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ABSTRACT

Tests have been conducted on a rocket exhaust scavenging system
as part of a program to develop new techniques for testing at simu-
lated space conditions. Detailed plume characteristics were computed,
and a model scavenging system was tested for both cold and hot gas
rockets. Results indicate that for the firing of a typical small control
rocket it will be possible to maintain 1 x 1074 torr pressure in a space
chamber.
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m, Mass flow into vacuum chamber, torr £/sec

mgy Mass flow into scavenging duct, torr £/sec
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Py Pressure in plume upstream after a normal shock, torr

Po Pressure in vacuum chamber, torr

Py Pressure in scavenging duct, torr

P Pressure in gas generator chamber, psia

Pg Pressure in jet plume, psia

o} Flow into a vacuum chamber, torr £/sec

S Pumping speed of vacuum system, £/sec

t Time, sec

v Vacuum chamber volume, £
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SECTION |
INTRODUCTION

Various techniques for simulating different aspects of space envi-
ronment have been developed over the past few years. Some of these
techniques have been developed to test specific components or sub-
systems, and additional techniques and combinations of test methods
have been developed for complete systems tests. The work reported
herein is concerned with techniques which can be applied to the testing
of small rocket engines under space conditions.

Previous work at AEDC in this field was reported in Ref, 1. That
portion of the program was devoted to techniques which can be used to
remove the rocket exhaust gases by cryogenic and cryosorption pumping.

These pumping techniques can be used to great advantage when plume
investigations are to be conducted. However, when it is desired to con-
duct a systems test on a complete space vehicle, that is, a vacuum-
thermal test during which time the confrol rockets must be fired, adequate
gimulation cannot be maintained by allowing the gas to fill the entire space
chamber. This is illustrated in Fig. la for a 100-1b rocket in a large
space chamber. When the rocket is fired, the pressure in the chamber
rises to such a level that thermal balance on the test vehicle is changed
from what it would be in space. Although there is some indeterminacy be-
cause of different types of vehicles as to the exact pressure which must
be maintained to keep gas conduction effects low, for this discussion
1 x 10”4 torr will be used as the upper limit of acceptable pressure. It
can be seen that a period of over 10 min would be required before the
pressure returned to an acceptable level.

This difficulty can be prevented by removing a major portion of the
rocket exhaust gas through a plume scavenging duct as illustrated in
Fig. 1b. For equivalent engines and after removing 95 percent of the
engine exhaust through the duct, the period of incorrect thermal balance
can be greatly reduced or eliminated. The external pump may be a con-
ventional mechanical pump because the exhaust scavenging system inlet
can be designed to recover some of the kinetic energy of the rocket
exhaust gases.

This report presents analytical and experimental results which were
obtained in order to determine the effectiveness which could be expected
by using a plume scavenging system to maintain the space chamber pres-
sure at a low level during engine firing.
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SECTION It
SYSTEM CONSIDERATIONS

2.1 STATEMENT OF PROBLEM

The general problem can be stated as requiring that the exhaust from
a control rocket should be captured by an inlet placed near the nozzle.
This inlet should capture the desired amount of gas and should give as
much pressure recovery of the exhaust as pessible in order to facilitate
its removal from the chamber. There are several elements and con-
straints of this problem which must be considered. The elements of the
problem are:

1. Calculation of the rocket exhaust plume and the decision as to
what percentage of the plume can be removed by the chamber

pumping system and the amount which must be removed by the
inlet.

2. Choice of the type of inlet which is used and its ability to capture
the desired exhaust products.

3. The pressure recovery which can be expected from the inlet.

4. The effect of rocket shutdown which may allow gas to spill back
into the space chamber from the scavenging duct.

The major constraints which were imposed include:

1. The inlet should be far enough from the nozzle so that the jet can
expand freely for some distance; however, the inlet must be
reasonably small so that large radiation blockages do not occur.
It is desirable to allow the jet to expand so that heating from the
jet gases can be experienced by the space vehicle surfaces. In
most cases this means the inlet should be about 20 nozzle exit
radii downstream of the exit. In addition, since the boundaries
of the plume are rather poorly defined at these pressures
(1 x 104 torr) and contain lower energy gas, no attempt would
be made to capture over 94 percent of the gas into the inlet.

2. The inlets should be of relatively simple fixed geometry. If
liquid-nitrogen (LNs) cooling is desirable, it could be used on the
inlets.

3. Hot and cold jets would be used in the test program. The exhaust
products should be similar to those expected in test programs;
thus, they would contain Hy, Ny, CO, COgy, and HgO as major
constituents.
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4. The experimental program would be carried out in a 7-ft-diam
vacuurn chamber which then fixed the maximum size of the
rockets to be tested in the experimental portion of the program.

2.2 APPROACH

Since the chamber in which the experimental work was conducted
is the 7-ft-diam Aerospace Research Chamber (7V}, the maximum
size of gas generator cor rocket which could be used was established.
The largest size practical was desired so that scale ratios from the
experiment to application on larger tests (-100-1b thrust engines) would
not be too large. Thus, the rocket size chosen was approximately
5-1b thrust and a corresponding cold gas generator of the same size.
A test setup. shown in Fig. 2, was then chosen. With this type of test
setup, it was possible to pump the major portion of the gas flow out
through the scavenging duct with an external pump and to pump the by-
pass or spilled flow with the test chamber pumping system.

Computations were then performed which defined the plume
properties which could be expected, and it was decided that the inlets
would be decigned to capture 94 percent of the nozzle flow. Three inlets
were then designed incorporating different degrees of complexity and
different anticipated levels of recovery efficiency. The recovery of the
inlets was estimated, and instrumentation was placed in the gas genera-
tor and rockets, the vacuum test chamber, and scavenging systems so
that the system performance could be measured. Tests were then run
with a cold gas generator, and the percent captured by the inlets and the
pressure recovery of the inlets were measured. Since a 5-1b liquid
rocket was not available, a solid rocket with a 3/4-sec burn time was
used. The amount captured by each inlet was measured using the solid
rockets. Since the burn time was short, maximum recovery with the hot
gas could not be obtained. The effect on the chamber pressure at rocket
shutdown was determined by operating with and without a reverse flow
control in the inlets.

2.3 RELATED WORK

A considerable amount of analytical and experimental work has heen
conducted in plume expansions, ejector-diffusers for engine tests, super-
sonic inlets, and cryopumping or cryosorption of various gases.

