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ABSTRACT

The evaluation of a mass spectrometer probe in a highly expanded
exhaust plume of a small rocket is described in this report. This
probe, which utilizes a quadrupole mass spectrometer, is used for
species identification and concentration measurements and for velocity
distribution measurements. The probe maintains a compatible pres-
sure environment for the spectrometer during rocket firings and
generates a molecular beam which is representative of the plume gas
dynamic state at a given sampling point. The modulated beam technique
for both density and velocity distribution measurements is described.
The important criteria for the design of the more important features
are discussed. Sample data from calibration sources and the thruster
are presented along with analysis of the data as it relates to parameter
spatial dependence and kinetic temperatures calculated from the velocity
distributions. Some observations concerning the thruster chemical and
gas dynamic properties are presented and compared with certain theo-
retical properties. This comparison is useful in evaluating the per-
formance of the probe. The problem areas in both the probe and
instrumentation performance are discussed with suggestions for
improvements in the system.
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SECTION |
INTRODUCTION

There is a current need for certain gas dynamic measurements in
highly expanded rocket exhausts. These measurements relate to such
studies as plume chemical and gas dynamic characteristics, plume
effects on surfaces and bodies, plume-to-plume and plume-to-free-
stream interactions, plume radiation effects, and others. The identifi-
cation of molecular species in the exhaust plume, concentrations and/or
relative densities, velocity distribution functions, and gas properties
derived from the various momentis of the distribution function are useful
for evaluating these plume effects. The spatial dependence of these
parameters is also of particular interest. A mass spectrometer probe
that provides a means of determining the chemical and gas dynamic
state of a rocket exhaust has been the object of considerable develop-
mental effort. This report is intended to describe the technique and
the evaluation of the probe performance.

The probe evaluation was conducted in the Aerospace Research
Chamber (10V) of the Aerospace Division of the von Kdrman Gas
Dynamics Facility (VKF). The test simulated orbital or near-orbital
conditions and was conducted with a small, scaled thruster. In addi-
tion to the probe evaluation, some rather significant results were ob-
tained for the rocket performance. The rocket combustion character-
istics as determined by the mass spectrum and as a function of
oxidizer/fuel (OfF) ratios, as well as the translational kinetic tem-
peratures and speed ratios obtained from appropriate moments of the
measured velocity distribution functions, are of particular interest.

SECTION 11
DESCRIPTION OF THE TECHNIQUE

2.1 BASIC PROBE CONFIGURATION

Because of the many species involved, a mass spectrometer is the
heart of the system to be described. Conventional mass discrimination
is used in measurements of gas species concentrations and velocity
distributions. Quadrupole mass spectrometers, because of their size,
shape, and weight are well suited to these applications. The mass
range of interest is from 1 to 47 atomic mass units (amu). This mass
range accounts for 9¢ percent of all gas species studied in this evalua-
tion.
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Because of the relatively high gas densities in the plume, a sampling
orifice probe is required for the mass spectrometer. The principal re-
quirement is that a low gas pressure (< 10”2 torr) be assured that is
compatible with linear operation of the quadrupole. This was done by
pumping on the probe directly with sufficient speed to handle the gas
load from the plume and the chamber background. One such design is
shown in Fig. 1, Appendix I. This design has been guided by the need
to keep the pressure as low as possible inside the probe and minimize
molecular scattering effects inside and outside the probe. For the
sample seen by the spectrometer to be representative of the plume at the
skimmer entrance, the molecular beam must be undisturbed by surface
or surface-induced scattering, Consequently, cryogenic pumping is a
requirement as shown in Fig. 1. It has been shown (Ref. 1) that back-
ground scattering inside the probe is negligible if the probe pressure is
maintained in or below the low 10™ ' torr range. The probe thus is a
molecular beam generator, designed so that the beam is representative
of the exhaust plume chemical and gas dynamic state. This assumes
that the flow is frozen at, or before, the skimmer aperture. The probe
is applicable in the rarefied portions of the plume where skimmer effects
may be neglected., The influence of the skimmer upon the plume flow
field and the gas sample of the probe is minimized by partial pumping
using liquid nitrogen (LNg) on the external surfaces. External probe
and chamber wall effects (chamber background) are treated extensively
elsewhere (Refs. 1 and 2).

2.2 GAS SPECIES CONCENTRATION MEASUREMENTS

In addition to the beam scattering effect discussed above, the back-
ground gas can affect the spectrometer output signal when read directly.
This is particularly true when the probe pressure becomes too high
(>10-7 torr). The signal output is comprised of the background and
beam gas components taken collectively. A true indication of the con-
centration of any given gas species at the sampling point can only be
obtained if the probe background component is insignificant compared
to or separated from the beam component, The latter may be accom-
plished by an A-C detection system. The beam is modulated with a
mechanical chopper and read out with a lock-in amplifier referenced to
the chopper rotational speed. The only portion of the gas stream that is
detected is the portion which traverses along the probe centerline through
the chopper wheel and into the spectrometer. The lock-in amplifier is
only sensitive to A-C components of the proper frequency and phase. To
account for any significant velocity difference existing between species
of different mass, the beam flight distance should be as short as
possible for essentially zero phase shift between chopping and detection.
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With these provisions, the probe configuration is schematically shown
in Fig. 2, The chopper wheel for this application should have
50-percent transmission as shown. Amplifier synchronization (refer-
ence) in the present configuration is by means of an electric lamp and
photocell located directly opposite each other and 180 deg removed
from the point of intersection of the beam and the chopper.

Typical exhaust gases of common fuels such as unsymmetrical
dimethylhydrazine (UDMH)/N9O4 or MMH /N3Oy are water (Hg0),
nitrogen (Ng), carbon monoxide (CO), hydrogen (H2), and carbon
dioxide (COg). Therefore, at least five major gas species from 2 to
44 amu must be sampled. Considerable sampling time may be saved
if provision is made for scanning the selected gases rather than the
entire mass spectrum. Figure 3 is the block diagram of a typical
quadrupole mass spectrometer (M/S), Normal mass selection is pro-
vided by the ramp generator. Selective mass sampling is provided by
substituting a stairstep control input, with each plateau corresponding
to an assigned mass number,

Figure 4 is a block diagram of a mass switching system. Basically,
the system consists of multivibrator circuits which select a given poten-
tiometer and a given input tc an OR logic circuit. All inputs are -10v
unless selected. The selected input is gated "on' because it is more
positive than any other, The selected mass number is a function of the
respective potentiometer setting. Provisions are made for a manual
start or synchronization with external devices; stepping at a manual
rate, internal selectable rate, or from a synchronized external source;
and manual or automatic mass selection for setup or run conditions.
During rocket firings, control and switching circuits cycle a given
stepping sequence to correspond to the mass spectrum of interest. If
the A-C detection scheme is used, this stepping rate must be compatible
with the chopping speed and the filter time constant of the lock-in am-
plifier. For fast transient measurements, a 24, 000-rpm motor and
chopper with many peripheral blades would be required. TFilter time
constants down to 1 msec are typical of lock-in amplifiers. Fig. 5
shows the relationship between the spectrometer output and the mass
switching control function.

