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ABSTRACT 

The purpose of this study was to test certain ceramic liner materials 

in a liquid propelled, uncooled rocket motor chamber 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 zirconia, 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 

propellants that could not otherwise be used with conventional tY})e rocket 

motors. The second purpose is to simplify the design of short-duration rocket 

motor chambers. 

Previous work at the Jet Propulsion Laboratory has been directed towa.rd 

the reduction of heat transfer through the chamber walls. In previous tests 

it was found that the best type ceraJaic chamber liners reduced the heat transfer 

to the chamber coolant by as much as 79 per cent. 

The p resent work is concerned with the testing of ceramic liners for the 

purpose of determining which ty_pes of cera.'11.ic liners showed the most promise 

for use in uncooled rocket motor chambers of simple design. 

In g eneral, the liners used in the ceramic liner tests conducted at the 

Jet lJlropulsion Labora.tory have been pure oxides or combina.tions of pure oxides. 

However, in a,dd.ition to the oxides, c2.rbid.es &nd v;;;,rious tY})eS of carbon liners 

have been tested. All the liners tested had a melting point above 3700°F. 

Listed in Table I are the liners that have been tested. at the Jet Propulsion 

Laboratory 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, end are listed in Table II. 

Studies have been made at the Jet Pro:9ulsion Laboratory concerning the 

:physicru. properties of various ceramic materials, including those materials 

used in this series of tests. The :physical properties of interest to this 

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

A theoretical analysis is not being made at this time because the p hysical 

:properties of the mteria1s at the temperatures encountered in this stuo.y are not 

known. It will be noted by observing Figure 1 that the t hermal conductivities 

for the .materials tested were determined in a temp er a ture range from approxi

mately 50 0°F to 1350°:l!,. Since a theoretical analysis is largely dependent on 

the therr~al conductivity of the material being investigated, it is obvious 

that this physical property must be determined q_ui te accurately a.t the tempera

ture of the analysis. J?or a theoretical a..rialysis to accompany this experimental 

study, the thermal conductivity must be determined for temperatures nea,r the 

melting points of t he ceramic materials used. 

At a first glance it might e"1Ype ar that an extre,:9olation of the curves 

:presented in Figure 1 would serve the :purpose. This was attempted for a one 

dimensional hea,t flow analysis, but the correlation between theoretical and 

actual temperature versus time curves was very poor and was discarded as v alue-

less. 

It is quite certain t hat e,t hig h tempere.tures the thermal conductivity 

of a porous material, such as used in these liner studie s , increases rapidly. 

At low temperatures the thermal conductivity is determined by cona_uctive heat 

transmission and is low because of the p oor conductivity of the gases in the 

pores of the material and t he low conductivity of th~ solid portions of the 

liner. At high tem1)eratures, however, t he heat transmission is increased. by 

the effect of radiation through t he pores of the material. Since h ea t trans

mission by radiation varies as the fourth power of the temperature difference 

and. heat transmission by conduction varies as the first power of the temperature 
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difference, the rate of increase of the value of thermal conductivity should 

be greater at hig11er tempera tures. It is therefore q_ui te obvious that an 

extrapolation on Figure 1 for high temperature thermal conductivities would 

be very da..rigerous and misleading. In this connection it should be noted that 

the porosity of the materials used varied between 20.3 and. 37 .3'1fa as sho'vm in 

Table III. 

Even if the :physical properties of the materials were known accurately, 

the analysis would be complicated by many different f a ctors. Hee.t is being 

extracted from the liners at both ends. :Both the injector and the nozzle a r:e 

cooled--the injector by the liq_uid p rop ellant and the nozzle by the coolant. 

The gas temperature var ies from point to p oint both longitudinally within the 

chamber and circumferenti;tlly about the chamber. This can be observed in the 

various fi gures showing the condition of the liners after the tests. Heat is 

being radiated from the outer casing wall in a sizable amount. Computa tions 

considering black body conditions show that approximately 1570 of the heat flow

ing through the liners is radiated from the chamber casing wall when a chamber 

ca sing wall temperature of 1450°F is reached. The :physicc1l properties of the 

liner materials usually vary with temperatures. 

Since the :problem presented here is clea rly a complicated three-dimensional 

heat flow p roblem, it is q_ui te necess ary to look for a ssump tions that can be 

made to simplify the :p roblem considerably and. still g ive a. fa.irly accurate 

app raisal of what really hapy, ens. As in most heat flow analysis :9 roblems, 

average values of physical :properties can be t aken and a one-dimensional heat 

flow p roblem can be assumed as a first approxime.tion. Only transient heat flow 

need be considered in such an analysis since sttee.dy state conditions will never 

be rea che d at the chawber temp eratures encountered with an aci d-a.niline, lio_uid 

proyellant rocket motor. 
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III. EXPJIBIMENT.AL PROCEDURE 

All tests were made in a standa,rd test p it as used at t he Jet Propulsion 

Laboratory. All testing was done on a stationary test stand. The test ste,nd 

was located in a test :pit which was separated from the control room by thick 

concrete walls. Multip le thickness safety gla.ss windows were p rovi ded for 

viewing the rocke t 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, oxidize r and coolant water to the test motor a s well as the 

various test connections to provide performance data. In t h is particular case, 

a rocket motor with a watercooled unlined chamber is on the test stand. T'.ais 

motor was used as 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 t hrust motor using 

aniline (C6H51m2) as a fuel a~d red fuming nitric acid (HN03+N02) as an oxidizer. 

The nitric acid conta,ined approximately 6. 5% by weight of N02 . 

The motor was of simple design consisting p rinci:9ally of an injector, a 

nozzle, a chamber ca sing and a ceramic liner. Figures 6 and 7 show the main 

components of the rocke t motor as disassembled en d a s assembled. 'I'he in<iector 

( see Figure 8) was of the multi-orifice type with the orifices yielding six 

impinging streams. A stainless steel adapter ring as shown in Figures 9 and J.O 

was necessary to fit the injector to the chamber casing and still allow the 

liner to fit loosely within the chamber casing. 'l'he nozzle was a copper, chrome 

plat ed nozzle as shov.rn in Figure 11. The chamber ca sing was made of 347 stainless 

steel and p rovided the conta iner for the ceramic liner. It was orig inally 
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designed as sho\>m in Figure 12 but later modified to ad.here to the design shown 

in Figure 13. This change we,s necessitated by faulty design in the ca,se of 

Figure 12. The liners to be tested were me.de of stabilized zirconia, zircon, 

beryllia, and silicon carbide (see Table II). For the Dhysical dimensions of 

these liners see Table IV. Figure 14 shows a 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 bery11ia 

and 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 adapter ring and injector were bolted to the casing. The thermocouples 

used to measure the temperature of the outer wall of the cera'llic liner were then 

placed in the thermocouple wells provided on the casing. A gas-tight seal was 

obtained around the thermocounle leads by use of a ga,sket 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 4 

and 15 show the thermocouple wells with some thermocouples in :place. Figure 16 

shows the location of the thermocouple "'ell on the inside of the chamber casing 

wall. Thermocouples were then affixed to the outer wa,11 of the chaxnber casing. 

