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M-1 INJECTOR DEVELOPMENT - PHILOSOPHY AND IMPLEMENTATION

William A. Tomazic, E. William Conrad, and Thomas W. Godwin
Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

Abstract

The injector design was a cooperative effort
between Aerojet-General Corporation and the Lewis
Research Center with the goal being to achieve
high performance with completely stable operation.
The approach was based on the technology already
established in the RL-10 and J-2 engine develop-
ment programs, supplemented with the latest data
obtained at LeRC. Small-scale tests were conducted
at LeRC to verify the design concepts prior to
incorporation into the full-scale hardware.

Full-scale injector testing demonstrated that
the design goals were achieved. A combustion
efficiency of 96 percent at 5.5 mixture ratio was
achieved. Vacuum specific impulse, extrapolated
from the basic test data to intended engine condi-
tions was approximately 430, which is Jjust above
the PFRT goal. The injector was highly resistant
to both hydraulic and acoustic instabilities. No
instabilities of any kind were experienced at rated
conditions. Low level "chugging”" occurred during
the start transient only. Acoustic instability
was not encountered until hydrogen injection tem-
perature was reduced below 80°R. Stable operation
was restored by raising the hydrogen temperature
to 100°R, indicating a substantial margin even
under conditions of extreme perturbation (engine
design operating temperature is 142°R).

Introduction

Injector development has historically been a
prolonged, iterative process. The basic diffi-
culty has been one of avoiding combustion insta-
bility, while at the same time achieving high
combustion performance. This problem has become
more severe as engine size has increased. Lack of
basic knowledge on instability, its prevention and
cure, has generally forced injector development
along the tortuous path of "cut and try" with
little, if any, rational basis.

The M-1 injector was designed with the intent
of circumventing the "normal"” development route by
using all pertinent technology to obtain the "end
product” in the initial design; that is, an injec-
tor combining high performance, stable operation
and durability. The design was & cooperative
effort between the engine contractor (Aerojet-
General Corporation) and the Lewis Research Center.
The primary design goal was to achieve high per-
formance (greater than 96 percent combustion effi-
ciency) with completely stable operation. In
addition, mechanical integrity and compatibility
with the chamber were required. The design
approach was based on the technology already
established in the RL-10 and J-2 engine develop-
ment programs, supplemented with the latest
research data obtained at LeRC. Where possible,
aspects of the design were finalized and proven
through small scale tests. Four specific areas,
the injector proper, the injector baffles, the
ablative chamber, and the start system were all
subjected to intensive design analysis and/or sub-

scale testing prior to committment to the full
scale design.

This paper describes the design approach,
the methods of implementation, and the actual
hardware developed. The results from full scale
thrust chamber testing are presented and compared
to corresponding data obtained from subscale
testing. The advantages and limitations of sub-
scale testing are discussed.

Injector Development

Background

An assessment of the current state of
hydrogen-oxygen injector technology in late 1964
indicated that the J-2 injector design was the
most appropriate base to start from in designing
the M-1 injector. The coaxial tube injector had
by then become essentially "standard" for hydrogen-
oxygen; both the RL-10 and J-2 used it. The RL-10
development had not encountered acoustic insta-
bility during its development primarily due to its
high hydrogen injection temperature and small size.
Accordingly, no useful data on suppression of
acoustic instability were available from the RL-10
effort. The larger J-2, however, did encounter
acoustic instability and techniques for its sup-
pression were developed.

It was found that increasing hydrogen veloc-
ity (or momentum) and/or decreasing oxygen veloc-
ity resulted in greater stability. In designing
coaxial injectors, this was accomplished by
reducing hydrogen injection area and increasing
oxygen injection area. LeRC research in this area
showed the ratio of hydrogen velocity to oxygen
velocity to be a significant correlating parameter,
with an inereased velocity ratio resulting in
greater stability. In evaluating the stability
of a specific injector, hydrogen velocity was
varied by varying hydrogen injection temperature.
This approach to stability evaluation has been
used extensively both at LeRC and at Rocketdyne for
the J-2 development. The LeRC developed method
used for the M-1 was to begin at a temperature well
above anticipated stability limits, then to ramp
temperature down by increasing the proportion of
liquid hydrogen entering the mixer and simultane-
ously reducing the gaseous hydrogen. Figure 1
(ref. 1) shows hydrogen tempcrature at transition
to unstable operation as a function of injection
area ratio. Regardless of hydrogen temperature,
transition for this particular injector occurred
at a velocity ratio of approximately 6.5. Higher
velocity ratios resulted in stable operation, lower
ratios in instability.

