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FOREWORD 

This report is one of a four part final report which describes 
the research conducted with a liquid rocket motor utilizing hydrogen 
and nitrogen tetroxide propellants with which heat transfer and chem- 
ical composition data were obtained. The development of the experi- 
mental hardware is the subject matter of this particular document. 
The subject matter of each in the series are: 

Part I - Summary 
Part I1 - Data Analysis, Correlation and Theoretical Predictions 
Part I11 - Data Report 
Part IV - Development of Experimental Hardware and Technique 

This effort was conducted for the Jet Propulsion Laboratories of 
the National Aeronautics and Space Administration under Contract No. 
NAS7-463. Mr. Donald L. Bond and William H. Tyler were the technical 
monitors. 

The work reported here is based largely on a compilation of the 
It repre- progress reports issued during the course of the program. 

sents the culmination of contributions of many individuals both in and 
outside Aerotherm Corporation. Particular credit is due to West Coast 
Technical Company's Dwight Fisher for cooperation and help in solving 
the vexing sample analysis problem, to United Technology Center's 
Leo Linn and his technical staff headed by Bill Cooper for the success- 
ful conduct of the test program, and to the technical monitors for their 
guidance and understanding during these difficult portions of the con- 
tract. To these and to all the others who contributed ideas, sugges- 
tions'and devoted labor which in the end lead to successful resolution 
of the projects goals, the author expresses his sincere gratitude. 
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SECTION 1 

INTRODUCTION 

The study of boundary flow composition in a rocket motor combus- 
tion chamber appears to be a subject not too extensively investigated 
although exhaust stream sampling is performed on a relatively routine 
basis. A major problem is the severe environment in which the system 
for obtaining the boundary flow gas samples must operate. Because 
there existed a lack of suitable equipment with which the problem couid 
be investigated, the Jet Propulsion Laboratory undertook the develop- 
ment of such equipment with the view of generating valuable data fo r  
injector designers confronted with providing high performance injec- 
tors for both albative and nonablative rocket motor chambers. 

Aerotherm's role in this research program has been to 1) develop 
the manufactured hardware into a working research tool, 2) acquire 
and reduce the data produced by developed apparatus, and 3 )  analyze 
and correlate the data to injector design parameters. This part of 
the final report (Part IV) is concerned principally with the first of 
these activities. Besides the development of the actual research hard- 
ware this report describes analysis used in supporting the hardware 
development, the development of certain data reduction computer codes, 
and the development of technique for the chemical analysis of the gas 
samples taken with the equipment. 

This research activity began at Aerotherm in July of 1966. It was 
scheduled to be completed in a 12-month period. The program was sig- 
nificantly delayed however first by production delays of certain of 
the valve and injector components, then by problems at the rocket site 
both with regard to the thrust stand instrumentation and the apparatus 
itself. The most significant delay was the result of the determination 
of the chemistry of the collected sample--a problem which was totally 
unexpected. With these delays the development effort spanned a period 
2 years in duration and the prime testing (the second activity) was 
not initiated until late in 1968. 
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SECTION 2 

RESEARCH EQUIPMENT DEVELOPMENT 

The Jet Propulsion Laboratory as part of its Advanced Liquid Pro- 
pulsion Studies (ALPS) program undertook rocket motor boundary flow 
research to provide data and increased understanding of combustion 
chamber processes so that injector design techniques, for example, 
could be improved. 

In the mid 1960's a sampling scheme was conceived which employed 
a unique-zero-leakage, minimal-dead-volume valve which had been de- 
veloped for propellant flow control on the Mariner Program. Using 
this valve as a basis for the research equipment concept, the Jet Pro- 
pulsion Laboratory proceeded to have constructed a copper heat sink 
combustion chamber and suitable injector, the latter embodying certain 
design features established in the ALPS program which provide excep- 
tionally good stability, repeatability and ruggedness--all highly use- 
ful features for a research program. The combustion chamber was 
machined to house six of the zero leakage valves at approximately equal 
axial increments between the injector and combustion chamber throat 
at the same azimuth. 
tained gas actuation mechanisms for these valves. Provision was 
also made in the combustion chamber for six heat flux gages located 
directly opposite from the sampling ports. 
all requisite valve parts were designed and manufactured when Aerotherm 
was introduced into the program. This section of Volume 3--the devel- 
opment of the research equipment hardware--is concerned with providing 
a record of the effort expended by the Aerotherm Corporation in the 
development,of the apparatus past the initial hardware construction 
phase to the point of making it a useful research tool. The principle 
objective of the development activity was to produce a research appara- 
tus that would operate in a known, repeatable fashion such that the 
acquisition of meaningful data would be assured. 
the accomplishment of this objective has been divided into subsections 

A separate housing attached to the chamber con- 

These heat flux gages and 

The description of 
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which correspond to the principal hardware development phases. Sub- 
section 2.1 describes the development of the sampling system, includ- 
ing the zero leakage JPL valve, its problems, and the system which 
eventually replaced it; subsection 2 .2  describes the development of 
the heat flux gages-which replaced the original gages damaged during 
installation and which embodied certain improvements thereto; subsec- 
tion 2.3 describes the development activities which were incidental 
to the aforementioned objective but were nonetheless important to 
successfully achieving it, and subsection 2 . 4  describes the final 
developments leading to the actual use of the apparatus and the pre- 
liminary firings which were obtained therefrom. 

The heat sink combustion chamber was machined from a solid piece 
of high purity copper to give a chamber diameter of two inches, a con- 
stant area length of 5 inches and a wall thickness of 1-1/2 inches. 
The injector can be clamped to this chamber in such a fashion that it 
can be rotated between firings to any desired position. A 1/2 scale 
drawing of the chamber is presented in Figure 1. Detail A of this 
figure shows the essentials of the hard seat valve concept less the 
actuator details. The relative locations of these sampling valves and 
heat flux gages are shown in the cutaway views. Because an adaptor 
flange is required between the injector face and block mounting flange 
the actual distance from the injector face to the center of the first 
sampling station is slightly in excess of one inch. 

The injector, shown in side view in Figure 2, features long tube 
orifices arranged to form 10 doublet pairs such that a relatively uni- 
form cross-sectional mass flux distribution in the chamber is produced. 
The jet emanating from these long tubes has a fully developed turbulent 
velocity profile combined with a large pressure drop which tends to 
make the jet insensitive to upstream disturbances thereby .yielding an 
injector with repeatable characteristics. Moreover this injector has 
been found to yield high C* efficiencies both in work reported here 
and in previous testing at JPL. (1,2)* 

*Number in parentheses refer to reference at end of text 
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2.1 SAMPLING SYSTEM 

The development of the sampling system initially posed the great- 
est uncertainty in achieving the objective of acquiring meaningful data 
with reliable and repeatable equipment. Although it was found possible 
to achieve sampling with the zero leakage-minimal volume-hard-seat 
valve, significant disadvantages,as far as the requirements of this 
program were concerned, prompted the development of an alternate sam- 
pling system. It is concluded that a modified form of the JPL hard- 
seat-valve would be appropriate for those situations where the soft 
seat material currently available would be damaged or destroyed by 
chemical activity with the sample gases. 

This subsection describes the effort expended in making the JPL 
valve successfully operate in a rocket motor environment and also de- 
scribes the evolution of the sampling of flow rate control method from 
the use of a porous sintered element to a more conventional drilled 
orifice. Supporting experimental and theoretical detailed studies 
are presented as they applied to the development of the sampling 
system. 

2.1.1 Hard Seat Prototype Valve Development 

The development of the sapphire-ball-hard-seat-valve proceeded in 
two'stages. 
type valve in a system simulating the environment in which the valve 
was to be operated. The second developmental stage involved resolving 
the problems associated with the successful operation of six of these 
modified hard-seat-valves in the chamber. This second stage is dis- 
cussed in Section 2.1.3. 

The first stage was the operation of a full scale proto- 

One of the stated objectives of the program is to provide a samp- 
ling apparatus which operates in a known, repeatable fashion and in 
such a way that the acquisition of meaningful data is assured. To 
effect this objective, tests of the sampling valve components, backup 
valves, and the overall rocket motor-sampling system were conducted. 
These tests were made to ensure proper mechanical operation and survi- 
vability of the sampling system. 
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A flow testing circuit was constructed at the Aerotherm Labora- 
tory with which the prototype hard-seat-valve and other sampling sys- 
tem components could be tested using various commercially available 
gases. A flowmeter, thermocouple and pressure gage instrumentation 
made possible an accurate determination of flow rate. 
sents a schematic of the flow circuit. 

Figure 3 pre- 

Several salient features of the flow circuit should be noted. 
The design philosophy was to have one leak tight circuit which could 1 

be used for testing several different components. Thus, the components 
tested in this circ~it included the copper-block-JPL-valve assembly 
with stainless-steel-block-actuator assembly, sintered-plug flow con- 
trollers, back-up valves, and other circuit components. The supply 

gases for the circuit were either helium (for leak testing components) 
or a mixture of helium and nitrogen (for flow characteristic determi- 
nation). A 50/50 mixture (by mole fraction) of the gases was chosen 
to simulate the density of the combustion products at the combustion 
chamber wall temperature. 

The resistance-heated coil of tubing shown in Figure 3 was used 
to raise the test gas temperature to at least 30O0F. By heating the 
test gas in this manner (and simultaneously heating the valve body) 
those valves with soft seat material '(such as the sampling cylinder 
shutoff valve) were evaluated for contamination and durability char- 
acteristics. 

The downstream side of the components could be: a) connected to 
a sampling bottle for contamination evaluation, b) connected to a 
check valve for vacuum testing, c) unconnected for leak testing. 

A two piece test block was constructed in which the JPL sampling 
control valve (Figure 4) was inserted. This test block modeled the 
copper rocket motor combustion chamber and the stainless steel upper 
valve housing. When connected to the flow circuit, the test block 
enabled testing of the JPL valve under hot conditions for both mech- 
anical integrity and leakage characteristics. 
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In the JPL valve design, shown in Figure &a, the gas flow is 
controlled by a precision sapphire sphere (ball) which contacts a 
spherical stainless steel seat. Such a design has the potential for 
controlling the high temperature gases to be taken from the rocket 
motor boundary flow. The Jet Propulsion Laboratory has had much ex- 
perience with valves of this type and has found them capable of exhibit- 
ing zero leakage characteristics under less severe operating conditions 
than those anticipated in this program. In the particular design under 
evaluation, the ball is held to the seat by a small return spring and 
is disengaged from the seat by a gas actuated piston-intal arrange- 
ment. The design is noteworthy, especially in comparison to standard 
gas valves, in the extensive use of O-rings. O-rings are found in the 
piston assembly, around the seat assembly, and between valve housing 
components. Operational difficulties were encountered which have been 
traced to these O-rings and also to the proper seating of the ball in 
its seat. These difficulties will be briefly discussed in the follow- 
ing paragraphs. 

The evaluation of the JPL valve was first limited to cold flow 
testing. In the attempt to demonstrate the operation of the valve for 
these less stringent conditions, several problem areas were uncovered. 
These problems fell into two categories: 1) O-ring distortion and 
2 )  contamination. 

Initial tests with the valve were encouraging. The most signifi- 
cant problem appeared to be a tendency for the actuating piston to 
hang-up (probably O-ring seizure). The seizure problem was largely 
eliminated when the piston return-spring force was increased (by 
stretching the spring) and when the piston-shaft O-ring was lubricated. 
However, the leakage characteristics of the valve became increasingly 
degraded as testing progressed and completely satisfactory performance 
of the valve was not achieved even for the cold flow condition. 

Significant leakage between housing components was observed and 
this was traced to a lack of sufficient O-ring groove depth in the 
copper test block. The internal O-rings were a lso  found to be highly 
susceptible to damage during assembly. Leakage past the seat was the 
most difficult problem. Various causes were uncovered but the princi- 
ple one, was contamination. Contamination arose from adjacent parts 
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rather than from improper assembly procedures. It was found necessary 
to ultrasonically clean all adjacent parts, especially those upstream 
of the seat. A predominant source of contamination was dound to be 
the cage for the sapphire ball. Microscopic examination of the ball 
showed the existance of both an oily substance and minute metal part- 
icles on the ball surface. Both contaminants were traced to the cage. 
It was also discovered that the metal particles even produced mirco- 
scopic chipping of bhe sapphire surface when trapped between the ball 
and the seat. 

Another source of performance degradation was also traced to the 
sapphire ball cage. The clearance between the cage walls and the sap- 
phire ball which it encloses is only several thousandths. When this 
clearance was increased to prevent cocking the ball away from the seat 
then the tangs forming the cage were weakened to the point where it 
was difficult to assemble the valve without bending the cage tangs 
which then also prevented the ball from seating properly. 

Following the cold flow testing the prototype valve was reassembled 
using ultra clean procedures and tested under conditions more repre- 
sentative of the chamber environment. The valve body was heated to at 
least 300°F and the inlet side of the valve was pressurized to about 
150 psia. The gases were also heated by a resistance heater although 
the temperatures produced by the heater were far below what were to be 
experienced in an actual firing. Table 1-a presents a summary of the 
range of conditions which were produced for the prototype testing. Gas 
pressures and temperatures and valve body temperatures were recorded 
and the downstream side of the valve was either evacuated or opened 
to atmosphere in these tests. 

Some of the test resulks obtained during the development testing 
are presented in Table 1-b. In these tests, pressures and temperatures 
were measured over a period of time and after the valve had been cycled 
many times. 

The tests were repeated several times after the valve had been 
disassembled and reassembled to preclude the possibility of having ob- 
tained excellent results from a fortuitous and unique assembly. 
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The data presented are results from time - leakage tests in which 
the pressure rise in a small volume downstream of the valve is measured 
over a period of time. Prior to these tests, the valve assemblies had 
successfully passed bubble and "snoop" tests. 

The leakage rates demonstrated by the prototype valve in this pres- 
sure rise data were low enough to guarantee successful performance dur- 
ing a firing. In the firing sequence the valve needs to be in a good 
shutoff condition for only several seconds before the sample is taken 
and further, the pressure in the sample bottle after a firing is about 
three atmospheres. Under such conditions the leakage gases would be 
a trivial fraction of the mass of gas collected during the sampling 
process. 

One of the potential problem areas confronting the sampling scheme 
was the possibility of contaminating the boundary flow sample gases in 
the process of collecting the sample. This contamination can be of 
various forms. Two potential sources of contamination were (1) the ac- 
tuating gas for the valve (the actuating gas could contaminate the 
sample by leaking past the piston "0" ring seal) ( 2 )  leaks to the 
ambient 

Chemical reactions between the sampling gas and component parts 
can also change the sample composition but this could not be investi- 
gated because of the limited temperature range of the sample gas heater. 

In the contamination test a gas mixture of known composition was 
heated and supplied to the upstream port of the valve at high pressure. 
The downstream side was connected to a small sample bottle and evacua- 
ted. The valve body itself was heated to simulate the actual conditions 
to be encountered in the rocket firings. The valve was actuated sev- 
eral times during which the valve was open for about one second per 
cycle. The sample bottle was removed from the system and analyzed by 
gas chromatography for molecular composition. The results, presenked 
in Table 2 show only a small level of contamination was detected. 

The prototype valve was subjected to a severe heating test to 
ascertain the susceptibility of certain valve components to thermal 
shockp distortion from impulse heating, and mechanical failure. In 
this test an acetelyne torch was directed at the upstream port. The 
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downstream port was connected to an evacuated bottle. When the valve 
was actuated, the acetelyne torch flame was drawn into the interior of 
the valve. This internal heating was maintained for about one second. 

The valve was then placed in the flow circuit for evaluation. 
Although actuation was found to be normal, a good shutoff condition 
could not be achieved. Upon disassembly it was found that the ball re- 
turn spring had collapsed and partially fused together. 
the stainless steel seat appeared to be in good mechanical condition 
so that, on the basis of this test, thermal shock can be largely ruled 
out as a problem area. 

The ball and 

These results reinforced the conclusion drawn from the results of 
the earlier tests--that is, it appeared unlikely that the JPL valve 
would withstand the rigors of rocket-firing-sampling for several tests 
in a row and would require tear-down and build-up operations frequently, 
perhaps at the end of every test. 

Several vulnerabilities of this valve design concept were noted 
during this development period. As borne out by the difficulties out- 
lined above, the sapphire ball and stainless steel seat are extremely 
susceptible to minute foreign object adhesion which prevents the ball 
from attaining the extremely small seat tolerances necessary for leak- 
free operation. In some cases foreign particles can even cause sur- 
face damage to the sapphire ball. During operation with the rocket 
motor the valves would probably have to be disassembled for cleaning 
after each test firing because the scale formed on the combustion cham- 
ber walls during the firing and sampling sequence will probably flake 
off and enter the valve. Not only is the sapphire ball damaged by 
foreign objects, but the impact forces on the ball from both the seat 
and the pinta1 (which pushes the ball off the seat) cause surface mar- 
ring. This surface marring prevents the ball from seating properly 
when it is reassembled since the position of the ball relative to.the 
seat cannot be reproduced and the ball must be replaced. Similar com- 
ments apply to the seat itself since the surface finish of the seat 
can be damaged when the ball seats upon a foreign object. If the valve 
seats are frequently damaged in this fashion, then valve seats would 
have to be replaced because the seats can only be lapped a few times 
before the land becomes excessively wide. 
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Certain experimental and theoretical studies were conducted in 
parallel with, and in support of, these experimental studies on the 
hard seat valve. The combined results of these efforts led to a modi- 
fied hard seat valve design. 
to be effected by the flow rate of gases through the valve. In the 
next section these experiments and analysis will be described. 

The performance of the valve was found 

2.1.2 Sampling Flow Rate Control and System Analysis 

Considerable attention was given to the problem of properly con- 
trolling the rate at which the sample gases were to be drawn from the 
boundary flow in the rocket motor. Factors considered included bound- 
dary flow disturbance, sampling time duration and sample receiver size. 
Attention was also given to the method of flow control and the durability 
of the controller to the severe environment which could be found near 
the vicinity of the chamber wall. Originally flow control was to be 
accomplished by a sintered porous element. Following an evaluation 
of the above factors this method of flow control was discarded in favor 
of a drilled-orifice. Subsequently certain modifications to the hard 
seat valve design were also made. These facets to the sampling system 
design are described in the following paragraphs. 

2.1.2.1 Sintered Element Flow Characteristics 

Several grades of sintered elements were ordered from Pacific Sin- 
tered Metals and copper holders for these elements were constructed. 
The initial tests of the sintered elements were with elements tested 
by JPL previously and used only N2 as a test gas as per JPL test con- 
ditions e 

The sintered elements were tested over a range of pressures ex- 
pected to encompass those pressures to which the elements would have 
been exposed in the motor. Five grades of sintered elements were 
tested and are identified by their commercial grade number. The ele- 
ment configuration tested corresponded to that for the original element 
location as shown in Figure 4-a, 

The data obtained in these nitrogen tests is presented in Table 3 .  
Comparison of this data with vendor data is shown in Figure 5 where good 
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agreement can be noted. The volumetric flow rate, V,in Figure 5, is 
that obtained for standard conditions, i.e.; 

v = Ifit/P, 2-1 

This data provides the means for selecting the proper grade of sintered 
material for controlling the rate of flow into the sampling bottle. 
For a 100 cc size sample bottle, and a one second sample duration 
time, the volume flow rate of nitrogen equivalent to the actual gases 
is about 20 (in3/sec.), and for a 150 psi pressure drop a grade of sin- 
tered materials of 100 appears to be appropriate. For the 300 cc size 
bottle, grade 40 would be appropriate. This sizing procedure must be 
approximate since the flow can vary 20% from element to element of the 
same grade and moreover the pressure drop characteristics of the samp- 
ling circuit and the mean gas temperature in the element can not be 
established with certainty. 

