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shear and tension-type braze joint for injector face strip attachment,
The injector body material was 347 CRES, The injector face strips pro-
vided final distribution of the propellant to the injector orifices for

injection into the combustion chamber,

The injector strips contained the triplet elements, Each element con-
sisted of two oxidizer streams impinging on a showerhead fuel stream

(Fig. 24), The basic element configuration, orifice spacing, orientation,
orifice diameter, etc., was established from results obtained during the

previous program (Ref. 1 ) and is presented in Table 2 ,

The injector strips were fabricated from Nickel 200 to provide a material
which : (1) had a very high auto-ignition temperature with fluorine

(1253 to 1266 C); (2) had a high melting point since fuel injection tempera-
tures of 1000 to 1100 F were predicted; and (3) had good thermal conductivity
for face cooling to prevent melting and erosion. The initial injector strips
were fabricated by conventional machining. Later strips were machined by use
of EDM. All orifices were drilled.

The first and second triplet injectors (U/N 1 and 2) were essentially
identical in design and fabrication technique, except for minor modifi-
cation of U/N 2 as a result of the testing. Injector U/N 3 incorporated
a number of design changes for improved injector face cooling. Among the
changes was the addition of oxidizer feed control webs (Fig. 25) for the
purpose of increasing the oxidizer flow velocity parallel to the face
(refer to Section III, 2, b, (1)).

Following coﬁpletion of fabrication, all the injectors were flow tested
with filtered (40-micron) water to ensure that no orifice hlockage or
misimpingement existed and to provide pressure drop calibration data,
Typical calibration data are shown in Fig. 26 , and a typical flow test

shown in Fig. 27.
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FEED CONTROL
WEB

Figure 25. Modified 5-Inch Triplet Injector
Segment (U/N 3) (U)
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but the injector body material was changed from CRES 347, used on the triplet
injectors, to 304L stainless steel for the fan injectors to provide a low
carbon content material with better weld characteristics. The initial im-
pinging fan injector, U/N 1 (Fig. 28), face strips and body were machined by
conventional methods, and a combination tension-shear furnace braze joint

was used for face attachment. The injector did not incorporate feed control
webs in the oxidizer feed passages. Drilled vent holes were utilized for
disposal of possible propellant leakage past the face strip-to-body braze
joint, similar to the U/N 2 and U/N 3 triplet injectors.

The fan injector design parameters (Table 2 ) and fabrication techniques were

similar for the U/N 1 and U/N 2 injectors, with two important changes:

1. The fuel orifice area for U/N 2 injector (Table 2 ) was signif-
icantly decreased compared to U/N 1. This decrease was made
after examination of the U/N 1 injector test data, and data
from other programs at Rocketdyne, which indicated that in-
creased fuel velecity would increase Nex due to more vigorous
secondary atomization of the oxidizer droplets and, also,

decrease upper combustion zone local heat flux,

2., Feed control webs were incorporated into the oxidizer passages
to increase the flow velocity behind the injector face to approx-

mately 40 ft/sec for improved face cooling. The feed control webs

are shown in Fig. 29,

The U/N 3 injector (Fig. 30) was modified to improve the face-cooling capa-
bility. The feed control webs were designed to increase the oxidizer veloc-
ity between the strip backside and feed control to 60 ft/sec. Turbulence
inducers (swirlers), formed from wire, were attached to the feed control
webs for improved heat transfer. The feed control web installation is

shown in Fig., 30, and the detail webs with turbulence inducers are shown

in Fig. 31,
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The oxidizer element protrusions on the injector face, typical of U/N 1 and
U/N 2 fan injectors, were replaced on injector U/N 3 with continuous con-
toured strips to increase the durability and improve performance. U/N No. 1
and 2 injectors had experienced minor melting of the oxidizer protrusions
during testing. Also, a possible hydraulic imbalance at the low chamber
pressures was believed to contribute to a loss in characteristic velocity
efficiency of the U/N 2 fan injector. The imbalance consisted of a geometri-
cal difference in oxidizer orifice length. The continuous contoured oxidizer

strip provided orifices of equal length (see Fig. 29 and 30).

Internally pressurized static purge passages were incorporated into the U/N 3

injector at the bipropellant braze joints to ensure positive separation of
propellants. The static purge pressure in the purge passages was always
maintained at value h.gher than the injection pressure of either propellant.

The purge passage design can be seen in Fig., 32.

