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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. 
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A series of vibration tests were successfully conducted on a 

Centaur LOX boost pump in a non-operating mode. These tests 

wer.e performed to demonstrate the capabi I ity of the pump/tur-

bine to withstand the boost phase of the Titan Centaur Proof 

Flight (TC-l). The first series of tests were conducted at 

the simulated TC-l 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 the third series, the test scope was extended to demonstrate 

that low frequency sinusoidal oscillation along the longitudinal 

axis (POGO) which existed during TC-l flight could not have 

caused pump/turblne failure. In both the second and thi~d series 

of tests, the sinusoidal vibration level was 1.5 times that for 

the simulated fl ight 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 facil ity before and after each of the simulated 

TC-l 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 ~ny of the pump 

or turbine component parts. 
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Introduction 

The Titan Centaur Proof Flight, TC-l, 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-l 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 

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 

scope was extended to determine if low frequency longitudinal 

oscillations (POGO), which existed during the boost phase of the 

TC-l flight, could have caused the failure of the LOX boost pump. 
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Two sets of specimens were used for this test. The first set 
L 
l' 

j~, 
.. 

[ 
consisted of a non-functional (obsolete) pump and turbine, SIN 

t. 
r 728/17, and an old LOX tank sump. The second set consisted of 
, .. I t \! 

a functional rebuilt (flight configuration) pump and turbine, 
i : 
" r: SIN 2431/79, and a good LOX tank sump. For each set, the thre~ 
i ,. 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. sinu-

soidal vibration input, and to check the control capability of 

the testing equifment 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 vibration levels. Use of the non-

functional assembly for checkout precluded possible damage to 

the functional assembly due to the accumulative effects of fatique 

to the structural parts. 
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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 the trapezoidal shape fixture, 

as shown in Figure 3, was used for the transverse vibration test along 

the V and Z axes. The designation of the coordinate system is iden-

tical to the D-lT 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 V-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 vicration 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 

longi tudinal (X-axis) and lateral (V 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 and 5 are sensitive in the V-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 V-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 accelerometers mounted on the top and base plates were 
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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, Z). 

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 

8 - 500 HZ 

8 - 500 HZ 

Amp I i tude 

O.7G (O-Peak) 

1.4G (O-Peak) 

Sweep Rate 

minute/octave 

minute/octave 

For the random vibration only tests, TC-l flight level vibration 

envelopes, as shown in Figures 9a and lOa, 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-l simulated fl ight level, 

, 
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(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 equlp-

ment region of the TC-l flight and several Atlas Centaur flights, as 

shown in Figures 9a and lOa, were used to establish vibration levels 

for the random vibration only tests. TC-\ flew with two accelero-

meters in the Centaur propulsion equipment reqion. Measurement 

CAS0' was located on the H202 bottle support, sensing V-axis vibra­

tion. Measurement CA920 was located on the pneumatic panel, sensing 

vibration normal to the aft bulkhead in a direction approximately 

450 from vehicle longitudinal axis (X-axis). Flight data from 

measurements made on TC-\ during launch and transonic phases are 

joined by I ines on Figures 9a and lOa. Data from the same or similar 

location on previous Atlas Centaur flights were also plotted on these 

figures. To be conservative, the envelopes with constant g2/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 rando~ vibration only confidence demonstration test levels for 

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

2.25 times TC-I simulated flight levels, .. ,s shown in Figures 9 and 10. 

r­
j 
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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 Grms (1.7 Gpeak)' which 

envelopes the maximum Grms values as measured on the aft bulkhead 

of TC-1. The flight values (GrmsJ are the magnitudes written in the 

parenthesis of the legend on Figures 9a and lOa. The confidence 

demonstration vibration test levels were chosen to be 1.5 times the 

amplitude of TC-l flight vibration levels. The conditions for the 

simulated TC-1 flight and confidence demonstration vibration test 

levels are as follows: 

Test Frequency 
Conditions Range (HZ) 

Simulated 5~- 8 
TC-l fl i ght 

f 

Confidence 5 - 10 
Demonstration 

Amplitude 
in. (O-Peak) 

0.25 

0.25 

Frequency Amp I i tude 
Range (HZ) G (O-Peak) 

8 " 500 1.7 

10 - 500 2.54 

Sweep 
Rate 

minute 
octave 

minute 
octave 

The data from the accelerometer mounted on the Viking Dynamic Simulator 

(VDS) indicated low frequency, high amplitude, longitudinal (X-axis) 

oscillation during TC-l flight. It started at approximately 180 

seconds after I ift-off and continued for appr0ximately 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 Freguenc:z: Range Amelitude Sweep Rate 
(HZ) G(O-Peak) 

Simulated TC-1 8 - 16 1.7 4 minutes 

Fl i ght 
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 4. 

Table 1 shows the sensing axis of these transducers. For the fi rst 
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test run. number 1 transducer was used to ~0ntrol the input vibra-

tion levels. as shown in Figure 1 1. Figures 12 through 16 are the 

vibration responses obtained from the other 5 accelerometers during 

this run. Figure 14 shuws that the natural frequency of the first 

longitudinal mode was at 4Bo 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 3Bo 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 ru~, number 4 transducer was used to control 

the input vibration levels, as shown in Figure 20. Figures 17. lB, 

19, 21, and 22 are 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 frequency of the first longitudinal mode. 

Figures lB. 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 located 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 turbine. 

''-'r 
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(8) Control Accelerometer Location for Transverse Fixture 

For the transverse fixture (trapezoidal shape) vibration checkout 

test, six accelerometers were used, as shown in Figure 5. The 

sensing axis of the accelerometer numbers 1 through 6 were as 

shown in Table 1. For the third test checkout run, number 2 trans-

duc~r was used to control the input vibration levels, as shown in 

Figure 24. Figures 23, 25, 26, 27, and 28 Clre 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 46 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, 

f 
i 
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I 
! 

and 34 are the vibration responses obtained from the other 5 accelero-

meters during the fourth test run. Figure 30 shows that the input 

shaker forces decreased as the exciting frequency increased. The 

input shaker force reached a minimum when the exciting frequency 

coincided with the natural 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 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 vibration levels (0.7G and 

1.4G as previously described) were used for both dry sump and 

sump filled with I iquid nitrogen tests. 

There were two randomvibration 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, lOa, and lOb. The maximum variation of the actual 

test levels (Figures 9b and lOb) were well within the specified 

tolerance I imit of ±3 db. Furthermore, for the X-axis test, the 

overall Grms of the actual laboratory test levels was 3.1, which 

was essentially the same as the specification test levels of 3.06 

Grms ' For the Z-axis vibration test, the overall Grms for the 

actual laboratory test levels was 1.25 as compared to the specifi-

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 damage. 

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 Assemblv 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 1 jquid nitrogen for both test 

conditions. For the first series of vibration tests, th'ere was no 

sump insulation and turbine temperature control. However, for the 

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

turbine was heated to better sin,ulate the fl ight 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-l 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 IIPOGOIi 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 temperature during 

TC-1 flight was approximately +60
0F (15.6°C), whereas the turbine 

temperature during the first flight level vibration tests was 

estimated to be below -1000F (-730C). 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 the 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-l flight level sinusoidal 

only, random only, and ··POGO" tests except the vibration levels 

were increased as previously discussed (see input vibration test 

levels). These tests were conducted using only the functional 

assembly, and with the sump insulated and the t~rbine heated. 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 acceptance 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 

sinusoidal 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 data plots obtained from the entire test program, 

no other data plots are included in 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. 
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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 test specimen, and the subsequent inspection, revealed 

no abnormalities and demonstrated that the control capability of the 

test equipment was acceptable. The functional test specimen was 

installed and TC-l flight level sinusoidal only, random only, and 

IIPOGO" 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-l flight level tests were successfully repeated. 

Subsequently, confidence demonstration level vibration tests (vibra-

tion levels in excess of the TC-l flight vibration levels) were suc-

cessfully conducted. The abbreviated acceptance tests conducted on 

the functional pump/turbine assembly by the vendor (Sundstrand) after 

the first TC-l fl ight level vibration test (without insulation and 

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

tion tests, showed no degradation in performance from the original 

acceptance test p'rior to any vibration. The final disassembly and 

inspection of the functional pump/turbine revealed no evidence of 
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damage. 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 Frequency 

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 

Z 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. dry sump 

b. sump filled with I iquid nitrogen. no sump insulation, 

and cold turbine 

c. 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 
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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 hi§h 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 9 

peak, the responses at the turbine flange and turbine wheel were 

37 9 peak and 36 g peak, respectively. 