Another significant effect was recessing of
the oxygen tube below the face. For the J—26 a
recess of 0.210 inch resulted in a 20° to 25
reduction in self-triggering temperature and a 2
percent increase in combustion performance. Fig-
ure 2 shows data obtained at LeRC for a 0.1 inch
recess. Self-triggering temperature was improved
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by approximately 50° and performance by 3 to 4
percent. Both the high velocity ratio and recess
techniques enhanced mixing and atomization of the
coaxial propellant streams, and resulted in
improvements in both stability and performance.
The J-2 flight rating test injector (figure 3)
employed both effectively.

These same techniques were incorporated into
the M-1 injector design. Hydrogen velocity and
velocity ratio were made as high as practical
within the engine pressure budget. Both oxygen
and hydrogen pressure drops were set at a high
level to prevent chugging instability. This was
done based on a single dead time approach to
chugging analysis which specified that increases
in either or both pressure drops tended to improve
stability. As with the J-2, an element inlet
restriction was used to obtain the required oxygen
pressure drop for chugging stability and yet allow
low oxygen injection velocity for better acoustic
stability.

Subscale Testing

Subscale tests of the injector element design
chosen were undertaken to:

1. confirm performance expectations

2. check susceptibility to chugging insta-
bility

3. check on general durability of injector
elements and faceplate

4. examine acoustic instability character-
istics

The subscale testing effort, including tests
of other M-1 element configurations, is reported
in detail in reference 3. The testing was carried
out at 15,000 1b. thrust, the highest thrust pos-
sible at 1040 psi chamber pressure in the LeRC
Rocket Engine Test Facility. The subscale injector
(figure 4) was 5.4 in. in diameter and contained
51 elements as compared to 40 in. and 3248 elements
for the full-scale injector. The full-scale com-
bustor was duplicated exactly in the following
aspects:

. element size and detail

chamber pressure (1040 psia)
element spacing

chamber length (29 in. to throat)
. contraction ratio (1.7)

. Rigimesh face porosity

. faceplate attachment

~N OO W

Figure 5a shows the element with a straight
bore liquid oxygen tube; figure 5b with a 7° taper
ream at the tip of the LOX tube. The taper ream
was added to decrease the LX velocity and hence
increase the hydrogen-oxygen velocity ratio. This
particular technique was demonstrated as effective
in the work of reference 1. However, the lower
LOX velocity prompted some concern about chugging
instability. Therefore, both configurations were
tested to determine the effect of the modification
on chugging and on performance. There were some
minor differences in the several non-tapered ele-
ments tested, but they apparently did not affect
the performance.

A heavy wall carbon steel chamber with a
coating of .018 in. of zirconia over .012 in. of
nichrome was used. Most of the testing was done
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with a chamber 29 in. long from injector to throat.
Some tests were made with a 44 in. long chamber to
assess possible response of the injector to longi-
tudinal oscillations in the same frequency range as
predicted for tangential oscillations in the full-
scale chamber.

Combustion efficiency (actual C* divided by
theoretical C*) of the taper-reamed configuration
is plotted in figure 6 as a function of oxidant-
fuel ratio for a nominal hydrogen injection temper-
ature of 140°. As noted, two data points at lower
chamber pressures were used to extend the curve to
mixture ratio extremes. The level is generally
very high (98 percent or better) although a slight
dropoff of approximately 1 percent occurred between
an oxidant-fuel ratio of 4.5 and 6.5.

Figure 7 shows the effect of hydrogen injec-
tion temperature on combustion efficiency for both
straight and taper-reamed elements. These data are
for oxidant-fuel ratios from 4.5 to 6.5. Although
some scatter is observed, both injector types main-
tain approximately 99 percent combustion efficiency
from 184°R all the way down to 60°R. No difference
was observed in efficiency between the 23 and 44 in.
long chambers.

These data (in particular, those showing the
effect of Hp temperature) indicate a very high per-
formance potential for this injector design. Per-
formance for the full scale injector, however,
would be expected to be somewhat lower due to the
fuel devoted to baffle-cooling (approximately S
percent) and the peripheral fuel film cooling
(approximately 3 percent) intended to protect the
regenerative chamber tubes. Rocketdyne experience
on J-2 and the data of reference 4 indicate that 8
percent fuel devoted to cooling will decrease
injector performance by 1 to 2 percent. It should
then be expected that combustion efficiency for the
full scale chamber would be approximately 97 per-
cent.

