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FOREWORD 

This report summarizes the results obtained in a program to 
improve the current state of sampling combustion species from high 
pressure sources. One part of this program dealt with a unique labora¬ 
tory combustor which provides a continuously moving location for 
extracting combustion gases. This movable combustion chamber was 
designed, fabricated and tested in the program. A second effort was 
concerned with gas sampling processes including the transport of com¬ 
bustion species to a mass spectrometer. Specifically, an existing 
probe in use at RPL was analyzed and gas behavior was described. 
These efforts were performed under Contract F04611-68-C-0007, 
"Combustion Species Sampling", during the period 1 August 1967 to 
1 May 1968. The internal report number is RMD 5530-F. 

The work was administered under the direction of Capt. William 
H. Summers/R PCL and Mr. Charles M. Richey/RPFTR, Rocket Pro¬ 
pulsion Laboratory, Edwards Air Force Base. It was designated as 
BPSN No. 673850, Project No. 3850, Program Element No. 6. 54. 02. 15. F. 

Contributions to the program have been provided by a number of 
members of the RMD Engineering Services Group. Mr. S. J. Kurzeja, 
in particular, was helpful in performing the computer calculations. Dis¬ 
cussions with Professor John B. Fenn, Professor of Applied Science and 
Chemistry, Yale University, concerning aspects of the rarefied gas 
dynamics analyses have been extremely valuable. The Project Leader of 
the program was Mr. T. F. Seamans. 

This technical report has been reviewed and is approved. 

W. H. EBELKE, Colonel, USAF 
Chief, Propellant Division 
Air Force Rocket Propellant Lab. 

» 
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ABSTRACT 

A combustion chamber for propellant studies was developed and 
molecular beam gas sampling systems were analyzed in this program. 
A unique laboratory combustor design permits gas sampling from any 
part of the chamber by axial movement of an extraction port while the 
engine operates at pressures up to 500 psia. ^aitable chamber volume 
is also possible during operation. Sealing of moving pistons is accom¬ 
plished by metal piston rings and elastomeric o-rings. Hot firings of 
the combustor with chlorine pentafluoride and hydrazine were made to 
demonstrate the operation of ail components. The most severe test was 
of sixty seconds duration at chamber pressure of 455 psia with adiabatic 
flame temperature in excess of 4000°K. Effective hardware cooling, 
movement of the sampling station during firinq and good combustion per¬ 
formance were successfully demonstrated. 

In another part of the program, an existing gas sampling probe was 
examined to determine its effectiveness in transferring ambustión species 
to a mass spectrometer. A capillary quenching channel in the sampling 
probe cools combustion gases from 4000°K to 1200°K but allows all dis¬ 
sociated species (in the case of hydrazine/chlorine pentafluoride) to 
recombine. At the exit of this channel, an unconfined fr< ¿ jet forms a 
typical underexpanded exhaust plume and the combustion sample undergoes 
several successive cycles of expansion cooling, shock reheating and dilu¬ 
tion by background gases. Skimmer locations and chamber pressures 
were examined for suitable molecular beam formation. Recommendations 
are given for the design of more effective sampling probes. 

- iii - 
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1. INTRODUCTION 

Although there ia much speculation, little ia known of the com- 
buation proceaaes occurring w thin rocket engines or other similar high 
energy devices. Because of simultaneous fluid injection, atomization, 
vaporization, multiple chemical reaction paths, and a variety of possible 
local phenomena, the analytic description of events within a combustion 
chamber is extremely difficult. Consequently, experimental measure¬ 
ment of combustion phenomena becomes important in those cases where 
performance and reliability are critical or where an understanding of 
the basic processes is desired. Because of the fundamental value of the 
information obtained, gas extraction and sampling is a classical experi¬ 
mental technique receiving ever-increasing attention today in combustion 
research. 

Sampling of gases from a combustion chamber and subsequent 
analysis by mass spectrometer can provide considerable insight into the 
chemistry of reaction mechanisms. In order to define the progress of a 
reaction, however, measurements must be obtained as a function of 
location in the reaction zone, hence the need for a moving sampling 
station. One portion of this program was the design of a movable com¬ 
bustion chamber to fill this need. 

For valid gas analyses, the.sample extraction system must effec¬ 
tively quench the high temperature reactants and transport the gases un¬ 
changed to the mass spectrometer. This facet of high pressure combustion 
gas sampling was also investigated. 

In its entirety, Contract F04611-68-C-0007 consisted of three 
phases with the following objectives: 

Phase I - Analysis and design of a combustion chamber with a 
sampling station whose axial location can be continuously varied during 
operation. The design was based on use of chlorine pentafluoride/ 
hydrazine, although use of other propellants is feasible. The new com¬ 
bustor is interchangeable with fixed-sampling-port chambers presently 
operational at the A. F. Rocket Propulsion Laboratory. 

Phase II - Fabrication and demonstration testing of the movable 
combustion chamber. 

- 1 - 
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Phase IU - Analytical investigation of the current Rocket Pro¬ 
pulsion Tüïb^ï£>ry (RPL) sampling probe to determine its effectiveness 
in transporting chamber species to a mass spectrometer. 

This report summarizes the work performed and the conclusions 

reached in all phases. 
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2. SUMMARY 

The objectives of the current program are (a) to develop a 
laboratory combustion chamber which traverses during operation rela¬ 
tive to a fixed, side-mounted gas sampling/extraction system and (b) to 
evaluate analytically the effectiveness of an existing AFRPL gas sampling/ 
extraction system. The combustion chamber was designed and fabricated. 
A demonstration testing program was conducted. The analysis of the 
existing gas sampling/extraction system reveals serious deficiencies in 
the design. Probe improvements are defined. 

The combustion chamber was designed to provide movement of 
the gas extraction port with respect to the injector and exhaust nozzle 
during operation at 500 psi. Since the sampling port connects to large 
diameter piping, closely coupled vacuum pumping equipment and a mass 
spectrometer, the port remains fixed while the injector and exhaust nozzle 
translate within the cylindrical combustion chamber. An alternate mode of 
operation allows the exhaust nozzle also to be fixed to the main housing 
while only the injector is moved yielding an engine with varying chamber 
volume (L*) during operation. 

Chamber diameter is 1.25 inches and exhaust nozzle throat diame¬ 
ter is 0. 160 inches while chamber length can be varied from 0. 5 to 3.0 
inches yielding characteristic lengths from 37 to 189 inches. A combined 
hydraulic/pneumatic actuation system provides variable traversing speeds 
of the injector and exhaust nozzle ranging from one inch per minute to 
2. 5 inches per second. Sealing of the moving pistons is accomplished by 
a metal piston ring assembly backed by two elastomeric o-rings. The 
piston rings halt the flow of hot gases while the o-rings, ! cated in cooled 
wails, provide a positive seal. 

The injector, chamber barrel and exhaust nozzle are each separ¬ 
ately cooled with water. Analyses have indicated that chamber operation 
with flame temperatures of 4000°K for durations up to 60 seconds is 
practical. 

Injector design employed a uniform mixing criterion for chlorine 
pentafluoride and hydrazine. To provide maximum circumferential unifor¬ 
mity of chamber species, a single injector element of four oxidizer streams 
impinging on a single fuel stream is used. Large L/D inlet orifices assure 
fully developed turbulent flow and optimum propellant mixing. 



The testing program successfully demonstrated operation of all 
components of the movable combustion chamber. A 60 second test at 
455 psia indicated th¿.t the combustor design is adequate for its intended 
use. 

The analytical investigation of the existing gas sampling system 
for transporting combustion species to a time-of-flight mass spectro¬ 
meter contained several major elements, The location of the sample 
extraction port in the wall of the combustion chamber and the design of 
the probe entrance appear adequate to obtain a representative sample 
from the chamber. 

Analysis of the cooling channel has shown that although gas tem¬ 
perature drops rapidly, the outlet pressure and temperature are still 
much higher than desirable for a sampling probe. A consequence of the 
cooling channel behavior in the case of C1F5/N2H4 products is complete 
recombination of all free atoms existing in the combustion chamber. 
Gas os at the exit of the cooling channel are therefore not representative of 
those existing in the chamber. 

When the gases emerge from the channel, they expand in a free jet 
going through a familiar exhaust plume structure before entering the first 
skimmer. Gases drawn through the skimmer are consequently an unknown 
mixture of background and reacting sample species. The performance of 
the first probe chamber is considered one of the weakest aspects of the 
present probe. 

The flow of gas through the first skimmer is choked and the mass 
flow is controlled by entrance conditions. Flow in the second probe cham¬ 
ber consists of a free jet expansion with an isentropic core which is inter¬ 
cepted by the second skimmer. This skimmer is properly located for 
molecular beam formation and preservation of the sample. Unfortunately, 
the sample may be considerably different at this point than its original 
chamber composition. 

It appears that significant improvements in the sampling system 
are possible using the present pumping systems but a drastically revised 
arrangement of probe chambers 
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3. PHASE I - MOVABLE COMBUSTION CHAMBER DESIGN 

The Rocket Propulsion Laboratory at Edwards Air Force Base 
presently has a small water cooled combustor, a probe which extracts 
gas samples from the combustion chamber and a time-of-fiight mass 
spectrometer for sample identification. Their system and studies repre¬ 
sent a pioneering effort in obtaining data on high pressure combustion 
chamber phenomena. In order to obtain gas samples from all locations 
in the reaction vessel, an improved system is required which provides 
movement of the sampling station location during operation of the engine. 

There are many possible approaches to obtaining relative motion 
between the combustion chamber and sampling port. However, since the 
gas extraction system has associated with it several vacuum diffusion 
pumps, cooled baffles and large diameter piping all coupled to the flight 
tube of a mass spectrometer, it is necessary that this large assembly re¬ 
mains stationery and that the combustion chamber moves with respect to 
this system and the remainder of the laboratory. We have accomplished 
this by providing a fixed cylindrical barrel (the body of the combustion 
chamber) within which can slide an injector and an exhaust nozzle. Each 
of the sliding components can be attached to an actuator which is controlled 
remotely. 

The following sections discuss initially the design approach to the 
overall assembly, and secondly some of the features of individual com¬ 
ponents . 

3. 1 General Mechanical Operation 

Long duration firings with high temperature propellants in a cham¬ 
ber with dynamic hot gas seals required careful study of all factors involved 
in combustion chamber design and fabrication. One aspect of the design 
effort is shown in Drawing X315513, photographically reduced for Figure 1. 
For convenience, this figure has been placed at the end of this section, page 19. 
Design of all components of the combustion chamber assembly has stressed 
simplicity and reliability. W th the need for extended duration tests, water 
cooling is necessary and the simplicity sometimes possible with uncooled 
hardware was not possible in this case. 

In the injector, the water cooling passages have been designed to 
be easily separable from the propellant passages. This feature will greatly 
enhance the flexibility of the combustion chamber in permitting use of 
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alternate injectors designed for other propellants. A minor sacrifice in 
design simplicity was necessary to obtain this feature since the injector 
is separate from the cooling jacket. As shown in Figure 1, the actuator, 
Part Number 6, is a commercially available system. It is extremely 
versatile and provides full movement of the injector and exhaust nozzle 
in any time period from 1 to more than 60 seconds. The actuation force 
is applied through a rod end bearing (PN 11) and locking pin (PN 10) 
which provide alignment and ease of disassembly. 

In the assembly drawing, two sets of bolts are shown holding the 
exhaust tube to the chamber body (PN1 s 34 and 40). If a non-moving ex¬ 
haust nozzle is desired, the bolt., in the front view are used (PN 34), but 
not the others. This selection will result in variable L* operation when 
the injector is moved. On the other hand, when constant L*, movable 
sampling station operation is desired, the bolts shown in the top view 
(PN 40) fixing the exhaust tube to the traversing frame are used. The bolts 
shown in the front view of the exhaust tube are not used in this case. 

The top view also shows the propellant valves which mount to the 
traversing frame and move with the injector. Flexible lines are used 
between rigidly mounted safety valves of the laboratory propellant system 
and the moving main valves. If the valves were not attached to the traver¬ 
sing frame, the injector dribble volume would have to be very large. 
Starting and stopping transients would be excessively long. 

