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1.0 INTRODUCTION

There has been a continual need for a diagnostic technique that
can be used to study chemical processes in the reacting flow fields
of rocket engines. This need relates to such considerations as engine
performance, radiation; gas dynamic interactions, and others. The
parameters that most fully specify the chemical processes in flow fields
as well as combustion chambers are species densities (mole fractions),
total temperature, and the rotational and vibrational temperatures of
the constituents. Various diagnostic techniques individually or col-
lectively qualify as potentially useful tools for measurement of these
parameters. However, since it has been suggested (Ref, 1) that minor
constituents may play an important role in some of the observable
effects relating to the characteristic performance of the total plume,
an ultimately superior diagnostic technique for species density would
be required to identify and measure species density with exceptional
dynamic range. This requirement in particular makes mass spectrom-
etry an attractive technique, Under sponsorship of the Defense
Advanced Research Projects Agency (DARPA), the initial development
of a mass spectrometry technique for the study of exhaust plumes of
rocket engines was undertaken,

The initial objective of this experimental research effort was to
explore and develop techniques and systems which offer promise in
understanding certain properties of high altitude rocket plumes., In
particular, the principal measurement capability desired by DARPA was
the detection of unreacted minor hydrocarbon species in a rocket
exhaust. The primary goals of this work were to design, construct,
and test a mass spectrometer probe for farfield density measurements,
The design criteria were to be compatible with tests to be conducted in
the AEDC Aerospace Environmental Chamber (Mark I) of the von
Kdrmén Gas Dynamics Facility., In particular, it was desired that
meaningful plume measurements be made for a 75-1b-thrust, mono-
methylhydrazine-nitrogen tetroxide rocket engine.

The designs considered during the conceptual phases of this activity
had the benefit of previous experience of similar work performed in the
AEDC Aerospace Chamber (10V) of the von Karman Gas Dynamics
Facility. The results of this earlier work, coupled with the potential
Mark I utilization of the finished product, were most significant in
determining the ultimate configuration. The high altitude and farfield
constraints resulted from an attempt to avoid certain sampling and
pumping problems that would certainly have existed with probe locations
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too near the nozzle exit or with limited test chamber pumping speeds.
The first requirement was that a container (probe) with internal pump-
ing was necessary for providing a hard vacuum (10-7 torr) for the mass
spectrometer head. Thus, the significant considerations were the
determination of a method of pumping for the probe and a preferred
sampling scheme to insure that the sample analyzed by the mass
spectrometer was representative of the plume constituents.

Earlier 10V chamber work (Ref. 2) utilized a diffusion pump, LN2,
and LHe pumping media, the LN2 serving to pump high temperature
(>77°K) condensables and as a shroud for the LHe pump. This had two
serious disadvantages: (1) the probe was large, awkward, and required
multiple utilities and (2) the additional difficulty of handling liquid
helium. The latter was felt to be an important consideration for Mark I
applications because of the large chamber size and the long transfer
distance required if LLHe were again used in a redesigned probe, It was
thus determined that a preferrable probe configuration would be one
using GHe (or LH2 if desired) as a pumping medium with 002 cryosorp-
tion pumping for the hydrogen present as a plume constituent. The
following advantages are realized: (1) smaller probe size and cleaner
design, (2) simpler and cheaper operation (no LHe required), and (3)
LH2 may be used as an alternate cryogen.

2.0 PROBE DESIGN

In order to properly design a probe which will yield meaningful
density measurements, one should know the rocket plume constituents,
the performance characteristics of the rocket motor, the magnitude
of probe effects, and the vacuum chamber performance during firing.
Based on that knowledge, the size and positioning of a probe may be
determined.

2.1 ROCKET PLUME CONSTITUENTS

The rocket engines to be used in the proposed plume tests utilize
monomethylhydrazine (MMH), NH,NHCH,, as the fuel and nitrogen
tetroxide, N204, as the oxidizer. The theoretical complete combustion
composition of these propellants is given in Table 1. Since combustion
is usually not complete, varying amounts of fuel (molecular weight =
46) and oxidizer (molecular weight = 92) may also be present. Approxi-
mately 16 percent of the exhaust is composed of hydrogen; thus, a
suitable hydrogen pumping method must be incorporated into the probe
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design. All other plume constituents are cryopumped at temperatures
ranging from 77°K to 20°K.

Table 1. Theoretical Plume Composition for Complete Combustion

Component Mole Fraction Molecular Weight
HZO 0.3343 18
N2 0.3075 . 28
co 0.1287 28
H, 0.1576 2
002 0.0401 44
OH 0.0111 17

H 0.0179 1
02 0.0007 32
NO 0.0013 30

o 0.0008 16

2.2 PERFORMANCE CHARACTERISTICS FOR A 75-LB-THRUST ENGINE

The dimensions and operating characteristics for a 75-1b thrust
MMH/ N204 engine tested in the Mark I vacuum chamber are given in
Table 2. Impact pressure measurements at various locations down-
stream of the exit plane were taken during a rocket firing. The
experimental results are recorded in Table 3.

The probe design was based on the 75-lb-thrust engine characteris-
tics when operated in the Mark I chamber. The probe could then be
employed in other chambers for sampling plumes of engines smaller in
thrust than 75 1b. '
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Table 2. 75-Ib-Thrust Rocket Engine Characteristics

Throat diameter

Exit diameter

Expansion ratio

Expansion type

Combustion chamber pressure
Exit plane static pressure
Stagnation temperature

Vacuum chamber background pressure

0.518 in.
3.275 in,.
40:1
Conical
12,650 torr
19.65 torr
~3,000°K

2.2 x 10_2 torr

Table 3. 75-Ib-Thrust Engine Centerline Impact Pressure Measurements

13; #1/%o tiil
24 1.5 x 103 19

36 5 x 1074 6.3
48 3 x 1072 3.8
60 1.8 x 1074 2.3
72 1.2 x 10°% 1.52
84 9 x 10~° 1.14
96 7 x 107° 0.89

108 5 x 107° 0.63

120 3.8 x 107° 0.48

132 3.2 x 107° 0.40
X = Distance downstream from exit plane
Po = Stagnation chamber pressure

Pi = Impact pressure

10

Mach Number,
y =1.28

8.45
10.02
10.8
11.7
12.4
12.96
13.4
14.1
14.7

15.08
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2.3 MASS-SAMPLING CONSIDERATIONS

Prior to establishing exact dimensions and characteristics of the
mass spectrometer probe, several problem areas had to be investigated.
The insertion of a probe into a flow field necessarily generates interac-
tions between the probe and flow. For proper sampling, these interac-
tions must either be eliminated or compensated for during data reduc-
tion. The interactions may affect the mass spectrometer measurements
in two specific ways, the probe may induce changes in relative and
absolute species number densities and/or in the species velocity distribu-
tions, Unfortunately, calibrations cannot successfully recover exact
number density or velocity distribution data from measurements affected
by probe flow-field interactions., It is thus desirable to at least mini-
mize, if not eliminate, the interactions in question.

The two skimming systems capable of reducing interaction effects
are a cyrogenically pumping skimmer and a slender nonpumping skimmer.
Both systems were examined for their applicability to specific situations.,

2.3.1 Shock-Induced Mass Separation

A large number of experimental investigations designed to measure
mass separation effects in high-speed flow fields have been carried out.
'In many cases, mass-sampling probes were inserted into the flow and the
captured gas analyzed to determine the relative species concentrations.
In a large percentage of the experiments, the separation effects of the
probe resulted in completely masking the flow-field separation effects.
In an early experiment for example, Chow (Ref. 3) reported that in the
diffusive separation of binary mixtures in free jets, the heavy specie
was predominant in all regions of the jet. The proper conclusion was
that the sampling probe Chow employed produced strong velocity gra-
dients (shocks) at the probe entrance. The light specie, nitrogen, was
more capable of following these strong gradients around the probe than
the heavy specie, oxygen. Hence, the heavy specie was always predom-
inant inside Chow's sampling probe. More current experiments, such
as the ones by Rothe (Ref. 4) for helium and argon mixtures, have dem-
onstrated the effect of normal shocks on mass separation by employing
eleciron beam probing of the flow inside a shock holder. These experi-
ments dramatically demonstrate the light specie depletion.

Due to these considerations, the elimination of a normal shock at

the probe sampling orifice must be achieved in order to insure a proper
representation of plume constituents. Since the probe is to sample in

11
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the farfield, the concept of a thin normal shock at the skimmer is
inapplicable, Nevertheless, the gradients introduced for even thick
shock systems are sufficient to bias the probe with regard to the very
light species of interest such as hydrogen and the light hydrocarbons,

2.3.2 Velocity Distribution Alteration due to Shock Waves

The time-of-flight velocity technique (Ref. 5) may be employed with
a mass spectrometer type probe to obtain the velocity distribution of
the molecules entering the probe. From the velocity distribution it is
possible to obtain the flow parallel static temperature component, and in
the case of cold flow, to determine plume stagnation temperatures.
Combustion chamber temperature measurements are not feasible because
of the nonequilibrium flow present in a rocket motor.

If shocks exist at the skimmer entrance to the probe, the tempera-
tures are raised upon crossing these shocks and no reliable measure of
static gas temperature can be obtained.

