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PHOTOGRAPHIC STUDY OF LIQUID-OXYGEN BOILING
AND GAS INJECTION IN THE INJECTOR
OF A CHUGGING ROCKET ENGINE¥
by E. William Conrad, Ned P. Hannum, and Harry E. Bloomer

Lewis Research Center

SUMMARY

High-speed motion pictures were taken of conditions in the injector
liquid~oxygen cavity of an RL-10 rocket engine during throttled engine opera-
tion. Photographs were taken during operation of the engine in the chugging
region as the helium gas was injected to stabilize combustion, during operation
at rated thrust, and during transition into chugging conditions as the gas
injection was discontinued.

Results of the investigation indicate that, during chugging rocket opera-
tion of the RL-10 engine, a high population of fairly large bubbles formed and
collapsed within the liquid-oxygen cavity at the same frequency as the chamber
pressure oscillations. When gaseous helium was injected into the liquid-oxygen
cavity, a fog rapidly spread over the entire field of view, and the system
immediately became stable.

The injection of gaseous helium at rated conditions produced a very
slight increase in engine performance but not encugh to produce a net gain in
a typical mission payload with the extra equipment needed.

The inherent low-frequency system instability associated with the fuel
system at low thrust levels was reduced by inJjecting either gaseous helium or
hydrogen. Complete stabilization was achieved in some cases, and a reduction
in the severity of the oscillations in others. This was apparently due to the
anchoring of the phase change front to the location of the gas injection.

INTRODUCTION

Considersble effort has been directed toward throttling a pump-fed liquid-
hydrogen - liquid-oxygen rocket engine. Major problems that have been encoun-
tered are combustion instability (chugging) and low-frequency (1 to 5 cps)

*Title, Unclassified.
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oscillations in the fuel system. Chugging regions of engine operation were de-
fined, and the elimination of chugging by gas injection in the injector liquid-
oxygen cavity has been presented earlier (ref. 1). Several questions have per-
sisted concerning the distribution of the injected helium or oxygen gas (at the
rates of only 0.4 and 4.0 percent, respectively, of the liquid-oxygen flow) to
the liquid-oxygen tubes of the injector; also, the possibility that gas bubbles
resulting from heat transfer from the warm hydrogen to the liquid oxygen in

the injector cavity act only in localized regions. To gain insight into these
and similar questions, high-speed motion pictures were made of the conditions
in the injector liquid-oxygen cavity of an RL-10 engine during engine opera-
tion, including operation in the chugging region.

Both color and black and white films were made at 5000 frames per second
through a I%-inch-diameter, l/8-inch-thick sapphire port. Photographic cover-
age included operation in the normal chugging region as the helium gas was
injected to stabilize combustion, operation at rated thrust, and operation
during transition into chugging as the gas injection stopped. The information
obtained is presented in the form of selected frames from the 16-mm movie film

and a description of the corresponding engine operating conditions at that
instant.

A motion-picture film supplement has been prepared and is available on
loan. A request card and a description of the film are given at the back of
the report.

The other major problem, the low-frequency instability of the fuel system,
has also been investigated. The positive slope of the fuel pump characteris-
tic line at low speeds was suspected of causing, or at least triggering, the
instability. Subsequent operation with an adjustable orifice at the fuel pump
discharge, a fuel pump of new design, and idle operation of the engine with
the pumps not rotating have eliminated the pumps as the source of the insta-
bility. These further tests proved that the instability must be due to other
causes, such as the two-phase flow transition in the hydrogen. Other investi-
gations (refs. 2 and 3) had shown that a change in phase could cause such an
instability.

Separate gas inJjections into the fuel system, using both hydrogen and
helium gas, were tried as a possible solution. It was assumed that the gas
injection would anchor the phase transition much like a flameholder in a com-
bustion system. Gaseous weight flows of up to 20 percent of the fuel flow were
injected into the line between the fuel pump discharge and the cooling Jjacket
inlet. Photographic coverage was not attempted in this case, but the results
were easily observable on recording instruments because of the low frequency
of the oscillations.