2.3 VELOCITY DISTRIBUTION MEASUREMENTS

The basic probe configuration may be used to make velocity distri-
bution measurements, Earlier discussions described how the probe
was used to make steady-state measurements. The system for study-
ing velocity distributions of the plume expansion is contrasted by its
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transient measurements. It utilizes the time-of-flight technique and,
again, is an adaptation of molecular beam techniques where the probe
serves the purpose of molecular beam generator (Refs. 3 through 6).
Figure 6 shows the probe configuration for velocity distribution mea-
surements. The principle of operation is as follows. The beam passes
through the slits of the chopper wheel giving an approximate impulse
function of molecules. As time elapses, these molecules spread
according to their respective velocities. Their arrival time at the
detector ion source is inversely related to the velocity. Thus, the
spectrometer output is a time-dependent function of the local density
in the ion source.

The chopper wheel dimensions and number and width of slots de-
pend on the relative flight time, beam diameter, dimensions of ioniza-
tion region, and desired data acquisition time, The basic criterion is
that the chopper aperture time is short compared to the molecular
flight time. The chopper is driven by a small, two-phase, 400-Hz,
115-v, 24, 000-rpm motor with a vacuum rating. A tunable oscillator
was used for chopper speed control. A light and sensor were mounted
directly opposite the beam and served as a timing reference and also
for synchronization of the Waveform Eductor ®,

The output of the ion source depends upon the density of all the
background gas as well as the test gas. However, with a mass spec-
trometer tuned for the transmission of only the test gas, the major
constituents of the ion source output are essentially rejected. The
background ''test” gas appears as random noise at the detector output
since it has no coherent components with the frequency of the chopper
wheel. These random components are removed by the eductor after
preamplification, but those signals coherent with chopper rotation are
retained. This includes the time-of-flight distribution as well as the
stray signals from the motor drive circuits or induced by vibration.

To establish a precise reference for time zero, the system must not
be sensitive to chopper rotational direction; that is, adequate alignment
requires that the beam aperture and light aperture to the synchronizing
sensor be fully open at the same time.

Figure 7 is a basic block diagram of the eductor. The signal con-
sisting of the distribution function plus the noise of the background gas
may be amplified further at the eductor input. This composite signal
is fed through one of several resistors onto a signal bus common to a
bank of 100 memory capacitors. These capacitors are each connected
to the signal bus through an insulated-gate field effect transistor. A
precisely timed internal clock oscillator, which is externally started
by the chopper synchronizing pulse, advances a ring counter which con-
trols the memory gates. These gates close and open consecutively and



AEDGC-TR-71-135

each of the memory capacitors in turn is tied to the signal bus. Since
the sweeps are synchronized with the chopper rotation and the flight
time of the gated molecular beam, the distribution is gradually stored
in the memory. The same portion of the distribution function is applied
to any given capacitor on successive sweeps. Because the signal is
being integrated as a result of the selected time constant, the noise is
suppressed. The capacitors are also connected to a high input impedance
amplifier for isolation from the output terminations. Provision is made
for "erasing' the memory and for ''delayed" nondestructive readout of
the memory at speeds completely independent of those used to store the
waveform. Three output devices are used: (1) oscilloscope to observe
status of data acquisition, {2) X-¥ recorder for permanent record, and
(3) data logger for entry into computer for data reduction purposes.

The time-of-flight mode has the greatest influence upon the physical
configuration of the probe assembly. In particular, (1) the length of the
probe is large to accommodate the required flight distance of the
velocity mode, (2) the liquid-helium (LHe) reservoir must be ahead of
the chopper wheel to avoid background gas scattering back into the
molecular beam, and (3) the quadrupole head must be offset 90 deg so
that the ion source will be in a fly-through configuration to ensure in-
stantaneous density measurements. Item 2 above is significant since
the chopper wheel is closed 98 percent of the time. As a result, cryo-
genic pumping is required in the probe for all plume constituents to
maintain the pressure below 10-7 torr, thus eliminating "high" pres-
sures between skimmer and chopper wheel. Item 3 also assures less
contamination from reactive plume constituents and localized '"high"
pressures in the quadrupole tube.

24 TEST CHAMBER

An aspect that should not be overlooked in the discussion of the
technique is the relationship of the test chamber performance to the
probe performance. An obvious requirement is that the altitude simu-
lation must be equivalent to orbital or near-crbital conditions (10-4 torr
or less). If the chamber background pressure is not sufficiently low,
the probe cryogenic pumps are subject to overload and a corresponding
reduction in pumping speed. This in turn can introduce beam scatter-
ing problems and result in deterioration of the probe performance —
ultimately affecting the quality of the data.

A chamber to meet this criterion requires eryogenic pumping of the
exhaust products and also must maintain high vacuum conditions between
firings. Such a chamber is described in later sections of this report.

»
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Alternate chamber configurations could provide for pulse-mode firings
and/or design of a rapid valving arrangement in the skimmer of the
probe. Improvements in the technique to accommodate other chamber
configurations are also discussed in later sections of the report.

SECTION 11l
DETAILED DESIGN AND OPERATIONAL FEATURES OF THE PROBE

The preceding section described the basic techniques used to make
plume species density and velocity measurements. It is the purpose of
this section to describe the physical features of the probe and to present
some of the practical aspects of the measurements. Such things as
sample pumping, beam chopping, probe mode changes, special mass
spectrometer features, and probe alignment are particularly important.

3.1 BASIC PROBE ASSEMBLY

A probe assembly similar to Fig. 1 provides both internal and
external surface pumping; LHe and LNg are required for this purpose.
The LNg external surface pumping is used to minimize molecular back-
scatter and plume interference for about 50 percent of the gas com-
ponents (H2O and COp2, among others). The reservoir for this function
serves also as a radiation shield for the internal LHe pump. The LNg
surfaces also provide additional pumping in the rear section of the probe.
The LHe is required for Hg, Ng, CO, and nitrogen oxide (NO), among
others, and the LHe reservoir is located between the skimmer and
chopper wheel. All these features are shown in Fig. 8. Diffusion pump-
ing was also felt necessary to pump residual H2 and possible N9 and He
leakage that might originate from the probe or test chamber. A transi-
tion elbow is required for vertical mounting of the probe.