The equivalent nitrogen flow rate was obtained in the following 
manner. From Reference 3 the Reynolds equation for flow in porous 
media is given as: 

4 2  = auu + Bpu2 
L 2-2 

using the first term of this expression (the viscous influence term) 
a proportionality expression can be readily derived which relates flow 
rate and viscosity for two different gases flowing through the same 
media: 

2-3 
V 

% g  
The preceding flow rate is obtained for the calculated gas flow rate, 
rR needed to fill the 100 cc bottle in one second and the appropriate 
thermodynamic data. 

g r  

The gases in the bottle were assumed to have a molecular weight 
of 20 and to be at a temperature of 3OOOF and a pressure of 50 psia. 
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The viscosity data for nitrogen, vN, was obtained from Reference 4 and 
that for the gas from the Aerotherm Chemical Equilibrium program for 
the mean chamber composition (O/F = 1.2) at a presumed mean temperature 
of 800°R and pressure of 150 psia ( v  = 3.7~10-~ ft2/sec). g 

A precise analysis of the physical situation is difficult as the 
following considerations show. Initially the sampling flow is at the 
wall temperature since the sample is drawn from the gas next to the 
wall. Since this occurs about one second after the firing commences, 
the gas at that time is already hotter than 760OR. As the saxpling 
progresses the wall and plug front face temperatures continue to rise 
and further the sample gas is drawn from a volume of gas whose bulk 
mean temperature is higher than that of the wall. Superimposed on 
these variations in temperature are local variations of molecular weight 
and other properties due to local concentration variation. 

It was desirable to demonstrate that sampling rates of this mag- 
nitude did not disturb the flow field to the extent that the gases 
collected would not be representative of the undisturbed flow near the 
wall. Aerotherm had originally suggested that a suction ratio, 
p u./p u of 0.001 was an appropriate value for the sampling rate to 

assure low disturbance of the gas composition next to the wall. With 
this suction value and the specified propellant flow rate ( ~ ~ ~ 0 . 4  lb/s), 
the fill time was found to be much greater than the run time suggested 
by JPL (six seconds). This can be shown as follows. The mass velocity 
through the porous element is found to be(using the foregoing suction 
ratio) 

P P  ee' 

( lb/s-in2) 

The volumetric flow rate can be obtained by dividing p u by the density 
of the gas (conditions as above) and multiplying by the cross-sectional 
area of the sintered element. Thus: 

P P  

A /P = PPuP P g 
2-4 
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Comparing this volume flow rate with that calculated previously it can 
be seen that the time required to fill one cylinder is approximately 
2000 seconds, which is several orders of magnitude greater than the 
run time. This unacceptable result led to further detailed study. 

It can be shown (see Appendix A) that the mass flux in the laminar 
sublayer taken in through the porous plug is given approximately by the 
following expression: 

QsUs -N 60p/dp 2-5 

Using the previous gas viscosity value and d = 0.158 inches P 

Thus, comparing this rate with the rate determined previously, by re- 
moving the entire laminar sublayer (a slight disturbance to the flow 
field) the sampling times will still be much greater than the firing 
time. 

The conclusion made from these preliminary results was that filling 
the sample cylinders in several seconds with the initial sample design 
(sintered plug) would disturb the flow field somewhat since a suction 
ratio of about 0.1 would be required. For such a suction rate the sam- 
ple will be taken from regions well into the turbulent boundary layer. 
There are significant changes in composition and gas conditions in the 
laminar sublayer. Thus withdrawing gases from a region larger than 
this sublayer means that the gas composition obtained is not truly rep- 
resentative of the wall condition (because of unequal diffusion effects) 
even though there is only a moderate disturbance to the boundary layer 
flow field. The estimate of this effect was deemed to be outside the 
scope of the effort at this stage in the program. 

Since the greatest temperature drop between the boundary layer 
edge (presumably at flame temperature) and the wall occurs in the lam- 
inar sublayer, it follows that the gases entering the sampling system 
will have a high mean temperature. Accordingly a more detailed aero- 
thermodynamic treatment of the entrance condition and the porous plug 
response was performed. This detailed treatment is described in the 
next subsection. 
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2-1-2.2 Sintered Element Thermal Analysis 

The Aerotherm Real Gas Boundary Layer program (Reference 4 )  was 
used to calculate heat transfer coefficient and boundary layer thermal 
property data for the theoretical mean-gas-composition to be found in 
the rocket motor, The gas composition data was generated by the Aero- 
therm Chemical Equilibrium program. Figure 6 presents the composition 
data as a function of the oxidizer to fuel ratio. The design point 
mixture ratio is 1.22# as shown on the figure, and it is for this comp- 
position that the boundary layer program was run. 

* 

Figure 7 presents the most pertinent results from the boundary 
layer calculations. The boundary layer was presumed to start at the 
injector face and to be laminar initially. Transition to a turbulent 
boundary layer occurred somewhat less than halfway down the chamber 
where the calculated momentum thickness Reynolds number equaled 300. 
It is seen in Figure 7 that the boundary layer is quite thin. As a 
consequence even very small flow rates remove the laminar sublayer 
across which the greatest temperature rise in the boundary layer is 
found. It was found that approximate calculations(using the flow 
rate required to fill a 300 cc sample bott1e)showed about one third of 
the displacement thickness was removed. This means that such sampling 
rates disturb the boundary layer somewhat (and hence the flow field 
adjacent to the port as well). It was felt, however, that the effect 
of such disturbances on the local O/F ratio would not be large. Since 
the use of the smaller sampling bottles reduce the possibility of ob- 
taining erroneous data in the majority of the tests, 75 cc sample 
flasks were used. 

Comparison of the heat transfer predicted by this program with 
that measured experimentally at JPL, using the same motor configura- 
tion and propellant, is favorable as shown in Figure 8 .  The predicted 
values are somewhat higher than the experimental data taken from Ref- 
erence 1. When the difference in wall temperature between the pre- 
dicted and experimental cases is considered the discrepancy is about 

*A more extensive description of these programs and their use in these 
types of problems is presented in Part 11. 
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30%. More recent data, Reference 5, shows the same discrepancy is 
found in the high heat transfer region near the throat. More detailed 
predictions are presented in Part 11. 

The sintered element was analyzed theoretically using the Aero- 
therm Axisymmetric Transient Conduction computer program, Reference 6 ,  

in conjunction with the results obtained with the aforementioned boun- 
dary layer program. In performing this analysis it was assumed that 
the sintered plug was in thermal equilibrium with the gas entering 
the plug. The validity of this assumption is generally accepted be- 
cause of the high surface area to volume ratio which is characteristic 
of sintered materials. 

In the computer solution an approximate value of contact resistance 
of 3.0 (ft2-sec. OR/Btu) was chosen for the interface between the sin- 
tered element and its holder and between the holder and the motor wall. 
The sampling gas was assumed to be in thermal equilibrium with the front 
face of the sintered element and solid copper properties were used for 
the sintered element. Even with such optimistic assumptions, the sin- 
tered element was Eound to have temperatures in excess of the melting 
temperature of copper in less than one-half second after initiation 
of sampling (initiation of firing was assumed to have occurred three- 
quarters of a second earlier), Figure 9 shows the predicted tempera- 
ture ldistribution\in both the element and its holder, 

A solid copper plug with a small hole through the center was an 
obvious alternative to the sintered element since some means of sup- 
port for the ball return spring (see Figure 4) had to be provided. 
Accordingly, this design was analyzed next. The thermal entry length 
theory of Reference 7 was applied to obtain the flow of thermal energy 
from the gas to the walls forming the plug passage. The predicted 
response of the solid drilled plug showed that this design approach 
would survive the hot environment but other practical problems were 
encountered. For one, the ball check return spring becomes extremely 
hot (near the melting point) and means other than the spring held ball 
for containing the collected sample obviously had to be provided. 
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The foregoing considerations led to the conclusion that the sin- 
tered element could not be used in the original location as shown in 

could be designed such that the sampling gases were cooled in passing 
through the plug to the point that the spring did not lose its temper 
without the plug itself failing. Howeverl by reducing the flow rate 
requirements through the use of smaller sampling bottles the likeli- 
hood of the ball-return spring melting would be reduced, Aerotherm 
therefore recommended that the drilled-solid-plug design (in conjunc- 
tion with smaller sampling bottles) be used. The gas analysis subcon- 
tractor indicated that a 75 cc sampling bottle size would be adequate 
for determination of the sample chemistry and as noted previously, this 
size was used for the test program. 

-a, The findings suggested that it was unlikely that the plug 

The design modifications are shown in Figure 4-b (which can be 
compared to he original design in Figure 4-a). In this design, the 
'plug was brazed into the motor wall to ensure high thermal energy trans- 
fer between the plug and the motor wall. Note that by brazing the plug 
in place one of the "0" ring seals was no longer needed. The other 
seal, located nearbyp was relocated in a cooler region to prevent vul- 
canization of the "0" ring material. The high wall temperatures pre- 
dicted for the motor wall in the vicinity of the plug made the survival 
of such soft materials at that point unlikely. Figure 10 shows the 
predicted wall temperature distribution at the end of six seconds of 
firing. For the sampling station farthest downstream (near the throat) 
temperatures of about 1200OR are predicted near the sampling port. 
The recommended upper limit for such materials is about 200 degrees 
less than this, 

The sintered element was moved to a point downstream of the JPL 
control valve where it both controlled the flow and ensured that the 
sampling gas emerge from the valve at a temperature no higher than'the 
environmental temperature of the motor (300°F), It was believed that 
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such a design would allow the use of a remotely actuated positive shut- 
off valve with a teflon insert. Because of the environment to which 
the ball return spring is exposed, it was felt that its performance 
was marginal to the extent that the use of such a positive shut-off 
valve was advisable, 

The sintered elements were eventually replaced by drilled orifices 
when bits of metallic contamination in the teflon pinta1 tip in the 
Whitey positive shutoff valve were detected and this contamination 
was traced to the sintered element. These orifices were constructed 
of copper slugs approximately 3/16'' OD and 3/4" long in the center of 
which a hole 0.0125 inches in diameter was drilled, These slugs were 
crimped into 1/4" holder tubes that formed part of the sampling system 
tubing connecting the sample cylinders to the motor block. 

2.11.3 Development of the Final Hard Seat Valve System 

Following successful completion of the prototype testing and de- 
velopment in which successful operation of the valve was demonstrated, 
the modified sampling system design as shown in Figure 4-b was construc- 
ted. The following subsection describes first the assembly of the 
modified system--in particular the hard seat valves in the rocket motor-- 
and then the operational experience gained in the use of these valves 
in the developmental rocket firings. The description of the firings 
themselves is deferred tp Section 2 - 4 .  

The JPL sampling valve components were thoroughly inspected and 
ultrasonically cleaned, and the six seats were hand lapped according 
to lapping instructions received from JPL to achieve perfect seating 
of the sapphire ball on the stainless steel seat. The assembly of the 
JPL sampling valves proceeded without significant difficulty although 
assembly was frequently vexing because of the relative inacessibility 
of sampling system parts located in the combustion chamber. This was 
particularly true for the number six port (near the nozzle throat). 

The O-ring seals between the copper chamber block and the stain- 
less steel valve body block could not be made to seal properly. To 
solve this problem the depth of the O-ring grooves were decreased by 
milling the copper motor block, 
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It was found that the valve-seat-ball cage piece for valve number 
six was brazed into the chamber at a skewed angle. This caused binding 
of the ball in the cage and successful operation could not be obtained. 
To solve this problem the cage tangs were milled off and a new "float- 
ing" cage was constructed. This prevented binding and seizing and 
yielded the most reliable valve of the six. Any future valve construc- 
tion of this type should incorporate the floating cage concept. The 
chamber wall was also modified to accept an O-ring along the shank of 
the ball seat assembly for all six valves, 

Six pneumatically actuated valves were connected in series with 
the JPL valve to give positive shutoff to the sample gases once they 
were collected in the sample bottles. For each sampling circuit there 
was a cylinder, cylinder-toggle-valve, positive shutoff valve, pressure 
transducer connection, and connecting tubing. The sampling cylinder 
pneumatic shutoff valves were actuated through a common manifold. A 
description of these pneumatic valves is given in the following sub- 
section. The components and the instrumented chamber, and sampling 
cylinders were assembled into the case and taken to United Technology 
Center for set-up on the rocket test stand, A preliminary firing was 
performed to "shake down" the equipment and the sampling valves were 
not actuated. In the first developmental firing the sampling valves 
were actuated in an operational shake-down of the sampling system, 
however, neither pre-firing pump-down nor case heating was performed. 
In subsequent firings, conditions representative of the main test se- 
quence were reproduced as vacuum pump down and case heating were per- 
formed. The following paragraphs summarize the results of these experi- 
ments. 

Following the second firing, attempts to obtain shutoff of the 
hard-seat sampling valves were not successful. Upon disassembly of the 
sampling valves a large amount of greenish blue powdery residue was 
found throughout the sampling system and small volcano shaped mounds 
around several of the sampling ports was observed. The substance was 
subsequently identified as copper nitrate (Cu(OH)N03 (8) ) .  The presence 
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of this substance was hypothesized to be a result of a surge of N204 
into the sampling system during the start up transient since the JPL 
valve check balls were held against their seats only by the ball re- 
turn springs. It was felt that this problem would be eliminated by 
vacuum pump-down of the sampling system which would hold the ball 
tightly to the seat prior to firing and by a reduction in the amount 
of oxidizer lead-in prior to ignition. 

This test demonstrated the susceptibility of the hard seat concept 
to contamination. As noted previously, any minute particles trapped 
between the stainless steel valve seat and the synthetic sapphire ball 
will prevent the ball and seat from mating to the tolerances necessary 
for good sealing. The results of this test showed that the formation 
of precipitates in the chamber contaminate the valves. The leakage 
caused by the contamination was so severe the proper valve seating 
was obtained only after the valves were disassembled, thoroughly 
cleaned, and the seats relapped, 

In the third firing the sampling valves failed to operate (see 
Section 2.4. 

Following the fourth firing the JPL valves again could not be made 
to seal although actuation could be accomplished. "Post mortum" exami- 
nation showed high contamination of all valves in the seat region with 
a powderish blue and black residue which prevented the sapphire balls 
from seating properly, 

In the fourth firing one of the JPL valves had been replaced by 
the alternate "purge" sampling system design. The purge system opera- 
ted satisfactorily, and because of the continuing contamination problem 
with the hard-seat valves, it was decided to convert the apparatus to 
the purge system completely and firing number four was the last one in 
which the hard-seat JPL valves were used. 

2.1.4 Purge Sampling System Development 

After it became apparent that the hard-seat-sapphire ball valve 
design would cause undue operational expense and uncertainty because 
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of contamination susceptibility, alternate sampling systems were studied. 
The alternative studies started gradually, beginning as a backup to the 
hard seat valve to provide redundant shutoff capability in case of fail- 
ure of the sapphire ball return spring. The discovery of a valve suit- 
able for this application led to a "purge" type sampling system design 
employing many of these valves. First a prototype system was construc- 
ted which replaced one of the hard seat valves and finally the entire 
sampling system was converted to the purge design as described in the 
following paragraphs. 

2.1.4.1 Backup Valves 

Backup valves were mentioned previously as components which were 
tested in the flow circuit. Because of the operational uncertainties 
in applying the sophisticated JPL controlled ball check valve to the 
rocket motor environment, several standard commercial valves were con- 
sidered for backing up the JPL valve, The following remotely controlled 
sampling cylinder shutoff valves were evaluated: 

1. Hoke-440 series, stainless steel-teflon plug 
2 .  Whitey, stainless steel-teflon plug 
3. Skinner-V56 series, stainless steel-teflon plug. 

The Hoke valve (HV), which is of the bellows type, is guaranteed 
to be leak tested to 0.005 MCFH (cubic feet of helium leaked per hour 
at a helium density produced by one micron of pressure at standard tem- 
perature). Such a leakage rate is several orders of magnitude lower 
than required by this program and this valve was chosen as the standard 
for valve comparison. The HV is capable of being provided with an air 
actuator for remote control. Unfortunately, the envelope of the HV 

air-actuator-valve unit is large in comparison to the space available 
within the rocket motor case. The Whitey valve (WV) was smaller but 
had unknown leakage characteristics. The same was true of the Ski.nner 
3-way valve (SV). 
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As previously indicated, these valves were considered for various 
alternate sampling systems. Figure 11-a - 11-d show views of these 
systems. At first the intent of all of these alternate systems was to 
remove from the JPL valve design the operational requirement of sealing 
leak-tight for the l / 2  hour or so after a test run when the cylinder 
is full and the chamber is at atmospheric pressure. The system shown 
on the right in Figure 11-a was the one used in the previously des- 
cribed developmental firings with the JPL valve. 

, 

The three valves were leak tested under static conditions more 
severe than would be encountered in actual use on the rocket motor. 
The two soft seat valves showed a significant leakage rate under these 
conditions. The pressure upstream of the valve was maintained at about 
the combustion chamber pressure of 150 psi and the downstream side was 
evacuated to about 0.35 mm of Hg. The results of the test are shown 
in Table 4. 

In the course of determination of the optimum sampling system it 
was necessary to have a consistent means for evaluating the leakage 
characteristics of various system components, since this leakage has 
a direct bearing on the test data accuracy, It was initially believed 
that the determination of the gas composition in the sample bottles 
could be performed at an accuracy level of about 2 percent (i.e., the 
mole fraction determination would have about a 1 percent spread for 
each specie). It can be shown that the leakage rate of the entire sys- 
tem cannot exceed 100 MCFH (micron-cubic feet per hour) when the sample 
bottles are in the system (i.ee, not shut off from the system by the 
bottle valve) for 30 minutes if such accuqacies are to be achieved. 

It is seen that the valves tested easily met this requirement. 
However, the cylinder shutoff valve must be leak-tight for at least a 
24  hour period in which case it is seen that only the needle valve 
could be used with certainty. However, since it is known that needle 
valves are subject to galling damage, the sample cylinders were equipped 
with toggle valves with teflon plug inserts which could be readily closed 
after a firing. 
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2.1.4.2 Purge System 

The purge system concept for sampling the boundary flow was intro- 
duced to overcome certain of the deficiencies inherent in the original 
sampling concept. 
is the small volume between the chamber wall opening and the sample- 
gas-flow-control-valve seat. Ideally this volume should be vanishingly 
small to avoid collecting nonrepresentative species .prior to the samp- 
ling event. Because of the proximity of the valve seat to the chamber 
wall, the use of high temperature and,.hence, nonsoft material was 
mandatory. 