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 teken of the coolant water for the nozzle. This measure

ment was accomplished by using a differential iron-constantan thermocouple 

:pile and gave data regarding the heat flow tr.rough the nozzle with the various 

liners. A record of this heat flow is given in Table I, Ap:pendix I. 
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All temperature data were recorded on recording potentiomete rs as indica,te d 

in Table V, excep t one control thermocouple &,tta ched to t he chambe r ca,sing and 

shown as being attached to a cali breted millivoltmeter. More is said of this 

control device in the follo wing :p aragraphs. 

During the op era.tion of the rocket motor t he followin__.e; data were also 

recorded: 1now rates of fuel, oxidizer and coolant ·wate r to the nozzle; t he 

tota.l conswnp tion of fuel and. oxidizer during a test; regulating pressures on 

the fuel and oxidi zer supply t 2.nks; thru::;t developed b y the motor; chamber 

pressure of the motor; end the various :pres sures in the system so as to indica,te 

line losses and injector losses in the p r essure system. 

The leng th of test p os sible during this study was controlled. by one of two 

conditions. 'l'he first criterion was t hat tests were cut off if the calibra ted 

millivoltmeter at the control panel indicEted a temp erature of approximately 

1450°F. This millivoltmeter was connected to the thermocouple nearest the 

nozzle end of the test motor and recorded the highest temperature along the 

length of the chamber casing . If the rocket motor ran relatively cool and 

the outer chamber wall temperature ·did. not reach 1450°F, the length of test 

was determined by the capacity of the oxidizer supply tank. This t-<>.nk held 

approximately enough oxidizer for tests of 180 seconds at the mixture ratios 

and oxid_i zer flow rates used. 

All tests were made by starting the motor on reduced flow ra,tes of fuel 

and oxidizer (approximately 1/6 of normal flow rates). The reduced flow operation 

l 8sted only one to three seconds. .As soon as the motor ha.d started on the 

reduced flo,,,, the full flow r a.t es were established through the use of solenoid 

op er ated quick op ening valves. In this manner the initial shock to t he motor 

was lessened and usually e.ny malfunctioning of eq_uipment we,s noted. during the 



starting phase of the operation and could be corrected before full flow 

operation was attempted. 
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IV. DISCUSSION OF RESULTS 

The results obtained in this stud.y can be evaluated in many different ways. 

The evaluation of merits of the various liners tested will be compared by the 

following methods: 

1. The length of run p os sible 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 eva,luation of liner ma,terials for rocket motors must be carefully 

correlated with the physical properties of the materia,1. Probably the two 

most important :physice,l properties of a ceramic liner are its melting point 

and its thermal conductivity. Unfortunately, practically nothing is kno"m of 

the thermal conductivity of the liner materials used in this study above 

temperatures of approximately 1350°F. Al though thermal conductivities are 

kno.-m for the materials tested between the temperatures of so°F and. 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 individual results for the various liners. 

All liners were cracked during the testing. There were at least three 

contributing factors for this. First, the thermal stresses "rere very high 

through the liner. Although the gas tern:.,oerature we,s not measured,, it is q_uite 

certain that the temperatures were between 4ooo0 and 5OOO°F. Th e thermal stresses 

set up by virtue of the large tem:perature differences between the cold, outer 

su.rfa.ce of the liner and the heated inner su:rface of the liner at the out set 



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 chamber :pressure of 300 :pounds per square inch a,bsolute was established 

within the chamber. Third, all liners fitted q_uite loosely in the chamber 

casing, thus allowing the chamber pressure to force the liner out a€ainst the 

chamber casing ,-.rall. 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 evalua,tion. 

In studying the various curves presented in this report it must be borne 

in mind that very large temperature gradien~s 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 fuel 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 tempera,tures 

between l00°F and 250°F throughout the tests. During the tests the chamber 

casing wall tempera,tt1res at a distance of 2-1/16 inches from the nozzle end 

of the chamber reached temoeratures as hie;h as 1450°F while the outer wa11 

of the ceramic liners reached temperatures es high as 2450°F at a distance of 

1-3/4 inches from the nozzle end of the chamber. It is a known fact that the 

gas temperatures within the chamber are not uniform from the injector end to 

the nozzle end of the chamber. It is assumed tha,t the maximum gg,s tempere,ture 

(near 5000°F) occurs near the nozzle end of the chamber. Furthermore, it can 

readily be seen by looking at 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 e.s the 
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injector patterns on the liner. With the various gas temoeratures from point 

to point within the motor chamber it is quite obvious that heat is flowing 

in three directions at each point. Th is heat flow is radially out through 

the liner and casing, longitudinally along the liner and the casing, and 

circumferentially around the liner and casing. As is illustrated in Ji'igure 15, 

the temper ature 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 ce,sing we.J.ls were not neces

sarily recorded during these tests. Unfortunately time, materials, and measuring 

equipment available did not permit more test~ or more temperatures to be taken 

during each test. A comparison of the curves as a whole presented in Figures 27, 

36, 42, and 44 which are plots of time versus temperature of the outer cerainic 

wall will show quite clearly that the maximum temperature longitudinally along 

the chamber will be measured at or very near 1J inches from the nozzle end of 

the cham o er. At distances of l inch from the nozzle end the cooling effect of 2 

the cooled nozzle against the ceramic liner is shown quite conclusively by 

the tendency for the curves to level off and approach stee,dy ste.te concii tions. 

This is also true of temperatures measured at distances of 2-3/4 inches and 

gree,ter from the nozzle end of the chamber. This theory a.ccounts for the 

tendency of many of the curves to appear to be approaching steady sta,te conditions 

when it is known that melting and eroding is occurring to the liner. 