As indicated earlier, two different flight distances are required for
velocity and density modes. The dimension of the flight distance and
the chopper wheel for the velocity mode determine the basic dimension
of the probe. The port (Fig. 6) closest to the skimmer is used for the
chopper assembly in the velocity mode. In this configuration the rear
port contains an ion gage for monitoring the probe internal pressure.
An essential function of this ion gage is to provide a pressure interlock
for the mass spectrometer head in case the probe pressure becomes too
high. The two flange assemblies are interchanged at these ports with a
velocity-density mode transition.
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The LLHe reservoir must be located between the skimmer and the
chopper wheel in the velocity distribution mode. The chopper is closed
for approximately 98 percent of the time so that with the LHe located
elsewhere, the gas molecules reflected by the chopper become poten-
tial scattering elements for the incoming beam. This is not as much a
problem for the density mode because of the different chopper design
and location.

Since the probe walls are at LNg temperatures, care must be taken
to ensure that the skimmer tip does not get too cold. The skimmer
orifice was 0. 040 in. in diameter and could conceivably become "plugged
if cooled to 77°K. Therefore the skimmer was shim stock which was
fashioned into a cone and secured to a plexiglass truncated cone., This
assembly in turn was threaded for mounting on the front of the probe.

1"

3.2 CHOPPER ASSEMBLY

The important features of the chopper wheel are dictated for the
most part by the velocity measurements. Aperture times for the cur-
rent probe configuration are less than 15 usec. The basic criterion is
that the aperture time should be much less than the beam flight time
after chopping. These considerations and others are thoroughly covered
in the literature {Refs. 3 through 6). There are practical considera-
tions which limit the length of the flight distance; the aperture time
must be determined by beam cross section, chopper diameter, and
rotational speed. Other considerations include the number of slots,
desired data acquisition time, and signal-to-noise ratios. The follow-
ing chopper specifications were used in the current experiments.

1. diameter - 4 in.

. slots - 4

slit width - 0. 060 in.

rotational speed - to 450 rps, nominal 400 rps
material - stainless steel

thickness - 0,001 in.

oW

Items 5 and 6 are required because of the high rotational speed and
limitation on flange size. Because of the small mass involved, vibra-
tion (and associated synchronous noise problems) is eliminated even at
these high rotational speeds. Chopper insertion into the probe requires
only folding the wheel back to fit flange dimensions. As the chopper
rotates, centrifugai force straightens the wheel with minimum rubbing
of nearby motor assembly components.
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For the modulated beam density measurements, many of the same
features are applicable. The significant difference is that 50-percent
transmission is required. For lock-in amplifier considerations of
response time, a high chopping rate is useful. The following specifi-
cations apply:

material - 0. 001-in. -thick shim stock
circular openings - 12

rotational speed - to 400 rps

diameter - 4. 25 in.

. apertures - 0.469 on 1.8125 radius

L b o DN =

The chopper assembly for this configuration is the rear flange to
minimize the flight distance (zero phase difference)} between chopper
and quadrupole ionizer. The probe assembly end views of Figs. 2 and 6
show these general features of the chopper wheels,

A photocell was used as a detector for synchronization of the lock-
in amplifiers and waveform eductor. Also, it is required to mark the
reference time zero for the velocity time-of-flight measurements. TFor
this purpose the timing pulse must have a rapid rise time with its peak
properly aligned with the beam shutter function. As a consequence of
the rise time, the photocell must be loaded heavily, resulting in a low
pulse height. A preamplifier is therefore required in the motor
assembly. Provision for temperature control of this amplifier and the
motor is required. The chopper assembly was in thermal contact with
LNg surfaces and required heaters and thermostats to ensure reliable
operation.

3.3 SPECTROMETER HEAD ASSEMBLY

Several aspects of the spectrometer tube are of particular concern
and require modification for this unusual configuration. The location
of the head and the plume environment requires special consideration
in the use of the spectrometer.

3.3.1 lon Source

Shown in Fig. 9 is a drawing of the particular ion source used.
Shown also is the relative orientation of the ion source with respect to
the beam. The fly-through orientation is required for velocity mea-
surements to remove any scattering surfaces from the beam cross
section. A collimator is generally used ahead of the source. Even
though scattering surfaces in the critical region of the source could be
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removed with the alternate axial orientation of the head, this configu-
ration was felt to be unadvisable because of the contaminating plume
constituents that would be directed into the electron multiplier and
quadrupole section of the head. Also, the right-angle orientation per-
mits easy alignment with the centerline. A remotely operated valve

on probe centerline permits unobstructed line of sight through the probe
into the throat of the rocket.

3.3.2 Instrumentation Electrical Cable Length

One consideration that must be given to the mass spectrometer is
its operation with extended line length, Standard cable lengths for most
applications are approximately 10 ft, considerably less than that re-
quired for plume chamber installations. Conventional installations
usually resolve H (1 amu) as the lowest detectable mass number. Be-
cause of the radio-frequency (RF) potentials required, extended cables
in current commercial designs shift the operating frequency to a lower
value until the lowest detectable mass number is considerably greater
than that of Hg (2 amu). For all fuels, hydrogen is one of the major
exhaust constituents and is therefore of considerable interest in plume
tests. Cable selection and cable routing must be chosen to minimize
the capacitance loading on the RF tank circuits.

3.3.3 Input Amplifier

Essential to the operation of the system is the use of some type of
buffer between the spectrometer multiplier output and the coaxial cable.
In the interest of sensitivity, the multiplier load impedence must be
large. However, this is not compatible with the capacitive loading as
a result of cable shielding and the required overall frequency response
of the system. In the present application a field effect input transistor-
ized operational amplifier circuit was used and is shown in Fig. 10.
The requirements of high amplifier input impedance for good signal
levels at the multiplier output and low source impedance for driving
coaxial lines are met with this device. This circuit is mounted directly
on the quadrupole tube inside the probe. Because of the potentially
cold environment, the amplifier must be warmed to maintain proper
operating temperature. This temperature is maintained by a room
temperature thermostat controlling an expended 40-w soldering iron
element running at 3 w.

Consideration must be given to the isclation of the high voltage
section of the multiplier /amplifier assembly to avoid serious arcing
problems. During cycling of the thermostat an outgassing load may
result from the heater system. The amplifier must be vacuum-isolated
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from the multiplier, and adequate conductance for outgassing (or a
good seal) must be provided.

3.4 PROBE ALIGNMENT

There are essentially two alignment problems that must be con-
sidered: alignment of (1) the probe beam with the exhaust plume stream-
lines and (2) the synchronizing pulse detectors with the probe beam. The
system discussed here includes features for alignment at the time of
installation.