Attachment of the exhaust tube to the scrubber is through a stan¬ 
dard flange, shown at the extreme right of Figure 2. Since the RPL scrub¬ 
ber is mounted on wheels, careful alignment is required to eliminate any 
radial loads on the chamber assembly. 

I. 

The chamber pressure tap is located directly opposite the gas 
sampling port. The nickel liner of the chamber is restrained only at these 
two central locations to permit axial growth while heating. Piston ring 
grooves and material tolerances have been determined to be correct when 
the liner reaches its steady state operating temperature. 

On the top of the stationary chamber in Figure 2 is shown the inlet 
section of the RPL gas sampling probe. The combustion chamber is fully 
compatible with the RPL mass spectrometer/samnling system. 

Components which are available as catalog items and which were 
purchased are indicated on the assembly drawing. The most prominent of 
these is the Alkon actuator shown at the left of Figure 2. The Marotta fuel 
valve is shown at the bottom and the Control Components Inc. oxidizer 
valve'is shown at the top of Figure 2. 
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3.1.1 Hot Ga» Seal Design 

The approach to sealing the hot combustion gas during 
movement of the combustion chamber is of primary importance to reliable 
chamber operation. Many concepts were examined. 

Details of the metal piston ring assembly (chosen for its 
advantages over other possibilities) are shown in the enlarged inserts in 
the center of Figure 1. A commercially available five-piece metal piston 
ring assembly is used for primary gas blockage and support of the moving 
piston. A split gland is used for each piston to simplify assembly and 
maintenance. Two elastomeric o-rings are used to back up each piston 
ring to provide a leak-tight seal. The o-rings are placed at a location 
which is sufficiently cooled for them to be effective. 

A completely different approach consisting of a "Bellofram'' 
flexible rolling diaphragm assembly would have provided a very low friction, 
leak-free seal. This type of unit would have to be custom fabricated and as 
a result would be much more costly than other seal arrangements. In 
addition, chamber pressures of 500 psi represent an upper limit for thin 
type of device. This approach, therefore, was considered not comple‘ely 
satisfactory. 

Other approaches that were briefly investigated were 
graphitic ring assemblies and welded metal bellows assemblies. The gra¬ 
phite requires extensive "running in" to seal properly and reliably and in 
addition oxidizes rapidly at high temperatures in ox-rich environments. 
Welded metal bellows would have to be custom fabricated and would be 
relatively expensive. However, they provide a positive seal where space 
is available for their use. 

Elastomeric Material Selection 

The estimated wall temperature at the location of the 
elastomeric o-rings providing the hot gas seal in the chosen design is con¬ 
siderably less than 400°F. In this case, both silicone rubber and "Viton A" 
are suitable o-ring materials. The specifications for silicone rubber state 
that continuous operation at 450°F with short duration exposure to 700°F is 
permissible. Similar specifications for the best high temperature Viton com¬ 
pound state that 400°F continuously or 600°F for short periods are satisfactory. 
Iji addition, Viton has shown itself serviceable in situations where temperatures 
have reached 900°F (for five minutes or less) becoming only slightly hardened. 
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For oscillating seals, one o-ring manufacturer recommends 
a durometer hardness of 80-90 in order to prevent chatter and to obtain 
smooth movement. A higher hardness will also reduce the tendency of the 
o-ring to be forced (extruded) into the narrow gap beyond the groove. 
Another manufacturer recommends 85 durometer as a top limit for leak- 
free dynamic applications with compounds of 70-80 Shore A durometer 
representing a most suitable compromise for average conditions. 

O-ring materials suitable for this application are: 

Parker Specification 

Silicone 
70 durometer 
80 durometer 

S451-7 
S467-8 

Vi ton 
72 durometer 
88 durometer 

77-545 
V274-9 

The Viton compound 77-545 is standard, readily available 
and meets all requirements. It has been specified on the detail drawings 
although the other compounds appear to be equally suitable should future 
usage dictate a change. 

3.1.2 Chamber Volume 

The size and shape of the combustion chamber which has 
been selected represents a number of compromises to meet slightly diver¬ 
gent aims. First, a chamber L* (combustor volume/nozzle throat area) 
which could be made as large as 200 inches was desired for some studies to 
provide a sufficiently long residence time to guarantee reaction completion. 
The minimum L* was determined partly by the probe tip which extends into 
the chamber and restricts complete freedom of movement of the pistons. 
Layouts of the injector with its pnpellant passages and coolant water pas¬ 
sages indicated the desirability of large chamber diameters. In addition, 
if the diameter were too small, the chamber would have to be excessively 
long to sweep out the required volume. 

« 

% 

- 9 - 
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Aa designed, the combustion chamber has the listed 
characteristics. Selection of thrust level and chamber pressure resulted 
in a specified throat area of .020 in2. 

1.25 inches 
3.0 inches 
189 inches 
0.5 inches 

37 inches 
2.5 inches 

Chamber diameter 
Maximum chamber length 
Maximum L* 
Minimum length 
Minimum L* 
Maximum effective sampling port travel 

3.1.3 Materials and Marufacturing 

In all cases, the choice of materials was made in light 
of thermal and structural requirements and chemical compatibility. 

Because of the desired injector orifice characteristics 
(high L/D) and because of the low flowrates, long, very small diameter 
holes are required. These passages can be made either by use of hypo¬ 
dermic tubing or by modern hole forming techniques. The hypodermic 
tubing is most effective in a 'l-on-l injector where there is no manifolding 
required. The four oxidizer pàssages in the present design would require 
a manifold which would be difficult to fabricate with small tubing. We 
chose, therefore, to form the holes in a solid piece of nickel through use 
of an Electrical Discharge Machine (EDM). This device, which has become 
a standard tool in many shops, advances a cooled electrode of the proper 
diameter into the material creating local overheating and surface failure, 
thereby forming a hole. The hole sizes specified for the injector are well 
within the state of the art. 

Joining of severa’ combinations of materials of critical 
dimensions was done by Electron Beam (EB) Welding where more conven¬ 
tional techniques were not completely suitable. In this method, a very 
localized intense heating provides material flowing from both surfaces 
which bonds upon cooling. The localized heating prevents the distortion 
which might otherwise occur with other types of welding. 

There were no difficult assemblies in the Movable Combus¬ 
tion Chamber for which unusual fabrication problems resulted. A compre¬ 
hensive tabulation of compatibility of chlorine trifluoride and MHF-3 with 
materials of construction is given in Reference 1. Also in that reference 
are manufacturers' data for components specified for the movable combus¬ 
tion chamber. 

- 10 - 
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3.1 Injector Design 

The injector of a liquid propellant rocket engine plays a fundamen¬ 
tal role in the success of the overall design. Although combustion per¬ 
formance is most directly linked with the injector, other important 
parameters such as heat rejection rate and combustion stability also 
depend on injector design. Since we are concerned with a wide variety of 
propellants and since thrust levels cover a wide range (although not in 
this program), no universal approach to propellant injection is possible. 
Each case must be considered with its unique requirements. 

It has been shown rather conclusively that the attainment of maxi¬ 
mum performance follows as a result of a controlled mass and mixture 
ratio distribution across the injector face. Overall propellant mixture 
ratio, determined by inlet flow rate, is chosen to provide a specified bulk 
temperature of the combustion products, generally close to the maximum 
attainable. The reaction between propellants, however, takes place on the 
molecular level,hopefully at the same mixture ratio. It is apparent then 
that on any macroscopic scale at any location in the chamber it is desirable 
to provide appropriate proportions of reactants and/or products. One 
popular approach to determining whether an injector does provide a uniform 
mixture ratio is through the use of non-reactive, immiscible simulant fluids. 
The spray formed by the injector is collected in small individual tubes and a 
direct measure of local mixture ratio is obtained. Tests such as these have 
permitted correlation of injection stream properties to define the require¬ 
ments for optimum mixing. 

For an impinging stream injector of the 4-on-l type, this correlation 
was formulated by Elverum and Morey (2). Their results indicate that 
optimum mixing for streams with total included angle of 60° is obtained 
when the relation 

Wi 

wz 

2 
/£Ll 
/^i 

= 2.90 

is met. Since we are not primarily concerned with the fundamentals of in¬ 
jector design in this effort, it will suffice to say that the above relation was 
used to determine the injector area ratio. Subscript 1 refers to the four 
outer streams while subscript 2 represents the central stream. It can also 
be seen that once an area ratio has been selected for optimum mixing with 
a particular propellant combination (/^/ /^), at a particular mixture ratio 

- 11 - 
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(wj/wj), any other value of (wj/wj)2 { f> ifjpxl will n°f g*ve best per¬ 
formance. Here we assume that optimum mixing and best performance 
are synonymous. 

Correlations for other types of impinging stream injectors have 
been summarized by Riebling (3). 

The results of these correlations are strictly valid only for 
streams having symmetrical, vmiform velocity profiles. This require¬ 
ment can be met most easily by providing fully developed turbulent flow in 
the injector passages. The necessary L/D varies from approximately 
twenty, when a turbulence inducing entrance section is employed, to approxi¬ 
mately fifty without it. These requirements are met in our design. Injector 
specifications are given in Table I for optimum mixing of chlorine penta- 
fluoride/hydrazine. 

Table I 

Movable Chamber Injector Specifications 

Central fuel hole diameter 
L/D 
wf (hydrazine) 

Reynolds number 
Diameter of each of four oxidizer holes 
L/D 
w0 (chlorine pentafluoride) 

Reynolds number 

.018 - .019 
c0 
.012 Ib/sec 
94 psi 
15,300 
.012 - .013 
20 
.037 Ib/sec 
62 psi 
36,700 

The discussion of the design of the combustion chamber noted that 
the injection section can be taken out of its cooling jacket. To test different 
propellant combinations, only additional injector orifice sections need be 
fabricated since the cooling jacket will be common to all. 

3. 3 Heat Transfer Analyses 

To assure reliable, long duration testing capability and to minimize 
an^ chamber development programs after fabrication, several extensive 
heat transfer analyses were conducted. It is recognized that many complex 
interrelated phenomena affect the heat transfer to the walls of a rocket engine. 

. 12 - 
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Among these are radiation, turbulence, non-uniform or secondary flows 
and chemical reactions. Correlations relating heat flux to mass flowrate, 
geometry and fluid properties are surprisingly successful in view of the 
complexities. There is a variety of approaches available in the literature 
for predicting combustion chamber heat flux and where a margin of safety 
is available, all are generally comparable. 

Because of the necessity for movement of injector and exhaust 
nozzle, each of these components has its own coolant supply and return 
ports. The combustion chamber barrel also has its own coolant system. 
The coolant water supply characteristics were partially dictated by an 
existing water pump in the AFRPL test stand. This pump is manufactured 
by Aldrich having a maximum flow rate of about 7.2 lb/f ec at 540 psig. 

In general, it is desirable to pressurize the coolant to levels greater 
than combustion chamber pressures so that in the event of a minor wall 
failure, the flow of coolant will be into the chamber. If this occurs, the 
probability is high that detection, test teimination and subsequent repair will 
be successful. Since chamber pressure will approach 500 psia a coolant 
supply pressure of approximately 700 psia is desirable. The Aldrich Pump 
available at RPL, however, has a maximum outlet pressure of 540 psig and 
the desired pressure difference will not be available with the existing pump. 

If desired, the pump can easily be modified to provide outlet pressures up 
to 875 psi.* The present pressure deficiency should not impair the effective¬ 
ness of the heat transfer design under normal combustion chamber operation. 

Basic Design Conditions 

Since the movable combustion chamber is intended for use in a 
variety of laboratory studies, representative design parameters were selec¬ 
ted for the most severe conditions to be encountered. The maximum flame 
temperature of commonly used propellants results from C1F5/N2H4, there¬ 
fore, the properties of this combination were generally employed in the 
thermal analyses. 

