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guitar pick) that could be lowered at a rate fast enough to pluck the structure and still get out the way fast enough to 
prevent a repeated impact.  A photo of the cryostat in operation and the ping-test assembly is shown in Figure 3. 

A titanium beam of aspect ratio 10 was then fabricated using a billet of material from the same batch as is used to 
construct the inducers.  The closest producible reproduction of a theoretically fully-fixed end was to bolt the beam 
onto a stiff column, as shown in a subset of pre-test modal analysis results in Figure 3.  Although pre-test analysis 
showed that the �W�D�U�J�H�W�H�G���P�R�G�H�V���Z�H�U�H���D�O�P�R�V�W���S�X�U�H���‡�F�D�Q�W�L�Oe�Y�H�U�·���P�R�G�H�V�� as intended, the mounting column as well as 
the four bolts connecting it to the beam, including their pre-load, were modelled to capture the natural frequencies as 
accurately as possible.  The influence of the mounting column is clear in the second mode, which is not one of the 
four targeted modes.  In addition, four thermocouples were installed inside the cryostat to provide temperature 
measurements, and two LH2-compatible strain gages were installed on the upper and lower surfaces of the beam 
near the fixed end. 

 

 

 

Fig. 4   Cryostat and Cantilever Beam Test Setup 

 

 CORRELATION PROCEDURE  

Determining a well-defined correlation procedure a-priori is also critical for accurately assessing the validity of the 
models for predicting the effect of liquid mass and temperature on natural frequency.  Of course, this procedure was 
adapted to the test results, and resulted in the following steps:  

Fig. 3  Pre-Test Modal Analysis Results 



 
 
 

Table 1 Modal Test and Analysis Summary 

Air RT  Boil-off and LH2 Temperature 
Mode 
(Test 
Order) 

Test (Hz) ANSYS 
FEM 
Opt-
imized E  

% Error  Test (Hz) ANSYS 
FEM 
Optimized  
E (Hz) 

% Error 

1 43.00 42.88 -0.28%  45.00 42.88 -.28% 
2 270.00 270.00 -0.00%  283.00 282.33 -0.24% 
3 756.25 758.5 0.30%  792.25 793.08 0.10% 
4 1481.25 1488.10 0.46%  1553.00 1555.90 0.19% 

Optimized E 1.7957E+07  Optimized E 1.96237E+07 

Water RT Added Mass Frequency Factors LH2 Added Mass Frequency Factors 

Mode 
(Test 
Order) 

Test (Hz) ANSYS 
Acoustic 
FEM  

% Error Test ANSYS Lind-
holm 

Liang Test (hz) ANSYS 
Acoustic 
FEM (Hz) 

% Error Test ANSYS Lind-
holm 

Liang 

1 25.25 25.46 0.82% 0.587 0.594   42.50 42.12 -0.89% 0.944 0.939   
2 161.75 160.30 -0.90% 0.599 0.594   267.50 265.37 -0.80% 0.945 0.940   
3 459.75 459.49 -0.06% 0.608 0.606   750.75 747.48 -0.44% 0.948 0.943   
4 911.00 918.34 0.81% 0.615 0.617   1475.0 1471.50 -0.24% 0.950 0.946   

    0.602 0.603 0.622 0.597    0.947 0.942 0.948 0.941 

 

CONCLUSIONS 
 
The first natural frequency test of a cantilever beam in LH2 reported in the literature has been performed at 
NASA/MSFC to experimentally validate techniques for predicting the effect of the added mass of LH2.  In addition, 
tests were performed at room temperature in air and in gas at close-to-cryogenic temperatures to enable an 
�H�[�K�D�X�V�W�L�Y�H���F�R�U�U�H�O�D�W�L�R�Q���S�U�R�F�H�G�X�U�H���W�K�D�W���S�U�H�F�L�V�H�O�\���J�H�Q�H�U�D�W�H�G���Y�D�O�X�H�V���I�R�U���<�R�X�Q�J�¶�V���0�R�G�X�O�X�V���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�H�P�S�H�U�D�W�X�U�H������
A final test of the beam in room temperature water was also performed.  Based on the results, ANSYSfi  acoustic 
modeling can be considered extremely accurate and can confidently be applied to more complex geometries.  Our 
results for the Modulus of the Titanium alloy used in the test also fall well within the range predicted by proprietary 
sources.   Both of these findings will prove extremely useful for the follow-on phase of this test-analysis program on 
the RS-25 inducer, and will be valuable for modeling of other structures in similar liquid cryogenic environments. 
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The second aspect is the effect of the liquid mass of the LH2 on {f} and [�) ] of the inducers.  There has been a great 
deal of both analytical and numerical work in this field beginning with Lindholm in 1965 [4] and continuing until 
�W�K�H���S�U�H�V�H�Q�W�������$�O�W�K�R�X�J�K���/�L�Q�G�K�R�O�P�¶�V���H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H���L�Q���Z�D�W�H�U�����D�V���L�V���W�K�H���F�D�V�H���I�R�U���D�O�P�R�V�W���H�Y�H�U�\���R�W�K�H�U���H�[�S�H�U�L�P�H�Q�W�D�O��
study, he did generate an equation relating the density of the liquid to the natural frequencies, where the same 
equation is applicable for all cantilever beam-type modes, as derived below 

 2
1 4m fA ab�S�U�   (1) 

Where Am1 is the added mass for beam-type modes, �Uf is fluid mass density, a is the beam length, and b is beam 
width.  This added mass can then be used to calculate the ratio of the natural frequency of the beam immersed in 
fluid �Zf to the natural frequency of the beam in vacuum �Zv (or a low-density gas) using  
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Much of the published work deals with rectangular plates with low aspect ratios, (e.g., Ergin & Ugurlu [5], 
Hosseini-Hashemi [6]) but some do examine longer beams which have aspect ratios on the order of 10 as used here, 
in particular Liang [7], who used previous experimental and analytical results to generate a correction factor for 
aspect ratio.  Liang succinctly derives and identifies the important parameters as follows: 

The added mass/unit span due to the fluid is  
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where �Uf  is fluid mass density, �Up is structural mass density, b is beam width, hp is beam thickness, and  
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These then can be directly used to calculate the natural frequency in the fluid using  

 
1

1
    . 

1 m

f

f v A
C

� Z � Z� 
��

 (5) 

As far as other work published in the literature, many of these focus on numerical solutions to the problem (e.g. 
Kerboua [8]).  As a high-fidelity multi-physics numerical code ANSYS® is already being used in this correlation 
effort, we do not believe it adds value to implement these solutions. 

 

LH2 PING TEST SETUP 

The test environment for the ping test is a large cryostat, essentially a cylindrical canister that can be filled with 
cryogenic fluids.  The cryostat is bolted to a top section (Dewar Head) that contains an actuator that can move 
axially.  Upon examination by the analysis/testing team, a simple and reliable test design and process was 
conceived.  First, since LH2 is a very low-density fluid, a previous study by Chiu and Brown [9] indicated that the 
mode shapes would not vary perceptibly from the in-vacuo case, so only a natural frequency test, rather than a full 
modal test, was necessary since the {f} of interest could be tied to the correct [�) ] using previous in-vacuo modal 
analysis and modal testing in air.  Second, since access to the filled cryostat would be difficult, the availability of an 
existing actuating mechanism within the cryostat �F�R�X�O�G���E�H���W�D�N�H�Q���D�G�Y�D�Q�W�D�J�H���R�I���E�\���I�D�E�U�L�F�D�W�L�Q�J���D���³�S�L�F�N�´�����V�L�P�L�O�D�U���W�R���D��


