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ABSTRACT

Nominal test conditions were 100 psia (689 kN/mZ) chamber pressure, an oxidant-
to-fuel ratio of 2.0, and an initial throat diameter of 7. 82 in. (19.8 cm). The propel-
lants were nitrogen tetroxide and a blend of 50 percent hydrazine with 50 percent unsym-
metrical dimethyl hydrazine. Magnesium oxide reinforced with metallic honeycomb
failed structurally after 60 sec {firing duration. A JT0992 (hafnium carbide, silicon
carbide, graphite composite) provided nominal erosion protection for 140 sec. A unique
active cooling concept was also evaluated. A perforated nozzle wall (liner) was used in
conjunction with graphite ribs to conduct heat into an ammonium fluoroborate reservoir
surrounding the liner. Three versions of the concept failed either structurally or by

excessive throat erosion. These large-size inserts demonstrated less durability than the
same materials in a smaller size.
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EVALUATION OF 7. 8-INCH-THROAT-DIAMETER INSERTS
AND A UNIQUE COOLING CONCEPT IN A STORABLE-
PROPELLANT ROCKET ENGINE
by Jerry M. Winter and Donald A. Peterson

Lewis Research Center

SUMMARY

Three throat inserts and three versions of a proposed cooling concept were evaluated
with a nominal 6700-pound (29 800-N) thrust rocket engine. The throat diameter was
7.82 inches (19.8 cm). Nominal test conditions were 100-psia (689-kN/m2) chamber
pressure and an oxidant-to-fuel ratio of 2. 0. The propellants were nitrogen tetroxide
and a blend of 50-percent hydrazine with 50-percent unsymmetrical dimethyl hydrazine.

Mazgnesium oxide reinforced with steel honeycomb and magnesium oxide reinforced
with Inconel honeycomb were tested as throat inserts in an ablative thrust chamber. In
both cases, structural failure led to erosion after 60 seconds firing duration.

A JT0992 (hafnium carbide, silicon carbide, graphite composite) throat insert pro-
vided nominal erosion protection for 140 seconds. Erosion due to oxidation increased
rapidly after this time. Structural failure also occurred during the test but did not sig-
nificantly affect the erosion results.

A unique active cooling concept was also evaluated. A perforated nozzle wall (liner)
was used in conjunction with graphite ribs to conduct heat into an ammonium fluorcborate
reservoir surrounding the liner. Ammonium fluoroborate coolant gases generated by heat
conduction were to pass through the perforated liner into the combustion stream to keep
the liner material below its oxidation temperature, thus preventing throat erosion. Three
versions of the concept failed either structurally or by excessive throat erosion. It ap-
peared that the cooling affect was inadequate to protect the nozzle liner from the high-
velocity corrosive combustion environment,

INTRODUCTION

Reinforced ablative plastics have been used effectively in both liquid- and solid-
propellant rocket-engine thrust chambe‘rs at all thrust levels. Simplicity, reliability,



and tolerance to deep throttling are factors that make ablative thrust chambers attractive
to design engineers. Because throat erosion can cause a performance decrease or alter
the thrust vector, it is desirable to maintain a constant throat area during the firing.
Performance degradation, resulting from a large percent increase in the throat area, is
most severe for small reaction control engines and may be significant for larger engines
where maximum efficiency and long duration firings are required. Improvement of the
erosion resistance of reinforced plastic ablative materials is under investigation by sev-
eral organizations (refs. 1 to 4).

Although adequate throat life may eventually be attained with intensive work on im-
proved ablatives, the necessary low erosion rate may also be possible by the use of hard
throat inserts. A satisfactory throat insert would provide erosion resistance and main-
tain structural integrity over an extended and varied duty c¢ycle. An experimental inves-
tigation to develop and evaluate throat inserts for small-scale engines (1. 2-in. or 3.05-cm
throat diam) was reported in references 5 and 6. Large-scale (7. 8-in. or 19. 8-cm throat
diam) insert development and evaluation was reported in reference 7. The results of ref-
erences 6 and 7 indicated that the use of composite structures would best combine erosion
resistance with structural integrity for throat inserts.

Based on these results, three passive composite material combinations were select-
ed for evaluation as throat inserts in large-scale engines. An active cooling concept was
also selected for evaluation as another method for eliminating nozzle throat erosion
because experience (ref. T) indicated the difficulty of scaling passive throat insert-
material design combinations from 1.2-inch (3. 05-cm) diameter to 7. 82-inch (19. 8-cm)
diameter.

The objectives were to eliminate throat erosion and to provide structural integrity
over a 700-second duty cycle including multiple restarts. A secondary objective was to
obtain scaling information relating behavior of large-scale composite-material inserts to
that of small-scale insertis of the same material. The passive throat inserts were com-
posed of various materials for which the physical properties of the composite were not
completely known. Therefore, these designs were necessarily based more on previous
results and experience in both engine sizes (1.2- and 7. 8-in. or 3.05- and 19. 8-cm
throat diam) than on precise theoretical analyses. For the actively cooled nozzle design,
a complete thermal and stress analysis was performed by the manufacturer using the
best available material properties to aid in the design and to correlate with experimen-
tal results so that modifications could be based on both theory and experiment.

Three throat-insert designs were tested. These were (1) magnesium oxide rein-
forced with 1010 steel honeycomb, (2) magnesium oxide reinforced with Inconel honey-
comb, and (3) JT0992, a composite of hafnium carbide, silicon carbide, and graphite
(HfC, SiC, and C). The active cooling concept included (1) use of ammonium fluoroborate,
in a reservoir surrounding the nozzle, as a source of coolant gases, (2) perforated nozzle
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walls (liners) to provide a path for the coolant gases from the reservoir through the per-
forations into the nozzle boundary layer, and (3) heat paths (e.g., graphite ribs) to
conduct heat from the nozzle liner into the coolant reservoir in order to generate cool-
ant gases, Three versions of the active cooling concept were tested, each modifica-
tion being based on test results of the pervious design. - Two of the versions used a per-
forated graphite liner with a tantalum carbide (TaC) coating on the combustion gas side.
The third version used a tungsten-silver perforated liner with copper foam as the cool-
ant.

The propellants used for the test series were nitrogen tetroxide and a blend of 50~
percent hydrazine with 50-percent unsymmetrical dimethyl hydrazine. Nominal test con-
ditions included a chamber pressure of 100 psia (689 kN/mZ) and an oxidant-to-fuel ratio
of 2.0. The characteristic velocity efficiency was 97 percent of theoretical equilibrium
or above, so that results would be meaningful for a high~performance system. The duty
cycle goal was 700 seconds total iricluding two 300-second continuous firings with multiple
restart capability. A nozzle expansion area ratio of 1.4 used with a 7. 82-inch (19. 8-cm)
throat diameter provided a nominal vacuum thrust level of 6700 pounds force (29 800 N).
A low expansion area nozzle was used to expedite fabrication and evaluation of throat
materials. )

Each configuration is discussed in detail. Comparisons among tested materials and
with previous work are made. Failure mechanisms are discussed and recommendations
for improvements are included.

APPARATUS
FACILITY

The investigation was conducted in an altitude chamber of the Propulsion Systems
Laboratory. The overall arrangement of the facility is shown in figure 1. Figure 2
illustrates the mounting of a thrust chamber in the test stand. The weight of the chamber
was supported by flexure plates that allowed axial freedom of motion for thrust measure-
ment. Engine exhaust products were passed through a water-cooled collector and cooled
by heat exchangers before being exhausted through rotating machinery to the atmosphere.

-Figure 3 is a flow system diagram and shows measured variables. Two flow-
meters in series were used in each propellant line. The propellant tanks were located
external to the test cell in a controlled temperature environment (fig. 1). Propellant
capacity was sufficient to provide 300 seconds of continuous firing.
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Oxidant tank

95 cu ft (266 m>

710 gal (2.70 m”)

8500 Ib (3825 kg)

1500 psi (10. 35 MN/m?)

Fuel tank

75 cu ft (2.1 m>

60 gal (2.13 m)

4250 1b (1913 kg)

| 1500 psi (10.35 MN/m)

Fuel flowmeter 1
Fuel thermocouple

Oxidant flowmeter 1 Fuel flowmeter 2 - High-frequency flush-

Oxidant thermocouple Chamber ,’ mounted transducer
Oxidant flowmeter 2 pressure !
Thrust1 transducer 1 —L—[j]———-'
Combustion-
chamber
Chamber 1
Thrust 2 pressure

transducer 2 .
Insert outside-
diameter temperature

Altitude pressure
transducer

Figure 3. -~ Flow diagram and instrumentation.

ROCKET-ENGINE AS SEMBLY

Use of a single injector was desired but injector lifetime was limited and required
the use of four injectors for the test program. A description of each injector is given in
table I. All four injectors were circular pattern fuel-on-oxidant triplet designs. Injec-
tor 1 (fig. 4) had all the triplet elements oriented radially. Injector 2 (fig. 5) had the
elements in the inner four rows oriented alternately radially and tangentially. The ele-
ments in the outer three rows were all radial. Injectors 3 and 4 (fig. 6) had 24 triplets
arranged at a 40° angle to the chamber radius with the remainder arranged radially.

A sketch of the rocket-engine assembly, together with the specific dimension for
each thrust chamber assembly tested, is given in table II. Detailed sketches and dimen-
sions for each throat insert and cooling concept are given in the Results and Discussion



TABLE I. - INJECTOR DESCRIPTION

[Pattern, circular; design, fuel-on-oxidant triplets; face material,
aluminum, impingement distance, 0.56 in. (1.42 cm); impingement
included angle, 40°.]

Injector Oxidant holes Fuel holes Triplet
orientation
Number Size Number Size
in. cm in. cm
1 127 0.0'7850{0.199| 254 0.043} 0.109 | Radial
2 31 0.0595 j0.151 62 0.038] 0.097| Radial
60 .0595 | .151 120 .038] .097] Tangential
144 .025 .064| 288 .016} .041} Radial
3and 4 103 0.0785 10.199( 206 0.043 0.109 | Radial
24 L0785 | .199 48 .043| .109/| 40° to Radius

Figure 4. - Injector 1.



