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FOREWORD

Rocketdyne, a Division of North American Rockwell Corporation,
has prepared this final report, which documents the work per-
formed in fulfillment of the program "Titanium Pump Impeller
Testing" during the period 15 June 1970 to 15 December 1970.
This program was sponsored by the National Aeronautics and
Space Administration, Marshall Space Flight Center, Huntsville,
M abama under Contract NAS8-25860. Mr. Charles Miller, NASA-
MSFC, Huntsville, Alabama, was the Technical Project Manager

for the program.

ABSTRACT

This report describes the Ceramic Stresscoat, burst and pump

testing of two shrouded, diffusion bonded titanium pump impellers.

The Stresscoat test showed a significant decrease in centrifugal
stress in relation to a geometrically similar machined impeller.

The burst test demonstrated-a higher tip speed at failure than

the similar machined impeller in spite of an area of poor bonding,

and the liquid hydrogen performance testing demonstrated the practi-
cality of the diffusion bonding process to fabricate shrouded titanium
impellers whose hydrodynamic design is not restricted by current

machining methods.
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INTRODUCTION
Under a previous contract (NAS8-20761) two diffusion bonded titanium
pump impellers were fabricated to a MK 29 1liquid hydrogen pump config-

uration and successfully spin tested to 31,500 rpm.

This program demonstrated the feasibility of the diffusion bonding

process to fabricate shrouded titanium impellers.

To take advantage of this work a follow-on program was undertaken
(Contract NAS8-25860) to further evaluate the diffusion bonding process
by testing. TUnder this program (a) one impeller was stress coated and
spin tested to determine the magnitude and distribution of the centrif-
ugal stresses, then burst tested to determine the bonded joint efficiency
and (b) the second impeller was installed in a Mark 20F pump assembly and
run under actual pump operating conditions in LH, to determine its hydro-

dynamic performance.

SUMMARY

Ceramic Stresscoat, burst and pump testing of the diffusion bonded titanium
impeller hags demonstrated the feasibility of its use in a turbopump. The
diffusion bonded design potentially offers higher operating tip speeds

than possible with conventional two piece impellers. The Ceramic Stress
coat test indicated a significant reduction in centrifugal stresses rela-
tive to the geometrically similar, but conventional two piece Mark 29F

machined shrouded impeller assembly. The room temperature burst test
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resulted in partial failure of the diffusion bond at 49,000 rpm. The
vane tip speed at failure (2560 ft/sec) was higher than that of the
Mark 29F impeller assembly which failed at a vane tip speed of 2510
ft/sec. The failure speed ratioed to minimum material properties at
the -370 F operating temperature was 52,400 rpm (vane tip'speed of

27,0 ft/sec).

Three H-Q (head-flow) pump tests, to map impeller performance, were
successfully conducted at constant speeds of 12,000, 24,000 and 28,000
rpm. The tests were run at flows ranging from 30% to 135% monimal at

12,000 rpm and 80% to 120% nominal at 24,000 and 28,000 rpm.

DISCUSSION

On initiation of the contract, the two previously fabricated diffusion
bonded impellers were removed froﬁ the stockroom and impeller #1 (first
impeller to be bonded) was selected for use in Task II pump testing and
impeller #2 was selected for Task I stress coat and burst testing. The
basis for this selection was the premise that, although there was no
visual or measurable difference in the two impellers, impeller #2 had
the benefit of the assembly, fit up and processing experience gained on

impeller #1 and Task I requirements were more severe than Task II.
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TASK I - STRESS COAT AND BURST TESTING

Stress Coat Testing

The impeller for Task I was re-inspected and then sent to the machine
shop for minor machining to bring all the necessary dimensions to print
tolerances. Reworking consisted mainly of reducing shroud thickness and

machining to achieve proper radii at the blade inlet and discharge.

Test Procedure

After machining, the impeller was vapor honed to prepare the surface for
the ceramic coating. Because of the complex geometry, spraying techniques
had to be mastered in order to obtain a coating suitable for evaluation.
Many masks were used to prevent overspray from one area to another. After
a sulitable spraying technique had been developed, requiring several experi-
ments, the impeller was thoroughly cleaned with AT-201, the ceramic Stress-
coat solvent and the spraying was accomplished. An AT-70 coating was used
with the expectation of achieving a threshold strain of 500 .7¢. After
approximately one-half hour of air drying, the impeller and the calibration
bars were inserted into a furnace, the temperature was slowly increased
(100 F/one-half hour) from ambient to 1025 F, held for 15 minutes,; then
slowly (< 40 F/lS minutes) cooled to ambient. After visual examination
indicated a properly glazed coating, the impeller and the calibration bars
were cleaned, then sprayed with Statiflux to determine whether or not any

cracking of the coating had occurred during the glazing operation. It had
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not--the coating was suitable for the test. Statiflux is a very fine
white powder that is sprayed onto the part through an electrostatic
tube. The charged particles are attracted to the base metal where a
crack exists in the ceramic qoating, thus ensbling detection of coating

cracks.