Theoretical flame temperature of C1F5/N2H4 is above 4000°K for a 
range of mixture ratios. The throat area of the exhaust nozzle is 0.02 
square inches, and the chamber diameter is 1.25 inches. Both the chamber 
and the nozzle/exhaust tube are cooled by water flowing through an 
annulus. The nozzle and exhaust tube are an integral unit and are therefore 

cooled together, while the chamber has its own coolant supply. The injector 
is also cooled by water flowing through a coolant ring. Where possible, 

* Replacement parts include a new plunger, 
cost of approximately $800. 

packing and bushings at a 
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nickel has been selected as the material of construction exposed to exhaust 
gases because oí its erosion resistance. A basic design goal is to keep the 
steady state temperature of the hot surfaces at, or below, 800°F, however, 
the thermal conductivity of nickel is too low to maintain this temperature in 
the throat section. For this reason, copper is used in the throat because it 
combines a much higher thermal conductivity with good erosion resistance. 

Detailed results of the analyses of each section are given below. 
The configuration of each component can be seen in the drawing of Figure 1 

Injector 

The injector was analyzed on a one-dimensional basis, assuming a 
heat transfer coefficient equal to the chamber heat transfer coefficient. 
The injector was made of nickel and cooled by a water jacket extending the 
full length of the injector. The coolant water flowrate required to keep 
the face of the injector at 800°F during steady state operation is 1. 4 

lb/sec. 

Chamber 

The chamber wall is constructed of nickel, l/l6" thick and cooled by 
water flowing in a l/8" annulus. For a water mass flow rate of 0. 5 lb/sec, 

.The steady state the heat rejection is 0. 57 BTU per inch of chamber length 
gas side wall temperature is 510 F. 

Nozzle 

The nozzle is made of OFHC copper, l/l6" thick and cooled by water 
flowing in a 1/16” annulus. The wall temperature at the throat is 800°F 
during steady state operation. The total heat rejection upstream of the throat, 
but downstream of the chamber is 2. 59 BTU/sec. Water requirements are 

2. 2 Ibs/sec. 

Exhaust Extension 

The exhaust extension is made of l/l6" thick nickel, with water flow¬ 
ing through a 1/8" annulus. The steady state operating temperature is 236 F. 
The coolant water used is the same as that used for cooling the throat. 

Heat Sink Combustion Chambers 

Because of the complexity of the water cooled components and the 
possibility that many tests could be run for short durations, heat fink com¬ 
bustion chambers were considered. The materials examined were copper, 
berylliqm and ZTB graphite. Pertinent properties are given in Table II. 

- 14 - 
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Table II 

Typieal Heat Sink Material Properties 

K 
(Btu/hr-ft-°F) 

Copper 
Beryllium 
ZTB Graphite 

224 
75 

127. 1 

.098 558 12100 

.6 116 5230 
• 5 123.5 7850 

Allowable 
Surface 
Temp(0F) 

800 
800 

3500 

Generally speaking, the best heat sink is copper, but since its allow¬ 
able surface temperature for this application is low, graphite may be more 
favorable. Grade ZTB graphite was selected due to its high density and 
thermal conductivity. Its allowable surface temperature is approximate, 
but believed to be conservative for the present environment. Beryllium is 
a useful heat sink due to its high specific heat. However, its low density, 
which is useful in weight limited applications, is not a desirable property 
for the present volume limited application. 

Based on the parameters given above, a one dimensional, transient 
heat conduction calculation using Hill's method (4) was made for each of the 
heat sink materials, assuming an insulated rear surf.xe. 

Beryllium performed the worst, having a useful life of about 0. 1 
seconds. Copper has a useful life of about 0. 4 seconds. Graphite can be 
us editor about 4 seconds before its surface temperature increases above 
3500 F. However, the rear surface of the graphite will rise to over 1000°F 
in about 1-1/2 seconds and its useful life is only about 1 second. Therefore 
a mo-2 complicated hot gas seal design is required to accommodate the high 
temperature insert. 

Heat sink chamber design does not appear to be satisfactory except 
for much lower temperature propellant systems and no further considera¬ 
tion was given to this approach. 

Ihe effects of heat losses on a small water cooled engine were 
analyzed and found to be negligible. Details of this analysis are given in 
Reference 1. ® 



3. 4 Actuation Mechanism 

The overall approach of moving the injector and exhaust nozzle 
simultaneously or separately within a fixed cylindrical barrel has been 
described previously. The reason for this approach can be traced to the 
combined bulk of the sampling probe which is a part of the cylindrical 
chamber wail and the associated vacuum pumping equipment. 

For traversing the entire combustion chamber past the fixed 
sampling port, AFRPL requested total travel times ranging from l 
second to 60 seconds. Actuation mechanisms were examined, therefore, 
with a goal of 60:1 speed variation along with the usual aims of reliability, 
economy and practicality. 

Electric motors and ball screw actuators of several different types 
were examined. Gearmotors with mechanically variable gear ratios are 
available but cover only a 10:1 speed ratio. Variable speed motors with 
solid state speed controls are available with linear actuators. However, 
they are both expensive and generally too small for this application. Gear- 
motors having sufficient power with electronic speed controls are available 
for speed ranges of 30:1. However, when combined with the required ball 
screw actuator, the cost becomes very high. 

Hydraulic actuation systems, on the other hand, are much more 
economical and provide greater capability for speed variation. The system 
which has been selected for this application is shown in Figures 1 and 2 
and has the following features. A power cylinder with 2. 5 inch bore pro¬ 
vides the actuation force. Compressed air or nitrogen is bled into this 
cylinder from lab or bottled supplies. The maximum pressure, required 
when the chamber nozzle is held stationary and only the injector is moved, 
is approximately 200 psig. The actuation unit and controls are factory pre¬ 
assembled by Alkon Products Corporation. The hydraulic unit has a double 
"Stop Feed" option consisting of an electric valve and a metering orifice 
enabling the Feed Control to be stopped at any point in the stroke, dwell 
there, and restart. Two valves are used to provide this option in either 
direction of travel. 

Each valve allows the Feed Control to operate until the valve is 
energized whereupon it completely blocks off the oil flow and stops move¬ 
ment. Each Stop Feed valve has an adjustable metering screw so that 
Regulated feed can be obtained as required. The feed control system can 
provide the 2. 5 inch travel of the injector and exhaust nozzle in a fraction 
of a second or in approximately 2. 5 minutes by means of a simple micro¬ 
meter valve setting. 
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The extreme versatility and reliability of this system seems 

outstanding. 

To summarize actuator capability: 

Minimum time to traverse 2. 5 inches, < 1 second 
Maximum velocity, > .21 feet/second 
Maximum gas flowrate for power cylinder, ~ .43 cfm @ 200 psig 
Minimum velocity, < .0035 feet/second 

The minimum and maximum velocities noted above correspond to a 
full 2.5 inch traverse in 60 seconds or 1 second, respectively. 
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ing of Movable Combustion Chamber 
MD Drawing X315513 
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4. PHASE II - DEMONSTRATION TEST PROGRAM 

The purpose of a demonstration test program for the movable com¬ 
bustion chamber was to verify that ali critical aspects of the system 
operated satisfactorily. Actuation during firing, suitable sealing at all 
times, adequate cooling of all components and reasonable combustion 
performance were to be demonstrated. This effort, as well as the fabri¬ 
cation of the system, comprised Phase II of the program. 

4. 1 Laboratory Test Setup 

Demonstration tests were conducted with chlorine pentafluoride 
and hydrazine. The laboratory test setup consisted of pressurized tank 
supplies of each propellant and the conventional regulatory and flow 
control equipment for these propellants. An additional fluorine passiva¬ 
tion system was needed to prepare the chlorine pentafluoride lines. An 
overall view of the movable combustion chamber test setup is shown in 
Figure 3. The engine was fired into a 1000 ft* vacuum tank through a 
12 inch flange which was the cover of a port in the side of the vacuum tank,, 

The oxidizer feed system contained the 180° loop of l/4 inch copper 
line seen in the left of the picture. A rigidly mounted safety valve was at 
one end of the loop while the main propellant valve which moved with the 
traversing frame of the chamber was at the other end of the loop. The 
semi-circular loop of the larger flexible h- se, which was also required to 
move with the engine, was one of the coolant water passages. Aside from 
the flexible lines required for chamber movement, most aspects of the 
test stand were conventional for these propellants. 

A more detailed view of the engine mounted in position for firing 
is shown in Figure 4. The propellant valves can be seen on the movable 
frame. The large valve mounted parallel to the axis of the engine is the 
main oxidizer valve. This type of valve, manufactured by Control Com¬ 
ponents, Inc. was chosen for its unique seal design which is especially well 
suited for use with interhalogens. The actuating cylinder for the oxidizer 
valve required a separate pneumatic 4-way actuating valve which can be 
seen in the lower right of Figure 4. This valve was rigidly mounted and 
not carried by the moving engine frame. The small Marotta MV100WD 
main fuel valve is in the upper right of Figure 4. 

- 21 - 
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In all tests, a government furnished mass-spectrometer bleeder 
(or probe head) was mounted on the engine and sealed off so that there was 
no continuous flow of combustion gases into the laboratory. Chamber 
coolant water was also used to cool this component. In Figure 4, the 
1/2 inch lines leading into and out of the masspec bleeder can be clearly 
seen. 

Instrumentation consisted of a chamber pressure transducer, two 
injector inlet pressure tr ;nsducers, dial gauges in the pressurizing sys¬ 
tems to measure propella t tank pressures, six thermocouples measuring 
inlet and outlet temperatures in three coolant water channels, and a 
position indicating potentiometer to give the instantaneous position of the 
chamber. Main propellant valve currents were also monitored to deter¬ 
mine the durations of starting and stopping transients. Coolant water 
flowrates in each of the three coolant circuits were measured by turbine 
type flow meters. 

A single 60 gallon pressurized water tank was used to supply all 
three coolant water circuits. In all tests, the flowrates were maintained 
as follows: 

Injector cooling jacket 1. 32 - 1. 35 lb/sec 
Chamber cooling jacket 0. 52 - 0. 53 lb/sec 
Nozzle throat and extension tube 2.03 - 2.07 lb/sec. 

The transient time for filling injector volumes was calculated to 
permit biasing the electrical signals to the main propellant valves. It 
took approximately 0.25 seconds longer to fill the oxidizer injector volume; 
therefore, the oxidizer valve was energized 0.25 seconds prior to the fuel 
valve in all tests. 

4. 2 Test Results 

All tests made with the movable combustion chamber are summar¬ 
ized in Table III. The test program gradually increased the severity of 
the environment within the chamber, culminating in a 60 second test at 
chamber pressure equal to 455 psia and O/F equal to 3. 2. 
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Table IH 

Summary of Demonstration Test Results 

A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

Chamber 
Pressure 
(psia) 

Half 
Amplitude 

Pch Var. 

(pai)/% 

Run 
Duration 

(sec) 

Mixture 
Ratio c* 
(O/F) (ft/sec) 

30 

253 

236 

355 

432 

455 

2.0 

11/4.4 2. 1 

15 / 6. 3 4.8 

17 / 4. 8 10.0 

25 / 5.8 10.7 

22 / 4.8 60.0 

3. 3 

3.7 5430 

3.8 4940 

3.4 6175 

3.2 51 30/5230 

3.2 5560/6040 

AT AT 
Ch. Noz 
(°F) ( °F) 

7 0 

6 5 

18 9 

18 12 

8 20 

11 19 

Initial tests were made at flowrates much lower than the design 
flowrates. Poor injector characteristics under these conditions resulted 
in very erratic performance in Test A-2. As the flowrates were increased 
in subsequent tests, engine operation improved. 

Chamber pressure variations were monitored as a part of the 
routine data reduction, Chamber pressure fluctuated at relatively low 
frequencies at amplitudes of approximately + 5 percent of the mean level. 
No high frequency response instrumentation was employed. 

During runs A-4 and A-6, the injector and exhaust nozzle were 
moved together from one extreme of the chamber to the other. No leakage 
of any kind was noted in these tests or any other tests. 

t 

The two values for c* shown for Tests A-6 and A-7 were measured 
at the beginnings and just prior to the ends of the tests. 

