study=--From Reference 2.
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FIGURE 2--Thermocoupls Arrangement for Ceramic Liner Study.

(Use with Table V)

3 K 3w
4 'Z 32
ﬂﬂﬂﬂﬂﬂﬂy/ﬂﬂﬂﬂﬁ/ﬂﬂiﬁﬂﬂﬂyﬂyﬂﬂﬂ I,
\\ \ ///// iy // e
A
) /&/
7Y
Ing sctox Chamber #320 Nozzle
End :
/ 7 :'/’///,
0
Cera.mic Liner /// //////{/
O S TS oSS 000
/L. /e //////////// NI/ /I /e PP LLL LS

Lc—a-lé"——«——

@

®

aln_

L i ol

©

@

3

s

Injector
End

Chamber #322

Ceramic Liner

S ASSASSS
TN L/

N
18/ S/ /e

©,
liu 'i" ) 2_|_u
4 4 )
LLLLL LT LE T L LI 2L T /L ’// //
MO v

-——— 2 S B

Q)

®

g%tm*4waziL"

@ 4

bt«



23]l=

Figure 3--Fhotograph showing a 750=pound thrust liquid
propellant rocket motor on stationary test stand. Note
plumbing to provide oxidizer, fuel and cooling water.
Solenoid operated quick opening velves can be seen
mounted on shield in front of motor,



Figure 4--Photograph showing a ceramic lined, 750-pound rccket
motor on the test stand. This is the right side of the

motor. Note the location of thermocouple wells along the
length of the chamber casing,

Figure 5--Photograph showing the same ceramic lined rocket
motor as in figure 4 but from the rear-left side. Note the
location of thermocouples brazed to side of chamber casing.

This thermocouple arrangement was later changed to that
shown in figure 15.
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Figure 6=<Photograph showing the three mein parts of a rocket
motor. On the left is the injector. In the center is the
chamber casing with a ceramic liner in place. On the right
is the nozzle.

Figure 7=-Photograph showing the main parts of the rocket
motor assembled.
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Figure 9=-~Photograph showing the chamber with nozzle
attached before the adapter ring for the injector
is placed in position.

Figure 10--~Photograph showing the chamber with the adapter
ring for the injector bolted in place.
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Figure l4--Photograph showing the four different kinds of
ceramic liners that were used in these tests.
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Figure 15--Photograph showing the location of thermocouples
on both the outer chamber casing wall and the outer wall
of the ceramic liner. The thermocouple wells shown at
the bottom of the photograph go through to the ceramic
liner wall., (See figure 18.) Positions of thermocouples
on casing wall are indicated by brazed area and brazed
bolts in place.

Figure l8--Photograph showing the location of the thermo-
couple well holes on the inside of the chamber casing.
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Figure 17-=Photograph showing a copper gasket in place on the
nozzle. This copper gasket was necessitated by a redesign
of the chamber casing and provided a gas=tight seal between
the nozzle and casing.

Figure 18=<Photograph showing the ceramic segment that
replaced the steel 1lip of the chamber casing upon
redesign of the casing as shown in figures 12 and 13,
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Figure 23==Photograph showing the flow of melted zirconia into
the inlet end of the nozzle section following test B-82-N.
Length of test was 121.1 seconds at a computed chamber

‘temperature of 4830°F,

Figure 24=<Photograph from

nozzle end showing the
condition of zircon liner
after tests B-92=N &
B=23=N, Note the sheet
of melted zircon that has
broken loose from the
nozzle when nozzle was re-
moved from casing. White
area is where blisters
have flaked off surface.
Total test time with this
liner was 354.5 seconds.
(Test B=92=N for 181.5
seconds & test B=93=N for
173.0 seconds.)
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Figure 25-=Photograph from nozzle end showing condition of
zirconia liner after test B=-82-N. Note melted zirconia
over lip of chamber casing. Length of test was 121.1
seconds at computed chember temperature of 4830°F.

Figure 26-=-Photograph from the nozzle end showing the
condition of a zirconia liner after test B-82=N., See
figure 25 for test data.
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FIGURE 27-~Time vs Temperature of the Outer Wall of a 3/8 " Zirconia Liner in a 750-f# Rocket Motor.



=40 =

Figure 28==Photograph from the injector end showing zirconiea
liner after tests B«=82«N and B=83-N. Note eroded condition
of liner. Total test time with this liner was 268.3
seconds., (Test B=82-N for 121.1 seconds and test B=83-N
for 147.2 seconds.)
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Figure 29=<Photograph from nozzle end showing zirconia liner
after tests B-82~-N & B-83-N. Note deeply eroded areas of
liner and flow of melted zirconia over lip of chamber
casing. (See figure 28 for test data.)

Figure 30--Photograph from nozzle end showing zirconia liner
after tests B-82-N & B-83-N, Note that melted zirconia has
been scraped off the lip of the casing., Note also that
casing lip has been melted during these tests. (This lip
was removed in later redesign of chamber casing.