Table 9 shows the sinusoida~ vibration test results along the 

Z-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, -100oF (-730C ). 

For the second condition, th~ 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 the direc-

tion of the input excitation regardless of the different input 

vibration levels and various conditions of sump and turbine. At 

the input vibration levei of 1.7 9 peak and the first condition 

of sump and turbine, the responses at the turbine flange and tur-

bine wheel were 27 g peak and 31 9 peak, respectively. At the 

input vibration level of 1.7 9 peak and the second condition of the 

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

wheel were 28 9 peak and 31 9 peak, respectively. 
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Table 4 shows the sinusQidal vibration test results along the V-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 V-axis regardless of the different sump conditions and 

input vibration levels. At the input vibration level of 1.7 9 peak, 

the responses at the turbine flange and turbine wheel were 42 9 peak 

and 40 g peak, respectively. 

Table 7 shows the sinusoidal vibration test results along the V-axis 

of the functional sump/pump/turbine as~embly 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 g peak and 

the first condition of sump and turbine, the responses at the tur-

bine flange and turbine wheel were 38 9 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 3.4 9 peak and 42 9 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 1 iquid 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 9 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 9 peak, the feSPQnSe~ were 16 g peak 

and 18 9 peak, respectively. 

Table I I shows the sinusoidal vibration test results alon9 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, -1000 F (-73CC). 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 

condition, high responses exist at the turbine flange and the quill 

shaft along the X-axis, and at the turbine wheel along the V-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 9 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 V-axis. At the input vibration 

level of 1.7 9 peak, the responses at the turbine flange and turbine 

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

(B) Responses at Second Natural Frequency 

The range of the second natural frequency of the non-functional sump/ 

pump/turbine assembly obtained from lateral (both V and Z axes) vibra-

tion tests varied a.ccording 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 s~cond natural frequency of the functional sump/pump/turbine 

assembly (with and without insulation) as obtained from the lateral 

vibration tests (both V and Z axes) wa5 in the range of 130 to 150 HZ 

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

natural frequency of both assemblies, for both V 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 V-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 V-axis. At the input vibration level of 1.4 9 

peak, the high response at the pump shaft was 68 g peak. For the 

sump filled with I iquid nitrogen, the high response was at the'pump 

shaft along the V-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 V-axis 

of the functional sump/pump/turbine assembly under two different 

conditions. For the first condition, the sump was not insulated and 
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the turbine was cold, -1000 F (-730 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 dlrectlon 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 the pump shaft along the V-axis was 12.5 g peak. 

At the input vibration level of 1.7 9 peak and the second condition 

of the sump and turbine, the response at the pump shaft along the 

V-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, -1000 F 

(-730 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 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 9 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. 

(c) Magnification Factor (Q) and Damping Coefficient (~) 

Two important dynamic characteristics, magnification factor (Q) 

and damping coefficient (5'), are included in Tables 7 through 10. 

When a structure is subjected to a forced 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 V and Z axes, respectively. The data pre-

sen ted 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 of 2 to 3 percent. Tables 8 and 10 show the test results 

at the second mode along Y and Z axes l 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-l (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 could sustain the vibration experience 

in the boost phase of both the TC-l 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. 
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TABLE L - A"ele(MZe/~c Loca!t;'tt:s 

Ace.. No. I loca.l i c 11 

I I Base PIa-Ie (2. 70° A~iAl) I X X X 
2 I Base Plo.le (270"Aeim) r --y y z. 
3 Bo..5e Plale (270 0 A c inl) ~ C Y 
4 Top Flo.' I-?e. (2 ~~o!l~!/n) X )( X 
.s Top Fla-!!/M_1.~70 () A l:/~11 )'1 Y i!. 
6 JoE- FloJl-/::':" ( 270 CJAz/,,1j ~ C . Y 

I 6 5~nJf'/f'tJ!!'E,c~'!!1~[!-'lJo A c/;,J.) X X X 
17 5u/IJIYPtJ" 'fF/(J '!'72 ( 27{) !)A ;-;'/l I) Y y Y . ~- - - .-
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2 Tvri2i tJ_e Flo.,w'er 2 100 /jf!/"') X X X 