Some fabrication problems were encountered with the U/N 3 fan injector. The
injector was flow tested following initial furnace braze attachment of the
face strips, and many orifices in the center strip were found plugged with

braze alloy. Machine removal of the center strip, fabrication of a replace-

ment strip and a second furnace-braze cycle for strip attachment was required,

The injector was subsequently flow tested satisfactorily and structurally

tested to verify braze joint integrity.

Design and fabrication techniques used for the U/N 4 injector were changed,
compared to U/N 1, 2, and 3, in an effort to simplify manufacture. The in-
jector is shown in Fig. 33 and consists of an integral face and body with
no braze joints. The injector was completely fabricated from nickel 200
material. The injector face was electrical-discharge machined in one opera-
tion. Oxidizer feed control webs were incorporated similar to the U/N 3
injector (Fig. 34).

BONEIDENTIAL

(This page is Unclassified)

e

IR TR TN









Gt ' NTINE wm;HWHHHHW\HHMHH‘HMm\uumwm

BORFIDENTIAL

i

I,

1EH42-7/5/68-C1C

'l

ol
&um»“

Oxidizer Feed Web (Back Side) for 5-Inch U/N 4 Injector (U)

Figure 34,
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Following completion of manufacturing, the injectors were flow tested and
cleaned, as described earlier for the triplet injectors. Typical flow cali-

bration data is shown in Fig. 35.
(c) Concentric Orifice Injector

The concentric orifice injector was designed and fabricated as a backup

approach to the impinging stream-type injectors (triplet and fan). The in-
jector concept was considered to offer a potential for achieving high per-
formance over the throttle range be virtue of oxidizer vaporization within
the injector, The injector element posts were designed to achieve heat ex-

change between the relatively warm hydrogen and the colder fluorine,

The injector design is shown in Fig. 36, and design details are given in
Table 2., Nickel 200 material was used in fabrication of all major details.
The injector had 33 elements arranged in three rows and the face area be-

tween elements utilized Rigimesh for face cooling with hydrogen,
(d) Short Contour Segment Injector

As discussed earlier in Section 111, 2, a, (1), (d), a short contour segment
was designed for evaluation of an approach for reducing overall heat load.
The injector for this segment, shown in Fig., 37, had a reduced face width

of 1.3 inches., Decreasing the face area simplified the face cooling require-
ments and also permitted amore compact and lighter weight design., The element
spacing of the injector face remained the same as the fan U/N 3 injector,
with the exception of the outermost, diagonally opposed fuel elements, These
elements were more closely spaced to the adjacent element and canted inward
to prevent baffle impingement, The number of elements per segnent was de-
creased, with a resultant increase in thrust per element and injection
density. A comparison of the injection density for the 2-inch width fan

and reduced face area injectors is shown in Table 3. The injector construc-

tion technique was identical to the 2-inch fan injector (U/N 3).
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TABLE 3

COMPARISON OF INJECTION PARAMETERS FOR 2-INCH WIDE* AND
1.3-INCH WIDE FAN INJECTORS (C)

Number of | Number of Injection Density,
Configuration Rows Elements LBm/sec per inZ of Face Area
2-Inch Wide 3 39 0.2186 at Maximum Thrust
0.0263 at Minimum Thrust
1.3-Inch Wide 2 24 0.337 at Maximum Thrust

0.0405 at Minimum Thrust

*U/N 1, 2, and 3

(U) As mentioned earlier, for the short contour segment chamber, fabrication of

the injector was only partially completed in this program because other
' approaches to the reduction in heat load proved successful (refer to
' Section III, 5,0, d).

b. 5-Inch Thrust Chamber Segment Testing and Analysis

(U) The segment firing tests were conducted at Victor test stand, at the Propul-

sion Research Area, Santa Susana Field Laboratory.

A description of the

facility and operation is presented in Appendix I.

(C) The primary test objectives of the 5-inch segment test program were to pro-

vide data that would:

1. Establish the performance (c*) capabilities of the candidate triplet-

and fan-type injectors

2. Establish the heat transfer characteristics of the Gc contour (3,5-inch

length, injector face-to-throat) thrust chambers
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[D(U) melting of the oxidizer strips and overheating of the fuel strips. In addition,
low-cycle thermal fatigue of all strips had occurred, as evidenced by the trans-
verse cracks that were visible. The upper combustion zone local heat transfer
rates, when all required seals were installed and GN, was not introduced into
the upper combustion zone, were approximately three times as great as they had

been during tests 1 and 2.