Many materials go through allotropic transformations with increasing 

temperatures. These lattice structure transformations are not desirable for 

c,eramic liner materials primarily because the transformation is normally 

accom::oanied by an expansion or contraction of the material. 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 make 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

tuna.tely, the mixture ratios obtained from test to test varied and since co~trol 

of mixture ratio was next to impossible with the test set-u-p as it existed, 

this condition was accepted as an error introducing variable. Since the average 

mixture ratios during individual tests varied from 2.91 to 3.45 there resulted 

e. considerable. variation in motor :performance throughout the group of tests. 

At this point it is well to introduce the J)a,rameter used in comparing motor 

performance of rocket motors, This parameter is celled the II characteristic 

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

Pc ft 
c* = --- = 

m 
:Pc ft g 

w 

where: Pc= rocket motor chamber pressure 

ft= 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 and the nozzle throa t dimensions. Since it 

is independent of exit conditions, it can actually be considered as a parameter 
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of the combustion :process. Another eX}_')ression can be shown where c* = f(Tc/M) 

where Tc is the chamber temperature and M is the molecular weight of the propellant. 

It is, therefore, shown that large values 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 f·urther de.ta on the parameter c* 2.s 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* = 4380 ft/ sec based on sight glass readings of fuel and 

oxidizer consumption), one test with a liner of beryllia 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 inclividual 

discussion of results of the various liners that follows this section, the 

performance data as obtained strengthens the conclusions as to the best tY.9e 

of liner tested. 



V. RESULTS O.E' EXPERIMENT 
ZIRCONIA (LZ0-73) 

Zirconia is interesting as a liner material primarily because of its 

high melting point (4928°F) and its 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 up to the melting point by the a.ddi tion 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 ma.de with the stabilized zirconia tyPe liner. The first 

test (B-83-N) was stopped a.fter 121.l 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 nearest 

the nozzle. However, the condition of the liner was such as to make it usable 

again. Figures 23, 25, and 26 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 

duration 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 oxidizer 

storage tank was increased.) An inspection of the liner after this test showed 

that the liner had melted and eroded ~uite badly and in one place the liner 

thiclmess had been reduced from O .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 appearance 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 temp erature for t he tests 

mentioned. above. It will be noted. fro m Figure 19 t hat temperatures of the 

outer chamber casing wall only reached a value near the predetermined cut-off 

temperature of 1450°F during the second test of a series on the same liner • 

.A:n extrapolation 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 expect ed that a zirconia liner operated under the same condi

tions as the test could be fired for ap:proximately 220 seconds before the outer 

wall of the chamber casing reached a temperature of 1450°F. Data e.,vaila.ble on 

304 stainless steel indicate that e.t tempera,tures of 1700°F the tensile strength 

is great enough to :provide a factor of safety of 4 in a chamber casing of the 

same design as used in this test and operating with a chamber pressure of 300 

pounds per sq_uare inch absolute. Since it has been found that the hottest 

:point along the leng th of the che.mber is somewhere near a point l ½ inches from 

the nozzle end, it is well to assume that 1450°F at 4 inches from the ·nozzle 

end is a maximum allowable temperature until the actual temp erature is known 

at the hottest point. If Figure 27 is now considered it will be seen that the 

temperatures measured here are also rela.ti vely low compa,red. to the ga s stream, 

and t hat 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 p resented in Figures 19 

and. 27 tha.t a. steady state condition is not approached in these tests. It is 
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entirely probable that instead of the curves tending to 11 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 a.nd is 

reflected in the curves representing the second test on the same liner. 

Reference to Figures 28 and 29 will show that melting and eroding occurred 

quite nea.r 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 ~how 

more or less constant rates of hea.ting throughout the experiment. This is the 

only series of tests wherein tem:perature measurements away 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 about 2/3 of the total length of 

the charnber. Since all temperature measurements were taken in the region in 

which melting and 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 performance data for the tests of zirconia were the highest obtained 

for any of the liners tested. This means that the chamb~r 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 (4532°F), good thermal shock characteristics, 

and its relative cheapness of manufacture. 

Three tests were made with this ty:pe of liner. The first test (B-85-N) 

was for a duration of 110.5 seconds and was halted by a motor burnout as shown 

in Figures 31 and 32. This failure showed the need for a redesign of the 

chamber casing and resulted in a chamber casing of the design shown in Figure 11. 

Figures 17 and 18 show the replacement of the metal lip of the original design 

with a ceramic ring of the same material as _the chamber liner. Figure 31 shows 

the blistering effect that is usual in zircon liners. Figure 32 shows the usual 

cracking in a loosely fitted liner. In this relatively short test it was 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 type 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 cavity are blisters that 

have flaked off the liner. The second test of this series (E-92-N) was for 

173 seconds and we.s cut-off when the outer chamber casing reached a dangerous 

temperature. Figures 24, 34, and 35 show the condition of the liner and nozzle 

after the total run time of 354.5 seconds. The minimum thickness of the liner 

after this series was 0.10 inches. 

Figures 20 and 36 show gr~phs of time versus temperature for the tests 

mentioned. above. It will be noticed from Figure 20 that temperatures of the 

outer chamber casing wall reached a value near the predetermined cut-off 
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temperature of 1450°only in the case of the second test on a liner. An 

extrapolation of the test giving the greatest ra.te of heating for a new 

liner (B-85-N at a 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 

a,s test conditions could be opera.tad for approximately 195 seconds before the 

outer wall of the chamber casing reached a temperature of 1450°F. It 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 ei'!)lained by the statement 

made in the discussion section of this re:por_t wherein it was postulated that 

all tempera.ture measurement at -coints away from the hottest uoints of the - ": 

chamber casing would have a tendency toward approaching steady state conditions. 

It will be observed from the d.ata appearing on Figure 36 that no temperature 

measurements were made at approximately lJ inches from the nozzle end of the 

liner. If such a mea.surement had been ma.de it is assumed that the curve of 

temperature versus time would approach a straight line curve. 

The performance data for this series of tests we;e 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. 
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SILICON 0.A.i.'l{BIDE (2509) 

Silicon carbide is an interesting liner mate1-ial because of low thermal 

expansion chara.cteristics, good thermal shock characteristics, a,nd its 

relatively high melting point or decomposition point. (Silicon carbide decom

poses at a temperature above 4o6o°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-83-N) 

a very loosely fitting liner was used. The test lasted for 63 seconds at ' 

which time a motor burnout caused the test to be terminated. This motor burn-

out was a direct result of the sloppy fit and 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 t·he 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 so large. 