APPARATUS

A pump-fed liquid-hydrogen - liquid-oxygen engine was used for investiga-
tion of the two throttling problems. The RL~10 is rated at 15,000 pounds of
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Figure 1. - Schematic of standard RL-10 engine cycle.

thrust at a chamber pressure of 300 pounds per square inch absolute and a mix-
ture ratio of 5 when expanding to vacuum through a nozzle with an area ratio
of 40, PFigure 1 illus-
trates the standard
_~Throitie fever RL-10 engine propellant
flow schematic, and fig-
ure 2 shows the engine
. discussed herein, which
Increased-pressure-drop . .
% “liquid-oxygen injector orifices :’;’as equipped with a
S w ' 7 throttling kit" supplied
' i i X by the engine manufac-
turer. As examination of
the two figures shows,
the throttling engine was
provided with an addi-
tional turbine bypass
£5-24802 valve and line to allow
a greater amount of warm
hydrogen from the cooling
Fiqure 2. - Schematic of RL-10 engine cycle modified for throttiing. Jacket to bypass the tur-
bine and hence reduce
pump speeds and resultant
propellant flows. The engine can also be operated in a pressurized mode (with-
out the pumps rotating) to permit operation below the 10-to-1l throttling range.
Much of the engine system is not germane to the present subject and will not be
discussed herein, but it should be noted that, before entering the injector
cavity, the hydrogen is warmed to about 300° F while passing through the cool-
ing jacket of the engine. Thus, the hydrogen in the injector is considerably
warmer than the liquid oxygen (170° R), and heat transfer will occur.

Insulation between liquid
oxygen and hydrogen -—

Additional turbine ¥
bypass passage

Manually operated
cool-down valves

"= Cool-down
dump

A cross-sectional drawing of the injector used in this investigation is
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Figure 3. - Partial cross section of injector showing sapphire viewing port.

shown in figure 3. A con-
centric tube injector was
used that had 216 elements
with 6-turn-per-inch swirlers
in the liquid-oxygen tubes.
Liquid-oxygen pressure drop
at rated engine thrust was

60 pounds per square inch.

As shown in figures 3 and 4,

a l%-inch-diameter sapphire

port was installed in the
outer wall of the liquid-
oxygen cavity. An annular
inert gas purge was provided
on the outside of the port to
prevent frosting.

The thermal conductivity
of the sapphire viewing port
is about 60 percent that of
stainless steel. Conse-
quently, there was less heat
transfer to the liquid oxygen
from the warmer ambient sur-

roundings through the sapphire port than through the stainless-steel outer wall

of the liquid-oxygen cavity.

It may be concluded that the liquid oxygen, as

viewed through the port, was a representative sample.

Figure 4. - Forward side of injector showing special viewing port.
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PROCEDURE

The gas used to eliminate chugging was injected into the liquid oxygen
through an existing instrumentation port in the liquid~oxygen inlet flange of
the injector. No attempt was made to distribute the gas flow or to control the
bubble size in the gas-liquid mixture. After engine test conditions were ob-
tained, the high-speed camera was started manually. For those conditions re-
quiring movies of the transition between stable and unstable operation, the
gas flow was timed to start (or stop) 0.5 second after the camera was started.
For these transition conditions, the gas flow rate was preset to ramp to a pre-
viously determined rate adequate to achieve stability. ZEach film record is
approximately 1 second long.

In an attempt to eliminate the low-frequency fuel system oscillations,
gas was injected into the fuel through an instrumentation port between the fuel
pump discharge and the cooling Jacket inlet. The flow rate was controlled
manually as the engine was operating. The effects were observed on control
room instrumentation, and corresponding adjustments in gas flow were made.

RESULTS AND DISCUSSION

Oxidant System Instability
The frames taken from the motion picture and presented herein are corre-
lated with chamber pressure and oxidant-fuel ratio (O/F) by reference to the
engine operating map of figure 5. The
360 T region of chugging instability is shown
Polnt by the shaded area. The letters A to E
A o are used to identify operating conditions

Rated thrust; stable; ] . . .
liquid oxygen clear - depicted in the subsequent figures.