(U) The second triplet injector (IJ/N 2) was modified slightly, by incorporating vent
holes into the bipropellant vent areas instead of machining continuous slots, as
in the U/N 1 injector configuration. The slots and vent holes were to permit es-
cape of possible propellant leakage past the braze joint. Vent holes instead of
slots provided additional heat conduction paths between the fuel and oxidizer

sections of the strips for improved face cooling.
TABLE 5

5-INCH SEGMENT THRUST CHAMBER TEST SUMMARY (U)

(By Hardware Type)
o
|
Testing*
Hardware Configuration No. of | Duration,
Thrust Chamber Injector Tests seconds

' 5-Inch Segment**
t

G _ Contour, Water-Cooled, U/N 1 Triplet, U/N 1 3 4.4

(S.S-inch combustion zone, 46 Triplet, U/N 2 4 4.3
| tests, 263 seconds) Fan, U/N 1 7 8.7
! Triplet, U/N 3 5 19.8
: Fan, U/N 2 13 96.3
] GONEIDENTIAL | Fan, U/N 3 14 129.5
F K Contour, Water-Cooled Fan, U/N 1 8 38.8
; Fan, U/N 4 9 23.1
; Gc Contour, Water-Cooled, U/N 2 Fan, U/N 1 2 12,5
y Triplet, U/N 3 5 10,8
| G _ Shortened Contour, Water-Cooled, U/N 1| Fan, U/N 3 8 103,1
| MSd (2.68-inch combustion zone)
|
4 Tube Wall, U/N 1 Fan, U/N 2 1 0.3
M *Test Series: 001-68 through 074-68, 103-68 through 107-68 (107-68

| ‘}’ final test in 1968), 009-69 through 011-69
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Four test firings were conducted with the U/N 2 triplet injector over a range of M
chamber pressure of 559 to 197 psia. Overheating of the injector face was again

encountered and caused irrepairable damage to the injector.

Overheating of the face on triplet injectors U/N 1 and 2 presented a critical
problem that resulted in a complete reappraisal of the original design criteria,
In addition to the examination of design criteria and comparison to that developed
during the previous program (Ref. 1), the following analyses were pe.formed. A
complete metallurgical analysis of the u.erheated U/N 1 injector was made to de-
termine mode of failure, verify strip material, type, determine if contamination

was present, and to examine for nickel embrittlement.
The analysis indicated that:

1, The strip material was Nickel 200 with no significant embrittlement.

2, Transverse cracks in the strips were a result of thermal fatigue

failure by overheating.

3. Residue found on the back side of the strips resulted from the
reaction of fluorine and overheated nickel. No other contaminants

were found.

An extension of the three-dimensional conduction heat transfer analysis per-
formed during initial design was made to cover heat flux ranges of 9 to 10
Btu/in.z-sec. The initial analysis had been performed for heat fluxes of 2 to 4
Btu/in.z-sec. The higher range was found to be necessary to define the injector
temperature profile when the injector-end heat flux was determined to be 10.1
Btu/in.z-sec on test 003, The conclusion from the analysis was that there was
inefficient use of the propellants for face strip cooliﬁg and that fluorine was
vaporizing in the strip. The analysis also showed that th= injector strips
should be modified to increase the velocity of the propellant on the back side

of the strips, and improve the distribution into the strips.

BONFIDENTIAL
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The following modifications were made to accomplish these objectives for the
triplet injector U/N 3:

1. Incorporated oxidizer feed contrcl webs to increase the oxidizer flow

velocity parallel to the face to a design value of 40 ft/sec (Fig. 25)

2, Oxidizer orifice impingement angle changed from 68 to 60 degrees

(included angle) to move the flame front farther from the injector face

3. Number of elements per strip increased from 13 to 16 with oxidizer

orifices diameter (0.018 #0,0005) fuel orifices (0,035 *0.0005)

4. Oxidizer strip thickness decreased from 0.062 to 0.045 ‘0*000 inch

5. Modified the oxidizer strips to cecutiol flow distribution and strip

cross celocity

6. Incorporated spacers in the fuel strips to increase flow velocity

7. Modified the oxidizer strip end element pattern in two places to re-

orient the oxidizer fan and eliminate strip end burning

8. Replaced interstrip relief grooves with vent holes to improve strength

and conduction paths (modification previously made on triplet U/N 2
injector)