The temperature transient for all components of the movable 
combustion chamber covered a period of about two seconds. After 
that time, the coolant water AT was constant and thermal steady- 
state prevailed. The nozzle coolant water AT varied almost 

VMI 
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directly with chamber pressure as shown in Table III. Chamber coolant 
temperature increases were not as consistent, possibly because of 
injector spray patterns which were not always concentric. Propellant 
impinging ,md reacting on the chamber wall in Tests A-4 and A-5 may 
have caused higher than normal heat transfer rates. In all tests, the 
temperature rise of the injector coolant water was negligible. 

In Test A-6, a failure of the exhaust tube mounting bracket was 
experienced due to two conditions. An external cooling water spray was 
not properly directed and did not cool the tube sufficiently. In addition, 
the pressure at the outlet of the tube was extremely low, forcing the 
exhaust gases to expand and impinge directly upon the inside of the tube. 
After shutdown, the two conditions were corrected and the burned- 
through tube was repaired with masking tape for the next test. The very 
low vacuum tank pressure was unique to the operation of our facility and 
would not be attained in RPL tests. 

The 60 second test, A-7, was made at the most severe environ¬ 
ment that the movable combustion chamber is required to withstand. At 
the experimental mixture ratio and chamber pressure, the adiabatic 
flame temperature of ClFs/NjH* is in excess of 4000°K (6700°F) 

At the ccnclusion of Test A-7, the exhaust nozzle was slightly 
eroded with a throat area increase of about 13 percent over the course of 
the testing program. An enlarged sketch of the throat obtained from an 
optical comparator is shown in Figure 5, Non-uniformity of the enlarge¬ 
ment was probably due to distorted injector spray characteristics. Slight 
and continual enlargement of the throat is to be expected with C1F5/N2H4 

at the extreme conditions of these tests. 

Injector water flow calibrations were made before, during and 
after the testing program. Figure 6 shows how both the fuel and oxidizer 
channels enlarged. The physical separation of injector and cooling jackït 
may have resulted in undue heating of the nickel injector leading to the 
erosion. 
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Figure 5 
Post-Test Nozzle Throat Cross-Section 

- 27 - 



F
u
e
l 

In
je

c
to

r 
A

p 
(p

ai
) 

Water Flowrate (lb/sec) 

Figure 6 
Injector Water Flow Calibrations 
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5. PHASE HI - CHARACTERISTICS OF THE RPL/ROCKETDYNE PROBE 

5. 1 Introduction to the Present Probe Analysis 

In studies of propellant combustion recently reported from 
Edwards Air Force Base, Rocket Propulsion Laboratory (5, 6, 7), a gas 
sampling probe system was employed which was designed as part of a 
complete laboratory facility (8). The movable combustion chamber 
described in the previous sections was designed to be mated to this gas 
sampling system. Briefly, the gas extraction system takes gases at com- * 
bustvon chamber conditions (up to 500 psia) and transports them through 
differentially pumped orifices or skimmers to a mass spectrometer oper¬ 
ating at about 1 x 10"6 torr, an overall pressure ratio of more than 1010. 
It should be noted that sampling from this high pressure presents a variety 
of problems. The very high temperatures are a source of additional pro¬ 
blems and complication. 

Figure 7, taken from (8), shows the general arrangement of the 
major components required for gas sampling. The gases travel from the 
combustion chamber (probe tip) to the ionization region of the mass spec¬ 
trometer in a direct line of sight forming a molecular beam. 

The probe tip extends through the cooled wall of the combustion 
chamber and is an integral part of the main probe assembly as sketched in 
Figure 8. Gases enter the probe through a rectangular slot, ,003 x .030 x 
. 375 inch long. Two skimmers (.003 inch and .010 inch diameter orifices) 
serve to separate chambers of successively lower pressure Pressures at 
each location as reported by Rocketdyne (8) are shown in the figure. The 
molecules traveling through the probe are collimated by the skimmers and 
the beam is ionized by electron bombardment in the ionization region of 
the mass spectrometer. Pulsed electrical and magnetic fields in the mass 
spectrometer then accelerate the ions for thei/ flight down the drift tube to 
be electrically detected and recorded. 

ii 

The problem inherent with all sampling, which must be overcome 
in any probe design, is that the sample should not be altered during flow 
through the probe, specie concentrations should not change either by selec¬ 
tive removal or by generation of spurious species, and that the source 
should not be affected by extracting a sample. 
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Figure 7 
Block Diagram of Gas Sampling System Pumping Stations (Ref. 8) 
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Figure 8 

Assembly of Gas Sampling Probe (Ref. 8) 
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The die cuss ions that follow examine at each stage of the probe the 
local condition of the sampled gases. Initially, the sample flows into the 
probe through a constant area cooling channel. Entrance conditions affecting 
flow into the present probe are briefly discussed in 5.2.1. A generalized 
discussion of compressible flow with combined heat transfer and friction 
is given in 5.2.2. Since the boundary conditions for the channel flow pro¬ 
blem were not known, iterative calculations were used to define the overall 
probe and cooling channel behavior. The calculations employed a three- 
dimensional conductive heat transfer program for the channel walls and a 
compressible flow program for the channel flow. The three-dimensional 
heat transfer procedure is described in 5.2. 3. Finally, in 5.2.4, the 
compressible flow program is described and the behavior of constant com¬ 
position gases flowing through the cooling channel of the presen: EPE/ 
Rocketdyne probe is predicted for ClFj/l^I^ and for NzC^/NjH^ 

With the non-reactive gas calculations available, it is possible to 
estimate whether the combustion chamber species will remain in equilibrium 
as local conditions change or will freeze due to the rapid temperature and 
pressure drops. These questions are considered in 5. 3. 

Upon emerging from the cooling channel, the gases expand in an un- 
confined free-jet whose characteristics are described in Section 5.4. 

After summarizing other probe/gas phenomena in 5. 5 and 5.6, areas 
of possible improvement for future gas sampling endeavors are oiscussed in 
Section 6. 

5.2 Dynamics of Channel Flow 

5.2.1 Gas Flow at the Channel Entrance 

The inlet to the gas extraction probe is located within the 
wall of the combustion chamber, protruding slightly but otherwise resembling 
a static pressure tap. Since the flow into the probe (as calculated later) is ' 
a very small fraction of the total flow through the chamber, no disturbance 
of chamber dynamics will occur. 

It is possible that a small bias in the sample could occur be¬ 
cause the gases are taken from the chamber wall and maybe slightly different 
from the gases in the center of the combustion chamber. The rectangular 
flow channel in the probe, however, has a lO/l aspect ratio with the long 
dimension aligned parallel to the combustion chamber centerline. Presumably, 
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gases entering the probe channel may consist of some chamber boundary 
layer species on the upstream side of the channel but the main part of the 
flow will be taken from the turbulent center core. If stream tubes are 
maintained throughout the length of the channel, the outer portions of the 
channel flow will be "skimmed off" in any event. Since Reynolds number 
just after the entrance to the probe channel is only slightly over 2000, it 
is likely that there will not be a great deal of turbulence and mixing within 
the channel. Due to the decrease of gas pressure and temperature in 
flowing through the channel, viscosity decreases, density increases slightly 
and although Mach number increases, velocity decreases. The effect of 
these changes is tbit Reynolds number at the outlet increases to over 3000 
indicating again that a great deal of turbulence will not be encountered. 

Sample bias due to combustion chamber boundary layer 
effect*! is therefore not likely. 

5.2.2 Generalized Channel Flow Dynamics 

Details of the present RPL/Rocketdyne gas sampling probe 
are given in (8) and on Edwards Air Force Base Drawing X66F18257 
"Mass Spectrometer Bleeder". An enlarged sketch of the inlet is shown 
in Figure 9. The effectiv flow channel is a highly-cooled slit milled into 
a split copper rod. Since it is impossible to estimate a priori for a channel 
in which large heat losses occur and in which viscous friction is present 
which of the competing effects will predominate, a careful analysis of two 
and three dimensional conductive heai transfer was combined with the channel 
gas flow dynamics to determine channel outlet conditions. 

In a constant-area, adiabatic duct with subsonic flow, 
friction ha3 the net effect of accelerating the gases, decreasing their density, 
temperature and stagnation pressure. For this so-called Fanno flow, there 
is no heat transferred from the gases and the stagnation temperature remains 
constant. On the other hand, in a gas flowing through a constant-area duct 
without frictional effects but involving heat transfer and thus the stagnation v 
temperature , a new formulation of the problem results in a locus of states 
known as a Rayleigh flow. For example, with subsonic flow in a channel 
which is extracting heat from the gases, stagnation temperature decreases, 
as does velocity. Stream pressure and stagnation pressure both increase ina cooling 
process , however, this effect requires frictionless flow. The value of 
stream temperature goes through a maximum which is a function of Mach 
number causing an apparently anomolous situation, viz. for air at values of 
M between .85 and 1, heat rejection acts to increase stream temperature. (9) 

These processes are summarized in Table IV. 
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Chamber Gas Flow 

Figure 9 

Sketch of Present RPL/Rocketdyne Gas Sampling Inlet 
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Table IV 

Summary of Gas Parameters in Subeonic Flow 
Through a Constant-Area Duct 

Adiabatic Flow 
With Friction 

Cooling With 
No Friction 

Velocity 
Mach Number 
Stream Pressure 
Stagnation Pressure 
Stream Temperature 

Stagnation Temperature 

increases 
increases 
decreases 
decreases 
decreases 

constant 

decreases 
decreases 
increases 
increases 
decreases for 
increases for M> l/yT'' 
decreases 

Thus, the simultaneous processes involved in frictional flow 
and heat rejection compete with each other and the dominating process will 
determine the state of the gases at the outlet of the channel. 

In a rigorous analysis of the probe inlet channel, the problem 
is compounded by the convective and radiative heat transfer from the com» 
bustion chamber gases and walls to the exposed probe tip, as well as by the 
problem of cooling the sampled gases passing through the water jacketed 
probe. In order to determine the extent which boundary conditions affect gas 
flow dynamics, the overall probe heat transfer problem will be examined 
first and the channel gas dynamics subsequently. 

5-2.3 Three Dimensional Heat Transfer Analysis of Probe Tip 

Heating of the end of the probe tip is essentially independent 
of the gas flow. This influence can readily be determined and expressed in 
terms of convection and radiation boundary conditions. As shown in Figure 9, 
the probe tip consists of: 

j*: 
- a probe-end which is exposed to the chamber gases and 

receives a combined convective and radiative heat input, 

- a convectively heated copper insert with extreme gas 
temperature variation with length, 

a highly turbulent convective coolant water flow over 
the holder and cap. 
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These boundaryNconditions were evaluated in a transient 
three dimensional heat transfer digital computer program (RMD No. D0039) 
which uses the following form of the conduction equation with convection and 
radiation heat inputs : 

Tn’ - TV + [ £ Qgk <T,V) + Qc+Qr' 

In the use of this equation, the temperature at a node is determined by the 
simultaneous effects of conductive, convective and radiative inputs. 

The analyses used information from the following 
sources; 

Theoretical combustion gas RMD Thermochemical 
products and gas temperature Computer Program D0001 

Gas transport properties NASA TR R-81 (10) 
NASA TR R-132 (11) 

Probe Wall thermal properties Eckert and Drake (12) 

Values of most of the parameters used in the analyses are 
shown in Table V. 

For the purpose of the heat transfer analysis, the probe was 
represented by a conduction network consisting of nine interconnected nodes 
and by six additional nodes to represent the combustion gas, the channel sample 
gas and the cooling water. The nodal arrangement is shown in Figure 10. 

The values used for thermal properties for the copper and 
steel components of the probe are as follows: 

Material 

Copper 

Stainless Steel 

Thermal Conductivity 
(Btu/ft hr F)_ 

200 

10 

Density Specific Heat 
(lb/ft3) (Btu/lb-F) 

558 0.09 

500 0.11 
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Table V 

Gas Concentrations and Properties Used in Channel Analysis 

Combustion Gases 

CIF i/NiH4__ 
Gas Mole Fraction 

n204Mh4_ 
Gas Mole Fraction 

Cl 

C1H 

F 

HF 

H 

H, 

N, 

.06833 

.05492 

.03009 

.58765 

.04805 

.02533 

. 18522 

H 

HO 

H, 

HjO 

NO 

Ni 

O 

O, 

C1F 

.01110 

.03643 

.05605 

.46436 

.01133 

.40250 

.00421 

.01399 

»WN.«. 