2.3.3 Internal Mass Separation

The principle on which the mass spectrometer probe is based is that
it performs as a molecular beam system. The probe maintains a very
low internal pressure while immersed in a plume, The probe-sampling
orifice skims off a portion of the plume and forms an internal molecular
beam. When a multispecied molecular beam is formed, the beam species
are known to spread at different rates because of the differences in their
molecular weights., Stephenson (Ref. 6) has taken advantage of this
effect in the use of heated hydrogen-argon expansions to produce very high
energy argon beams,

The amount of separation of the light specie in the probe for a
binary mixture molecular beam is proportional to the distance from the
skimmer to the ion source and inversely proportional to the square root
of the species molecular weight. Since the distance is the only adjustable
probe parameter, it should be kept at the minimum practical length.

2.3.4 External Scattering in Rarefied Flow

Skimmer effects upon molecular beam parameters are a major con-
sideration in any molecular beam experiment., In the case of constitu-
ency measurements, unless the species are condensed, the skimming
process is a problem only when a shock is formed at the skimmer or when

12
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sampling very rarefied regions where the splashing of molecules from
the skimmer significantly deteriorates the molecular beam. The effects
of shocks were discussed previously in this report. For the noncondensed
case, as in most portions of a rocket plume, there are two solutions to
the external backscatier problem. One is to have a pumping skimmer
which allows very little backscatter. This would be applicable to contin-
uum as well as rarefied flows but is not always feasible because of its
inability to pump all species well or to handle excessive heat loads. The
second is to calibrate the probe system by using flows of well documented,
easily varied, number density. This allows the signal degradation due to
backscatter to be compensated during data analysis. In either event, this
must be considered during skimmer design.

2.3.5 Internal Scattering

Once the molecular beam is formed inside the probe, scattering
between the beam molecules and the probe background molecules must
be considered. Previous experiments have shown that once the probe
background number density reaches a given level the beam is degraded
significantly., This, coupled with the ordinary signal-to-background
molecule noise in the mass spectrometer, makes proper interpretation
of mass spectrometer signals very difficult. It has been shown in a
prior investigation (Ref, 2) that this problem can be completely neglected
if the probe pressure (equivalent to a beam test chamber pressure) is
maintained in the 10~7 torr range.

2.4 PROBE SIZING AND POSITIONING

With regard to the optimum physical size of the probe and its posi-
tion in the rocket plume, several criteria should be met. If possible
the probe should be (1) located in a rarefied region of the flow field,
i.e., where the Knudsen number (K} based on skimmer diameter is
greater than one; this location should create only a small flow distur-
bance and also would avoid any reexpansion of the plume sample after
skimming, (2) able to internally pump the hydrogen gas load entering
the skimmer, and (3) located upstream of the plume Mach disk. In an
attempt to adhere to these criteria, the following calculations were

‘made., The Knudsen number is given as

K = A-II)SK

n

13
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where A is the mean free path at the skimmer and DSK is the
diameter of the skimmer. For the expansion of a jet into a vacuum,
Bossel (Ref. 7) gives the following relations for the mean free path:

~1
- @
2-1)
MA, = (1 N Mz) Y (1)

where X, is the combustion chamber mean free path

w 1is the exponent in the viscosity-temperature relation

v is the specific heat ratio
M is the Mach number

He also found that for large values of the ratio of downstream distance
to nozzle exit diameter (X/ De),

A/A, = const (X/D )2 [i~ty-1(w~0.5] 2)

If it is assumed that w = 0,5 for the rocket plume, then the constant in
Eq. (2) may be evaluated by equating Eqs. (1) and (2) and utilizing the
experimental data. The following approximation for the mean free
path results:

A =391 (X/D)
Since the plume consists of a mixture of gases, A, must be estimated.

The combustion chamber mean free path is related to a reference mean
free path at standard conditions by the following relation:

Ao = Aref(Pref"'Po)(To"llTref)

[¢]

760 torr

where Pref

P

12,650 torr

o
Tpef = 293°K
T, =3,000°K

The mean molecular weight of the combustion products is approximately
18 gm/mole. An examination of the mean free paths of various gases
over a range of molecular weights indicated that an assumed value of
Apef = 10-° cm would be reasonable at standard conditions. Therefore,
with this assumption and the previous reference values, one obtains

14
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Ay = 6 x 106 cm

The expression for the mean free path as a function of X/ De becomes
A = 234x1073(X/D)?

Therefore, to insure free molecular flow, the probe size and position-
ing should satisfy the following criterion:

2.34 x 1075 (x/D_)?

K, = A = > 1
Dk Dgk

In order to make reliable mass spectrometer measurements, the
internal probe pressure should be maintained in the low 10-7 torr range,
To provide the necessary pumping speed and capacity, cryosorption
pumping (Ref. 8) at frost temperatures less than 20°K may be utilized.
All plume gases with the exception of hydrogen are readily pumped on "
these cryosurfaces, provided, of course, that the refrigeration capa-
city of the pumping system is not exceeded. Thus, attention must be
focused on the hydrogen pumping requirements. Consider the following
equality: '

Apump x 8 x Pp = Thruput

where A pump is the internal probe pumping area
Sy is the hydrogen pumping speed (e.g., S; = 304/sec
cm” using 002 as the cryosorbent at 12°K, Ref. 8)
Pp is the desired internal probe pressure (~10~7 torr)

The thruput is given by:
Thruput = mRT = P Agg Mgk VvyYRT

where P is the static pressure at the skimmer

Agg 1is the cross-sectional area of the skimmer
Mgk is the local Mach number at the skimmer

R is the gas constant.

15
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The Mach number at a given centerline position may be estimated
from the available experimental data (Table 3) and the other flow quan-
tities (which are functions of the Mach number) can be found from the
appropriate gas tables. Thus, the location of the probe in the plume
and the dimensions should satisfy the following relation:

Apump X Sy x Py = P Ag Mgy VHRT,
In order to avoid additional potential difficulties in obtaining a plume

sample, the probe must be located upstream of the plume Mach disk,
The Mach disk location is given as (Ref. 9)

Xy, /Te = 1.8 M, yP/P, (3)
where XMd is the axial distance from the nozzle exit plane to the
Mach disk
re is the nozzle exit radius
P, is the exit static pressure
P, is the vacuum chamber static pressure.

When the 75-1b-thrust engine is fired in the Mark I chamber, the Mach
disk is located at:

x“ = 360.6 in. = 30.1 ft
“d

These three criteria were utilized in determining the size and pro-
spective positioning of the probe, Using trial and error, the following
design parameters and flow conditions of Table 4 were selected.

Table 4. Design Parameters and Flow Conditions

Skimmer diameter, DSK 2 mm

Internal probe area, Apymg 1,125 cm2
Probe location, X 11 ft = 335 cm
Knudsen number, K, 7.6

Mach number, MSK 15

Static temperature, Tg 100°K

Static pressure, Pg 2 x 1073 torr
Impact pressure, Pj 0.4 torr
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Although design criteria have been determined, the actual perfor-
mance of the probe can only be found by experimentation. This is due
to the uncertainty in the expansion characteristics and interactions of
high enthalpy plume gases with cryogenically cooled surfaces and the
operating characteristics of system electronics. Therefore, two probe
designs were proposed: (1) a "flat-face' cryogenic skimmer probe
(Fig. 1) and (2) a conical, warm skimmer probe (Fig. 2). The designs
contained the following features:

1. The probe chamber assembly consists of two parts:

(a) Stainless steel concentric cylinders (''flat-face" probe)
or cones (conical probe) in which gaseous helium is
circulated. This probe section serves not only as the
internal but also as an external pump.

(b) An uncooled cylindrical stainless steel shell on which
the mass spectrometer and an ion gage are mounted,
This section is compatible with either the cylindrical
or conical cooled sections of (a).

The two sections are %oined by stainless steel flanges
separated by a Kel-F%® gasket. The design allows
easy access to the electronic components as well as
preventing sublimation of pumped plume gases from
intermediate temperature surfaces.

2. Each probe has a carbon dioxide injector tube which is
utilized in CO, addition for cryosorption pumping of hydrogen.

3. Each probe contains an EAI quadrupole mass spectrometer
with an offset electron multiplier and an ion gage for
internal background pressure monitoring.

4, The two probe geometries have their own unique advantages
and disadvantages:

(a) The 'flat-face'' design allows the mass spectrometer
ionization section to be positioned very near the
skimmer entrance and thus minimizes alignment
error, beam scattering, and internal mass separation.
The usefulness of this probe will be limited by
pumping breakdown on the flat-face in the presence
of excessive external heat loads., This limit must be
determined experimentally.
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(b) The conical face probe would tend to reduce the ex-
ternal scattering in regions of high impact pressure,
The 30-deg, thin-walled skimmer tip was fabricated
by electroplating nickel onto an aluminum pattern
and then dissolving the aluminum in a sodium hydrox-
ide solution. The skimmer was then soldered to
the stainless steel conical section. This configura-
tion had the possible disadvantage of having inter-
mediate temperature surfaces near the skimmer tip
which could interfere with internal sample collection be-
cause of scattering, hence a skimmer heater was added,

One of the goals of this research was to experimentally compare
the operational characteristics of these two probes. Section 3.0 will
discuss the methodology and procedures used in the comparison, and
Section 4. 0 will present the experimental results for free-jet sampling
of cold flows (300°K).

2.5 INSTRUMENTATION DESIGN CONSIDERATIONS

The instrumentation systems of interest were those dealing with
the mass spectrometer head and probe support instrumentation.