9. Modified the body to provide additional oxidizer manifold volume for

better distribution

A three-dimensional heat transfer analysis of the modified triplet pattern
(Jdescribed above) was conducted for face materials of copper and nickel, using a
face heat flux of 9 Btu/in.z-sec. The results are presented in Fig. 39 and 40.
As observed in Fig. 39, the maximum predicted face temperature with the copper
strip was 1700 F. This temperature is relatively close to the melting tempera-
ture (1900 F) of copper. By comparison, the maximum temperature predicted for
the nickel strip was 2200 F, The melting temperature of nickel is 2650 F and,
therefore, would provide a safer operating margin, Based on this analysis, the

conclusion was that nickel material should be retained for the injector face
strips.
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After incorporating the above-described modifications into triplet injector U/N 3,
10 firing tests were conducted at chamber pressures ranging from 611 to 361 psia,
The injector face cooling was much improved compared to the results obtained
previously with triplet injectors U/N 1 and U/N 2, Slight face overheating did
occur during the testing, however, and on the last test the injector failed from

apparent thermal fatigue of the injector oxidizer strips.

No further development effort was expended on the triplet injector, because re-
sults from tests with the fan injector showed greater promise of satisfactory

operation for the fan injector type.
(2) Fan Injector U/N l-GC Contour Chamber Test Evaluation

Four fan injectors (U/N 1, 2, 3, and 4) were fabricated and tested. The initial
series of seven tests on U/N 1 fan injector covered a range of chamber pressures
of 655 to 352 psia and indicated acceptable injector-chamber compatibility,

local heat flux in the combustion zone and throat, and injector face durability.
Slight erosion of several fuel trapezoids (face extensions required to maintain
proper orifice L/D, however, occurred. The overall injector physical condition
was good, and there was no evidence of face errheating or thermal fatigue fail-

ure of the injector face strips.

Low-frequency chamber pressure oscillations, at approximately 3 Hz, were noted
on the longer duration tests. The oscillations were apparent in the chamber
pressure, fuel injection pressure, and oxidizer injection pressure measurements.
The oxidizer injection pressure oscillations had the greatest magnitude and
apparently caused the oscillations in chamber pressure and fuel injection

pressure.,

A combined heat transfer and hydrodynamic analysdis was conducted to determine the

cause of the oscillations and provide corrective design criteria. A total
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quantitative solution could not be obtained, although the following qualitative
conclusions were drawn:

1. The oxidizer in the injector feed passages was undergoing a phase change,
liquid to two-phase, in the subcritical and supercritical pressure

regimes.

2. Unstable film boiling and temperature stratification of the oxidizer

were occurring in the feed passages behind the injector face.

These results were subsequently used in making design modifications for the U/N 2
injector. The design change was the incorporation of oxidizer feed webs as
described in Section III, 2, a, (2), (b).

(3) Fan Injector U/N 1-K Contour Chamber Test Evaluation

Eight satisfactory tests were conducted with the U/N 1 fan injector and the K
contour chamber over a range of chamber pressures of 645 to 236 psia. The tests
were conducted to obtain performance and heat transfer data for comparison with

the GC contour,
The results are shown in Fig. 41 and summarized in the following:

1, The total integrated heat rejection rate, Btu/sec, of the K contour was
25-percent greater than that of the GC contour. This increase was a
result of the much larger chamber wall surface area for the K contour,
and would result in a 25-percent increase in coolant bulk temperature

and increased chamber wall hot-gas-side wall temperature, Tw

2, The local heat transfer rate, heat flux expressed as Btu/in.z-sec, at
the throat of the K contour chamber was 20,35 Btu/in.z-sec at 638-psia
chamber pressure, as compared to the GC contour chamber of 21,97
Btu/in.z-sec at 627 psia. This slight decrease for the K chamber was
believed to be a result of the more favorable boundary layer buildup

for the greater length K contour wall,
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Based upon item 1 above, and the recognizable weight advantage afforded by the
shorter length chamber, the GC contour was selected for the 30-degree segment

thrust chamber combustion zone configuration,

Because of the low-frequency chamber pressure oscillations which occurred previ-
ously, with the U/N 1 fan injector and G contour chamber, a test (23) was con-
ducted to evaluate the effect of hydrogen injection temperature on the oxidizer
injector flow instability. The hypothesis was that the oscillations were

caused by unstable heat transfer conditions in the oxidizer feed passages of the
injector, which was enhanced by the elevated-temperature hydrogen (900 F) in the
injector. The hypothesis was investigated on the firing test by the use of am-
bient (70 F) temperature hydrogen which had a resultant decreased heat transfer

potential relative to the colder fluorine. The use of ambient hydrogen rather

than heated hydrogen did result in the cessation of chamber pressure oscillations,

but an increased injector face heat flux also resulted, due to a lower hydrogen
injection velocity. Overheating of the injector face occurred; however, con-

tinued testing was possible with this injector.
(4) Fan Injector, U/N 2——GC Contour Chamber Test Evaluation