One of the design features of the original concept 

Another way of avoiding collecting nonrepresentative gases is to 
continuously purge the sampling system with an inert gas up to the 
instant of sampling. This approach has been used successfully at Aero- 
therm in connection with arc plasma stream sampling. After the hard 
seat valves continued to demonstrate contamination susceptibility, a 
pilot purge system was designed, constructed, and successfully tested. 
A complete purge sampling system was then designed, constructed and 
successfully operated. 

The purge-sampling system is simple in concept. It consists of 
several remotely actuated valves connected to a manifold which in turn 
terminates at the chamber wall orifice. One valve connects to an inert 
gas supply, the other to the sampling flask. Prior to sampling, the 
sampling system is purged with the inert gas by opening the purge valve. 
The purge pressure is regulated so that the purge gas flow rate is very 
low such that the boundary layer flow is not significantly disturbed. 

A prototype purge sampling system was created by removing the in- 
ternal parts of the number four (4) JPL sampling valve and putting the 
helium purge control valve in parallel with the sample shutoff valve. 
Both valves were pneumatically controlled and capable of operating 
while at elevated temperatures. A two stage purge supply control.was 
employed using standard solenoid valves. It was deemed desirable to 
employ a high pressure, high flow rate initially to prevent a surge of 
nonrepresentative gases into the sampling system during the ignition 
transienk. (A low flow purge might not have sufficient. time to effec- 
tively scavenge the nonrepresentative gas species before the sampling 
event. Such a phenomenon has been encountered in the arc plasma samp- 
ling work. ) 
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Following the successful operation of the prototype purge samp- 
ling system, the same concept was duplicated for the other sampling 
locations. The original valve actuator housing block which mounts to 
the copper chamber was replaced with a similar stainless steel block 
which was appropriately drilled to serve as a compact manifold to 
which the pneumatic valves were attached. 

A schematic of the purge system is shown in Figure 12. There are 
3 fluid circuits and two electrical control circuits to the system. 
One of the fluid circuits is for the sampling gas itself which goes 
between the chamber wall orifice and the collecting bottle. The other 
two fluid circuits are for helium. One helium circuit for the purge 
gas and the other helium circuit to actuate the pneumatic valves - valve 
(a) to control the sampling gas flow and valve (b) to control the purge 
flow into the sampling circuit. The two helium circuits are, in turn, 
controlled by solenoid valves which themselves are controlled by the 
automatic sequencer in the firing control center. 

It is to be expected that a simple concept such as the purge sys- 
tem shauld perform without difficulty and this indeed was the case. 
An initial problem with pneumatic valve hang-up was experienced be- 
cause of thermal stress induced binding. This was remedied by the 
simple expedient of tube bending and by adjusting the housing for the 
valve actuating diaphrams. 

The purge sampling system was designed to provide flexibility in 
the sampling operation. It is possible to sample each port individu- 
ally or in any combination, through the use of hand actuated control 
valves on the sampling and bleed pneumatic actuation circuits shown 
schematically in Figure 13, 

-The motor chamber was drilled at five other circumferential’and 
longitudinal positions. 
these alternate positions pending the outcome of tests investigating 
the effect of upstream sampling. 

Sampling circuits were not constructed for 
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2.1.5 SUMMARY AND CONCLUSIONS 

From the operational experience gained with the JPL valve concept 
under rocket firing conditions, comments on the behavorial character- 
istics of the valve under such conditions can be made. 

The principal judgments that can be rendered on the JPL hard-seat- 
sapphire-ball valve concept can be summarized as follows: The JPL 
valve concept can be made to operate in the environment of a rocket 
combustion chamber but its sensitivity to solid particles in the gas- 
eous environment makes it unsatisfactory for repetitive sampling at 
short intervals for some propellant combinations. 

This comment is supported both by development testing work done 
with the valve and with the hot firing experience reported above. 
There are several important conclusions which can be drawn from this. 
In a sampling system where the environment is so severe that valves 
which use soft materials are impractical, the disadvantages of contam- 
ination susceptibility becomes less important and the sapphire-stainless 
steel combination may well be the only practical solution. For such 
a situation the present design should be modified in the following 
ways : 

1. The valve should be designed for rapid assembly and 

2. The seat should be well exposed to permit rapid lapping 

3 .  The sapphire ball should have positive opening and 

disassembly 

and easy visual inspection. 

closing action. (This could possibly be done by 
fusing the sapphire ball onto the actuating pintal.) 

4. The actuating piston and all O-rings should be well 
removed from severe environment, 

5. The seat and ball should be protected as much as 
possible from contamination. 

2,2 HEAT FLUX GAGE DEVELOPMENT 

The heat flux gages originally procurred by the Jet Propulsion 
Laboratory for installation in the motor were damaged beyond repair 
in the process of installation in the chamber because of the high 
temperature braze required by the particular design concept employed. 
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Aerotherm Corporation contracted to make the replacement gages 
Manufacturing dif- 

* 
employing a proprietary manufacturing process. 
ficulties required by the application constraints resulted in abandon- 
ment of this process and the final heat flux gages were made by a 
conventional furnace brazed technique. In the following paragraphs 
the development of these replacement heat flux gages are described. 

A portion of a gage drawing, presented in Figure 14, shows some 
of the construction details. Each unit is designed to be replaceable 
in event of failure as each gage is bolted to the back wall of the 
chamber and sealing takes place at this cool (relatively) back wall 
surf ace 

The basic calorimeter was made from a round copper slug 1/4" in 
diameter. An insulating air gap .005 inches across was machined into 
the slug so that the heat flux through the gage would be one-dimensional 
and the temperature data thereby amenable to a one-dimensional analy- 
sis. A 0.020 inch hole was drilled into this slug to accept the 
chromel-alumel inconel sheathed thermocouple wire. The juncture of 
the thermocouple (the bead) was positioned such that after final mach- 
ining (after installation) of the face,the bead was located .01 inches 
from the surface. 

Aerotherm originally intended to manufacture the heat flux gages 
by a relatively new electroforming technique. Many gages of this type 
were made by Aerotherm without the failure rate experienced with the 
gages made for this project. Three sets of gages were produced which 
failed either in the final manufacturing process or during calibration 
testing. 

One of the failed gages was sectioned and microscopically exam- 
ined. This examination disclosed that poor bonding existed between 

*This work was not initiated until the developmental firings were com- 
pleted so that heat flux data was not obtained until the prime test- 
ing phase (see Part 111) @ 
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the copper body of the gage and the electroformed tip and more import- 
antly between the sheathed wires of the thermocouple and the electro- 
formed copper. The bond between the thermocouple wires and the copper 
apparently failed as it is weakened under stress induced either by 
the final machining or brazing operations. 

Rather than continue to build strengthened gages of this type 
and risk building gages having improper response because of poor junc- 
tions and discontinuities with the electroformed material, it was de- 
cided to sacrifice precision of junction location possible with the 
electroformed technique in favor of the more positive brazed construc- 
tion which had been used successfully in the past in rocket motor in- 
stallations. Accordingly, several prototype brazed gages were success- 
fully built and tested. However, difficulties with the revised manu- 
facturing process were encountered both with regard to the brazing 
process and with the leadout junction potting compound., However, 
with perseverence, six gages were produced which survived the calibra- 
tion testing. 

* 

The set of six gages were calibrated against a slug calorimeter 
using a hydrogen-oxygen torch heat source. These calibration tests 
were principally intended to show functionality and demonstrate dupli- 
city of response, gage to gage. They were not intended to provide 
absolute calibration since neither the boundary conditions nor the 
driving potential which exist in the motor can be readily duplicated. 
The gages were then installed in the rocket motor and final machining 
of the interior surface was accomplished such that the gage surface 
was continuous with the rocket chamber surface. This was accomplished 
by casting an impression of the motor combustion chamber and using 
this impression as a machining template. 

*Two of these failed after installation in the rocket motor--See 
Part 111. 
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2.3 MISCELLANEOUS DEVELOPMENTS 

2.3.1 Assembly of Injector-Instrumented Chamber-Case 

Several basic modifications to the equipment were found necessary 
It was found that the chamber in order to properly assemble the unit. 

diameter was undersized so that the injector face would not properly 
mate with the chamber. The case was found to be oversize for the 
chamber and an adapter ring had to be manufactured to fit between 
the nozzle and the case. Several other minor case modifications were 
also found to be necessary to provide instrumentation access and 
mounting of the position indicating dial. 

2.3.2 Thrust Stand Assemblv 

No outstanding problems were encountered during the installation 
of the instrumented chamber assembly at the United Technology rocket 
stand in Sunnyvale, California. The case was bolted to the thrust 
stand cradle thereby permitting thrust determination. Transducers 
for monitoring sampling cylinder pressure were installed and a thermo- 
couple was installed downstream of the number six pneumatic shutoff 
valve for determination of sampling gas temperature at that point. 
Figures 15 and 16 present two views of the assembled apparatus on the 
thrust stand. 

2.3.3 Instrumentation 

Several modifications were made to the temperature instrumenta- 
tion. It was discovered that an erroneously high temperature signal 
was being generated by the thermocouple attached to the stainless 
steel valve body due to a combination of high thermal resistance of 
the stainless steel, external heating of the thermocouple, and con- 
tact resistance between the thermocouple and the valve body. 

The situation was rectified by relocating the thermocouple to 
the bottom portian of the copper chamber which was drilled to receive 
the thermocouple bead. 

A sensor was also placed on the number one pneumatic sample valve 
body to ensure that valve temperature limits were not exceeded. Another 
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thermocouple was located in th line to monitor the 
temperature of the incoming gas, 

A pressure tap was placed in e spacer shroud downstream of the 
nozzle exit to measure the static pressure in this region. 

st Stand Im~rsve 

Several modifications were a lso  made to the test stand at the 
Uniked Technology Center to increase the accuracy with which certain 
motor performance data were determined. In addition to the increased 
amount of equipment and instrumentation, refinements in propellant 
feed control and instrumentation were also carried out by UTC personnel. 
This refinement involved replacement of regulating valves with valves 
having smaller capacity and hence better control for the small flow 
rates required by this program, Pressure gages were also relocated 
and recalibrated to afford the console operator improved and more 
direct control over tank pressuri ation. The flow turbine meters 
were checked and one was replaced with a newly calibrated unit. The 
flow meter instrumentatio was modified to permit direct readout of 
-the a-c signal, (Previously, a rectified signal was transmitted to 
the recording oscillograph.) 

2.3,s Mo%or Heater 

Difficulty was e perienced in the first series of preliminary 
tests in obtaining the desired rnbtor-sampling system temperature. To 
avoid problems with water condensation during sampling, the system 
is designed to be heated to 300°F whish exceeds the saturation tem- 
perature of water at. the pressures in the sample flasks. 
the sampling system motor was to be heated by hot gas circulated 
throughout an enclosing sheet metal case. The use of the pneumatic 
valves which have sof material in the actuating diaphram and seats 
(which have an upper service temperature of about 350°F) severely 

Originally 

s could be heated. 

tly, the experimental apparatus was provided with an 
electrical heating system to assist the hot gas supply in obtaining 
the desired te eraturs, A set of res stance heaters was strapped 
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to the motor and provided with a thermal heat path to the chamber by 
the use of thermal putty. 

2.4 PRELIMINARY ROCKET MOTOR FIRINGS 

A l l  tests of the research apparatus in which the rocket motor 
was operated were conducted under subcontract at the Sunnyvale test 
site of the United Technology Corporation. This facility is of the 
pressurized tank propellant delivery type with all operations con- 
trolled by an automatic sequencer capable of being programmed in a 
flexible and convenient fashion. There were a total of sixteen firings 
conducted in the development period of the program. The first was 
utilized for a shake-down of the test facility and to uncover any op- 
erational difficulties with the motor itself. The next eight firings 
were used in both development of the sampling system and to acquire 
preliminary sample data. The remaining seven firings were used by 
the testing subcontractor to tune the pressurization/flow control 
system so that a more accurate and repeatable mixture ratio could be 
obtained. The following is a chronological description of the devel- 
opmental firings. 

The initial testing of the research apparatus (which utilized 
the hard seat valves) was very successful in terms of mechanical op- 
eration. The firings went smoothly as no hard start or combustion 
chamber instabilities were detected. 

2.4.1 Seauence of Events With SamDlincr 

The sequence of events used in the first three sampling runs is 
shown in Table 5. The detailed items for firing the motor are not 
presented since these are standard operating procedures. 

The test was begun by heating the motor block and sampling system 
to 300°F and then pumping down the unit to near vacuum to remove all 
foreign gases and condensed liquids. A standard roughing pump was 
used for the latter operation. Following the set up of the propellant 
feed system the motor firing was initiated (time 0). At 1 (one) sec- 
ond following firing initiation, the ballistic analyzer (digital. inte- 
grator) for Pc and thrust was gated on and at 3 seconds it was gated 
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off. The sampling valves were activated open at 1.5 seconds and 
activated closed at 2 . 5  seconds. The JPL and pneumatic v 
activated simultaneously. The firing was terminated at 4 seconds. 

The more complicated procedure followed for the firings using 
the purge sampling system is presented in Appendix B. The procedure, 
which is largely self explanatory, is divided into three phases: 
1) pre-firing, 2)  firing and 3 )  post-firing, each of which prescribes 
the special functions which need to be performed in addition to the 
details normally associated with firing a liquid rocket motor. 

* 

2.4.2 Firinq Two 

It was the principal objective of this test to demonstrate the 
successful operation of the sampling system under the severe condi- 
tions imposed by the rocket motor. Neither vacuum pump-down of the 
sampling system nor heating of the unit was attempted as this would 
have increased the severity of conditions--which was deemed unwise 
for the first attempt. The sampling bottles were filled with gaseous 
N at atmospheric pressure. 2 

Successful demonstration of valve mechanical operation in the 
rocket motor environment was achieved in this test. Gas samples were 
collected in all six bottles. 

The firing again was smooth, although proper motor mixture was 
not achieved. Subatmospheric pressure at the nozzle exit w a s  again 
determined precluding an instrumentation fault. It was decided that 
the spacer shroud, aft of the nozzle had a sufficient length to diam- 
eter ratio to cause ejector pump-down phenomena and the shroud was 
ventilated to remedy the situation. 

*This procedure was used for all firings of the prime testing portion 
of the contract. 

-30- 



2.4.3 Firing Three 

Following the first two relatively successful firings in which 
the principal objectives were attained, on the third firing it was 
decided to attempt sampling under conditions as severe as would be 
encountered in the prime test program. The accomplishment of this 
objective was thwarted by an unexplained failure of the sampling valves 
to actuate. Only one gas sample was obtained and that one because the 
number four valve failed to fully close after the pump down sequence. 

The firing itself went well but again subsequent data analysis 
indicated that the desired motor conditions were not obtained. 

Two of the most likely causes for the sampling valves to not ac- 
tuate appeared to be: 1) actuating piston seizure, and 2) loss of ac- 
tuating signal. Post firing analysis of the valves indicated no mech- 
anical failures in the valves and successful operation was obtained in 
a heated oven. Post firing check of the electronic equipment such as 
the automatic sequencer and solenoid valves indicated that no circuit 
discontinuities existed. Other less likely possible causes were ex- 
amined such as lack of sufficient actuation pressure but none proved 
to be at fault. 

The fact that the sampling valves were successfully actuated a 
short time before the firing during the vacuum pump-down and the fact 
that this actuation was accomplished while the system was hot, tends 
to indicate that a temporary loss of actuation signal did occur. 

The vacuum pump down procedure and the reduction in oxidizer lead- 
in time apparently eliminated the massive contamination observed after 
the second firing. Only trace amounts of the greenish-blue deposits 
were found and instead the commonly observed black precipitate, copper 
oxide, was observed. 

2.4.4 Firins Four 

The principal goals of this test were: 1) obtain samples under 
conditions representative of those for the prime test program, and 2 )  

demonstrate the purge system of sampling. Both of these goals were 
successfully realized. 
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In the previous test (Firing 3 )  the JPL sampling valves failed to 
actuate. In this test all systems performed their mechanical function 
and samples were obtained from all six sampling ports., In this test 
certain precautions were taken to attempt to eliminate the COa contam- 
ination detected in previous tests (see Section 3.0). Sampling cyl- 
inders were helium leak-checked and thoroughly rinsed and oven baked. 

Several deficiencies were noted during the conduct of the test. 
First, the temperature sensor on the valve body indicated a surpris- 
ingly rapid tempeature rise. Faulty sensor mounting was suspected and 
subsequently confirmed as noted previously. Mixture ratio problems 
continue to plague the operation of the test. Post test data reduction 
indicated C02 contamination problems persisted, 

2.4.5 Firing Five 

Following the successful operation of the prototype purge sampling 
system, a conversion of the equipment was made to permit this method of 
sampling at all port locations. This firing had as its principal goal, 
the checkout of the purge system under normal operating conditions. 
Test stand improvements were made in addition. These consisted of pro- 
pellant pressurization instrumentation and valve changesp the reloca- 
tion of the body temperature indicating thermocouple to the bottom of 
the motorrand the addition of a liquid nitrogen cold trap on the motor 
pump down circuit to prevent backflowing of pump oil into the chamber, 

The firing proceeded normally and successful operation of the 
sampling system was accomplished. However, several new difficulties 
were encountered, the most serious of which was the loss of helium 
pressurization due to excessive consumption of helium during the pre- 
fire purge operation. It was fortuitous that valve actuation was ob- 
tained since post firing examination disclosed that insufficient actua- 
tion pressure existed in the helium supply bottle, Because of the lack 
of sufficient helium pressure some doubt must be cast on the validity 
of the data since proper purge operation seems doubtful. 

An additional problem was that the body temperature could not be 
brought to the desired temperature even when the case was wrapped with 
insulation. 
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2.4.6 Firing Six 

This firing and the three subsequent firings were originally in- 
tended to display the repeatability of the sampling system and to gain 
confidence with the technique. This goal was defeated by the continu- 
ing mixture ratio problem and more importantly by the gas analysis 
problem described in the following section. 

Prior to firing six, the equipment had been modified with the in- 
stallation of electrical strip heaters. The excessive helium utiliza- 
tion was eliminated by modifying the duty cycle and restricting the 
flow for a11 but the impulse period. All "O-rings" in the entire 
apparatus (including the 18 pneumatic valves) were replaced with ethyl- 
ene propylene in an effort to combat the C02 problem. The entire sys- 
tem (sampling purge and motor) was passivated with a nitric acid solu- 
tion and helium leak-checked. Instrumentation was modified to: 
1) permit display of flow turbine a-c signal instead of the amplified 
d-c signal used previously; 2) record additional temperatures. 

This firing was successful in all aspects except for the mixture 
ratio problem which for this particular test was 10 percent from the 
desired value. This problem seemed to be a consequence of equipment 
tolerances, and/or operator interaction. Plans were made to combat 
this problem by conducting tests without sampling and to make additional 
system changes. 