3.4.1 Flow-Field Alignment

Provisions for probe alignment are required for (1) correction in
misalignment attributable to thermal and structural contraction after
chamber pumpdown and {2) flow-field alignment for off-axis sampling.
The complete sampling of the flow field for plume mapping purposes
requires a rather complex scanning mechanism. With a fixed nozzle
position, three linear independent scanning actuators would be required
for probe movement and two rotational actuators for flow-field align- .
ment. Since the purpose of this test was for instrument evaluation, a
much simpler approach was chosen for the installation. A fixed rocket
probe separation distance and angular rocket nozzle positioning was
used. The assumptions are that the expansion from the thruster
appears as a point source which does not change with angular rotation.
This point source was assumed to be at the center of the exit plane, and
the vertical coordinate of the nozzle exit was chosen as the axis of
engine rotation.

The centerline axis is established by the spectrometer ion source,
skimmer tip, and the rocket nozzle centerline. To assure the align-
ment of these items, a laser beam was projected through an opening in
the rear of the probe onto a target at the nozzle exit plane. A plexi-
glass skimmer was used to aid in alignment through the skimmer. The
final installation and adjustments, discussed in the next section, re-
quire compensation for probe and riozzle movement after pumpdown.
These are principally attributable to cryogenic thermal effects rather
than chamber loading under vacuum conditions.

3.4.2 Synchronizing Pulse Timing Alignment
Accurate velocity measurements require the synchronizing pulse to

occur at the exact instant of the slit opening. The synchronizing detector
sensitive area should be the same width as the effective beam diameter

10
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at the chopper location so the synchronizing pulse would be essentially
a duplication of the shutter function,

Adjustments in synchronizing alignment are made with the laser
arrangement desgcribed in the preceding discussion. Shown in Fig. 11
are the significant features of the alignment procedure. With a laser
beam projecting along the probe centerline, another photodetector is
located at the skimmer opening. The three possible conditions for the
occurrence of the two pulses are shown. Obviously condition "b" is
appropriate. This condition is obtained by lateral adjustments of the
motor assembly. Frequently the accuracies of the chopper fabrication
with regard to slit location required adjustment as shown in "e."
Typically, this amounts to a 3-psec error for rotational speeds of
400 rps.

Symmetry in the probe design was maintained as much as possible
to limit any movement of the motor assembly with respect to the spec-
trometer icnizer. In particular the flanges were made small and
diagonally opposite except for the velocity motor assembly flange.
Misalignment attributable to cryogenic contractions during cooldown
is thereby minimized.

3.5 CRITERIA FOR SELECTION OF PROBE PHYSICAL DIMENSIONS

Selection of dimensional features of the probe requires considera-
tion of several interrelated effects. The probe physical dimensions
necessarily must finally be selected on the basis of whether they are
practically feasible. The flight distance and beam cross section also
are not independent selections,

Effects that must be considered for flight distance selection are

1. practical physical length of probe as determined also by
a. skimmer
b. pump sizing and transition elbow (vertical
mounting)

2 anticipated plume gas velocities
3. allowable width of shutter function (Refs. 3 and 4)
4. dimension of ionization region

5. electronics response time (Ref, 3}

A general criterion is that the flight time must be long compared to
shutter function, ion source transmission time, and electronic response
time.

11
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Effects that must be considered for beam cross section selection
are

1. shutter function width

2. skimmer orifice size
a. probe gas load from chamber background
and thruster
b. anticipated pressure rise
c. detector sensitivity

3. entrance aperture to spectrometer ion source
4. flight distance
5. chopper-skimmer orifice separation

Because of the excellent pumping capabilities of the probe and rather
inflexible geometry of the ion source, item 1 is the most significant
consideration.

Probe diameter for a symmetrical design is determined principally
by the chopper wheel diameter. Twice the chopper diameter is a mini-
mum dimension without resorting to such features as canted wheels with
respect to probe centerline.

The skimmer length is determined principally by the probe diameter
as discussed above and gas dynamic consideration related to the proper
angle to ensure external attached oblique shocks and no internal shocks
in the skimmer. This relatively long dimension provides a rather large
internal volume for liquid helium storage, minimizing the number of re-
fills and associated losses.

SECTION IV
EXPERIMENTAL APPARATUS AND TYPICAL PROBE
AND SYSTEM PERFORMANCE

4.1 TEST FACILITY

The test was conducted in the Aerospace Research Chamber (10V)
of the Aerospace Division of the von Karman Gas Dynamics Facility
(VKF). A sketch of the chamber is shown in Fig. 12. The stainless
steel chamber is 20 ft long and 10 ft in diameter. The cryopumping
surfaces designed for removing exhaust products from rocket engines
were arranged to optimize the heat load distribution such that it would
be compatible with the capacity of the refrigeration systems. Since the

12
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operation of the probe is intended for far-field applications, its per-
formance can be influenced by the chamber performance. The particular
configuration of the chamber cryosurfaces is compatible by minimizing
backscatter from the walls and maintaining a low (<10~4) background.

The sketch of Fig. 13 shows the arrangement of the cryosurfaces
to pump the high enthalpy exhaust gas products. The gas leaving the
engine passes through the radially arranged GHe surfaces and impinges
on the annular LNg cryosurface where most of its total energy is re-
moved. The cooled gas is then either cryopumped by the LN9 surface
or reflected onto the GHe cryosurface where it is condensed. There is
a total GHe refrigeration capacity of 8 kw. Since H2 has a high vapor
pressure (10™4 torr) on 15°K GHe surfaces, LHe (4, 2°K) was used to
remove the Hp. The Hg exhaust gas moves axially down the chamber,
impinges on the LN9 cryosurfaces where energy is removed, and then
is cryopumped on the LHe cryosurfaces. The LHe required for pump-
ing Ho was transferred from a 500-liter dewar located at the side of the
chamber,

4.2 TEST INSTALLATION

The test installation included provision for a source of known flow
conditions in addition to the rocket, The known source was a heated
sonic orifice and the rocket was a 1-1b MMH/N9Oy thruster. The
heated orifice proved invaluable for checkout purposes and to verify the
system performance, particularly in the velocity mode.

The probe installation is shown in Fig. 14. The particular con-
figuration shown is for alignment purposes. A vacuum-rated valve at
the rear of the probe is opened for projecting a laser beam along the
probe centerline. A plexiglass skimmer is used to aid in alignment.
The laser is then projected to the source by alignment of the source
and/or the probe. The several chamber cryogenic pumping systems
described above may also be seen.

