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ABSTRACT

The Centaur LOX boost pump was subjected to both the simulated
Titan Centaur proof flight and confidence demonstration vibration
test levels. For each test level, both sinusoidal and random
vibration tests were conducted along each of the three orthogonal
axes of the pump and turbine assembly. In addition to these
tests, low frequency longitudinal vibration tests for both levels
were conducted. All tests were successfully completed without

damage to the boost pump.




Summarz

A series of vibration tests were successfully conducted on a
Centaur LOX boost pump in a non-operating mode. These tests

were performed to demonstrate the capability of the pump/tur-

bine to withstand the boost phase of the Titan Centaur Proof
Flight (TC-1). The first series of tests were conducted at

the simulated TC-1 flight vibration levels. The second series

of tests were conducted at Higher levels than the first series

to demonstrate the existence of a positive structural margin.

In thé third series, the test scope was extended to démonstrate
that low frequency sinusoidal oscillation along the longitudinal
axis (POGO) which existed during TC-1 flight could not have

caused pump/turbine failure. In both the second and third series
of tests, the sinusoidal vibration level was 1.5 times that for

the simulated flight level. In the second series, the random
vibration level was 2.25 times that for the simulated flight level.
Furthermore, a performance check was conducted at the vendor
(Sundstrand) test facility before and after each oF‘the simulated
TC-1 flight vibration and confidence demonstration test levels.
The results from the performance check showed no degradation. After
completion of all tests, the boost pump and turbine were disassembled
and inspected. There was no evidence of damage to any of the pump

or turbine component parts.




Introduction

The Titan Centaur Proof Flight, TC-1, vehicle was launched on
February 11, 1974, The mission was not completed because the
Centaur main engines failed to start due to insufficient LOX flow
to the engines. This failure was caused by failure of the LOX
boost pump to provide proper head rise. One possible explanation
for the failure was that the boost pump vibration environment
during the TC-1 boost phase flight could have damaged the pump/

turbine assembly.

The primary objective of the tests, summarized in this report,
was to determine if the vibration experienced in the boost phase
of TC-1 flight could have caused boost pump failure. These tests
consisted of a series of vibration tests of the non-operating

LOX boost pump. The first series of tests were conducted at the

simulated TC-1 flight vibration levels. The second series of tests i

were conducted at higher levels to demonstrate a positive structural

margin. These test levels are discussed in detail in the section

on input vibration test levels. In the third test series, the j

scope was extended to determine if low frequency longitudinal
oscillations (POGO), which existed during the boost phase of the

TC-1 flight, could have caused the failure of the LOX boost pump.




Test Specimen and Fixtures

Two sets of specimens were used for this test. The first set
consisted of a non-functional (obsolete) pump and turbine, S/N
728/17, and an old LOX tank sump. The second set consisted of

a functional rebuilt (flight configuration) pump and turbine,

S/N 2431/79, and a good LOX tank sump. For each set, the three
units were bolted together and the assembly referred to as the
sump/pump/turbine assembly. A cover plate was installed on the
upper flange of the sump with provisions for filling the sump
with liquid nitrogen and venting the boil-off gas. A photo-

graph of the complete assembly (in the inverted position) is shown
in Figure 1. The first set was used for determining the dynamic
characteristics of the sump/pump/turbine assembly with a sinu-
soidal vibration input, and to check the control capability of

the testing equijment during random vibration input tests. The
results then served as a guide for the later tests. The second
set was used to demonstrate that the non-operating pump and tur-
bine assembly could withstand vibration levels equal to, and in
excess of, the TC-1 flight vibrqtion levels, Use of the non-
functiohal assembly for checkout precluded possible damage to

the functional assembly due to the accumulative effects of fatique

to the structural parts.




Two different test fixtures were used for the test. The cylindrical
shape fixture, as shown in Figure 2, was used for the longitudinal
vibration test along the X-axis, while thevtrapezoidal shape fixture,
as shown in Figure 3, was used for the transverse vibration test along
the Y and Z axes. The designation of the coordinate system is iden-

tical to the D-1T Centaur vehicle coordinate system..

Test Set Up

The sump/pump/turbine assembly was bolted through the sump upper
flange to the top cover plate of either the cylindrical or trapezoidal
fixtures, as shown in Figures 4 and 5. For the longitudinal vibra-
tion test, as shown in Figure 2, the fixture and base plate were mounted
on top of the C-210 2800-pound shaker with the vibration input applied
at the bottom of the base plate. For the Y-axis vibration test, as
shown in Figure 3, the fixture and base plate were mounted on top

of four ''team'' bearings and the vibration input was applied at the
right side of the base plate. For the Z-axis vitration test, in

order to avoid moving the heavy fixture, the top cover plate together

with the sump/pump/turbine assembly was rotated 900 clockwise.

Instrumentation

A total of 23 accelerometers were used for the test program. All
transducers were manufactured by Enderco Company and were capable

of recording up to 100 g over a frequency range up to 1000 HZ.
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Seventeen (17) accelerometers were mounted on the test specimen, as
shown in Figures 6 through 8. Six (6) accelerometers, numbers 1
through 6, were used to select the control accelerometer for the

longitudinal (X-axis) and lateral (Y and Z axes) axes tests.

It should be noted that the rotation of the top cover plate (see
the previous section) changed the sensitive axis designation for
accelerometers number 2, 3, 5, and 6 which were mounted on the base
and top plates of the fixture. The location of these 6 accelero-
meters is shown in Figures 4 and 5. The sensitive axis of each of
the 23 accelerometers is defined in Table 1. There is no change

of the sensitivities for the accelerometers mounted on the sump/
pump/turbine assembly. For the Y-axis test, the accelerometers
number 2 aﬁd 5 are sensitive in the Y-direction, and the accelero-
meters number 3 and 6 are sensitive in the Z-direction. However,
for the Z-axis test, accelerometers number 2 and 5 are sensitive in

the Z-direction, but 3 and 6 are sensitive in the Y-direction.

For testing along each axis, the control accelerometer is defined
as the reference accelerometer to which the input vibration was
adjusted. After the location of the control accelerometer was
determined, eighteen accelerometers were recorded for each test
run. These 18 accelerometers consisted of the 17 accelerometers
mounted on the test specimen and one control accelerometer, since

the other 5 accelernmeters mounted on the top and base plates were




used only for selecting the control accelerometer (see the section

on control accelerometer location tests).

Input Vibration Test Levels

There were two sets of specimens, non-functional and functional
sump/pump/turbine assemblies used for the test. Each test specimen
was subjected to a sinusoidal vibration, and a separate random
vibration test along three mutually perpendicular axes (x, v, 2).
Because of the different test objectives, the input vibration levels
were not the same for each specimen.

(A) Non-Functional Sump/Pump/Turbine Assembly

For each of the three reference axes, the following conditions were

used for the sinusoidal vibration only tests:

Frequency Range Amplitude Sweep Rate
8 - 500 HZ 0.76 (0-Peak) 1 minute/octave
8 - 500 HZ 1.4G (0-Peak) 1 minute/octave

For the random vibration only tests, TC-1 flight level vibration
envelopes, as shown in Figures 9a and 10a, were selected as the
input levels for all three axes, with a time duration of three
minutes. The derivation of these envelopes is discussed in the
following section for the functional assembly.

(B) Functional Sump/Pump/Turbine Assembly

The input vibration test levels for the functional sump/pump/

turbine assembly consisted of: (1) TC-1 simulated flight level,




(2) confidence demonstration test level, and (3) low frequency
sinusoidal oscillation test level (POGO). The derivation of these

three levels are discussed in the following paragraphs.

Data from instrumentation located in the Centaur propulsion equip-
ment region of the TC-1 flight and several Atlas Centaur flights, as
shown in Figures 9a and 10a, were used to establish vibration levels
for the random vibration only tests. TC-1 flew with two accelero-
meters in the Centaur propulsion equipment reqion. Measurement
CAﬁGﬁ was located on the H202 bottle support, sensing Y-axis vibra-
tion. Measurement CA92@ was located on the pneumatic panel, sensing
vibration normal to the aft bulkhead in a direction approximately

45° from vehicle longitudinal axis (x-axis). Flight data from
measurements made on TC-1 during launch and transonic phases are
joined by lines on Figures 9a and 10a. Data ffom the same or similar
location on previous Atlas Centaur flights were also plotted on these
figures. To be conservative, the envelopes with constant gz/HZ from
60 HZ to 300 HZ which includes the maxima of both longitudinal and

lateral vibration data were selected for the test input level.

The random vibration only confidence demonstration test levels for

both longitudinal (x-axis) and lateral (Y and Z axes) directions were

2.25 times TC-1 simulated flight levels, as shown in Figures 9 and 10.

AT L SRR e P A T T




The duration of any significant vibration intensity on TC-1 was
about 10 seconds during lift off and 50 seconds during the tran-
sonic phase of flight. A duration of three minutes along each
axis for both simulated flight level and confidence demonstration

tests was therefore conservative.

The sinusoidal amplitude was chosen to be 1.2 G _ (1.7 Gpeak)’ which
envelopes the maximum G.ng values as measured on the aft bulkhead

of TC-1. The flight values (G.;4) are the magnitudes written in the
parenthesis of the legend on Figures 9a and 10a. The confidence
demonstration vibration test levels were chosen to be 1.5 times the
amplitude of TC-1 flight vibration levels. The conditions for the
simulated TC-1 flfght and confidence demonstration vibration test

levels are as follows:

Test Frequency Amplitude Frequency Amplitude  Sweep
Conditions Range (HZ) in. (0-Peak) Range (HZ) G (0-Peak) Rate
Simulated 5= 8 0.25 8 - 500 1.7 j Minute
TC-1 flight | octave
Confidence 5 - 10 0.25 10 - 500 2.54 i Eﬁ{?ﬂ!ﬁ
Demonstration cctave

The data from the accelerometer mounted on the Viking Dynamic Simulator
(VDS) indicated low frequency, high amplitude, longitudinal (X-axis)
oscillation during TC-1 flight. It started at approximately 180
seconds after lift-off and continued for approximately 60 seconds. The
frequency was approximately 12 HZ. The following two X-axis only tests

were conducted to cover this condition.
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Even though the response levels on the aft bulkhead were approximately

0.25 Gpeak* the test levels were conservatively set as below:

Test Conditions Frequency Range Amp1itude Sweep Rate

(HZ) G(0-Peak)

Simulated TC-1 8 - 16 1.7 y minutes
Flight octave
Confidence De- 10 - 16 2.54 4 minutes
monstration octave

Control Accelerometer Location Tests

The objective of these tests was to determine the natural frequency
of each fixture (without the test specimen) and to select the loca-
tion of the control accelerometer, i.e., either on the top or the
bottom flanges of the fixture. The purpose of this investigation
was to prevent the fixture disturbance from distorting the results
of a series of sump/pump/turbine assembly vibration tests. The
control accelerometer is defined as the reference accelerometer to
which the input level was adjusted. There were six accelerometers,
three mounted on the top flange and the other three mounted on the
bottom flange, used for the vibration survey of each fixture, as
shown in Figures 4 and 5.

(A) Control Accelerometer Location for Longitudinal Fixture

For the longitudinal fixture (cylindrical shape) vibration check-
out tests, six accelerometers were used, as shown in Figure b,

Table 1 shows the sensing axis of these transducers. For the first
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test run, number 1 transducer was used to control the input vibra-
tion levels, as shown in Figure 11, Figures 12 through 16 are the
vibration responses obtained from the other 5 accelerometers during
this run. Figure 14 shows that the natural frequency of the first
longitudinal mode was at 480 HZ and the peak response was 25 g.
Figures 12, 13, 15, and 16 show that the undesirable and rather
high cross talk responses were in the frequency range 380 to 500
HZ. Thus, it was concluded that the number 1 accelerometer should

not be used to control longitudinal input’ vibration levels.

For the second test rua, number 4 transducer was used to control

the input vibration levels, as shown in Figure 20. Figures 17, 18,
19, 21, and 22 afe the vibration responses obtained from the other
5 accelerometers during this test run. Figure 17 shows that the
input shaker force decreased as the exciting frequency increased.
The input shaker force reached a minimum, when the exciting frequency
coincided with the natural freguency of the first longitudinal mode.
Figures 18, 19, 21, and 22 show the insignificant cross talk res-
ponses. Thus, the number 4 accelerometer was selected to control
longitudinal input vibration levels. Furthermore, the control
accelerometer Jocated on the top flange was more consistent with

the vehicle in flight condition, since the vibration load, during
flight, is transmitted from the Centaur aft bulkhead through the

sump to the pump and turbinre.
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(B) Control Accelerometer Location for Transverse Fixture

For the transverse fixture (trapezoidal‘shape) vibration checkout
test, six accelerometers were used, as shown irn Figure 5. The
sensing axi; of the accelerometer numbers 1 throﬁgh 6 were as

shown in Table 1. For the third test checkout run, number 2 trans-
ducer was used to control the input vibration levels; as shown in
Figure 24. Figures 23, 25, 26, 27, and 28 are the vibration res-
ponses obtained from the other 5 accelerometers during this test
run. Figure 27 shows that the natural frequency of the first
lateral mode was at 250 hertz and the peak response was L6 g.
Figures 23, 25, 26, and 28 show that the undesirable and high cross
talk responses were in the frequency range 220 to 300 hertz. Thus,
it was concluded that the number 2 accelerometer should not be

selected to control the transverse input vibration levels.

For the Fourth test run, number 5 transducer was used to control

the input vibration levels. The input vibration levels for the

fourth test run were as shown in Figure 33. Figures 29, 30, 31, 32,
and 34 are the vibration responses bbtéinedwfrom the other 5 accelero-
metefs dﬁrhng the fourth test run. Figure 30 shows that the .input
shaker forces decreased as the exciting frequency incréased. The
input shaker force reached a minimum when the exciting frequency
coincided with the natufal frequency of the first lateral mode.
Figures 29, 31, 32, and 34 show the insignificant cross talk res-

ponses. Thus, the number 5 accelerometer was selected to control
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the transverse input vibration levels.

Non=Functional Sump/Pump/Turbine Assembly Test Procedure

The non-functional test specimen was subjected to a sinusoidal
vibration only test along each of the three orthogonal axes.

For each axis, two different input vibrafion levels (0.7G and
1.4G as previously described) were used for both dry sump and

sump filled with liquid nitrogen tests.

There were two random vibration only test runs along the X and Z
axes for the non-functional sump/pump/turbine assembly filled with
liquid nitrogen. These two random vibration tests were run at

the simulated flight levels. The specification and actual laboratory
simulated flight vibration input levels for the random vibration
only test, in the directions of both X and Z axes, are shown in
Figures 9a, 9b, 10a, and 10b. The maximum variation of the actual
test levels (Figures 9b and 10b) were well within the specified
tolerance limit of =3 db. Furthermore, for the X-axis test, the
overall G g of the actual laboratpry test levels was 3.1, which
was essentially the same as the spécification test levels of 3.06
Grmg. For the Z-axis vibration test, the overall G.nc for the
actual’laboratory test levéls was 1.25 as compared to the speéifi-
cation test level of 1.37. Therefore, the random vibration control

capability is acceptable.
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After completion of the vibration tests, the non-functional sump/

pump/turbine assembly was visually examined for evidence of aamage.
The decision to continue with the vibration tests on the functional
assembly test specimen was based on the acceptability of the visual

examination and evaluation of the non-functional test specimen data.

Functional Sump/Pump/Turbine Assembly Test Procedure

The functional sump/pump/turbine assembly was subjected to a series
of vibration tests under two different sump and turbine temperature
conditions. The sump was filled with 1iquid nitrogen for both test
conditions. For the first series of vibration tests, thére was no

sump insulation and turbine temperature control. However, for the

second .series of vibration tests, the sump was insulated and the

i 3

turbine was heated to better sinulate the flight environment. After

completion of each series of vibration tests, the assembly was

returned to the vendor {(Sundstrand) for a performance check. Com-
parison of the performance before and after the vibration test showed

no degradation.