A summary of plume studies under low pressure conditions is pre-
sented in Ref. 2. This work demonstrated the applicability of analytical
techniques te predict plume properties. A more detailed, characteristics
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solution, computer program was developed and reported in Ref. 3. This
program has been adapted for use at AEDC, and Ref. 4 reported good
experimental agreement with properties computed by this program. It
was this computer program which was used to predict the plume prop-
erties for the cold gas jets and rockets used in these studies.

Work on ejector-diffusers which are used to improve the altitude
performance of rocket engine test facilities has been carried on for some
time at various industry and government test centers. Some of this work
is described in Ref. 5. A study of ejectors without secondary flow is re-
ported in Ref. 6. Work in which a small part of the plume was spilled
is reported in Ref. 7. This present program was intended to have the
diffuser spill a significant portion of the plume boundary into the cham-
ber to be pumped by the chamber pumping system, thus extending the
data obtained to date. In addition, it was desired that the chamber pres-
sure be about 1 x 10”4 torr, whereas previous results have been with
chamber pressures above 1072 torr. However, some of the analytical
techniques which have been developed (Ref. 6) could be used to estimate
system performance.

A large background of work has been done on supersonic inlets
(Ref. 8) and supersonic wind tunnel diffusers (Ref. 9). This work has
been related to essentially uniform inlet conditions and is difficult to
apply without the development of a large computer program because of
large nonuniformities in the present case. However, certain generali-
ties may be ascertained, in particular the fact that the pressure recovery
in most simple supersonic diffusers can be estimated by using the normal
shock pressure recovery based on diffuser inlet Mach number, and that
for straight duct-type diffusers several duct diameters are required in
which the pressure recovery can occur.

In recent years, work on ¢ryopumping and cryosorption has pro-
ceeded at an increasing pace. As noted in Section I, early work on this
program was devoted to techniques of cryopumping and cryosorbing
rocket exhaust products (Ref. 1). Several additional studies have been
carried out on pumping of rocket exhausts and individual gases (Refs. 10
and 11). When the engines to be tested are larger than 100-1b thrust, the
refrigeration required to condense CO, Ny, and Hg becomes prohibitive.
For the program under study here, cryopumping would only be used for
spillage flows. The information in Refs, 1, 10, and 11 can be used to
estimate chamber pumping speed for the spillage flows and hence cham-
ber pressure which will be experience during rocket firing.
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2.4 SYSTEM ANALYSIS
2.4.1' Plume Geometries

‘As stated, the jet plumes were computed using a method of charac-
teristics network. The information required to construct the network
consists of the nozzle geometry, the gas properties, and the pressure
ratios which can be expected between the nozzle total pressure and the
test cell pressure. Typical results for a cold jet and a rocket of the
type used in this study are shown in Figs. 3 and 4. As would be ex-
pected, somé difference exists between the two, and if an inlet is
expected to capture the same percentage of cold and hot gas it must be
located 'to intercept equivalent mass flow lines in each case. Since one
of the constraints was that the gas would be allowed to expand for about
20 nozzle radii, it can be seen that the inlet Mach numbers will vary
from 8°to 20 for the cold jet and from 7 to 15 for the rockets. Varia-
tions in plume boundary with chamber pressure are illustrated in
Fig. 5. Thus, for the conditions used in this test (i.e., rocket cham-
ber total pressure ~1000 psi) it can be seen that the chamber pressure
must reach ~1071 torr before the 95-percent mass flow line is influenced.
The static pressure near the point where the outer lip of the inlet would
be located is ’~‘lO'2 torr; thus, the entire flow field between the nozzle
and the lip is in the continuum flow regime.

2.4.2 Inlets

Three inlets designed for use in the program were: (1} a straight
cylindrical duct, (2) a duct containing a conical centerbedy, and (3) an
inlet which attempted to gain the additional pressure recovery by
approximating an isentropic compression inlet. These inlets were de-
sipned to capture 94 percent of the nozzle flow. This made their lip
location cccur at 21 nozzle radii for the cold gas case and at 13 nozzle
radii for the hot gas tests.

The pressure recovery for the inlets could be estimated using
techniques presented in Refs. 8 and 10; however, because of the large
flow nonuniformities, the flow field must be divided into a large number
of segments and an extremely large computer program results. In view
of this large effort, these computations were not attempted at this time.
By making some mass weighted averages of the normal shock pressure
recovery, an estimate was obtained for the pressure recovery of the

system. Thus
n = lip m p P 3
> = )(_,) - =L (1)
n = centerline m 4 Py L Pr P

¥
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where

th

m is the mass flow in the n'"! segment

m 4 is the mass captured by the inlet

(p_?_) is the normal shock static pressure
n

Py recovery associated with the nth segment
P1 is obtained from the expansion

gives an estimate of the pressure which can be expected in the scavenging
duct. The corresponding pressure ratio obtained by this technique for
the cold gas and rockets is 2.4 x 10°4 and 2.8 x 10'4, respectively. Data
from Ref. 7 indicate that the straight duct should be expected to operate
at about this pressure recovery. Data from hypersonic inlets indicate
single angle compression cones should provide 1.5 to 2 times the pres-
sure recovery of a straight duct (Ref. 10); thus, this configuration is ex-
pected to have py/py values of 3.6 x 1074 and 4.2 x 1074 for cold gas and
rockets, respectively. The third configuration might be expected to have
a somewhat higher compression ratio. However, the problems of off-
design operating conditions for the inlets with centerbodies can be expected
to be worse than the straight duct.

Since the inlets must be matched to an existing scavenging pumping
system or their operating characteristics used to determine an appro-
priate pumping system, information, illustrated in Fig. 6, must be
obtained from the test. Since the inlet is immersed in a hypersonic stream,
it can be expected to function as a normal inlet where back pressures (py)
up to a certain value will have no influence on the amount of gas captured
by the inlet. Further increases in the back pressure cause the inlet flow
to break down, and gas is spilled around the inlet. The intersection of the
inlet characteristic and the pump characteristic will determine the
operating point for a given system. For a pump which is too small, the
intet will spill too much gas in the test chamber causing incorrect thermal-
vacuum results. For an oversized pump, test results will be satisfactory
but the most economic system is not obtained.