The mass spectrometer was a commercial version of the quadrupole,
Standard quadrupole electronic packages were thus used, consisting of
ion source and power supplies and emmission controllers, quadrupole and
power supply (RF/DC), and particle multiplier and high voltage power
supply. Because of the anticipated sweep rates and the TOF velocity
measurement, signal amplification from the particle multiplier was
required. For frequency response purposes and high gain requirements
a large multiplier load resistor and preamplifier had to be physically
located at the last dynode. An FET input operational amplifier with a
gain of ten was used for this application and located within the vacuum
system.,

The metastable velocity measurement application required pulsing
the electron grid. This was implemented by placing in series, between
power supply and the grid, the secondary of a pulse transformer. The
power supply voltage was placed slightly below threshold and pulsed
with a Rutherford®pulse generator across the transformer primary.
The length of the filter section plus the separation of the quadrupole and
multiplier apertures was taken as the flight distance. The preamplifier
mentioned above, with a band width in excess of 1 MHz would be ade-
quate for density or velocity measurements,
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Supporting instrumentation consisted of probe temperature and
pressure-measuring systems. Conventional thermocouples were used
down to cryogenic temperatures. In the cryogenic range (< 30°K),
thermistors mounted in copper blocks through which the system cryo-
gen passed were used in both input and return coolant lines. Calibra-
tions were required for these devices.

A General Electric Ion Gage was used for probe pressure measure-
ments. This selection provided for pressure measurements from 100
#Hg and lower, In addition, utilization of these gages provided a
mechanism for mass spectrometer automatic shutdown in the case of
excessive probe pressures. The gage was physically located in the aft
end of the probe, i.e., the warm section, and thus gave a worst case
pressure reading since the principle part of the head assembly was
located in the cryogenic section and experienced a lower than indicated
pressure.

3.0 EXPERIMENTAL PROCEDURE

The experimental cold flow testing of the conical and "flat-face'
probes was conducted in the Aerodynamic Molecular Beam Chamber
(Fig. 3) and the 4- by 10-ft Research Chamber (Fig. 4). The operation-
al characteristics and pumping capabilities of these chambers have
been discussed in detail elsewhere (Refs, 10 and 11)., Suitable probe
mounting devices were designed and built for both test cells. An exper-
imental plan consisting of six steps was initiated:

Step 1: Evaluate the hydrogen sorption pumping capability
of carbon dioxide in the probe.

Step 2: Evaluate system response for a plume sample using
(2) an easily pumped gas (e.g., N, or Ar) and (b) a
hydrogen mixture.

Step 3: Evaluate probe performance for various impact
pressures and/or heat loads,

Step 4: Evaluate the interference to plume sampling by
the invasion of background gas both internal and
external to the probe.

Step 5: Determine each probe's operational ranges and
limits.

Step 6: Based on cold flow experiments, design a new probe
for actual testing in a rocket exhaust plume.
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For an experimental test run the basic procedure was as follows:

1, The vacuum chamber and probe were evacuated with
mechanical and diffusion pumps.

2. The chamber and probe were cooled down simultaneously
with gaseous helium. The GHe flow rate through the
probe could be varied with a cryogenic throttling valve.

3. The carbon dioxide cryosorbent was slowly deposited
internally to the probe, e.g., PCOZ ~ 104 torr, for

approximately five minutes.

4, If liquid helium pumping were unavailable, then carbon
dioxide was slowly deposited on the external gaseous
helium surfaces at rates similar to that given in No. 3.

5. The mass spectrometer with its associated electronics and
the remaining chamber instrumentation were activated.

6. The particular experiment of interest was then performed.

4.0 PROBE PERFORMANCE IN COLD FLOWS

4,1 FLAT-FACE PROBE

The initial testing of the ''flat-face'' probe was carried out in the
Aerodynamic Molecular Beam Chamber., Steps 1 through 5 of Section
3.0 were performed in that chamber.

4.1.1 Probe-Pumping Evaluation

An experimental evaluation of the probe pumping, including carbon
dioxide cryosorption, was made, The results are summarized in Figs,
5 through 7. Figures 5 and 6 represent data obtained by bleeding hydro-
gen into the vacuum chamber background., For the case presented in
Fig. 5, no CO2 was predeposited. When hydrogen was introduced into
the background, the probe internal pressure was identical to the chamber
pressure. However, after the internal predeposition of CO2 for five
minutes at a probe pressure of 10-4 torr, the results were radically
different (Fig. 6). As the vacuum chamber approached 10~4 torr of
hydrogen, the probe pressure remained unchanged at 10-7 torr. The
results of these experiments confirmed the necessity of cryosorption
pumping for testing of gases with significant hydrogen content.
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The typical pumping performance of the flat-face probe during free-
jet sampling of several source gases is presented in Fig, 7., The
internal probe pressure behavior is presented as a function of impact
pressure at the skimmer entrance. The probe-pumping system is seen
to perform well (remaining on the 10-7 torr scale) for the pure gases
but deviates significantly for the hydrogen mixture.

4.1.2 Piume-Sampling Measurements

Probe performance measurements were initially made for easily
pumped gases, i.e., nitrogen and argon. Typical results are presented
in Figs. 8 and 9 along with the corresponding values of test chamber
and internal probe pressure. The variation of mass spectrometer signal
for increases in source stagnation pressure is basically linear until
condensation of the test gas occurs at large stagnation pressures (Ref.
12). These results indicate that the probe functioned satisfactorily for
these particular source conditions and separation distances.

Having established the probe's ability to sample easily pumped gases,
hydrogen mixtures were tested. Typical results for a simulated rocket
plume (51-percent Ng, 27-percent Hy and 22-percent CO) are shown in
Fig. 10 for various nozzle-probe separations. A decided improvement
was demonstrated for the performance when COy was deposited on the
front face. The maxima seen in each curve can be attributed to pumping
breakdown on the front face. Mach disk interference can be ruled out
since, although it does contribute for the cases without C02 addition, it
dpes not occur for the other case and the same behavior is demonstrated.

In an effort to simulate a minor specie plume component, a 1-percent
concentration of argon was added to a similar gas mixture, i.e., 27-
percent Hy, 51-percent Ny, 21-percent CO and 1-percent Ar. Some
results are shown in Fig, 11, The argon signal was monitored as the
stagnation pressure was increased, and once again a breakdown in the
curve was observed, Apparently, at this point the incident gas load
exceeds the pumping capacity of the probe.

One additional mixture (20-percent Hy, 80-percent CO3) was inves-
tigated, Typical resulis are presented in Fig. 12. Once again, the

probe performance was linear until pumping breakdown occurred.

4.1.3 Calculation of Impact Pressures at Pumping Breakdown
The impact pressures which correspond to the maxima of the probe

performance curves of Section 4. 1.2 may be calculated using the rela-
tion of Sherman and Ashkenas (Ref. 13), i.e.,
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Y. L 5
) ) 1 -1 = /x-x\-
- p () (D —T(Z e
P; = Po(y_1) (2y A\
where Pj is the impact pressure,

Po is the stagnation pressure,
0% is the ratio of specific heats,
A is a constant (= 3.65for v =1.4) (= 3,96 for v = 1,2857),
X is the nozzle-skimmer separation distance,
D is the nozzle diameter, and
X, 1is the distance to a virtual ''source'’ but is negligible

for these calculations.
For the curves of Figs. 10 and 11 the relation reduces to

PP, ~ 0.55 (X/D)2 ( = 1.4

and for Fig. 12,
P/P, = 0.523 (X/D)"? (y = 1.28)

Thus, the impact pressure at pumping breakdown in Fig, 10 at X = 10 in.
and a CO, frost externally deposited is 1 x 1074 torr. For Figs. 11 and
12 the impact pressures are 8,23 x 104 torr and 2.86 x 1073 torr, res-
pectively. Unfortunately, these impact pressures for which an undis-
turbed sample may be taken are nearly two orders of magnitude lower
than that to be encountered during the rocket firing if the probe is posi-
tioned 11 ft from the 75-lb-thrust rocket exit plane., However, if a
1-1b-thrust engine is used (P, = 90 psi, Dppoat = 0. 09 in.), the probe
could be positioned at 10.2 ft and be within the range of undisturbed
sampling.

4.2 CONICAL-FACE PROBE

The performance testing of the conical skimmer probe was conducted
in the 4- by 10-ft Research Vacuum Chamber, The same exXxperimental
procedure that was outlined for the flat-face probe was employed in
evaluating the conical probe performance.
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4.2.1 Probe-Pumping Evaluation

The internal pumping system for the two probes differs due to the
shape of the systems only., Since the conical-faced probe has more
internal surface area, it was expected to possess a higher pumping speed.

Figure 13 presents representative pumping data for the conical
probe for pure nitrogen and several Hy, COy mixtures. The curves pre-
sented for the hydrogen mixtures when no CO3 was predeposited would
demonstrate the lower degree of pumping even more drastically except
that the COy in the mixtures gave a self-pumping character to the gas.
The lower values of probe pressure for a given impact pressure indicate
the conical-face probe's superior pumping ability. The impact pressure
is a good indicator of the mass flux into the probe and since it is easily
calculated or measured (Ref. 13), it is the coordinate choice for presen-
tation of the pumping data.
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Figure 13. Conical probe pumping performance.
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4.2.2 Plume-Sampling Measurements

Following the same general approach taken for the flat-face probe,
the sampling ability of the conical probe was initially investigated for
more easily pumped gases. Typical results for nitrogen are presented
in Figs. 14 and 15. The difference in magnitudes of the mass spectrom-
eter output signals in the two figures is related to variation in mass
spectrometer settings and sensitivity shifts. When quantitative measure-
ments are to be made, the mass spectrometer must be calibrated imme-
diately prior to the day's experiment to compensate for this problem.

