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ABSTRACT

(c) Regenerative cooling feasibility demonstra-
tions were accomplished at 2000-psia chamber
pressure with a 10,000-pound-thrust toroidal
combustor using storable propellants with
nitrogen tetruxide as the coolant. The cool-
ant passages of the toroidal combustor were
fabricated from Has .elloy-X tube material.

An epoxy resin sealer material was used in
the joints between the contoured walls and
the end plates of the combustor, thereby pre-
venting high-pressure hot-gas leakage.

(Confidential Abstract)
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INTRODUCT ION

(c) The atorable toroidal combustor program was initiated to demonstrate the

. feasibility of the regeneratively cooled high~chamber-pressure comtustor

segment. A segment of the baffled, annular, toroidal combustion chamber

‘ was selected for this feasibility demonstration. The segment operated at
g ‘ a nominal thrust level of 10,000 pounds and a chamber pressure of 2000

psia. Néoh/NéHi—UDMB (50-50) propellants were used at a nominal mixture
ratio of 2 to 1.

% (U) The primary goal of the program was to demonstrate regenerative cooling
’ of the toroidal combustor segment. Hastelloy-X tube material was used
for the coolant passages of the combustor segment. The segment was com-
posed of two cooled, primary contoured walls and two cooled end plates.
An epoxy resin seal was used between the end plates and contoured walls

to seal against potential hot-gas leakage. This report is presented to

o discuss the Hastelloy-X and epoxy resin materials, the processes used in
conjunction with taese materiala, and the operating conditiors which they
3 werz subjected to during tnc feasibility evaluation te~sting. A more de-

tailed discussion of the entire program is giv-n ir ..
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A toroidal combustor segment was selected for cooling feasibility demon-
strations at 2000-peia chamber pressure using N204/50-percent N2H4+
50-percent UDMH. The chamber configuration for this demonstration was
designed for nitrogen tetroxide (oxidizer) regenerative cooling for the
contoured walls which were fabricated from Hastelloy-X tubing. Jxidizer
and/or water-cobled end plates were also used with the same type of tub-

ing as the contoured walls.

Tapering, contouring, and forming techniques were successfully used to
obtain the desired contoured-wall and end-plate tube geometries.
Contoured-wall and end-plate subassemblies were then created by furnace
brazing the tubing and backup structure together, During the final as-
sembly, an epoxy resin sealer material was employed in the joints between
the contoured walls and the end plates, thereby sealing against potential
high-pressure hot-gas leakage.

Five cooled thrust chamber evaluation tests were conducted with the
Rastelloy-X chamber. The first two tests, with water cooling, were com-
pietely successful, The third and fourth tests, with N20h regenerative
cooling, were successful although some end-plate damage was incurred dur-
ing the fourth test at 2025-psia chasber pressure. The fifth test was
an attempted 20-second duration test using vater cooling for the end
plates and N20k vegenerative cooling for the contoured walls. The water
coolant valve failed to open until after the start of this test, causing
severe damage to the chamber end plates. Hovever, the contoured wall
tubes suffered very little damage during the test vhich wvas terminated
after 8.07 seconds of mainstage operation.

Regenerative cooling feasibility with Hastelloy-X tubing was demonstrated
during a 2-second duration test at a chamber pressure of 2025 peia. The
epoxy resin material proved to be an acceptable seal during each of the

five tests.

3
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DISCUSSION

COOLED THRUST CHAMBER FABRICATION

(C) A two-dimensional, 10,000-pound-thrust combustor was selected for demon-
strating cooling feasibility at 2000-psia chamber pressure. This com-
bustor was comprised of two contoured walls and two parallel end plates
spaced 3 inches apart. The throat section was rectangular with dimensions
of approximately 1.1 by 3.0 inches. The plan view of the combustion zon»
may he approximated by a G-inch-diameter circle; i.e., 6 inches from the
injector face to the throat plane and 6 inches maximum between the contoured
walls. A two-dimensional, delLaval-type nozzle with an area ratio of
5.65 to 1 and an expansion angle of 30 degrees, 15 degrees per side, was
incorporated into the segment. An isometric drawing of the chamber is

shown in Fig. 1.