2.4.3 Test Chamber

The pumping speed of the test chamber had been measured previously.
and the results are presented in Fig. 7. These data were taken for in-
dividual room temperature gases admitted into the chamber through a
diffuse emitter. With the assumed spillage flows it is possible to compute
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the pressure-time response expected in the chamber by using the
standard pumping speed equation (Ref. 13).

p- L) (2)

However, the previous data did not apply very well to hot gas tests, and
a new average pumping speed was required. This could be obtained by
firing the rockets directly into the chamber with no scavenging and com-
puting s from the above equation and the pressure-time trace. Then this
pumping speed could be used in the computation of q from measured
values of Pe when the scavenging system is being used. Thus, the value

m
r
pressure obtained with no scavenging system. Since

m
of —£ for the same value of t is proportional to p./p.', where p.' is the

rhr=rhc+r°nd (3)

rhd/r'nr can be computed. This procedure could also be used for the
cold gas case to check the previous pumping speed measurements, and
since a flowmeter was to be used in the scavenging duct and could be
read for the cold gas runs, a cross check on r'nd/ﬁrlr was obtained.

SECTION Il
APPARATUS

3.1 ARC (7Y}

The ARC (7V) (Fig. 8) is a 7-ft-diam by 12-ft long stainless steel
cylindrical space chamber with a stainless steel crycliner. In these
tests, the cylindrical portion of the liner was normally operated at
77°K and the end panels at 20°K. The end panels are cooled with a 1-kw
capacity gaseous helium (GHe) refrigerator. Two 32-in. diffusion pumps
with LNg baffles are attached to the bottom of the chamber.

3.2 COLD AND HOT GAS GENERATORS (THRUSTERS)

The hot gas jet was created by a small solid-propellant charge.
The charges were installed in a case as shown in Fig. 8a, and the pro-
pellant burn time was about 0. 75 sec with a typical chamber pressure
curve as shown in Fig. 9b. The gas products were HgO, COg, Ny, CO,
and Hy. There were four units mounted in the chamber for each pump-
down, and an indexing mechanism was used to align them with the inlets.

The cold gas jet was obtained by connecting a supply tube into the
same type of case that was used for the hot gas. The gas used was a
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85:15 mixture of Ng to COs which simulated the percent 77°K conden-
sables for the hot jet. Both the cold and hot jets could be aligned so
that they could exhaust directly into the chamber or into the scavenging
system. :

3.3 EXHAUST SCAVENGING SYSTEM

The exhaust scavenging systenr consisted of four major parts: the
inlets, the CO9 reverse flow control, the connecting ducts, and the
pumping system.

3.3.1 Inlets

The three inlets which were used are shown in Figs. 10a and b,
11a and b, and 12. The inlets could be connected to the connecting
duct with or without the CO9 control in place. Runs with Configura-
tion A did not use the COgy control.

3.3.2 CO2 Reverse Flow Control

The COg ejector was a simple annular ejector with an annular
driving nozzle (Fig. 13). The COs driving nozzle operated at 800 psi,
and the CO2 was condensed in the LNg-cooled connecting duct. The
COsy flow in the ejector was controlled by varying the throat area of
the driving nozzle.

3.3.3 Connect Duct ond Scavenging Pumps

The connecting duct was 6 in. in diameter and contained the flow
measuring equipment. The scavenging pump was a 500-cfm mechani-
cal pump. A 16-in. diffusion pump was installed in the line so that
backflow into the chamber from the scavenging duct did not occur during
pumpdown. During firing the inlet pressure to the pump went above its
operating range, and it only served as part of the connecting duct during
the runs. In later tests it was found unnecessary and was removed.

The connecting duct was about 100 ft in length. In some cases the duct
was connected to a 1200-ft3 ballast chamber so that the duct pressure
could be held below that which the 500-c¢fm pump could maintain.

3.4 INSTRUMENTATION

The general arrangement and location of the instrumentation is
shown in Fig. 14. Several types of pressure gages were used to cover
the rather wide range of pressures encountered. The pressure and
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temperature of the gas generators were measured. Pressure, tem-
perature, and flow through the orifice were measured in the scavenging
duct. Pressures were measured in the chamber using quadrupole and
time-of-flight mass spectrometers and various pressure gages. The
output of the gages and thermocouples was recorded on an oscillograph,
and the output of the mass spectrometers was recorded with a motion
picture camera viewing the output scope.

SECTION IV
PROCEDURE

All pressure gages were calibrated in the instrument laboratory
prior to test installation. The test sequence consisted of: installing
the desired inlet configuration, loading the hot gas generators and
connecting the cold gas generator, evacuation of the chamber to a
pressure below 1 x 1076 torr, in-place calibration of the pressure
gages, re-evacuation of the chamber to below 1 x 10”8 torr, and cool-
ing of the desired cryosurfaces. Then the gas generators were
operated and measurement of the operating parameters was made; a
post-test in-place calibration of the gages was made if any discrepancies
were noted. After this procedure, the chamber was returned to atmos-
phere,

The data obtained during the tests was plotted versus time. With
these data, it was then possible to compute the mass of gas captured
by each inlet (m ;) using Eqs. (2) and (3) as well as the measured flow
through the orifice. The duct pressures (pg) corresponding to these
mass flows were measured, and with this information it was possibie
to plot duct mass flow versus duct pressure for the different inlets.
The data were normalized by dividing the duct mass flow by the total
mass flow (mg/m,) and the duct pressure by the rocket chamber pres-
sure giving (py/p,).

SECTION V
RESULTS

5.1 COLD GAS TESTS
5.1.1 Typical Cold Gas Runs
A typical ceold gas run with Configuration A is shown in Fig. 15.

The gas supply pressure, chamber pressure, and duct pressure illus-
trate the response of the system and the steady-state portion of the run
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with a fixed setting of the throttle valve. Normally attempts to run the
gas for periods over 10 sec would cause the 20°K end panels to warmup
so that their cryopumping efficiency would fall ¢ff and the chamber pres-
sure would rise.