(A) Functional Assembly Test with No Insulation

The functional sump/pump/turbine assembly was first tested at the
simulated TC-1 flight levels with no sump insulation. and turbine‘
temperature control. For each of the three orthogonal axes, the
specimen was subjected to both sinusoidal and random vibration

tests separately. Subsequently, the same assembly was subjected to
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a low frequency longitudinal (X-axis) sinusoidal only vibration
test. The latter low frequency ''POGO' test was at the simulated
TC-1 flight level with the test frequency range of 8 to 16 HZ and
the sweep rate of 4 minutes per octave.

(B) Functional Assembly Test with Insulation

The validity of the first flight level vibration test with no
insulation on the sump was questioned because of very low turbine
temperature experienced during testing. Turbine temperatufe during
TC-1 flight was approximately +60°F (15.6°C), whereas the turbine
temperature during the first flight level vibration tests was
estima:ed to‘be below -100°F (-73°C). Consequently the sump was
insulated, the turbine was heated, and the flight level vibration
tests were repeated. Turbine temperature and pump/turbine assembly
breakaway torques were measured and recorded before and after each

test run.

After fhe completion of the flight level vibration tests, the con-
fidence demonstration level vibration tests were conducted. The
confidence tests Were a repeat of the TC-1 flight level sinusoidal.
only, random only, and ''POGO'' tests except the vibration levels |
were increased as previously discusseq (see input vibration tést
levels). These tests were conducted using only the functional
assembly, and with the sump insulated and the turbine‘heéted. Tur-
bine temperature and pump/turbine assembly breakaway torques were

measured and recorded before and after each test run.
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After the completion of the confidence level vibration tests, the
pump/turbine assembly was returned to the vendor (Sundstrand) for

a performance check. Abbreviated accepta&ce tests for the pump/tur-
bine assembly were repeated at the vendor test facility. After the
performance check, the pump and turbine were completely disassembled
and examined for evidence of damage as a result of the vibration

test.

Test Results

A summary of the vibration data is presented in tabular form for all
sinusofdal vibration tests conducted on both the functional and non-
functional test specimens. These data are presented in Tables 2
through 6 for the non-functional test specimen, and in Tables 7

through 11 for the functional test specimen.

Accelerometer response versus frequency plots are also presented

in Figures 35 through 106 for the sinusoidal only confidence de-
monstration level tests on the functional test specimen. The high
frequency range (5 to 500 hertz) data are included in Figures 35
through 88, and the low frequency (10 to 16 hertz) dwell test data
(POGO) are included in Figures 89 through 106. Due to the volumi-
nous quantity of déta plots obtained from the entire test progfam,,
no other data plots are includéd ih:this report in the interest of -
brevity. The data plots presented are considered representative of
the dynamic characteristics of the pump/turbine assembly, and can

be used for future evaluation of flight data and design.

e L e S LR L e
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The turbine temperatures and the breakaway torques recorded before
and after each of the vibration test runs on the functional test
assembly after insulation of the sump and heating the turbine are

presented in Table 12.

In summary, all tests were completed satisfactorily. Evaluation of
the data from the sinusoidal and random vibrations tests on the non-
functional teét specimen, and the subsequent inspection, revealed

no abnormalities and demonstrated that the control capability of the
test equipment was acceptab!é. The functional test specimen was
installed and'TC-l fiight level sinusoidal only, random only, and
""POGO'' vibration tests {without insulation on the sump and without

turbine temperature control) were successfully completed.

After insulation of the sump and providing temperature control for
the turbine, the TC-1 flight tevel tests were successfully repeated. %
Subsequently, confidence demonstration level vibration tests (vibra-
tion levels in excess of the TC-1 flight vibration Ievéls) were suc-
cessfully conducted. The abbreviated acceptance tests conducted on %
the functional pump/turbine assembly by the vendor (Sundstrand) after

the first TC-1 flight level vibration test (without insulation and

temperature control), and again after the completion of all vibra-

tion tests, showéd no degradation in performance from the original

acceptance test prior to any vibration. The final disassembly and

inspectidn of the functional pump/turbine revealed no evidence of




damage.
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The detailed results of the vendor tests, disassembly, and

inspection are included in reference 1.

A detailed discussion of the vibration test data and results pre-

sented in the tables and figures follows:

(A)

Responses at Fundamental Natural Freguency

The fundamental natural frequency of the functional sump/pump/turbine

assembly obtained from lateral (both Y and Z axes) vibration tests

was in the range of 60 to 68 hertz, as shown in Tables 7 and 9.

The fundamental natural frequency of the non-functional sump/pump/

turbine assembly obtained from lateral vibration tests (both Y and

7 axes) was in the range of 60 to 70 hertz, as shown in Tables 2

and 4. Thus, the variation in the fundamental natural frequency

range was insignificant regardless of the following conditions:

a.

b.

dry sump

sump filled with liquid nitrogen, no sump insulation,
and cold turbine

insulated sump filled with liquid nitrogen and heated

turbine.

Tables 2, 4, 7, and 9 show that high responses at the fundamental

natural frequency of both assemblies occurred at the turbine flange

and turbine wheel! in the direction of input excitation. Table 2

shows the sinusoidal vibration test results along the Z-axis of the

i el e e

7 i et
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non-functional sump/pump/turbine assembly for both dry sump and
sump filled with liquid nitrogen conditions. This table shows
that high responses occurred at the turbine flange and turbine
wheel along the Z-axis regardless of the various sump conditions
and input vibration levels. At the input vibration level of 1,7 g
peak, the responses at the turbine flange and turbine wheel were

37 g peak and 36 g peak, respectively.

Table 9 shows the sinusoidal vibration test results along the
7-axis of the functional sump/pump/turbine assembly for two dif-
ferent sump and turbine conditions. For the first condition, the

sump was not insulated and turbine was cold, -100°F (-73°C)-

For the second condition, the sump was insulated with 1.5 inches
thick foam and the turbine was heated. The temperatures of the
turbine are shown in Table 12. Table 9 shows that high responses
also existed at the turbine flange and turbine wheel in ihe direc-
tion of the input excitation regardless of the different input
vibration levels and various conditions of sump and turbine. At
the input vibration level of 1.7 g peak and the first condition

of sump and turbine, tﬁe responses at the turbine flange and tur-
bine wheel were 27 g peak and 31 g peak, respectively. At the
input vibration level of 1.7 g peak and the second cbndition of the
sump and turbine, the responses at the turbine flange and turbine

wheel were 28 g peak and 31 g peak, respectively.




20

Table 4 shows the sinusoidal vibration test results along the Y-axis
of the non-functional sump/pump/turbine assembly for both dry sump
and sump filled with liquid nitrogen conditions. This table shows
that high responses occurred at the turbine flange and turbine wheel
along the Y-axis regardless of the different éump conditions and
input vibration leveis. At the input vibration level of 1.7 g peak,
the responses at the turbine flange and turbine wheel were 42 g peak

and 40 g peak, respectively.

Table 7 shows the sinusoidal vibration test results along the Y-axis
of the functional sump/pump/turbine assembly for the two different

sump and turbine conditions.

Table 7 shows that high responses also existed at the turbine flange
and turbine wheel in the direction of the input excitation regard-
less of the different input vibration levels and various conditions
of sump and turbine. At the input vibration level of 1.7 é peak and
the first condition of sump and turbine, the responses at the tur-

bine flange and turbine wheel were 38 g peak and 44 g peak, res-

pectively. At the input vibration level of 1.7 g peak and the second

condition of the sump and turbine, the responses at the turbine flange

and turbine wheel were 3h‘g peak and 42 g peak, respectively.