After balancing, the part was again checked for coating cracks. It was
then spun at a speed lower than that at which cracking would be expected
to occur. After each such spin, the impeller was carefully cleaned and

inspected for coating cracks, using Statiflux.

Results

There were several spin tests before Stresscoat cracking was observed.

The highest was 11,910 rpm, as shown on Table I, along with the subsequent
speeds, and the associated strésses and strains. All stresses reported
assume a uniaxial plane stress field, the maximum error for this assump-
tion on this hardware being 10% for the lowest stresses and 5% for the
highest stresses. The values of stress and strain listed in Table I are

those that would exist at the operating speed of 31,000 rpm.

Table II lists the structurally important regions on the impeller in order
of decreasing stress, adjusted as the square of the speeds to the operating
speed of 31,000 rpm. Photographs of the Stresscoat cracks are included for

the more important regions principally to document the direction of the
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cracks, for they are aligned perpendicular to the maximum principal stress.
The most highly stressed regions are the vanes and the flat in the upstream
hole. PFigures 1 and 2 illustrate typical vane Stresscoat cracking, initial
and extensive, respectively. Figure 3 illustrates the extensive Stresscoat
cracking that was first observed in the flat of the upstream hole at 15,200
rpm. Analysis indicated that the Stresscoat in this region first cracked
very close to the speed at which first Stresscoat cracking was observed on
the vanes, that is, at 12,850 rpm. Figure 4 illustrates the Stresscoat
cracking on the shroud. Figure 5 illustrates a vane trailing edge region.
Figure 6 illustrates Stresscoat cracking on the backplate, on the flat and
on the radii from the low pressure balance piston rub ring land, and also
shows some coating loss that occurred at the highest test speed. Figure 7
illustrates Stresscoat cracking that was observed in the circumferential

groove at the extreme 0.D.

Detailed information was obtained regarding the magnitude, direction, and
distribution of stress on the vanes. Figure 8 is a composite average of

all seven vanes illustrating the stress boundaries that were observed due

to the increasing speed increments, the stress values adjusted as the square
of the speeds to an operating speed of 31,000 rpm. The direction of these

stresses 1s normal to the crack pattern, best observed in Fig. 2.
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MAGNITUDE AND DISTRIBUTION OF VANE STRESSES
ADJUSTED AS THE SQUARE OF THE SPEEDS
T0 31,000 RPM OPERATING SPEED

Stress in Ksi

FIGURE 8
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Discussion of Resﬁlts

Of the areas on the impeller that were accessible for coating with Stress-
coat, the most highly stressed would be at one-half of the yield stress at

an operating speed of 31,000 rpm at room temperature.

The coating was "patchy" on both fhe shroud and the backplate, being either
of proper thickness or too thin. There was enough coverage in each area
for a proper evaluation. The coaﬁing in and around the balance piston
holes on the backplate hub was too thick, but the stress was found to be
relatively low in this region. The upstream hole presented major diffi-
culties both in applying the coating and in developing a crack pattern.
Extrapolation was required to properly evaluate this area, because crack-
ing was not observed until it was quite extensive. The downstream hole

was coated too thinly; consequently, an evaluation of that region could

not be made.

The threshold strain values from three bars were within & 5%, remarkably
close for this type of work. In addition, the impeller contained an area
that could be used for "self-calibration® of the threshold strain. This
was the circumferential groove at the extreme 0.D. Using the stress
results from a Rohm & Haas finite element program, there was a minor
crack indication at the second highest speed, which would indicate a
threshold strain somewhat above 480 4¢. Definite Stresscoat cracking

occurred at the highest speed, Fig. 7, indicating a threshold strain less
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than 590 &£ . Thus, the measured (3 test bars) threshold strain of

520 £i£ was well bracketed.

As shown in Table IT the maximim centrifugal stresses in the impeller
vanes when ratioed to the 31,000 rpm operating speed is 48,400 psi.