The data for the two figures are seen to possess good qualitative
agreement.

Representative results for sampling mixtures containing hydrogen
are demonstrated in Figs. 16 and 17. The data for the l-percent Hj,
99-percent COy demonstrate the ability to monitor a minor specie which
is not well suited to mass spectrometer detection. In general, the
detection of small hydrogen peaks is very difficult and requires maximum
sensitivity of the quadrupole, Ability to detect such a small quantity of
Hy and retain the COg peak resolution reaffirmed the probe's applicability
for minor specie sampling of a rocket exhaust plume.

4.2.3 Impact Pressures at Pumping Breakdown

The impact pressure at which "pumping breakdown' occurs varies
from one data set to the other, The variation of the breakdown pressure
was influenced by the changes in the amount of coolant flow, the variation
of the COg frost (regardless of how carefully deposited), chamber back-
ground pressure, and others., Although in principle none of these except
the coolant flow should be significant, the combined contribution of such
parameters is impossible to predict. It is felt that the coolant flow rate
was the primary concern, A small change in the gaseous helium flow to
the probe can produce a significant gradient across the CO, sorbent.
This can affect the hydrogen pumping which could lead to ''pumping
breakdown, " in reality a possible misnomer since internal scattering
could be the cause. The exact precipitator of the pumping breakdown
for the conical probe is undeterminable at present,

The impact pressures at breakdown were approximately 3.5 x 10-2
torr for nitrogen and 1.35 x 10~2 torr for the hydrogen mixtures. These
impact pressures are as much as two orders of magnitude greater than
those tolerated by the flat-face configuration. Hence, the conical probe
is capable of sampling in a higher impact pressure environment than is
the flat-face probe. This was to be expected since warm conical skim-
mers are generally chosen for sampling high-pressure flow fields,

30



A

EDC-TR-76-55

1,00 ~
- Ny
i Ty = 290%
s XD = 68
100 |-
g i
o
2 N
E
k] -
2
w
l0‘6 p—
| E_
| 25
O e
s &
Bt
[- Y-
1 L L1 11 1 L1 1 1 llLJlo"’_
10 100 1,000 10, 000
Source Pressure, P, torr
Figure 14. Conical probe performance for nitrogen.
1, 000
E
Z
e -6
R 10° -
E 100 5
i - %
H (£
Q.
55
-8 ¢
o O
10 1 [ B | 1 [ A 1 111|10'7_
10 100 1,000 10, 000

Source Pressure, Po- torr

Figure 15. N, performance for the conical probe.

31



AEDC-TR-76-55

Pressure, torr

1,000
- 20-percent Hy, 80-percent CO,
" Ty = 20K
. Xm=50
I Lo
100 -
z N
-g : Hy Sigral x 10
2
o =
'
w
10 f 106 -
R - 8
€
B - 2
(5]
s
. -8
-9
1 5 1 [ | 10-7_
11 10 100 1,000

Source Pressure, Py, forr

Figure 16. Conical-face probe performance in a 20-percent H,,
80-percent CO, jet.

Pressure, torr

1000 ™ 1-percent Hy, 99-percent CO,
| T 90X
XID = 50 co,
100 |-
g - Hy Signal x 100
2 L o o
5
£
- -
4
10 | 106 F
- _E
[
B - 2
(X ]
5
i -8
(-
1 A - 1 L1 g o'l
1 10 100 1,00

Source Pressure, P,, torr
Figure 17. Conical probe performance in a 1-percent Hy, 99-percent

CO2 mixture.

32



AEDC-TR-76-55

In the 75-1b-thrust rocket engine plume the conical probe would be
incapable of handling the impact pressure at 11.2 ft. However, at a
location just inside the Mach disk the conical probe could possibly sample
and measure properly the constituency of the 75-1b-thrust engine plume.
For smaller engines, the conical probe would definitely be capable of
mass sampling the plume.

4.3 MASS SPECTROMETER PERFORMANCE

The mass spectrometer system employed in both the probes included
an EAI® pole section, an RF power supply and associated electronics, an
Extranuclear Laboratories® ionizer assembly with its associated electro-
nics, and an Extranuclear Laboratories paraxial electron multiplier
system with a high voltage supply. A photograph of the mass spectrome-
ter assembly, its mount, and the two probes is presented as Fig, 18,

Figure 18. Mass spectrometer, probe and assembly.

4.3.1 lonizer for Mass Filter Assembly

The axial ionizer is designed specifically for ionizing molecular beams.
The beam enters on the geometrical axis of the ionizer and quadrupole
as shown in Fig, 19, While in the ionizing region, the beam passes along
the axis of a cylindrical grid which accelerates electrons towards the axis
from four filaments which form a square surrounding the grid. Extremely
high emission currents are possible from such an arrangement, The ions
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are formed within the cylindrical grid structure and are drawn out for
focusing by the potential applied to the adjacent apertured plate. The
electron beam traverses a diameter of the ion region and interacts with

the neutral sample causing ionization. Ions formed inside the ion region
are extracted in the direction of the neutral beam on the ionizer-quadrupole
axis and through the ion optics. The sample beam from the aerodynamic
source traverses the entire length of the ionizer-filter-multiplier assembly.

Axial Configuration

[ Lens Assembly

|||DDI l%drupole Rods

Filaments

Figure 19. lonizer construction for the mass spectrometer
assembly used in the molecular beam chamber.

The ion optical lenses contain an important electron barrier. In a
conventional ionizer, electrons from the ionizing beams can scatter
from residual gas and travel along the mass filter axis., Their speed is
such that they can completely traverse the mass filter during those two
times in each RF cycle when the fields inside the mass filter approach
zero., At the end of the quadrupole the electrons can ionize residual
gases immediately before the multiplier, producing an untunable noise
throughout the entire mass spectrum., However, the electron barrier in
ionizers prevents such electrons from entering the mass filter in the
first place, producing a significant improvement in signal-to-noise ratio.

Operation of the ion source was investigated and signal to noise max-
imized at the desired electron energy of 75 volts.

4.3.2 Quadrupole Cracking Patterns

A difficulty encountered whenever a mass spectrometer is required to
sample a multispecie gas is the extraneous signals introduced at a given
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mass number due to fragmentation of heavier species in the ion source.
The ensemble of mass peaks created when a molecule fragments due to an
electron collision in the ion source is termed the cracking pattern. The
dissociation cross section for a given molecule may be a significant per-
centage of the ionization cross section and hence the daughter peaks be-
come quite large with respect to the parent. Large daughter contribu-
tions at the mass location of another parent confuses the interpretation
of that particular peak. In the case of a rocket plume with a large num-
ber of species, including many light hydrocarbons resulting from fuel
fragments, data interpretation may become very difficult. If the crack-
ing patterns of most species present are known, however, a correct in-
terpretation of a complicated mass spectra is possible. In some in-
stances cracking may even be beneficial as in the case of Ny and CO
which have the same parent mass but whose daughters allow quantitative
evaluation of the mass 28 peak.

In general, the cracking patterns for most light hydrocarbons and
many of the common gases have been documented as functions of electron
energy by the American Petroleum Institute. It appeared from the pub-
lished data (Ref. 14) that the mass spectrometer ion source could be
operated at low enough electron energies to eliminate a great deal of the
cracking. Since no quadrupole data were available it was necessary to
obtain cracking patterns for the quadrupole system for at least represen-
tative gases and compare them to the API magnetic sector values.

Research grades of methane, acetylene, ethylene, and propylene
were subjected to various ion source electron energies and the mass
spectra recorded. Tables 5 through 8 present the cracking patterns of
those four gases for various electron energies. Included in each table
is the accepted API values for the particular gas. Although exact agree-
ment does not exist, the standard patterns are approximated by those of
the quadrople system. The low electron energy results do indicate the
feasibility of simplifying the cracking patterns.