Data were taken with the throttle valve at different positions from
fully open to closed, thus varying the scavenging duct pressure. When
the throttle was closed during a run, the results shown in Fig. 16 were
obtained. Here it can be seen that as the valve closed, the scavenging
duct pressure would start to increase. During the early part of the in-
crease, no effect is noted on the chamber pressure indicating no change
in the amount of gas captured by the inlet. Further increases in duct
pressure caused the mlet to spill additional amounts into the chamber
as evidenced by the rise in chamber pressure,

5.1.2 Summary of Cold Gas Results

A summary of the cold gas results is presented in Figs. 17a, b,
and c for inlet Configurations A, B, and C, respectively. These plots
were obtained as described in Section IV. For the different configura-
tions, the maximum pressure recoveries (pd/pr) were about 2.5, 2.9,
and 3.5 x 10"%. Since the rocket pressure (pr) was 750 psia or

.75 x 104 torr, this corresponds to duct pressures of 9.4, 10.9, and
13. 1 torr for the three inlets.

£.1.3 Effects of Cocling on Cold Gas Results

The cooling of the inlets to 77°K with I.Ny had little effect on the
maximum pressure recovery which could be obtained by the inlets.
The cold inlets and duct did condense a large portion of the CO29 in the
gas, thus reducing the external pumping required. This effect can be
seen in Fig. 18 for a fixed throttle valve setting. Cooling the system
had almost no effect on the chamber pressure; however, the duct mass
flow and hence duct pressure were down because of the removal of the
COs.

5.2 HOT GAS TESTS
5.2.1 Typical Rocket Firing

The results of two typical rocket firings are presented in Fig. 19,
For the top curve the rocket exhaust went entirely into the vacuum
chamber, whereas the second was aligned with the scavenging iniet.

As indicated in Section 2. 4. 3 using the chamber pressures thus obtained,
it is possible to compute the mass captured by the inlet.

10
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The fact that the rocket exhaust gases have several constituents
and different individual pumping speeds apply to different gases is
illustrated in Fig. 20. Three chamber conditions are shown:

{1) with the chamber pumped only by the diffusion pumps, (2) with

the chamber liner at 77°K, and {3) with the end panels at 20°K. 1In the
third case, the major contribution to the total pressure comes from
the Ho which could only be pumped by the diffusion pumps.

5.2.2 Summary of Rocket Results

Plots of chamber pressure versus time for each of the inlets are
shown in Fig. 21a, b, and ¢. From the corresponding time of rocket
shutdown, the mass ratios m /m, for each configuration are 0. 55,
0.56, and 0. 33. The results presented are for cold inlets and duct.
The duct pressures did not rise above 5 torr for these tests. and hence
it can be expected from the cold gas results that the back pressure had
no effect on the mass captured by the inlets.

5.2.3 Effects of Cooling on Hot Gos Results

The results of cooling the inlets and ducts had no significant effects
on the operation of the inlets. Data scatter was rather bad on some of
the tests, and it is expected that results similar to the cold gas runs
were experienced; that is, the inlets removed the 77°K condeznsables
from the flow.

5.2.4 Results of Flow Reversal Results

The ejector described in Section 3. 3. 3 was used to prevent reverse
flow into the chamber. The results of a typical test using this system
are shown in Fig. 22. After rocket shutdown, the chamber pressure did
not rise as when the ejector was not used indicating effective elimination
of backflow into the chamber.

SECTION VI
DISCUSSION

6.1 COMPARISON OF HOT AND COLD GAS RESULTS

Comparison of the results from the hot gas runs (Section 5. 2.2)
and those obtained with cold gas (Section 5. 1. 2) shows reasonably gocd
agreement. The percentages of gas flow captured in the cold runs for
low back pressure conditions (Pq—o0) were 0.75, 0.50, and 0.50 for
the three inlets, whereas the hot gas runs gave corresponding values

11
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of 0.55, 0.56, and 0.53. Since one of the major concerns pertained
to the applicability of cold gas results when using hot rocket firings,
this correlation was significant. It should be remembered that the
inlets had been located at different positions with respect to the nozzle
exits to capture equivalent percentages of the flow. Thus, the corre-
spondence between cold and hot results further substantiates the
computation of the plume geometries.

6.2 COMPARISON OF ESTIMATED PERFORMANCE WITH EXPERIMENT

Analysis had been performed which indicated that the inlets should
capture near $4 percent of the rocket flow with a maximum duct pres-
sure of 10 to 15 mm Hg. The maximum calculated pressure recoveries
compared faveorably with experiment; however, the amount captured by
the inlets was considerably below the anticipated amounts except for the
straight duct with a low back pressure (Fig. 17). In an attempt to find
the cause for this discrepancy, a more detailed review of the flow
approaching these inlets was considered. Two points of possible signif-
icance are apparent. First, a reassessment of the viscous effects
indicates that boundary-layer buildup inside the lip of the inlets may be
much more than was originally estimated. Second, and to some extent
combined with the first effect, the flow near the outer edge of the
captured gas is at the highest Mach number and lowest static pressure.
When the gas passes through the shock system formed in the inlet, the
center portion of the flow can be at a significantly higher pressure than
the flow near the outer edge. This pressure nonuniformity together
with the large boundary-layer leads to a situation (Fig. 23) where the
numbers shown are the relative distribution of pressures that would
exist if the gas had passed through a normal shock. Of course, the flow
adjusts to equalize the pressures; thus, considerable backflow and
spillage results. It had been anticipated that mixing would help to
distribute the energy across the duct, but the rapid buildup of boundary
layer counteracts this effect.

The low duct pressure data which were taken with the straight duct
indicated that its spillage could be low at low back pressure; however,
for the two centerbody inlets the flow area at the throats was not suf-
ficient to allow the total flow to pass through with such a large boundary
layer in existence. Thus, the inlets choked and only about 50 to 60 per-
cent of the design flow was able to pass through the inlets even with the
back pressure at a low value. For satisfactory operation of a
centerbody-type diffuser in this kind of flow field {i.e., low pressure,
high Mach number) a better design might be achieved with a small angle
cone, less than 20-deg half-angle, and with twice the throat area used
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in these tests. In addition, if the scavenging system can possibly be
designed to accept less than 80 percent of the rocket mass flow, this
will materially help the nonuniform Mach number situation and the
extremely high Mach number at the lip of the diffuser.

Although no data were obtained using the straight duct inlet when
it was set to capture less than the design flow, it is believed that
improvement in its performance could alsoc be achieved by having it
capture less of the nozzle flow, thus reducing the entering nonuni-
formities. Of course, in any given installation one does not have the
freedom to arbitrarily choose the amount bypassed around the inlet
since this amount must balance with the test requirements and the
space chamber pumping speeds.