A series of two runs was then made with the silicon carbide liner cemented 

into place with a paste of magnesia. The avera6 e thickness of this layer of 

magnesia was 3/ ()+ inches. Under these conditions cracking was very trivial 

and no trouble was encountered. The first test of .. , . . vnis .series (B-94-N) for ' 

121.0 seconds and the second test (B-95-N) ran for 113.0 seconds. Figures 40 

and 41 show condition of liner after test B-94-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 af'ter test B-83-N 

was 0.34 inches and the minimum thickness of the liner after runs B-94-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 c2.rbide liner had. been eroded away 
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as comuared to 0. 25 inches erosion and melting with zirconi2 for somewhat 

comparable testing times. By comparing the melting and erosion effect of 

zircon and zirconia it is seen that they are q_ui te comparable and t_hus silicon 

carbide is a more rugged liner than either. This shows the silicon carbide 

liner to be a very rugged liner with a high overall thermal conductivity. 

Figures 21 and 42 show plots of time versus temperature for t his 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 ~oproxirnately 130 seconds could be run in the , 

case of cemented silicon carbide before an outer chamber casing temperature 

of 1450°F was reached. Al though only a very· thin thickness of magnesia was 

used in cementing the silicon carbide into the chamber casing, it tended to 

reduce the hea.t transmission to the outer chamber casing wall by a considerable 

eJnount. In this connection it must be remembered that the thermal conductivity 

of silicon carbide is a-pproximately thirty times tha.t of magnesia. 

As in the case of zircon, Figure 42 shows a reduced rate of heat transfer 

with time for silicon carbide. This is q_uite understandable in this case 

since the thickness of the liner was not being substantiaily reduced during 

the test. It will also be noted that all temperature measurements showing a 

decree.sing heating rate were made at points away from the hottest noints. 'Phe 

one temuerature curve made for a uoint 11;- inches from the nozzle end of the ..., ... r-

liner e.gain showed more or less a constant heating rate up to a point just 

before the test was discontinued. It is also uossible in this series of tests 

that the magnesia filler used and the low performance of the motor might have 

contributed to the tend.ency for the curve to approach stea.dy state conditions. 
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BERYLLIA (LB-30) 

This liner material is interesting for two primary reasons. It has a 

high melting point (4658°F) and a small weight per unit volume (0.069#/cubic 

inch as compared to zirconia - 0.144 #/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 same liner (B-87-N) 

was for a duration of 68'.l seconds. Figure 43 shows the liner condition a~ter 

test B-86-N and Figures 45 and 46 show the liner condition after the second 

test. A study of the :photographs :presented· in Figures 45 and 46 shows the 

presence of chipping on the liner face .. This is che,racteristic of a beryllia 

liner. The II chipped-out'' area of Figure 46 has a 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 tYJ)e of liner, 

the chipping of the liner resulted in a condition that is as serious as any 

other means of reducing the liner thickness. Both of the tests of this 

series were discontinued because the outer chamber casing '\ft1all reached a 

temperature of 1450°F. 

• 
Figura; 22 and 44 show plots of time versus temperature for beryllia. 

An extrapolation of the curves of Figure 22 as previously done for zirconia, 

zircon and silicon carbide shows that firings of approximately 85 seconds can 

be expected before the outer chamber wall temperature reaches 1450°F. 

The curves of Figure 44 for tests B-86-N and B-87-:N at a point 6 inches 

from the nozzle end of the liner show a tendency to approach steady state 

conditions while the curve of the point 1-3/4 inches from the nozzle end shows 

no tendency in this direction. This is in direct agreement with the ste.tements 

made previously for other liners. 
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VI, CONCLUSIONS 

Be.sed on this group of tests it is concluded that: 

1. Ceramic liners for the chambers of uncooled rocket motors of short duration-

less than 220 seconds--are feasible with liquid propella.YJ.ts that develop 

ch~ber temperatures up to a:pproxirnat ely 5000°F. 

2. 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 o:pera.tion and 

for lesser periods of operation, the order of merit might be completely 

changed.. 

3, Although cracking occurred for all liners, this was not serious end did. not 

materially affect the motor perfor!!lance. It is believed that cementing of 

liners into the casing is unwarranted unlesi:: extreme looseness of fit is 

observed. Extreme 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 chaijlber casing. 

4. Care must be taken in the design of a ceramic liner chamber to make sure 

that the entire length of chamber from injector to nozzle be ceramic lined. 

5. When using a maximum outer chamber casing wall temperature of 1450°F as 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 a zirconia liner, approximately 

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

.carbide liner cemented into the chamber with magnesia, and ap:9roximately 

35 seconds with a beryllia liner. All of these could be increased :propor

tionately by allowing the outer chamber casing wa.11 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 a.t the tempera

tures encountered in this study. 
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TABL}: I , 

LIST OF LINB.i;.S '.1.2ST'2D BY C.-.:,?IGWI' AN'C i ,0;:: :~:; IN WAnl--COQL'.rn, 
LIQ.UID-P.?.O.i-'~L :-;L, 7~0-J-'OU1,D ho:K: :T t-:oroR 

JfL Des ignr ti on 

i'.lumine FtA119l 

nA 98 

Beryllie LB 30 

Zirconia LZO- 73 

LZ0-89 

Zircon LZS-78 

'lhoria TAH 

Silicon CArbide ?509 

Cprbon Hard 

no 

Graphite -,no 

/f50 

(SeP Refer~nce 1) 

Hanufp,cturer 

Norton Co . , 
·~, o r c ~ 1 e e t P. r , L··i ~ s s o 

Snme 

:fort on Co., 
Yiorch- ster, 

II 

II 

11 

'Ii tanium Alloy 

Same 

CP..rborunri.urn Co. 

Seme 

Sarne 

Same 

Himuf Pcturer' s 
.Ce!:'cri n ti on 

fure alumina 

Clay bounci alur!1ina 

. . i 

Stabili7er. 7irr.on'ie. 
Cone 35- 3?0'J°F 
Same 

Pu~~ zircon bo(i.v 

Seme 

Fo rous □a. t fl:- ial 

Sa.:ie 



J.PL De1:iP.nPtion 

Beryllii:i LB-30 

Zirconi?. LZ0-73 

lircon L,:,S-78 

Si1ico11 Carbice ?509 

l-!n..nuf-9.c turer 

Norton Cor.1n1rny 

II 

II 11 

Cr-irborunci\l.m Co. 

Lanufpcturer 
~Pscrir.tion 

St Rbilized zircon~~ 
Cone 3S-3?00°.F' · ' 

PurP. Zircon body 



LinPr 
Mc t2rial 

Zirconia 
(LZ0-73) 

Beryllia 
(LB- 30) 

Zircon 
( 11.S-78) 

Silic-:,n 
Cnbide 
( --, ~;r,c ' 

.,1\,1 ,.,, ) 

Lelting 
.i-'o int 

Oji' 

4:??8 

4655 

4,:;-z.? _,..,. 