Figure 6. - Injectors 3 and 4.

Figure 5. - Injector 2,



TABLE II. - ROCKET-ENGINE DIMENSIONS

[Water-cooled chamber diameter, D, 10.78 inches (27,35 cm). ]

c*

rThroat insert
L

I"WC La, ‘
Dye D, Dy D,
 Water cooled chamber
Ablative
Lo
Nozzle Type Water-cooled |  Ablative Length, Throat insert| Nozzle exit | Total physical| Nozzle Characteristic
chamber diameter, L, diameter, | diameter, length, expansion chamber
length, Da Dt DE Lo area ratio, length,
L € L*
'we
in. |cm in. cm in. cm in. cm in. cm in. cm in. cm
1 Insert 1 12. 0} 30.45 {10.86(27.60|6.28 {15.95| 7.84119.90 | 9.35{23.7 25.7(65.3 1.42 40. 33| 102.5
2 Insert 2 12. 0| 80,45 [10.86|27.606.28 |15.95] 7.82]19.84 |9.36)23.75| 25.7|65.3 1.43 40.55] 103.0
3 Insert 3 12.9| 32.75110.78|27.35| 6.52 |16.52] 17.83|19.87 [9.28)23.35| 25.7|65.3 1.40 42.36(107.5
4A Cooling concept A [ 20.0| 50.75 [None |None | None |None | 7.82|19.84 | 9.40{23.85] 25.5[64.75 1.48 43.24]1 110.0
4B Cooling concept B| 20.9] 53.10 |None | None | None{None | 7.82(19.84 |9.40/23.85; 26.4(67.0 1.48 44.95( 114.0
4C Cooling concept C| 20. 9] 53.10 {None | None | None |None | 7.82]19.84 | 9.40{23.85| 26.4)67.0 1.48 44.95] 114.0

section. Performance was evaluated using both zirconium oxide coated steel thrust
chambers and water-cooled thrust chambers.

INSTRUMENTATION

The location of all measured variables is shown in figure 3. Pressure measure-
ments were made with strain-gage element transducers. A high-frequency flush-mounted
crystal transducer was used to monitor for combustion instability. Electrical calibra-
tions were made before and after each test with the use of calibration information from
laboratory standard tests. Thrust measurements were made with a double-bridge strain-
gage load cell in compression. Calibration was accomplished by loading the thrust cell
hydraulically with the engine in place and measuring the true load with a proving ring
calibrated by the National Bureau of Standards. Propellant flows were measured with
turbine flowmeters. Calibrations from water-flow measurements were used for the fuel
meters, and calibrations obtained with nitrogen tetroxide flow were used for the oxidant
meters, Propellant-flow temperatures were measured with iron-constantan thermo-



couples referenced to a 150° F (340 K) oven. Insert wall temperatures were measured
with tungsten - tungsten-rhenium thermocouples referenced to ambient temperature.

PROCEDURE

ENGINE OPERATION AND CONTROL

The altitude chamber pressure was set at 1.74 psia (12.0 kN/mz) prior to each
firing. This level was selected to match the facility altitude capability to the engine flow
rate so that no significant altitude change occurred during the test firing. The propellant
tanks were pressurized with nitrogen gas. An automatic closed-loop controller was set
to provide a constant chamber pressure of 100 psia (689 kN/mz). A second closed-loop
controller was set to provide a constant oxidant-to-fuel ratio of 2.0 for the duration of
each firing. Thus, if throat erosion occurred, the propellant flow rate was increased to
maintain constant chamber pressure. The firing time was determined by throat erosion
or by an arbitrarily selected time. A high-frequency flush- mounted pressure transducer
located on the chamber was monitored with an oscilloscope. Firing was terminated
immediately if high-frequency combustion oscillations were observed.

At regular intervals through the program, test firings were made to calibrate injec-
tor performance. For these calibration tests, run durations were 6 seconds. Zirconium
oxide coated heat-sink engines and water~cooled engines were both used for performance
calibrations.

DATA RECORDING AND PROCESSING

The electrical transducer outputs were sampled at the rate of 4000 samples per
second. The outputs were digitized and recorded on magnetic tape by a central data-
recording system. Selected transducer outputs were also recorded in analog form by
multichannel oscillograph and strip-chart recording instruments for use in monitoring
system operation. The primary digital data were converted into calculated values by use
of a digital computer.

The symbols and calculations used are listed in the appendix. The primary method
for calculating the effective throat radius change AR e Was as follows:

where the initial radius Ri is that determined by micrometer measurement of the throat
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insert before any testing. The throat radius Rt was calculated during each firing using
the following equation and assuming constant nC* as determined from calibration firings:

(M (C*pe0) W)
7T(g)(Pc, corr)(cd)

To check the calculation, the throat diameter was measured at 45° intervals with a
micrometer following testing. The values were converted to effective throat radius
change by subtracting the initial throat radius.