The similarity of the quadrupole light hydrocarbon cracking patterns
permitted employment of the standard patterns for data reduction. Addi-
tional gases studied (air, nitrogen, carbon monoxide, and carbon dioxide)
also verified the applicability of the standard patterns.
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Table 5. Methane Cracking Patterns

Gas: Methane, CH4
Molecular weight: 16

Purity: 99,96 percent

Signal Relative to Parent

Electron Energy, v 20 50 70 100 API Value
Mass Number 70
1 0.015
12 0,015 0.025 0.045 0.030
13 0.035 0.045 0,065 0.065
14 0.003 0.125 0.115 0,130 0.014
15 0.355 0.675 0.73 0.72 0.83
16 1.0 1.0 1.0 1.0 1.0
17 0.020 0.025 0.02 0.025 0.015
Table 6. Acetylene Cracking Patterns
Gas: Acetylene, Czﬂ2
Molecular weight: 26
Purity: 99.6 percent
Signal Relative to Parent
Electron Energy, v 20 30 40 70 API1 gglue
Mass Number
2 0.02 0.02 0.03 0.025
12 0.005 0.03 0.035 0.02
13 0.02 0.085 0,09 0.05
14 0.01 0.02 0.02
24 0.03 0.075 0.08 0.055
25 0.22 0.21 0.21 . 0.205
26 1.0 1.0 1.0 1.0 1.0
27 0.025
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Table 7. Ethylene Cracking Patterns

Gas: Ethylene, 02H4
Molecular weight: 28

Purity: 99.98 percent

Signal Relative to Parent

Electron Energy, v 15 20 30 40 70

Mass Number

2 0.02 0.025 0.025
12 0.05 0.025 0.025
13 0.03 0.06
14 0.08 0.075
24 0.045 0.05
25 0,03 0.05 0.07
26 0.20 0.48 0.58 0.465
27 0.215 0.52 0.59 0.465
28 1.0 1.0 1.0 1.0 1.0
29 0.02 0.02 0.02 0.02

Table 8. Propylene Cracking Patterns

Gas: Propylene, C3H6
Molecular weight: 42

Purity: 99.99 percent

Signal Relative to Parent

Electron Energy, v 20 30 40 70 API

Mass Number

15 0.095 0
19 0.21 o]
26 0.005 0.175 0
27 0.155 0.665 0.56 0.686 0o
37 0.035 0.155 0.
38 0.04 0.14 0.285 0
39 0.75 0.895 0.865 0
40 0.200 0.405 0.335 0.355 0
4i 0.76 1.175 1.335 1.10 1
42 1.0 1.0 1.0 1.0 1
43 0.06 0.025 /]
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Value

70

.060
. 005
.125
.495
165
.255
.995

.015
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API Value
70

0.06
0.03
0.105
0.585
0.605
1.0
0.02
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4.3.3 Effects of Long RF Lines

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 required
for plume chamber installations such as would be necessary in the Mark
1 chamber. Conventional installations usually resolve H (1 amu) as the
lowest detectable mass number, Because 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 greater than that of Hy (2 amu). For most rocket 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 cir-
cuits to ensure low mass number resolution,

A cursory experimental investigation was conducted to determine if
system modifications could be performed which would allow hydrogen
resolution with long RF cables (60 ft). The results of these experiments
indicated that proper ion source and quadrupole operating potentials
could be chosen which allow sufficient sensitivity with acceptable resolu-
tion. However, it was always observed that the operation of the mass
spectrometer system in these modes was subject to be unstable and
required nearly constant changing of potentials,

4.4 ADDITIONAL PERFORMANCE CONSIDERATIONS

Other considerations besides the probe and mass spectrometer must
be made when sampling cold or hot flows from orifice-nozzle configura-
tions. Additional effects of the gas source itself, including special pump-
ing (such as hydrogen pumping previously considered) requirements and
additional constituency changes within the plume, must be taken into
account.

4.4.1 Frost Poisoning

The plume constituents of a typical liquid rocket engine (Table 1) are
all pumpable on 20°K surfaces if COqg is added to absorb the hydrogen.
The mechanism for absorption is the adsorption onto the surface and
diffusion into the pores of the COp frost where it adheres to "sites' in
the frost, Gases other than hydrogen can also adsorb and diffuse into
the CO9 and occupy these sites, thus effectively limiting the hydrogen-
pumping capacity of the frost. It is expected that the hydrocarbons with
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high diffusion coefficients may "poison' the COy frost and significantly
limit the mass spectrometer probe's hydrogen-pumping capability. In
an effort to investigate this effect, COq frosts were contaminated with
methane gas in molar amounts equivalent to the COg itself. Hydrogen
was bled into the probe for these frosts at measured flow rates. A com-
parison of the probe pressures for the contaminated frosts with those for
uncontaminated frosts revealed no significant differences. The methane
apparently possesses a hydrogen-pumping capability similar to CO,,
Examination of the expected constituents reveals that this is true of
several of the plume gases (Ref. 8) and, therefore, frost poisoning may
not be a significant problem.

4.4.2 Diffusive Separation in Sonic Orifice Flows

The sonic orifice free-jet expansion is a well documented flow field
(Ref. 13) which is very advantageous for calibration of instruments such
as the mass spectrometer probes. Numerous experimental data pre-
sented in this report have been for sonic orifice expansions. The advan-
tage of the field is the ability to easily determine flow-field properties
by theoretical means. In sonic orifice expansions of mixtures, the
reliability of these calculations is alsc good except in instances where
diffusive separation or background gas invasion effects tend to distort
the species concentrations within the jet. The first of these topics will -
be discussed in this section.

Sherman (Ref, 15) introduced the theory of diffusive separation in
binary gas mixtures in which he expanded all the flow quantities in an
asymptotic series in inverse powers of the Reynolds number., A deple-

" tion of the light species along the centerline of a free jet was predicted
and has subsequently been experimentally verified (Refs. 4 and 16).

The calibration gas mixtures of interest in this investigation were binary
and ternary. The light specie, hydrogen, possesses a very low mole-
cular weight and is easily separated from the remainder of the mixture.
However, if nozzle (or orifice) stagnation Reynolds numbers are kept at
3,000 and above, the deviation of gas constituents from the plenum gas

is negligible. In the calibration runs made using sonic orifice expansions
the Reynolds number criteria was always observed, thus negating diffusive
separation effects.

4.4.3 Background Gas Invasion
The premise upon which so much reliance on free-jet experiments
is based is that the isentropic core of the jet is completely oblivious to

the surrounding background pressure as long as the background pressure-
to-jet stagnation pressure ratio is low enough to permit existence of the
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jet at all. Hence a true zone of silence exists in the free jet, and the
centerline flow quantities in the inviscid core are completely indepen-
dent of the background pressure. Roger Campargue and his colleagues
(Refs. 17 through 19) have examined molecular beams skimmed from
free-jet centerlines and concluded that for given pressure ranges this
is not necessarily the case, In Ref. 19 Campargue indicates that over
the background pressure range of 102 torr to 1 torr the free-jet shock
structure is porous with respect to the background gas, It was not
indicated, however, over what range of source conditions this applied.
Since anticipated background pressures could reach these levels, exper-
iments were carried out in an attempt to determine if this regime was
of importance for either the cold flow calibration runs or any rocket
firings which might be included in this research endeavor.

The experiments were performed in the Aerodynamic Molecular
Beam Chamber using nitrogen and argon as free-jet gases. A variety
of gases (argon, nitrogen, hydrogen, and some mixtures) were care-
fully bled into the chamber background outside the free-jet shock struc-
ture. For the source conditions of interest, no perceptible increase in
background gas density along the free-jet centerline (as determined by
mass sampling the skimmed centerline) was observed for various values
of background pressures. It was concluded that the background invasion
was of no consequence to the experiments to be conducted with the mass
spectrometer sampling probes.

5.0 SAMPLING OF A 1-LB-THRUST MMH/N, 0, ROCKET ENGINE

The mass spectrometer sampling probes discussed in this report were
designed to sample a 75-1b liquid rocket engine in the Mark I Aerospace
Environmental Chamber. It was indicated previously that the probes
would be capable of sampling smaller engines operated in other vacuum
chambers. A 1-lb-thrust MMH/N3O,4 engine was available for utilization -
in operating a mass spectrometer probe in an actual rocket exhaust
environment. This engine was compatible with several available cryo-
genic chambers and, therefore, testing of a probe with that engine was
carried out.

5.1 CHAMBER

The chamber selection for rocket testing the mass spectrometer
probe was based on compatibility, availability, and economy. The 4-
by 10-ft Research Vacuum Chamber (RVC) satisfied all three of these
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criteria and was thus selected. It possessed the additional advantage of
having a permanently installed electron beam fluorescence system which
could assist in calibration of the mass spectrometer probe. A schematic

of the 4- by 10-ft RVC and the associated rocket configuration is shown
in Fig. 20,

B R 1. Antechamber 5. LN, Baffle
— 1 L J 2. Rocket Engine 6. LHe Pump
3. Electron Gun 1. GHe Array

4. Mass Sectrometer Probe 8. LN, Liner

(LLLLLTTTITTITTILITTTTT N
LTI TP
. ——" SR R R

Figure 20. Schematic of 4- by 10-ft research vacuum chamber
and rocket configuration.

Various additions to the conventional chamber system had to be made
in order to successfully operate the 1-1b-thrust engine. These included
the fuel and oxidizer supply systems, toxic vent systems, a liquid helium
pump for pumping the hydrogen in the plume, and the various instrumen-
tation for system operation.

5.2 PROBE SELECTION AND MODIFICATION

The two mass spectrometer probes discussed in this report were
considered prototypes for a rocket exhaust-sampling probe. The experi-
mental evaluation of the two probes determined that the flat-face probe
was capable of sampling a 1-1b-thrust engine at a distance of 10, 2 ft
from the nozzle exit plane. This distance was not compatible with the
chamber selected. The conical probe was shown to be capable of sampling
plumes at impact pressures equivalent to those expected at approximately
56 in, from the rocket nozzle exit. This distance was compatible with the
selected chamber; therefore, in the interest of time and economy, the
readily-available conical probe was selected for sampling the 1-1b-thrust
engine rocket plume,
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In the process of mounting the conical probe in the 4- by 10-ft RVC
it became necessary to position the probe closer than the anticipated 56
in, In order to compensate for the increased impact pressure which
would exist at the lesser separation distance, it was necessary to resize
the mass spectrometer probe skimmer orifice. The original orifice
was 0.040 in. in diameter and the new axial distance required the
orifice area to be reduced by a factor of at least 1/3.7. The new
skimmer orifice diameter was chosen as 0,020 in. This permitted
sampling at an even smaller axial separation distance if desired.