The installation for the sonic orifice is shown in Fig, 15, The
orifice was a 0. 040-in. -diam hole in a thin-wall tungsten tube. This
tube also served as a heating element, and source temperatures in
excess of 2000°K could readily be obtained. The source was mounted
on a scanner so that in later stages of the test program the sources
could be interchanged. The scanner positioning also could provide for
variable axial source-skimmer separation distances.

13
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The installation for the thruster is shown in Fig, 16, A linear
actuator (not shown) was provided to rotate the thruster about the exit
plane of the nozzle. Rotation from 0 to 27.5 deg was possible for study-
ing spatial effects of the exhaust plume. The separation distance for
the investigation was fixed at 35 nozzle exit diameters.

4.3 ROCKET ENGINE

The 1-1b scaled thruster used in the test was supplied by McDonnell
Douglas. The bipropellant MMH /N9Oy4 thruster was designed for both
steady and pulsing operation. The performance of the engine was inves-
tigated by Marquardt Corporation personnel who found that the smaller
thrust level resulted in lower combustion efficiency and pulsing per-
formance. During the firing, the propellant valves and injectors were
held at 60°F with cooling water.

The thruster design parameters and performance are shown below.

Thrust 1.01b
Fuel MMH
Oxidizer NoO4
Chamber Pressure 90 psi
Mixture Ratio 1.65 % 0.15
Nozzle Expansion Ratio 40:1
Nozzle Geometry Contoured
Chamber Temperature 4000°F
Throat Diameter 0. 090 in.
Nozzle Exit Diameter 0. 369 in.
Combustion Efficiency 0.830

The low combustion efficiency is substantiated by measurements dis-
cussed in a later section of the report. The actual measured contour
of the nozzle is shown in Fig. 17 and Table I (Appendix III). Shown in
Fig. 18 is the assembled 1-1b thruster. It consists of a single-doublet
water-cooled injector head, high response solenoid valves, and two
S5-micron nominal filters upstream of each valve. The nozzle and com-
bustion chamber are an integral part, machined from molybdenum,

The 1-1b thruster propellant system consists mainly of three parts:
the engine nitrogen purge, high-point bleeds, and propellant supply sys-
tem. Each propellant tank has a capacity of 2 liters and was pres-
surized- with dry nitrogen. The arrangement used made it possible to
run cold gases for system checkout purposes, thus avoiding the neces-
sity of running the engine unnecessarily,

14
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4.4 TECHNIQUE AND SYSTEM PERFORMANCE EVALUATION USING A SONIC
ORIFICE SOURCE

The modulated beam technique discussed earlier in the report and
used in this probe is an accepted instrumentation technique in molecular
beam systems. For compatibility with rocket plume testing the usual
features must be modified. Significant among these is response time
which in general must be fast enough to limit the engine firing time or
for pulse mode testing. This response time criterion applies for both
the density and velocity modes and is discussed below.

4.4.1 Exhaust Species Relative Density Measurements

The modulated beam technique and its performance has been de-
scribed elsewhere (Ref. 7). However, the current application requires
a chopping rate generally greater than other beam applications; this
may be seen from the following discussion. If a mass scan from Hg(2)
through NOg2 (48) is required every second, this would give approxi-
mately a 0.02-secfamu sweep rate. Assuming for the sake of discus-
sion that the individual species come through as symmetrical triangles,
it would require a filter time constant of no more than 0. 1 msec for the
lock-in amplifier to follow the input to within 1 percent. This is for a
6-db/octave rolloff and an equivalent bandwidth of 1600 Hz (3 db). Very
little noise reduction would result with such a small time constant. Also,
a rather high chopping rate would be required for adequate filtering of
the synchronous frequency. Thus, little would be gained by using the
lock-in amplifier. Generally, a 1-msec time constant is the minimum
selection available anyway.

The alternate consideration involves the application of mass switch-
ing the spectrometer. There are seven major mass peaks of interest.
I1f these are to be collectively sampled at 1-sec intervals, and allowing
4.6 time constants so that 99 percent of final value may be reached after
switching, a 30-msec time constant results. This technique is shown in
Fig. 5. This time constant gives a filter bandwidth of approximately
5 Hz and a synchronous reduction factor of at least 40 db if a chopping
frequency greater than 500 Hz is used.

A 12-aperture chopper is currently used with a 400-rps motor, re-
sulting in a maximum chopping speed of 4800 Hz. A 40-db synchronous
reduction factor requires a time constant of 6,5 msec such that
30 msec/specie mass stepping rate is feasible and yvields a spectrum
sampling interval of approximatelv 0.2 sec, These criteria are of
course not considering the noise/signal component which is determined
by the probe background pressure.
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The effect of background noise and the characteristics of the de-
tector system when using discrete specie sampling may be seen in
Fig. 19. The experiment involved a three-component mixture of
typical species expanding from a sonic orifice. These measurements
were made in a calibration chamber and involved only the instrumenta-
tion devices without the probe assembly. The background pressures
were in the low 1078 torr range with the larger percentage being Hsy.
These were centerline measurements such that no H2 was observed
because of mass separation effects; Ho was observed in off-axis mea-
surements. The effect of filter time constant is obvious when con-
sidering both rise time and noise. It should be indicated, however,
that the use of beam modulation is necessary only for situations where
the background gases are significant. In this respect, the plume cham-
ber environment and pumping capacity are closely related to the instru-
mentation technique used. It will be shown later that the probe used in
these experiments was able to maintain a low enough background pres-
sure for direct reading without beam modulation.

4.42 Velocity Distribution Measurements

The calibration system used in the experiments described above
was also used to verify the performance of the technique for velocity
measurements., Figure 20 is a typical oscilloscope waveform obtained.
The first trace shows the output of the waveform eductor; the second,
the spectrometer input before signal averaging. The need for waveform
enhancement is obvious., The individual time segments represented by
the charge on the 100 storage capacitors may be observed as a ''stair-
case'' at the eductor output. Most of the experiments were run in the
range from 1 to 4 x 107 torr. The experiments involved in this evalua-
tion were from a source at sufficient low pressure to ensure a Max-
wellian distribution. By curve fitting the experimental data to a
Maxwell-Boltzmann distribution, the temperature could be readily
calculated. Figure 21 shows distributions obtained for a heated source
for two different temperatures. A comparison with known theoretical
Maxwellian can also be made., Reference time zero for the experi-
mental results is indicated as t3, whereas tg is the reference time zero
for the Maxwellian distribution. The interval between t, and t4 is the
quadrupole flight time and is the time required between molecular ioniza-
tion and detection, most of which is the drift time down the quadrupole
section of the spectrometer (Ref. 3).