RESULTS AND DISCUSSION

COMBUSTION ENVIRONMENT

The characteristic velocity efficiency C* of each injector is listed in table OI. The
values were obtained from thrust measurements by the calculation methods given in the
appendix. The precision of the C* wvalues is also listed in table III in terms of the 30
variation. The number of calibration firings and nozzle test firings is also listed in
table ITI. All the passive throat inserts were tested with injector 1 and were subjected to
the same combustion environment. Injectors 2, 3, and 4 were used in tests of the three
actively cooled nozzles. Three different injectors were required because their use on
other test programs caused failure which prevented use of a single injector. Unpublished
heat-transfer measurements indicate that the three injectors used were similar, so that

TABLE I. - INJECTOR PERFORMANCE

Injector { Number of | Characteristic nC* Nozzle test firings
calibration exhaust Precision?, . ber of | Total
- firings velocity percent Nozzle Num er o tio

efficiency, firings me,

nC* sec

percent

1 18 97.2 0.5 1, 2, and 3 6 546

2 7 98.2 +1.9 4A 1 30

3 17 97.0 1.2 4B 1 98

4 8 97.0 +.8 4C 1 166

43¢ for 99 percent of data.
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the results of the nozzle evaluations were not affected by the use of different injectors.

Injectors were evaluated using both zirconium oxide coated steel thrust chambers
and complete water-cooled thrust chambers. No significant difference in performance
was measured between these two cases.

THROAT INSERT RESULTS

A complete profile of each insert is given including design, throat erosion, and a
post-test photograph. Each insert is discussed in terms of design, firing results, post-
test analysis, comparison with small-scale testing, and correlation with theoretical
calculations.

Honeycomb Reinforced Magnesium Oxide

In general, oxides provide the required oxidation resistance in the storable-
propellant combustion environment., Oxides that do not melt in the combustion environ-
ment generally fail structurally, however. Various methods that are useful in preventing
structural failure are available and one (honeycomb reinforcement) has been used suc-
cessfully in nose-cone applications. Magnesium oxide (MgO) with mild steel honeycomb
and with Inconel honeycomb was selected to evaluate the performance of these composites
in large-scale throat inserts. Previous experience with small-scale insert testing
(ref. 6) had indicated thermal stress failure but no throat erosion over a 200- to 300-
second firing. It was recognized that the mild steel and Inconel might melt on the inside
surface of the insert, but it was hoped that enough of the honeycomb structure would
remain to prevent loss of the magnesium oxide if cracking occurred. Experience with
nose~cone fabrication indicated that structures using these particular materials could be
fabricated efficiently and economically.

Magnesium oxide reinforced with mild steel honeycomb; insert 1. - Figure 7 shows
the throat insert prior to installation and test. X-ray examination determined that the
structure was sound and free of voids. However, the honeycomb structure was distorted
by the sintering and pressing operation required to make a high-density structure.

The nozzle design is shown in figure 8(a). Magnesium hydroxide-phenolic was se-
lected as the ablative chamber material to eliminate the possibility of a reaction between
the MgO and molten silica from silica-phenolics normally used. The nozzle with the
throat insert was tested downstream of a water-cooled chamber section.

The test firing results in terms of throat erosion are given in figure 8(b). The test
was ended after 83 seconds because of a gas leak in the chamber section. The ablative
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- C-66-2188

Figure 7. - Insert 1; magnesiumoxide with mild steel.

material cracked, allowing combustion gaises to escape (see upper left of fig. 8(c)).
Figure 8(c) also shows the radial layered structure of the insert following testing. One
layer had been partially removed because of cracking, which caused the rapid increase
in erosion after 60 seconds of firing time. As expected, there was no chemical reaction
observed between the magnesium hydroxide-phenolic and the throat insert; however,
cracking of the ablative material allowed hot-gas leakage. The test was terminated when
gas leakage was detected.

Comparison with the test results of small-scale inserts using the same materials
can be made with the results reported in reference 6. A similar layered structure was
observed after testing but the layer was not removed from the surface in the small-scale
tests. Loss of the cracked layer in the large-scale insert illustrates the difficulty of
scaling complex materials. The honeycomb reinforcement was adequate in preventing
material loss in the small-scale but was not adequate at the larger scale. No theoretical
stress calculations were made because the material properties of the composite insert
were unknown.

Magnesium oxide reinforced with inconel honeycomb; insert 2. - Insert 2 was simi-
lar in appearance to insert 1 (fig. 7) prior to test. The nozzle design shown in figure 9(a)
was also similar. A silica-phenolic ablative material was used with insert 2 to prevent
the ablative material structural failure experienced with magnesium-hydroxide phenolic
used with insert 1 (thought to be a greater problem than MgO-SiO2 reaction),

13



Effective throat radius change, cm
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diam throat
3.90 N 1.86 | 8.60
9.9) V) (21.85)

10.86 I ]
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248°
9.46
(24, 05)
11.51 Magnesium hydroxide phenolic
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molding compound (35.8)
Steel shell
14.60
(37.2) diam
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/
Gas flow
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O
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0 100 200
Firing time, sec C-66-2641
{b) Throat erosion. (¢} Post-test photograph.