320

280 —

The photographs of figure 6 illus-
trate three liquid-oxygen conditions
240 observed in the liquid-oxygen cavity
during ostensibly steady operation and
200 without inert gas injection. The liquid-
oxygen temperatures indicated in the fig-
160 ure were measured in the supply line at
the cavity inlet and, therefore, will be
Stable; slightly lower than the temperature in
- fog present ] the cavity itself. Point A corresponds
ﬁﬂgﬁ%ﬁgﬁwj essentially to operation at rated thrust.
80— \ d The liquid oxygen appears completely
L < Y clear and free of bubbles, and the only
Py “\\E \ optical evidence of its presence is occa-
AN sional striations due to density gradi-
e m;?l't'llr"a'nlég% iggitlaiggity:gc ents and subsequent changes in refractive
0 1 7 3 2 5 3 index. The accompanying oscillograph
Oxidant-fuel ratio traces show both chamber pressure and

Figure 5. - Combustion stability fimits (chugging). liquid-oxygen cavity pressure to be
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Chamber pressure

20 Ib/sqin.

—" 0.1sec |

Dome pressure

(a) Point A; rated thrust; stable; chamber pressure, 326 pounds per square inch absolute; oxidant-fuel ratio, 5.25; liquid-oxygen
temperature, 242° R; liquid-oxygen dome pressure, 399 pounds per square inch absolute.

Chamber pressure

20 Ib/sq in.

}
M loisec,

Dome pressure

(b) Point B; stable; fog present; chamber pressure, 101 pounds per square inch absolute; oxidant-fuel ratio, 4.72; liquid-oxygen
temperature, 205° R; liquid-oxygen dome pressure, 116.4 pounds per square inch absolute.

Chamber pfessu re
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7
’
140 ¢ps — ¥
20 Ib/sq in.

-~ Olsec |+

Dome pressure

C-71285

() Point C; low-amplitude instability; violent random boiling; chamber pressure, 22 pounds per square inch absolute; oxidant-fuel
ratio, 4.43; liquid-oxygen temperature, 169° R; liquid-oxygen dome pressure, 28.1 pounds per square inch absolute.

Figure 6. - Appearance of liquid oxygen in injector dome at various chamber pressures.




smooth and steady.

Point B corresponds to operation at a chamber pressure just above the
chugging region (fig. 5). At this condition, large regions of fog randomly
floated across the viewing area and obliterated the opposite face of the in-
jector cavity. The fog apparently was comprised of extremely small bubbles,
and their presence would indicate that saturation occurred (because of heat
transfer to the liquid oxygen from the warm hydrogen) at least in localized
regions of the cavity. The fog apparently broke away from these localized
warm regions and flowed as an entrained gas along with the liquid-oxygen stream
(radially outward); however, discrete bubbles were not discernible. Chamber
pressure and liquid-oxygen cavity pressure traces were still smooth. Reference
to a Mollier chart for liquid oxygen indicates that the saturation temperature
is about 209° R at the measured liquid-oxygen cavity pressure of 116 pounds per
square inch absolute; thus the liquid oxygen was essentially at saturation con-
ditions.

Point C was obtained at a chamber pressure of only 22 pounds per square
inch absolute and was unique in that it was obtained with the engine pumps
completely stopped and propellant supply occurring by tank pressure alone.
This pressurized mode of operation, however, should have had no significant
effect on the conditions in the liquid-oxygen cavity. Ostensibly, the engine
operation was stable and was in the region previously determined (ref. 1) to
be below the region of chugging. Careful examination of the accompanying
chamber pressure trace (fig. 6), however, revealed that a very low amplitude
pressure oscillation was present at a frequency of 140 cps. Violent random
boiling occurred within the liquid-oxygen cavity. Many discrete bubbles could
be seen, and large vapor pockets were observed forming and detaching in the
outer right portion of the viewing area. The more violent boiling action near
the outer edge corresponds with expectation inasmuch as the liquid-oxygen
cavity is surrounded by the fuel manifold filled with warm hydrogen. A study
of the film supplement to this report does not, however, disclose any visible
cyclical disturbance in the liquid-oxygen cavity despite the small cyclical
changes in chamber pressure.

Fully developed chugging of relatively low intensity occurred at point D
and is illustrated in figure 7. Visually, chugging is seen as the formation
and collapse of bubbles in the liquid-oxygen cavity at the same frequency as
the oscillations in chamber pressure. This film sequence was taken before
gaseous helium was introduced into the liquid-oxygen cavity supply line to
stabilize the system. By visual correlation of the pictures with the accom-
panying pressure traces, the following sequence of events may be postulated.
During each chugging cycle, a large number of bubbles appear in the liquid
oxygen as the liquid-oxygen cavity pressure drops. The bubble size and popu-
lation increase, the pressure drop across the injector increases, and pro-
pellant atomization and combustion improve. The subsequent rise in chamber
pressure decreases the liquid-oxygen flow and raises the pressure in the
liquid-oxygen cavity and thus drives the bubbles back into the liquid phase.
The poorer atomization with the pure liquid oxygen (and low pressure drop
accompanying this configuration) probably produces a decrease in combustion
efficiency and chamber pressure and thus a decrease in liquid-oxygen cavity
pressure. As the liquid-oxygen cavity pressure decreases, the saturation