(U) A nitrogen tetroxicde regeneratively cooled tube bundie was utilized for
the contoured walls. The coolant prescure drops anc tube bundle geometry
were designed for flight-type application. Oxidizer and/or vater-cooled
end plates were also used; however, no attempt was made to optimize the
end-plate tubes for flight-type application. For the conloured-wail de-
sign, a parallel-pass cooling circuit was chosen vhere half of the total
coolant passed similtaneously througkh each contoured wall. All of the
coolant was then manifolded to the injector. The end plates like the
contoured walls were designed primarily for nitrogen tetroxide cooling.
Again, a parallel circuit was used to coo! the end plates. Both
contoured-vall and end-plate tubing were supplied {rom drilled prrsages
at the injector end of the chamber. The coolant flow was, in turn, col-

lected in similar drilled passages at the chamber exit end.

(U) Heat iransfer, stress, and pressure drop analyses were conducted to de-
termine tube materials and sizes for the cooled turoidal combustor.

Because the maximum heat flux occurs in the throat region, the effort
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was concentrated in this area., Hastelloy-X appeared to be the mos®
promising tube material for this cooling feasibility demonstration, end

it was selected as the primary material for the cooled chamber contcured
walls and end plates. The heat transfer and stress analyses fixed the

. tube wall thickness at 0.008 inch. Type 347 CRES tube material was selected

for a backup chamber; bowever, it was not completed.

(U) Figuro 2 shows the predicted (theoretical) heat fluxes for the contoured
Hastelloy-X chamber walls using an estimated (Barts) gas-film coefficient,
a coolant-side coefficient with the curvature enhancement, and the 0,008-
inch well thiclkness. The computed maximum heat flux was approximately
41.5 Btu/in.2—sec‘ A similar heat flux distribution was predicted for
the end plates.

() Wall temperature predictions for both the grs and liquid sides were cal-
culated for the tube contoured walls and end plates at the nomimal 2000-

aksence of the curvature effect present in the contoured wall tube. The

5 psia chamber pressure. The maximum hot-gas-side wall temperatures were
3 . computed to be 1687 F and 1735 F for the contoured walls and %nd plates,
; respectively. The higher end-plate wall temperatures resulted from the

5 maximum liquid-side wall temperatures of the enc plates and contoured
walls were near 600 F, The bulk temperature rise of the nitrogen tetroxide
: ‘coolant was computed as !55 F for the contoured walls and 79 F for the end
% plates. Tie predicted cooling characteristics of the Hastelloy-X chamber
are summarized in Table 1.

(U) Two sizes of Hastelloy-X tubing were selected, 0.108 inch OD by 0.008
inch well thickness for the end plates, and 0.168 inch 0D by 0.008 inch
b wall for the conioured walls. Tapering and forming of this raw tubing
& waQ recessary to give the desired contour and coolant passage geometry
(Fig. 3). Bnd-plate tube tapering was from a 0.103 inch OD at the injec-
tor and exit ends to 0.070 inch OD for the throat region. I.ikewise, the
~ontoured-wall tuhes were tapered from a 0.162 inch 0D (at buih ends) to

CONFIDENTIAL
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0.075 inch OD for the throat region. Both end-plate and contoured-wall

tubes were formed to the desired contours and then "booked" (flattened

between two book dies) to produce £ constant width of 0.070 inch and e
varying coolant passage flow geometry, as shown in Fig. 4. This 0.070-
inch dimersion represents the width exposed to the hot combustion prod-
ucts. Precision Sheet Metal Co. (PSH) was responsible for the tapering
and forming.

The raw Hastelloy-X tubing was welded and drawn from air melt stock and
then eddy-current inspected to & 0.001 inch maximum defect level by
Superior Tube Co. Samples of the ruw tubing were metallurgically eval-

uated when received with the following results.

0.168 0D by 0.108 0D by
0.008-Inch Wall 0.008-Inch Wall

Maximum Wall Thickness, inch 0.0083 0.0083
Minimum Wall Thickness, inch 0.0081 0.0081
Maximum 0D Defect, inch 0.0002 0.0003
Maximum ID Defect, inch 0.0001 0.0001
Average ASTM Grain Size 8 8

Ultimate Tensile Strength 128,200 119,110
Yield Strength,0.2 Percent 0ffset 81,500 70,400
Elongation, Percent in 2 Inches 38 36

It was speculated that the high yield strength would necessitate anneal-
ing of the tubing prior to tapering; however, this was not the case.