4.5 TECHNIQUE AND SYSTEM PERFORMANCE EVALUATION USING THRUSTER

The probe evaluation using the thruster was undertaken after having
determined the basic performance using the sonic orifice., Of particular
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interest was the determination of the performance of the pumping sys-
tem and the adequacy and reliability of the data obtained. No attempt
to analyze the data will be made here.

4.5.1 Probe Pressure Performance

It was indicated earlier in the report that the probe internal pres-
sure ig important to the extent that it can influence the data by con-
tributing to the spectrometer background noise and to beam scattering
effects. Shown in Fig. 22 is the pressure performance of the probe for
a typical rocket firing. These data were taken after filling the probe
LHe reservoir before engine firing. These data were taken with the
probe in the velocity mode. No significant difference was observed for
the densgity configuration, The probe pressure consistently remained
on low 10-8 torr range during engine firing; a transition into the
10-7 torr region could reliably be interpreted as something wrong.
Prime candidates were warming of the LHe reservoir or excessively
high chamber pressure.

Shown in Fig. 23 is the Chamber 10V performance during thruster
firing. Extended firings of 1 min or more usually resulted in higher
pressures by approximately an order of magnitude. This response re-
quired the chamber LHe reservoir to be full and flowing LHe before
engine firing. Indeed the success of the probe was due in part to the
chamber maintaining such a hard vacuum during engine firings. If for
some reason, malfunctional or operational, the chamber pressure went
beyond 1 u, it was generally immediately observable in the probe per-
formance.

With the probe pressure in the 1078 torr range, data acquisition
was considerably simplified for both density and velocity measurements.
These effects are discussed in later sections of the report.

4.5.2 Species Identification and Density Measurements

The typical results of a species identification experiment may be
seen in Fig. 24. These results were obtained without beam modulation.
The major plume constituents are clearly observable. Verification
that indeed the spectrometer output was the beam rather than background
gas and beam was made with sonic orifice checks having flow densities
comparable to those produced by the thruster. The relative comparison
of the output for beam off and on, as determined by the chopper wheel
position, indicated that the mass spectrometer output was essentially
zero when the beam was blocked. This was to be expected in view of
low probe background pressure as discussed earlier.
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The spectrum in Fig., 24 is from C (12) through NOg (46). The
species indicated are those which are not ambiguous. For comparison,
Table II shows the constituents for MMH/N9O4 with an O/F ratio of 1.6,
These results are theoretical and are for chemical equilibrium. As
shown later, however, the combustion processes for this system are

less than ideal, and these values should be taken with some reserva-
tions (Ref. 8).

4.5.3 Velocity Distribution Meaasurements

Shown in Fig. 25 is a typical time-of-flight measurement. This
distribution was obtained for the No/CO mass peak on the centerline of
the thruster and plume. Shown as an insert is the time-of-flight mea-
surement before signal averaging. Although the distribution is not
symmetrical, as a first approximation the most probable flight time
may be used to determine the mean velocity. It will be shown that this
can be used to relate velocity to the source temperature. The calcu-
lated mean velocity is approximately equivalent to a 2100°K source.
This is comparable to 2500°K calculated temperature for the combus-
tion process. Although not conclusive, this comparison lends some
confidence to the results. Another aspect of the distribution function
is its shape. The width of the distribution was considerably greater
than anticipated. Previous results using expansion of heated single
species or simple mixtures indicated speed ratios much greater than
experienced for the thruster. However, it can be shown that by virtue
of the peculiarities of the thruster and nozzle, the low speed ratios are
not unreasonable. Such considerations are discussed more thoroughly
in the next section.

SECTION V
RESULTS AND DISCUSSION
OF CHEMICAL AND GAS DYNAMIC MEASUREMENTS

A discussion of the chemical and gas dynamic properties of an ex-
pansion process as complicated as a rocket exhaust cannot be covered
completely here. The object of the test was to establish the feasibility
of instrumentation techniques. The chemical and gas dynamic proper-
ties to be discussed are merely byproducts of the test effort. However,
some observations concerning the chemical and gas dynamic properties
are presented for comparison to theoretical results., The departure of
these properties from the conventional concepts and analysis is dis-
cussed. Some of the experimental results are thought to be attributed
to the characteristics of the particular thruster used and may or may
not be typical of larger rockets of more conventional design.
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5.1 RELATIVE GAS DENSITY MEASUREMENTS

The time required for a complete and adequate calibration so that
absolute number densities could be obtained was not available for this
test. However, certain relative effects may be observed. The apparent
discrepancy between Table I and Fig. 24 may in part be attributable to
the sensitivity of the spectrometer to the various constituents, but it is
too significant to be explained completely in this way. The N2/CO peak
is the most significant mass peak. The most notable difference, how-
ever, is Og, NO, and NOg. This aspect substantiates the rather poor
efficiency and the incomplete combustion process mentioned earlier.
Related also to this is the rather low water peak. Interpretation of the
water peak is difficult since Hg was not among the sampled species.
Because of the long RF lines required, Hg could not be detected in this
installation. NMass separation effects may have contributed also to the
lack of hydrogen. The Hg0 could be low if the Hg peak is significant or
attributable to ilow spectrometer sensitivity in this mass range.

Mass numbers 12 through 17 require some interpretation because
of spectrometer cracking patterns. Multiple contributions to the output
gignal are a result of double ionization or dissociation of heavier species.
For example, mass 14 peak can come from (a) Nytt, (b) CO*Y, or
{(c) N9, NO, NOg2 dissociated species. The dissociation may thus be a
result of the spectrometer or the actual combustion process in the
thruster. Secondary peaks caused by spectrometer cracking patterns
may be as high as 10 to 12 percent of primary peak.

The mass range from 12 to 17 also has primary constituents as a
result of the combustion process. Significant among these are
methane and ammonia. The following list summarizes the possible
constituents of the 12 to 17 range,.

Mass Primary Double
No. Constituents Dissociation Jonization
12 C CO, COq ---

13 --- --- ---
14 N N9, NO, NOs N, CO
15 --- --- NO
16 CHy, O Oy, CO, COy O,
17 NH3, OH H»O ---

It appears obvious from this tabulation that little or no significance may
be attached to this mass range.
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One experiment involved making a series of relative density mea-
surements off centerline by rotating the thruster up to 27.5 deg. The
data are shown for the No/CO peak in Fig. 26, For comparison
purposes, the theoretical mass flow is also shown assuming free ex-
pansion without bounds. This comparison requires normalization to
centerline values. The experimental results indicates the deviation
begins at 22 deg. Other major species respond similarly. Another
effect is the appearance of species 26, 27, 29, and 39 at the larger
angles. This is also thought to be a boundary or wall effect. However,
it is interesting to note that reactive components NO9 and Og decreased
much faster as the plume became more rarefied — to the extent of being
nondetectable at large angles.