The longitudinal (X-axis) fundamental natural frequency of both

functional and non-functional sump/pump/turbine assemblies is not
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well defined, since several modes were closely coupled. The peak
responses and corresponding frequencies are presented in Tables 6

and 11,

Table 6 shows the sinusoidal vibration test results along the X-axis
of the non-functional sump/pump/turbine assembly for both dry sump
and sump filled with liquid nitrogen conditions. For the dry sump
condition, high responses existed at the turbine flange along the
direction of input excitation and at the pump shaft along the Z-axis.
At the input vibration level of 1.4 g peak, the response at the tur-
bine flange was 12 g peak along the X-axis, while the responses at
the pump shaft was 12.5 g peak along the Z-axis. For the sump filled
with liquid nitrogen, high responses existed at the turbine flange
and pump shaft along the direction of input excitation. At the

input vibration level of 1.4 g peak, the responses at the turbine
flange and pump shaft were 20 g peak and 10 g peak, respectively.
Similarly, for an input of 1.7 g peak, the responses were 16 g peak

and 18 g peak, respectively.

Table I! shows the sinusoidal vibration test results along the X-axis

of the functional sump/pump/turbine assembly for two different sump
and turbine conditions. For the first condition, the sump was not
insulated and turbine was cold, -100°F (-73°C). Secondly, the sump

was insulated with 1.5 inches thick foam and the turbine was heated.
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The temperatures of the turbine are shown in Table 12. For the first
cqndition. high responses exist at the turbine flange and the quil)
shaft along the X-axis, and at the turbine whee! along the Y-axis.

At the input vibration level of 1.7 g peak, responses at the turbine
flange and quill shaft were 6 g peak and 6.2 g peak, respectively,
and response at the turbine wheel was‘6 g peak. For the second con-
dition, high responses exist at the turbine flange along the X-axis,
and at the turbine wheel along the Y-axis. At the input vibration
level of 1.7 g peak, the responses at the turbine flange and turbine

wheel were 16 g peak and 35 g peak, respectively.

(8) Responses at Second Natural Freguency

The range of the second natural frequency of the non-functional sump/
pump/turbine assembly obtained from lateral (both Y and Z axes) vibra-
tion tests varied according to the following two sump conditions and
is shown in Tables 3 and 5. For the dry sump, the second natural
frequency was in the range of 180 to 190 HZ. For the sump filled
with liquid nitrogen, the second natural frequency was in the range

of 130 to 150 HZ.

The second natural frequency of the functional sump/pump/turbine

assembly (with and without insulation) as obtained from the lateral
vibration tests (both Y and Z axes) was in the range of 130 to 150 HZ

and is shown in Tables 8 and 10. Thué, the range of the second

natural frequency of both assemblies, for both Y and Z axes, is dependent

on whether the sump is full or empty.
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Tables 3, 5, 8, and 10 show that the high response at the second
natural frequency of both assemblies occurred at the pump shaft

in the direction of input excitation. Table 3 shows results of

the sinusoidal vibration test along the Z-axis for the non-functional
sump/pump/turbine assembly with two various sump conditions. For

the dry sump, it could not be definitely determined that the high
response was at the pump shaft along the Z-axis because of bad data.
However, for the sump filled with liquid nitrogen, the test data
shows that the high response was at the pump shaft along the Z-axis.
At the input vibration level of 1.7 g peak, the response at the

pump shaft was 19 g peak.

Table 5 shows the sinusoidal vibration test results along the Y-axis

of the non-functional sump/pump/turbine assembly with two various

sump conditions. For the dry sump, the high response was at the
pump shaft along the Y-axis. At the input vibration level of 1.4 ¢
peak, the high response at the pump shaft was 68 g peak. For the
sump filled with liquid nitrogen, the high response was at the pump

shaft along the Y-axis. At the input vibration level of 1.4 g peak

(1.7 g peak), the response at the pump shaft was 31 g peak (32 g

peak) .

Table 8 shows the sinusoidal vibration test results along the Y-axis
of the functional sump/pump/turbiné assembly under two different

conditions. For the first condition, the sump was not insulated and
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the turbine was cold, -100°F (;73°C). Secondly, -the sump was
insulated with 1.5 inches thick foam and the turbine was heated.
Turbine temperatures are shown in Table 12. Table 8 shows that

the high response was at the pump shaft in the direction of the

input excitation regardless of the different input vibration levels
and conditions of the sump and turbine. At the input vibration

level of 1.7 g peak and the first condition of the sump and tur-

bine, the response at fhe pump shaft along the Y-axis was 12.5 g peak.
At the input vibration level of 1.7 g peak and the second condition
of the sump and turbine, the response at the pump shaft along the

Y-axis was 14 g peak.

Table 10 shows the sinusoidal vibration test results along the
Z-axis of the functional sump/pump/turbine assembly with two
different sump and turbine conditions. For the first condition,
the sump was not insulated and the turbine was cold, -100°F
(-73°). Secondly, the sump was insulated with 1.5 inches thick
foam and the turbine was heated. Turbine temperatures are shown
in Table 12.. Table 10 shows that the high response was at the
pump shaft in the direction:of input excitation regardless‘of the
different input vibration levels and conditions of the sump and
turbine. At the input vibration of 1.7 g peak and the first con-
dition of the sump and turbine, the response at the pump shaft

along the Z-axis was 19 g peak. At the input vibration level of
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1.7 g peak and the second condition of the sump and turbine, the

response at the pump shaft along the Z-axis was 24 g peak.

() Magnification Factor (Q) and Damping Coefficient (:;)

Two important dynamic characteristics, magnification factor (Q)

and damping coefficient (ff), are included in Tables 7 through 10.
When a structure is subjected to a foréed vibration, Q is defined
as the response at a specific location divided by the input. At
resonance, the damping coefficient can be obtained from the formula,
Q= 1/2% . Tables 7 through 10 show the sinusoidal vibration test
results along three orthogonal axes of the functional sump/pump/
turbine assembly. Tables 7 and 9 show the test results at the
fundamental mode along Y and Z axes, respectively. The data pre-
sented in these tables show that the high responses were at the
turbine flange and turbine wheel in the direction of input excita-
tion. The damping coefficient at these two locations was in the
range éf 2 to 3 percent. Tables 8 and 10 show the test results

at the second mode along Y and f axes, respectively. The data
presented in these two tables show that the high response was at
the pump shaft in the direction of input excitation. The damping

coefficient at this location was in the range of 4 to 7 percent.

Conclusion
The Centaur LOX boost pump and turbine assembly successfully passed

both the simulated TC-1 (Titan Centaur proof flight) flight and the
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confidence demonstration (in non-operating mode) vibration test
levels. Each of the test levels consisted of both random and
sinusoidal vibration along each of the three orthogonal axes of
the assembly. A functional performance check of the assembly

was conducted at the vendor (Sundstrand) test facility before

"and after each vibration test level. Comparison of the performance

before and after each vibration test level showed no degradation.
After completion of all tests the pump and turbine were completely
disassembled and all parts were inspected. No evidence of damage
was found in any of the component parts.. Thus, these tests de-
monstrated that the assembly cohld sustain the vibration experience

in the boost phase of both the TC-1 flight and future Atlas/Centaur

and Titan/Centaur flights. Furthermore, the test results demonstrated

that low frequency longitudinal oscillations (POGO) could not damage

the turbopump assembly.