Figure 8. - Profile of insert 1.
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d Figure 9. - Profile of insert 2.
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The test firing results are given in figure 9(b). The first firing was ended after 80
seconds in order to compare the behavior of inserts 1 and 2 after the same firing dura-
tion. Both inserts looked essentially the same after the first firing, and the erosion of
insert 2 was also due to the partial removal of a surface layer as was the case with
insert 1. A second firing of 78 seconds was ended when throat erosion, due to structural
failure of the MgO, increased rapidly. Once the final failure mode and its rate of pro-
gression was established, the test was terminated to preserve enough of the insert to
perform a post-test examination,

The post-firing photograph of figure 9(c) shows extensive loss of material from the
downstream end of the insert. All the insert material is missing from the throat plane
to the exit end, probably due to circumferential cracks. Reaction with the silicon
dioxide at the insert leading edge was not severe although several pieces were missing
from the leading edge because of structural cracking. The final failure mode after
removal of the initial layer was caused by radial cracks extending completely through the
ceramic and its reinforcement. The composite was not strong enough to withstand the
applied thermal stress.

Loss of the insert trailing edge had also been experienced in the small-scale testing,
The extent of the failure and its progression were less severe in the small-scale insert
(see ref. 6). No theoretical stress calculations were made for insert 2 also because of a
lack of adequate material property data.

Summary of reinforced magnesium oxide inserts. - Throat erosion due to structural
failure was not eliminated by reinforcing MgO with mild steel or Inconel honeycomb.
Although identical modes of thermal stress failure were present in both large- and
small-scale inserts, loss of material began sooner and was more severe in the large-
scale inserts. Recently completed work on the small-scale inserts indicates better
materials are available (ref. 6). Better refractory-metal - oxide matrix combinations
should be selected from the later small-scale development testing. Variables that could
be controlled to provide better performance in large-scale honeycomb reinforced inserts
could include insert wall thickness, honeycomb cell size, and metal thickness. For a
limited test effort, emphasis should be placed on methods for dispersing the reinforce-
ment more uniformly throughout the oxide by use of smaller cells and thinner metal.

JT0922 Carbide-Graphite Composite; Insert 3

Carbides, in general, oxidize in the storable-propellant combustion environment, and
also may fail structurally because of thermal stress (ref. 6)., The JT0992 material is a
composite of hafnium carbide - silicon carbide (HfC - SiC) and graphite. The graphite
was added primarily to reduce possibility of thermal-stress failure, It was hoped that the

i
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oxidation products (HfO2 and SiOz) would form a protective coating on the insert surface
thereby preventing excessive throat erosion, The small-scale test results in reference 6
indicated minor erosion for a 300-second firing with an ablative chamber upstream of

the insert. Erosion was high with a JT0992 chamber liner upstream, however (appar-
ently because of higher boundary-layer recovery temperature without the upstream
ablative). Nevertheless, in the larger scale, it was decided to use a JTA chamber liner
to prevent ablative erosion at the chamber-insert interface as had been done successfully
with many of the small-scale nozzles of reference 6.

The design of the nozzle is shown on figure 10(a). The upstream liner of JTA was
made as thin as possible to minimize thermal stress. The firing results in terms of
throat erosion are given in figure 10(b). The magnitude of erosion after approximately
140 seconds indicates that the oxidation products formed on the surface did not have
sufficient adhesion and were removed as rapidly as they formed. Post-test inspection
revealed that the JTA liner had been completely removed. Inspection of the oscillograph
data revealed an excursion in chamber pressure after 5 seconds of firing., This pressure
excursion could have been caused by pieces of the JTA liner passing through the nozzle
throat following structural failure. The post-test photograph of figure 10(c) illustrates
the severity of cracking of the insert as well as the patches of nonadherent oxide formed
during firing.

The structural failure of both the JTA liner and the JT0992 insert was unexpected in
light of experience with these materials in the small-scale program of reference 6. The
difference could be due to weaker physical properties formed during the manufacture of
large components or higher stresses in the larger size. The throat erosion rate
(1. 0 mil/sec (0.0025 cm/sec)) was similar to the erosion rate in the small-scale pro-~
gram with the JT0992 insert tested using a JT0992 chamber liner upstream. The lack of
adherence of the protective oxide could have been influenced by many factors including
the applied shear stress, the constituents formed during oxidation, and the exact tem-
perature of the combustion products.

The number and location of the cracks which were noted after the firing may be
instructive for future design. A review of figure 10(c) would indicate that for this size
insert, a segmented concept might be successful in eliminating cracking due to thermal
stress. Based on the test experience, six 60° segments could be arranged circumferen-
tially. Four axial rows of six segments each, approximately 1.5 inches (3. 81 cm) long,
would be required for an insert length of 6 inches (15. 2 cm).

UNIQUE COOLING CONCEPT

To provide an alternate approach to elimination of throat erosion over an extended
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duty cycle of 700 seconds firing, an active cooling concept was considered. The concept
included the use of a perforated liner as the basic throat structure. Around the liner,
graphite ribs were used to conduct heat radially and help support the liner. A gas-
generating solid, ammonium fluoroborate (NH 4BF 4), was contained within the cavities
or bays formed by the ribs (see fig. 10). The concept depended on the heat input from
combustion to cause the solid to sublime. The design intent was that the gases derived
would then be forced through the perforated liner into the combustion gas stream in
sufficient quantity to keep the temperature of the liner below the oxidation threshold tem-
perature for the particular liner material selected. The originator of the concept and
supplier of the nozzle (Emerson Electric Co.) made a detailed thermal and structural
analysis to aid in the nozzle design. Unpublished data from the supplier included the
methods of computation, and the theoretical results for each of three different nozzle
designs. The three nozzles tested were run in an interrupted series so that the experi-
ence gained during testing could be used to design the succeeding nozzles.