Figure 3l=<Photograph from nozzle end showing the condition of
zircon liner and burned=ocut motor following test B-85=N,
Note blistering of liner. Length of test was 110.5 seconds
at computed chamber temperature of 4500°F,

Figure 32--Photograph from nozzle end showing the condition of
zircon liner and motor burn-out following test B=85-N, Note
cracks in liner. Flow lines of melted and eroded zircon can
be seen along the length of the liner. Note place of buran=-out.
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Figure 33-=Photograph from injector end showing the
condition of the zircon liner following test B=92-=N,
Note flakes hanging from liner wall. These flakes
are from broken blisters that form on the surface of
the zircon liner. Figure 31 shows the formation of
a blister on the wall. Length of test was 181.5
seconds at a computed chamber temperature of 4315°F,
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Figure 34-~Fhotograph showing

the flow of melted zircon
into the inlet end of nozzle
section following tests
B=92=N & B=93=N., The portion
of melted zircon missing from
the nozzle can be seen in
figure 24 as the sheet extend-
ing from the chamber casing.
Also see figure 35. (See
figure 24 for test data.)

Figure 35--Photograph showing the exit end of nozzle after tests
B=92-N & B=93~N with zircon liner. Note the melted zircon

that has run through the nozzle throat.
24 and 34.)

(Also see figures
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Figure 37==Photograph showing burned-out motor after test
B=-88=N with a silicon carbide liner. Length of test
was 63.0 seconds at a computed chamber temperature of
3965°F. (Also see figures 38 and 39.)
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Figure 38=-~Fhotograph showing a close=up of burned-out
motor after test B-88-N. Motor lined with a silicon
carbide liner. (Also see figures 37 and 39,)

Figure 39--Photograph from nozzle end showing condition of
silicon carbide liner after test B=88-<N., Note the large
cracks which led to the failure of this liner. Other
views of the burn-out are shown in figures 37 and 38.)
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Figure 40--Photograph from injector end showing deposits on the
silicon carbide liner after test B=94-N, These deposits were
analyzed as primarily silicon oxide. Note also the injector
pattern. Length of test was 121.0 seconds at a calculated
chamber temperature of 4315°F,

Figure 4l--=Photograph showing deposits on silicon carbide
liner after test B=94-N, Also see figure 40,
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FIGURE 42--Time vs Temperature for Quter Liner Wall with a Silicon Carbide Liner,



Figure 43=-~Photograph from the injector end showing condition
of beryllie liner after test B-86«N, Note the injector
pattern on the liner wall. Length of test was 87.4 seconds
at a calculated chember temperature of 4790°F,
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Figure 45--Photograph from injector end showing condition of
beryllia liner after tests B-86«N & B=87-N. Note the
chipping of the liner at the approximete impingment points
of the injector. Total test time was 155.5 seconds.
(B-86-N for 87.4 seconds & B=87~N for 68,1 seconds.)

Figure 46--Photograph from injector end showing condition of
beryllia liner after tests B-86-N & B-87=N. Note the
chipped out area about half way down chamber casing length.
Note also cracking and deposits on walls of liner, (For
test data see figure 45.)
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COMPUTATIONS

Computed Performance Parameter

All the verformauce marsmeters are computed from the theoretical formula
presented in the book "Jet Propulsion" published by the Jet Propulsion Laboratory

for the Air Techniczl Service Command.

a - Charecteristic Velocity (c*)
c* = g pe fy when g = force of gravity
w Ye = chamber pressure

ft = nozzle throat ares
w = total fuel and oxidizer flow rate

b - Thrust coefficient (Cp)

CF = _ F When F = thrust
Pe ft
¢ - Bffective Exhaust Velocity (e)
C=c* Cp= g f
w
d - Specific impulse (Igyp)
I = F
3 2
- W

These formulas esre fully explained in the reference mentioned above.

Bxpected Chamber Temperature

The expected chamber temperature can be calculated in different ways
but the following method was chosen based on the performance narameter, c*.
This particular value of c* used was based on the fuel and oxidizer consumption
rates as measured by the sight gless readings on the z2cid and aniline suprly
tanks. It should be noted here thet the values of computed chamber tempera-
tures are quite low compared with the theoretical values based on the mixture
ratio., It is assumed thet the computed temneratures are lower than actually

achieved because melting was observed in both Zirconia and Zircon yet they
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have melting temperatures of H928°F and M532°F, respectively.
The method of calculation was based on the following formula that is

given in the book "Jet Propulsion."
L
. X Ru_ Te
P i

2 I
Where: ' = 4 (_7;7_.)2(3‘-')

And: # = ratio of specific heats
Ru = universal gas constant
Tc = chember temperature

M = weight of gas per mol

c* = characteristic velocity
Values for M and #* were taken from theoretical curves plotted with the
mixture ratio as one of the coordinate axes. The calculated chamber tempera-~
ture for each run is listed on the plots of the ceramic well temperature
versus time, that is, Figure 27 for zirconia, Figure 36 for zircon, Figure L2
for silicon carbide and Figure W4 for beryllia.