Deco mn, Of.Oe S 
at 
4o6o 

S:;; ecif ic 
Grr,vi ty 

5.70 

3.03 

u.5? 

3.17° 
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'I:A.BLE III . 

USED rn nus STUDY 

Apparent 
5 _:J ecif ic 

Gr1wi ty 

3,.93 

L90 

3.46 

?.51 

Weight 

Per Unit 
Volll!l1e 

ft/ in3 

0.144 

0.069 

0.125 

0.091 

.Porosity 

Jo 

30. ? 

37.3 

23.5 

?0.8 

Avere~e Coefficient 
of Thermal Ex-:Jansion 

Coefficient 'Iern'c . r.anF"P. 
10-6 OF •• o? 

6.65 80-'?000 

6.05 80-2000 

?.85 80-UOO 

3.15 80-1~00 

*ThP r~al con ductivitiPs pre given RS a s~t of curves in Fig2re 1 

**.n.sswned vplue 



Liner 

Ber:rllie 
(1:s-30) 

SL C. 
( :;;,'.)· ')0 ) ' . \ ./ 

• Zircon 
(LZS- 7 0-16) 

Zirconia 
(LZG- 73- 35) 

•Zirconia 
(L~0-73-3~ ) 

Zl rcon 
( LZS- 78- l G) 

Si. C. 
( ?509) 
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TABU~ IV. 

l;HYSICAL DffBNSIONS OF LINBES ( R2:b'C.R~: ItUKS) 
(A.LL urn~1:s r :::: s IN H1CHES) 

Length Len[!:th Ins id.e Thicknees 
-fr 

Clearance Langi-
l'"1P in Sect. Segment DiametP-r l·iinimwr. Maximum Average in Chamber tudinal 

Fit 

F; 11 ~;;;~::-11 
( _,I .-' I 4-1/3? 11 5/16 11 3/g11 11/ 3? 11 l'ione Loose 

7--15/16 11 5/3 11 3-lS/ l()'' 11/32 11 3/8 11 11/32 11 3/32 11 Lo.ose 
> i .,,. \ 

311 •None 3-31/32" 3/8 11 
3/311 3/ 3 11 1/3?. 11 LoosP 

8-9/16 11 l , 411 ?1164 11 3/ 311 11/3211 Very Loose .!one I 

Little 

311 •Nor.e 411 21/ 64 11 3/8 11 ll/ 3? Very Loose 
Little 

8-h /8 II .,, 1':one 3- 31/ 3?" 3/8 11 3/8'' 3/8" Very Tight 
Little 

7-P:;/16 11 ~/8 " 3-l')/16 11 n/3211 3/8 11 n/y::in Cemented Tifht 
W jl,[; gne s i?. 

•: heE e t ests were m~de withe c~sin~ as shown in Fi~ure 1~. All 
other runs we re naje ir. a C,'.' Sing ::>S shown in Fi r~u ni l3 o 

i'Cle ;-c rF- n ce b0tween the liner 2.no. c; 0.~in2: w,os tc!'.ren on .one side oply 
with o~~osite fide PE2inst t~e c~sin~. 

Test 
No. 

B- 36-N 
B--87-N 

B-28-N 

B-t35-N 

B-SC,-N 
B-91-l-: 

B-33-N 
B-8l+-N 

B-~,?-N 
B-93--N 

B-94-N 
B-95-N 
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~et8 concPrninr t~P rlPCPm Pn t of thPr~ac~urlPf for ~PREUrPraPnt of t e~~P rPturR of 
linPr ,,-::::11 ?r:,l Cl'lSin,~ '·• <> 11 (;:J':.n: this t<=>hle t-:, b,,, USPG v,i_t >: .Fi p-,11·p ? ) . 

1 
? 

3 
4 
5 ,. 
0 

7 

1he :r:.10 

2 ) C ~~ 2_171 b Pr C ; ~ s i n ? ii-) -:'<) ( U ~~ R d : Jr t 0, f- t s 1 < o f ., 8 3 , 8 4 ~ 8 () , 

'I;fre of 'Iherr:,o . 

Cilromel-Al w.1el 
,, 11 

II II 

.rt -.t° t-t-1 07· Ith 
II 

II 

" 

b) 

... 
-'-JTe of T:1err.1 •J. 

8 7 . e.r, d f; ~> 

Cha.mber 
,, 

II 

1i;;er 
It 

11 

II 

DiEt:.nce frQ□ 
no zzlP P,,d ::>f 

~-3/4 inch r->ic 
4 II 

2-3/4 ,r 

7-1/S II 

,. 
II D 

-1 7/ ,, _; - /:'.; " 
1-3/4 II 

07 
_, ... ' 

;,ie1H,i.lrin{; 
Devi cA. 

Brown* 
II 

;;i lli vol tr.~ete r 
not connecte d 
Sy.:eedomax,. * 
not COnDPC-l 0 :::_ 

s~8Pdor:12 :y:* ♦ 

no7~le Pn d Jf Levlce 

s C1°rD,:.e 1.-Al ili,121 C11::i:J i)r~ r 

9 " 
,, 

II 

10 II II II 

11*""* .1-t-rtotlJ;, Eh Liner 
12 " 11 

13 ,, II 

1u••·• 11 fl 

*Bro,,:n l ?-:~oint rccon:ir; ,-: r 8tPnt i om.Pt ,· r 
;. **Le(:~~ s-:,:· :Y!' 't:1 Y''l: 1 l b-1;() i Zl t - J~n ca ~ .. i_; i ;,,:: "t!O t ('Ill ti J '. .'l~ t Pr 

liner 

':J- ')lG i nc\p ~ 
,_1.;/16 11 _, _, 
}-1/1G 11 

7-1/4 11 

:j" 
:-,_ ,;1.;.11 ' ..., . 