This occurred near the vane leading edge on the suction side at the
vane-hub fillet. In comparison, the centrifugal stress at the same
location on the two-piece Mark 29F impeller is 77,000 psi. The centrif-
ugal stress in the impeller back plate at comparable locations is 28,000
psi at 31,000 rpm for the diffusion bonded design and 50,400 psi at
31,000 rpm for the Mark 29F impeller assembly. It should be noted that
the diffusion bonded impeller and Mark 29F impeller assembly stresscoat
test results cannot be directly compared due to different vane geometry.
The test results clearly indicate, however, significantly lower centrifugal
stresses for the diffusion bonded design. This was anticipated since the
one piece diffusion bonded design provides axial continuity through the

impeller hub and also more efficient support of the shroud.

Burst Testing

The diffusion bonded impeller was spun in a vacuum at 70 F to failure
which occurred at 49,000 rpm, (Vane tip speed of 2560 ft/sec). This
corresponds to a failure speed of 59,800 rpm (vane tip speed of 3120 ft/sec)

for typical material properties at the -370 F operating temperature and
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52,400 rpm (vane tip speed of 2740 ft/sec) for minimum -370 F material

properties.

Figure 9 shows the diffusion bonded impeller mounted in the spin drive
fixture ready to be lowered into the vacuum cheamber. Figure 10 shows

the impeller after the burst test at the bottom of the spin pit.

The primary mode of failure was separation of the shroud along the
diffusion bond line in the impeller inlet region as shown in Fig. 11.
The forward portion of the impeller shaft was broken off as a result
of dropping the impeller in the spin pit after the primary failure

occurred.

Examination of the»diffusion bond failure indicated regions of poor
bonding as shown in Fig. 12. Magnification of these regions revealed
machining marks on the vanes as shown in Fig. 13. ZExtrapolation of the
Stresscoat test data indicated that the stress at the failure location
was 51,000 psi at the failure speed. This is well below the parent
material room temperature minimum ultimate strength of 100,000 psi. At
the highest stressed region of the vane, however, (vane to hub junction)
the diffusion bond withstood an equivalent elastic stress of 121,000 psi
as determined from the Stresscoat test data. This strength comparison,

together with the examination of the bond failure, indicates that the
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shroud to vane joint had areas of poor to intermittent bonding. This
condition was not indicated at the bond surfaces by pre-test penetrant
inspection. The imperfect bond would have the same effect as an initial

crack, and would result in premature bond failure.

TASK IT - PUMP TESTING

Several changes have been incorporated in the rear bearing journal and
adapter spline areas of the Mark 29F impeller subsequent to the fabri-
cation of the diffusion bonded impeller. In order to permit assembly

of the diffusion bonded impeller into the current Mark 29F pump in a
manner that would allow testing without modifications to the CTL5-3B

test facility, a spacer was fabricated and installed between the end

of the impeller shaft and the splined adapter. This modification affected
only the mechanical linkage; the flow path was not altered. The diffusion
bonded impeller was fabricated with a 12 inch tip diameter in order to
develop the same head at the same rpm with the 37° By as the Mark 29F
impeller (11.5 in tip dia) with a B2 of 60°. The tip diameter was re-
duced to 11.5 inch to permit installation in the Mark 29 pump. The blade
angle is constant over the zone which was trimmed, hence the discharge
angle was not affected; however, the impeller vane discharge angle is

not matched to the diffuser vane inlet angle and thus additional losses
are to be expected. The information to be gained by designing and fabri-

cating a matched diffuser did not warrant either the cost or time involved.
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The H~-Q characteristics of the diffusion bonded impeller operating under
the above described build conditions were calculated using a modification
(based on test data) of the centrifugal pump loss isolation program. The
loss isolation program is a computer program developed by Rocketdyne to
evaluate the performance of rocket engine centrifugal pumps with a minimum

input of design parameters.

The results of this calculation are shown in Fig. 14. Also shown in
Fig. 14 is the predicted performance of the Mark 20F impeller and the
predicted performance of the diffusion bonded impeller corrected to the
12 inch design diameter. Because of the diffuser mismatch and the dif-
ference in the number of vanes between the two impellers, Fig. 14 does
not present a true representation of the effects of the reduction in Bp
angle. In order to show the effect of the By parameter calculations
were made on a Mark 29F impeller using the loss isolation program and
varying only the B2 angle with a matched diffuser. This data is presented
in Fig. 15 and shows H-Q characteristics of (1) a Mark 29F 60° Bo angle
impeller, (2) a Mark 29F impeller with 37° Bs angle and (3) a Mark 29F

impeller with 37° By angle corrected to a 12 inch diameter.