Of interest also is how the mass spectrum changes with O/F ratios.
Figure 27 shows the mass spectrum at shutdown for an O/F ratio of 1.9.
The most notable feature is the extreme NOs and NO peaks with respect
to Np and H30., The range from 40 to 46 is significantly different when
compared to a nominal 1.6 O/F ratio. Visual observations during this
and similar off-specification firings noted that a heavy green contamina-
tion was deposited on the external probe cryosurfaces. The particular
significance of these experiments is the potential of the sampling tech-
nique for optimizing thruster specifications.

5.2 VELOCITY DISTRIBUTION MEASUREMENTS

Numerous analyses of the data reduction of molecular time-of-flight
measurements have been reported (Refs. 5 and 8 to 13). Basically
these data reduction techniques assumed the form of the molecular
distribution function to be Maxwellian. (In addition to the Maxwellian
distribution function, Amend (Ref. 5) has also considered the ellipsoidal
and perturbed ellipsoidal distribution functions.) This functional form
was related to the measured signal S(t), which is proportional to the
number of molecules in the ionization region at an instant of time
(assuming ionization is infinitely fast). Then an appropriate fitting
(Ref. 13) was made between the measured signal, S(t), and its relation
to the assumed form of the distribution function in order to determine
the speed ratio and mean translational temperature.

The Maxwellian distribution function is actually valid only for a
monatomic gas in equilibrium or local translational equilibrium. It is
unlikely that the exhaust of a rocket engine with chemical reactions
taking place is in equilibrium. Also, even if chemical reactions in such
a flow have ceased, the assumption of a Maxwellian distribution function
cannot be valid since the flow is a mixture of gases of complex molecular
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structure. Furthermore, it has been shown by Hamel and Willis

(Ref. 14) and Edwards and Cheng (Ref. 13) that even a monatomic gas
does not have a Maxwellian distribution function in a highly expanded
flow, such as the far field of a plume. Therefore, with these uncer-
tainties in mind concerning the distribution function, it seems inappro-
priate to assign a functicnal form to the distribution since it is, in fact,
the purpose of the measurement and hence should be given full oppor-~
tunity to describe the gas properties.

5.2.1 Data Reduction of Time-of-Flight Measurements

A derivation of the relationship between the measured signal, S{t),
and the free-stream velocity distribution function, f(u), is given in
Appendix II. The results of this derivation are repeated here for con-
venience as

28D = [E/D (1)

where £ and t are the flight distance and time, respectively. Assuming
that the transverse and parallel velocity components are independent,
the mean free-stream velocity is

L] oy
f ul{v) du f & dt
(1) - 0 t

= ) (2)
[}fﬂu] au fS(t} dt
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and for the average of the square of the free-stream velocity
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The translational kinetic temperature, T, is defined by (Ref. 16)

K= 2V [wd? - e+ (wem ] (4)

Considering the transverse and parallel velocity components, the tem-
perature of Eq. (4) includes both T and T|. With certain assumptions
regarding the relaiive magnitude of Ty and T}, and since only the u com-
ponent of velocity has been measured, it is shown in Appendix II that

rr, =3[ (5)

21



AEDC-TR-71-136

From the definition of speed ratio one obtains

2 2| 0" _

_ -4
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ZRTI {%[ﬂ—(az % {3 (7)2 (6)

5.2.2 Results of Time-of-Flight Measurements

Measurements were made at x/dg = 35 of the A/A* = 40, contoured,
1-1b, MMH/N2Oy4 thruster. In addition to the MMH/N20O4 firings, cold
flow CO2 and N9g runs were made using the thruster, and an Ar run was
made using a sonic orifice. The measured signal S(t) versus time-of-
flight data are presented in part (a) of Figs. 28 through 30 for the cold
flow runs, and in part (a) of Figs. 31 through 34 for the N3 constituent
of the MMH /N304 firings. The resulting u component of the velocity
distribution function is presented in part (b) of each of the Figs. 28
through 34, The value of u at which f(u) attains its maximum value in
part (b) of Figs. 29 through 34 is the most probable velocity, Ump- The
mean velocity, U, and square root of the mean of the velocities squared

(root-mean-square velocity), \/ T{f, were determined by numerically
integrating the appropriate function of S(t) described in Eqs. (2) and (3).

From U and uZ other mean gas properties can be calculated as
illustrated in the previous section by the calculation of T” and S“ .

The results presented in Figs. 28 through 30 for the cold flow
gases illustrate that the speed ratio increases as the distribution func-
tion becomes more narrow. Of particular interest is that for COs
{Fig. 29) the velocity distribution is that which might be calculated for
a free-jet expansion from the nozzle, That is, for CO2, v = 1. 28, the
speed ratio at 35 nozzle diameters is comparable to the expected speed
ratio from an ideal MMH/N9oQO4 exhaust at the same location. An in-

crease in SiI is shown in Eq, (8) to be caused by the ratio, Eil(ﬁ)z, of

the moments u2 and (T)2 of the distribution function, decreasing to one,
For these highly expanded, cold flow, single specie measurements, the
total temperature can be approximated by using isentropic flow relations

and neglecting the static temperature since nearly all the energy has
been converted into organized motion. Therefore, for a perfect gas

@ =@ "
To ~ 2c, 2R (D

The quality of this approximation depends upon the equilibrium state of
the gas. Since nonequilibrium flow is a time-dependent process, one
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would have to know the history of the gas from the reservoir to the
point of measurement in the plume in order to calculate Ty accurately.
Therefore, calculated values of Ty are presented only for the cold flow
measurements by assuming v to be constant, which of course is not
strictly the case, particularly for the COg expansion. No calculations
of Ty are presented for measurements made in the rocket plume since
this thruster is considered to have a highly nonequilibrium flow (which
is common to small rocket engines).

Note the wide molecular velocity distributions of Ng in the
MMH/NgOy4 firings in Figs. 31 through 34. The unexpectedly wide
distribution produced large values of Ty. In view of the resulting low
speed ratios, the actual rocket contour was measured to £0. 001 in. and
a characteristics solution was obtained to determine if a compression
shock could be formed inside the nozzle causing the unusually large
values of static temperature. The solution was obtained with a perfect
gas approximation and ¥ = 1. 31, The resulting characteristic network
is shown in Fig. 35. Note in Fig. 35 that a compression shock is
formed in the nozzle and propagates downstream. This solution is
assumed to be representative of the actual flow from the rocket, and,
if indeed it is, the shock propagated downstream of the nozzle exit could
cause large values of T) and decrease speed ratio S. If a shock does
not exist in the flow, then it is suspected that considerable afterburning
may have taken place and thereby produced large static temperatures.