2.4.7 Firing Seven 

Firing seven caused the most concern in the test series in that 
the automatic sequencer failed after having opened the sampling control 
valves. The firing proceeded for about 10 seconds before it was real- 
ized that something was wrong and the manual shutdown control could 
be actuated. Samples were obtained but some doubt as to their valid- 
ity must be cast since some portions of the sample were collected. 
with an unchoked sampling flow control orifice (that is, sample flask 
pressure approached chamber pressure). 

It was discovered that the power supply to the sequencer was mal- 
functioning. It is possible, but not clearly so, that such malfunction 
occurred during firing threel in which test, valve opening did not occur. 
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No structural damage to the motor could be ascertained and mea- 
surements of the throat were within drawing tolerances. It would seem 
from this that the current firing time of 4 seconds is quite conser- 
vative e 

2.4.8 Firings Eight and Nine 

In the last two developmental firings all systems worked satisfac- 
torily save for the control on mixture ratio which produced an O/F 
about 5 percent low. 

2.4.9 Mixture Ratio Check-out Firinas 

The problem of obtaining the desired motor propellant mixture 
ratio plagued the experimental program from its initiation. To rec- 
tify this situation a series of additional firings of the motor were 
conducted by the subcontractor once the propellant system modifica- 
tions mentioned previously were completed. These firings were per- 
formed without heating the unit, or collecting samples. 

These tests successfully demonstrated that repeatable operating 
conditions can be realized. Desired mixture ratio values were obtained 
as well as a range of preselected mixture ratio values. The tolerances 
were within one percent as shown in Table 6. 
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SECTION 3 

SAMPLE CHEMICAL ANALYSIS 

In this section the techniques devised for the chemical analysis 
of the samples collected from the experimental apparatus are described. 
Initially it had been naively presumed that the chemical determination 
would be routinely simple since only common gases were expected. The 
most difficult specie was thought to be water but it had also been ex- 
pected that this compound could be redundantly determined either theo- 
retically or thermodynamically by the mixture pressure-temperature 
characteristics at the saturation point. Preliminary results quickly 
dashed this optimism and the sample chemical analysis unexpectedly be- 
came the dominant problem area of the project. To summarize--the 
evidence of this problem area was: first, data repeatability for the 
same sample could not be obtained; second, the data departed signifi- 
cantly from theory; third, substantial amounts of ammonia (an unexpec- 
ted specie) were found which due to solubility in water precluded the 
use of techniques initially presumed to be applicable. 

The unfolding of this problem area, the solution to it and de- 
tailed discussion of the techniques used are described in the following 
paragraphs. This activity progressed in parallel with the development 
of sampling system--rocket apparatus during the firings at UTC. 

As the solution to the problem progressed more and more rocket 
sample data became available. The following discussion is not neces- 
sarily in chronological order as most of the various attempts to solve 
the problem proceeded concurrently. 

Two methods are currently favored in the industry for determining 
gas composition. These two are mass spectroscopy (MS) and gas chroma- 
tography (GS). The two methods apply entirely different principles to 
detect and quatify the gas specie present in the sample being analyzed, 
In the mass spectrograph the specie molecules are ionized and acceler- 
ated in a magnetic field, and separation is based on charge to mass 
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ratios of these ionized molecules. 
aration is affected by preferential adsorption a 
titioning of the species by a variety of media, 
used for identifying and quantifying the separated species but that 
most commonly used is the thermal conductivity detector. 

In the gas chromatograph the sep- 

Various detectors are 

Each method has its advantages and disadvantages. The MS is the 
most direct and least expensive method and was favored initially for 
these reasons and initial sample analysis was conducted on mass spec- 
trometer equipment. As the following paragraphs make clear, the re- 
sults from these initial samples showed the mass spectrometer to have 
some significant shortcomings. 

3.1 INITIAL MASS SPECTROGRAPHIC DATA COMPARISON 

Table 7 presents a summary of the data from the gas analysis per- 
formed on bottle number 6 from firing - 2 ,  (run-1) and bottle number 4 
from firing -3 (run-2). The data was obtained from two different mass 
spectrometers--each a different type and at a different location. The 
two sets of data appear to be not only dissimilar but to be completely 
uncorrelated. However, in the first run (firing -2, run-1) a general 
pattern is discernable in both analysis--high N2, some hydrogen, and 
traces of other gases. In the second run some of the discrepancy is 
apparently due to a difference in experimental technique. For this 
test the gas samples were collected in small stainless steel tubes 
instead of the 300 cc bottles used in the first run. This change in 
size was made to determine proper sampling cylinder size. The entire 
contents of the small tube were introduced into the MS at low pressure 
in the SRI test so that any liquid water was vaporized. This could 
possibly explain why a much greater percentage of H20 appears in col- 
umn 3 of the table. 

There also appears to be some correlation with time, In the run 1, 
test (a) was conducted before (b) whereas for run 2 ,  test (b) was con- 
ducted before (a). If one conjectures that a microscopic leak existed 
in this bottle, then, because of preferential leakage of the hydrogen, 
the disparity in ratios of hydrogen to nitrogen, for example, would be 
explained. To insure that such leaks did not occur again, all sample 
bottles, with valves attached, were helium leak-checked. 
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It has been pointed out in previous sections that the appearance 
of C02 gas species in the sample was not an expected result. 
tities of C02 that were detected are relatively small--on the order of 
a percent or less. Nonetheless its presence in the analysis caused 
increased lack of confidence in the results. 

The quan- 

It was imperative that these difficulties be resolved and a choice 
of gas analysis method be made before the prime testing was initiated 
so that valid O/F data could be generated in the program. The reso- 
lution was attempted by: 

1. 

2. 

3 .  

4. 

5 .  

Reviewing the experimental technique used by the mass 
spectroscopist. 
Conducting comparative tests with mass spectrometers 
and duplicate tests with gas chromatographic equipment. 
Conducting an intensive research and contracting test- 
ing organizations and research groups, etc. 
Obtaining laboratory standard gas mixtures for 
reference. 
Conducting experiments designed to uncover the source, 
if any, of the C02 contamination. 

3.2 OUTSIDE RESEARCH 

Considerable effort was made in the search for qualified labora- 
tories to perform analysis employing techniques suitable for the prob- 
lem at hand. Firms were also sought for supplying precision gas mix- 
tures having about the same composition as that obtained on an average 
from our tests which gas mixture could be used for a calibration stand- 
ard. 

Most firms and research centers declined to attempt the analysis, 
or to supply such a gas standard. One firm claimed it could be done 
with a combination of gas chromatography, titration, and thermal- 
diffusion separation. The cost was prohibitive and the firm had never 
done this type of test before. Several research organizations such as 
SRI suggested a form of wet chemistry approach which was,admittedly, 
limited in accuracy by the small sample size involved. Such a tech- 
nique was attempted by the JPL Laboratory and a discussion of this 
experiment follows. 
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Several gas chromatography and mass spectroscopy equipment manu- 
facturers were contacted also without success. 
uals at the Universities of Stanford, Santa Clara and California at 
Berkely were contacted and although interesting discussions ensued, 
nothing of tangible value to the problem at hand was forthcoming, 

Knowledgeable individ- 

3.3 TEST RESULTS FROM WET CHEMISTRY 

Chemical analyses or tests were performed by JPL personnel on 
two of the sample flasks obtained during the preliminary firings. In 
this analysis a technique was employed which combined both the mass 
spectrometer and wet chemistry. In this subsection a description of 
these tests, the test resultsI and a comparison of the results with 
other data will be presented. 

One possible way of avoiding the apparent problem of determining 
the amount of water in the sample with a mass spectrometer is to sep- 
arate the water from the sample and then determine the water concentra- 
tion through gravimetric techniques. This is basically the procedure 
followed at the Jet Propulsion Laboratory in the analysis of the flask 
(7-1) which had previously been analyzed repeatedly on another mass 
spectrometer. The gases from the flask, which was heated Co put all 
compounds present (NH3, H20 in particular) in a vapor phase, were 
passed through a liquid nitrogen trap in which the ammonia and water 
were captured. The gases passing through the trap were then analyzed 
on the mass spectrometer and the composition determined. Next the 
trap was heated to the vaporization temperature of amonia and the 
evolved gases (largely NH3) were next analyzed on the mass spectrometer 
following a determination of their volume. Finally, the residue was 
weighed and titrated to determine the mass of water and ammonia. The 
original volume of sample (at a given pressure and temperature) was 
also determined. These data allow a determination of the original 
sample using standard chemistry relations including the thermodynamic 
properties of aqueous ammonia solutions. The data reduction was per- 
formed by Aerotherm and the procedure followed to reduce the data is 
presented in Appendix C. 
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A summary of the resultant JPL data in terms of relative concen- 
tration of the various species is shown in the leftmost column of 
Table 8 .  Table 8 compares this JPL data with the concentration data 
from the same flask as obtained from a mass spectrometer (of differ- 
ent manufacture than the JPL unit) where no separation of the water 
and ammonia was attempted. While there was no water and ammonia sep- 
aration in these latter tests, the flask was heated to vaporize the 
condensibles. The second and third columns from the left in Table 8 

give this unseparated data. Run "b" is a repeat of ''a'' performed at 
a later period of time. Ideally these three leftmost columns should 
agree precisely. 

There is considerable variation between the ''a" and "b" runs in 
themselves--the principle variation is #found in the nitrogen and ammo- 
nia values. No explanation for this variation is obvious at this time 
except for "inlet phenomena" which could, presumably, be a non- 
repeatable event. The "a" and "b" data bear little resemblance to the 
JPL data. The fact that all the noble gases are greatly reduced sug- 
gests a leak may possibly have existed in the flask valve. However, 
this does not explain the difference in the water-to-ammonia ratio 
between the two. The leakage possibility is also somewhat discounted 
by the results from the cold tests (column "c"), and the JPL non- 
condensible analysis, the rightmost column. Presumably these two 
columns should also agree since column "c" data was obtained from 
flask 7-1 at, or near, liquid nitrogen temperature. An examination 
of the nitrogen mole fraction data from these two runs tends to indi- 
cate that little or no nitrogen had escaped. 

* 

*The WCT non-condensible data does not agree with the JPL non-condensible 
data possibly because of the particular cooling technique used at WCT 
(there exists some question as to how cold the valve end of the flask 
was at the time of sampling in the WCT test). This is evidenced by the 
appearance of H 0 in the WCT results which should not occur, of course, 
had I) the samp?e been properly cooled, or possibly, 2) had all the 
residual water in the M.S. inlet system been removed. 
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3 . 4  GAS CHROMATOGRAPHY ANALYSIS 

In the search for qualified laboratories contact was made with 
the Dye-Oxygen Co., a supplier of precision gas mixturesp which, by 
reason of extensive experience with gas mixtures such as those in this 
study, seemed qualified both to attempt analysis of the rocket motor 
samples and to supply the desired laboratory sample standard. This 
laboratory was supplied with two of the sample flasks from the prelim- 
inary rocket firings. The intent was to obtain agreement between the 
Dye-Oxygen laboratory technique, which employs a research grade gas 
chromatograph with proprietary columns, and the Jet Propulsion Labora- 
tory mass spectrometric-wet chemistry analysis technique--reported 
previously e 

This effort was frustrated by the inability to resolve a signifi- 
cant and ill-defined peak with large tail-off found during the eluding 
process. This peak was initially identified by Dye-Oxygen personnel 
as NO2 based upon the point in time in which it eluded from the gas 
chromatograph column . Such a finding was in complete contradiction 
to all previous mass spectrometric analyses in which only trace quan- 
tities of NO2 were detected and even these were suspected to be a con- 
sequence of the curve fitting procedures employed. It was also con- 
trary to the observation that when the sample flasks are exhausted 
into the glass inlet system of the mass spectrometer a brownish colored 
gas (characteristic of NO2)  is - not observed. To further study this 
curious development, the substance producing the mysterious peak was 
trapped and analyzed further. The compound was subsequently identi- 
fied as being principally nitric acid, H N 0 3 ,  which exhibits the same 
elution times as NO2.  This was confirmed by injecting dilute nitric 
acid solutions into the gas chromatograph. 

The determination of nitric acid came as much of a surprise as 
NO2 since there has been no indication of nitric acid in the mass. 
spectrometer results that had been obtained even though the possibility 
had been considered. Reaction of a trapped portion of the peak with 
sodium bicarbonate produced only a trace amount of carbon dioxide prov- 
ing that only a small portion of the peak was due to nitric acid. 
Infrared spectroscopic analysis of the peak compound by Dye-Oxygen 
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personnel was largely inconclusive because the water molecules pres- 
ent made interpretation difficult. An educated guess by the labora- 
tory personnel (’) based on the evidence at hand, is that the peak 
was caused by a mixture of gases, predominantly hydrazine, with trace 
amounts of H 2 0 ,  NO2, and nitric acid, H N 0 3 .  

the peak is largely hydrazine, then the approximate analysis of bottle 
8-4, shown in Table 9, is obtained. 

If it is presumed that 

Such a large percentage (50%) of hydrazine is unexpected. Although 
no reason can be found at this time that makes such a composition im- 
possible, it is highly unlikely. If unreacted hydrazine is streaming 
down the rocket motor chamber walls and if the walls are cooler than 
supposed, then it can be argued that the hydrazine does not decompose 
and large proportions of hydrazine could possible be drawn off in the 
sampling process. 

This analysis does have a favorable characteristic. The hydrogen- 
to-nitrogen atomic ratio is reasonable; that is, the ratio of the sum- 
mation of hydrogen atoms to summation of nitrogen atoms in the various 
species is less than the two-to-one ratio found for fuel alone 
(CH/CN < 2 ) .  Presumably, with some oxidizer reactions taking place 
as evidenced by the appearance of nitric oxides, there should be less 
than twice as much hydrogen as nitrogen unless some quite unusual dif- 
fusion or recirculation-condensation phenomenon is occurring. Table 
10 gives a sampling of the ratios that are obtained from the prelimi- 
nary analyses. In this table the first column gives the source of 
the composition data (from three of the five organizations that have 
attempted this analysis). The second column gives the sample number 
--a two-digit number, the first of which specifies the run, the second 
the position in the motor starting from the injector end. The third 
column gives the ratio of hydrogen-to-nitrogen atomic summations and 
the fourth, that for oxygen and nitrogen. The last column is the sum 
of the preceding two columns entries which theoretically should be 
equal to 2.0. The degree to which this entry departs from 2 .0  can 
possibly be interpreted as a measure of the inaccuracy of the analysis. 
The reason for this is based on a simple balance with the presumption 
of equal diffusion of all species everywhere in the combustion chamber 
and during sampling. Thus we have that the number of nitrogen atoms, 
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N ,  can be thought as being the sum of two groups--those associated 
with the fuel N ( H )  and those with the oxidizer N(0). 

Thus we may write: 

N = N ( H )  + N ( 0 )  3-1 

For either N ( H )  or N ( 0 )  there is twice as much fuel and oxidizer, 
respectively, such that N ( H )  and N ( 0 )  can be replaced by: 

N = T + T  H O  3-2 

where H and 0 are the summation of fuel and oxidizer atoms, respec- 
tively. Dividing by N and showing the summation explicitly results 
in : 

CH CO - + - = 2  I N  CN 3-3 

It is apparent that although the hydrogen-to-nitrogen ratio for 
the gas chromatography analysis appears to be reasonable (row number 
one of Table 2 ) ,  there remains some question about the analysis since 
the 'SUM' entry does not equal 2 .  Admittedly there exists the pos- 
sibility that the assumptions necessary to deduce this factor of two 
is not justified--on the other hand, the WCT mass spectrometric 
analysis of bottle 7-1 (row number 3 )  is substantially in better agree- 
ment with the hypothesis. The JPL mass spectrometric-wet chemistry 
analysis is obviously in complete disagreement with the hypothesis 
and the foregoing data. The remaining two entries were chosen to show 
that the variance in the results from the bulk of the analyses on the 
mass spectrometer is such that both extremes (2<SUM<2) are supported. 
Two conclusions were drawn from the foregoing observations. These 
are : 

(1) Some physical process occurs in the analysis process 
which produce6 erroneous results. Here the analysis 
process is meant to include the technique whereby 
samples are brought into the equipment. 
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( 2 )  The physical process involves the hydrazine-ammonia 
decomposition phenomenon, complicated by the presence 
of water and the oxides of nitrogen. 

The data of Table 10 suggest (but it cannot yet be concluded) 
that the supposition is not quite right which postulates that the 
ill-defined peak in the GLC analysis is mostly hydrazine. If, for 
instance, it is assumed that the peak is due to a mixture of half 
water, half hydrazine, then the summation of the ratios does equal 
2. Of course, this presumes the instrument's sensitivity remains 
unchanged for this mixture compared to pure hydrazine. 

Because of these difficulties and uncertainties the comparison 
of results from the same bottle between D/O and JPL was not completed 
as intended especially since,as is apparent in Table 10, there appeared 
to be little hope that agreement could be obtained. 

3.5 COMPARISON OF MASS SPECTROMETER DATA 

While these comparative and exploratory chemical analyses were 
being conducted, the bulk of the data continued to be analyzed at 
West Coast Technical using the mass spectrometer alone and performing 
the analysis as carefully as possible using conventional procedures 
for introduction of the samples into the MS. This work continued be- 
cause in the opinion of the Aerotherm staff the MS offered the best 
hope of problem resolution because of the inherent simplicity of both 
the technique and physics involved. The results presented in Section 5 
include this data. Furthermore the results from this laboratory's 
MS seemed more credible than the data obtained elsewhere. [In the fol- 
lowing paragraphs a detailed examination of this data (the majority 
of which is taken from Section 5) will be presented.] The results of 
this study led to a modification of the sample preparation procedure 
(described in the next subsection) which led (apparently) to a success- 
ful resolution of the problem. 

All the samples taken from the preliminary firings were for one 
position of the injector relative to the chamber. Except for varia- 
tions in mixture ratio from run to run the same composition should be 
found in the same bottle position run to run and moreover a reasonable 
trend should be apparent bottle to bottle for a given run. 
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A comparison by run for a given sampling station (bottle number) 
is presented in Tables 11-a through 11-f. Much of the contents of 
Table 11-a for station 1 have already been discussed. The additional 
data shows the large variation in composition noted previously. This 
randomness is generally found for all the stations although there 
seems to be some improvement in consistency towards the latter runs 
and for stations nearer the throat. In fact there is good repeata- 
bility between runs 7 and 8 for the last (6) station in Table 11-f. 

Several qualitative trends were noted in the mass spectrometer 
data. First the data appeared to be "better" when the ammonia con- 
centration was lower and this situation tended to occur for stations 
nearer the throat. Second--it was noted that the data appeared to 
be "better" when there was agreement between the sum of the specie 
partial pressures and the measured inlet pressure on the mass spec- 
trometer. These two factors contributed to the evidence suggesting 
that an inlet phenomenon was involved in causing the difficulty. Ac- 
cordingly, considerable effort was expended to improve the method by 
which samples were introduced to the spectrometer. The next subsection 
discusses these activities. 