Qi 7



v

U,;’AM‘ L L M,r‘ : L Gt w 2 Tbisq i
Sy o A o V /"\ i ot q ’;.’“““‘%,»M

AT e N T ¥ il

oo % =
v\\%m’«w’f W N

: ,’ i M i AV ’ i & wj ; ,AM,} iy i 4 .: s w‘;I % e My_wﬁ e e - iy iaé& ;- - i ’l')ﬂwww” l; 'b!sq inw'w 2

—— - " et . ,
0 005 . 01 - — : . Wl

”

4 C-71286

1 2 3

Figure 7. - Appearance of liquid oxygen in injector dome during chugging operation.
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Figure 8. - Appearance of liquid oxygen during elimination of chugging by gaseous-helium injection.
Helium flow rate, 0.4 percent of liquid-oxygen weight flow. Point D.
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pressure is again reached; bubbles evolve from the liquid state, and the cycle
is repeated. While this model of likely events appears to fit the data at
hand, it cannot yet be established conclusively because of the lack of precise
timing correlation between the motion picture and the oscillograph records re-
guired to establish the exact phase relation.

The sequence of stills in figure 8 (point D) shows the chugging cycle
immediately prior to and following the introduction of gaseous helium, which
appears as a fog in the lower left area of the pictures. (The liquid-oxygen
supply tube attached to the center of the injector cavity was to the left and
below the viewing window (fig. 4, p. 4). Discrete bubbles within the fog were
too small to be seen, as was the case with the fog at point B, shown in fig-
ure 6 (p. 6). The fog quickly dispersed across the entire viewing port area
at the velocity of the oxygen flow along a radius of the liquid-oxygen cavity.
The combustion immediately became stable, and chugging was entirely eliminated.

The specific impulse increased about 30 points during gas injection. This
increased impulse represented the level that would be expected from extrapola-
tion if chugging had not occurred (fig. 9).

The reverse sequence is il-
lustrated in figure 10 for-

M0 point E, which is within the re-
R gion of maximum chugging ampli-
Mm_}nﬁdhnm&ommaﬂ —— tude. In this case, the engine,
gaseous oxygen T operating stably with gas inJjec-
5 3 — - tion, was caused to chug by shut-
8 Y , | ting off the injectant. For both
£ 4 of the aforementioned tests the
% T ] helium flow rate was approximately
£ %0 / 0 Sﬁxﬁh | 0.012 pound per second or 0.4 per-
= L cent of the liquid-oxygen flow by
§ W!thoutgaseoys.mj_ectlon__ weight.
& P ——— With gaseous injection eig
I I _
30 T ‘ At rated conditions, the
RL-10 engine operates at 96 per-
340 k cent of theoretical shifting

0 3 100 0 A &0 M equilibrium specific impulse.
Chamber pressure, 1b/sq in, abs Despite this very respectable
Figure 9. - Elimination of chugging and restoration of performance by level of performance, one point
gas injection. Oxidant-fuel ratio, 5,0. in impulse is of considerable im-
portance to missions such as
Centaur-Surveyor; one point in
impulse produces a 26=-pound change in Centaur payload for the Surveyor mis-
sion. Accordingly, gas injection was used at rated conditions (point A) in an
attempt to produce improved atomization and an accompanying increase in com-
bustion efficiency and impulse, even though the increase would necessarily be
much smaller than the 30 points obtained at 25 percent thrust. Liquid-oxygen
appearance during injection was similar to the pictures of figure 8. The in-
jection of helium (0.04 lb/sec or 0.133 percent of liquid oxygen by weight)
produced only a negligible increase in performance. The extra welght of the

10 F—




Time, Y

t,+0.003

Chamber pressure,
42.0 Ib/sq in. abs;
oxidant-fuel ratio, 2.0

Chugging at

Stable

Stop
helium
injection

Figure 10. - Appearance of liquid oxygen as helium injection is stopped and chugging operation begins.
Helium flow rate, 0.4 percent of liquid-oxygen weight flow. Point E.
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equipment required for a mission application would more than offset the pay-
load gain.