As a comparison with previous ejector-diffuser work, the pres-
sure ratio pr/pC in the current studies is about 5 x 108, whereas in
previous work (Ref. 8) the maximum ratios obtained were about
1.6 x 104 and in Ref. 9 about 2.5 x 104.

6.3 INLET COOLING AND REYERSE FLOW INHIBITORS

The effects of cooling the inlets and duct were rather minor except
for the fact that cooling the inlets to LNy temperature effectively re-
moves the HgO and CO5 from the flow, thus reducing the external pump-
ing load. Since LN9 cooling is relatively cheap and easily accomplished,
it is probably profitable to consider cooled inlets for most tests.

The use of the CO9 ejector effectively prevented the gas in the
scavenging duct from flowing back into the chamber when the rocket
shut down. Without the reverse flow ejector, almost 75 percent of the
rocket mass flow went back into the chamber. OCf course any quick-
acting valve or reverse flow restriction will function to give the same
effect. If the scavenging pump can be located such that the volume of the
scavenging duct is small, then the amount of gas contained in the duct is
small and no separate reverse flow device is needed.

6.4 SYSTEM UTILIZATICON IN A TYPICAL SPACE CHAMBER

The utilization of the system can be seen in the following example:
It is desired to test a rocket of approximately 50-1b thrust while main-
taining a pressure below 1 x 10-4 torr within the space simulation
chamber. The rocket mass flow is 0.17 lb/sec with a chamber pres-
sure of 500 psia, and firings of 5-sec duration are desired. The exhaust
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gas products by weight are 1 x 104 torr £/sec of 77°K condensable (H50,
COg, etc.), 5 x 103 torr #/sec of 20°K condensable (Ng, Oy, etc.), and
5 x 103 torr 2/sec of hydrogen all at 77°K.

The approximate size of the pumps available in the chamber are:
(1) the 104 #/sec roughing pumps which can pump the gas in the
scavenging system, (2) the 108 £/sec LN» surfaces for 77°K conden-
sables, (3) the 107 #/sec GHe surfaces for 20°K condensables, and
(4) 106 ¢/sec diffusion pumps for hydrogen.

Using the total mass flow and scavenging pumping system to esti-
mate minimum pressure which can be maintained in the scavenging
duct, a pressure of § mm is obtained. The pd/Pr ratio is then 2x 1074
which is about the maximum which should be used if the inlet is allowed
to spill about 10 percent. The next step is to see if the chamber can
maintain the desired pressure with 10 percent of the mass spilling into
the chamber. At the end of the 5-sec run, the partial pressures con-
tributegd by the various components would be: 1 x 109 torr by 77°K
condensables, 5 x 1079 torr by 20°K condensables, and 1 x 1073 torr by
the hydrogen. The sum of the 77 and 20°K condensables is 6 x 1079 torr;
however, the hydrogen partial pressure is one decade too high and either
the spillage flow must be cut to less than 1 percent or the hydrogen pump-
ing speed must be increased. Since the current data show that we cannot
hope to reduce the spillage to 1 percent and operate successfully, some-
thing must be done to improve the pumping capacity in the scavenging
system to handle the flow at lower pressure or to improve the chamber
pumping capacity for hydrogen.

In Refs. 1 and 12, it can be seen that the chamber pumping speed
for hydrogen can be increased by depositing titanium on the 77°K sur-
faces so that they will cryosorb hydrogen. Using data in these references,
the amount of 77°K surfaces which must be covered with a titanium film
is computed to be 2000 ft2 or about 20 percent of the chamber LLNg-cooled
surfaces. This gives a total Hy pumping speed of 107 2/sec and a
corresponding partial pressure of 5 x 10”9 torr. With this H9 pumping
capacity, the chamber total pressure is 1.1 x 10-4 torr or satisfactorily
close to the 1 x 1074 torr pressure desired.

The installation would be about as shown in Fig. 24 with a 24-in.
inlet and duct located near the rocket. Since the duct volume is relatively
large, some type of reverse flow device is required to prevent backflow
into the chamber. A simple venetian blind-type valve operated by the
rocket exhaust has been designed which should serve as an effective re-
verse flow device.
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SECTION vII
CONCLUSIONS

The following conclusions can be drawn from the work reported
herein:

1. The plume computational technique provides a suitable technique
for computing plume properties.

2. The pressure recoveries for the inlets were about as estimated
with little difference between the inlets tested.

3. The mass captured by the inlets was not as high as anticipated.
Redesign and operation with 10 percent or more spillage should
improve performance.

4. A reverse flow inhibitor can be successfully applied to minimize
backflow into the chamber.

5. Proper application of cryosorption and scavenging techniques to
rocket exhaust products can extend the range of systems tests
in space environmental chambers.

REFERENCES

1. Kirby, W. G. and McCullough, B. A. "Experimental Investigation
of Staged Pumping Techniques for the Removal of Rocket
Exhaust Gases from Space Simulation Chambers. "
AEDC-TR-66-51 ({AD633471), January 1966,

2. Latvala, E. K. '"Spreading of Rocket Exhaust Jets at High Altitudes. "
AEDC-TR-59-11 (AD215866), June 1959.

3. Prozan, R. J. "PMS Jet Wake Study Program.' Lockheed Aircraft
Corporation, Report No. LMSC 919901, Octoper 1961.

4. Cassanova, R. A. and Stephenson, W. B. '"'Expansion of a Jet
into Near Vacuum.'" AEDC-TR-65-151 (AD469041), August 1965,

5. German, R. C., Bauer, R. C., and Panesci, J. H. '"Methods for
Determining the Performance of Ejector-Diffuser Systems. "
J. Spacecraft, Vol. 3, No. 2, February 1966.

6. Bauer, R. C. '"Theoretical Base Pressure Analysis of Axisymmetric
Ejectors without Induced Flow.'" AEDC-TDR-64-3 (AD428533),
January 1964,

15



AEDC-TR-66-108

10.

11.

12.

i6

Taylor, D., Bauer, R. C., and Simmons, M. '"A Technique for
Producing Very Low Ambient Densities in Ground Test
Facilities during Test of Rocket Engines.' AEDC-TR-65-14
(AD457893), February 1965.