Tantalum Carbide Coated Perforated Graphite Liner; Nozzle 4A

The design of nozzle 4A is illustrated in figure 11. The holes in the liner were
arranged over the cavities where the coolant material was placed. The design porosity
was 10 to 11 percent of the total liner surface area. A 0.004-inch (0.0102-cm) thick
TaC coating was used on the graphite (ATJ grade) liner to assist in oxidation protection.
A photograph of the liner before assembly is given in figure 11(b). The temperature and
stress analyses indicated the design should perform satisfactorily over a 700-second
firing duration. The difficulty of making these predictions realistically can be appreci-
ated when the complexity of the design is seen.

The test firing of nozzle 4A was programmed for 30 seconds to evaluate the struc-
tural integrity of the design as well as the short-term thermal performance. The 30~
second firing produced no appreciable throat erosion. Post-test inspection revealed one
circumferential crack in the liner between the 11th and 12th row of holes (countinz from
the upstream end toward the throat) directly over coolant bay 6. There were also three
axial cracks in the upstream portion of the liner. See figure 11(c) for a post-test
photograph of the cracked liner. Figure 11(c) also shows the amount of coolant depleted
from bay 6 after the firing.

In figure 11(d), the manufacturer's predicted sublimate recession is compared with
that measured in bay 6 after the 30-second firing. Bay 6 showed the maximum recession
possibly because the circumferential crack in the liner was also in bay 6. The tempera-~-
tures measured on the outside of the liner (fig. 11(d)) were 2200° F (1200° C) lower than
the predicted values. Based on the measurements from the 30-second firing, the design
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appeared thermally conservative,

Some erosion of the tantalum carbide coating was evident around the cooling holes,
especially upstream of the throat plane. The coating was intact on the rest of the
surface, however.

The liner thermal stress failure may have been caused by any of the following: stress
concentrations (sharp corners) on the outside of the liner, stress concentrations not ac-
counted for in the small cooling holes, or end restraint applied by lack of clearance be-
tween the liner and fixed end plates.

The graphite cap on the Inconel end plate (fig. 11(a)) was missing following the test
firing. This failure was probably caused by a combination of thermal stress and lack of
support because the screw fasteners were located too far away from the point of load
application.

Tantalum Carbide Coated Perforated Graphite Liner; Nozzle 4B

Using information generated during testing of nozzle 4A, nozzle 4B was designed and
fabricated using as much hardware from nozzle 4A as possible. Figure 12(a) shows the
new design, nozzle 4B. A new liner was required but, because the thermal performance
seemed satisfactory, the hole pattern and porosity (10 to 11 percent) was the same as in
nozzle 4A. The outside of the liner was machined smooth to remove stress concentra-
tions of the original design. The liner wall thickness was decreased from 0.65 inch
(1.65 cm) (nozzle 4A) to 0. 38 inch (0. 965 cm) (nozzle 4B) to reduce thermal stress. A
tantalum carbide coating was again used to assist in oxidation protection. New graphite
end plates were designed to prevent cracking. New insulation materials were used at
both ends of the nozzle and around the outside of the ribs. Figure 12(a) shows the
details. The end restraint on the liner was reduced by leaving an 0. 010~inch (0. 025-cm)
gap at the upstream end and by using a soft partially cured plastic material at the down-
stream end. A new supply of coolant replaced that used during the initial test, The same
graphite ribs were used wherever possible, In addition, coolant material was placed in
the cooling holes and a layer of partially cured coolant, 0.010 inch (0.025 cm) thick,
was applied to the inside surface of the liner. The additional material was intended to
lessen the initial thermal shock applied to the liner. The steel shell and Inconel end
plate for nozzle 4A were again used for nozzle 4B.

The test firing of nozzle 4B was programmed for 300 seconds to test the steady-state
cooling capacity of the nozzle protection system. The firingwas stopped manually when a
sudden increase in the throat erosion rate was observed after approximately 90 seconds
firing time. Figure 12(b) gives results from aerodynamic flow calculations, although
post-test inspection of the nozzle revealed that the liner was completely missing and that
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the ends of the ribs containing the coolant were exposed. The extent of the damage is
illustrated in figure 12(c). Motion pictures of the nozzle during firing showed that
erosion began around the holes in the liner, The upstream rows were affected first. The
unaffected areas of the liner between the holes failed structurally as erosion progressed.
The combination of oxidation and structural failure proceeded from upstream to the throat
plane. The rapid increase in erosion rate after 75 seconds occurred as the liner was
eroding at the throat plane. The basic failure was preferential oxidation around the
cooling holes due either to their orientation and associated turbulence or possible chemi-
cal reactions with the coolant.