In regard to stability, neither hydraulic or
acoustic instability was encountered at or near
nominal M-l operating conditions. Chugging was
encountered during many start transients. It
should be expected that similar chugging might be
encountered on the full scale tests; however, it
should not be of consequence due to the low pres-
sures and flows at the time of occurrence. No
instances of tangential mode acoustic instability
occurred. Four tests with the 44 in. long chamber
showed relatively mild longitudinal instability.
This was not unexpected, due to the extreme L/D of
the chamber. Even then, the only significant
instability occurred at conditions of chamber pres-
sure, O/F, and hydrogen temperature far from the
normal operating conditions. Table I shows the
data for these tests.

FINE ELEMENT INSTABILITY TABULATTION

Test Pe o/F RIT £ AMP Mode
No. Psia OR Cps Psi
216 1007 5.18 66 750 25 1L
217 554 7.47 90 1200 100 2L
218 860 5.93 67 750 20 1L
219 767 5.73 68 1300 35 2L



This run experience was encouraging but not
conclusive as far as predicting stable operation
for the full-scale chamber.

Throughout the testing, the injector showed
excellent durability. No overheating or erosion

problems were encountered.

Full Scale Testing

The full scale injector layout and some of
the design details are shown in figure 8. As
‘shown, the chosen baffle layout produced 19 sepa=-
rate injection compartments. The total number of
identical elements required to produce the full
scale thrust was 3248. The four outer rows of
elements were canted towards the chamber center
line at 7° to move the point of impingement with
the 11° convergent chamber further downstream.

This was done because of analysis and previous
experience which foresaw a possible chamber erosion
problem due to propellant stream impingement on the
chamber wall prior to complete combustion.

The first goal of the full scale test effort
was to determine performance. The tests were made
in an ablative-lined chamber to provide sufficient
duration. Thrust, weight flows, pressures, and

temperatures were measured to determine performance.

Specific impulse and characteristic velocity were
derived from the basic data. Characteristic veloc-
ity was calculated both from measured specific
impulse using an analytically derived thrust coef-
ficient, and from basic parameters (Pc, weight
flows, AT) with analytical correction made for
non-isentropic acceleration (momentum pressure
loss). The two values agreed within 1/2 percent,
with the C¥ derived from specific impulse being
the lower. Figure 9 shows combustion efficiency
vs. oxidant-fuel ratio for both the full scale and
subscale testing. Combustion efficiency was cal-
culated using the C¥* derived from specific impulse
and the theoretical C* for 140°R hydrogen inlet
temperature. The full scale performance at 5.5
O/F was 96 percent of theoretical with a slight
increase at lower O/F's and a dropoff at higher
O/F's. This performance level met the criginal
goals prescribed for this injector. The subscale
data show the same trend with O/F, but are about 3
percent higher. The subscale injector data define
a base or ideal level of performance. Deviation
from this ideal, as noted earlier, was caused by
two factors. First, the full-scale injector de-
voted approximately 5 percent of its fuel flow to
baffle cooling and 3 percent to peripheral film
cooling. Data obtained at LeRC and at Rocketdyne
on the J-2 program indicate a performance loss of
approximately 1 percent for each 4 percent film
cooling. This implies a performance loss for the
M-1 injector of approximately 2 percent. Further-
more, 748 elements (23 percent) adjacent to the
baffles were modified (see baffle section) in
order to protect the baffles. Although a precise
evaluation of this effect was not made during sub-
scale testing, it is conceivable that a percent or
more loss could be attributed to the "dimpling".

Figure 10 shows combustion efficiency as a
function of hydrogen injection temperature. Both
the full scale and subscale injectors maintain
constant efficiency down to low hydrogen tempera-
tures, probably due to the high hydrogen-oxygen
velocity ratio. Other work at LeRC has shown that
a high velocity ratio is helpful in maintaining a

high efficiency level with decreasing hydrogen
temperature (ref. 1). However, the full-scale
performance did begin to drop precipitously approx-
imately 5° before the onset of acoustic instability
as hydrogen temperature was ramped downward from
rated conditions to determine the self-triggering
point. This coincided essentially with beginning
of a metastable condition prior to full-blown
instability.