Maximum Temperature (F) 6848 5284 

Molecular Weight 22.059 21.242 

Ratio of Specific Heat 1.18 1<22 

Specific Heat (E»u/lb F) 

@ 2000 F 0.33 0.56 

@ 4000 F 0.36 0.62 

@ 6000 F_0.38 0.64 

Viscosity (lb/in«sec) x 10* 

@ 2000 F 0.27 0.27 

@ 4000 F 0.41 0.42 

@ 6000 F 0. 52_0. 54 

Chamber Heat Transfer Coefficient (Btu/nr f^F) 

Convection 46. 1 46. 1 

Radiation 0* 28.6 

* Gases are transparent, hence no radiation 
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Nodes representing gas and coolant boundary conditions 

Figure 10 

Three-Dimensional Heat Transfer Nodal Network 
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The 3-D program was used in conjunction with the gas 
dynamics program described in the next section. With an initial arbi¬ 
trarily selected decay of gas-temperature and pressure in the flow through 
the cooling channel, the 3-D program provided the temperature variation 
along the channel walls. With these wall temperatures, the gas dynamic 
equations were employed to determine an improved estimate of gas pro¬ 
perties in the channel. 

The new gas properties were then recycled through the 
3-D program and the procedure repeated several times. If desired, this 
iteration could have been performed automatical!' by computer by writing 
the necessary transition program, however, for the present application 
it was performed manually. 

Probe temperature distribution? for two propellant 
systems, ClFj/NzH^and N2O4/N2H4, are shown in Figures 11 and 12. 

Comparing Figures 11 and 12, we see that the propellant 
system which radiates (N^C^/r^h^) results in higher probe surface tem¬ 
peratures, even though the combustion gas temperature is lower than for 
CIF5/N2H4. Wall temperatures in the cooling channel are seen to vary by 
about 200°F for both propellant systems. It will be seen later that wall 
temperature variations of this magnitude have little effect on outlet gas 
properties. Therefore, the precision to which the cooling channel wall 
temperature is known is relatively unimportant. 

5'2'4 Compressible Flow Through a Constant Area Duct 

The cooling channel of the gas sampling probe is a rectan¬ 
gular duct .003 X .030 inches. Use of the effective diameter (4 x flow area/ 
wetted perimeter) gives an L/D of almost 69, a relatively long channel. 
The pressure drop through this passage results from the simultaneous 
action of friction and heat transfer. Rough calculations quickly show that 
the flow is choked, the Mach number at the exit of the channel is therefore 
unity, and that the flow at all other points in the channel is subsonic. 

i 
In order to analyze this problem, we assume for our con¬ 

stant area duct that the specific heat and molecular weight are constant and 
that the flow is one-dimensional, i. e., all properties are constant at any 
cross-sectior. 

39 - 
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5140 
(Gas) 

3460 
(Gas) 

2820 
(Gas) 

Note: Temperatures (°F) 

Figure 11 

Probe Temperature Distributions 
ClFs/Njíit at O/F = 2. 70 and Pc= 500 psia 
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342 

4690 
(Gas) 

Note: Temperatures (°F) 

Figure 12 

Probe Temperature Distributions 
NjO^NjH* at O/F »1.44 and Pc»500 psia 
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For these restraints, the generalized flow equation (9) 
reduces to 

dM* = (l+^M2)(l+^fí- M2) dT^ x ^M2( 1 X M2 ) 4f_ dx 

M* B 1 - M2 T0 1 - M2 Dh 

For simplicity, the coefficients for temperature change and 
frictional loss are put in influence coefficient form with Fxo for the tempera¬ 
ture and Ff for friction. Then, 

~ dTn , _ ., dx 
dM2 • FT0 + Ff 4£ 

This equation can only be formally integrated in special 
cases through a relation linking the friction and heat transfer terms. 
Following Shapiro (9), we take the adiabatic wall temperature to be the same 
as the stagnation temperature, implying a recovery factor of unity. In 
addition, Reynolds Analogy between friction and heat transfer is employed 
in the form 

h f 

“ 

There is sufficient experimental and theoretical justification for applying 
these relations in many cases. In particular, Reynolds Analogy is applicable 
for; 

a. highly turbulent flow, any Prandtl number, 
b. low Reynolds number flow, Prandtl number unity, or 
c. Prandtl number unity, equal eddy diffusivities for heat 

and momentum ( 13). 

Although our flow conditions meet only marginally any of the above criteria, 
simplicity and ease of computation recommend use of this analogy even 
though a slight uncertainty in accuracy may result. 

By considering the change in gas temperature to be related 
to the convective heat transfer in the duct of infinitesimal length, dx, the 
change in temperature may be expressed as 

dT0 a 1 4fdx 
Tw - T0 T Dh 
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If the friction factor, (, is known locally, the change of total temperature 
may be calculated as 

exp 

In order to calculate the friction factortthe local Mach number must be 
known,to determine Reynolds number. Substituting in the above. 

dM2 = Ft° 
Tw-T0 

an equation which is solved numerically by evaluating the change in Mach 
number between stations 1 and 2 separated by a defined, small distance. 
The solution in terms of influence coefficients evaluated at the average Mach 
number for the section is: 

where 

The solution for this numerical form was programmed for 
a digital computer because a great number of calculations were required to 
consider small section lengths and to make the iterations necessary to arrive 
at simultaneous agreement of average section Mcich number with the friction 
factor and influence coefficients. The program was constructed to predict 
outlet Mach numb' r, temperature and pressure for a given inlet Mach number, 
temperature, pressure, properties, probe channel dimensions and estimated 
wall temperature. Because of this simple structure a range of Mach number 
inlet conditions were required to find the inlet Mach number which would 
satisfy the choked flow outlet condition. From the program output (i. e., mass 
flux, Reynolds number, etc.) heat transfer coefficients were computed for 
use in the three dimensional heat transfer analysis described previously in 
order to refine the estimation of probe channel wall temperature. 
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«re as follows: 
The results of the calculation for two propellant systems 

Propellants 

O/F 
Combustion chamber gas tempera¬ 

ture (assumed c* = 95%) (°F) 
Combustion chamber pressure (psia) 
Exit total temperature (°F) 
Exit static temperature (°F) 
Exit total pressure (psia) 
Exit static pressure (psia) . 
Residence time in probe (sec) 

ClFü/N;^ I^CVNzHi 

2. 70 

6117 
500 

2090 

1649 
287 
166 

14 X 10~6 

1.44 

4690 
500 

1622 
1415 

302 
169 

14 X IO-6 

Gas temperature and pressure variations for the calculated 
flow of ClFj/Nji^ combustion products are shown in Figures 13 and 14. 

propellants. 
Figures 15 and 16 correspond to the above but for NzO^NiH« 

In these calculations, the energy released during possible 
recombination of free atoms has been neglected. The flow of gases has been 
assumed to remain at constant composition. 

The iteration between the three dimensional heat transfer 
program and the gas dynamic calculation as described in 5.2.3 showed that a 
step-wise wall temperature distribution had little effect on outlet gas proper¬ 
ties This additional complexity was therefore neglected in most computations. 
Additional results with slightly altered geometry or different coolant tempera¬ 
ture with the same basic cooling channel design are described in Section 6. 1. 
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Figure 13 

Gas Temperature Variation With Channel Length 
C1F5/N,H4 at 0/F=2. 70 and Pc=500 psia 
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Figure 14 

Gas Pressure Variation With Channel Length 
C1F5/N2H4 at O/F = 2. 70 and Pcs 500 psia 
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5000 
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3000 
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1000 

Figure 15 

Gas Temperature Variation With Channel Length 
N204/N2H4 at O/F = 1.44 and Pc = 500 psia 

t 
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Fig’.re 16 

Gas Pressure Variation With Channel Length 
N204/N2H4 at O/F =1.44 and Fc=500 psia 
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5. 3 Chemical Kinetics of Channel Flow 

The ideal gas sampling probe extracts a small quantity of gases 
from a reaction zone without disturbing it, quenches and freezes chemi¬ 
cal reactions before significant changes occur, and preserves specie 
concentrations for subsequent analysis. Historically, this has been done 
in the case of sampling from low pressure flames by rapid expansion into 
collision-free flow. When this approach is attempted from high pressure 
sources, pumping requirements may be excessive and/or impractically 
small orifices may be required. As pointed out by Rocketdyne (8), the 
mean free path of an air molecule at $00 psi and 4000 F is 1.85 x 10 cm. 
Transporting these molecules without chemical change to a region where 
the mean free path is of the same order as characteristic geometric 
dimensions is a difficult problem. Sampling from a high pressure source 
therefore requires approaches more sophisticated than simple free jet 
expansion; the Rocketdyne/RPL probe is one possible approach. 

5. 3. 1 High Pressure Sampling Problems 

A gas sampling probe extracting a reacting mixture from 
a high temperature, high pressure region presents a formidable problem in 
minimizing composition changes. Exact calculations of multicomponent 
reacting flow fields require machir.0 solutions to be practical; however, a 
number of approaches are possible to approximate probe gas handling 
characteristics. If thermodynamic equilibrium exists, many flows :an he 
exactly calculated and, in fact, are routinely analyzed in a number of 
common applications. When the flow permits continued chemical reactions, 
but is not in equilibrium, rate processes must be included and the calcula¬ 
tion becomes much more difficult. In some of these cases, it is convenient 
to apply flow criteria which permit a comparison of the relative impor¬ 
tance of chemical reaction times and characteristic dynamic flow times. 
The two extremes, i.e. , either complete chemical equilibrium or com¬ 
pletely frozen flow, can be viewed in the light of these typical times. When 
the chemical transformation processes are extremely rapid compared to 
the rate of change of gas flow parameters, chemical equilibrium can be 
expected. Conversely, if very large thermodynamic changes occur rapidly, 
the chemical kinetic rate processes may not be sufficiently fast to "keep up" 
aiyl freezing of the chemical composition is probable. Flow criteria are 
available in some cases for predicting whether either of these conditions 
will prevail. Alternatively, predictions can be made in simplified flows 
for determining the location in an expanding flow where freezing will occur. 
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In the sections that follow, we examine a single typical 
reaction, follow its course through the sampling probe (whose non¬ 
reactive flow dynamics we have previously examined) and attempt to pre¬ 
dict the state of the gases before they reach the very low pressure 
molecular-flow regime. 

5, 3. 2 Chemical System and Near-Equilibrium Flow Criterion 

Chlorine pentafluoride and hydrazine represent one of the 
highest performing, currently popular propellant systems actively being 
examined. The equilibrium composition of the combustion products of 
chlorine pentafluoride and hydrazine at a near-stoichiometric mixture 
ratio is given in Table VI. In this case and other examples of stoich and 
near-stoich mixtures at equilibrium, free atoms of H. i and Cl make up 
15 to 20 percent (mole fraction) of the composition of the gases in the 
combustion chamber. As noted previously, these chamber products are 
cooled in the initial flow channel of the Rocketdyne/RPL sampling probe 
to approximately 1650°F and 166 psia. 

Table VI 

Equilibrium Composition of the Combustion Products of 
Chlorine Pentafluoride and Hydrazine at O/F * 3. 1, 

500 psia, 4084°K 

Species Mole Fraction 

Cl 

HC1 

F 

HF 

H 

n2 

.090 

.041 

.055 

. 602 

.030 

. 173 

- 50 - 
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We wish now to compare the time available for chemical 
changes in flowing through the probe with the time required for a given 
change. Inherent with relaxation effects is the coupling of separate chem¬ 
ical reactions ; there are very few flow situations where a specific chemical 
reaction can be isolated o the exclusion of coupling effects. These effects 
might simply involve temperature changes with corresponding changes in 
reaction rates, or they could involve the formation of intermediates and 
different sets of reactions. 