The measured and manufacturer's predicted liner backside temperatures are shown
in figure 12(d) for the throat plane over bay 10. The measured temperatures were higher
than for nozzle 4A. This could have been due to the decreased liner mass or, more
likely, better contact between the thermocouples and the liner. The measured tempera-
tures higher than predicted indicate the flame side liner wall temperature could also have
been 300° F (16 50 C) higher than predicted. The high wall temperature, together with
the erosion of the liner, shows that the coolant did not adequately cool the liner. The
modifications to the graphite end cap design for nozzle 4B prevented structural failure in
this area so that no change was required for these parts.

80-Percent Tungsten - 20-Percent Silver Perforated Washer Liner; Nozzle 4C

Based on the results of the first two tests, it was concluded that a significant
redesign of the nozzle was required to evaluate the usefulness of the concept for long-
duration engine firings.

The design of nozzle 4C is shown in figure 13(a). The hole pattern was revised to
provide more even coolant-gas distribution. The liner porosity was reduced to 3 to 4 per-
cent to increase coolant-gas pressure and to provide a higher coolant-injection velocity.
Copper foam was added to the coolant material to increase heat transfer to the coolant
and, therefore, increase coolant gas flow rate. The liner design was changed to a
stacked washer configuration to reduce axial thermal stress. The silver infiltrated
tungsten liner material was chosen because previous work (ref. 7) indicated that erosion
was a time-temperature dependent oxidation problem. It was hoped the transpiring
coolant would hold the temperature level of the liner below the oxidation threshold tem-~
perature of tungsten - silver (W ~ Ag) for a 300-second firing,

The test firing of nozzle 4C was programmed for 300 seconds. The firing was ended
manually after 166 seconds when high-frequency combustion instability was detected in
the chamber. Post-test inspection revealed that the liner washers were not cracked but

25



Gas flow iy

T
{o
ol
1 o]
oi
| o
ol]|o|
1 9]
ol
1ol
o1
I o

e 5.50(14.0)

Revised hole pattern
0.062 (0. 1575) diam holes
(3 to 4 percent porosity)

~Metal foam
v with coolant

7.82 119

80-percent tungsten- diam th

21-percent silver -

.85)
roat /

10.78
(27.40) 31° 15°
T500-115~
116 — ~T500-6A
T (B stage)
/. —T500-6A
Water-
cooled |
chamber = - Graphite
: %/’/A/Steé’shell AN "™~ Inconel plate
Cork~ //' 17.30 ] %&_
il _J Graphite ribs~/ (4.0 dlamE | M!ﬁl
| AN

(@) Insert.

{b) Post-test photographs.

Figure I3. - Nozzle 4C; 80-percent tungsten - 20~percent silver perforated washer liner: cooling concept.

26



Effective throat ra-
dius change, cm

Temperature, °C

Sublimate recession,

cm

w

~N

ot

o

2000

1500

1000

500

.5

M
=)

g
Wt

Eifective throat ra-

I
Temperature, °F

Sublimate recession,

dius change, in.

in.

. 100
’J\l\//
/\h,-/
0 100 200
Total run time, sec
(c) Throat erosion.

4000 | J r~ Predicted liner flame-
Measured tiner back- ___}" side temperature
side temperature~

~ =0
3000 ===30
,;/f
L
2000 f al " Predicted liner back-
/ P side temperature
I? e
I //
1000 [:'/
1
0 a0 80 120 160 200 240 280
Run time, sec
{d) Predicted.and measured thermal performance.
3.0
]
]
2.0 S Down- —|
Upstream Throat stream
I \
Nozzle entrance " : g‘%%
1.0 i | — L
"4 3 2 1 0 1
Distance from throat, in.
| l | l | |
10.0 7.5 5.0 2.5 0 2.5

Distance from throat, cm
(e) Sublimate recession after 165-second firing.

Figure 13, - Concluded,

320

27



that erosion was appreciable, especially around the coolant holes. Post-test photographs
of the liner are given in figure 13(b). The throat erosion is plotted on figure 13(c) along
with similar data for the previous design. The overall erosion rate is of the same mag-
nitude as erosion of uncooled tungsten silver (ref. 7). The erosion upstream of the throat
and around the cooling holes was more severe than at the throat. The predicted liner
temperatures are compared with measured liner backside temperatures on figure 13(d).
The actual temperature is seen to be about 600° F (330° C) higher than predicted at the
end of the test firing. All these facts indicate that the coolant did not protect the liner as
intended. The amount of coolant loss is plotted in figure 13(e). A significant amount of
coolant was used during the limited test. Almost 2. 5 inches (6. 35 cm), or more than

50 percent, of the available coolant was depleted in the upstream section of the nozzle.
Where the coolant was gone, the copper foam was also gone. It was probable that some
of the coolant gases were released because of heat soak after engine shutdown.