1/ .'.J" 

'""""St nrtin,; ,,,it', tP=-t B--~S ---J! v•7~ conr:.~ctcct t::, 1i ro1,111 :l0tentiJ:r1eter 
l',·*•Stc,rtir .. ~; ,.·i th tPr t .B .. -69 --}T \~_Yp f- c.orinPCtPd t ::-, S~cr-:ed:J tr18Y ---·;~~n:;.~ 1.G~.irt,-·- r 

Br'.) wn.* 
It 

;;u1 i vol t:.;e: Pr 
S:··pecior,,P.x"',. 
not connectec: 
S~Pe'.;0r:1px** 
no t connPct Pd 
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FIGURE 1--Thermal Coriducti vi ty vs Ter:iperat-..i.re Curves for Ceramic 
Liner Materials Used in This Study--From Reference 2. 
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FIGURE 2--Therrnocouple Arrangement for Ceramic Liner Study. 
(Use with Table V) 
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Figure 3--Photograph 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 valves can be seen 
mounted on shield in front of motor. 
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Figure 4--Photograph showing a ceramic lined, 750-pound rocket 
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 main 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. 



J
P

L
-G

A
.L

C
rT

 

@
P

L
A

T
_

~
::

_
E

i_
A

C
K

 

G
 <;O

N
 N

E
C

 T
O

R
 

-

6
_G

A
S

K
-=

T
-A

L
U

N
f.

 

e
.f

'I
D

(l
_

p
_

T
€_

R
 -

TA
_E

J_
__

 /
-l

'I
N

F
-3

 

·-
-
-
/'

"
' 

--
;}>

/.3
2 

R
{:

;§
T

R
IC

 T
E

O
 

1
rl

l'
/I

S
#

 
1

0
 /

.6
6

Z
 O

i/V
/E

N
S

/0
/Y

 

, 
F

O
R

 
:i

M
O

O
T

H
 

G
/?

S
K

E
T

 S
c
l?

T
 

~
 

H
T

£
<

 
W

E
W

,N
G

 <
f'

,-
;,

,,
m

a
w

,N
G

. 

/\-
C

 ""
~

 j 4
;5 :

:
:
~

1=
, 

D
<

Y
L

L
 

#
.,

- 2 
ro

G
JJ

 
. 

\
\
 .

5
G

Z
 

J 
1 

T
h

'R
U

 -
G

 
M

C
JL

E
.S

 
r9

a
t-

-'
"
=-

~ 
--

-
-
~
 

~
I

--· 
I .

.3
.9

9
5

 -
-
•
•
S

 

P
A

G
E

 
~ 

F
IG

U
R

E
 

F
:
 ?

s
o

"'
 

_P
c

_ ~
 

..
3

0
0

 p
s
i 

r 
-

-.
3 

D
R

IL
L

 
S

/Z
£

S
-

-
-~

F
N

-
4

•
 "

'J
'.9

 
A

N
IL

IN
E

, 
"'
6

2
 

~
_

,e
: 

lc
?6

' P
s
<

· 

,/
.3

::
::

:r
 7

~
0 

&
_

:_
K

..
::

 1
.3

5
 A

S
S

t/
M

£
l)

_
 

¼
t 

iS
S

 5
-/

d
?

/K
.E

 

--
,-

--
-,

-/
.,

--
r 
zn

-I 
-
-
i
t
t
-
-

~~
~~
~i
i~
~~
~ 

-~
J
 s

s
· 

/ 
l,

Z
.S

 

'/
\ 

G
A

S
K

E
T

-

-4
-

A
D

A
P

7
"
C

:R
 

G
S

S
-
ld

 
W

E
L

D
 

£
N

D
 

v
'C

-2
4

0
-1

 
IN

S
€

R
.T

 

-3
 

C
O

N
N

E
C

T
O

R
 

-
2

 
P

L
A

T
£

-
B

A
C

K
 

-
/
 

P
L

A
T

e
·F

A
C

£
 

2
-
7

7
8

 
j 
A

S
S

E
M

. 

PA
RT

 
I 

D
E

B
C

lt
ll

ll
l'f

'IO
N

 

I 
i2

 

.I 
I 

,-
---.

.....
 

I 
H

Q
. 

1 

., 
,\

 I 
~

o
R

,L
L

 •
s

 
;2

,s
; 

T
H

R
O
-
,_

,
.
 ·
2

B
N

F
-J

 

S
P

O
T

F
A

C
E

 
'¾

2 
D

IA
. 

/2
 __

_E
'/.

./l
__

C
cS

 

D
R

IL
L

 
"'

a
a

r.
o

.9
,9

) 
7

M
€

U
 -

6 
M

O
L

£
S

 

v
'C

c
?

4
0

-
I 

IN
S

E
:.

R
"l

°_
·l

d
,E

>
E

Q
. 

JE
T 

PI
O

PI
LS

IO
I 

LA
IO

IA
TO

IY
, 

II
LC

IJ
 

CA
LI

FO
H

IA
 I

H
TI

TI
TE

 
OF

 T
EC

H
O

LG
8Y

 
l'

R
O

J
l!

:C
T

 D
E

S
IG

N
A

T
IO

N
 o

e
o

c
1

r 
S

E
C

T
IO

N
 

B
 

P
R

O
J

E
C

T
 C

L
A

S
S

IF
IC

A
T

IO
r,

1_
 R

E
S

T
R

IC
T

E
D

 
1'b

1s
 d

o
au

 .
.
 at

 c
oa

tc
d

u
 b

llo
rm

cr
tio

a 
cd

fe
.d

lD
v 

lb
 l

fa
tlO

IU
II

 
o

.i
. .

..
 c

l 
tb

e 
U

lll
le

d 
S

ta
t.

 w
lt

ll
la

 t
be

 m
ea

ai
ll

9 
cf

 E
lll

pt
ci1

1C
l9

e 
A

ct
. 

U
.S

.C
. 5

0,
 3

1 
aD

d 
32

. l
ta

 t
ra

u
m

ia
lo

a.
 o

r 
th

e 
H

ft
i.

tl
..

 o
f 

ha
 c

oa
t.

at
ll

 IA
 -

.:
:r

.•
a:

za
.u

r 
tD

 c
m

 ~
tl

lo
ri

u
d

 ~
ra

o
a
 l

a 
~

h
t~

e
d

 b
_!

 l
a

..
 

~~
~~

~t=
===

===
=:=

===
==

==
==

==
===

==E
==t

~=
t==

t~ .. ~•;T
g

·i
··

~
-~

-~
-~

-
~

~
-;
4

-
£

~
 

M
A

T
IU

II
A

I.
 
N

O
T

E
D

 
-;; -~

;;;~
t::::

::::=
=::

::=
~~

~~
==

=-:
--

---=
==

=f~
=~

~+
~j~

~~
~~Q

-~~
 

!f:
~~

.c
r"

U
L

L
 

-·
1w

•1
at

n
 

~ 
O

A
TS

 
C

H
A

N
G

E
 

~
:M

"°
'·

 "'
"-

....
..-

..-
---

-;r
oo

. 
T

O
L

E
R

A
N

C
S

 
±

 
.0

1 
U

N
L

S
!I

_S
_O

T
H

~W
IS

_E
_N

O
T

E
_D

 
.
.
 