3.6 STANDARD SAMPLE PREPARATION DESIGN CONCEPTS 

A principle limiting factor in the acquisition of meaningful gas 
analysis data seemed to be the manner in which the sample was brought 
into the mass spectrometer used for determining gas composition. Water 
and ammonia are particularly difficult substances to analyze in this 
regard because of their polar properties which cause them to easily 
adsorb. These and other problem areas which were considered in the 
preparation of gas samples will be discussed in the following para- 
graphs. 

Originally it was thought that the samples obtained in the rocket 
firings could be analyzed directly from the flasks into which the sam- 
ples were collected during the firing. Since the samples were at 
relatively high pressure, samples were taken into the analyzing equip- 
ment by slightly "cracking" the valve on the flask, In effect, the 
sample gases were throttled in the valve to the desired pressure which 
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in the case of mass spectroscopy, was typically 30mm of mercury pres- 
sure--a near vacuum. Typically, the inlet system on the mass spec- 
trometers have been at room temperature at this low pressure. These 
two conditions lead to the possible--although as yet unsubstantiated-- 
existence of the following problems. 

1. Mass fractionation of the heavy molecules in the 

2 .  Adsorption of water and ammonia on the cool inlet 
throttling process 

system. 

An article was obtained which contains confirmation of these ad- 
hesion problems with mass spectroscopy, (lo) The article also confirms 
opinions expressed in other quarters concerning the "memory" phenom- 
enon wherein (it can be conjectured) the background correction to the 
peak data does not properly measure the true number of residual mole- 
cules adhering to the inlet system which are susceptible to "libera- 
tion" by an incoming sample. Thus, for example, nitric acid may be 
trapped in the inlet system and not detected while certain other 
molecules are simultaneously overdetected. For such polar compounds 
a mass spectrometer with a conventional inlet system can require lit- 
erally hours of "pre-conditioning" with representative mixtures before 
good quantitative data can be obtained. It was obvious that to get 
away from the first of these problem areas a nonflowing sampling sys- 
tem would be desirable and for such a system, isothermal conditions 
are desirable to prevent thermal diffusion from causing concentration 
gradients. The second problem area could possibly be reduced by op- 
erating the inlet system at high temperature and at the samllest 
possible volume. Various experts in the field of gas analysis also 
pointed out the desirability of analyzing the entire sample i.e., in- 
troducing the entire sample into the analysis equipment. 

A number of techniques were considered for introducing and pre- 
paring samples which could overcome these difficulties, 
little point in dwelling on systems which, although considered at some 
length, were discarded in favor of an obviously superior technique so 

that the former will be mentioned only in passing. The methods con- 
sidered but discarded include: 

There is- 
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1. gas chromato- 
directly to 

2.  
2% be used with 
commonly used 
thod a known 

ese techniques were disc f a more simple tech- 
nique. This method has been ling system. 
The prin~iple involved is th sdueed into a metal 
tube having a very small bore ions and the 
sample is then sealed off by The tube is regpened 
at the analyzing equipment a nts of the tube is 
taken into the equipment. T alloy with a 3 mil 
wall thickness and an outside diameter of 0.064 inches. 

periments were conducted ch tubes once they are 
filled with the sample gases. T nts were performed on 
the above tube size as well as e> O.B. tubing with a 0.02 
inch wall, It was possible to o leak-tight seals (by 
crimping) using moderate pressures and riclally available 
crimping tool, The lea as l o w  as IO-* atm-cc/sec. 

Two techniques for opening e investigated. 
These two techniques were 1) op by slicing one end open 
or completely off and 2 )  o sealed ends by crushing 
the seal perpendicular to the c is has been found to open 
the seal provided no strong mec ad taken place, A 

prototype guillotine asse that successful tube open- 
ing could be acco e cut-off end during 
the guilloti was noticed, 

On the basis of these re ts the de-crimping method for opening 
the tubes was selected and a device ~~~~~~~n~ this p ineiple was con- 

Figures 17 and 18 shows the completed de-crimper assembly. Con- 
structed entirely of stain1 6% glass (save for the o 
handle) the u ~e~~~~ con e microtube 



containing the sample to be analyzed on the left of Figure 18 is in- 
serted in the tube (the end pointing away from the unit is inserted 
first) and the fittings tightened to effect a vacuum-tight seal. On 
the right is the thermal expansion bellows and glass connecting tubing 
which attaches to the leak chamber on the mass spectrometer. A plunger 
within the housing, connected to an actuating knob by a leak-tight 
bellows, first contacts the crimp, normal to the crimp line, and 
then opens the crimp as the motion continues. The de-crimper assembly 
was mounted inside of a temperature controlled box so that it could be 
be heated to the same temperature as the mass spectrometer (about 
20OOC). 

The principal problem associated with the microtube approach 
was to assure that the tubes are filled with a representative sample 
from the supply whether the supply be a gas bottle of known composi- 
tion (a sample standard) or a flask from the rocket motor containing 
unknown gases. Several problem areas which required attention were 
1) mass fractionation of the lighter species during the filling pro- 
cedure, 2 )  thermal diffusion caused composition gradients, 3 )  adsorp- 
tion of polar molecules on the walls of the filling system. The last 
two of these problem areas was adequately eliminated by filling the 
microtube in an isothermal environment at elevated temperature. The 
first problem area was thwarted by avoiding a flowing system as much 
as possible. This was accomplished by allowing the microtubes to 
come into equilibrium with the sample source. This also means, of 
course, that the pressure in the tubes is equal to that of the source. 
In the case of direct injection into a mass spe'ctrometer it was ini- 
tially thought that such a pressure level would, in general, be too 
high. To reduce the pressure in the microtubes to the desired level, 
a system of ballast flasks was constructed into which the microtubes 
could be exhausted and with which the microtubes could be brought into 
equilibrium at the reduced pressure. 

The microtube filling apparatus is shown in Figure 19. The essen- 
tial features of this apparatus are a sample source, microtube, ballast 
flask array with connecting manifolds, and shutoff valves, pressure 
gage, vacuum p y p  lead and connecting tubing. The whole assembly is 
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contained in an oven capable of heating the apparatus to 300OF. Sam- 
ples are drawn into the apparatus from the rocket motor sample flasks 
in the foreground of the picture (the horizontal bottle lying on the 
shelf). The microtube is located directly above this bottle and micro- 
tube samples are obtained from this length of tubing. In the back- 
ground are the ballast flasks with which the pressure in the micro- 
tube can be reduced below that existing in the sample flask. The 
desired pressure in the microtube is about 1/2 atmosphere. The tubing 
and valve at the left (leading out of the cabinet) go to the sample 
standard cylinder. The valve and tubing on the right (leading out of 
the cabinet) go to a vacuum pump with which the entire system is evac- 
uated before processing begins. 

Because of difficulties in obtaining Helium leak-tight fittings 
with stainless steel, almost all fittings on the apparatus were welded 
with the exception of sample flask and microtube attachment points. 
Certain sections of the apparatus were constructed of 1/8" tubing and 
fittings (near the pressure gage and microtube attachment) to keep 
the charging volume as low as possible. It was thought that leak- 
tight fitting joints could be obtained but because of the close coup- 
ling involved, final Helium weep leaks had to be silver-soldered shut. 

The filling procedure was as follows: 

1. Heat apparatus to 150OC. 
2.  

3 .  Pump apparatus to vacuum and close vacuum and ballast flask 

4 .  Open sample flask valve and equilibrate with microtube 
5. Close sample valve and open desired ballast flask valves 

6. Crimp microtubes and remove 

Open all ballast flask valves 

valves 

and again equilibrate 

Figures 20 and 21 show two views of a typical microtube. One is 
a view of a crimped tube as it appears following the crimping opera- 
tion in the oven-preparation apparatus and the other, the opened 
crimped seal created by the de-crimper. 

Three exploratory sampling tests were conducted with the micro- 
tubes. Two of these tests were conducted to demonstrate that the 
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microtubes provided a means whereby a molecule such as NH3 could be 
reduced to N2 and H2. 
The remaining test was performed to demonstrate that a microtube 
sample at or near atmospheric pressure could be analyzed directly in 
the mass spectrometer. This was a highly desirable feature since 
considerable difficulty was experienced with contamination of the 
samples due to leaks through the manifold valves in the ballasting 
system. This test was quite successful. 

These tests were only partially successful. 

Table 12 presents the results from these tests. Samples 1 and 
2 show significant contamination since they were taken from a cylinder 
of pure ammonia. The presence of water indicates a simple air leak 
did not exist and the most probable source of this contamination is 
the spectrometer itself. These two samples were at low pressure and 
the results indicate that the relatively few molecules of sample pres- 
ent cleaned the machine and the true sample was lost in the resultant 
"noise." It is significant to note the tenfold decrease in ammonia 
between samples 1 and 2. These two samples were taken simultaneously 
and sample 2 was subsequently heated above 1000OF. It is interesting 
to note and also unexplicable that there was no concurrent increase 
in hydrogen with the ammonia decrease as would be expected. A minor 
increase in nitrogen is observed, however. 

Sample 3 was obtained from sample flask 7-2 at a pressure of 
about 18 psia (at 300OF). There are two reasons for high pressure 
microtube samples to be superior to the low pressure samples. The 
risk of contaminating the sample in the valving and dumping operation 
is eliminated and, secondly, the amount of sample is greatly increased 
so that the signal-to-noise ratio in the spectrometer is improved. 
This should eliminate the type of erroneous spectrometer response be- 
lieved to have occurred in samples one and two. 

The comparison between 3 and 7-2 was encouraging. For most of 
the specie the agreement is good--hydrogen, ammonia and helium fn par- 
ticular. In the case of water and nitrogen, the agreement is not so 

good, but, interestingly enough, the values of sample 3 are more 
reasonable than those from 7-2. They produce a hydrogen-to-nitrogen 
ratio less than 2.0 as it is expected to be. The microtube technique 
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seemed to offer a means for delivering samples to mass spectrometer 
in a more positive, precise fashion than was the case with the large 
sample flask where it was difficult to maintain the cylinder at the 
desired environmental conditions. Therefore the microtube technique 
was used on the prime testing portion of the program in the expecta- 
tion that it would effect an increase in the quality of the data. 

3.7 C02 ANALYSIS 

Several tests were conducted to attempt a verification of the 
C02 concentration and also to attempt to pinpoint the source of the 
C02 contamination which was detected in the preliminary tests., 

3.7.1 C02 Verification Tests 

Two CO verification tests were attempted. One was conducted by 2 
a Varian-Aerograph representative on several of their gas chromato- 
graphs without producing definitive results. The other was conducted 
by Liquid Carbonic on a cold sample. The results of the latter test 
confirmed the presence of C02. 
The results are shown in Table 13. 

The same sample was then sent to WCT. 

A sample of the N2 pressurization gas used at UTC for propellant 
pressurization was sent to Liquid Carbonic for analysis and this analy- 
sis showed that C02 was not present even in trace amounts. 

3.7.2 Fuel Tests 

A sample of the fuel used at UTC for this program was sent to 
Lockheed Research Laboratories in Palo Alto for analysis. The sample 
was neutralized with a 50% normal solution of sulfuric acid in a nit- 
rogen atmosphere. The gases evolved from this boiling procedure were 
dryed and passed through an ascarate tube for C02 removal. 
sults of this analysis showed that the fuel contains only about 0.1% 
dissolved C02. 

The re- 

3 e 7 e 3 llO"-Ring Tests 

Because all system components, which could possibly contribute 
to the C02 contamination were examined and eliminated save for the 
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O-rings--it was decided to conduct qualitative tests on the O-ring 
material alone. Flasks containing water and oxidizer mixtures (to 
form nitric acid) were made up, into which a piece of O-ring material 
(Viton-A) was placed., Flasks were sent to Liquid Carbonic and to 
WCT. The results obtained are shown in Table 14. 

It was subsequently learned that Viton is not a recommended mate- - 
rial for use in systems exposed to nitric acid. An alternative mate- 
rial, ethylene propylene was substituted for the Viton-A and the test 
repeated at WCT. The results are shown in Table 15. 

As a result of the favorable reduction in C02 noted in Table 15 
the Viton-A O-rings in the apparatus were replaced with ethylene pro- 
pylene O-rings. 
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SECTION 

RESULTS FROM DEV NTAL TESTS OF 
THE MOTOR-S G SYSTEM 

The data obtained from the developmental firings has been reduced 
through the use of an Aerotherm developed computer code (described in 
Section 5 .  

The computer reduced data from the developmental firings is pre- 
sented in Appendix F. There are four pages of data per firing. The 
first page of the four presents the local O/F determined from the gas 
analysis and reduced engine and system data. The second page presents 
the mole< fractions of gas species present in each sampling bottle. 
The next page presents the oscillograph data from which the perform- 
ance parameters on the first page were obtained and also the principal 
data reduction constants and coefficients which may change from test 
to test. The fourth page is reserved for comments about the firing 
and data reduction. 

4.1 FIRING DATA REDUCTION 

The run-0 data set presents the data obtained from the checkout 
firing. The aomment page and bottle data page normally part of the 
program output have not been included. 

The first page presents the engine performance parameters and 
system data. Since no samples were taken there is no boundary flow 
O/F data. The motor O/F is seen to be 1.1598 instead of the desired 
1.2. The chamber pressure is low by about 10% when compared to the 
results obtained from firings of similar injectors at the NASA-Edwards 
facility. 
the NASA-Edwards data is presented in Table 16. 

A comparison of the data from the first three firings with 

The run-1 data set presents the data from the second firing. Because 
of the conditions under which the test was conducted and because of 
the presence of a large amount of contamination it was elected to only 
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analyze the gas in the number six cylinder. The purpose of conduct- 
ing the gas analysis was principally to establish both the analysis 
procedure and the accuracy level of mass spectroscopy for the gas 
compositions to be encountered in the program. It must be noted that 
the bottle oscillograph data on page 1-3 and the bottle pressure data 
on page 1-1 are correct €or bottle six only. The fact that the pres- 
sure data from the other bottles were ignored was a data reduction 
oversight. 

The O/F in the boundary flow calculated by the program although 
of reasonable magnitude, cannot be considered an accurate measure of 
the boundary flow composition because of the residual N2 in the bot- 
tles prior to sampling and the possible initial N20q surge mentioned 
previously. Because the data was obtained cold (i.e., room tempera- 
ture) only some of the water present in the boundary flow was obtained. 
The gas analysis was also performed cold so that any water condensed 
in the bottle was not detected. 
reported is probably the vapor pressure over a liquid phase although 
a subsequent analysis detected no water vapor at all. 

Thus the . 2 2 %  mole fraction of H20 

The gas analysis of the bottle by the mass spectrometer showed 
H2, H20, 02! N2, NO, NH3, A, the existance of 8 molecular species: 

C 0 2 .  

solutions using the Aerotherm Chemical Equilibrium Computer program. 
The presence of Argon is due to leakage past the actuating pistons on 
the JPL valves since Argon was used for the actuating gas. 

The first five were expected based on preliminary chemical 

In the third firing, run number 2 ,  the O/F in bottle four was 
calculated to be 1.0875 as shown on page 2-1. This value is based on 
a cold analysis of the bottle and the formulation based on redundancy 
between H, 0, and N mass balances which circumvents the necessity for 
measuring H 0 concentration. The gas sample data, page 2-2 again 
shows the presence of CO2- 

2 

4 . 2  ENGINE PERFORMANCE 

Two of the most conspicuous features of the engine data presented 
in Appendix F are (1) the departure of the O/F ratio from the desired 
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value of 1.2, and (2) the reduced performance which is reflected in 
low values for specific impulse, Is, and characteristic velocity, C . 
Here attention is focused on the mixture ratio difficulty. 
injector pressure drop characteristics are plotted as in Figure 22,  

then it is readily discerned that a pressurization difficulty is in- 
volved except in the case of run number 5 where the data completely 
departs from the established injector characteristic. The other data 
falls in line with the injector data taken at the Edwards JPL instal- 
lation. In the number 5 run either a calibration was in error or the 
injector became temporarily sedimented during the firing (as indicated 
by some drop in both chamber pressure and flow rate). 

* 
When the 

The pressure tap in the downstream shroud indicate, for all prac- 
tical purposes, ambient pressure; from which it can be inferred that 
the ventilating holes placed in the shroud spacer are adequately pre- 
venting asperation of the shroud. It was initially feared that the 
ejector action of the exhaust jet would asperate the shroud downstream 
of the motor nozzle exit and thereby reduce the measured thrust per- 
formance of the motor. Therefore ventilating holes were drilled into 
the shroud to prevent such asperation. 

4.3 SAMPLE CHEMISTRY RESULTS 

The sample chemistry data presented in the data reports in the 
appendix is again largely self evident. The O/F ratios are seen to 
be consistently fuel rich for the particular injector position ( O = O o ) .  

Figure 23 presents a plot of the O/F data. Other than the fact there 
is this overall fuel rich characteristic, the data exhibits consider- 
able scatter. The exception to this appears to be for the axial posi- 
tion nearest the throat where some repeatability is found especially 
between the last two runs where nearly identical results were obtained. 

When the chemistry analysis is examined (second page of each data 
summary report) a significant trend is found. For stations near the 
injector end, the concentrations of ammonia are much higher than for 
those near the nozzle end. Also for these ammonia rich samples, the 
ratio of hydrogen atoms to nitrogen atoms is greater than the maximum 
one would expect from the fuel alone--i.e., a ratio greater than 2 : l .  
This also coincides with a significant variance in the consistancy of 
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the mass spectrometer pressure measurements. It is found that when 
the ammonia concentrations are high, that the partial pressure summa- 
tion of all species departs from the measured sample pressure by up 
to 3 0 % .  This evidence suggests that there is a better than average 
possibility that analysis difficulties are being encountered in the 
mass spectrometer. This is substantiated to some extent by the fact 
that no inter-laboratory agreement has been obtained with two differ- 
ent mass spectrometers. 

Note also in these data reports that the pressure of the number 
5 bottle is much higher than the others. This is apparently a conse- 
quence of progressive failure of the sampling circuit. In most cases 
the higher sampling flow rate did not seem to produce a significantly 
different sample which is encouraging since it is highly desired to 
have the situation where the boundary layer chemistry determination 
is not dependent upon the sampling rate. 
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SECTION 5 

DATA REDUCTION COMPUTER CODE 

Preliminary results from this program were discussed in Section 
4 .  The program (or code) was written in Fortran IV for use on the 
Aerotherm in-house 1130. In the following paragraphs, the principal 
features of the code will be outlined. A listing of the code is pre- 
sented in Appendix E. 

5.1 GAS ANALYSIS DATA REDUCTION 

The local O/F ratio in the boundary flow gas is determined from 
the gas analysis results of each of the sampling cylinders. The gas 
analysis (either mass spectroscopy or gas chromatography (see Section 
2.5) yields the gas composition in the bottles in terms of mQle percent 
of each molecular species. From this data the code determines the O/F 
ratio in Qne of two ways. 