Fuel- System Instability

Although gaseous injection and/or increased inJjector pressure drop can be
used to eliminate chugging (unpublished data), a further problem prevents the
achievement of a desired 10-to-1 throttling capability with the RL-10. This
difficulty is the existence of a region of fuel-system instability of 1 to 5
cps. The region is approximated on the map of figure 11. The transition areas
indicated between the stable and mild instability regions and also between the
mild and severe instability regions are not well-defined lines but rather only

approximate areas. It should be noted
N — that the oscillations in the severe region

Percent gas injection (gas flow rate/ were such that oxidant-fuel ratio oscilla-

— fuel flow rate) to stabilize oscillations tions were divergent and required engine

- g é - abort to avoid overheating (except during
s 19 operation in the pressurized mode).

0 2 I
L@ z 1 As noted in the INTRODUCTION, the

Open symbols denote gaseous hydrogen

| Solid symbols denote gaseous helium fuel system oscillations appear to be

assoclated with a phase change in the
] cooling Jjacket. Several investigations
have been made into this type of appar-

100 - - " ently inherent system instability. One
L1 | Stable-- 1 of these investigations (ref. 2) included
mt o visual studies of the transition from

liquid into two-phase flow of hydrogen
in a glass-walled tube with heat input.
The results have shown that the very ir-
regular interface activity with flow pul-

7] N R S T S

Chamber pressure, Ib/sq in, abs

Mild instability
— e ] 4] ] sations correlates roughly with a spring
g mass analogy. Intermittent wetting and
"i;%m}mmﬁﬁ;h retreat of the liquid interface occurred
; SR - with a high degree of irregularity. It
| Tiglmi has also been found, through analog
4 5 6 studies, that when an abrupt density
Oxidant-fuel ratio change occurs, such that the ratio of
Figure 11. - Approximate region of fuel-system instabili- densitles is greater than 3, flow in-

ty showing stabitizing effects of gas injection into fuel stabilities may occur (ref. 3). If the
system. . .
reasoning suggested in references 2 and 3
is extended, it seems that an abrupt den~
sity change in the cooling jacket is the likely control factor for these oscil-
lations in the fuel system of the RL-10. The fuel-system instability data were
analyzed in the light of the results of these other investigations.

During engine operation above a chamber pressure of approximately
90 pounds per square inch absolute, the pressure of the hydrogen in the cool-
ing jacket is always above the critical pressure (190 1b/sq in. abs) and, con-
sequently, there is no interface between phases (density is a continuous prop-

12 s




erty). As the engine operating point was moved into the mild instability re-
gion from the stable region, it was observed that the pressure at the discharge
of the cooling jacket became less than the critical pressure of hydrogen. Fur-
ther throttling to lower chamber pressures (consequently lower jacket pres-
sures) meant that there must have been an interface between phases and, con-
sequently, a discontinuity in the density occurring at some location in the
cooling Jjacket or the inlet line to the jacket. Reference to the hydrogen
temperature~-entropy diagram (fig. 12) shows that the ratio of the density
change across this interface is 2.1 at a pressure of 175 pounds per square
inch absolute (chamber pressure of approximately 60 lb/sq in. abs at an
oxldant-fuel ratio of 4.0) and is as high as 15.5 at a pressure of 50 pounds
per square inch absolute (chamber pressure of approximately 11 lb/sq in. abs

at an oxidant-fuel ratio of 1.8) assumlng an isobaric heat addition. This sys-
tem then appears to meet the instability criteria of reference 3. As the oper-
ating point was moved into the severe instability region from the mild insta-
bility region, it was observed that the cooling jacket inlet pressure ap-
proached and, in some cases, became lower than the critlcal pressure for hydro-
gen. It was, therefore, likely that a phase change was occurring in, or just
before, the inlet manifold to the cooling jacket (discharge of the fuel pump).
The fuel pump discharge temperature was below the critical temperature for
hydrogen (59.4° R).

The hydrogen at the Jacket inlet was below this critical condition of
pressure and temperature when the engine was operating in the pressurized mode.
Large oscillations were present in the fuel flow, but these oscillations were
not divergent. It was
possible, therefore, to
operate at this condition
without apparent damage
to the hardware.