• 
.
.
.
.
.
.
.
.
.
 

··•
•-

..>
 

7
5

0
 #

 
/N

J
£

C
T

O
R

 
A

S
..

S
E

M
 '!

J'
¥1

if-
!lf

,.,
 ..

. _
 "

 
-i

 -
·•

•-
-,

".
)j

 '
-
-

• 
,i-

2
-

7
7

6
' 

F
ig

u
re

 8
--

D
ra

w
in

g 
sh

ow
in

g 
an

 i
n

je
ct

o
r 

as
se

m
b

ly
 f

o
r 

a 
75

0~
po

un
d,

 
li

q
u

id
 p

ro
p

el
le

d
, 

ro
ck

et
 m

ot
or

. 

D
R

A
W

IN
G

 N
O

, 

' ('
A

 t 



-35-

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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Fi&Ure 14--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 or 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 16.) Positions of thermocouples 
on casing wall are indicated by brazed area and brazed 
bolts in place. 

Figure 16--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 aegment that 
replaced the steel lip 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-93-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 364.5 seconds. 
(Test B-92-N for 181.6 
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 chamber 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 28--Photograph from the injector end showing zirconia 
liner af'ter 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.) 
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Figure 31--Photograph from nozzle end showing the condition of 
zircon liner and burned-out 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 burn-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--Photograph 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. (Also see figures 
24 and 34.) 
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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--Photograph showing a close-up of burned-out 
motor after teat 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 41--Photograph showing deposits on silicon carbide 
liner after test B-94-N. Also see figure 40. 
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Figure 43--Photograph from the injector end showing condition 
of beryllia liner after test B-86-N. Note the injector 
pattern on the liner wall. Length of test was 87.4 seconds 
at a calculated chamber 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 approximate impingment points 
of the injector. Total test time was 155.5 seconds. 
(B-86-N for 87.4 seconds & B-87-N for 68.l 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 performance :parameters are computed from the theoretical formula 

presented in the book 11 Jet Propulsion" published. by the J e t Propulsion Laboratory 

for the Air Technical Service Command. 

a - Characteristic Velocity (c*) 

c* = g Pc ft 

w 

b - Thrust coefficient (CF) 

F 

C - Effective Exhaust Veloci t;:{ 

C = c* CF = tLl. 
w 

d - Specific impulse (Is;J 

Isp = F 
w 

when g = force of grflvi ty 
Pc = chamb er pressure 
ft= nozzle throat area 
w = total fuel and oxidizer flow rate 

WheR F = thrust 

( c) 

These formulas are fully explained in the reference mentioned above. 

Ex;gected Chamber Terrrnerature 

The expected chamber temperature c2.n be calculated in different ways 

but the following method was chosen based on the performance parameter, c*. 

This :particular value of c* used wa.s based on the fuel and oxidizer consumption 

rates as measured by the sight gla.ss readings on the 2,cid and ax1iline supply 

tanks. It should be not ed here that t h e values of computed chamber tempera.

tures 2.re q_ui te low comp ared with the theoretical ve.lues based on the mixture 

ratio. It is assumed th2t the computed tem::-ie ,·atures are lower than actually 

achieved becaus e melting wa s observed in both Zirconie anc'l Zircon yet they 
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ha.ve melting temperatures of 492s°F and 4532°F, respectively. 

The method of calculation was based on the following formula. that is 

given in the book 11 Jet Propulsion. 11 

Where: 

r' Ru Tc 
M 

And: r = ratio of specific heats 

Ru = universal gas constant 

Tc = chamber tem:p era ture 

M = weight of gas :per mol 

c* = characteristic velocity 

Values for M and r' were taken from theoretical curves plotted with the 

mixture ratio a s one of the coordinate axes. T:'le calculated chamber temp era

ture for each run is listed on the plots of the ceramic wa,11 temperature 

versus time, tha t is, Figure 27 for zirconia, Fig ure 36 for zircon, Figure 42 

for silicon carbide and Figure 44 for beryllia. 

A compilation of all measured end calculated data is given in Table I, 

this e,p:pendix. 
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T..:i.111i: l. 

DA'lA :rn..R CEitAMIC C: n Af. i i3 ::.H LHfi~r, Tl'..:S'..:'S 

Run No. Pc F '"'f Wo w r ft c• CF C le..., qn Lin ,. r :Fb.J.n Tioe tr3S Ternrerature Run Noo 
1i-/in. 2ABS 2 1/sec I' 

Etu/sec/in. ? # 'ff/sec ft/ l:'E'C fr/sec in. 1/sec sec Ur, ;d Sec B2~ed. on c• 
M M M M i\j C ?•l C C C C :'t OF ,.,, 

C 
B-S2-N 302 742 0.850 ?.680 3. 53 3.15 l.850 486o 1.328 6470 200.3 1.333 Check-out 64.o 4810 B-8?-N 

run 
B-83-N 313 740 0.925 :?.330 3.81 3.11 l.SL5 4880 1.?;~1 6250 194.1 2.030 Z. i . 1rco111e. 121.1 4830 B-33-N 

B-34-N 309 733 0.897 '.J.860 3. 760 3.19 1.831+ ltf'.50 1. '.'93 (?80 1 S::·. o ? .?35 Zirconifl 147.2 4790 B-34-N 

B-P'.5-N 303 738 0.913 ~- 0 31+0 '.71)0 3 .11 1.8?0 11730 1.33s 6340 196.9 ?.475 Zircon 1os.2 1-;500 B-35-N 

B-86-N 300 733 0.821 ,, .85 :L670 :~. 4 7 1.8?'" Li-800 l._:41 6400 198.8 ?.no Beryllia 87.4 4790 B-36-N 

lLZ,7 -N 300 733 0.954 ::.7so 3.730 ?.91 1.s;-7 u730 1.337 6330 196.6 ? .320 Ber;y-llia 68.1 l.;315 B-87-N 

B-88-N 29_2 706 0.876 ?.990 3.r90 
~' 

0 33 1 .~-_pl+ 4410 l.Y,6 ~t'.'.40 FG.4 ?.453 SiC 62.4 3965 B-88-N 

.B-89-1~ 296 71? 0.95;: -::·.3:;0 3.300 ?,99 1.819 4560 1.3?? 6030 187.3 ::',471 Zirconia. 1n. 7 4030 B-8?-N 