The end-plate tubes were fully tapered down to 0,070 inch without anneal-
ing, a 35 percent 0D reduction. The contoured-wall tubes were partially
tapered, annealed once and then finish tapered to 0.075 inch, a total 0D
reduction of 55 percont. Prior to forming, all of the tubing was annealed.
Annealing was accomplished in a vacuum furnace at 2150 F for about 1-1/2
mivutes. The tubes were hung vertically in the retort and fixtured so
they would not touch emch other. After emnealing, the tubes were bright
and lustrous.
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During selected stages in the tapering and forming op..cations, both the
contoured-wall and end-plate tubes were microscopically examined for wall
thickness and defects. Samples of the final end-plate tubes revealed:
(1) a smooth OD with no defects, (2) a wall thickness of 0.0069 to 0.0072
inch in the area of maximum taper, (3) slight ID surface roughening, and
(4) a wall thickness ranging from 0.0071 to 0.0079 inch in other areas

of the tubes. Samples of the final! contoured-wall tubes disclosed: (1)
a wall thickness of 0.0076 to 0.0080 inch in the area of maximum taper,
(2) moderate ID surface roughuess, (3) no cracks or thinning at the bends,
ard f&) a wall thickness ranging from 0.0079 to 0.0082 inch in other
arcas of the tubes. All of the end-plate and contoured-wall tubes were
sudjected to a fluorescent penetrant inspection revealing only one
contoured-wall tube with rejectable indications.

Mechanical properties of the Hastelloy-X tubing were determined after

annealing operations with the following results:

Contoured Wall End Plate

Ultimate Tensile Strength 117,000 115,000
Yield Strength, 0.2 Percent O0ffset 53,600 50,800
Elongation, Percent in 2 Inches 46.7 41

Hastelloy-X samples were subjected to a typical furnace braze cycle to
determine if the mechanical properties changed. The conclusior was that

the properties were not significantly affected by exposure to the furnace
braze cycle.

The assembly of the Hastelloy-X contour wall and end plate details (svb-
assemblies) consisted of furnace brasing the coolant tubes to backup
structural blocks. Material selection for the backup siructure was
comnensurate vith furnace brazing requirements; i.e., the backup structure
and the tubes had similar thermal expansion coefficients. A structural
joint was obtained between the tubes, and the block and a seal joint was
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made between the ‘ube ends and the manifolds, Nicoro (52-percent Gu/
35-percent Au/}-percent Ni) alloy was used for the subassembly brase
cyclea, The tubing and structural blocka were nickel-plated (0,001 inch)
and the tube ends were coated on the inside with boron nitride stopoff

to prevent braze alloy plugging. After brazing, there were no leaks on
the two rontoured-wall subassemblies. There were several repairable
tube-to-tube leaks and one tube-to-manifold leak on the end plates, One
end plate had several tubes partially or completely plugged with brame
alloy at the exit end. Most of the alloy was removed from the tube ends
before the final assembly, although some of the tubes were still partially,
but not seriously restricted.

(U) Because of problems encountered during final assembly furnace brazing of
a 347 CRES assembly, it was decided not t+ braze the Hastelloy-X assembly
but to use TR-69F, an epoxy resin compound, as a seal material. TR-69F
is an ablating, flexible, room-temperature-curing organic material filled
with asbestos fibers. It was previously used successfully as a hot-gas
seal during several other programs. The chamber structural studs were
designed to take all of the pressure loads so the TR-69F was not a struc-
tural material. The propellant manifold joints between the end-plate and
contoured-wall blocks were sealed Ly using Viton A O-rings. The chamber
was assembled by trowling the TR-69F onto the mating surfaces of the end
plates and contoured walls and then placing these surfaces together. The
structural studs were installed and torqued, squeezing out tae excess
material. The seal was allowed to cure in place., Leak checks revealed
a good seal at all interfaces.

(U) The TR-6%F is a nylonate phenolate,ablative, room-temperature-curing
material made from equal parts of two components, A and B. Component A
is a viscous liquid, component B is & thizotropic paste, and vhen mixed
together they form a paste which is trowelable or can be applied by weans
of a cartridge or sealant gun. The wminimum working life of the mixture

Le
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is 30 minutes, and the room temperature (77 F) curing time is within

24 hours, Typical mechanical and physical properties at room temperature
after 24 hours are as follows:

Ultimate Tensile Strength, pei 700 minimum
Ultimate Elongation, percent 13 mimimum
Hardness, Shore "A" 85 minimum
Ablative Lap Shear Strength, psi 600 minimum
Specific Gravity 1.%5 - 1.6%
Thermal Conductivity, Btu/hr-ft-F 0.2

Thermal Expansion, in./in.-F 30 x 1070

The TR-69F material is manufactured by the Thermo-Resist Company,
Burbank, California.