Critical pressure,
Ib/sq in, abs
Ratio of satura-

tion densities,

Pt/ oy
50 0R— — —— — — — Vapor densit It was reasoned
’ a nsity, .

Liquid density, that, if an unstable

/ Py JRboan
3 2.7— 1.3 lbiew transition interface from
' liquid to vapor (such as
o / 3.3 150 9 d por.
those observed in ref. 1)

3.05— were responsible for the
system oscillation, an-
choring this interface at
a discrete location would
reduce or eliminate the
instability. In the re-
gion just upstream of
4.0, /% such a transition inter-
- 1.3 e ) face, the hydrogen should
- Pressure = const, be ready for transition,
and it was expected that
very small disturbances
or heat inputs would pro-
Entropy duce an immediate phase

Figure 12. - Density change between saturated liquid and saturated vapor for parahydrogen, change. To accomplish

am— 15

Pressure = const.

Liquid

Temperature
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this transition in a hopefully more stable manner, gaseous hydrogen (or helium)
was injected through an instrumentation port just upstream of the cooling
jacket inlet to trigger the phase change at a discrete location.

As can be seen from the data points in figure 11, gaseous weight flows, of
either helium or hydrogen, approximately 20 percent of the ligquid-hydrogen
weight flow, did stabilize the fuel system in the region of severe oscillations
(all data points represent stable operation); this result lends support to the
hypothesis. With only a small amount of gas injection, the oscillations ceased
being divergent and continued to decrease in amplitude with increased gas flow
rate. At the high-amplitude condition, the fregquency of oscillation was ap-
proximately 1 cps and increased to about 5 cps as the gas injection rate in-
creased. This process of stabilizing the fuel-system oscillations does not
establish clearly defined parameters in the system, but indicates that the
amplitude is controlled by the abruptness of the phase change as it 1s affected
by the gas injection flow rate. The gas injection rates are probably too high
to be practical unless an engine cycle change is considered. This might be
done by preheating some of the hydrogen gas and using it as the injectant and
stabilizing influence. Insight gained by the experiment strongly suggests that
mechanical devices such as screens might provide stability of the transition
front in a manner analogous to a flameholder in a combustion system.

CONCLUDING REMARKS

During chugging operation of the RL-10 engine, numerous rather large
bubbles form and collapse within the liquide-oxygen cavity at the same frequency
as the oscillations in chamber pressure.

A chugging rocket engine was stabilized by inJjecting gaseous helium into
the liquid-oxygen cavity. This resulted in a higher injector differential
pressure and a decoupling of the oxygen feed system. This injectant appeared
to be a fog of very fine bubbles when observed through a specially installed
viewing port. As the injectlion began, the fog spread rapidly over the entire
field of view and most likely over the entire oxygen cavity. There was no
evidence of localization of the injected gas.

Gas injection at rated engine conditions was attempted to determine 1f any
gain in combustion performance could be achieved by better oxygen atomization.
The injected gas produced a uniform fog in the ligquid-oxygen cavity. The
performance measurements indicate an almost negligible increase in specific
impulse such that the extra equipment required would more than offset the pay-
load gain.

The low-frequency instability of the fuel system was stabilized by inject-
ing either gaseous helium or gaseous hydrogen into the propellant line Jjust up-
stream of the cooling jacket inlet. Achievement of stability by this method
supported the hypothesis that this fuel-system instability is due to the abrupt

-
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change in density of the propellant as it is heated in the cooling jacket.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 7, 1964
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A motion-picture film supplement C-228 1is
available on loan. Requests will be filled in
the order received. You will be notified of the
approximate date scheduled.

The film (16 mm, 14 min, color, sound) con-
tains data film showing the liquid oxygen in the
injector cavity during chugging operation and
while gas is being injected. Also included are
the results of gas injection, explanations of
injection procedures, a simplified schematic dia-
gram of the engine cycle, and pictures of the
injector and viewing port.

Film supplement C-228 is availsble on
request to:

Chief, Technical Information Division
National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135
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important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grantand released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreig.n
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA acti
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and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

LI S | [y} A4
AV

i AT
]

ol

~ A1 A PR
WVINAL ALRWVI

Washington, D. 20546

(WL N ARAA~Ar AN t ~TN A
IVO ANWV OIFrANLL AVIVMIIINIOINRNA