5.3 ROCKET ENGINE

The 1-1b scaled thruster used in the rocket plume study was supplied
originally by McDonnell Douglas for a NASA manned orbiting laboratory
test. The bipropellant MMH/NgO, thruster was designed for both steady
and pulsing operation. The engine performance was previously investi-
gated by Marquardt Corporation personnel who found that the engine's
combustion efficiency was lower than conventional (larger thrust) bipro-
pellant engines., A schematic of the 1-1b-thrust engine is shown in Fig,
21, It consists of a single doublet, water-cooled injector head, high
response solenoid valves, and two 5-u4 nominal filters upstream of each
valve, The nozzle and combustion chamber are an integral part, machined
from molybdenum. The measured nozzle contour is shown in Fig, 22,

NoOyq Inlet
Pressure

Filter (Typical)

Solenoid
Valve (Typical)

Water Coolant
Nozzle
’\—{—0.569
: —0.090
Pressure B _— @UF fs ket
Tap =\ 0.730

Detail A
Injectors

MMH Inlet

Figure 21. One-pound thrust engine and values.
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Figure 22. Nozzle contour of thruster.

The thruster design parameters and performance characteristics
are shown in Table 9,

Table 9. One-Pound Rocket Engine Characteristics

Thrust 1.0 1b
Fuel MMH
Oxidizer N204
Chamber pressure 90 psi
Mixture ratio 1.65 + 0.15
Nozzle expansion ratio | 40:1
Nozzle geometry Contoured
Chamber temperature 4,000°F
Throat diameter 0.090 in.
Nozzle exit diameter 0.569 in.
Combustion efficiency 0.830
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5.4 FUEL AND OXIDIZER SYSTEMS

The 1-1b engine propellant system consisted of three main parts:
the engine nitrogen purge, the high point bleeds, and the propellant supply
system. The two propellant run tanks had capacities of approximately
1 gal each. This allowed a total operating time of approximately 1.6 hr
with one propellant fill. A 20-gal water scrubber for the fuel and a 35-
gal NaOH scrubber for the oxidizer were included in the system. A
schematic of the propellant system is presented in Fig, 23.

The sections of fuel and oxidizer plumbing immediately adjacent to
the engine were encased in a stainless steel shroud for safety purposes.
The shroud was vacuum tight with a removable end flange which permitted
access to the engine while the chamber was at test conditions. A photo-
graph of the shroud, rocket engine, and some components of the propellant
system is presented in Fig, 24.

The dry nitrogen pressurization system which was employed to pres-
surize the propellant tanks and to purge lines was also used as a cold gas
calibrator for the mass spectrometer. The propellant system allowed the
nitrogen to be flowec through the engine and act as a pure nitrogen gas
source for sensitivity checks,.

Special Omniflow® stainless steel flowmeters were installed in each
side of the propellant system to permit accurate determination of the pro-
pellant flow rates. Direct measurement of the O/F ratio allowed proper
adjustment of this highly significant engine parameter for altering plume
mass spectra.

55 LIQUID HELIUM PUMP

Prior to attempting operation of the 1-1b thruster in the 4- by 10-ft
RVC it was determined that a liquid helium pump would be necessary to
handle the heat load and hydrogen gas load of the engine exhaust. The
theoretical heat load from the engine may be determined from the relation

Qg = f;l[cp(To - Tpanel) + HV + HF] (4)

~
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where Cp is the specific heat at constant pressure, 1 is the temper-

Tpane
ature of the cryogenic panel which pumps the gas, Hy is the heat of vapor-
ization and Hf is the heat of fusion. The individual heat loads of the
major constituents can be obtained by using Eq. (4) for each gas. The

five major constituents and their expected heat loads and pumping sur-
faces are given in Table 10,

Figure 24. Rocket engine-propellant system installation.

Table 10. Rocket Constituent Heat Loads

Mole
Gas Fraction Heat Load Pumping Surface
H20 0.3343 4 .88 kw Liquid nitrogen (LNZ)
N, 0.3075 2.33 kw Gaseous helium (GHe)
H, 0.1576 1.09 kw Liquid helium (LHe)
Cco 0.1287 0.84 kw Gaseous helium
002 0.0401 0.21 kw Liquid nitrogen
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Since only LHe will pump hydrogen (although some of the heat load may be
absorbed by the other panels) the LHe was designed to handle a 1-kw hy-
drogen heat load. In addition, the LHe pump must have sufficient pump-
ing speed (surface area) to pump the hydrogen gas load of 2. 43 x 102
gm/sec and maintain the necessary vacuum chamber background pressure
of 2 x 10-3 torr.

Although the hydrogen heat and gas load made it necessary to install
a LHe pump in the vacuum chamber, they were certainly not the only
sources of heat loading of the liquid helium system. The extremely low
temperature of liquid helium, 4.2°K, requires almost any surface in the
chamber to be considered a non-negligible radiation heat source. The
conduction through the chamber walls, convective heating due to gases
within the chamber, and the radiation heat load from the warm surround-
ings must all be considered.

Since the vacuum chamber was to be evacuated to approximately 5 x
10-6 torr before filling of the liquid helium pump would be started, the
convective heating of chamber background gases was estimated to be
negligible. The conduction of heat from the chamber walls was eliminated
by suspending the pump from the LHe transfer line and supporting the
pump by thin stainless steel wires attached to the pump and the vacuum
chamber walls. The sizing of the pump was thus dependent only on the
Hy gas load and the radiation heat load from its environment, -

The estimated pumping speed of hydrogen (including capture coeffi-
cient) for a liquid helium temperature surface is approximately 10 £/
sec cm?, Since the hydrogen mass flow rate is 2.43 x 102 gm/sec the
total throughput (if the gas is precooled to 77°K) is 58. 3 torr £/sec. The
required pumping speed is given by the relation

S = H-"PB

This yields a required pumping speed of 5. 83 x 104 £/sec, or a pump
area of 5, 830 cm?2,

The radiation heat load on a pump of that area may be determined
from the Stefan-Boltzmann law,

Qp = e A(Th-4.2% (5)

For a 300°K wall and a pump of the calculated area, Eq. (5) yields a
radiation heat load of 268 joules/sec. If one determines the radiation
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boiloff rate based on a heat of vaporization of 2, 560 joules/4£ the rate is
calculated to be 376 £/hr, a ridiculous amount. Hence, the pump is not
feasible unless surrounded by LNy surfaces at 77°K. Under those con-
ditions the radiation boiloff rate is reduced to 1.63 £/hr, a realistic
value. Thus, the LHe pump was surrounded by LNg surfaces to reduce
the radiation heat load. The boiloff per shot due to the hydrogen in the
plume would be 1,28 £ for a 3-sec firing.

Thus, a 37 £ LHe pump was designed, built, and installed in a section
of the 4- by 10-ft RVC for pumping the hydrogen gas generated during the
rocket engine firings. A schematic of the liquid helium pump section is
presented as Fig, 25.

Vacuum Jacketed I nsulated Boiloff

Feedthrough—\:| Line
Chamber Wall

LNs Liner

/-LHe Level | ndicator

Electrical Lines
for Level | ndicator

\Stainless Steel Wires
Attached to Chamber

LHe Pump

Figure 25. Liquid helium pump schematic.
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5.6 INSTRUMENTATION

There were several facets to the instrumentation system which were
taken into consideration. These were (1) the mass spectrometer system,
(2) the vacuum chamber, and (3) the engine systems, Items (2) and (3)
were consolidated as a composite system through the use of an online
computer. This was required in order to implement as many safety
precautions into the test as possible. Generally speaking, the mass
spectrometer functions were separated from all others and recorded on
a Visicorder® transient oscillograph. This was necessitated by the desir-
ability of acquiring at least one mass spectra every 0.1 sec. Assuming
65 amu/sweep and 10 samples/peak, a spectra sampling rate of 154 u sec/
sample would be required exclusive of sweep samples for peak identifica-
tion, Although these rates are well within the capabilities of the computer
A/D conversion system, implementation of data input of other important
parameters would be jeopardized. Thus, the systems were generally
divided with mass spectrometer and related data recorded on the visi-
corder and the engine and chamber parameters recorded by a PDP-8
computer.

5.6.1 Mass Spectrometer System
The following items were felt to be important for spectra interpreta-
tion and engine performance evaluation:
1. electron multiplier output, high and low sensitivity,
. mass spectrometer sweep control voltage,
. engine combustion chamber pressure,
. oxidizer and fuel pressure,

. Vvacuum chamber pressure, and

D A W N

. probe pressure.

Only six visicorder channels were available for the mass spectrometer
system so only those parameters of greatest interest for a specific run
could be chosen. However, all parameters with the exception of mass
spectrometer electron multiplier and sweep control voltage were
duplicated within the computer data acquisition.

Several mass spectrometer paramecers were not recorded automat-

ically since they were normally fixed for optimum signal output. Nor-
mally, 0.5-ma emission current and 3,000-v multiplier voltage were
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used with the exception of those runs when minor species were to be iden-
tified when a 1-ma/3, 900-v combination was used.