RTINS,
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TABLE [ - Accelerometer Locations

. Accelerometer Sensi1/itY
Acc.No. Locaticn et [V i el | o T
/ Base Plate (270°AZim) X X X
2 Base Plate (270%42im) ¥ )/ =z
3 Base Plate (270°Azin) - = »
4 Top Flanie (270°AZim) X X X
5 Top Flange (270°A&/n) Y Y =
6 Top Flanic (270°AZim) Z =4 Y
16 ___|Svmr/pump Flange (270°Az i) X X X
17 ___|SwrH/pumpElagje (270°Azim) Y ¥ '
18 Sump/ pump Flan )2 (270°AZin1) = = =
19___|Sumt/pump Flans:2( 90’ AZiv) X X .
22 Turpine Flange (270°A2:n1) ¥4 X X
23 Turbine Flange(270°Azini| Y y Yy
24 Turbinz Flang (270°AZim) Z E £
25 Turbin2 Flas 2z (J09AZinl) | X X X
28 Turkine Wheel (270°Azm) | X X X
29 Turbine Wheel (270¢A&:n7) y » y
30 Turbine Wheel (270°A2/m1) Z = =
31 Quill Shatt (270°AZwm) X X X
32 Quill Shatt (270°AZmn7) y Yy y
33 Quill SFaft (270°AZsm1) F Z =
34 Pomp Shatt (270° AZim1) X X X
A5 Pump Shaft 1279°AZ.1). ¥ i d d
36 Punip SF1it (2700 A¢ ) Z F —~

Note : All Accelerometers Are Manufactvic By Endevco And Have A Ca/:a,bi//jf
vpto 1003’5 Over A Frequency Rajge Up to SooHE
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TABLE 2 S/nusordal —dxz{v 7z2s/

Non-Functional Sump/pPump/turbine Assembly

Z-Ax(s Test Results
Firs{ Resonasnce Range — 60 - B HE

Dry Sump - Ssump Fill With LNz
Acc. NO. Loca+/on Direct| F(HZ)| Gpear| F(HZ)| Gpeak f(H2) | Gpeax | F(HZ) | Gpeax
S Top Flasge CcontotAec) Z |10-100| 0.7 |10-100| /-4 |10-100 1.4 l|ro-wo| /-7
16 Pump [SumpP F/aﬂ,gc(z.j X o2 /.8 60 | 32 64 [e7 b | 2.3 s
17 Pum,O/Jurr/F/a/me(z) ¥y 62 a8l €2 1361 658 1.2:4 1 55 | &8
18 Pompfsumpflange) | E | 62 | 2.3 | &0 5.2 | 62 | 4.7 | 63 | 5.8
19 PUnﬂS./gf/’F/aﬂ??/ﬁ) lTee 1 421 60 186 | &2 1 42 L6831 G0l
22 Turd; & F/Kb 72 (L) X 62 Y% 2 o2 | 0.5 | &2 /0.5 | 05 | 12 _
23 |Turboe flan2dl)| Y | 62 | G4 ¢2 | 26| 62 | U o4 | 14
,_..‘:)14 Turbime Flasve (L) Z | ¢4 1185 @O [22.0 | &2 33 1| ¢ | 37
25 Turb, e faris(R) | X 62 | . 681 62 1. 58 o2 // g2 1 /£
28 Torbine Wheel X e2 | 28| 62 | 6.0 62 | 3.0 i 1
29 Turbsye wreel Y | ¢2 | 3.0 60 l10.5| a5 | 78 | &8 /o5 L
30 Turbrle whee/ Z | 62 |18.0] 60 |33.0| 62| 28 | &1 36 -
___Q_/______Q__L// \//ﬂff X é-1 __/_07 64 4.6 ﬂad_[’a/l éé 6aé
32 Quill skitt ¥ 22 | 20| 62 |14.0| Bad pata | &0 | /3
a3 Auill Shatt Z T 6o | 20 | 62 | 5.2 | BadDafa | 64 | 5.6
34 Pump Shart X STl S 14O L0 1 L L AR L) o e
35 Punp Shatt ) 4 g8 1 28 £2 1 A2 42 150 L. 2.6
30 Punp Shaft Z | Bad pala . so | 8.5 é4 | 25
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TABLE 3 Sinvsoidal-Onl Test

Non -Functional Sump/Pump/7orbmn& Assernbly

Z - AXISs Test Results

Second Kesonasce 7. Dry sump (180-190 #2Z)
il <5“”’F With LNs (/30 -/20HZ)

Dry Sump Sump Fill Witk i

Acc.po. Location Divect | £H2)| Goeax | £H2) | Gooar | £(H2)| Greak | £(HZ)

5 |Top Flange (Contwl) | & | 100-200] 0.7 |100-200| 1.4 | 100200 [.4 l20-200| [T R
16 |Pomp/sump Flansel)| X _| 180 | 2.3 | 180 | 42 | 140 | 3.3 | /40 | 2.4

17_|Pump/sump Flangell)| Y 180 | 3.0 | 190 | 6.2 | 140 | 1.8 |10 | /-2

18 |Pomp/sunp Flaggeit)| Z | 180 | 3-6 | 180 | 7.0 | /40 | 2.8 |40 1|.3.0

19 | Pumplsump FlaggeR)| X 180 | 3.0 |180 | 2.6 | 140 |.3.2 |140 | 2.8

22 |Turbime Flangect) | X | 190 1 2.3 |70 | 7.2 | 140 | 5.8 |40 |5, 2 friniie
23 | Turbie Flazje ) | Y | 190 | 2.5 190 | 6.8 135 | 4.6 | /40 |.3.9

24 | Turbme Flangel) | Z | 90 | 2.7 [ (90 | 7.8 | /140 | 5.0 | /40 | 4.2

25 | Turbyne Flir 22 (R) X | 180 1 2.2 160 1 .5.4 1140 |42 | 32 1. 0:3

28 | Turbime wr.- -/ X | 190 | 1.8 190 | 76 1135 |3 | /30 ]/ 3

29 | qurbme Whe=l | Y | 190 | 1.4 180 | 2.0 | 135 | 3.4 | /40 | 3.2 it
30 | Turbme wheel | Z 190 | 3.7 {180 | 8.4 | 140 1 3.5 | /30 | 3-0

3/ | Quill Star? X | 1901 4.8 | 190 | 9-5 | Baloafa | 140 | 7.4

32 | Quil Shatt b i 180 | 6.8 | 190 | 15.0 | Bad pata 1 /30 | 140

33 Quill Shart 3 180 | 6.8 | 190 |r0:5 | Bad. Tafa B T
34 | Pump Slalf X 1901 2.6 1180 1 6.2 1 130 16.2 1 A0 3./

35 | Porp Shait Y | /90 112.5 | 180 128.0 ] 130 | 16 | /40 | /5

36 | Pump Shart Z | Bad 72ta 130 121 Vo177




TABLE 4 Sinusoidal - Only Test

Non -Functional Sump/Pump/Turbine Assembly
Y - Axis Test Resulfs

First Resonance Range - 60-70#2

Dy Sump Sump Filf Witk LNz
Acc.NO Location pirect | 62 | Grean| F(HZ)] Gpeax | $(HZ) | Gpeak f(H2) | Gpeok!
B | Top Flange (control) Y |0-100| 0.7 |10-100| /-4 |I0-100 /4 |to-r00| (-7
16 | Purip/sump Flanse (L) | X 24 | 245 44 | 52 |68 |48 ] 65 |52
17 Pompfsmp Aagred)| Y| 64 | 2.55| ¢2 | &7 | 62 |3.6 | 65 | 384
18 | Puma/sumpflaiell) | Z | 68 /15| 66 | 3./ | a5 |2 721 VA i
14 T Fumijsomp FlargeR) | X__| 64 | 265 | o4 | 5.2 | 65 |50 | 65 |54
22 | Turbme Flang2 (L) X | 64 2 B ES LN 29 1 ¢ 1L 59
S Vivloeilate i) | Y 62 |20 | g0 | 35 |66 1289 1 8 L %6
24 | Turbine Flange (e) | Z_ | e4 | 3.9 | &5 7.0 | é6_| 16 | 62 | A5
25 | Turbine Flagge (R) | X 4 _|5.6 | 65| 25 |66 /0.5 | &6 //
28 | Turbime wheel X |66 |5.0 62 1 /0 160 172 1 65 | A8 |
29 | Turbine wheel Y 1o \ps | $2 142 166 187 1 60 L 80
30 | Turbine wheel __ | 2 |64 _|3-2 | 62 | 223 |65 1.4 | 6o (&
31 | Quill shaff_ X e 0B &3 | 65162 142.1 10 L=
32 | Quill shaft_ Yy |¢cz .4 0 | 7.7 |62 |8.2 | 66 | /9
33 | Guill Shatt Z |z |26 | 62 | /13 |62 LY 120 149
34 | Pump shatt X 182 b9 £o 1 42 166 112 3 6. LS
35 | Purp Shift. Y ez W.o 62 | 9.2 |6 | 9.0 | &6 /0.5
36 | Pump Staff Z | Bad Zusa 6o |3.6 | eo | 3.3