SECTION VI
SUMMARY AND CONCLUDING REMARKS

In the final evaluation tests, velocity and density distributions of
molecular species were made in a 1-1b rocket exhaust plume at near-
orbital altitudes. The following concluding observations may be made:

1. The probe pumping system is capable of maintaining
high vacuum conditions (108 torr) for mass spec-
trometer operation.

2, Good instrument response time and sensitivity can
be obtained.

3. The sensitivity was unaffected by considerable con-
tamination introduced from the engine — the sensi-
tivity was essentially stable during any series of runs.

4. Mass resolution was unaffected by the remote opera-
tion of the spectrometer head.
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5. Typical mass spectrums of rocket exhaust con-
stituents can be obtained and responded logically
for variations in engine O/F ratios.

8. Density measurements can be made with or with-
out beam signal modulation.

7. The measured most probable flight time agreed well
with theory and corresponded to a velocity of
2000 m/sec.

8. The static temperatures obtained from velocity
distribution were much greater than anticipated and
was partially caused by incomplete combustion and
nozzle shocks.

9. Data acquisition time for a single mass number
velocity distribution was less than 3 sec.

10. Variations in velocity distribution for different mass
species were small.

The most serious limitation of the system and data discussed here
is the lack of an adequate and reliable calibration. This limitation in
part has as its source the use of mass spectrometer and the quadrupole
in particular. In the current test, partial solution of the calibration
problems was undertaken by the use of known source conditions in a
sonic orifice expansion. This may be used as a standard for number
densities and sensitivity adjustments. However, overlapping peaks
{N5/CO in particular), no standard cracking pattern for quadrupole, and
calibrating sources for species as H9O and NOg still present no small
problem. Therefore, other techniques are required to complement the
measurements of the mass spectrometer probe discussed here.

With regard to the velocity measurements, the cold flow runs with
COg, N9, and Ar verified that the system could adequately measure
velocity distributions and deduce, from the measurements, static tem-
peratures as low at 1.9°K and speed ratios as high as 18. The mea-
sured velocity distribution of the rocket exhaust plume gas provided
speed ratios of approximately 3.0 and static temperatures of 600°K.
The low values of speed ratio and high values of static temperature
were not in agreement with predicted speed ratios and temperatures.
Analysis of the nozzle expansion indicated a developed bell compres -
sion shock which could alter the predicted expansion. For complete
evaluation of the velocity distribution of the exhaust plume, a more de-
tailed analysis of the shock system is required. Also, evaluations with
thrusters of improved performance could be used to further establish
the validity of the system.
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APPENDIX 11
DEVELOPMENT OF EQUATION FOR ANALYSIS OF TIME-OF-FLIGHT
MEASUREMENTS

In order to relate the measured signal, S{t), to the free-stream
velocity distribution function f(u), consider the following argument:
the total number of molecules with velocities between C and C + dC
which pass the chopper wheel in Fig. 6 during the period of time At
that the slit in the chopper wheel permits the molecules to pass is, by
definition of the distribution function f (¢) (Ref. 16)

uke) de AA At (I1-1)

where AA is the area of the slit. Assuming that the probability of the
distributions of the transverse components of molecular velocities,

v and w, are independent of the u components, the number of molecules
described by Eq. {II-1) is proportional to the number of molecules with
velocities from u to u + Au which cross AA during time At, since

TOMEAAAL = 7 [T iR DAndviwAAAL = uKu)AuAAAe (II-2)
The number of molecules which cross AA (chopper slit) during time At
with velocities u to u + Au, Eq. (II-2), is also proportional to the num-
ber of molecules with velocities from u to u + Au in the ionization region
at some time t, Since the signal S(t) is also proportional to the number
of molecules in the ionization region at some time t, it follows that

S() = uf(u) Au AA At (I1-3)

The range of the velocities of the molecules in the ionization region is
necessarily the difference between the fastest ones, whose velocities
Al

/]
cannot exceed (AZ is the length of the ionization region), and the

slowest ones, whose velocities must be at least t£ Therefore,

e i (11-4)
Substituting Eq. (II-4) into Eq. (II-3) one has

e f2\AL
Xy = T'(T)l_ AA At (II-5)

of since £, A2, AA, and At are constant

12 8 = l(%—) (11-6)
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Gas Properties

Using the assumptions that (1) the probability of the distributions
of the transverse components of molecular velocity are independent of
the parallel components, and (2) that f(u) = 0 for u < 0, one has for the
mean free-stream velocity in the x direction

fejll(u) du flf(g di

— Q 0
T = — = pos (1I1-7)
f!(u) du fﬂt) dt
0 0
and for the average of the square of the free-stream velocity
f u2f(n) da f—eii(—'-')—dl
70 & S {11-8)

u:(u) du f:'(l) dt
0 0

The translational kinetic temperature, T, is defined by (Ref. 16)

IkT - M-+ (D + (e (11-9)
and sincev=w =0
IKT = 2 Mfw-0)? & u® + o] (II-10)
which can be written
3 1] — =
SKT = 5 Mfui)? + v2 + wi (II-11)
Define
a 1 —
3&'1" = 3 M (u-) (11-12)
and
¢ - | —
KT = 5 V(v = w?) (I1-13}

Note that these temperatures depend upon translational energy only, and
have nothing to do with internal energy. It is predicted in Refs, 17
through 19 that Ty > T| in highly expanded flows, In fact, in some
cases, T may be more than an order of magnitude larger than T
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(Ref, 18). Therefore, since only the u components of velocity have
been measured, only the parallel temperature T| can be calculated

directly. Expanding the right-hand side of Eq. (II-12) one obtains
for T
f

AT, - 1R -l (11-14)

o
U

From the definition of speed ratio one obtains

0 § 52 5 )
g e
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NOZZLE CONTOUR OF 1-LB THRUSTER

. 000
. 010
. 020
. 030
. 040
. 050
. 060
. 070
. 080
., 090
. 100
. 150
. 200
. 236
. 300
. 350
. 400
. 450
.000
.550
. 600
. 650
. 700
. 750

POSLOPLOLLOOOoOCOO0OODODDRORDOODOOCODO (M

=
=

73

rieBelol-NoNoNeloNeNeNoN-NoN ol o NoNeRoReRe e ol =
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. TABLE I
THEORETICAL COMPOSITION OF MMH/N,0, EXHAUST PLUME IN
CHEMICAL EQUILIBRIUM

Typical Concentration

Component in Mole Fractions
H50 0. 3343
No 0. 3075
CcO 0.1287
Hy 0.1576
COy 0. 0401
OH 0.0111
H 0.0179
O, 0. 0007
NO 0.0013
O 0.0008
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