One way is to ratio the atoms of oxygen to the atoms of hydrogen. 
Mathematically this may be expressed: 

N 

5-1 

where x:is the mole fraction of the jth molecule of the N molecular 
J 

species present. a;; is the number of atoms of the ith type (oxidizer 
AJ 

(0) or fuel (H)) present in the jth molecule. The molecular weight 
ratioT0/7?lf is taken as that of the oxidizer N20g and fuel H2H4 in 
order to keep the O/F in the propellant mass ratio frame of reference. 
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Because the amount of nitrogen in the chemical system is also 
known, two more redundent ratios can be used to obtain O/F. Thus 
the elemental 0 to N ratios and H/N ratios can also be used to deter- 
mine local O/F. The data must be self consistent to the extent that 
the O/F determined by three ratios must agree. 

This redundancy makes it possible to obtain the local O/F without 
the knowledge of the amount of condensed water in the bottles (if the 
dissolution of ammonia in the water is ignored). The equations for 
this waterless determination can be cast in two forms depending upon 
which is the most convenient with regard to the amount of fuel or 
oxidizer present. 

y0(2R1 + 2R2 - 1) 
4R1 - 2R2 + 1) ' O/F = 

?f' 

or 

qo(2R3 - R4 + 2) 
4R + R4 - 2) O/F = 

?f( 3 

where 

j=1 ,/ j=1 
and where 

The derivation of these equations are presented in Appendix D. 

5.2 ROCKET ENGINE PERFORMANCE DATA REDUCTION 

5-2 

5-3 

5-4 

The performance of the rocket motor is described by commonly 
accepted parameters--such as specific impulse and chamber character- 
istic velocity,C . The data is reduced from the oscillograph tracings 
using the appropriate conversion factors and calibration coefficients. 

* 
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The program averages the calibration step data (which is taken in the 
linear regime of transducer operation) e.g.: 

N 

5-6 

where 
C = calibration constant 
R = reading 
B = base reading 
S = signal 
N = number of calibration steps 

As can be noted the format of the printed results from the data 
reduction have also been modified beginning with run 5. The oscillo- 
graph channel redding and the associated channel calibration have been 
presented together in a more readable format. 

5.3 MASS SPECTROMETER DATA REDUCTION 

A significant modification to the manner in which the gas analysis 
data are obtained was affected during the course of the program. Ini- 
tially, the mole fraction data was obtained from the laboratory per- 
forming the analysis and this in turn was used to determine the oxidizer 
to fuel ratio in the boundary flow. The current technique is to take 
the mass spectroscopy data directly (oscillograph traces) and obtain 
from them the mole fraction data from which point the data analysis 
proceeds as before. There existed two motivations for performing this 
effort--one, the solution technique performed by the computer is more 
powerful and more accurate than the hand computations performed by the 
analysis laboratory and second, the computer determinations provided 
a more rapid data reduction and thereby makes possible the testing and 
data reduction of several firings per day on a steady production basis. 
The modification was made possible by the utilization of existing 
Aerotherm computer codes for the matrix inversion process associated 
with the least square fitting of data such as obtained from the mass 
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spectrograph. In the following paragraphs a brief outline of the 
technique will be given. 

5.3.1 Mass SPectroaraDhic Data 

The data from the mass spectrograph used in this effort consists 
of an oscillograph trace on which there are four channels recorded 
each of which correspond to four different amplification levels of the 
detected signal. An example is presented in Figure 24. The x- 
coordinate of the trace relates to magnetic field strength or ulti- 
mately mass number of the molecules in the sample being analyzed. 
The trace, then, shows a series of rather discrete peaks as the dif- 
ferent molecules are charged and then attracted to the detector. 

In the charging process, where the gas sample molecules are bom- 
barded with an electron beam, the molecules are generally disinte- 
grated so that each gas specie, such as NH3 for instance, generates 
peaks of varying magnitude over a range of mass numbers. This dis- 
play is known as a cracking pattern. Each gas molecular specie, 
such as NH3, has a characteristic cracking pattern which has been 
found to be largely independent of the equipment manufacturer. Be- 
cause of the quantum nature of molecular structure, the cracking pat- 
terns superimpose (ieea, certain peaks represent contributions from 
more than one specie). The quantitative determination of each specie 
involves the solution of simultaneous linear equations which solution 
is described in Section 5 . 3 . 3 .  

5.3.2 Calibration 

Besides the determination of cracking data which consists of 
ratios of peak heights for the various mass numbers for each gas 
specie, the relative effects of the different species must be ascer- 
tained by calibration. For the work reported here all species were 
independently calibrated relative to Argon. This calibration is 
principally machine configuration dependent and does not vary with time 
and machine adjustment. Such a calibration procedure presumes that 
interactions between species does not significantly affect cracking pat- 
terns nor the relationship to the calibration standard (in this case 
Argon). 
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5.3.3 Determination of Gas Species Mole Fraction 

The determination of gas species mole fraction as indicated pre- 
viously is essentially performed by the solution of a set of linear 
algebraic equations. If a particular gas specie is present in amount 
x and if the species at a particular peak has the calibration Cis 
where j is the jth peak for the ith species and where the calibration 
constant is the product of the cracking pattern ratio and the argon 
calibration: 

i 

- Cij - Fij Ai 5-7 

then for a given peak having a peak height, R j' 

N 
R = xi Cij 5-8 
j 

j=l 

which produces a system of M equations, j = 1,M, for the M peaks on a 
given trace. In general, since experimental data is involved, the set 
is nondeterministic and moreover it is generally redundant in that 
there are usually more peaks than unknown species. 

In general such problems are best solved by the least squares 
technique wherein the square of the largest residue from the set of 
equations is driven to the smallest possible value. Aerotherm has de- 
veloped computer routines for performing this operation using a rapid 
matrix inversion technique. This routine is highly generalized and 
was easily adapted to this particular problem. 

The xi in equation 5-8 that are determined by the least square 

The mole fraction of each 
program, are physically partial pressure of the species in microns due 
to the way the calibration is performed. 
species is thus obtained from the relation 

5-9 
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I 
Test 

Description 

i Co Id-Vacuum 
Hot 

TABLE 1 

JPL VALVE TESTS 

a. Nominal Values 

Valve 
Housing 

Temperature 

7OoF 

7OoF 
300°F 

Valve Part Conditions 

Upstream 

100. 

14.7-100 
100. 

Temperature 
(OF) 

70. 

70. 
170.-345. 

Downstream 

Pressure 

14.7 
psia 
40.1-1 
14.7 
psia 

Activation Pressure All Runs M 150 psia 
Note: Upstream port is on the chamber side - downstream 

port is on the sampling cylinder side 

b. Typical Test Results 

Temperature 
(OF) 

70. 

70. 
140.-320. 

Test 
Description 

Leakage Measurement 
Operating 
Cycles Time Interval I Pressure Change 

1. Cold 
2.  Cold-Vacuum 
3 .  Hot 

25 
25 
3 1  

60 

60 

210 

17 psi** 
35 mm Hg* 
3-15 psi** 

*Measured at upstream port 
**Measured at downstream port 



TABLE 2 
VALVE SAMPLE CONTAMINATION CHARACTERISTIC 

b 

Test Gas 

Actuating Gas 

Valve Body 

(a) Test Conditions 

Composition Temperature Pressure 

N2/H2 - 50/50 300 F 100 psia 

70 F 100 psia c02 
--- 300 F --- 

(b) Test Results 

0.0055% 



TABLE 3 

S I N T E m D  ELEMENT FLOW HANDLING 

0.158 in. 



TABLE 4 

BACK-UP VALVE LEAKAGE CHARACTERISTICS 

7 

Gas 50/50 He-N2 Driving pressure - 150 psi (gage) 

Leakage Rating 
(MCFH) 

0.03 0.005* 

1.95 

Valve body temperature 5= 350'F 
Elapsed time = 30 minutes 
Volume = 1.27 in3 

I 

Hoke needle 
all stainless 0.27 

Valve 

0.60 

Back Pressure 
(mm Hg) 

Initial 1 Final 

Hoke bellows 
soft seat 

Whitney 
soft seat 

1 0.30 

0.35 

2.25 

2.70 2.35 

* 
Manufacturer quoted rating @ one atrn, driving pressure 



TABLE 5 

F I R I N G  SEQUENCE 

Event 

H e a t  up appara tus  and pump down sampling system 
( f i r i n g  # 3 only)  

P res su r i ze  Tanks 
Arm in s t rumen ta t ion  

I n i t i a t e  f i r i n g  
Gate ba l l i s t ic  ana lyzer  
Open sampling va lves  and pneumatic 

( f i r i n g  2 and 3 only)  
Close sampling va lve  and pneumatic 
G a t e  bal is t ic  ana lyzer  
Terminate f i r i n g  

redundant va lve  

redundant va lve  

C r i t i c a l  
Time 

(set) 

0 
1.0 
1.5 

2.5 
3.0 
4.0 



TABLE 6 

MIXTURE RATIO TESTS 

Measured 
O/F 

1.24 
1.21 
1.20 
1.21 
1.24 
1.15 
1.20 

Percent  
E r ro r  

-0.8 
+0.8 

0 
+0.8 
-0.8 

0 

0 



TABLE 7 

GAS ANALYSIS RESULTS 

(Percent  Mole Fract ion)  

a. Stanford Research I n s t i t u t e  - CEC m a s s  spectrometer 

b. W e s t  Coast Technical - H i t a s h i -  P.E, m a s s  spectrometer 



TABLE 8 

ANALYSIS OF BOTTLE 7-1 

a. First test - data reduction by Aerotherm - hot 
b. Second test - data reduction by WCT - hot 
c. T h i r d  test - data reduction by WCT - cold (t << 70°F) 

* t designates trace amounts 

** non-condensible analysis 



TABLE 9 

APPROXIMATE ANALYSIS OF BOTTLE 8-4 
GLC TECHNIQUE 

(Presuming ill-defined peak to be N2H4) 

H2 - 2% 

N2 - 30% 
NO - 1% 

NH3 - 7% 

H20 - 10% 
N2H4 - 50% 

TABLE 10 

ATOMIC RATIO ANALYSIS OF SELECTED COMPOSITION DATA 

JPL - M.S. 
WCT - M.S, 
WCT - M.S. 



-I 
I 

7 

TABLE 11 

COMPARISON OF MASS SPECTROMETER ANALYSES 

7 7 1 - 7 1  
I I 

a) Bottle 1 

I - - 1 - - - - r - - -  

b) Bottle 2 

I I I 
4 02 f L 

L c - I I I 

L c - I I /.f 1 



Table 11 - Continued 
c) Bottle 3 

H2 

02, 
I 

P- 
E 

____-.._ 

L 
. .  

I 

7 

I I I I 

- I I I 

d) B o t t l e  4 

- I -  * 
:- 

5.5 

= 



I .  .. '. 

I 
' NH! 
I 

I 

I 
I' 

I i 

f) Bot t l e  6 



Cons ti t u e n t  

TABLE 12 

MASS SPECTROSCOPY RESULTS 

Hydrogen 
H e l i u m  
Ammonia 
Water 
Nitrogen 
N i t r i c  Oxide 
Oxygen 
Argon 
Hydrocarbon 
Carbon Biowid 

- 

Sample 1 

0.00 
0.00 

6901 
65.93  

0,oo 

l1,5 

14,1 
0.80 
0.02 
2 ,  
o e 0 2  
p.*..x. 

Sample 2 
(F 1 amed ) 

7%,7  
0.0% 

0,03 
31.70 
o e o 3  
m w n m  

Sample 3 

6 . 6 2  

4 . 6 4  

46 ,79  
8 . 4 4  

31,33 
0,lS 
0 . 0 4  

0 . 1 7  
0 . 0 2  

11 .73  
0.03 
* c I . I c I  



TABLE 1 3  

S W L E  C 0 2  TEST 

TABLE 1 4  

VITON O-RING TEST DATA 

He 

H2° 

N2 
NO 

O2 
A 

c02 

H e  

H2° 

N2 
NO 

O2 

c02 

A 

WCT 

7 3 . 4  

0.99 

2 1 . 5 2  

0.12 

0 . 2 7  

0 . 9 6  

L.C.  
-- 

-- 

TABLE 1 5  

O-RING MATERIAL TEST DATA 

V i t o n - A  

7 3 . 4  

0 0 . 9 9  

2 1 . 5 2  

0 . 1 2  

2 . 7 3  

0 . 2 7  

0 . 9 6  

E .P .  
8 4 . 3 3  

-- 
14.01 

-- 

1 . 5 6  

-- 
0.10 



TABLE 16 

COMPARISON OF MOTOR PARAMETER VALUES 

154 

141 , 7 

147.7 

142.7 

1-22 

1.1598 

1,1745 

1,1638 

t G 

-402 

,404 

-4121 

,4129 

0 
k 

.22P 

-217 

.2226 

,2221 

181 

, 187 

, 1895 

-1908 

* run at NASA-Edwards (typical data) 



A C T U A T I O N  H O U S I N G  

CHAMBER WALL 

S A P P H I R E  B A L L  

SAMPLE FLOW V A L V E  

RETURN S P R I N G  

" O " - R I N G  S E A L  

" - R I N G  S E A L  

S I N T E R E D  PLUG 
AND HOLDER 

SCALE: 2/\ 

I N J E C T O R  / M O U N T I N G  
FLANGE 

- - H E A T  
F L U X  
GAGE 

Figure 1. Combustion Chamber Shywing Sampling Portion and the 
Heat Flux Gage Location 
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Figure 2. Injector Type U s e d  in the Experimental Program 



flow meter --\ 

resistance. 

- pressure 

check valve . 

solenoid 

t to vacumn pump 

Figure  3 .  Sampling System Component T e s t  C i r c u i t  



S I N T E R E D  
E L E M E N T  

I 
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1 .I A C T U A T I N G  
P I S T O N  

' L I D  
G 

0-  

Figure 4-a 
Original Design 

Figure 4-b 
Modified Design 

Figure 4 .  Design Modification to the Sampling Valve 
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Figure 6 e Theoretical Equilibrium Composition for Various O/F .Ratios 
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4J c 
e, 

0 
rd 
d 
9. 
m 
-4 n 

Assumed Gas Composition 

= ,300 
e,t Re 

flow, N =-7 
wall temperature - 840°R 

0 '  1 2 3 4 5 6 

Distance - x (inches) 
- -  - * 

This prediction was completed before it was known that a spacer would 
be used between the rocket motor and injector 

Figure 7, Predicted Rocket Motor Boundary Layer Properties 
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0 1 2 3 4 5 6 

Dis tance  = x (inches) 

F igure  8 ,  Pred ic t ed  Wall H e a t  Transfer lCoeff ic ient  and H e a t  Flux 



CONDITIONS 

Time - % second following initiation of sam- 
pling; 1% secondsfollowing initiation 
of firing. 

= 3 ft2 -s. - OR/BTU 

Material - solid copper 

Distance - inches 
Figure 9.  Temperature Distribution in the Sintered Element 
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kinne 
Valve 

1-b. Combined Whitey Valve with Skinner 3-Way 
Solenoid Valve and Bleed Manifold 



Figure  11-c.' Combined Hoke and Skinner Valve 
Bleed System 
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Figure l l -d .  Skinner Valve Bleed System Alone 



C O M B U S T I O N  CHAMBER 
SAMPLE GAS 

MANUAL 

V A L V E  
S H U T - O F F  

SAMPLE 
F L A S K  

Figure 12. Purge System Schematic 
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MANUAL SHUT- 
O F F  VALVES ( 1 2 )  

\ 

PURGE V A L V E S  ( 6 )  
I 

. V E  

Figure 13. Pneumatic Circuit Schematic 
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Figure 14. Heat Flux Gage Manufacturing Details 
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Figure 17. Microtube Opener 



Figure 18. De-Crimper and Microtube Assembly 
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Figure  2 0 ,  Microtube Showing Crimped Sea l  

F igure  2 1 .  Microtube Showing Opened Seal 
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I n j e c t o r  - MOD I V  A 
Assembly 9118139-SN#4 
Manifold 9117493A-SN#3 

Shaded symbols - R e f .  l* 
Open-symbols - runs 5-8 
Crossed symbols - f i r i n g s  PO- 
* D a t a  standardized t o  

TO - 65' 
Tf - 71' 
pS - 500 ps ig  

1 2 3 4 6 7 8 a 1 0  

F l o w  R a t e  - k (lb/sec) x 1 0  

Figure 22.  Measured I n j e c t o r  F l o w  Charac t e r i s t i c  Comparison 
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APPENDIX A 

MASS VEI.+OCITY IN THE LAMINAR SUBLAYER AND I N  
THE SINTERED ELEMENT 

. 



APPENDIX A 

MASS VELOCITY I N  THE LAMINAR SUBLAYER AND I N  
THE SINTERED ELEMENT 

The s t a r t i n g  po in t  i s  taken t o  be the  i n t e g r a l  equation f o r  the  m a s s  
flow per  u n i t  width i n  t h e  laminar sublayer f o r  the axisymmetric o r  2-dimen- 
s i o n a l  case: 

% 

J 
0 

w h e r e  ye is  defined t o  be the  edge of the  laminar sublayer. S t  i s  known 
from experimental r e s u l t s  t h a t  t he  non-dimensional dis tance t o  the  edge, 

Y e  + is  p r a c t i c a l l y  a constant  

Further  it is  a l so  found t h a t  t he  non-dimensional vexocity .goes l i k e  y', i .e.  : 

Using these r e s u l t s ,  transforming t o  t h e  non-dimensional var iab les ,  and pre- 
suming constant  densi ty  (open t o  question f o r  t he  rocket  motor s i t u a t i o n )  it 

follows tha t :  

from which it follows: 

The mass ve loc i ty  f o r  t he  s in t e red  element i s  ob$ained d i r e c t l y  by specifying 
z t o  be l i k e  the  element diameter: 
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APPENDIX R 
FIRING PROCEDURE 

The fol lowing sequence of opera t ions  and checks are t o  be 
performed f o r  each f i r i n g .  

PRE-FIRING SEQUENCE 

Seq. 
No. 