TABLE &  Swusosdal/- Inly Test

Non-Functional Suvmp /Pomp/7urb/ire Assembly
Y-Ax (5 7asf Resulfs

Second Resprance Farige <

Dyy Svmp (1701 90/2)
Sump wWith LNy (130-150 HE)

Lry Sump SUmp Frll With L
.NO Location pirect. | $(HZ2) Gpeax | £(HZ) | Goeax | £1HZ)| Gooar| £(#2) | Gazax!]
S | Top Flange(control) | Y |/00-200| 0.7 |100-200| 1-4 l1oo-zop| 1.4 l1o-200] /.7
16 | Pomplsump Flange/l)] X 180 | 52 | 180 12 | 140 | 5.6 | 140 | é.8
17__|Pomp/sump Flagge L)) Y 180 | 5.2 | 180 | 13 | 140 | 4.6 | 140 | 5.6
18 __| Purip/sump Flanzeit)] Z | 190 | 2.5 | (90 | 6.0 | 140 | 1.8 | 140 | 2.2
19| Porpfoump Flare (R)] X | 180 | 5.2 | 190 | 14.5 | 140 | 6.6 | 140 | 78
22 | Turbme F/d/('}".:? L) X 180 | 4.2 180 2/ 140 4_3___[40 7-4
23 | Turbwi= filwse (L) ol 160 1. 3.4 | 180 | 722 | 190 | 6.2 | 190 | 8.6
24 | 1bre Flang- (L) | Z & 2.7 | 190 | 6.4 | 140 | 4.7 | 140 | 5.6
25 | b€ Fladge (F) ] X 190 | 3.9 | |90 | 2.3 | 140 | 3.5 | 140 | 5.0
28 | Turbime wheel X 180 | 1.¥Y | 180 | S0 | 140 | 1-9 | 1490 | 3.4
29 | Turdpie wiiee/ ¥ 180 | 3.2 | 180 | /3 | /30 | 6.0 | 130 | 4.8 |
30 | Turbme whe=l Z 190 | 1.2 | 190 | 4./ | 140 | 3.0 | 450 | 3.4
3l | Quill Shaf? X 180 | 4.6 | 180 | /0.5 | Bad Data B0 | 17
32 | Quill ShatF ' 180 | 6.0 | 180 | 12 | Bad zu7a | 140 | 20
33 | Quill Shat? Z | 10|99 | 180 | 16 | (30 |3:7 [ 50 ] /&
34 | Pump shast X 180 |\ 3.8 | 170 | B.2 | 140 |2/ /3¢ | /3
35 | Pume shait y 180 | 25 | 180 | 68 | 130 | 3/ | 130 | .32
3G | Pomp Sphar¥ Z | Bad 2ara /30 |16 | 140 | 14




TABLE & Sinusoidal-Only Test

NOn-Functional Svmp/permp/7vrbme Assembly
X -Ax[s Tes} Resolts

T?esom/zé mw/e

<‘D// Sumpl/60- 220 #HZ)

Sump Fill With L s (/40 =19OKE)

2ry Ssurp SuUP ol Woth LN

| Acc.No Location pirect | £1H2) | Gpean| F1#2) opeox| F(2)| Gpeak | F1H2) rpeax
4 | Top Flange (controld | X lioo-2%0| 0.7 |100-2 | /-4 |100-250| |-4 loo-250 | /-7
16 |Pomp/sump Flangert) | X | 2zo | 2.9 | 220 |L.0] 40 | 7.0 | 190 |70
17__|Pomp/sump Flargetl) | Y 220 | 1.6 | 220 (4.5 | 170 | 2.5 | 190 |4.7
18__|PvmP/sump Flange (L) | Z 220 Y 1.8 1220 194 1 116 1100 L2
19| Ponp/somp Flange(R)| X | 220 | 4.2 | 200 |5.2 | 140 | 4.8 | /187 s
22 | Turbine Flanie (L) | X 220 | 9.4 220 |12 /180 | 10 1% e
23 | Turbme Flaniz (L) | Y 220 | 2.9 | 190 | 8.5 | «%0 | 0 | |1BO |4.6
24 | Tubme Flagyz (L) | E | 190 1 4.8 | (B0 |54 | (70 | 10 | 170 |70
25 | Tirdeie Flaryz (R) X 170 | L. | 160 |12 | (30 | 20 | /90 Y
28 | qurbpie wihee/ e 12l 72 1220 [/ | ol £.6 1790 LG
29 | Turlwrie whez/ ¥ 220 | b.4 | 220 |12 | 160 | -0 | /190 |%.5

_30 | Turbine Wheel .- 200 |.3.2 | 220 |Q.0) (70 | 5.6 | 170 |74
3/ | Quill shatt X | 23056 /80 |70 140 | 8.0 | 180 2.5
32 | Quil shaft. Y | 180 | 2.2 210 |g.2) 182 | 4.6 |80 [3:5
33 | Quil shatt Z 2wl 221180 4.0l 160 |50 |180 |12
34 | Punip sttt X | 220 | 5.6 |220 |68 140 )| 10 | 180 /8
35 | Pump Shaft ¥ 200 | 5.8 | 180 | // | 140 | 6.4 |1%0 /.5

|30 | Pump shaft z 200 | 5,0 | 190 125 140 | 5.2 | 170 |5.é




TABLE 7 Sinusoidal-0Oply Test
Functional Sump/Fume/Turbine Assembly
Y=Axis Test Results

Firs+ Resonance Range  Go-L8K#Z

So
I
i
Oa:;

5’9 - Sump Filled with Liquid Nitrogen
&
fhad |

NO_Insulation 1.8" 7hicK Foam Insulation i
cc . No. Location Diract. | £(HE)| Gperx] QA € | $(HZ) | Gpeak]| @ € | £(H2) |Gpeok] @ -
S Top Flange(centrol)l Y lio-100] 1.7 / — |10-100| 1.7 / — |10-100| 2.54 | |/ —
16 Sump/PumpP Flange (L) X 68 | 4.4 2.6 |0.19 ] 62 | 3.3 | 1.9 |0-36] ¢4 | 5.2 | 2.0 |o.25
17 SumPJpump Flarre(l)| Y o4 3.0 | 1.8 | 626| Boad Data 64 6.2 | 2.4 |p.20
I8 Surg/pump FlangZ)| Z ot | 1S VLl lod5) 62 | 1.4 108 1ag71 62 1 .50 | 2.0 lo.2s
19 Sumplpumip Flas J- ()] X 8 | 4.2 | 2.5 |0.20| g8 | 3.6 | 2.7 |o.24| 24 5.6 1 2.2 10.22 |
22 Turbine Flang= (L) | X 62 | 21 |12.3 1004 | g4 | 19 _|1/.2 |0.04] &4 27 /0.8 0,04
23 | Turbine Flagge(L)| Y 64 | 38 | 224|002 g4 | 34 | 20 [0.03] ¢2 | 46 |18./ |0.23
24 Turbine Flayze(t.) | Z o6 | 65138043 62 | 7.4 | 85009 ¢2 12 1 4.7 0./
25 Turb,‘lzé.F/.fzarﬁe/R) X Bad _ Dat.t 24 | 9.9 15,3 0.09] o2 | -5 | 4.5 | 0./
26 \Turpne wheel | X 1 o3 T 7./ 1 42 072 g6 | 2.0 |5.3\0.07| 68 | /2.5 | 4.9 |0-10
29 Turbine Wheel | Y | g2 | £4 [25.710.02] o4 | 42 (24,5 0.02] 64 | 22 |24.4| o.02
30 _\Turbine Wheel | Z 165 | 6.61.3.2|0./31 24 | 717 | 70 lacs]l ¢8 | 20 17-2 | océ
3l Quill Shatt X o5 | /2 | 7./ 10.07] 62 | Zpo | 4.7 [042] 60 | 16 &3 |0.08
32 Quill shatt Y &8 Ll | G5 1008 62 | 10 | 5T |003| 68 | |4 |5.5 |0.09
35 Quill shatt. Z oo | 1o | 94]10.05] g2 | 13 | 7Z.610.08| 62 | 17 | 6.7 |o.07
24 Pump Shatt X oo | 28116103 c213.512./10.24] g2 | 2.9 | 7.7 245 |
25 Pump Shaft ¥ 1.8 6.6 1.3.9 |0./3 | 62 | 6.6 | 3.9 [0./3| g4 | 1[5 | 4.5 | 0.4/
36 Pump Shatt e 164 132 1/.9 10.26] 62 14.012.4210.2/1 62 .64 12.7 | 8.23