The U/N 2 fan injector was tested 13 times in the GC water-cooled chamber over

a chamber pressure range of 661 to 72,3 psia, The test objectives were:

1. Determine injector face heat transfer and cooling capability
2. Determine injector-chamber contour c* performance capability

3., Evaluation of the injector-chamber contour heat transfer

characteristics
Test objectives were met; however, the GC chamber throat heat transfer rates

with the U/N 2 fan injector were slightly higher than on previous tests, The

numerous thermal cycles experienced by the Gc’ U/N 1, thrust chamber led to a
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degeneration of the chamber wall in the throat region. This degeneration con- ‘L
sisted of slight waviness of the wall, and surface roughness, which was believed
to have caused the increased heat transfer, The throat region was repeatedly

polished between tests for removal of the roughness.

During the test series excessively high injector face heat flux was encountered
at low chamber pressures. A detail analysis of the problem was conducted. The
investigation revealed that the injector mechanics (relationship of propellant
phase, mixing length, injection angle, etc.) and resultant face heat flux were
primarily a function of the fluorine condition, e.g., liquid, two-phase, satu-
rated vapor, etc, Injector operation in the low chamber pressure region resulted
in higher than predicted face heat flux because of a change in basic injector
mechanics that was self-sustaining and progressive., The increased face heat flux
resulted in less dense fluorine injection, which in turn resulted in an increased
face heat flux, and the cycle continued until a true gas-gas injection mechanism

existed,

To evaluate the condition of the fluorine injected into the chamber, a thermo-
dynamic analysis was performed using the face heat flux as the source of an
enthalpy change. As the pressure drop in the injector is primarily through the
orifices, the properties of the fluorine as it reaches the orifices can be found
assuming a constant pressure process, This condition is only an approximation,
because the face heat flux is measured at the wall and the actual face area
cooled by the fluorine is not exactly known, If this area is assumed to be 2/3
of the face (hydrogen cools 1/3), the change in enthalpy can be calculated, and
the fluorine quality entering the orifice can be determined. Figure 42 shows the
face heat flux necessary to effect the vaporization process as a function of
chamber pressure (oxidizer flow). Also plotted is the heat flux measured for the
fan injector U/N 2 during testing. As shown, the test data curve is discon-
tinuous near the point of saturated liquid fluorine injection (tests 46 and 47).
This condition indicates higher face heat flux with two-phase fluorine than with

liquid., The discontinuity is attributed to a basic change in injector mechanics,
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A curve that designates the maximum allowable heat fl... as a function of chamber
pressure is also shown in Fig. 42, The values derived from this curve were used

for test redline values and also as design criteria.

The fan injector fluorine orifice pressure drop (U/N 2) as a function of flowrate
is shown in Fig. 43, The change in slope as a result of operation in the two-

t
phase flow region can be seen,

Based “on the above results, additonal design modifications were incorporated
into the U/N 3 injector. These modifications were principally to increase the
oxidizer flow velocity between the feed web and injecior face for improved heat

transfer (refer to Section III, 2, a, (2) (b)).
(5) Fan Injector U/N 3—-—GC Contour Chamber Test Evaluation

The U/N 3 fan injector and Gc water-cooled chamber assembly was tested 14 times,
over a chamber pressure rangs of 71.2 to 660.4 psia. All tests were satisfact .ry,
Slight erosion of the segment chamber throat, however, was experienced during the
test series., The erosion was attributed to a reduction in the liquid side heat
transfer coefficient due to scale formation in the coolant passage. An attempt
was made to repair the erosion with dalic-plating, but it was not completely

satisfactory. The chamber coolant passages were acid-flushed to remove the scale.