B-90-.N 305 7:;5 0.944 3.030 7 07 
..,. _, f 3.?l 1.8?1~ ,:510 L:57 bl20 190.1 1. 685 Check- out 6'). o 4oso B-CJO-N 

run 
B-<]1-N 302 766 0. <-j38 ~) ,980 3 .9::: 3 .15 1.300 4470 1.409 6?90 195.3 ?.?70 lirconie 131.8 3990 B-91-N 

B-9?-N 306 734 D.895 :--.970 3.:,70 3.3? 1.311 4610 1 0 .3 ?4 6110 189.S 1.980 Zircon 181.9 L315 B-9?-N 

B-93-N 310 731~ 0.380 ? .820 3.700 3.?0 1.737 4690 1.303 6390 198.4 1.990 Zircon 173.8 4460 B-93-N 

B-9l.:-N 300 718 0.865 ?,890 3. 760 3.34 1.783 4590 1.339 6150 191.0 1.9Gs SiC 1;:0,3 4310 E-94-N 

B-95-N ;05 7V 0.349 ~' o'.?30 3.7so ' l.i r, ~ . ,,, 1.716 11-190 1.360 C:065 loS,4 1.596 SiC ll2.l 4c6o IJ-95-l-T 

Note: The figures r:iven in columns for Wf, w0 , and,,, 2.rr- basArl. on t:1e average flow rate durinr. rr test. 'Iot.c~l conswHrtion 

total tioe of test and gc,_ve avere{;F'; flow rates. 

C Compited date. 
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DIFFICULTIES ENCOUNTERED AND l,£ETHODS OF SOLUTION 

Due to the short time that the author could occupy the test pit and 

the fact that much of the prelimina.ry ground work had been laid for this 

study prior to his association with the Jet Propulsion Laboratory, many 

p roblems 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 hoped that the presentation of these 

problems may help some future experimenter. 

1. Injector Orifices Much delay was encountered due to the slowness 

in fabricating of the injector and the last parts of the injector delivered 

were the orifices. These orifices were ma.de by a commercial manufacturer 

of materials furnished by the Jet Propulsion Laboratory. The specifications 

called for stainless steel but some of the delivered articles were magnetic 

and showed signs of rust. A check proved tha.t the material was not stainless 

steel. Since time was short, it was d.ecided to use these orifices. Duri:ng 

the tests a different mixture ratio of oxidizer to fuel was given for each 

test. This was due, at least in part and p erhaps entirely, to these substitute 

orifices. Only four of thirty-six orifices delivered were s~.tisfactory; t:1at 

is1 four wc,re stainless steel. 

? . Acid Barton Meter The use of a :plastic separ2.tor in the lines 

connecting the Barton differential pressure meter to the acid line was 

considered as a large error inducing mechanism. Tne exact size of this 

error cannot be readily evaluated because the a-ror varied from test to 

test. For this reason little dependence was :placed on this meter and overall 

flow rates were determined from the sight gl r:.ss readings on the acid tank. 

Check calibrations of t he acid Barton flow meter showed q_uite conclusively 
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that the da ta taken for one run or a t any particular time we~ in error 

a constant amount during that run or during a small interval of time. 

However, these calibrations also showed t hat the errors varied greatly from 

day to day and test to test. 

3. Design of Chamber Casing. ·r he chamb e r casing a s orig inally <.'Lesigned 

ha.d a 3/4 inch metal lip t hat was used a s a seat for t he nozzle 8 .S s hown in 

Figure 1 2 . The hea t transfer t hrough this metal lip wa s so g rea,t during 

the first test with a zircon liner t hat it caused the lip to fail by melting 

( see Figures 31 and 32). Figure 13 shows e. redesign to eliminate t his lip. 

With t h is simple redesign t h is sort of failure we.s eliminated entirely. 

Figure 18 shows how the .rnete,l lip wa.s repl e,ced by a p iece of ceramic liner. 

Ce ramic liner then extended from t h e nozzle to t h e injector. The redesign 

of this lip necessitated a change in t h e method. of providing a ge.s-tight seal 

between the nozzle and t he chamber casing. This was accomplis hed ·by p l acing 

a copper gasket between the nozzle and t he chamber ca sing and is shown in 

place on the nozzle in Figure 17. It is believed that all ceramic liners 

used in the chamb er should extend. from injector to nozzle. 

4. Loose Liners. When the silicon carbici.e liner was placed in the 

chamber casing without cement, a motor fe.ilure occurred ( see Figures 37, 

38, an d. 39). This wa.s p robably ca.used by the liner fitting too lQo i::. ely 

in the casing . In this ca se the clearance between t he c a.sing and the liner 

was excessive and such a failure was anticip ated. It may be hypothesized 

that upon starting the motor the high chamber p ressure cracked the liner 

and forced the liner against the CE,sing wa.lls. Such large cra,cks occurred 

tha t t h e nressur P. wa.s eq_ueli zed on ei t :i.er side of t he liner. The vibration 

of the motor then caus ed a section of the liner to f all into the chamber 

interior. The metal of t he casing we.s t hen e:xpos ed to the direct flame and 

the metal melted awa.y, causing a failure. 
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5. Temperature Recording Devices. The potentiometer set-up as used 

in this study was not entirely sa.tisf a.ctory. For the temp erature gradients 

encountered in this type of a study only a single t hermocouple should_ be 

connected into a potentiometer. In the case of a Brown 12-point recording 

p otentiome ter when a v ery stee~ temp e rature g radient is encountered much 

of the t ime during a run is spent in 11 hunting . 11 This is because the :Brown 

will not record. unless it is in balance. However, when in balance, it will 

record every second. On the other hand t he Leed.s-lJorthron 16-point record

ing :potentiomete r will normally print only every four seconds. With more 

than one t hermoco 1;~ole :p er instrument there are not enough recordings made 

to g ive a good. curve of temperature versus time. For this t ype of test 

other types of p otentiometers 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 t hermocouple. The necessary 

nu.lJlber of such instruments could then b e p laced in a ban..1-c on a p anel and 

photographed as a means of recording . 

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

series of tests, three different lots of oxidizer (red fuming n itric acid) 

were used.. In addition to other f e.ctors g iving v e.riations in p erformance 

from te s t to test, the different lots of acid varied considerably in purity 

and, t her efore, added another variable to the test conditions. 

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

p rimary reasons for poor p erformance data during this series of tests. 