' & TABLE 8 Sinusoidal-0nly Test
,éfj Functional Sump/Pomp/Turbine Assembly
g; Y-Axis Test Results
5 s Second Resonance Range 130 - 160 HZE

Sump Filled With Liqu id Nf'fraﬁeﬂ

NO_Insvlatior, 1.5” ThicK_Foam |nsvlat;on
_A%No Location irtect | FIHE)|Greax] @ T 1FtHe Creax] Q | < 1HHZ)|Greax] @ 1 <
Top Elange (control ¥ lloo-2oo| .7 / s MO )T / — |100-200| 2.54 / —
16 |Sump/PuvmPFlange(L)] X 150 | 2.2 1 1.3 l0.381 130 | 22 | /.3 |0.39 ]| 150 | 4.0 | 1-6 ] 0.3/
17__|Svrr/pmp Flange(t) | Y 150 | 1.5 0.9 |0.56 | Bad_Data 140 | 6.0 1 2.4 0.2/
18 |Sump/pump Flange (2.) | Z 150 | 0.85] 0.5 | 1.00] 130 | 0.8 | 0.5 | 1.00]| 150 | 1.7 | 0.7 |0.7/
19 |Svme/pump FlangeR)| X 1150 1 2.7 | 1.6 |0.31 | 150 | 2.2 | 1.3 10.38] 150 | 4.6 | /-8 |0.28
22 | Turbine Flanze (L) | X 150 1291 1.710.221 1501 27} 1.6 10.31] 1501 64 1 28 §0.20
23 | Turbine Flange(L) | ¥ | 50| 2.3 1.4 |0.36] 150 | 2.0 | 1.2 |o42! 150 | 4.4 | /-7 |0.27
24 | Turbine Flange (L) Z | 5o 1 1-71 10 |0.50] 140 1.4 | 0.8 |0.23] 140 | 2.8 | LA |45
25 |Turbine Flanze (R) | X | Bad Data 140 | 2.2 | 1.3 |0.38]| 140 4.9 .| /-7 |9.25
28 Turbine wWheel b4 150 115 | &7 O. 7_/_ &0 l.o | 0.9 1¢ 56 160 ]| 6.0 PR
29 | Turbine ylh=cl Y 1150 | 3.0 1.8 |0.28]| 150 | 3.5 | 2./ | 2,24 150 ]| B4 | 2.3 |0.45
30 | Turbine wheel - 1£0 | 2.0 1.2 |0.492]| 150 ]| (.6 | 0.2 |0.56| 150 4.4 (.7 |0.29 |
3| Quill Shaft X | 150 | 8.0 4.7 [o.11 | 150 3.5 ] 2.1 | a.24] 140] 13 5./ |0.07]
32 | Quill Shatt Y 150 | B.ol 4.7 |o.1/ 1140 ¢.8|4.010.13| 140 15 |5.9 |10.08)
33 | Quill Shaft Z 160 | 8.0 4.7 | 0.1/ | 140 | 4.2 | 2.5 | 0.20] 140 | A5 |5.9 _v%
34 | Pump Shott X | 50 | 2.6 | 1.5 |0.33 | 140 | 2.8] 1.6 | 0.31| 140 | ¢.8]| 2.7 |0./12
39 PumpP Sh aff f (50 112.5] 7. 4 10.07 | 40 14 8.2 | o.0¢cl 140 | 29 1/.4 | 0.04
36 | Pump Shatt 4 150 561 3.3 (0451 1401 9.8 5.6 |a.08| 140 ] 21 | 8-3|0.06




TABLE 9 Sinusoidal- Only Test
Functional Sump/pump/Turbine Assembly
Z-Axis Test Results

_ First Resonance Range 6o-68HZ
Sump Filled With Liguid Nitrogen

NO __Insulatian 1.5" ThicK_Foam Ipsylatioq
Acc.NO]  Location Direct. | $(H2) | Gpeak| Q € | fH2)] G aQ | $ |fHz) Ggé;_&__g <
5 Top E[angg(cm{@/) Z llo-1o0] 1.7 / — l10-100] 1.7 / — |lo-100]| 2. / J—
16__|Svmp[pump Flange () | X ¢8 | 1.05 | 0.6 |083| 64 | 1.2 | 0.7 lowu | 62 | 2.2 | 0.9 0u56
17__|SvmF/pump Flange(t) | Y ¢2 | 1.1 _| 0.7 | 0.7/ | Bad Data o | 4.5 | |.8 |0.28
18__|Sumplpump Flange(t) | Z 2z | 3.8 | 2. lo.24| 62 | 3.1 | 1.8 |0.28] 60 | 5.0 | 2.0 | 0.25
19 | Sump/pump Flanzz (R) | X &8 1.0 o6 o83 ¢2 | 1.6 | 0.7 |0.56| g0 | 2.3 | 0.9 0.56
22 | Turbme Flang2 (L) X 64 | 50 | 2,9 |0.17 | 62 | 7.6 4,5 1o.11 | e0 | 155 | 6./ |0.08
23 |Turbine Flange (L) Y 1¢2 1 46 156|007 2 | 1l | &.51008] ¢0 | 22 | 8.7 |0.06 |
24 | Turbine Flanpe (L) Z o | 27 | 189003 ¢2 | 28 | 16.5]0.03]| 60 47 | 18.5]|0.03
25 Tgrb/neﬂag.;e(R) X 62 1 291 LT 10,291 o6& 11 | 6.5 |0.08! 60 | 2/ 8.3 |p.06
28 |Tuibine wheel X | Bad Data i 62 | 4.6 2.1 1019 62 | é.0| 24 |0.2]
29 | Turbine wheel 62 | 1.6 | 4.5 | 0.1 62 9.6 | 5.6 |0.09] ©2 19 | 7.5 |0.07
30 |Turbine wheel Z 64 | 31 18.2 lo.03 | g2 | 3| |18.2 |0.03 0o |.50.0119.7 [0.03 |
31| Qujll Shaft X |65 | 8.0 4.7 011 | 68 | 6.6 |39 |0.13] 60 | 9:013.5 10-]
32 | Qujll Shaft Y 60 | 13 | 7.6 lo.o7| 66 | 7.6 | 4.5 0.1l | 60 | (© | 4.5 10.ll
33 | Qquill shaft Z 1oz | 3.2 | 5.4 009 ¢4 |13 | 7.6 |0.07] 6o | 19 | 8.3 10.06
34 | Pump Shaff X 165 | 1:8 1 1-1 |0.45] @2 | 2.1 | 1.2 |o.42] g0 | 3.6} .2 10.42
35 | Pump Shat Y 1 ¢5 | 1.9 1 1.2 |0.42] 68 [ 2.2 1.3 |0.38] 60 | 3.5 |.4 |0.36
35 | Pump Shaft Z | o4 | 6.0] 3.51014] 66 | 5.8|34 |0.15] 60 | 8.81.3.5 10.14




! TABLE 10 Sinusoidal-0Only Test
| Functional Svmp/Pump/Turbine Assembly
t Z-Axjs Test Resuvlts