Hermann, Rudolf. '"Supersonic Inlet Diffusers and Introduction to
Internal Aerodynamics,'" Minneapolis-Honeywell Regulator
Company, 1958.

Shapiro, A. H. The Dynamics and Thermodynamics of Compres-
sible Fluid Flow, Vol. 1, the Ronald Press Company,
New York, 1953.

Barkdoll, R. O. and Anderson, J. W. "Cryopumping Rocket
Exhaust Products at High Through Puts and Low Pressure. "
General Dynamics/Convair (AD261072) (probably 1961).

Dawson, J. P. "Temperature Effects on the Capture Coefficients of
Six Common Gases.' AEDC-TDR-64-84 (AD600146}, May 1964,

Scientific Foundations of Vacuum Technique, Dushman, Saul,

Ph. D. John Wiley and Sons, Inc., 1858.



AEDC-TR-66-108

Cryogenic
Liner
{Cryopump)-
Chamber / Solar
Simulator o
Control Rocket Firing
102 ~
Space L3
Vehicle £ 10 u
- _4 .
ol - % Periodof
= e INcCorrect —-—]
Control 107 Thermal Balance
Rocket o Vehicle T e

Support 0 4 8 12 16 2 24

Time, min
107 — Period of
S a4 Incorrect
Plume = WE Thermal Balance
Scavenging & g
System 107 I—
| ] | | ] |
— To External Pumps 0 4 8 12 16 20 24

Time, min

Fig. 1 Test Schematic Showing the Use of a Scavenging System

17



8T

/—T-ft Chamber

f LNy Liner (779K)

End Panel (GH,, Cooled - 20°K)

Infetls)

/ (LN2 Cooled} /

Scavenging
Duct
(LN, Cooled)

Ill

Y— To External

e

Cold Gas Jet or Rocket

To Diffusion Pumps

Fig. 2 ARC (7V) Installation Schematic

Pumps

g01-99-¥1-003¥



81

R, Nozzle Exit Radii

25

20

15

10

LA TN M, 1.31 p;i\a s M=7, 15, 617x10

y =138
P, = 800 psia
/f
’I
-~
-~
-
s -
” -
” -
e F g

/7
’ y
/7 &~ -
~,
ry /,,r
/// — =
P —

3 M=9,291x102 T~

95 percent

8 percent _ p - 19, p, = 1.92x 1074

- 75 percent
65 percent
A=A, 3 x 0
55 percent
e — — _ 45 percent

M =15, 8.25x1074

35 percent
-~ 25-percent Mass Flow

M=13, 223x107

S

SSo_M=1, 7.27x 1073 psia

-

~
i . J

0

5 10 15
X, Nozzle Exit Radii

20 25

Fig. 3 Cold Gas Plume Characteristics

801-99-¥1-20d3V



0z

R, NOZZLE EXIT RADII

—
(=]

7/// ;
2

y=126

M =19, pg = 1075 & 1072 PSIA 2
V4 s M=17, Lo M=15 1x10
Fi
Py * 1500 PSIA / A 3mx107 -
L , -
‘.r‘ d ’a’
r ) o P
7 o o 4
y y o - Me13, 3.8x10
o /’ - -
| / p 85 PERCENT _ -~
4 s ’ -
', '1 ’d -
s ’ -
"I ’, ’f II’
’ ’ - -~
:’ " l" "’
Fraom . " B PRCENT -~
3 £, 7 .
0 ’ ’ -
s ') ’ Y
I’ 4 ‘_1 i
fie Fow o 75 PERCENT
™ .r" ! 4 =
' ’ , Cd
# ‘. s, P
VA , 3
Fil - IR ke L . M =11, 176 x 10
¥ v J R~ S e
'J ’! o ’,n’ AR 65 PERCENT
i ¢ / A -
7 s - 55 PERCENT
A ; 5 =
’ ¢ 7 ’ -
’ ! ’ o 2
A ’ # -
-y ¢ / rl ’f ”
‘: . F 7 -~
Lol B 2 = 45 PERCENT
-
7 A 5
’
'f / S & o 35 PERCENT
’ P o
If.|' 'i' o ‘( ','
g o =
g “ TR ANl 3
L9 £ e el 25-PERCENT MASS FLOW
if !’t’ :( - o -‘--' o
Firh ops o Ty
bt & 7 - e
LI L P .
:-‘";’ o’ s “
A o T
Lol > 4
L ” 2 -
W L et M9, 1.07x10
h ”” - = .
> ~
- 1 "“\ z
== T, 957X 10
M -5, 1.35 PSIA | : | ' )
0 3 10 15 20 5

¥, NOZZLE EXIT RADII

Fig. 4 Hot Gas Plume Characteristics

80L-99-¥1-24Q3%



Pe = 1070 torr

— Flow Boundaries

Pe = 1072 torr

e
o

o

p. = 107 torr

Distance, Nozzle Radii

| I

p = 107 torr

LQB—percent Mass Flow Line

Nozzle Q

0 8 16 24 32
Distance from Nozzle Exit, Nozzle Radii

Fig. 5 Flow Boundaries with Different Chamber Pressure

1c

801-99-¥1-2Q03V¥



44

m

Scavenging Duct Mass Flow, -d
m

r

Operating Point

Typical Inlet
Characteristic

/ N Pump Too
/' ’,-w’ Small

Recovery Pressure Ratio, gg
r

Fig. & Matching of Inlet and Pump Characteristics

801-99-41-2Q3v



£e

1074

5 107

>

4

o

>

S a6

5310
1077

M// 7/
A

Throughput, atm-cc/sec

Fig. 7 ARC (7V) Pumping Speed (Basic Configuration)

80L-99-41-00Q3¥



¥e

779K, 6-IN.-1D
CO, EJECTOR SCAVENGING DUCT
73 - o d— —_—
WA o >
d SCAVENGING SYSTEM INLET
' (INTERCHANGEABLE) :
GAS REACTION JET— ™ Mra—— 1 & e \
IR e i "SCAVENGING
B SYSTEM 16-IN.
32-IN. MAIN . . DIFFUSION PUMP
DIFFUSION PUMPS—<{=— "
H—\_‘-‘."‘_‘-—-
140-CFM
FOREPUMP -
[y 3 EXHAUST SCAVENGING
- N SYSTEM 500-CFM
.L FOREPUMP———
L] Ll