23 TUfbineF/tJJl·1e ( 270oA:!lil/) Y- y' y' 
2 TtJ fb/ne f/~.!2~{~]tJ()AZ;If1} ~ r c 
2..5 Tv{_b if)~_ F/~~l~ {qooA~ itl J J X X X 
28 Ivli-,ile whee l (21t)°Az/~IIj_ )( X X 
2q TUlb/"e. Whee// 27(}€',/I.l'//J !.L y y y 

..30 Turbine Whee/(2700 Ilbnt) I z ~ i!!. C ~ 
31 qyill Sho.O (a 700A~/m) X X X 
~2. Quill s ho ff (ZZ{(()Il~/"n1) JI Y y 
..33 Qu ill ShJfl (270o Az/",,,) i! Z z: 
34 ftJ"'t .sbrJ. ·'f ~ 7tJ° /1;:/",; X XX 
35 purllP-Sh af! f27()O/l;!-/r/1) y Y Y I 
36 PVlJ lf .5/; (; i /27,Jo-/J.f;/rJJ) Z C i!- I 

Nofe : All Acce/~tomele,:S Are MMUio..cl,)!"e B/ Endevco AIIJ llave A Ct:Ll'ab"/"~ 
Uf 10 /o0!l '.:J O v'el' A rregue/1C/ Ra~!l/e v? ."Ie::" 5ao #.e 
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Non-Fullcfiono..l S um p!pumplru,./;//7e ASSen1j,'Y 
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F i rsl1?eso/la/)ce "Rcu}fe - 6 0 - 6B#~ 

.1)(t .5t1n1P · StJl1Il' r//I Wll'~ ~N.z,. 

J)i;~+' -F(H~ G-peaK fflli!. ) (;peo..K +(H2) C;peaK .fr/lz) 

c- /0-100 0.7 /O-/t)O 1·4 /0-/00 1·4 /0 -/00 

X ~2 1.8 ~o .3 .. 2 {j4 1. 7 66 

Y 62 2 . 5 62 3 .6 6--1 2~£ _€:6 
iE ~2 2 ·3 00 ..5. 2 62 4.7 -!t-X 02 1. 9 :~ .- ---3..6 62 /,7 

X 62 -5,4 /0 .5 ~2 1(l. 5 ~5 

Y 62 .3.4 ~2 q.~ 62 /1 ~4 

C ~ 18.5 t;o 2 2. 0 02 33 ~4 

X t?L ,5.8 02 8 . 0 62 II 62 
X ~L 2~8 C;2 6 . 0 t-- 62 .3. 0 62 
Y 3.0 

-- e--- -...,.-
02 00 /0 . 5 65 I 1.8 68 

~ 62 IB. o 60 3.3. 0 62 28 61 
X 6-1- 1. 7 64 4 . 6 Eo d ..£h I, t. ~6 

y 62. 2.0 62 14 . 0 8tzd 1Jala 60 
-

i!: Cio 7.0 ~2 ..5. 2 13adJJala.. 64 
X C,2 2.1 02 4.0 ~2 / . 8 62 

Y &'2 2 .3 02 _..&L C;2 2.1 68 
~ 13c.ld Yo/a ~o 8 ,5 64 

- ---
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G-p~aK 
/,7 
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2 . 3 
-5.8 
/ . B 
-'2 
14 
37 
/2 
4.4 
11.5 
..36 
6 , 6 
/3 
5.6 
/,15 
C,b 
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Non-Func1ional Sump/pumplruf"bine AssembV 

Y - Ax.;s Tesf 1fes()//~ 

Firs! 1?eSO/1a1Jce 7?a'Jfle - 60 - 70#£ 
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TABLE G SI;'I).s()ld'ttI-tJ/I~ i~f 

NOI1- rtJnct/o/lt).1 Sv",1' / ,PtJm~ / Tvr~//1~ A.sse.m"7' 

Y"AXi:! 7~1 1f~tJ/l~ 

<Prj $v/J',P (/ 7~ -If''.H~) 
Secl)/ld 1i'~()/1MCe J?tv1 'e 

. 'Yf .5tJdI/ ~/A 1./Iz ( l..3o-/5CJ H~) 

.,tJ"f S vmp s ump rill W/i'A.t~ 
LOW!;!)!') J)ifecl -to/"e) IGpeoi\ -{trIll Gp~al< -(Olz) (i-P_"'oK 7 rH,!) r- ____ . ./ 