5.6.2 PDP-8 Computer System

The utilization of the computer data acquisition was imperative in
order to incorporate as many safety precautions into the installation as
possible. There was an element of uncertainty regarding the performance
of the engine and the vacuum chamber; thus, in addition to the importance
of data for test purposes, many parameters were monitored so that appro-
priate control functions could be initiated if certain limits were exceeded.
This function was usually automatic engine shutdown.

The following engine parameters were recorded:

1. fuel and oxidizer temperatures (3 each),

2, fuel and oxidizer pressures (1 each),

3. nozzle tip and combustion chamber external temperatures, and

4, fuel and oxidizer flow rates

The following chamber and vacuum instrument outputs were recorded:
1. Alphatrons (fore and aft sections),

2. General Electric ion gages (fore and aft sections),

3. General Electric ion gages (impact and static), and

4

. Pprobe ion gage.
Engine time was recorded and used as a run time limiting parameter.

As a control device, the computer was used to periodically sample
critical parameters and terminate the engine firing if they were outside
specified limits, Prior to a data run, those limit parameters and their
values were selected and stored. Engine solenoids were energized through
series contacts selected sequentially by the fuel system operator and the
computer. Before the solenoids could be energized, the operator selected
both fuel and oxidizer solenoids; this was followed by three passes
through the computer data input sequence for limit checks. If all param-
eters were within prescribed 1limits, the computer solenoid contacts
were closed, accomplishing engine ignition. If any one of the selected
parameters was outside the prescribed limits, the engine was shut down.
For a normal run, this was engine time read from a timer-counter,

After shutdown, data acquisition was continued until the data field was
filled.
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Any combination of 24 parameters could be input to the computer.
For the maximum number of parameters, a complete data input sequence
could be completed in 30 msec. Thus, the sampling rate was determined
by the number of selected input parameters, the number of storage loca-
tions in the data field (~1, 322), and the desired length of run time. All
parameters could be recorded in a 2, 75-sec run sampling at 50 ms/sweep.
After a firing, all data were recorded on magnetic tape for subsequent
data reduction. In addition, tabulator printout and/or plotter/oscilloscope

output could be displayed as required immediately after a run,

Other parameters were measured only to identify chamber conditions,
for example, certain cryogenic temperatures and the helium liquid level
in the hydrogen pump., Periphery electron beam experiments required
special instrument systems, some of which did not relate directly to the
rocket test. However, engine hydrogen and water species measurements
were made using photon counting techniques and were recorded with the
computer.

5.7 CALIBRATIONS

As previously noted in this report, the 4- by 10-ft RVC which was
chosen for the rocket experiment had as an integral part of the chamber
an electron beam fluorescence system: The electron beam fluorescence
technique makes it possible to determine number densities in the free
stream through optical measurements. By positioning the mass spectrom-
eter probe on the axis of a sonic orifice free jet near the point sampled
by the electron beam's optical system, a twofold calibration of the mass
spectrometer system may be obtained. First, as was previously indicat-
ed, the sonic orifice expansion is so well documented that an exact
axial number density variation may be calculated, thus determining the
number density for the mass spectrometer sampling orifice, Second, the
_electron beam measurement determines the number density at a point
slightly upstream of the mass spectrometer skimmer which allows an
extrapolation to the number density at the skimmer entrance. This two-
fold calibration technique was employed in conjunction with a 3. 2-mm,
thin-walled sonic orifice to calibrate the conical mass spectrometer probe
signal for several plume gases., The day-to-day sensitivity changes of
the mass spectrometer were monitored by flowing nitrogen through the
rocket nozzle at a given flow rate and monitoring the mass 28 signal.

The changes in signal level indicated the sensitivity change.

Figures 26 through 28 present the calibration curves for nitrogen,
carbon monoxide, and hydrogen at mass spectrometer settings used
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during later engine firings. Due to the previously discussed difficulties
encountered with hydrogen detection, two hydrogen calibration curves
were needed. Figure 29 indicates the increased signal levels obtained
with higher electron multiplier voltage. The calibration curves are
presented as functions of sonic orifice source pressure, the original data.
Conversion to number density is accomplished easily by means of the
far-field approximation

-1/y=1 -2
o= 552 )

where A is a previously given constant, In terms of source pressure and
the calibration conditions this yields, for v = 1.4,

a = 7.91 x 1010 P, em3

where Py must be expressed in torr. The large dynamic range of the
mass spectrometer probe is indicated by the extremely low P, values
for which meaningful data are attainable.

5.8 CHAMBER AND ENGINE PERFORMANCE

Details of the 4- by 10-ft RVC and the 1-lb-thrust MMH/NgOy4
rocket engine (Fig. 20) have previously been presented in this report.
Proper mass sampling of the engine was predicated upon the rocket
exhaust performing as a free jet, hence the chamber pressures had to
be low enough to permit a free-jet structure of sufficient size. From
Eq. (3), Section 2.4, it may be determined that the vacuum chamber
background pressure must be maintained below 2.5 x 10~2 torr to per-
mit a proper free-jet structure to be formed. Fig. 30 presents a plot
of the vacuum chamber pressure as a function of time for several runs.
The pressure was measured with an alphatron gage behind the rocket
engine. The alphatron was located on a warm wall and was partially
open to directed flow (backflow) from the engine, When an estimated
gage factor is included in the data the pressure remains below the
required 25.0 u#Hg level.

The engine performance was primarily monitored through the mea-
surement of combustion chamber pressure and the mass spectra. Due
to the small pressure tap and plumbing between the combustion chamber
and pressure transducer, the transducer output lagged the actual combus-
tion chamber pressure by several milliseconds. Since run times were
considerably longer than the lag time, the steady pressure was, never-
theless, recorded correctly, Figure 31 presents the measured combus-
tion chamber pressure for three O/F ratios. The oxidizer mass flow
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rate was held constant during these runs. The oxidizer solenoid value
led the fuel valve on opening by 10 msec and lagged the fuel solenoid
valve by 10 msec on closing. This ensured that only quantities of frozen
oxidizer and no frozen fuel were cryopumped in the chamber., This
permitted warmup of the cryogenic systems with little concern over
reactions taking place on the chamber walls,

59 PROBE EVALUATION

The conical mass spectrometer probe was mounted in the 4- by 10-ft
RVC at a distance of 91 cm, 63 nozzle exit diameters downstream of the
1-1b-thrust engine nozzle exit. The engine was operated at several O/F
ratios for a variety of run times. The following sections discuss the
probe performance and the results of those runs.
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Figure 26. Nitrogen calibration.
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Figure 28. Hydrogen calibration, 2,500-v multiplier voltage.
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Figure 29. Hydrogen calibration, 2,900-v multiplier voltage.

3.0
2.8
2.6
2.4
22
20
L8
16
L4
1.2

L0 |-

0.8
06
0.4
0.2

T
a

000
o Og - ©0o000 Runl, 1sec

“nuRunZ.Bsec

a
00000
| o°° © 0000000083°°°°
& Run3, 3sec . 9g
=]

Eb 1 1 |

0 1.0 2.0 3.0
Time, sec

Figure 30. Vacuum chamber pressure temporal behavior.

55

torr



AEDC-TR-76-55

[ ]
™~
[ =]

1 |

<><><><><><><><><><><>OIF==1.62

<
o 600999 OF-17
100 o oo<|:>l <

°
o8 Same Oxidizer Flow Rates

Combustion Chamber Pressure, psia
°

p oo© oo
o

o <
o©O
a o O°

I:’O
— O
o8
;uo
o 3
go— l oL oo | |
0 1.0 2.0 3.0
Time, sec

Figure 31. Combustion chamber pressure for three O/F ratios.

5.9.1 Probe Pumping

The mass spectrometer probe pressure was monitored during engine
firings by a Veecd® ionization gage installed on the probe rear plate. The
only significant variables in the pressure variation for different engine
firings were the firing time and the quality of the internal CO2 frost used
for hydrogen pumping. Although additional COg was usually deposited
prior to each firing, the ability to pump the hydrogen degraded with each
successive run. Typical behavior of the probe pressures during a sequence
of firings is presented in Fig, 32, For each successive firing, the probe
base pressure (before engine operation) is higher and so are the pressure
levels throughout the firing. From previous mixture experunents, it
was determined that data for probe pressures above 5 x . 10-6 torr were ques-
tionable with respect to hydrogen measurements but were reasonably
accurate for other species. It is, therefore, necessary to examine the
probe pressure data before implying the significance of hydrogen number
density measurements.,
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Figure 32. Probe pressure during rocket firings.

5.9.2 Major Species

The major species present in an equilibrium MMH/ N3O, exhaust
plume with an O/F ratio of 1, 60 were listed in Table 1, An absolute
measurement of the constituency of the 1-1b-thrust engine exhaust was
attempted with the mass spectrometer probe for several O/ F ratios.

The O/F ratio was varied by controlling the fuel tank feed pressure.
Therefore, except for small flow-rate changes due to combustion chamber
pressure fluctuations, the oxidizer flow rate was the same for all runs.
Figure 33 is an example of the oscillograph output for a particular run
(O/F = 1,76). The mass sweep, combustion chamber pressure, and mass
spectra for two sensitivity ranges are indicated. Figure 34 represents
the variation of signal from a combustion product, H30, and an oxidizer
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product, NO, as functions of O/F ratio. The signals are normalized with
respect to the mass 28 signal for each run. Although significant scatter
is evident, the combustion product signal tends to drop slightly with
increasing O/F ratio while the oxidizer product increases significantly,
The slight drop in mass 18 to mass 28 ratio at higher O/F ratios is due
to the decrease in available fuel to support combustion, The mass 30
signal to mass 28 signal increases with O/F due to the increased amount
of NpO,4 available for cracking,
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Figure 34. Variation of species with O/F ratio.