6-IN. DIFFUSION PUMPS/

Fig. 8 ARC (7V) with Exhaust Scavenging System Installed

801-99-¥L1-203¥



Ge

INSTRUMENT
AND IGNITER
FEED THROUGHS

MOUNTING

PROPELLANT HOLE

0.055 IN. N
~0.237 IN. \

JUTIRI

S

FEL

-l__—

e i\ \\<

a. Assembly

Fig. 9 Gas Generator and Typical Rocket Chamber Pressure

801-99-d1-243V



AEDC-TR-66-108

ROCKET EXHAUST COMPOSITION
GAS PERCENT BY WEIGHT  PERCENT BY VOLUME

Co 53. 80 4.7
co, 14.53 7.5
H, 1.87 21.5
Ho0 13.60 16.5
N, 16.15 12.8

ROCKET FIRING TIME = 0. 65 SEC
MASS FLOW OF ROCKET EXHAUST = 0.025 LBy, /SEC

2000 -

z 4 < ROCKETFIRING
=~ i

A

A 1200

o

o

0

2 g0 ft

<C

- =

(&

L 4005L

o

o i

o'

0 | ] 1
0 0.2 0.4 0.6 0.8

TIME, SEC

b. Chamber Pressure

Fig. 9 Concluded

° 26



LN, COOLED

O R

AL e D e g g a2

e R

— —— 2.855 IN.

a. Schematic
Fig. 10 Configuration A

-1

BOL-99-¥41-2Q03V



AEDC
55751-65

b. Photograph
Fig. 10 Concluded




Both Surfaces LN2 Cooled

2.15 —»

T

5.0
Diameter

Nozzle
Exit

All Dimensions in Inches

a. Schematic
Fig. 11 Cenfiguration B

na
w

BO1-99-4L-00Q3V



0¢

b. Photograph
Fig. 11 Concluded

AEDC
1991-65

801-99-41-2Q3V



Ie

All Dimensions in Inches

LN,

Cooled

! \\\
5.0 sy
Diameter ’\’\ =
\
A\
’4 k“ \ ' 1.24
\"*\
'\
Nozzle ' —
Exit k] - \ o ———
L Z-
<« 2. 89

Fig. 12 Configuration C

B01-99-¥1-2Q3V



Ze

LN, COOLED
\

PINTLE
POSITIONING

GAS GENERATOR—\
ROD

\CONFlGURATION A INLET

CO, NOZZLE PINTLE
CO, ANNULAR NOZZLE

Fig. 13 Schematic of Exhaust Gas Scovenging System Showing CQz-Driven Reverse Flow Inhibitor

g01-99-41-20d3¥



i

-DUCT PRESSURE TRANSDUCER
| DUCT PHILLIPS GAGE
DUCT PRESSURE

CHAMBER ALPHATRON \ TRANSDUCER

CHAMBER NUDE 10N GAGE~

DUCT ALPHATRON

-C0, NOZZLE
PINTLE POS ITIONER

_——ORIFICE AND DIFFERENTIAL

e —

TRANS DUCER
THROTTLE
MASS SPECTROMETER SAMPLING TUBE—" = -
—— — -
MASS SPECTROMETER ANALYZER TUBE\ H — = J e ol B

MASS SPECTROMETER CONSOLE
MOVIE CAMERA

\_ - GAS GENERATOR (OR INJECTOR) PRESSURE AND TEMPERATURE
ISOLATION VALVE

OSCILLOSCOPE ORIFICE
‘ IONIZATION e
\ GAGE U LN COLD TRAP
OIL DIFFUSION "5
PUMP—————L1 |~

LN, DEWAR—-:__I| - — MECHANICAL PUMP

Fig. 14 Instrumentation Schematic

801-99-¥1-2Q3av



AEDC-TR-66-108

34

800

Py, torr
ljuu T 1 T T T1TT] I | I |

1.0 ' | l

0 2 4 6
Gas Injection Time, sec

Fig. 15 Typical Cold Gas Run



AEDC-TR-66-108

800 —

fmd
=
et
=3
00 ™
INRERE

o
I

>
l

e
‘ Closed
/ Valve Starting

9 to Close

L

Py torr
I

b
s

1 | | l
0 2 4 6 8 10

Gas Injection Time, sec

Fig. 16 Cold Gas Run with Throttle Yalve Closing

35



9¢

Mg

Duct Mass Flow/Rocket Mass Flow,

me

1. 00

o
=]

0.60

0.40

0.20

—Design

——Design

| I Y

a, Configuration A

ax1w0%0 1 2 3 4xw0do

Duct Pressure/Rocket Pressure,

b. Configuration B

Fig. 17 Cold Gas Recovery Data

P

Pr

—Design

Configuration C

801-99-41-0243v



AEDC-TR-64-108

10 - 300°K
8 |- —_—
ol Y = / 770K
s F /’F
24
9 ] | | J
-2
= 300°K
B 779K
E |
&
10‘3 | ] | |
0.020 ' 300°K
\
g
S 0,016 |
- 779K
0.012 |-
| 1 | | |
0 2 4 6 8 10

Time from Gas Injection Start, sec

Fig. 18 Effect of Duct Cooling (Cold Gas)

37



AEDC-TR-66-108

—Reference - Rocket
Fired Directly
into Chamber

Pressures Used to
Compute Mass
Captured by Inlet

2.0

3x107!
e =
Rocket Fired
\( into Inlet
1x107! |
8 2 Rocket
‘g 6 | Shutdown
& Al
=
1x10°% ' ' ' '
0 0.5 1.0 1.5
Time, sec

Fig. 19 Typical Hot Gas Run

38



B¢

109

1073

l IIIIIll

/i_ Total
Cco
— //—— Hp
-7 N
/(0
: Liner - 300°K
Ends - 300°K
| |
0 1 2

Fig. 20 Chamber Partial Pressure with Different Cold Wall Conditions

Liner - 779K
Ends - 779K
|

0 1

2

Time from Rocket Firing, sec

)
co

| //§ Total
/\

No

/\ %
Liner - 779K

Ends - 20°K
| |

0 1 2

801-99-41-2d3V



AEDC-TR-556-108

40

3x107} Reference - Rocket Fired
Directly into

2 I Chamber
1x107L /\ Computed J 0.55

pc, torr

oo
1 lﬂ]l

4x1072

o. Configuration A

3x107} eference
2 -
Computed — = 0.5
1x107] /I—\

T R

b. Configuration B

3x1071 Reference
, L /’l\( ComPUted My o
1x107! /KData Scatter

T B
0 05 L0 L5 20

Time, sec

Pc > torr

bl III’