Second Resonance Range 130-K50 HEZ
Sump Filled With Liguid Nitrogen

NO Insulation 1.5” ThicK Foam | t10n
Ace. NO. Location Pgm f(H®)| Gpeak| Q S |£(H2)|Gpeak| @ FHz) | Goead @ | S
5 ___|Top Flange (Control) Z_ |100-200| |7 / — |1o0-200 1.7 l — 1100-200] 2.54 | | —
16 |Sump/pump Flan22i)| X 50 | 1.3 | 0.8 (063 1401 1.8 | 1.| 1045|140 | 3.0 | 1.2 |0.42 |
17 |Sump/pumpFlapge)] Y 1140 | |.] | 0.6 |0.83 | Bad Datq. 140 1 4.4 | 1.7 |0.29
18__|S50mp/Pump Flenge(t)| Z | 140 | 2.4 | 1.4 10.36| 140 | 3.5 | 2.] |0.24) 140 | 4.2 -] 10.29
19 sump/pumPFIMgc(R) X 150 1 1.5 1 0.9 lo.56) 140 | 2.4 | 1.4 |0.35] 150 | 3.3 | 1.3 |0.38
22 |Turbine Flange (L) | X 50 1 2.4 | 1.4 |0.35| 140 | 2.5 | 1.5 |0.33| 1401 4.6 | 2.7 0:/7
23 |Turbine Flange (L) Yy 150 | 1.8 J |45 140 | 2.5 1.5 |0.33]| 150 | 5.0 | 2.0 |0.25
24 TurbineF/ag.js(L) z 140 | 2.1 [-2 1042|140 | 2.8 | |6 |0.3] | |40 4.2 1.7 10.29
25 | Turbine Elange(R)| X 1401 2.01 1.2 |o42 | 140 1 3.3 1 1.9 |0.26| 130 | 7.2 | 2.8 | 0./8_
28 |Turbine whee| X | Bad pafa. 1140 2.6 | 1.5 |0.33] 140 | 3.0 | 1.2 | 042
29 [Turbine wheel il 4 1501 2.1 1 1.2 1o.42| 150 1 3.9 | 2.3 1o.22| p50 | 7.6 | 3.0 | 0:/7 |
30 | Turbine Wheel Z | 150| 3.0 1.8 |0.28| 140 | 331 1.9 |026] 140 | 6.0} 2.4 |0.2] |
31| Quill Shatt X | 140l 12 | 71 lo.07| 140 9.8 | 5.8 |0.08]| 140 | 14 |5.5 0.0
32 | Quill Shaft Y | 5ol 14 | 8.2 006 190 12 | 7./ |007) 130 | 14 | 5.5 10.0
33 | Quill Shaft = 50| 11 6.5 | 0.08| 140 | 11.5| 6.8 o-07]| 130] 12 | 7.5 | 0.07
34 | Pump Shaft X | /401 3.2 | 1.2 |0.26|140].3.2] 1.2 |c.26| 140 )| 6.8 2.7 |0./7
35 | Pump Shatt Y | 140 2.0 53009140 16 | 9.4 |0.051 140 22 | 8.7 |0.0C
36 | Pump Shaft Z 140119 111 lo.as1 1401 24 | 14.110.04 ] 1401 35 |13.8 |0.04




TABLE 1 Sinusoidal-an// Tes?

Functional Sump/Pump/Turbine Assembly
X-Axis Test Results

Resonance Ran/ye — 140 -2oo HZE

: NO Insulation | 1.5 7f,ek msetation
Acc. No. Location Direct.| $(HZ) | Gpror | +(HZ) | Greox | +(HZ) | Gpeax
4 |Top Flange(control) X wo-2e0| 1.7 |100-220 1.7 |100-200 2.54
16 £59mp/pymp Flange (L) | X 200 | 3.4 180 | 6.6 | 170 | 7.&
17__|59"P/Pump Flange (L) | Y 200 | 2.3 | 180 | 9.6 | 180 | %.0
18 |Sump/punip Flangeil) | # 200 | /.2 | 170 | 3.3 1| 180 | 4.2
19 | Sump/pPumpFlasiz(R) | X 200 | 3.7 | 170 | 7.2 | 180 ] 9-2
22 |Turbine Flagge () | X 200 | 4.6 | 170 /6 170 | 16
23 |Turbine Flange (L) | Y 100 | 2.3 1 170 | 12 180 | 15
24 | Turb/ne Flange (L) | Z 200 | 2.4 | /70 | 6.0 ! /70 | 9.
25 | Turbjne Flagge (R) | X 200 | 6.0 | 17201 13 1170 | 14
28 | Turbine wheel X 190 | 4.6 | /70| 17 | 190 | (9
29 | urbine wihoe! Y 200 | 6.0 | (80| 35 | 180 | 24
38 | Torbine wheel Z /180 | 3.0 | y70 | 19 | 170 | 28 |
31 _| quill Shaft o 190 | -2 | /70 | 8-6 | x50 | 10.5
32 |auilf Shaft_ y 200 | 4.4 170] 12 | 150 | 9.2
33 | quill Shaft Z 190 | 6.0 | /62 | 12.5]| 1490 | /5
34 | pump siarf X | 2201581 /12| 12.5] 160 /€
35 | Pump shatt Y 1180 30| 70| 76| 152 16
36 |Pump sh et = 180 24 | 170 | B.2 | 182 | 1




85
r 2
§ Z TABLE
er Temperatore And Torque Data Before And After Each Test
.
C7
Torguve
Tasd | by ol Tenperatue | Before Test | Affer Test?

Inpyd_Level |AXS | Before Test gffes Testd | N-M (n.-02)| N-M(in.-0Z)| Remarks

1.7 Gozex(sined | ) 252 (779 | 25% (7799|0169 (24) | 0.169(24) |Takles 7 and 8 (1.5~ Tk Iaselarson)

| 2.54Gpeax (sine2 | Y | 22.2€(72F), 22.2° (72%) 0.169(24) | 0.167(24)_|Tables 7 and B (.57 Tk 1rsufareail

1.7 Greaxlame) | Z | 17.2%63%F) | 15.6 % (60 #0169 (2 [ p.167 (240 |Tebles Qard /2 (/.5 Tl Inselaroond

2.546peax(siae) | Z | 15.6% (607) 14:1%€ (8% 0169 ( 2:4) | 0.069(.2-1) _|Tables 9879 /0 (1.5 Theh lasyfartion?

1.7Goeax (sine) | X | 8.3°¢ (277F) 2.8% (370 | 0./67 (24) 0.226(32) |Table 1/(/-5 “ ThicK Insofatier)d

ot ooy (smel | X | 22.2% (7296)] 22.2% (72%)| 0.169 (24) |0-167 (24) |Teble I/ (/. & Ak lpsuiatic )

L98 Grms (Fandml__ Y 2/.1% (70%) | 21.1% ( 70%FA 0.167 (242 | 2.l61 (24D |

1.98 Grms{Fandend)| 2| 19.9% 67D | 17.2% (632} 016 (1) [ 0-167(24D e 4

4.6 Grmis(Krrdomll X 22.2% (520 22.290(72 40\ 0462 (242 | 0.167(24) 1.5 ThicK Insvlatsont

1.7 Gpeax (Poo) | X | 2.8%(37%) | 0-6% (33%) | 0,226 (320 | Q-22(32) L

2.54GeanlPogo) | X | 222%(72%) | 22.2°%€ (72%) | 0.169 (24) 0./6%(21)
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oY(270°) ot

; Y-2(350/0°)
VIEW LOOKING ZO.2

- /—covza PLATE
o, [

=

C I

TRAPEZOIDAL
VIBRATION
FIXTURE

BASE PLATE

SHAKER
FORCE

(THE SENSITIVITY OF EACH ACCELEROMETER IS SHOWN IN TABLE 1)

FIGURE 5 - GENERAL VIEW SHOWING LATERAL VIBRATION TEST SET UP

Y = AXIS TEST AS SHOWN

Z - AXIS TEST ROTATE TOP FLANGE® 90° clockwise
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