Four tests were conducted to specifically investigate the low chamber pressure
retion with respect to c* performance. Previous experience indicated that an
increase in fuel injection velocity could be beneficial for c* performance. The
increase in fuel injection velocity from a normal 5000 to 6000 ft/sec was ub-
tained by increasing the fuel injection temperature while maintaining the proper
mixture ratio, 14,1 (o/f). There was no apparent increase in performance indi-
cating that c* efficiency was insensitive to fuel injection velocity increases

above a minimum value of approximately 4500 ft/sec.
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(U) The c* performance for the U/N 2 and U/N 3 fan injectors 1is presented in Fig. 44
for tests of 5 seconds or greater duration. The performance was determined
according to the methods outlined in Appendix II. The methods included deter-

mination of c* efficiency from both thrust and chamber pr2§?ﬁ¥é measurements.
(6) Fan Injector U/N 4--K Contour Chamber Test Evaluation

(C) Nine tests were conducted with the U/N 4 fan injector and the K contour chamber
over a chamber pressure range of 675.5 to 75.5 psia. The U/N 4 fan injector was
fabricated by a different technique (integral face) as described earlier in
Section III, 2, a, (2),(b)). The K contour chamber was used because of the poor

throat condition of the Gc chamber as a result of repeated use,

(C) The initial test was programmed for 1.5 seconds duration at 370-psia chamber
pressure. Injector operation was unsatisfactory, and some hardware damage was
apparent due to excessive injector face and upper combustion zone heat flux.

The fuel protrusions were melted on the tips, and six melted areas were noted on
the oxidizer strips. The injector was reworked by increasing thc oxidizer ori-
fice diameter (thereby decreasing the oxidizer injection velocity) and cutting
back the fuel protrusions approximately 0.035 inch so that they were equal in
height to the oxidizer strip. Previous tests of the fan injectors had indicated
that the upper combustion zone heat flux was directly influenced by oxidizer
injection velocity. That is, as oxidizer velocity increases, so did upper com-
bustion zone heat flux, This effect is shown in Fig., 45, which is a plot of
upper combustion zone heat flux (Measured immediately below the injector face)
as a function of oxidizer injection velocity. Fuel injection velocity was

reasonably constant over the throttle range.

(C) The next four tests with the modified injector were conducted at chamber pres-
sures of approximately 370 and 650 psia, and the test data verified the effec-
tiveness of the injector modification, The injector and combustion chamber wall

heat flux were significantly reduced by the decrease in the oxidizer injection
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(C) Inspection of the'injector after the fifth test revealed that a leakage path
existed between an oxidizer braze joint and the inert purge/bipropellant sepa-
ration groove. The leak was detected when pressure applied to the groove pro-
duced an audible flow of gas. The injector was removed from the test assembly,
and inspection revealed that the leakage path was restricted to an oxidizer
braze joint only and bipropellant leakage did not exist, The injector was sub-
sequently tested at the 650-psia chamber pressure level during test 009-69
with no problems. Inspection subsequent to test 009-69 revealed no increase

in purge leakage or bipropellant leakage in the injector.

(C) Slight erosion of the thrust chamber throat was again noted after test 009-69.
This is the same region where erosion had occurred on previous 650-psia chamber
pressure tests. Previously, the eroded zone had been dalic-plated with copper
to its original configuration, The same repair technique was used again after
test 009-69,

(U) Two additional tests (010-69 and 011-69) were conducted to evaluate modifications
to the U/N 3, S5-inch fan injector in the shortened water-cooled thrust chamber
segment, The injector modification consisted of a realignment of the fuel ele-
ments on the injector face to diminsh the fuel jet and chamber wall interaction.
The elements in the outer row were mechanically canted inward, toward the throat,
so that the centerline of the showerhead fuel jets would converge and impinge
at the geometrical throat plane and not on the walls. A hypothesis was that the
increased throat heat transfer rate that had been experienced during the previ-
ous tests with this chamber segment was attributable to (1) an increase in
boundary layer turbulence from the fuel jet impingemcnt on the combustion cham-
ber wall upstream of the throat, and (2) the higher resultant jet velocity at
the wall from the shortened combustion zone. The plan was that the wall impinge-

ment aspect would be evaluated by the change in alignment described above.
(U) The two tests were satisfactory programmed duration tests. No injector damage

resulted, The previous erosion of the throat was enlarged and finally opened

up into the throat water passage on test 011-69.
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The throat heat flux rates were essentially the same as on the previous test,
009-69, indicating that the injector modification was ineffective in reducing
the local throat heat transfer rate to the value of the nominal length chamber.
A definite decrease in upper combustion zone local heat flux, however, was

obtained, This effect is significant and would be useful for any future design
refinement of the injector,

A major variable, existent between the short and the nominal length chamber, was
the fuel element-to-wall spacing. By virtue of the injector geometry and modi-
fication of the thrust chamber to the short configuration, the fuel elements
were moved closer to the wall (see Fig. 19). There was not a practical test
scheme that could readily provide an effective evaluation of this effect, al-
through the increased momentum of the fuel jets, closer to the wall, would have

a tendency to increase the convective film coefficient.