TEST RESULTS

A series of five tests were conducted with the Hastelloy-X cooled thrust
chamber and a self-impinging doublet injector. The primary objective of
these tests was to demonstrate cooling feasibility at 2000-psia chamber
pressure. The test series began with two tests where water was used as
the coolant for both the end plates and the contoured walls. These tests
were conducted for 0.33- and 2.04-seconds duration at chauber pressures
1632 and 1694 psie. The heat transfer analysis indicated that higher
tube-wall temperatures could be expected if water cooling was used in
place of N2oh cooling. Water cooling at 1700-psia chawber pressure and
Nzo,’ cooling at 2000-psia chamber pressure would result in approximately
the same maximum hot-gas-side wall temperatures.

After successfully water cooling the chamber, Ngo,. cooling was in order.
Two N20,.-coolod tests were conducted where the end-plate coolant was
dumped overboard into a burn pit and the contoured-wall coolant was re-
turned to the injector; i.e; regenerative cooling. End-plate and
contoured-wall cooling was successfully accomplished during the first of
these tests for 0.9l seconds at 1778-psia chamber pressure. During the
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gecond N20h-cooled chamber test, a chamber pressure of 2025 psia was
achieved for 2.03 seconds of mainstage operation. The contoured-wall
tubes were in excellent condition following this test, thereby demon-
strating regenerative cooling feasibility at 2000-psia chamber pressure.
Approximately 10 of the end plate tubes were eroded and leaking from
splits or pinholes. The damage was centered on the tube crowns extending
up to approximately 1 inch in length. These tube erosions and splits

were indicative of a progressive material failure and nct a sudden rupture
from excessive internal pressure stresses. Erosion of this type usually
results from insufficient cooling and/or oxidation. The cause of these
end-plate tube failures is unknown; however, some related factors were:
(1) no coolant curvature enhancement, i.e., the contoured wall tube cool-
ing was enhanced by the throat curvature where the end plate tubes had

no curvature, therefore the end-plate tubes would operate at a higher
temperature, (2) the end plates were more prone to overheating and etreak-
ing compared to the contcured walls, and (3) in general, the damaged tubes
correlated with those which were partially restricted with braze alloy

during fiabrication. All of this alloy was not removed.

The fifth test was an attempted 20-second duration test with the
Hastelloy-X chamber. Water cooling was used in the end plat+s and Néoh
regenerative cooling was used in the contoured walls. The w .ter main
valve failed to open and, consequently, end-plate cooling flow did not
begin until about 200 milliseconds after the start of mainstage. At the
high heat fluxes experienced, the uncooled tubes were almost completely
hurned away in the 200 milliseconds. After the end-plate tubes were
damaged, the water began to flow and apparently film cooled the end plates
and minimized further damage to the chamber during the remainder of the
test. The total duration of this test was 8.07 seconds. The contoured-
wall tubes were in very good condition (except for about 5 tubes adjacent
to the end plates) following this test which, in effect, demonstrated

Néoh regenerative cooling feasibility at the chamber pressure of 1860 psia.
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The temperature and coolant flow data from the cooled chamber tests were
analysed and compared with the predicted values, The predictad overall
coolant bulk temperature rises for the con:ioured walls and end plates
were compared with the experimental values for water and N20Il coolante.
The end-plate data agreed extremely well with the predictions for both
vater and Nzo,‘, while the contoured-wall rises were some 25 percent below
the theore*ical values (Fig. 5). In general, the experimeptal data agreed
vith the theoretical analysis (Fig. 2 and Table 1), within the scope of
the assumption made and within the accuracy of the data. Because the
integrated heat input appeared to be reasonably accurate, it was concluded
that the predicted heat flux and hot-gas coefficient .'istributions along

the test segrent were reasonably correct.

Bpoxy resin wvas used as a seal in the joints between the contoured walls
and end plates of the Hastelloy-X chamber. This material was used to
seal against coolant and hot-gas leakage. No resin seal leaks were de-
tected during the teating, and therc was no indication of leakage after
the chamber components were disassembled. Thus, the epoxy resin proved
to be an acceptable seal, Material compatibility would be a problem,
hovever, after extended periods of exposure to the hot gas and N20,‘.
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