1 

2 

2.1 

2.2 

- 

2.3 

2.4 

3 

4 

5 

6 

7 

- 

opera t ion  - 
I iotate  i n j e c t i o n  t o  proper  p o s i t i o n  

C i r c u i t  and sequencer check 

Verify 150 and 350 p s i a  so lenoid  va lve  ac tua t ion  

Connect 150 and 350 psia purge l i n e s  t o  case, v e r i f y  
80-psi-purge-actuation-circuit  solenoid valve actua- 
t i o n ;  connect l i n e  t o  case and w i t h  150 p s i a  purge on, 
v e r i f y  flow i n  chamber 

Ver i fy  80 psi-sampling-valve-circuit  solenoid va lve  
ac tua t ion  

Complete and check a l l  connections necessary f o r  the 
foregoing procedure 

Open sampling cy l inde r  t ogg le  valves  

Secure case - begin h e a t i n g  t o  300°F 

I n s t a l l  nozzle plug, begin vacuum pump down, 
open sampling valves  

When chamber temperature (Tb) = 300°F, c l o s e  pneumatic 
sampling valve, b r i n g  chamber t o  atmospheric pressure ,  
v e r i f y  no rise i n  p re s su re  i n  sampling cy l inde r s  

Pump chamber down (vacuum), release (2)  nu t s  on pump 
down f i x t u r e ,  o p e n h e l i m p u r g e  va lves  w i t h  150 psia 
supply c i r c u i t  open; maintain 150 psia purge u n t i l  
f i r i n g  sequence 



B- 2 

Seq. 
N o  . 
1 

2 

3 

4 

5 

6 

7 

8 

9 

F I R I N G  SEQUENCE 

Operation 

Actuate 350 p s i a  heliumpurge-supply-circuit with 
80 ps i  purge-valve-actuation-curcuit open 

Begin f i r i n g  sequence 

Close 350 ps ihe l iumpurge  supply, open 150 psi  
Argon purge supply 

G a t e  ba l l i s t ic  analyzer  

c l o s e  80 p s i  heliumpurge ac tua t ion  c i r c u i t  

Open pneumatic sampling va lves  

Close pneumatic sampling valves 

Open 80 ps ihe l iumpurge  ac tua t ion  c i r c u i t  

G a t e  bal l is t ic  analyzer  

Terminate f i r i n g  

Approximate time 

(2) 150 p s i  heliumpurge s t i l l  ope ra t ing  

Time 

-10 (1) 

0 

0.5 

1. 

1.4 

1.5 

2.5 

2.6 

3 

4 

POST-FIRING SEQUENCE 

C l o s e  t ogg le  valves, remove sampling cy l inde r s  

I n s t a l l  nozzle  tes t  p lug  f i x t u r e  w i t h  f i t t i n g  open 

Open sampling valves purge l i n e s  t o  c y l i n d e r s  by capping 
nozzle  p l u g  f i x t u r e  (2) 
Remove c y l i n d e r  pressure t ransducers  

Cycle 350 ps ihe l iumpurge  t o  purge a l l  l i n e s  

C losehe l iunpurge ,  c l o s e  sampling valve 

(2) 150 p s i  hoLAmpurge s t i l l  ope ra t ing  



B-3 

Seq. 
No.  

7 

8 

9 

10 

Operation 

I n s t a l l  ( 6 )  sampling cylinders with toggle valves closed 

Open 350 psiheliumpurge, open sampling valve: ver i fy  no 
leakage a t  cylinder i n l e t s  

Close 350 psiheliurnpurge, release pressure from chamber 

Close sampling valves 
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DATA REDUCTION PROCEDURE FOR WET 
CHEMISTRY GAS ANALYSIS 



. .  - .  

APPENDIX C 

DATA REDUCTION PROCEDURE FOR 
WET a E M I S T R Y  GAS ANALYSIS 

1. D a t a  

1. I n i t i a l  condi t ions (pressure  and temperature of  the un- 

2. Non-condensible ana lys i s  
sampled f l a s k )  and sample f l a s k  volume 

a. LN2 temperature 
b. LNH3 temperature 

3, Condensate ana lys i s  

Parts 2b and 3,  made poss ib l e  a determinat ion of me mass of HN3 

and H 2 0  contained i n  the sample. This p lus  t h e  d a t a  of 1 and 2a 
i s  s u f f i c i e n t  t o  determine t h e  mass of a l l  other s p e c i e s  and hence 
their re la t ive amounts. 

2.  Analysis 

Were it n o t  fo r  t h e  presence of ammonia and tratew vapor a t  
the t i m e  (1) was obtained,  t he  m a s s  of t h e  other spec ie s  could be 

obtained from (1) and 2a d i r e c t l y .  It  is  necessary t o  account f o r  
t h e  presence of these vapors and t h i s  i s  complicated by t h e  f a c t  
that some of t h e  ammonia i s  i n  s o l u t i o n  wi th  the water. The phi- 
losophy for  t h e  d a t a  reduct ion i s  t o  subtract the  moles of NH3 i n  
t h e  vapor phase from the  moles of gas determined by (1) : where 
the ammonia vapor f r a c t i o n  is  determined from d a t a  on t h e  vapor 
pressure  of ammonia-water s o l u t i o n s  . 

I f  w e  des igna te  t h e  molar volume of t h e  var ious gas phase 
spec ie s  as V then a molar balance can be w r i t t e n  i n  which the  

sum of t h e  vapor molar volumes for each s p e c i e s  equals t h e  measured 
mol-ar volume of t h e  sample, V. 

i 

w a s  measured a t  temperature T cor- When t h e  sample p re s su re ,  Ps , 
responding t o  V ,  t h e  water and the ammonia were condensed forming 
an aqueous a ixoni  a s o l u t i c n  e 

S 



c-2 

- - _  
If x is t h e  mass concent ra t ion  of the ammonia i n  t h e  water then  
the molar volume of ammonia i n  the vapor phase is given by d i f -  
fe rence  

where Wwc i s  the mass of w a t e r  i n  t h e  condensed phase. 
be equal  t o  t h e  measured mass of water less t h e  water i n  vapor 
phase or 

This  must 

b c = w - - v q w  W 

wwc p* 
( 3 )  

- 

where the p a r t i a l  p re s su re  of w a t e r  vapor, Pw, is a funct ion  of X; 
a n i  f i n a l l y  

- ww - wwc 
vw - % W  

( 4 )  

rJow when V w a s  determined the bot t le  w a s  a c t u a l l y  devoid of 
sample so  t h a t  V must be  co r rec t ed  for  t h e  volume of the condensed 
phase i n  t h e  b o t t l e  a t  t h e  t i m e  Ps w a s  determined. The volume of 
gas v i n  cc can 

. g  
then be found from t h e  me as ured volume, vm, by 

where p i s  t h e  dens i ty  of t h e  condensed phase i n  grams/cc. Then 

v =( vg ”)( 3) PO (E) (moles) 

where Po and Toare the p res su re  and temperature f o r  s t anda rd  con- 
d i t i o n s  and Vm the molar volume for  s tandard  conditions- 2 2 . 4  l i ters .  
The molar concent ra t ion  X depends upon the mole f r a c t i o n s  of t h e  
noncondensed spec ie s  p r e s e n t  s i n c e  t h e  absorpt ion of ammonia i n  
water depends upon t h e  p a r t i a l  p re s su res  of the vapor (ammonia 
and water)  above the l i q u i d  phase. 



C- 3 

Two of t h e  gas phase components N2 and N20 w e r e  p z r t i a l l y  
removed i n  t h e  l i q u i d  n i t rogen  t r a p  and t h e i r  STP molar volumes can 
be determined from 

vi = xivt ( 9 )  

where Vt 
0 -30 C <T* 

mined by 

is  t h e  molar volume of t h e  t rapped gas pumped o f f  a t  
- 0  40 C and Xi -he mole f r a c t i o n  of t h e  t rapped gas deter- 

the M.S.  I f  t h e  nontrapped gases are designated by sub- 

s c r i p t  "j"# t h e  unknown molar volume of those  gases by V and 
the M.S. mole f r a c t i o n  d a t a  by X then  equat ion (1) may be 
w r i t t e n  

1' 

j' 

c x .  + Vt c xi + VA(X) + VW(X) = V(x) ( 8 )  
j j  I V 

conta in ing  the explicit unknown V 

t i o n s  2 and 5) The r equ i r ed  de f in ing  r e l a t i o n s h i p  needed fo r  a 
s o l u t i o n  i s  the  ammonia vapor pressure  c h a r a c t e r i s t i c  for  t h e  
aqueous ammonia s o l u t i o n  i n  which t h e  vapor pressure  for  a solu- 
t i o n  of concent ra t ion  x must equal  

and X i m p l i c i t l y  i n  V ( v i a  equa- 
j 

Having found V 

every th ing  t o  be gaseous) i s  found from: 
from (8) t h e  mole f r a c t i o n  of a l l  spec ie s  (cons ider ing  

j 

vi x i  = - v, c 
when Vt is t h e  t o t a l  of all s p e c i e  molar volumes: 

I 
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APPENDIX D 

FORMULATION OF OXIDIZER TO FUEL RATIO EQUATIONS 

1. EQUATION FOR O/F WITHOUT WATER 

Two r e l a t i o n s  r e l a t i n g  ox id ize r  and f u e l  atoms can be w r i t t e n  
based on t h e  fact  t h a t  a p r o p o r t i o n a l i t y  e x i s t s  between t h e  number of 
f u e l  molecules and hyrdogen atoms and ox id ize r  molecules and oxygen 
atoms. These two equat ions y i e l d  a s o l u t i o n  i n  t e r m s  of t h e  knowns 
N2 and H2 and O2 which e l imina te s  the  unknown H20. 

From the  fact  t h a t  N2 i s  i n  both the ox id ize r  and f u e l  i n  the  
same atomic arrangement, then t h e  O/F r a t io  i s  related t o  a nit rogen/  
oxygen r a t i o .  If w e  denote x as t h e  f r a c t i o n  of hydrogen or oxygen 
mole f r a c t i o n s  bound as w a t e r ,  then: 

and s i m i l a r l y  f o r  hydrogen: 

where the  2OX term rep resen t s  t h e  hydrogen contained i n  t h e  w a t e r .  
Pu t t i ng  these equat ions i n  t e r m s  of percent  Om y i e l d s  

Nrn = I( F]++,) (31 om ( 1  +x) 2 0  



Solving ( 4 )  fo r  x and s u b s t i t u t i n g  i n t o  ( 3 )  y i e l d s  an expression f o r  
F/O i n  terms of N,H, and 0 mole f r a c t i o n s  (v i z : )  

which after several l i n e s  of algebra y i e l d s :  

Since 

- I  

Equation (9) can be normalized w i t h  r e s p e c t  t o  H2 such t h a t :  
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LOG DRIVF C A Q T  SPEC C A R T  A V A I L  PHY D R I V E  
3 0 0 0  0 0 0 7  0907 0 0 0 0  

*trlFLFTF DROD 
0 7 6  U A Y F  NOT FOUR0 I N  L F T I F L F T  

/ /  FOQ 
* IOCS(CARD91132 PRINTEPsDISK9FLOTTER) 
*OYE ?I!O'iq I FITFGERS 
* L I S T  ALL 
c 7 0 0 9  D A T A  ?FDlJCTIOY PROCRAP 
C 

9Ih"FRISION J ( 1 0 ) 9 L F ? ( l C ! ) 9 L I D ( 2 1 )  

RFFIQE F I L F  l ( 1 0 0 t 1 0 0 9 U 9 K R )  
DFFINF F I L F  2 ( 1 0 0 9 1 0 0 9 U 9 Y D  1 
D E F I N E  F I L F  3 ( 1 0 0 t 1 9 3 , U , I P A )  
P E F I N F  F I L F  4 ( 1 0 0 ~ 1 3 O ~ U ~ I C O )  
QEFINE F I L F  5(20091009U1MAS)  
D E F I N E  F I L F  h ( 1 0 0 ~ 1 0 0 9 U ~ P A S 2 )  

C O M V O N  K R 9 K D 9 I M A  9 I C O  9 VAS 9 I T ER 9 J 9 L R  9 P A  S 2  

101 FORMAT(2011)  
1 0 2  F O R V A T ( I 5 )  
2 3 1  FORMAf(SX2011)  

1 ICT-9  
J Y S = ?  
k A A S = l  
READ(29101)J ,LR 
WP 1 TF ( 3 9 2 0 1 1 
J C T = l  
I F ( J ( 5 ) )  9 9 1 0 9 9  

9 '?EA9 ( 2 , 1 0 7 )  J I C O  
JCT=2 
50 T O  11 

J 9 LR 

10 I F ( J ( 6 ) - 1 )  13 ,139112 

1'3 N T Q = l  
I F ( J ( 4 ) - 1 )  495955  

5 5  I F ( J ( 4 ) - 4 )  595495  
5 4  J M S = 1  

1 1 2  I F ( J ( 6 ) - 4 )  1 2 9  1 3 9 1 3  

J ( 4 ) = 3  
4 1\1TP=NT9+1 

CALL MASS(PCO~PtNTR9KD9N~UN)  
I TFR=O 
JFJ/?=l 

h CALL F I L O ? ( J S W P L I D ~ N A O T )  
I F ( J S W )  3 9 2 9 3  

2 CALL F I N E Q ( N )  
I F ( 1 T E R )  6 9 3 ~ 6  

3 CALL F I L Q 4 ( J S W 9 L I D 9 Y T R o N R O T ~ J I C O 9 J I C P * J l C B )  
l F ( J q 2 - 3 )  A 9 P e 7  

Q CALL M A S S 2 (  I C T ~ J ~ ~ ~ J I C R ~ J I C P P N R U N )  
I F ( I C T )  19796 

7 I F ( 1 C Q N T )  5 9 4 9 5  
5 CALL COMP(JICO9JuS) 



* S T O I I F  !JS I J A  PROD 
C A ? T . I n  0007  D9 ADDR 3 9 5 3  DR CNT 0012 
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. . .., 



P4GF 1 

L C c  ? ? I V E  C A R T  S P E C  C A R T  P V A I L  PHY D R I V E  
q.2 ;() 0 0 3 6  0 3 0 6  O Q Q O  

/ /  ",up 

C A L L E D  SUgPZSGQA'FS 
FLY F S T O  S U B S C  SUPIK SDRED S D F X  

I C O ( I C ) = 7 F F C  
I(I )=0003 

46 S T c! 2 E \r!S UA FUYXS 
C A 4 T  I n  O O q S  DS ADD2 4 7 E A  D B  C K T  0005 







, . . .. I . . . ,_ . . _ , .  . , ' . .  

/ /  J 0 R  

LlSt 3 R l V E  C A R T  SPEC C A R T  AVAIL PHY C R T V E  
2020  - - n  0 382C oco f !  VlUL*. 



0 A .-, E 2 



SAGE 3 

F CATURES SUPPOHTFD 
ChE WORD INTEGLQS 
!OCS 

/ I  



LOT; "QIVc C A Q T  S P F C  C A Q T  A V A I L  PHY D R I V E  
7033 O O O P  OOOF!  0000 

/ /  
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DATA PRINT-OUT NOMENCLATURE 

A.  as Analysis - Engine Performance (page one) 

CF 
CSR 

&XW.R 

F 
3 S l  

is2 

LSR 

OJF 

- t h r u s t  coe f f i c i en t  cE 
C*ratL:o - (c*/c* ideal)  
C* 
Thrust 

- s p e c i f i c  impulse (oscil lograph) 

- spec i f i c  impulse ( B a l l i s t i c  analyzer) 
IS1 
S, 
I 

L 

- s p e c i f i c  impulse r a t i o  ( I  /I 1 
It4 r '1 'ideal 
oxidizer  - f u e l  r a t i o  

gas sample b o t t l e  pressure after sampling 

chamber pressure (oscil lograph) 

f u e l  pressure a t  iktjectoz 
f u e l  tank pressure 

oxidizer  pressure a t  i n j e c t o r  

oxidizer  tank pressure 

chamber pressure (bal l is t ic  analyzer ) 

nubtor presdure patio 

tSater pressure a t  i n j ec to r  

motor temperature during sampling 

f u e l  flow rate 

oxidizer  f low rate 

water flow rate  



B, Gas Apalygis - (Page 2) 
H 

H2 
HO 
I$2Q 
H02 

HNO 

q 0 2  

BNQ3 

v 
0 
0 
N 
NJ2 

NO 
N20 
NO2 

NH3 
A 
c02 

I- 

T 

M - atomic Qydrogsn 
- hydrogen 

HO - hydrogen peroxide 
- VaGer  H2° 

H02 
HNO 
I$J02 - ni$rous acid 

WQ3 - nitr ic  acid 

- m  
- Q  

- O2 
F N  

- p2 
- NO 
- N20 - NQ.2 

aFOFoic qxygen 
axyges 
atomiq mitrogerf 
nitrqges 

nitrogen dioxide 
nitrogen monoxide 
nihrogen tet~oaiqe 
m o q i a  



C P I  - c -l 

CPV - c L 

p, i 
P f V  - CE(ideai) 

thropf area 
flow rate calibrapion 

lqhruqt calibration 
bot t le  pressure aalibration 
Charqber pressure calibrakion 
motor ex i t  pressure cq1i;bration 
injector pressures calibration 
tank pressure calibration 
ideal C* 
motor temperature qalibrat$on 
force- ( t h r u s t )  Lbg%lis@ic iinalyqerf 
f u e l  densi ty  
f u e l  flow ra te  
oxidizer flpw ra te  
force , 

Ideal speciEiq impulse 
oxidizer densiky 
amb$ent pressure 
bot;tJe presqurcs 
chpber premwrg (bal$,ist!i(: ar)z+ly!wF) 
chamber pdessure 
fuel  pressure a t  isjec$ar 
fuel  Rresssuye; at tank 
mooor exit pressure 
oxidizer pressure a t  injpcteS 
Oxidizer prepsyre a t  taqR 
nozzle e y i t  pressure 
eopliqg water preqsure 

TBM - - mgtqr kqnpera.t;ure 
WM - ww - cooling water flow raFe 
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ROCKET MOTOR BOUNDARY FLOW DATA REDUCTION 

JPL CONTRACT - NAS7-463 AEROTHERM PROJECT 7009 

RUN NUMBER - 0 DATE OF F I R I N G  - 9 1  7 /67  

F I R I N G  NUMBER - 1 DATE OF DATA REDUCfION - 11/ 2 /67  

INJECTOR POSITION - 0 DEGREES 

Ioa---Loo----omI~~a~------------~~------~------~------~------~~--~=~---o~-- 

CAS ANALYSIS RESULtS 

A X I A L .  STATION t I N 0 I  O/F I N  BOUNDARY LAYER 

1.0280 000000 

1,7700 000000 

2,5200 0I0000 

302780 0,0000 

4 0 0 2 8 0  0.0000 

407780 0.0000 

ENGINE PERFORMANCE PARAMETERS 

O/F 1 0 1 5 9 8  CSTAR 4 9 6 2 0  CSR 0.86 

ISR 008660 PNPC 0.0660 CF 101034 

Is1 173035 IS2 170r18 PC 1 4 l r 7 0 t P S I A )  

wo 00217 (LB/s) WF 0.187 ( L B / S )  F 6 9 0  S O (  L B I  

PCBA 1 3 8 0 2 0 t P S 1 A )  ww 0 roo00 ( LB/S  1 

SYSTEM DATA 

FINAL. BOTTLE PRESSURE I P S I A )  F L U I D  PRESSURES ( P S I A )  

P1-14.70 P4m14070 PF- 462020 PFT- 9 6 9 0 6 9  

P2-140?0 P5-14.70 Pon 4 3 9 0 7 0  POT- 9 5 4 0 6 9  

P 3 + 4 e  70 PbJm 9 5 0 6 9  



PACE 2 OF 2 

ENGINE 8 8 f f L  

QUANTITY READING (INCHES) QUANTITY ~ ~ A ~ I ~ ~  (INCHES1 

PCM 1 o 2700 PBI 0.0000 

PNM #+*+++ P82 080 

PFM 3.5800 P83 000000 

POM 3.4000 P84 000008 

PFT 3.8200 

POT 3 0 9600 

FFM 4.0600 

FON 3a2900 

PW I 008100 

WM 0.0000 

FM 1,3900 

PB5 0e0000 

PB6 0 B 0000 

PEM 000000 

TBM Oe0200 

BALLISTIC ANALYZER DATA 

PC 123050 IPSI) 