The coolant material used in the three designs tested was apparently not sufficient to
prevent oxidation of the liners in the test environment for the design duration. Structural
and heat-transfer problems with a perforated liner are complex; however, cracking of
the liner, which was a problem with the first nozzle design, was not encountered with the
material and washer construction of nozzle 4C. Lack of adequate cooling from the cool-
ant reservoir could be due to any of the following: (1) heat conduction into the coolant
reservoir was not sufficient to generate gas pressure required to force adequate coolant
gases into the combustion stream, (2) coolant gases that were generated could have
reacted chemically with the liner material and contributed to the problem rather than
solving it, (3) coolant gases generated could have found low-pressure leakage paths
behind the liner, rather than being forced into the gas stream or were released only after
engine shutdown.

Possible improvements in the design would include design of continuous heat paths
finely distributed into the coolant material to assure proper vaporization. Pyrolytic
graphite would also provide better heat conduction once a continuous path was established.
Use of copper foam was an attempt to maintain intimate contact between the coolant
material and the heat source to provide better vaporization. Other material combina~
tions and heat-transfer mechanisms could be investigated. A design where coolant gases
could only move in the proper path would help assure full coolant utilization. Turbulence
and increased heat transfer in the coolant hole area could possibly be controlled by
orienting the holes differently, changing their geometry, or using a porous liner rather
than discrete holes.
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SUMMARY OF RESULTS

Three throat inserts and an active cooling concept were evaluated in a 7. 82-inch
(19. 8-cm) throat-diameter rocket engine using nitrogen tetroxide and a blend of 50-
percent hydrazine with 50-percent unsymmetrical dimethyl hydrazine earth storable pro-
pellants. Eliminating throat erosion while maintaining structural integrity for an ex-
tended duty cycle was more difficult in this scale than in smaller size inserts.

Structural failure led to throat erosion after about 60 seconds firing time for throat
inserts of magnesium oxide reinforced with steel or Inconel honeycomb. The same type
of cracking had been experienced with small-scale inserts (ref. 6).

JT0992, a hafnium carbide, silicon carbide, graphite composite, provided erosion
protection as a throat insert for 140 seconds. Subsequent erosion due to oxidation was
caused by loss of the protective oxide formed during firing, PFor small-scale inserts, the
oxide remained in place and erosion was minimized without cracking. Cracking occurred
in the large-scale with significantly higher erosion rates. After firing, the insert was
not suitable for refire because of the high erosion and severe cracking. Smaller size in-
serts of the same material did not fail structurally. The difference could have been due
to higher thermal stresses and/or weaker material in the large size insert. A means
for assuring the retention of a protective oxide on this type of material composite is
required to prevent erosion.

Relative to the active cooling concept, a tantalum carbide coated perforated graphite
throat liner, with a coolant reservoir, cracked axially and circumferentially during a
30-second test firing. A second nozzle modified in an attempt to eliminate structural
failure, but with a liner similar fo that of the first nozzle, eroded because of oxidation
and failed catastrophically after approximately 80 seconds of firing. A third nozzle with
a perforated tungsten-silver throat liner was tested for 166 seconds with nominal throat
erosion. Erosion rate, due to oxidation, was generally similar to uncooled tungsten-
silver nozzles tested previously. The coolant material (ammonium fluoroborate) from the
reservoir apparently failed to provide adequate cooling in any of the designs tested. A
possible cause could have been that coolant gases were not generated in sufficient quantity
or at a high enough pressure to be forced into the combustion stream. Coolant gases
could also have found low-pressure leakage paths behind the liner or escaped only after
engine shutdown at reduced pressures.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 11, 1968,
128-31-03-02-22,
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APPENDIX - SYMBOLS

. s 2
rocket nozzle exit area, in, "}
cm

. 2
throat area, in. 2; cm

nozzle discharge coefficient
0.994

characteristic exhaust ve-
locity

theoretical characteristic ex-
haust velocity (shifting
equilibrium)

rocket nozzle exit diameter,
in.; cm
thrust, lb force; N

vacuum thrust,
F+ POD‘?; 7/4, 1b force; N
gravitational constant,
ft/secz; m/sec2

vacuum impulse, F, /W
sec

p’

characteristic chamber
length (V,/A)), in.; cm

oxidant-fuel ratio, W __ /W £

chamber pressure measured
at injector, psia; kN/m2

corrected chamber pressure
(total pressure at rocket
throat) ¢P,, psia; kN/m?

altitude pressure surround-
ing engine, psia; kN/mz

AR ogp

F,vac

nIVH,C

effective throat radius change,
Rt - Ri’ in.; em
initial throat radius, in.; cm
throat radius,
* ok
1nC Cth e 0Wp
mgP

, in.; cm
C
c,corr-d

rocket chamber volume to

throat plane, in. 3; cm3

fuel weight flow, average
We 4 +W, 2)/2, Ib/sec;
kg/sec

oxidant weight flow, average
W ox. 1+ /2, 1b/sec;
kg/sec

ox 2)

total propellant flow, W -
1b/sec; kg/sec

+ Wf,

nozzle expansion area ratio
(Ag/A)
characteristic velocity effi-

/Cg

ciency, I
vac
vac

vacuum thrust coefficient effi-
ciency (0.983)

vacuum impulse efficiency,

I*vac/Iva.c , theo equilibrium

correction factor for measured
chamber pressure at injec-
tor to chamber total pres-
sure at the throat (0. 946)
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