4x 1072

Pe torr

IIIIIII

4x1072

¢. Configuration C

Fig- 21 Hot Gos Results



AEDC-TR-66-108

4x107
- Reference
2 — /\Q
Without Reverse Flow
1107} | /\/m( Restriction
= 8 | T~ ReverseFlow Restriction
-0-: 6 | -~
o .
2 -
1)(10‘2 ] | } | |
0 1 2 3 4 5
Time, sec

Fig. 22 Effect of Reverse Flow

41



AEDC-TR-66-108

-
I Nozzle Exit

42

[ ' System §
Possible Inlet Shock

Fig. 23 Probable Inlet Flow Geometry

Relative Pressures Assuming

a Normal Shock Recovery

(Applies at Inlet Lip)



AEDC-TR-66-108

LN»=Cooled Top
and Bottom Panels

> ¢
? Titanium

> - Evaporators <
AP {Hy Pumping) .
/

L

X
LNo- and GHe- x> Tungsten Filament Lamps ¢ [y
Cooled Cryoarray X Used for Solar Simulator b Space
i ] Laboratory
_?n_:k/ X
' i X X
cinless 1k ' I LN,-Cooled [nfet
X : A 2-ft Diameter
%
. K
X
| 2’
p— [ b R‘
Diffusion — X X
Pumps X
(48) B .
X |
X
A
) To
\\ ‘/ Atmosphere
U T

Mechanical Pumps

Fig. 24 Test Installation in a Large Space Chamber

43



Security Classification

DOCUMENT CONTROL DATA - R&D

(Security clasaification of Litle, body of abstract and indeximg annotatron mual! be entared when the overal! repor! 14 clesaiired)

1 ORIGINATING ACTIVITY (Corpocate author) 2a REPORT SECURITY C LASSIFICATION
AI"HOld. Engineering Development Center, UNCLASSIFIED

ARO, Inc., Operating Contractor, 2B onoll

Arnold Air Force Station, Tennessee N/K

3 REPORT TITLE

INVESTIGATION OF SCAVENGING SYSTEMS FOR REMOVAL OF ROCKET EXHAUST
GASES FROM SPACE SIMULATION CHAMBERS

4 DESCRIPTIVE NOTES (Type of report and inclustve dates)
N/A

5 AUTHOR(S) (Last name, fizat nams, Initia?)

Morris, J. A., and Anderson, D. E., ARO, Inc.

6 REPORT DATE 7a TOTAL NO OF PAGES 75 NO OF REFS
August 1966 49 12
8a CONTRACT OR GRANT NO. 9a ORIGINATOR'S REPORT NUMBER(S)
AF40(600)-1200
* Program Element 62405184 AEDC-TR-66-108
¢ Task 695001 9b a"raHrE’gol:'EPOHT NO({S) (A ny other numbere that may be asaigned
d N/A

10 AVAILABILITY/LIMITATION NOTICES
Qualified users may obtain copies of this report from DDC, and
distribution of this report is unlimited.

11 SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY
Arnold Engineering Development Center
N/A Air Force Systems Command
rnold Air Force Station, Tennessee

13 ABSTRACT

Tests have been conducted on a rocket exhaust scavenging system
as part of a program to develop new techniques for testing at
simulated space conditions. Detailed plume characteristics were
computed, and a model scavenging system was tested for both cold and
hot gas rockets. Results indicate that for the firing of a typical
small control rocket it will be possible to maintain 1 x 104 torr
pressure in a space chamber,

DD .52%. 1473

Security Classifiention



Security Classification

KEY WORDS

LINK A
ROLE

LINK B
ROLE

LINK C
ROLE

wT

scavengers
degassers I=B7LP¢V
rocket exhaust Q
cold gas
hot gas
pressurization

simulated space conditions

2 St -

{ Loy AP
4 @MM .

J7L 4

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (comporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security clasailication of the report, Indicate whether
“Restricted Data’ is included Marking is to be in accord
ance with appropriate security regulations.

2b6. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200, 10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
1zed.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in zll cases should be unclassified.
If a meaningful title cannot be selected without classifice-
tion, show title classification 1n ell capitals in parenthesis
immediately following 1he title.

4, DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., \nterim, progréss, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered,

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If malitary, show rank and branch of service. The name of

the princtpal onthor 1s an absolute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year, or month, year. 1f more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, 1. e., enter the
number of pages containing information

7b. NUMKER OF REFERENCES Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written,

84, 8, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such s project number,
subproject number, system numbers, task numter, etc.

9a. ORIGINATOR’S REPORT NUMBER{(S): Enter the offi-
clal repert number by which the document will be identifled
and contrclled by the originating activity. This number muat
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report hus been

assigned any other report numbers (etther by the originator

or by the sponsor), alsc enter thus number(s).

10, AVA;f:]ABILlTY/LIMITATION NOTICES: Enter any lim-

1tationspu further dissemination of the report, other than those
" Sl

imposed by security classification, using standard statements
such as:

(1) “*Qualified requesters may obtain copies of this
report from DDC. "’

{2) ‘'Foteign announcement and dissemination of this
repert by DDC is not authorized.”'

{3) *“U. S. Government agencies may cbtain copies of
this report directly fram DDC. Other qualified DDC
users shall request through

.!1

(4) '‘U. S. military agencies may obtain copies of this
report directly from DDC, Other qualified users
shall request through

'l'

(5) ‘'°Al] distribution of this report 1s controlled Qual-

1fied DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known

11. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes,

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
1ng for} the research and development. Include address,

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it :nay also appear elsewhere 1n the body of the technical re-
port. [f edditional space is required, 5 continuation sheet shall
be attached.

It 1s highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the 1n-
formation 1n the paragraph, represented as (T5). (S} (C), or (U)

There 15 no limitation on the length of the abstract How-

ever, the suggested leapgth is from 150 to 225 words.

14. KEY WORDS: Key words are technically meeningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report Key words must be
selected so that no security classification 1s required. Identi-
fiers, such s equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights 15 optional.

Security Classification