58



AEDC-TR-76-55

Table 11 presents the measured values of major specie number den-
sities at an O/F ratio of 1.62. Use of the mass spectrometer calibrations,
measured cracking patterns, and tabulated ionization cross sections (Ref.
20) were employed in the compilation of Table 11. A correction for
nonlinear multiplier response was also included., A comparison of Table
11 and Table 1 reveals that the combustion is less than completely effi-
cient (e.g., the HyO mole fraction).

Table 11. Measured Species Concentrations (O/F = 1.62)

Mole Fraction

Component Measured No. Density (cm_a) of Major Species

H,0 2.97 x 1012 0.153

N,/CO 9.9 x 1012 0.511

H, 1.5 x 1012 0.077

co, 1.63 x 10!2 0.084

OH Trace

H 1.27 x 1012 0.066

0, 7.59 x 10'1 0.039

NO 4.24 x 1010 0.0022

o 6.95 x 10'° 0.0036

This supports the poor combustion efficiency (0. 83) reported for the
engine by the Marquardt Corporation. More reliability of quantitative data
could be obtained from the probe through more exacting calibration tech-
niques. The electron beam system which was employed as an additional
calibration system for the mass spectrometer probe was used to measure
water and hydrogen number densities in the plume. Extfapolated to the
mass spectrometer axial location the electron beam determined the num-
ber densities to be 5,23 x 1012 cm=3 and 2,02 x 1012 ¢m~3 for water and
hydrogen, respectively, These values are slightly higher than the mass
spectrometer values, but the ratios between the two species for both instru-
ments basically agree. More precise mass spectrometer probe calibra-
tions are necessary to obtain exact quantitative data. Regardless, the
major specie data do indicate the probe's ability to make quantitative major
specie measurements in a rocket exhaust plume.
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5.9.3 Minor Species

In order to obtain minor specie measurements it was necessary that
the mass spectrometer gain be set much higher than what had been useful
in making major specie measurements, This resulted in losing some of
the major specie data for particular runs due to too-high signal levels.

If necessary, this loss of data could be avoided through the use of a mass
switching technique.

Figure 35 presents a typical oscillograph trace for a minor specie
data run. The large number of peaks which are present may be con-
trasted with the relatively few peaks observable in Fig, 33. Practically
all mass numbers from 12 to 53 are shown in Fig, 35, This again empha-
sizes the complicated spectra of such a rocket exhaust and the large
dynamic range of the mass spectrometer. Table 12 presents a tentative
list of the principal ions identified in the spectra of Fig. 35. Quantitative
interpretation of the data was not attempted. The identification of all
peaks is difficult but most unidentified peaks in Table 12 (designated by
a U) can be attributed to cracked pump oil present in the vacuum chamber,

SR U 1 O B e e

Figure 35. Minor species mass spectra.
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The helium listed was due to a very small leak in the gaseous helium
refrigeration system. It should be noted that the spectra is of sufficient
quality to allow relative comparison of minor species for different
operating conditions, although quantitative evaluation of an individual peak
would be extremely difficult.

Table 12. Identified Mass Numbers in MMH/N204 Exhaust

Specie Mass No. Specie Mass No.
+ . + +
H . 1 NO™,CH NH 30
H, 2 NHNH2+ 31
He™ 4 02+ 32
ct 12 U 35
cut 13 U 36
Nt 14 U 37
CH3+,NH+ 15 03H2+ 38
0+,NH2+ 16 CyH, " 39
NH3+,OH+ 17 CN2+ 40
H20+ 18 an2+ 41
+ +
HyQ 19 'CH,N, 42
U 20 CH3N2+ 43
cot* 22 CO+ ,CH, N H* 44
2 . 2 g Ny
U 24 CH3NHNH+ 45
cNt 26 NO,*,CH NHNH,* 46
cNut 27 CoH ,* 50
+ + +
N,",CO 28 C,H, 52
29 U 53

5.9.4 Velocity Distributions

Time of flight velocity distribution measurements using the meta-
stable technique were attempted during the 1-1b engine firings. The mass
spectrometer configuration was unchanged from the mass sampling runs
except for the electronic setup and the electron multiplier configuration,
The ion source was operated as an electronic chopper which produced
ions and metastable molecules. The metastable molecules, unlike the
ions, are unaffected by the electric fields within the spectrometer. The
quadrupole section was operated at a resolution such that no ions would
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traverse the pole section at all, thus only metastable molecules reached
the multiplier section. The normally paraxial multiplier was rotated
onto the spectrometer centerline and served as a metastable signal
detector to give the velocity distribution's temporal waveform. A
complete description of the metastable time of flight technique may be
found in Refs. 2 and 5.

Unfortunately, the velocity distribution measurements were attempted
near the end of the test matrix, In the interim of time between the mass
sampling measurements and velocity distribution measurements the
expander in the GHe refrigeration system required replacement, The
new expander did not operate as well as the previous one, and consequently
it became impossible to cool the mass spectrometer probe to the pre-
viously attainable temperatures. An associated loss of pumping in the
probe, accompanied with high (10-9 torr) pole section pressures, resulted.
The high pressure in the quadrupole section severely reduced any chances
of obtaining velocity distributions in the plume. Several efforts were
made, but all were unsuccessful.

6.0 SUMMARY AND CONCLUSIONS

Two cryogenically cooled mass spectrometer probes, one a flat-faced
probe with 2 2-mm cryogenic skimmer and the other a conical-faced probe
with a heated, 20-deg half-angle, conical skimmer were designed and built
to perform future measurements of the species concentrations in the far
field of a rocket exhaust plume of a 75-1b-thrust bipropellant (MMH and
N2Oy) liquid rocket engine.

Preliminary evaluation of the two probes revealed the flat-face probe
to be incapable of sampling at a reasonable axial position in the exhaust
plume of a 75-1b rocket engine. However, the flat-face probe could be
expected to perform properly in the exhaust plume of a 1-1b thruster if
operated at chamber altitude levels sufficient to permit extreme far-field
measurements., The discrepancy in the design and operating characteris-
tics is associated with the inability to insure sufficient coolant flow within
the probe. The conical probe was found to be capable of operating for
certain conditions in the environment of a 75-1b engine, Its improved
performance relative to the flat-faced probe is associated with its larger
pumping area and a less restricted coolant flow system.

The conical probe was evaluated in the exhaust plume of a 1-1b bipro-
pellant (MMH/N20,) rocket engine at a location approximately 63 nozzle
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diameters downstream of the nozzle exit. The following concluding ob-
servations may be made:

1. The probe-pumping system is capable of maintaining the
high vacuum conditions necessary for mass spectrometer
operation,

2, Acceptable instrument response time and sensitivity are
obtainable, the corrosive environment not significantly
affecting the mass spectrometer sensitivity.

3. Reasonable mass spectrums of the rocket exhaust con-
stituents can be obtained with quantitative measurement
of major species,

4. Minor constituents can be determined by use of the probe
with relative comparisons being possible in some instances.
Quantitative measurement is not obtainable with the present
system.,

5. Velocity distribution measurements are unobtainable with
the present configuration, but increased probe pumping
could permit employment of the metastable time-of-flight
technique.

6. For the probe operating conditions in the 1-1b engine
evaluation, the effects discussed in Section 2.3 of this
report were determined to be of little or no consequence,

The most serious hindrance to quantitative measurements with the
present probe resulted from the lack of reliable and extensive calibra-
tions, These data could be obtained, however, through the extensive use
of sonic orifice calibration experiments similar to those discussed in
this report.

The primary probe limitation was the inability to handle high impact
pressure levels. A correction for this shortcoming is obtainable through
probe redesign to ensure maximum coolant flow rate through the probe.
The conical probe was determined to be greatly superior to the flat-faced
probe due to the higher coolant flow rates and increased pumping of that
system., The pumping breakdown experienced by the flat-faced probe was
not as serious a problem to the conical probe, and conical probes do
appear much better suited to sampling the high mass flows present in
rocket engine exhaust plumes,
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NOMENCLATURE
Apu mp Internal probe-pumping area
Cp Specific heat at constant pressure
D Sonic orifice diameter
D, Nozzle exit diameter
Dgr Skimmer diameter
Hp Heat of fusion
HV Heat of vaporization
K, Knudsen number
M Mach number
m Mass flow rate
n Number density
Pg Background pressure
PC Combustion chamber pressure
Pi Impact pressure
Pp Probe internal pressure
Pg Static pressure
P, Stagnation chamber pressure
Qg Gas heat load
QR Radiation heat load
R Gas constant
Te Nozzle exit radius
S Pumping speed
S Pumping speed of Hy for CO, on 12°K surface
Tc Combustion chamber temperature
panel Cryogenic panel temperature
Ty Wall temperature
T, Stagnation temperature
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X Distance from nozzle exit to measurement point
) 94 Virtual source displacement
v Specific heat ratio
Emissivity
2 Mean free path
In Throughput
c Stefan-Boltzmann constant
w Viscosity law exponent

SUBSCRIPTS

c Combustion chamber
e Nozzle exit

ref Reference

s Static

SK Skimmer

o Stagnation

% Free Stream

67