The analytical prediction was that shortening the 5-inch-diameter combustion
zone (injector face to throat) from 3.5 to 2.68 inches would result in a de-
crease in total integrated heat load (heat rejection rate to the walls) of 13
percent at 78-psia chamber pressure. The effects on the local heat transfer
rates, particularly at the throat, and the characteristic velocity performance

could not be determined analytically, although they were not expected to be
significant,

The analytical prediction was, also, that the same change to the 30-degree
chamber segment would result in a 7-percent decrease in heat rejection rate,
The reduced effect (compared to the 5-inch segment) was caused by a decreased

contribution of the combustion zone to the total heat rejection rate in the
full 30-degree segment,

Data from previous tests on the unmodified 5-inch thrust chamber segment are
compared with the shortened thrust chamber segment data in Fig. 46 and 47 for

the total heat load and the injector-end heat flux, respectively, A significant
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improvement (approximately 20-percent reduction) in the heat load was realized
at the 78-psia chamber pressure level with the shortened segment. As chamber

pressure increased, the heat load difference between the two chambers decreased,

and, at 250 and 350 psia, there appeared to be no significant difference. At

650 psia, the heat rejection rate for the modified chamber segment was approxi-

mately 6 percent higher than the original 3.5-inch combustion zone segment, In

relation to the 30-degree segment with a short combustion zone, the heat rejec- |

tion rate increase would be expected to be approximately 2 percent,

Relating these data to the 30-degree segment indicated that a 10-percent reduc-
tion in total heat load at 78 psia could be expected with the shorter combustion
zone with no appreciable difference in local throat heat transfer rates. A com-
parison of the measured local heat flux values for the modified and nonmodified

5-inch chambers is presented in Fig. 48 through 52.

The results from the 650-psia test on the shortened chamber indicated an ex-
cessively high local throat heat flux (30 Btu/in.z-sec, compared to 25
Btu/in.z-sec for the unmodified chamber) for this particular injector chamber
combination., In addition, the results of the modified injector tests (010-69

and 011-69) did not indicate a reduction in local throat heat flux,

One concern in shortening the combustion zone of the thrust chamber was that

some compromise may result in the performance. To evaluate this possibility,

a comparison was made between the characteristic velocity efficiency data from
the shortened chamber and the original chamber. The comparison shown in Fig. 53
was made for the tests in which the unmodified U/N 3 injector was tested,
thereby reducing the differences in the hardware to only the differences in the
combustion chamber, Figure 53 shows that the data from the shortened chamber

appear to be of the same population as the previous data.
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(8) Concentric Orifice Injector-K Contour Chambcr Test Evaluation

The concentric orifice injector was hot-fire tested four times in the K contour
chamber.* The K contour chamber, which had an injector face-to-throat length
of 5 inches was used to provide maximum propellant residence time in the com-
bustion zone and, thus, provide the injector the best opportunity to obtain

maximum performance. The data from the tests are summarized in Table 6.

The initial two tests indicated extremely poor nc* performance (76 and 79 per-
cent), and corresponding low local throat heat transfer rates. The test data,
together with data on similar types of injectors being developed on other pro-
grams, indicated that additional propellant mixing was required to increase Now
performance. A 0.100-inch recess of the oxidizer post was made in an attempt

to promote better mixing.

Two additional tests were accomplished with a resulting increase in nc* to 97
percent; however, face overheating and erosion occurred. No additional modifi-~
cation or testing was accomplished on this injector because the fan injector de-

sign appeared more promising.
(9) 5-Inch Tubular-Wall Thrust Chamber Test Evaluation

The test hardware assembly consisted of the modified fan injector (U/N 2) and

the 5-inch tubular-wall thrust chamber. The basic test objectives were:

1. Determine heat rejection rate to the contoured walls with liquid

hydrogen as coolant.

2. Determine cooling capability of the Nickel 200, 0.017-inch wall

thickness tubes,

3. Determine the total heat rejection rate to the water-cooled copper

side walls.