In an expanding gas with large reductions in temperature, 

VlVetriT fu4 tW'°'b0dy shuffling reactions merely exchange radical species, 
while the three-body recombination reactions are of greatest importance 
Removal of radicals must be accomplished through the three-body reaction 
mechanism or by two active species colliding on a cooled wall, with the 
elficiency of the collision process connected to the nature of the third body. 
>ince the transfer of vibrational energy to translational energy is essential 

the stabilization of the newly combined species, a third body which can 
orm a valence bond with either of the reactants should be more effective 
an an inert molecule. The composition indicated in Table VI should pro¬ 

vide relatively efficient recombination. P 

For our present purpose for near stoichiometric mixture 
ratios, we will examine only the recombination of the dissociated hydrogen 
and fluorine in the cooling channel of the probe. If other independent 
reactions occur having characteristic reaction times of the same order of 
magnitude, the situation is similar to that of only a single reaction. For 
ox-rich mixtures, the three-body recombination of fluorine atoms would be 
he reaction of greatest interest to understanding probe behavior, while for 
uel-nch mixtures, hydrogen atom recombination is important. Further¬ 

more since the chlorine is expected to behave similarly to fluorine we 
take the combined concentrations of chlorine and fluorine to behave Is 
fluorine alone. The chamber species assumed to enter the probe are there- 
ore as indicated in Table VII. The third body required in the recombina- 
lon collisions to remove the excess energy is shown as M and wall collisiom 

are neglecteo. In Table VII, M is primarily HF and Nz, although other 
species are lumped into this value. Although the specific rate constant 
varies according to the nature of the third body, this difference is minor 

for present purposes. The concentrations and characteristic reaction times 
will be evaluated for the state of the gases at the channel entrance and exU 
The reaction of present interest, then, is 

H + F + M HF + M 

where kR is the recombination rate con.tant and kD the dissociation 
constant. rate 
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Table VII 

Assumed Concentrations of Species Entering 
Cooling Channel of Probe 

Mole Fraction Concentration_ 

,145 14. 5 X 10-6 moles/cm5 

. 030 3.00 X 10'6 

.825 82. 5 X IO-6 

The bvo rate constants are related as usual by the equilibrium constant. The 
rate at which the concentration of hydrogen (H) changes is given by: 

« kD (M) (HF) - kR (H) (F) (M) ' , 
T 

In an expansion with extremely rapid cooling, recombination reactions are 
much more prominent than the corresponding dissociative reactions. There¬ 
fore, the first term on the right side of the last equation can be neglected in 
comparison with the second term. With kß * 0, the rate equation can be 
separated to give 

^ = -kR (F) (M) dt 

By definition, this equation must be integrated at constant temperature 
which gives 

T « 

^ in this case is the reaction time for the concentration to change from (Hq) 
to (H). In addition to the specified change in concentration, this reaction time 
is a function of the recombination rate constant and concentrations of other 
reactants. The rate constant to be used is an average value of the recombina¬ 
tion constants recommended by Westenberg (14). 

In (H/H0) 
^kiÏFÏÏW 

Species 

F 

H 

M 



il .41111 y n i i» ..i ! i 
„itmmmTnifUfHiPiipffn rdiiiiWlHMIMIlV JMIHIIHiniMfM 

AFRPL-TR-68- 120 

To calculate an upper limit to T , we use the maximum 
gas temperature in the channel, the minimum species concentration (which 
both occur at the entrance) and arbitrarily permit a 10 percent change in 
hydrogen concentration. Then, for properties at the channel entrance, 

T -.106 
max s -?"■.-.51¾- 

-2000 (14.5)(10-6)(82.5)(10-6) 

Evaluated at channel exit conditions, T-' ** *01 x 

* .044 X 10'6 

s econds 

sec. 

When these reaction times are compared to the total redi- 
dence time of gases in the channel (14p sec) there is little doubt that 
chemical equilibrium will be maintained. 

Wegener (15) prefers not to make the above calculation but 
instead predicts departure irom chemical equilibrium by a température 
*a8» T -T, which is a small positive number for expansions. In the case 
where T' -T is large, the flow has departed from equilibrium, however, no 
quantitative evaluation of the extent of departure is possible. Renner's 
near-equilibrium flow criterion ( 16,17) states that T' -Ts'T'i-dT/dt) where 
7- is the reaction time and -dT/dt is the cooling rate in the channel. The 
temperature lag for our simplified model is a maximum of T* -T = (. 044 x 
10 )(3.4 x 108)» 15°K. According to Penner (16), temperature lags less 
than 20°K indicate thavL the flow is near-eqtulibnum. However as recom¬ 
mended in (15), the flow is in equilibrium only if the temperature lag is 
much smaller than the local temperature. This condition for equilibrium is 
arbitrarily specified as ( T1 - TJ/T £ 10 3. In the present case, (T'-T)/T~ 
4xl0‘ to 1 x 10"z and is therefore marginally close to equilibrium at the 
channel entrance. Using calculated channel exit properties, (T1 -T)/T is 
less than 10and the flow is near-equilibrium. This calculation does not 
correspond to the usual behavior in expanding nozzle flows where the gases 
are initially in equilibrium but the decreasing density results in abrupt 
freezing. 

5. 3. 3 Frozen-Flow Criterion 
\ 

* 

When applied to a conventional nozzle expansion process, 
Bray's criterion (18) can be used to determine the location where the expan¬ 
ding gas composition freezes.+ Tor all practical purposes, equilibrium is 
maintained to this point with frozen flow existing downstream. This rapid 
freezing is realistic because the characteristic chemical time for recombina 

* Although applied differently, Bray's criterion has been shown to be sub¬ 
stantially equivalent to Penner» s near-equilibrium flow criterion ( 19). 
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tion reactions is proportional to (density) Therefore, if density de¬ 
creases as in a nozzle flow, the chemical time neresttary to maintain 
equilibrium increases very rapidly. In the cooling channel of the probe, 
density does not change markedly. 

The near-equilibrium criterion can only be used to pre 
diet the departure from equilibrium and not the extent of non-equil:brium. 
However, for flows without large composition changes, the near-frozen 
flow criterion can yield additional information. In the following, no attempt 
is made to fully describe the basis of the near-frozen flow criterion since 
this is done in (16). We will apply the available data in order to gain as 
much insight as possible into the characteristics of the RPL/Rocketdyne 

gas sampling probe. 

Penner defines a reaction time, 

Wi 
Yi 

which, when evaluated for the reaction and the constants used in the previous 
section for conditions at the channel entrance, yields the identical reaction 
time, z « . 044 p seconds. In the above equation, all the notation is conven¬ 

tional (cf. 16). 

The near-frozen flow criterion is given as: 

d In Ky Tc-T* ^ I dT \ml 
TTT- - ' dt 

Ky(Tc) 
“ Ky(T)- ¡Te z 

and if the left side is less than KT*, chemical reaction rates can be shown 
to have negligible effect on composition, i. e., the flow is frozen. 

With the present probe, the following approximation holdsi 

d In Ky 
dT 

AHc 
m ... + 

RTcî 
1 dp 
p dT Tc 
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For typical atomic recombination reactions, -AHc « 30 kcal/mole and 
by graphically differentiating the pressure-temperature relationships at 
the probe entrance, we get(dln Ky/dT) » 10-î OR”1. When T « Tc, 
Ky(T)/Ky(Tc)>> 1 and Tc-T'/Tc-T <&! 70. The near-frozen flow criterion 
therefore also indicates that the gases in the cooling channel do not freeze, 
consistent with our previous conclusions. 

It would be possible to apply again the near-equilibrium 
and near-frozen flow criteria in the region of the free-jet expansion down¬ 
stream of the cooling channel if it were desirable to locate the precise 
region where freezing occurs. 

Since the flow of chlorine pentafluoride/hydi azine products 
is in equilibrium, gas properties at the exit of the cooling channel can be 
calculated by routine procedures. Table VIII shows inlet and outlet compo¬ 
sitions for a range of equivalence ratios. It can be seen that although free 
atoms compose roughly 15 percent of the chamber species, equilibrium 
conditions corresponding to the state of gases at the channel outlet permit 
almost no atoms but only diatomic molecules. 

5. 4 Free Jet Expansion 

In the successive expansions experienced in the present RPL/RocVet- 
dyne probe, the free jet formed at the outlet of the cooling channel is one of 
the most critical. The sample gases are still at relatively high temperature 
and pressure while the background gases are at approximately one atmos¬ 
phere, a very high pressure for a sampling probe. 

The flow from a highly underexpanded nozzle has a structure as 
sketched in Figure 17. Gases pass through the expansion fans, expand to the 
ambient pressure at the boundary and result in the shock structure indicated. 
In the case of only slightly underexpanded flow, the intercepting shocks meet 
at the centerline forming a repetitive diamond structure. 

The details of free jet flow were first described by Owen and Thorn¬ 
hill (20) using a method of characteristics solution. They showed for an 
axisymmetric expansion that the flow inside an intercepting shock is is entropie 
and independent (or unaware) of the background until the Mach disc is reached. 

A two-dimensional expansion, defined as the flow from a relatively 
long, narrow slit, provides more gradual gradients and a longer relative dis¬ 
tance to accelerate to a given Mach number than the axisymmetric case. This 
can be seen in comparing the variations of Mach number with distance for the 
two-dimensional and three-dimensional expansions, given in Figure 18. Each 
of these solutions is valid only to the location of the first normal shock. 
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Normal Shock or 
Mach Disc 

Jet Boundary 

Cooling Channel 

Intercepting Shock 
or Barrel Shock 

Reflected Shock 

Figure 17 

Sketch of Free Jet Structure for Highly 
Underexpanded Flow (Ref. 22) 
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D 

distance from sonic surface _ 
characteristic dimension of flow port 

Figure 18 
Characteristic Solutions for Free Jet Expansion 

With >*=1.4 (Ref. 23) 
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Experiments have shown that for a highly underexpanded jet expanding 
into a static atmosphere, the location of the Mach disc is given by 

= .67(p0/Pl)i/Z 

for axisymmetric flows for all values of Í (21). 

F or chlorine pentafluoride-hydrazine products expanding in the cooling channel 
and flowing into a region of 14 psia, xm/D » . 67 x (287/14. 0) l/Z a 3. 04. 
Adamson and Nicholls(22) prefer to locate the Mach disc by correlating with 
the static pressure at the nozzle exit. Using their experimental results, 
xm/D « 3. 1. For the axisymmetric case, therefore, with our pressure ratio, 
the Mach number just before the Mach disc is about 4. 9. 

Two-dimensional flows behave differently, however, and this type of 
jet structure has not been adequately defined. Since no experimental correla¬ 
tions exist, we must assume some specified gas behavior in the 2-D case. 
It seems reasonable to state that the Mach number variation on the centerline 
and the external shock structure will be similar in the 2-D and 3-D cases. We 
take the location of the Mach disc therefore to occur at the same Mach number 
in each case. This is consistent with theoretical and experimental results 
which show that the pressure downstream of the normal shock in approximately 
ambient, therefore, the Mach number at the entrance to this shock should be 
the same in either 2-D or 3-D geometry. From Figure 18, in the 2-D case, 
the Mach disc v ul be located at xm/D *11.3 corresponding to M u 4.9. Then, 
based on D * .003 in. , which is the smaller dimension of the slit, the Mach disc 
is located at xm * .034 inches. 

After emerging from the normal shock, gases on the centerline are sub¬ 
sonic, but again accelerate and become supersonic. This wave pattern is 
repetitive (Figure 17) and theoretically duplicates itself. In reality, viscous 
effects become dominant and the structure rapidly dissipates. Generally, 
schlieren and direct photographs of exhaust plumes show 6 or 7 of the deterior¬ 
ating wave patterns. Although the first section is slightly different than 
succeeding sections (24), if we assume all of them have the same wavelength, 
we see that the complete free jet emerging from the cooling channel will be 
greater than .40 inches in length. In the RPL/Rocketdyne probe, the distance 
from the cooling channel exit to the entrance of the first skimmer is . 325 inches. 
The expanding free jet therefore goes through successive expansion cooling, 
shock reheating and ambient dilution for four or five cycles. After exposing 
the gas sample to this type of flow it is relatively unimportant whether an 
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additional bow shock exists at the entrance to the skimmer or whether the 
flow at the skimmer entrance is subsonic and no shock forms. It would not 
be possible to predict the exact flow field at the skimmer entrance in any 
event. 