OTHER DATA 

C ~ ~ ~ B R ~ T ~ ~ ~  CONSTANTS MISCELLAMEQU 
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ROCKET MOTOR BOUNDARY FLOW DATA REDUCTION 

JPL  CONTRACT - NAS7-463 AEROTHERM PROJECT 7009 

RUN NUMBER = 1 OATE OF F I R I N G  - 8 / 1 2 / 6 7  

F I R I N G  NUMBER - 2 DATE OF DATA REDUCTION - 111 2 / 6 7  

INJECTOR POSITION - 0 DEGREES 

. ~ - - ~ 1 1 1 ~ ~ o ~ ~ - ~ ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

GAS ANALYSIS RESULTS 

A X S A L  S T A T I O N  ( f N 0 I  O / F  I N  BOUNDARY LAYER 

l e 0 2 8 0  000000 

1 0 7780 0.0000 

2e5280 0.0000 

3.2700 0 0 0000 

400280 000000 

407780 l e 2 8 3 9  

ENGINE PERFORMANCE PARAMETERS 

0/F 101?45 CSTAR 51246  CSR 018823 

ISR 0.8765 PNPC 000866  CF 1.1042 

IS1 175.31 IS2 175089 PC 1 4 7 r 7 0 1 P S I A )  

wo 002226(LB/S) WF 001895(tB/SI F 7 2 0 5 0 ( L 8 )  

PCBA 1 4 6 e 2 6 ( P S I A l  ww 0 0 0 0 0 0 ( L B / S )  

SYSTEM DATA 

F I N A L  BOTTLE PRESSURE 1 P S I A )  F L U I D  PRESSURES I P S I A I  

P1-14.70 P4-14 o 78 PF- 498045 PFT- 1 0 5 4 0 ? 0  

P2014r70  P5014e70 PO- 4 5 9 0 7 0  POT- 9 9 7 0 2 0  

P3-14070 P6-19.64 PW- 1 5 2 0 7 0  

TB- 362000(DEG 8 )  



CAS SAMPLE D A T A  RUN NUMBER 1 

SAMPLES ANALYZED AT SR 8/12/67 

H 

t42 

w 
H2 0 

ti02 

HNO 

HNOZ 

HNO3 

HN 

0 

02 

N 

N 

NO 

M2 

NO2 

H3 

A 

c02 

0 0 8 0 0  

0 o 000 

0.000 

00000 

00000 

0 o 000 

0.000 

0 0 000 

0 0 000 

0.000 

0.000 

0.000 

00080 

O b ~ Q ~  

0 0 000 

00000 

O o O Q Q  

OoQOQ 

00000 

0.000 

00000 

0.000 

Q.000 

00000 

oeooo 

00000 

8.000 

0.008 

0 0 000 

o b ~ o ~  

ob008 

0 0 0 0 0  

0.000 

ob000 

00000 

00000 

o b o ~ o  

00000 

00000 

00000 

00040 

0.000 

ob000 

0 0000 

0.000 

00000 

00000 

0 ~ 0 0 0  

QeUOO 

0 09 

O e O Q O  

OeUUO 

O e O O 0  

QeOOQ 

0.000 

8.000 

0 OOQ 

0.008 

00000 

00000 

QeQQO 

0.000 

80000 

0 41 000 

00080  

~ o Q Q 0  

Q e O Q Q  

Os000 

QeQOO 

OrOQQ 

0.220 

0 6880 

0100 

O e O O Q  

O e Q Q O  

6e00Q 

Om000 

08690 

Qt3099 

0 0 2 3 9  
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OSCILLOGRAPH DATA 

RUM NUMBER 
ENGINE 

QUANTITY READING ( INCHES)  

PCM lo3300 

PNM *+***+ 
PFM 

PQM 

PFT 

POT 

FFM 

FOM 

PW I 

WM 

FM 

3 0 8 1 0 0  

3 0 5 6 0 0  

40 I600 

3 0 9 3 0 0  

4.0700 

303400 

103800 

010000 

1.4500 

1 
BOY TLE 

QUANTITY READING ( INCHES)  

PB1 000000 

PB2 000000 

PB3 0 0 0 8 0 0  

PB4 000000 

PB5 000000 

PB6 0 0 1400 

PEM 0 0 0000 

YBM *+++++ 

B A L L I S T I C  ANALYZER DATA 

PC 131056 ( P S I )  F 72.26 ( L e )  

OTHER DATA 

CALIBRATION CONSTANTS MISCELLANEOUS 

CFA 5 0 o ( L B / I N )  CPN S o ( P S I / I N )  PAM 140700(PSI) IS 2 0 0 0 0 0 ( 5 )  

CPC TOOo(PSI/IN) CTB 2 O O o ( F / I N )  AT 0044450(SQIN) OD 89084(+) 

C P I  1 2 5 r t P S I t ’ I N )  CPE O o ( F / I N )  CSI 5 8 0 8 0  FD 62077 ( + )  

CPV 2 5 0 0 1 P S f / I N )  CF 00334C/IN) +-(LB/CUFf) 

CPB 3 5 0 3 2 t P S f / f N )  
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COMMENTS ON DATA AND DATA REDUCTION 

RUN NUMBER- 1 OATE OF DATA REDUCTION-11/ 2/67 

O/F ANALYZED BY WATERLESS FORMUlATrON 

H20 DETERMINE0 FROM O/F 

T H I S  I S  AN S R I  ANALYSIS 

OXIDIZER AND FUEL OENSITIES WERE DETERMINED USING ?9 UEG F 

F I R S T  AfTEMPT C S I  5 8 0 8 0 0 ,  SI 20000 



GAS ANALYSIS RESULTS 

A X I A L  STATION ( I N 0 1  O/F I N  BOUND,IRI L, . IER 

l o 0 2 8 0  000000 

1 I 7 7 8 0  000000 

2.5280 0 0 0000 

3 0 2 7 8 0  1 0 0 8 7 5  

4 0 0 2 8 0  000000 

4 0 7 7 8 0  0 IO000 

ENGINE PERFURMAKE PARAMETERS 

O/F 1 0 1 5 2 3  CSTnR 49850 

I S R  0 0 8 9 1 9  PNPC 0 0 0 8 6 5  

I S 1  1 7 8 0 3 9  152 178031 

wo 0 0 2 1 9 1 ( L a / S )  WF 001901 (LL /b  1 

PCBA 1 4 0 0 9 3 ( P S I M )  *t t. 0 02127 ( L O I S  1 

S T S T C M  DATA 

F I N A L  BOTTLE PRESSURE ( P S I A )  

P1-14.70 p4-**+*+ 

P2-14.70 P5-14.70 

P 3 - 1 4 e 7 0  P6-14.70 

TM- 6 8 4 0 0 0 1 D E G  I"() 

CSK 008583  

CF lo1508 

PC 142 e 70 ( PS I ii 1- 

F 73100 (L, 1 



P. .GE 2 UF 4 

GAS SHMPLE OAT,, RUN NUM8ER 2 

SAMPLES ANALYZED A t  Wf 9/28/67 

PER CENT MOLE FRf iCTION 

++++**+U*Y***+*+**++~*+~*~*U*~*+*+U******~*****+*~********~***U * 
* oOTTLE NUMoEK * 

GAS * 1 2 3 4 5 6 
U * 

H 00000 

H2 00000 

HO 0.000 

ti20 00000  

HO 2 00000 

HNO 00000 

HN02 0.000 

HN03 00000  

HN 00000 

0 0 0 000 

02 0.000 

N 00000 

N2 00000 

NO 0 ~ 0 0 0  

N20 o.ou0 

NO2 00000 

NH3 00000 

A 0.000 

coz 00000 

00000 

00000 

0,000 

00000 

00000 

0.000 

00000 

00000 

00000 

00000 

0 0 000 

00000 

00000 

0 0 000 

00000 

00000 

oaooo 

OIOOO 

0.000 

00000 

00000 

00000 

00000 

00000 

Q o O O O  

00000 

00000 

OIOOO 

00000 

00000 

00000 

0.000 

00000 

00000 

00000 

ob000 

0.000 

0.000 

00000 

160500 

0 0 000 

1.32 

00000 

00000 

00000 

00000 

00000 

00000 

Or039 

0.000 

73 .850  

00199 

00000 

0 0 000 

70390  

0.199 

Ob500 

0 0 000 

00000 

00000 

0.000 

0.000 

00000 

00000 

0 0 000 

00000 

00000 

0.000 

0.000 

00000 

00000 

0.000 

00000 

00000 

00000 

00000 

00000 

0 e QQQ 

OIOOO 

OIOOO 

0.000 

00000 

00000 

00000 

0.000 

OOOOO 

00000 

OIOOO 

0 0 000 

00000 

0.000 

0.000 

00000 

a0000 

0 0 000 



OSCILLOGRnPH DMTM 

RUN NUMBER 
E N G I N t  

Q W b h T I T Y  READING (INCHES) 

PCM 1 ~ 2 8 0 0  

PNM ***#*+ 
PFM 307100 

POM 40 I900 

PO? 3 ~ 8 5 0 0  

FFM 2e7200 

FO M 2.1900 

PWI 1.3300 

WM 3.0600 

FM 1 0 4 6 0 0  

2 

Q U A t v f  I T Y  

P a l  

r D 2  

P o 3  

P"4 

tJ"5 

Po6  

O T f l ,  

READ 11rC I irCHES 1 

060000 

0 e 0000 

0 0 0000 

208200 

000000 

000000 

PEM 000000 

TBM 1 0  1200 

f3ALLISTIC ANALILER DATA 

p c  126.23 (PSI) F f 3 . 0 3  ( L u )  

UYHER DHTH 

CALIBRATION C O N S ~ H N T S  M I  SCtLL,tNtOUS 

8 9 r  84 * 1 CPC IOOe(PSf/IN) CTB 2 0 O e ( F / I N )  A T  Oe44450(SQIN) OD 



P--GE 4 UF 4 

COMMENTS ON DATA AND DATA REDUCTION 

RUN NUMBER- 2 DATE OF D A T A  REDUCTION-111 2/67 

O/F ANALYZED BY WATERLESS FORMULATION 

H20 DETERMINED FROM O/F 

THIS I S  A WCT ANALYSIS 

OXIDIZER AN0 FUEL D E N S I T I E S  DETERMINED USIlYC 75 DEG F 

FIRST ATTEMPT - C S I  5808.69 SI 20000 



CAS 9KALYSI  S 4ESULTS 

A X I A L  STATICY ( I N *  1 O/F IN  BOUNDARY L A Y E ?  

1 o ( ~ 2 8 3  38C3C;: 

9 a 7780 013003 

? a 5 2 8 3  010305 

3.32793 g r 5 S 3 6  

&*0239 0 1 OOC'G 

417780 0,0300 

ERG P NE PERFORMANCE PARAXI5  T E R S  

O/F le3503 C S T A R  4623r C 5 R  0,6335 

iSR . O a S 6 2 6  P w c  001263 CF la1675 

IS1 173.53  IS2 1 7 5 e 0 4  PC 139*7G (PSI;, i 



I 
I. - 

PAGE 2 CF & 

SAYPLES ARALYZEL)  A?' N T  10/12/67 
. .  

PEP, C,Fk? 'AAOLE F R A C T  10'?4 

H 00000 00000 0.000 0.000 o.ooe 0 .000  

tJ2 o.aoc OICC:! 0.00c 6.049 ooooc fr 0 coc 

H'3 O.OOC: 00003 01330 0.300 00000 0'. 0 0 0  

t i2  0 
I 

H N 3  

HNC2 

HY03 

HN 

0 

0 2  

N 

0.000 

00000 

00000 

0 0 0 0 c  

o.ooc! 

o.ooe 
0.000 

0.r30c 

0.020 

00000 

0.000 

osoc\o 

0.ooc 

OmOcIC) 

O1OCO 

o b o ~ o  

00030 

0 ,00c  

0.000 

0.0ccI 

0.r)CI) 

O.OOC\ 

00000 

000GC 

0.OQO 

0.OOQ 

0.ooc) 

0.000 

0.000 

O O c i C O  

c!.ooc 

00'300 

O O O G O  

00000 

0.000 

00'300 

,,.- 

N2 00000 0.303 00300 18048C 0.900 0.000 

NO 00000 00000 0.000 O m Q 3 9  0.900 0.090 

N20 00000 0.Cc)Z C e O O O  C.000 G.000 0.000 

N02 0.000 Q o G C O  ooooc o.0oo iJ.OC)IC OOOCC 

0.1300 O I O C O  NH3 0.000 000r)Q 0.000 13.110 

A 0.ooc ooooC\ 0.000 5 2 . 5 9 3  G o O O C  O I O G C  

c02 00000 oocoo ob000 01340 0.000 oaoco  



P A G E  3 OF 4 

O S C I L L O G R P P H  D A T A  

RUR NCII’4BER 3 
ENC- I NE B O T T L E  

W A R 1  I V Y  H E A C I N C  (IKCHES) Q U A N T I T Y  R E A D I N G  ( I N C H E S )  

PN ’4 015909 

PFM 3r3700 

POM 3.5600 

PFT 

POT 

FFM 

FOq 

PW I 

WM 

P R 1  000000 

P52 la3890 

PB3 Or5300 

P84 O e 3 6 0 3  

PB5 10990i.I 

P96 Ot9ShC.O 

PEP4 0~0000 

B A L L . 1 S T I C  A N A L Y Z E R  O A T A  

PC 124r47 (PSI) F 71845 (!..E!) 

OTHER D A T A  

C A L I B R A T I O N  C O N S T A K T S  M I SCELLANEOU.5 



RUN NUYOER- 3 
. .  D A T E  OF' D P T A  REDUCTICN-10/2+/67 . .  

COYMENTS ON F I R 1 i4G- 

PU;IGE V A L V E  U S E D  SI".! N U V E ? E R  FC1;* C Y L I N D E R ,  J P L  V c i V t  USE13 ( 

OTFEF;! 5 0  NU'4OER 6 V A L V E  L E A K E D .  NUMBE8 i C Y i I h D F Q  

PRESSLJRE T R A C E  LOST s EX I T  P L A K F  P?ESSUi3E TPA iVS9UCER NOT 

I N S T A L L E D  e A P P R Q X I Y A T F  I D E A L  SFFCIFIC IMP'JLSE USED, 

COLD M A S S  S P E C T O G R A P H I C  A N A L Y S I S  OF B ~ T T L E  NUMBER l i  O $ L Y  

H 2 0  Y 9 L E  F ? A C T ? O ? \ l  D A T A  F R O V  BACK C A L C U L f i T I O h  l !SING K A T E R L E S S  

F O R M U L A T  ID\' 



1 *:!23r; 



1 2 3 I 

c*;cc r. '^ - -. 
Y L . I  'Y 

25.539 

3 , 4 5 3  7 ? ' 2  1 6 * 3 5 ?  

,. r., *~ I.. 
.I * Y . ' J  

r.. . . 7 - .  . * I, .. . ,. , , . ,. - *  _ *  

-- .-  " ., .J" I.-; * ? :: c: 
- - ,\ ., a I .. ., r.  - C. :. 

'4 . I. i, . . . -. 
I; ' . :: .'I 

. ... ,. ,. 
8 %  - ' w  

r 

4 
- /-. .- ,-, 
L .'.. k 

.I - ,. 3 ., '., :, c - .,. 
J S  .u I 

J b ; 7 9  - ,. . c.. 
J .J 

.. r . . . .  ., .. .. 'I 

. I -- 
i I . .- 24.": 2.32: 

.,- 
.I 3.i2S 

e 
4 * t 3 i:. r n ,-. .. 

"' , Y 

I C .  

,.J r- 

37.959 3 4 r 3 ? C  

I m 2 C 9  

3 , 2 5 0  

2.752 2 3.1: 

i) * 770 c - . A -  

b' b " 'J ., 



. .. 
. .  



.. . r. . . .  . .  



? C f  t r 1 e 4 2  



-% 

5 A S  * 1 2 3 4 5 

Y2r :  * 150616 21.284 4.109 l l r O h 2  7.317 1 1 0 4 0 9  * 

NH3 j e  3 0 ~ 9 5 5  18.881 39.766 4 0 r 3 3 5  4 5 , 8 5 7  5 1 , 7 6 4  * 

c 
C O 2  Jt le156 0 a 000 0.636 0.943 0.222 C.358 * 

P I? E 5 SUR E 



0.000 0.000 PC 2.15 55.23 PO 3.03 125.23 

6.07 5 - 1 1  P T  3 b 4 9  252.54 0.000 0.010 PS 

< - c  . - 127.20 * 1 4 ' O i O O  T R  1.21 . 4 r 0 2  ~ 0.oa-o 

2.29 r 4.13 Ta -0 64 4.13 91478 ,, 

3.2? 0.51 - 3 . 4 3 4  1.663 TF -0.78 4 . 3 4  < I  I., 

- - -  * 

BOTTLE PRESSURE 

p 2  0.17 3 0 . 9 3  

B A L L I S T I C  A g A L Y Z E R  D A T A  

1 4  7 3  0 ( P S I  A ) IS 

FOR : r F  A\!D 'PfO 
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C COVYENTS OW DATA AND DATA REDUCTION 



A X I A L  S 

1.3289 0.1687 

3 . 775:: 

O/F 1.1172 C S T A R  49100 (FT/SI CSR 0.8425 

IS'i 0.9090 PNpC 010812 CF 1.1189 * 



GAS COMPUSITIOh R U N  NU,%RER 5 

$5 

G A S  .% 1 2 3 4 5 

62 * 
!429 * 11.757 0 e oci j  7.34,9 30 ,949  20.417 25.075 * 

A 36 01005  o o c o o  0.037 0.330 * 
C 0 2  le413 0.954 0.003 

HS 2 0 2 3  * 00732 
# 



OSCIL PH DATA 

O L J A Z T I T Y  CAL 

WF 70 c 

PC 2.51 50.34 D O  3*3f? 123.36 O.OOU 0.000 

OF 3.67 123.82 PV ' 3 . 9 0  247.33 "O.0cJO , 

P w lo45 9 8 r 8 6  PN -0.62 5.13 0.000 

PS 4.54 0.00 PT 3.6b 263.90 3.000 0.000 

B A L L I S T I C  ANALYZFR DATA 

PA\' 1 4 e 7 0 0 ( P S I A )  IS 



O/F ANALYZED BY ELEMENTAL ITION 

F I R I R G  w>;l OVERTIME* SAMPLING 

O F E h  FOP, ABOUT 10 SECONDSs 



RESULTS 

A X I A L  

l r C 2 5 9  0 .1633  

Or2679 

0 . 4 3 6 7  

PSI? ? a 9 9 6 5  



Y 
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