The performance data obtained at sea level
with a 2.08 area ratio nozzle were extrapolated
to vacuum conditions assuming a 40 area ratio noz-
zle. This was done using thrust coefficients de-
termined using a nozzle performance evaluation
computer program developed by United Aircraft
Corporation. Figure 11 shows the results obtained.
The performance at 5.5 O/F (the thrust chamber O/F
at engine rated conditions) is 429-1/2 seconds
which is equivalent to the contract specification
for PERT.

The full-scale injector operated stably under
all conditions of mainstage, normal operation.
Chugging was experienced during the early phases
of the staged start transient when injection pres-
sure drops were very low. Chugging pressure ampli=-
tudes were approximately 45 psi peak-to-peak during
the first phase of the start at 300 psi chamber
pressure. The amplitude fell to about 23 psi
during the second phase of the start at 450 psi
and chugging disappeared completely as the chamber
pressure rose further. This is substantially in
keeping with the subscale results and indicates a
quite stable system.

The next phase of effort was to evaluate the
acoustic stability characteristics of the injector.
During the performance determination phase of the
testing, there was no indication of any acoustic
instability, even during the start transient when
temperatures dipped below 80°R and mild chugging
was in progress. The method used to induce
screaming was to reduce the hydrogen temperature
as was done in the subscale testing. The results
of this testing are shown in figure 12. Self-
triggering temperature (temperature at onset of
instability) varied from about 76° to 81°R with
the lower values occurring at low O/F's. During
some of the later runs, the temperature was ramped
back up after instability began. Return to stable
operation occurred at approximately 100°R. These
results indicate a substantial margin even under
conditions of extreme perturbation since the engine
design operating temperature is 142°R. When insta-
bility was induced, the high frequency pressure
pickup data showed no definite mode of instability
which is in keeping with some experience with F-1
baffled injectors.

In summary, the original performance goals
were met. The injector operated stably under nor-
mal conditions of operation and stability evalua-
tion tests at lower hydrogen temperature showed
considerable margin.

Baffle Development

Background

Even though every attempt was made in
designing the injector itself to utilize the best
information on design for stable operation, sta-
bility could not be guaranteed because of a lack



of information on scaling. It was decided, there-
fore, that combustion baffles should be incorpo~
rated to further reduce the possibility of delete-
rious acoustic instability. The actual baffle
configuration waes designed using the Sensitive
Time Lag Theory developed by Crocco and coworkers
at Princeton University. Using this analysis
technique, it was determined that the most likely
modes of oscillation would be the third or fourth
tangential with frequencies from 2000 to 3000 cps.
The baffle was designed with radial blades to pro-
vide protection against spinning tangential modes.
Twelve blades were provided around the periphery
to preclude standing modes of lower order than the
sixth. A ring baffle was provided to eliminate
the first radial mode. The analysis is presented
in detail in reference 5. Figure 13 shows the
selected baffle arrangement. The analysis offered
no specific guide as to baffle length; however,
past experience led to a choice of 4-inches. It
was felt that a 4-inch baffle was long enough to
be effective and not so long as to promote inter-
cavity modes. (This length was later reduced to
3-1/2 inches based on cooling considerations.)

It was also clear that the baffle must be
both adequately and economically cooled. It must
perform its function continuously and reliably
without substantially compromising the injector
performance. Four to six percent of the fuel was
chosen as the maximum which would be devoted to
baffle cooling without dropping the combustion
performance below minimum goals. The most perti-
nent design information came from the F-1, J-2,
and GEMSIP programs. Rigimesh appeared to .be a
logical first choice for efficient, reliable
cooling. However, the generally unsuccessful J-2
experience with Rigimesh baffles was not encourag-
ing. The cooling scheme used for the F-1 copper
baffles appeared unsatisfactory because of the
much higher heat fluxes for M-1. With no firm
precedent for design, it was decided to actually
develop the baffle cooling technique at subscale
prior to final design of the full-scale baffle.

Subscale Testing

The subscale test program was conceived and
conducted at the Lewis Research Center using, with
some modifications, test set-up and hardware pre-
viocusly used for the injector element investiga-
tion., The engine manufacturer contributed
strongly to both the concepts and hardware aspects
of the subscale program, and also designed the
full-scale injector to accommodate readily any
baffle concept determined to be optimum in the
subscale tests. It was decided to bolt the baf-
fles to the injector to minimize the welding
required, and also to provide a quick-change capa-
bility in the event that baffle deterioration
would be experienced during the full-scale test
program.