After the diffusion bonded impeller was assembled in the Mark 20F pump,
a cross section of which is shown in Fig. 16, the pump was installed in

Cell 3B of test facility CTIL5.
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Cell 3B is shown in Fig. 17 and the cell flow circuit is shown in Fig. 18.
The circuit includes two 20,000 gallon, 110 psi tanks. For extended opera-
tion, the flow mode is from the run tank through 10 inch vacuum-jacketed
lines to the pump. The fluid returns by 10 inch ducting and flows to a
heat exchanger in the catch tank (boil off is vented to a stack) and is
then returned to the run tank. To minimize tanking interference an off-
site £ill point is plumbed to a 45,000 gallon liquid hydrogen storage
vessel. Electric drive power is supplied by a variable speed, synchronous
motor generator drive system of 17,500 horsepower. This system drives the

Cell 3B gear box.

Mark 29 fuel pump S/N R004-2 with the diffusion bonded impeller is shown

installed in Cell 3B in Fig. 19 and 20.

Test Procedure

Performance of the diffusion bonded impeller was determined by conducting
three H-Q tests at constant speeds of 12,000, 24,000 and 28,000 rpm. Tests
were conducted at flows ranging from 30% to 135% of nominal at 12,000 rpm

and 80% to 120% of nominal at 24,000 and 28,000 rpm.

Specific test points were as follows:

Test #1

At 24,000 rpm the following flows were held for a minimum of
5 seconds each: 6,750 (80% nom.), 8,435 (nominal) and 10,120
(1204 nom.).
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Figure 17. Liquid Hydrogen Pump Test Cell-3B at CTL-5
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Test #2
At 28,000 rpm the following flows were held for a minimum of

5 seconds: 7,850 (80% nom.), 9,810 (nominal) and 11,772
(1204 nom.).

Test #3

At 12,000 rpm the following flows were held for a minimum of

5 seconds: 1,265 (30% nom.), 1,690 (40% nom.), 2,110 (50% nom.),
2,530 (60% nom.), 2,955 (70% nom.), 3,375 (80% nom.), 3,800 (90%
nom.), 4,220 (nominal), 4,640 (110% nom.), 5,065 (120% nom.),

5,485 (130% nom.), 5,910 (140% nom.), and 6,330 (150% nom.).
For each of the above test points double excursions were performed.

Results

Test results are plotted in Fig. 21, 22 and 23. Figure 21 shows the
isentropic head rise as a function of flow which agrees quite closely
with the predicted performence as shown in Fig. 14. The measured head
is slightly lower then predicted at all flows which indicates the losses
produced by the mismatch between the diffusion bonded impeller and the

stationary elements of the Mark 29F pump are greater than predicted.

Figure 22 shows the pump isentropic efficiency as a function of suction
flow and Fig. 23 shows head coefficient and isentropic efficiency as a
function of flow coefficient. Similar data from testing a previous build

of pump No. ROO4 are also shown on each figure for comparison.
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CONCLUSIONS

1.

The ceramic stress coat testing indicated a significant reduction
in centrifugal stresses relative to the geometrically similar two

piece machined Mark R29F shrouded impeller assembly.

The room temperature burst test resulted in a partial failure of the
diffusion bond at 49,000 rpm. Despite the bond failure the vane tip
speed at failure (2,560 ft/sec) was higher than that of the Mark 29F

impeller assembly which failed at a vane tip speed of 2,510 ft/sec.

The room temperature failure corresponds to a failure speed of 59,800
rpm (vane tip speed of 3,120 ft/sec) for typical material properties

at the -370 F operating temperature.

The measured H-Q performance of the diffusion bonded titanium impeller
shows good agreement with predicted performance and demonstrates the
practicality of this method of fabrication which allows shrouded
titanium impellers to be fabricated based on hydrodynamic considera-

tions instead of being limited by maching methods.

In the area of the bond failure, it is difficult to apply radial
pressure to the mating parts during the bonding process. In this
area the applied pressure is at least partially reacted by the hoop

strength of the shroud. During the bonding process the shroud was
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much thicker than in its final configuration. Since sufficient
pressure must be applied to cvercome the hoop strength of the shroud
in order to produce the desired pressure at the vane-shroud joint,
consideration should be given to decreasing the shroud thickness

at the time of the bonding. Particular attention should be given

to the fit and surface finish of the mating parts in the area of

the bond failure due to this difficulty.
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