*Tests conducted under company sponsorship.
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(9 4, Determine pressure drop characteristics of the contour tube walls with

hydrogen as the coolant flow. -

(U) The segment chamber assembly with the coolant circuit illustrated is shown in
Fig. 22, The initial test (51), following coolant system blowdown, was sched-
uled for l-second duration as a checkout test. The test was terminated prema-
turely because of irreparable damage to the thrust chamber and injector. A
detailed investigation of the failure incident was conducted and the failure was
attributed to a defective facility check valve installed in a line which was
common to the fuel propellant and coolant systems and the fuel coolant purge
system. Reverse flow through the check valve resulted in the diversion of fuel
coolant flow into the fuel propellant system., The system flow schematic is

shown in Fig., 54.
{10) 5-Inch Thrust Chamber Segment Test Evaluation Summary

(U) Three copper, water-cooled, calorimetry 5-inch chamber segments were fabricated
and tested. Eight 5-inch injectors were fabricated., The results are summarized -

as follows. .

{(C) The Gc contour segments (No. 1 and 2), 3.5 inches from injector face to throat,
were fired successfully on 53 tests for 287 seconds duration. Degeneration and

erosion of the copper hot-gas wall at the throat occurred.

(C) The shortened GC contour segment (2.68 inches from injector face-to-throat) was
fired successfully on eight tests for 103.1 seconds duration. A reduction in
total heat rejection rate was obtained at low chamber pressures; however, the

local throat heat flux at 650-psia chamber pressure was excessive,

(C) The K-contour, solid-wall thrust chamber, 5 inches from injector face-to-throat,
was used successfully on 17 test firings for 61.9 seconds duration without sus-

taining any damage. The heat transfer results were used as a basis for a
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comparison of tubular-wall thrust chamber designs having either a 3.5- or

5.0-inch injector face-to-throat length. The results of the analysis indicated

that the use of the K contour would be less desirable with respect to cooling

inlet pressure requirements, tube gas-side wall temperatures . . the inner body

up-pass due to the increased enthalpy in the coolant, and weight due to increased

length.,

The heat flux distribution in the two types of chambers was very similar

in the throat region, but the K contour had more surface area in the combustion

zone and provided more coolant temperature rise,

High-frequency chamber pressure transducers, Kistler Type 614A4, were used on

tests 10 through 50 to aid in the identification of any high-frequency acoustic

oscillations that might be uccurring in the combustion chamber. An examination

of these data showed that no significant oscillations of this type were

encountered.

The following specific results were obtained:

1.

The GC combustion zone contour, and the impinging fan type-injector
provided the most satisfactory results and were chosen for final
evaluation with the subsequent 30-degree segment thrust chamber

hardware.

Satisfactory characteristic velocity efficiency was demonstrated

for the chosen injector and chamber configuration.

Total integrated heat rejection rates and local heat fluxes for
the thrust chamber segment were obtained and used for the 30-degree

segment combustion chamber design.

Satisfactory injector durability and face cooling were demonstrated

after injector modifications were made,

The ability to decrease the total integrated heat rejection rate,

by decreased combustion zone length, was demonstrated.
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The segment experienced coolant water leakage during the test program. The
leakage occurred in the pulse gun-to-chamber braze joint (Fig. ), ant also at
the throat plane in the axial braze jqint of the outer body. The axial brazc
joints were made during assembly brazing of three detail parts that form the
complete outer body. This assembly technique was used to simplify coolant pass-
age drilling, Temporary repairs were made to the chamber to enable completion of
injector selection testing. The leakage was temporarily stopped with the use of
a particle suspension liquid sealant (DuPont heavy duty stop-leak) and verified

by high pressure, 1350-psig inlet pressure, water blowdowns.

The thermal cycling of the chamber was believed to have caused the leaks,
but that the thermal expansion of the copper wall during the test firing pre-

vented leakage during the test, and most of the leakage occurred during the

shutdown (cooling) cycle.

Water blowdowns at operating pressure after each test revealed that most of the
water leakage occurred at the throat, The combustion zone leakage did not exceed
1 drop per second. Therefore, the assumption was made that the effect of the
leakage on c* performance and combustion zone heat transfer was negligible. A
later attempt was made to permanently repair the chamber by machining out the
area where the throat leakage had occurred and furnace brazing a special plug
into the voids, A new pulse gun assembly was also furnace braze installed. The
plug and pulse gun assembly incorporated the required coolant passages that were

removed during the machining process.

The deficient braze joint region at the¢ throat was removed in one piece with the
use of a hollow mill and was subjected to metallurgical analysis., Gross voids

in the braze joint caused by oxygen contamination were found,

A modification of the 30-degree water-cooled segment chamber was made to provide
a means of evaluating the effect of a fuel-rich region along the combustion
chamber walls (fu:l bias) on the heat transfer and performance. The modification

consisted of adding fuel manifolds to the inner and outer bodies into which 108
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