A cutaway drawing of the subscale engine
test assembly is given in figure 14. A separately
controlied and metered flow of hydrogen at a tem-
perature of close to 140°R (M-1 design) was sup-
plied through tubes to the base of the baffle.
This deviated from the full-scale design where a
separate baffle cooling system was not provided
and the coolant to the baffle was supplied from
the hydrogen injector cavity through holes drilied
in the injector faceplate. However, the subscale
tests were identical to full-scale in regard to:

1. chamber pressure

2. mixture ratio

3. contraction ratio

4. injector elements

5. element spacing with respect to baffle
surfaces

6. element density

Accordingly, and in view of the fact that
subscale chamber diameter was not much smaller
than the full-scale baffle cavities, the axial
heat flux distribution in the vicinity of the
baffle is believed to have been closely simulated.

As shown in figure 15, the subscale baffle
specimens corresponded to a 2.85-inch slice from
one of the six inner spokes of the full-scale
baffle. A total of 25 baffle designs were evalua-
ted by gradually reducing the baffle coolant flow
until failure occurred. Detailed results zre
given in reference 8 and only a few of the more
significant findings are covered herein.

In the 25 specimens tested, five basic
cooling schemes were involved as indicated sche-
matically in figure 16. The baffle types of pri-
mary interest herein are the transpiration (type
A) and film and convection (type E). The other
types assessed were as follows:

Type B « convective cooled: all configura-
tions (copper) showed some erosion
near tip but further development
could probably achieve successful
design.

Type C - reverse flow convection: both .030
copper and nickel stainless steel
(electrodeposited) shell configura-
tions met design but showed incipient
failure at 75 percent of design
coolant flow. Discarded as too com=-
plex.

Type D - film cooled: tip erosion of copper
tang occurred with film-cooled
lengths of 1.5 inches or over.

Early in the subscale investigation, it was
found the close proximity of the injector elements
to the baffle resulted in LOX-rich propellant
stream impingement and consequent erosion. It
was found that indenting or "dimpling" the ele-
ments immediately adjacent to the baffle would
completely relieve this. The "dimpled" elements
are shown in figure 17. As discussed earlier, it
is likely that this modification effected perform-
ance since over 700 elements had to be "dimpled"
on the full-scale injector to adequately protect
the baffle. A strip of ablative material was
used to protect the exposed inner end of the sub-
scale baffle. There were no exposed ends on the
full-scale baffle.

Results obtained with the transpiration-
cooled baffles are typified by the data of figure
18 where baffle differential pressure is plotted
as a function of baffle coolant flow. The shaded
region represents the range of values acceptable
in the M-l engine. It is seen that as the baffle
coolant flow was reduced from maximum, the baffle
pressure drop at first decreased as expected, but
then increased rapidly with further reductions of
flow below about 0.27 pound per second {equivalent



to 4.5 percent of total fuel flow). At about
0.15 pound per second, a meximum apparently
occurred followed by a decrease again toward the
origin of the plot. As shown in reference 6,
other designs of different porosity and construc=-
tion did intercept the design region. Neverthe-
less, all of the transpiration cooled baffles were
unacceptable because all exhibited the unexpected
"S-shaped" characteristic shown in figure 18.
Operation could occur at any of these regions (4,
B or C) for a given injector pressure drop, prob-
ably depending upon the sequence of propellant
flows during the complex conditions typical of
engine start transients. Baffle integrity at B
was marginal and damage occurred after two short
runs at point C. On the basis of a very cursory
analysis, it appeared that the reversal (at 0.27
pound per second in fig. 18) may be associated
with sudden disruption of the cool boundary layer
normally formed by the emerging coolant on the
hot side of the baffle material. Data similar

to these had not been found in the prior litera-
ture possibly because experiments are not gener=-
ally carried out to failure and the reversal point
was not reached.

A number of type E baffle configurations
employing combined convective and film cooling
were investigated with tip damage gradually elim-
inated by detailed modifications. Flow charac-
teristics for the final configuration are shown
in figure 19. The full-scale baffle was designed
to operate with a total flow of 5 percent of the
fuel flow for the injector (subscale baffle flow
equivalent to .3 lb/sec). Local areas could be
higher or lower depending on injector flow dis-
tribution; however, the lowest flow at any point
should be equivalent to approximately 4 percent.
The subscale baffle was tested at this equivalent
flow rate. Only very minor tip damage was sus-
tained (fig. 20a). Another test was made at 80
percent of the lower design flow limit (approxi-
mately 3.3 percent equivalent flow rate). Con-
siderably more tip erosion was sustained (fig.
20b). However, it appeared that the baffle had
eroded to an equilibrium status and could have
maintained its basic structural integrity with
further operation. The bolts and seals used in
the investigation were designed to full-scale
chamber specifications and were found to have
adequate structural integrity. This was confirmed
both with these hot tests and with shake-table
vibration tests using the predicted M-1 engine
vibration spectrum.