Top FIM.ne(co/J/rp/) Y /00 ' 2t>O 0·1 /oo-2CKJ 1,4 /OO -ZoO /,4 l/fJO-21>IJ /,7 
PUn1f'/stJ/1'j7 rltt/JAe/L) x /80 5.2 180 /Z 140 ,5·6 140 6,8 
PUh1f i s {J/JI/, ;:/d.//lje(L.J y 180 .5,2 /80 / 3 / 4£) 1-4~ 6 /40 5.6 
PtJt7J pls(}/1''? ;::-/o//!Jt? IL) C IQo 2 .5 /1/0 6,0 /40 I '~_- .-iLk) 2 .2-
Pum/'IStJ/1jt7 f'/{l/Pt" (10 X 180 .v.z 190 14,5 _~4:fL ~,6 !!to 7.13 
11.11 1> lile f'1/1.1 (1';: (L) X 180 4,2 /80 21 /40 4,f) 140 '·4 
IUlb/;',:? r /tl/ I ,t;' (L.J Y 180 3.4 /8 0 7.2 140 ~.2 140 a.e, 
w, bllle F /alNt I L) -.. /BO 2·7 lfo (,,4- L4<2 4.7 140 .. 5.i. z=. 
iu,v lde. FlarJ/le (If) X /'/0 .3JI /,,0 1'.3 140 ..3.5 14/) ..5",0 
TtJt'b/i/~ 'vIlleel X. 180 /.'1 180 5.0 14/J 1,9 /40 3.4 
-rurl)/~~ IW/~e/ y' /80 ..3,2 /[30 / 3 /30 6 , 0.._ _J3/L ~L 
f u r b l ;l('. wA.",·d E 190 / ,2. I C/O 4,/ /4() < ~,l? I.."f) .3,4 
O(l /II shafl X 18 0 4.(, IBa /tJ,5 B o.} iJt1la 1-5'0 It? 
Qu/II ,slltlfl y 180 6 , (} 180 /2 13M JJtl ra. 140 20 
au/II ~/)fl( I ~ leo 9.4 /80 /~ 1..30 3:/ !.Sa I~ 
PUll1fJ shelf I X /BO 3 . 8 J7tJ 8,2 }40 2l /30 i.3 
Pl.lIJIP Colla!7 j 180 25 180 68 /3 0 3/ 130 ..32 
PUI1IP ~/A.lr1 c- 130 d ..J)t1 jp.. /3(J / 6 14tJ /4 
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TABLE 8 sil1uso/c/ol- Ollly Tes! 

F"ullC -f;o nat SUlTlp/pump/rufh ilJe A 5semb If 

Y-A~is Tesf Resul,s 

Second ResonMce Ro..t1j/e 13(}-160Hr 

Sump Filled wah Ligu/d Niff'0/le/J 



TABLE q Sirws~id().l- Onl)' Tesi 
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lOP F1a1fe(co/1lro /.J X 100 -2(;1) 1.7 IOO ~.l:.J /,7 I OO-.2co 2.54 
"rSv"'I'/PU/'I" Flat1t4e fL.) X 200 ..3.4 180 6.6 17t) 7·6 
SVt1'P / PumP ;:-lat1-fe IL) y 200 2.3 180 '1.6 18C) !J.2-- --
.5uI1IPjPll/J/r FltVl,'le iL ) r 200 1·2 170 .3.3 18t) 4.2 
SVI1JP/P{//I)P Flal }.':' fR) X 200 .3.7 170 7. 2. 180 9.2 
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7i.h'f. 'I}e W/;,?t:/ X' (fit) A.b /70 /7 Iqo '9_ 
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FIGURE 1 - S UMP/PUMP/TURBINE ASSEMBLY ( I NVERTEO) 
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FI GURE 2 - LONG I TUD I AL V I BRAT ION TEST SET l IP 
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FI GUR E 3 - LATERA L VIRRAT ION TEST SET UP 
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FIGURE 5 - CENERAL VIE~ SH6~ING LATERAL VIBRATION TEST SET UP 
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F.lGUR"E 6 - GENERAL VIEW SHOWING LOCATION OF THE TURBINE NUT AND QUILL SHAFT 
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