In an exhaust or free jet plume, background gases can be detected on 
the centerline as early as the second wavelength with increasingly larger 
amounts of dilution in succeeding wavelengths. With only inert gases in this 
chamber initially, dilution is relatively unimportant as combustion species 
first flow through the cooling channel. Only a small fraction of this flow goes 
through the skimmer,' however, and the background quickly acquires high 
concentrations of colliding, reacting, wall-impinging combustion products. 
These products are then subsequently drawn through the skimmer (along with 
the appropriate products) and finally analyzed in the mass spectrometer. 

There is another factor which should be considered in the gas behavior 
in this chamber. Data are available for axisymmetric flows to predict the 
shtpes of free jets; in particular, maximum plume diameters are known in 
terms of other physical properties. Using the data given in(21),the maximum 
diameter of the barrel shock in terms of distance to the Mach disc, Dm/xj^, 
is 0. 5?.5 for po/pi * 20 and t * 9/7. This merely states that the maximum 
barrel shock diameter is about one-half of the distance from the orifice to the 
Mach disc. 

A 3-D approximation is easiest to apply and that will be done first, 
using the effective diameter D ■ .00545 in. Since Dm/xm * • 525, and xj^/D * 
3. 1 from consideration of the pressure ratios,(DmAm)x(xm/D)* Dm/D ■ 1.63. 
Dm therefore is approximately .009 in. Knowing the approximate location of 
the section of maximum width of the barrel shock, we can compare this with 
the space available for the tree jet expansion to take place. For the 3-D 
approximation the;*e appears to be no interference between the gas plume and 
the inner walls of the probe. 

In the expansion from a slit (2-D), we saw that the distance to the Mtfch 
disc increased, that is, xm/D * 11. 3. Assuming that the section of maximum 
diameter is still defined by Dm/xm * . 525, then 

ÍM. X » 11.3 (.525) * »5.9 
D XM ' D 

which states that the maximum barrel shock diameter is about 5.9 times the 
exit slit diameter. If we now take D to be the larger dimension of the slit, 
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.030 in., Dm is . 178 in. The distance to the Mach disc, meanwhile, is 
xM * 11.3 (.003) ■ .034 in., since it is based on the smaller slit dimension. 
With these dimensions, the boundaries of the jet will definitely interfere with 
the probe walls. 

It appears therefore that the conical gas expansion section shown in 
Figure 9 is not properly matched to the free jet expanding from the cooling 
channel. 

5. 5 Rarefied Gas Phenomena 

5. 5. 1 Present Probe Considerations 

After passing through the first chamber of the probe, which 
is maintained at about one atmosphere, sample gases encounter two skim¬ 
mers separating chambers of lower pressure. Figure 19 is a sketch of the 
probe configuration giving relative locations and the nomenclature for the 
various components. Figure 19 is similar to Figure 8 described previously. 
Gaseous expansion from the cooling channel begins as a high density, colli¬ 
sion-dominated flow. As collision rates decrease, the flow enters a 
transition region until far downstream, after passing through the skimmers, 
molecular collisions occur only rarely and the flow enters the molecular- 
flow regime. According to Hamel and Willis (25), free-jet flow will only 
approach a collision-free situation, never becoming completely free mole¬ 
cular. Thus, the region where a "last" collision occurs cannot be defined, 
although a location such as the middle of the transition region can. 

To determine the behavior of gases in the second probe 
chamber, we apply some of the same principles described previously for the 
free jet expansion in the one-atmosphere chamber. If the How at the en¬ 
trance to the first skimmer is subsonic, the gases will reach Mach one at 
the exit of this orifice. Figure 18, for the axisymmetric case. Location of 
the disc is based on the pressure ratio and in this case is, 

^ = .67 (po/pe)1/2 = .67 (750/5 X 10-5) ^2 = 260 

Since D = .003 inches, the Mach disc would be located at . 780 inches from 
the orifice, considerably behind the second skimmer placed at . 375 inches. 
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If the continuum expansion could continue over th? length 
of the second chamber, the Mach number at the entrance to the second 
skimmer would be given by (21) 

where the constant A = 3.96 for # = 9/?. Evaluated at the entrance to ¡.he 
second skimmer, x/D * . 375/.003 * 125 and M ss.12. 

The Mach number, however, is observed to level oft as 
the gases leave the continuum regime and the expansion appears to "freeze". 
The terminal Mach number in this case is a function of Knuds en number 
based on nozzle diameter and stagnation mean free path (26) and is given as 

Based on gases leaving the first chamber at 14 psia, and entering the .003 
inch skimmer at 1500°F with f *1.2, the Knudsen number (Kno) equals 
.0044 resulting in a calculated terminal Mach number of 2. 79. If the flow 
is considered viscous and is entropie to this Mach number, gas temperature 
will be 640°F at this point. Since the transition from continuum to molecular 
flow occurs abruptly in a short axial distance, the frozen translational tem¬ 
perature will remain at this value. Equilibration of other molecular degrees 
of freedom must then be considered (2 3). 

If we now assume that the gas temperature entering the skimmer is 
only 500°F (instead of 1500°F), the same procedur ' leads to a new conclu¬ 
sion. These two cases are summarized for f = 1.4, D orifice * .003 inches, 
po * 14 psia; 

To ^ f c X 
an / t nm / ir\^\ t ir* 

TTerminal 
(dynes ec/cm2) (gm/in3) (ft/sec) (in) Mj 

411.6 xlO'6 .0040 2250 13.3x10-* .0044 2.79 

226 x 10“* .00825 1580 5.04x10“’ .0017 3.25 

(°F) 

1500 .0044 2.79 640 

500 8 

We see that as inlet temperature is decreased, gas temperature at the 
freezing point also ciecreases but not quite as drastically. However, as the 
absolute temperature becomes lower, other considerations, suchas conden¬ 
sation must be included. 
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5. 5.2 Generalized Probe Requirements 

Examination of the present probe design leads to the con¬ 
clusion that the pressures existing at the manifold regions or at the inlets 
to the vacuum pumps (Figured) probably do not indicate the true pressures 
existing in the regions of the molecular beam. This is due to the small 
conical passageways connecting these regions and their relatively poor low- 
pressure flow characteristics. Operation of the probe at RPL in a shock 
tube indicates that a cascading effect in pressurizing succeeding chambers 
occurs because of choking phenomena. 

At this point in the description of the behavior of the pre¬ 
sent RPL/Rocketdyne probe, it is not worthwhile to continue to apply 
rarefied gas flow criteria to the specific conditions of use since the gases 
no longer are indicative of the true species existing in the combustion cham¬ 
ber and true operating conditions are unce1 tain. Therefore, examination of 
molecular beam formation and probe behavior from this point on should be 
generalized to permit a constructive examination of sampling requirements. 

5. 6 Mass Spectrometer Considerations 

Successful detection of free radicals by mass spectrometer requires 
careful treatment of the radicals in traveling from the reactor to the ioniza¬ 
tion region of the masspec. The path of the inlet gas must be a straight line, 
preferably as short as possible. Naturally, as the pressure of the source of 
combustion species increases, greater pumping capacity, or a greater 
number of successive chambers and skimmers may be required. 

The formation of a molecular beam is essential for a successful 
probe, to minimize transient times, to minimize wall collisions and to 
minimize continued reactions. As the sampled molecules enter the ionization 
chamber of the masspec, they are subjected to electron bombardment. No ^ 
ionization takes place until the electrons are given sufficient energy. As this 
energy is increased, a parent molecular ion may be produced. With still 
more energetic electrons, polyatomic species will be dissociated into 
numerous positive ions. The problem in detecting free radicals in gases is 
to distinguish between (1) dissociative electron impact with a parent molecule 
capable of yielding the ion by the process 

AB + e -» A+ + B + 2e 

and (2) the ionization of the free radical itself: 
+ 

A + e -•> A + 2e. 

,r 
"Ml HI I. Ill'll II l!il 1,1,111( lllliln 
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Since the energy requirement of the first process exceeds the 
second by the dissociation energy of AB, the positive ion will appear 
sooner for the dissociated gas than for the undissociated species as the 
electron energy is increased. 

In a sampling probe, it is desirable that as little alteration of 
the gas sample as possible takes place in order to permit the most reliable 
interpretation of the mass spectrum. 
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6.0 AREAS OF POSSIBLE PROBE IMPROVEMENT 

^ Variation of Cooling Channel Parametera 

In the discussions of Section 5.2, conclusions were limited to the 
geometry and dimensions of the existing RPL/Rocketdyne probe. In this 
section, we wish to investigate areas of possible probe improvement. 
Initially, we would like to investigate improvements easily accomplished 
with the present components. The .003 x .030 x . 375 inch long cooling 
channel results in a gas history, which, in the case of C1F5/N2H4 combus¬ 
tion products, permits continued chemical reactions. Using the analysis 
described in Section 5.2.4, it is relatively easy to determine the effects 
of geometric variations of the present probe. In turn, if areas of possible 
improvement are indicated, these relatively minor changes could easily 
be incorporated into the present RPL/Rocketdyne probe. 

The present probe cooling channel is a slot milled into a copper bar 
slit in halves. The bar is reassembled for insertion in the probe. Since 
this bar can easily be replaced, it is worthwhile to determine the effects of 
geometric changes which can readily be made. 

Figure 20 shows how outlet gas temperature varies *ith equivalent 
diameter of the flow channel. Also indicated on thé abscissa are some 
representative rectangular channel dimensions which will yield the equivalent 
diameters shown. Although outlet temperature reductions can be obtained 
by going to smaller cross-sectional channel dimensions, the order of 
magnitude improvements required to freeze reactions are not possible. 

The effect of channel length for a given effective diameter is shown 
in Figure 21 To minimize wall collisions and recombinations, a short 
channel is desirable, however, we see that the outlet temperature of the 
gases increases very rapidly as the channel is shortened. Since channel 
flow is inherently poor for a sampling probe, temperature reductions through 
lengthening the channel may improve downstream difficulties but will ruin 
the integrity of the sample in the process. 

The possibility of highly cooling the present probe, perhaps through 
t *e use of liquid nitrogen, is examined in Figure 22. For the present 
probe dimensions only minor gas temperature reductions are achieved, 
therefore this is not an effective route. 
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Influence of i robe Flow Diameter on Outlet Gas Temperature 
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Figure 21 

Influence of Probe Channel Length on Outlet Gas Temperature 
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Influence of Probe Channel Wall Temperature on Outlet 
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All of the data points used in the preceding graphs are summar¬ 
ized in Table IX. Outlet gas pressures are also shown. In addition, the 
effect of combustion chamber or channel inlet gas temperature on the 
outlet state from the present channel can be seen in the last calculation. 
Here, the inlet temperature is reduced to 90 percent of the theoretical 
value corresponding to c* » 95 percent. A stagnation temperature reduc¬ 
tion of 731°F at the inlet results in about a 270°F reduction in static tem¬ 
perature at the outlet of the channel. 

It appears that minor changes in the present probe may improve 
the present situation but will not resolve basic shortcomings. 

Table IX 

Summary cf Some Alternate Approaches to Using 
The Present RPL/Rocketdyne Probe 

De L Tw Tg 
(in) (in) fT) fF) 

Outlet Temperature Outlet Pressure 
Static Total 

pF) pF) 
Static Total 
(psia) (psia) 

.031 .375 500 6848 

.00545 

.00375 

.002 

.00545 .250 

1.00 

.375 -300 

0 " 

" f 500 6117 

5069 5960 

1917 2268 

1196 1478 

570 799 

2632 3246 

508 722 

1514 1890 

1710 2132 

1649 2090 

254 457 

165 284 

137 236 

111 185 

192 335 

109 179 

152 277 

160 286 

166 287 
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6.2 Future Improvements 

It is clear that the present RPL/Rocketdyne gas extraction probe 
is far from adequate. Not only is quantitative analysis of chamber species 
impossible, but qualitative results may also be misleading because many 
important chamber species, notably free radicals and atoms, will never 
enter the ionization region of the mass spectrometer. 