Full-Scale Testing

The full-scale results indicate that the
baffles were effective in attenuating instability.
Even during induced unstable operation, pressure
excursions were limited to 100 to 150 psi peak to
peak.

The baffles themselves withstood the rigors
of full-scale testing quite well. The inner
radial baffles were wholly undamaged, although
several erosion spots occurred on the outer cir-
cular baffle, and substantial erosion occurred on
several of the outer radial baffles. Figure 21
shows the injector and baffles after the first 3
sec. full thrust test at an Of/F of 6.12. A sub-
sequent test of 4 sec. at full thrust and 5.34
0/F did not add to the damage. Most of the ero-
sion on the outer radial legs appeared to be due

to inadequate coolant flow. Therefore, after two
full thrust tests, the two most severely eroded
outer radial legs were replaced with new legs
which were redrilled to provide approximately 15
percent greater film coolant flow. Further
testing showed substantially less damage to these
legs, indicating that the high coolant flow
helped.

In general, the bolting of the baffles to
the injector proved quite satisfactory. The baf-
fles remained firmly attached with no apparent
bolt loosening during stable operation. This con-
firmed both the sub-scale firings and the shake-
table tests. Instability did cause baffle loosen-
ing. However, it was not difficult to retighten
the baffles as necessary between stability limit
tests.

In summary, the subscale development of a

baffle-cooling design for the M-1 worked out very
satisfactorily. What proved to be a wholly ade-
quate final baffle design was completely estab-
lished before beginning full-scale tests.
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(a) Prototype design with taper reamed oxidizer tube exit.
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{b) Oxidizer tubes with straight bore.

Figure 5. - Cross-sectional view of subscale injector elements,
(All dimensions are in inches unless otherwise noted.)
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Figure 6. - Subscale injector performance (taper reamed con-

figuration).
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Figure 7. - Subscale injector performance.
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T

i, SR

Q Fuel sieeve I,D, 0.333 in.

Ox tube 0. D, 0.290 in.

Ox tube 1, D. 0.250 in.

Ox tube recess  0.24 in.

Fuel exitarea  0.0.02125 in,2
Ox exit area 0.0.0491 in.¢

Ox orifice diam. 0.0994-0.1005

Fuel AP 140 psi
Ox AP 360 psi
Fuel density  1.48 Ib/ft3
Ox density 70.0 Ib/ft3

wg/element 0.133 Ib/sec
Wox /element 0. 839 Ib/sec
AflAox 0.433

Fuel velocity 590 ft/sec
Ox velocity 35.2 ft/sec
vf/VOX 17. 3

14
Detail showing 4 canted rows

Figure 8. - Full scale injector.
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Figure 9. - M-1 thrust chamber c¢* Efficiency against oxi-
dant fuel ratio,
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Figure 10. - M-1thrust chamber c* Efficiency against H, injection tem-

perature; OfF = 5.5£1.0.
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Figure 11. - M-1 thrust chamber vacuum specific
impulse against oxidant fuel ratio. P¢ = 1000

psia; AglAy = 40.0; Ty, = 140° R.
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Figure 12. - M-1thrust chamber combustion sta-

bility fimits.
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Figure 13. - Recommended baffle configuration.
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Figure 14. - Cutaway drawing of sub scalp engine.
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Figure 15, - Layout of full scale M-1 engine baffle,
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Figure 16. - Baffle cooling concepts investigated.
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Figure 17. - Subscale injector showing **dimpled** elements
adjacent to baffle.
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Baffle differential pressure (corrected to
140° R baffle coolant inlet temp.), psid
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Figure 18. - Flow characteristics of transpiration cooled

baffles.
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Figure 19. - Flow characteristics of the prototype (copper
convective-film cooled) baffle.
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Figure 20. - (a) Post fire condition of prototype baffle after 10 seconds of
operation at the lower limit of design coolant flow.

—Ablative material used to protect
| exposed baffle end

C-65-3039

Figure 20. - (b) Post fire condition of prototype baffle after 10 seconds of
operation at 80% of lower design flow limit.
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Figure 21. - Post fire condition of full scale baffle.
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