A compilation of all measured and calculated data is given in Taﬁle 1,

this appendix.
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DIFFICULTIES ENCOUNTERED AND METHODS OF SOLUTION

Due to the short time that the euthor could occupy the test it and
the fact that much of the preliminary ground work had been laid for this
study prior to his association with the Jet Propulsion Laboratory, many
rroblems that occurred could not be completely solved in a satisfactory
manner. However, a note is being made of problems encountered whether
they were solved or not. It is honed that the presentation of these
problems may help some future experimenter.

1. Injector Orifices Much delay wes encountered due to the slowness
in fabricating of the injector and the last parts of the injector delivered
were the orifices. These orifices were made by a commercial manufacturer
of materials furnished by the Jet Propulsion Laboratory. The specifications
celled for stainless steel but some of the delivered articles were magnetic
and showed signs of rust. A check proved thet the materisl was not stainless
steel. Since time was short, it was decided to use these orifices. During
the tests a different mixture ratio of oxidizer to fuel was given for each
test. This was due, at least in part and perhaps entirely, to these substitute
orifices. Only four of thirty-six orifices delivered were satisfactory; that
is, four ware stainless steel.

2. Acid Barton Meter The use of a plastic separator in the lines

connecting the Barton differential pressure meter to the acid line was
considered as a large error inducing mechanism. The exact size of this

error cannot be readily evasluated because theeror varied from test to

test. For this reason little dependence was placed on this meter and overall
flow rates were determined from the sight glass readings on the acid tank.

Check calibrations of the acid Barton flow meter showed quite conclusively
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that the data teken for one run or at any particular time wem in error

a constant amount during that run or during a small interval of time.
However, these calibrations also showed that the errors varied greatly from
dey to day ané test to test.

3. Design of Chamber Casing. The chamber casing as originally designed

had 2 3/U4 inch metal lip that was used as 2 seat for the nozzle as shown in
Figure 12. The heat transfer through this metal lip was so great during

the first test with a zircon liner that it caused the lip to fail by melting
(see Figures 31 and 32). Figure 13 shows o redesien to eliminste this lip.
With this simple redesign this sort of failure wes eliminated entirely.
Figure 18 shows how the metal lip was repleced by a piece of ceramic liner.
Ceramic liner then extended from the nozzle to the injector. The redesign
of this lip necessitated e change in the method of nroviding o ges-tight seal
between the nozzle and the chamber casing. This was accomplished by placing
a copper gasket between the nozzle and the chamber cassing and is shown in
place on the nozzle in Figure 17. It is believed that 2ll ceramic liners
used in the chamber should extenc from injector to nozzle.

4. Loose Liners. When the silicon carbide liner was placed in the

chamber casing without cement, & motor failure occurred (see Figures 37,

38, and 39). This was probably csused by the liner fitting too loosely

in the casing. In this cas ethe clearance between the casing and the liner
was excessive and such a failure was enticipated. It may be hypothesized
that upon starting the motor the high chamber pressure cracked the liner

end forced the liner against the casing walls. Such large cracks occurred
that the vressure wes equelized on either side of the liner. The vibration
of the motor then caused a section of the liner to fall into the chamber
interior. The metal of the casing wes then exposed to the direct flame and

the metal melted awsy, causing a fallure.
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5. ITemperature Recording Devices. The potentiometer set-up as used
in this study was not entirely satisfactory. For the temperature gradients
encountered in this type of a study only a single thermocouple should be
connected into a potentiometer. In the case of a Brown 12-point recording
potentiometer when a very steep temperature gradient is encountered much
of the time during a run is spent in "hunting." This is becsuse the Brown
will not record uﬁless it is in belance. However, when in balance, it will
record every second. On the other hand the Leeds-Northrow 16-noint record-
ing potentiometer will normally print only every four seconds. With more
then one thermocouple per instrument there are not enough recordings made
to give a good curve of temperature versus time. For this type of test
other types of potentiometers than those mentioned are needed. It is believed
that better results might be obtained by the use of a calibrated millivoltmeter
or microammeter connected to each individual thermocouple. The necessary
number of such instruments could then be placed in a bank on a panel and
photographed as a meens of recording.

6. Poor Grades of Acid Used in Tests. Unfortunately, during this

series of tests, three different lots of oxidizer (red fuming nitric acid)
were used. In addition to qther factors giving veriations in performance
from test to test, the different lots of acid varied considerably in purity
and, therefore, added another variable to the test conditioms.

This poor acid and the poor orifices in the injector were two of the

primary reasons for poor performance date during this series of tests.