The preceding section indicated that minor improvements are 
possible by keeping present probe components in the same basic assembly 
with slightly more cooling, slightly lower pressures in the first chamber 
and in general by doing everything slightly better than it is presently being 
done. After all these minor improvements are made, however, the com¬ 
ments of the top paragraph would still apply, though perhaps not quite as 
strongly. Thus, rather than taking the route of minimum change which 
cannot resolve basic shortcomings, we feel a significant change is neces¬ 

sary. 

Because of the studies made in recent years in combustion research, 
gas sampling and rarefied gas dynamics, it appears that it is now possible 
to design a sampling system which truly may be effective. It is recommen¬ 
ded that a water cooled orifice (which is as large as possible but sized in 
accordance with pumping capacity) is employed. A free jet expansion would 
be used which permits a skimmer to be placed upstream of the Mach disc. 
Preliminary consideration of pressure ratios and pumping requirements 
indicates that a first probe chamber pressure of about 1 x 10-3 mm Hg may 
be optimum. If initial probe chambers are designed for effective molecular 
beam formation, centerline gases will reach collision-free flow in a mini¬ 
mum time, will never suffer wall-collisions, will never encounter the 
reheating which accompanies flow through shocks, and will be affected least 
by background species. The problems associated with stagnating the high 
temperature gases at points downstream from the chamber remains to be 
determined. 

Problems include optimizing the various probe chamber pressures 
and distances between orifices. In addition, if a probe is designed for 
sampling from 500 psia, it remains to determine whether performance 
will still be effective at 150 psia or other likely conditions of use. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

A unique laboratory combustor has been designed which permits 
the extraction of gas samples from any longitudinal position of the com- | 
bustion chamber. Axial movement of the injector and exhaust nozzle 
within a stationary cylindrical barrel effectively moves the chamber past 
a fixed sampling port. 

The combustor was fabricated and a demonstration test program 
was conducted. As a result of the successful completion of these efforts, 
it was concluded that the combustor design including the hot gas seal 
arrangement, method of actuation, cooling design and materials choices 
was satisfactory. The Movable Combustion Chamber is now available 
for use with a mass spectrometer in combustion studies. It is recommen¬ 
ded that these studies be actively pursued with the existing chamber and 
other chambers. 

The analysis of the present RPL gas sampling system (Phase III) 
indicated shortcomings in the existing design. The cooling channel is 
inherently poor since it permits recombination of active species. The free 
jet expansion at the exit of the cooling channel also behaves in a manner 
not desirable for a gas sampling system. Other factors contribute to the 
poor operation of the probe. 

It is recommended that the sampling system be redesigned to pro¬ 
vide an effective gas sampler capable of yielding quantitative analyses. 
It is believed that this is possible with a system not significantly different 
from the present system in overall size and use of vacuum pumping 
equipment. 

f 

- 73 - 



AFRPL-TR-68-120 

8. REFERENCES 

1. Kahrs, J., "Combustion Specie Sampling, Phase I- Design of a Movable 
Combustion Chamber", TCC-RMD Report 5530-1, November 1967. 

2. Elverum, G. W. and Morey, T. F. , "Criteria for Optimum Mixture- 
Ratio Distribution Using Several Types of Impinging-Stream Injector 
Elements", JPL-CIT Memorandum 30-5, Feb. 25, 1959. 

3. Riebling, R. W., "Criteria for Optimum Propellant Mixing in Impinging- 
Jet Injection Elements", J. Spacecraft and Rockets, 4, No. 6, 817, 
June 1967. 

4. Hill, P. R., "A Method of Computing the Transient Temperature of Thick 
Walls from Arbitrary Variation of Adiabatic-Wall Temperature and Heat- 
Transfer Coefficient", NACA Report 1372. 

5. Summers, W. and McMullen, E. T., "Combustion of i^H^N^O 4 Propellant 
System", AIAA Paper 66-662, AIAA Second Prop. Spec. ConF. June 1966. 

6. Sawyer, R. F. , "Mass Spectroscopic Observation of Ignition Phenomena in 
a Small Rocket Combustion Chamber", WSCI -67-39. 

7. Sawyer, R. R., McMullen, E. T. and Purgalis, P. "The Reaction of 
Hydrazine and Chlorine Pentafluoride in a Laboratory Rocket Combustor", 
AIAA Paper No. 68-92, AIAA 6th Aerospace Sciences Meeting, N. Y., 
Jan. 1968. 

8. Rocketdyne Report AFRPL-TR-65-70, "Final Report, Development of a 
System for the Identification of Rocket Exhaust Products", April 1965. 

9. Shapiro, A. H., The Dynamics and Thermodynamics of Compressible 
Fluid Flow , The Ronald Press, New York, 1953, Vols. I fc II. 

10. Brokaw, Richard S., "Alignment Charts for Transport Properties- 
Viscosity, Thermal Conductivity, and Diffusion Coefficients for Nonpolar 
Gases and Gas Mixtures at Low Density". NASA Technical Report TR R-81, 
1961. 

11. Svehla, Roger A., "Estimated Viscosities and Thermal Conductivities of 
Gases at High Temperature", NASA Technical Report TR R-132, 1962. 

- 75 - 



AFRPL-TR-68- 120 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Eckert, E. R. G. and Drake, Robert M. Jr., Heat and Mass 
Transfer , New York: McGraw Hill Book Company, Inc. 1959. 

McAdams, W.H. , Heat Transmission. McGraw-Hill Book Co. 
New York, 1954. 

Westenberg, A. A., and S. Favin, "Complex Chemical Kinetics in 
upersonic Nozzle Flow", Ninth Symposium (International) on 

Combustion, 1962. 

Wegener, P. P. , "Experiments on the Departure From Chemical 
Equilibrium in a Supersonic Flow", ARS J. , April I960 p. 322. 
Supersonic Nozzle Flow with a Reacting Gas Mixture", The Physics 

of Fluids 2, No. 3, May-June 1959, p. 264. 

Penner, S. S. , Chemistry Problems in Jet Propulsion. Pergamon 
Press, 1957. ----6 

Penner, S. S. , "Near-Equilibrium Criteria for Complex Chemical 
Reactions during Flow Through a Nozzle", J. of Chemical Physics 
17, 841, 1949. 1 

Bray, K. N. C. J. FI. Mech. 6^ part 1, July 1959, 1-32. 

Penner, S. S. , J. Porter and R. Kushida, "Rate and Radiative 
Processes During Flow in De Laval Nozzles", Ninth Symposium 
(International) on Combustion, 1962. 

Owen, P. L. and C. K. Thornhill, "The ï iow in an Axially Symmetri 
upersonic Jet From a Nearly Sonic Orifice into a Vacuum", Arm, R 

Est. Report No. 30/48. 

Ashkenas, H. and F. Sherman, "Supersonic Free Jets - Structure ar 
Utilization , in Rarefied Gas Dynamics. Fourth Symposium 
Supplement 3, Vol II, Academic Press, 1966. 

Adamson T. C. and J. A. Nicholls, "On the Structure of Jets From 

Highly Underexpanded Nozzles Into Still Air", J. of the Aeronautical 
Sciences, January 1959, 16. 



AFRPL-TR-68- 120 

23. Miller, D. , "Rotational Relaxation of a Diatomic Molecule", 
Princeton University Ph. D Thesis, January 1966. 

24. Love, E. S., C. E. Grigsby, Louise P. Lee, and Mildred J. 
Woodling, "Experimental and Theoretical Studies of Axisymmetric 
Free Jets", NASA TR R-6, 1959. 

Hamel, B. B. and D. R. Willis, "Kinetic Theory of Source Flow 
Expansion with Application to the Free Jet", Phys. of Fluids, 9, 
No. 5, May 1966, 829. 

26. Anderson, J. B., R. P. Andres, J. B. Fenn, and G. Maise, 
"Studies of Low Density Supersonic Jets" in Rarefied Gas Dynamics , 
Supplements, Vol II, Academic Press, 1966. 



I » 

flfc 

I 

' MI'I " !¡ II . mm 

UNCLASSIFIED 

DOCUMENT CONTROL DATA RAD 
clwlllCMlHm »I till», Mr «I •»•irrnrl nnd lnd.,h,j mu.l be w.l.» ./ »<»«•» !>■« report I. <•)... 

” OHIOINÄTtN« Ae Tl VI TV (Corporal* •ulhor) 

Thiokol Chemical Corporation 
Reaction Motors Division 

ï». HCPOHT »tCUKITr CL*»»ITICATION 

Unclassified 
i6. anou* 

*• 6«60«T TITt« 

Combustion Species Sampling 
Final Report 

4. Ot«CHIPTl VC NOT«» fTyp* of r»»»orl and Indu»/»» 

Final Report - 1 August 1967 - 1 May 1968 
». au THO n it i (Plrtl rwmo, mlddlo Initial, latl nom») 

Jack Kahrs 

• PCPORT DA TC 

June 1968 
I*. CONTNACT ON OP AN T NO 

F04611-68-C-0007 
». nnojccT no. 

Program Element No. 6. 54.02. 15.4 

d. 

7«. TOTAL NO. OP PAS«» 

77 
76. NO. OP n«P* 

26 
•a. omaiNATON-a ncponr NiiMscni») 

RMD 5530-F 

•6. OTM*n ntPOPT NO!»» (Any olhat 
thla raport) 

AFRPL-TR-68-120 

nuoi6or* dial may ba ai aliñad 

16. DKTniBUTION »TATCMCNT 

Qualified requesters may obtain copies of this report from DDC 

II. SUPPLKMCNTAnv NOT«« It. »PONaoniNS MILITAnV ACTIVITY 

Rocket Propulsion Laboratory 
Edwards Air Force Base 

i» Ao.TPACT A combustion chamber for propellant studies was developed and molecular 
beam gas sampling systems were analyzed in this program. A unique laboratory com - 
bustor design provides sampling from any part of the chamber by axial movement of 
gas extraction port while the engine operates at pressures up to 500 psia. Variable 
chamber volume is also possible during operation. Sealing of moving pistons is ac¬ 
complished by metal piston rings and elastomeric o-rings. Hot firings of the com¬ 
bustor with chlorine pentafluoride and hydrazine were made to demonstrate the opera 
tion of all components. The most severe test was of sixty seconds duration at chamb ïr 
pressure of 455 psia with adiabatic flame temperature in excess of 4000°K. Effec¬ 
tive hardware cooling movement of the sampling station during firing and good com¬ 
bustion performance were successfully demonstrated. In another part of the progran 
an existing gas sampling probe was examined to determine its effectiveness in trans¬ 
ferring combustion species to a mass spectrometer. A capillary quenching channel 
in the sampling probe cools combustion gases from 4000^ tp 1200 K but allows all 
dissociated species (in the case of hydrazine/chlorine pentafluoride) to recombine. 
At the exit of this channel, an unconfined free jet forms a typical underexpanded ex¬ 
haust plume and the combustion sample undergoes several successive cycles of ex¬ 
pansion cooling, shock reheating and dilution by background gases. Skimmer loca¬ 
tions and chamber pressures were examined for suitable molecular beam formation. 

Recommendations are given for the design of more effective sampling probes. "N 

DD ,'“±.1473 UNCLASSIFIED 
Security Ctaaalficatton 



UNCLASSIFIED 
-cufHyTüir.TTiciUon 

wmwmÊÊmmwÊHÊÊam rvmHmmmmmmmmmmm 

Combustion Species Sampling 

Sampling Probe 

Gas Analysis 

Laboratory Combustor 

Free Jet Expansion 

Rarefied Gases 

Molecular Beams 

Mass Spectrometer 

LINK 

«OLE 

I INK n 

role 

I INN 

W O L I 

? 

I i 

r 

? 

5 

UNCLASSIFIED 
Security Cla»ilflc«tion 


