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Introduction 
Large numbers of fluid elastic structures are part of many power plant systems and 
vibration of these systems sometimes are responsible for plant shut downs. Earlicr 
research at Cornell in this area had centered on nonlinear dynamics of fluid-elastic 
systems with low degrees of fidem. The focus of current research is the study of the 
dynamics of thousands of closely m y e d  structures in a cross flow under both fluid and 
impact forces. This research is relevant to two areas: 

a) First, fluid - structural problem continue to be important in the power 
industry, especially in heat exchange systems where up to thousands of pipe-like 
structures interact with a fluid medium. [ Three years ago in Japan for exxmple, 
there w a s  a shut down of the Monju nuclear power plant due to a failure attributed 
to flow induced vibrations.] 

b) Tbe second area of relevanoe is to nonlinear systems and complexity 
phenomena; issues such as spatial temporal dynamics, localization and coherent 
patterns entropy meaasures as well as oiher complexity issues. 

Early research on flow induced vibrations in tube row and array structures in c r ~ s s  flow 
goes back to Roberts in 1966 and Connors in 1970 , These studies used linear models as 
have many of the later work in the 1980’s. Nonlinear studies o f  cross flow induced 
vibrations have been undertaken in the last decade. The research at Cornell sponsored by 
DOE has explored nonlinear phenomena in fluid-structure problems. 

In the work at Cornell we have documented a subcritical Hopf bifurcation for flow 
around a single row of flexible tubes and have developed an analytical model based on 
nonlinear system identification techniques. (Thothadri, 1998, Thothadri and Moon, 1998, 
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1999).These techniques have been applied to a wind tunnel experiment With a row ( If 
seven cylinders h a  cross flow. These system identifiation methods have been used to 
calculate fluid force models that have replicated certain quantitative vibration limit cycle 
behavior of the vibrating cylinders. The methods are based on nonlinear analysis ideas 
such as harmonic balance and center manifold theory. 

In a set of new experiments we have looked at the dynamics of 300 and 1000 vibriiting 
rods in cross flow. (See Moon and Kuroda references below.) Classic fluid structure 
experiments have generally taken a reductionist view of fluid-elastic dynamics, namely 
one attempts to measure or derive forceflow relations for a single structure and then 
extend the results to a large number of structures. However in strongly non-linear 
systems such reductionist analysis does not always capture important phenomena s uch a 
chaotic dynamics, localization and coherent structures. In the case of large numbers of 
closely packed structures in a fluid flow, strong nonlinear effects include impact between 
structures. Also in large arrays, there is a natural random deviation from an exact periodic 
pattern that may affect the global spatial and temporal dynamics. Another complexity is 
the time delay effect of upstream eddies fiorn vibrating structures dnving downstrmn 
structures. 

Experimental Results 

In experiments in 2000, we studied 300 cantilevered steel rods in cross flow undergoing 
mutual impact between rods, we have observed complex, wave-like patterns as well as 
turbulent behavior in the rod array. The dynamic pattern seems to change from random- 
like behavior of the rods under turbulent buffeting for low velocities and more organized, 
wave-like behavior as the rods begin to impact one another. 

The tunnel used had a working cross section of 25.6 cm by 25.6 cm and a maximum wind 
speed of 12 d s e c .  The rod diameter was 1.59 mm and the length was 17.1 mm. 1 he 
Reynold’s number based on rod diameter was varied from 200 - 900. 
Video time sequence pictures of the rod dynamics were taken. The latter reveal moving 
clusters of rods in time which appear similar to waves of rod clusters as the inknxity of 
the impacts increases. 

The impact time history from an accelerometer mounted at the base of one of the rods in 
the last row was also measured. The accelerometer was mounted at the base so that the 
low frequency modes were filtered out and only the high frequency modes due to impact 
between rods were excited. The impact rate versus flow velocity reveals a possible 
scaling relation between flow velocity and impact frequency. The critical velocity is close 
to 5.6 d s e c  and is the velocity at which a significant number of rods begin to impact 
each other. 

In previous work we have developed linear and nonlinear force models based on 
experimental measurements (Thothadri and Moo% 1998,1999). However those models 
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did not include impact forces between rods. For rhouands of r o b  however, it is n e a  
impossible to model the hit or miss dynamics of impacting rods. In one attempt to 
develop a so-called proto-model to capture the rod impact, we are using exponential 
Todapoientials which have been used to model atomic forces. Another theordca I 
avenue is to develop a mixture rheov model or two-phase confinuwn models based on 
ideas of kinetic theory. We have been working with Professor James Jenkins of Cornell 
who has developed similar theoretical models for omnular medn 

In 2001, we increased the number of rods from 300 to 1000. We have been able IO 
accomplish the following goals; 

i) High speed video and post video image processing 
ii) Selected motion sensor measurements on a small array of rods 
iii) Accelerometer motion and impact sensing on one and two rods on the array 
perimeter. 

The results of these experiments on 1000 rods cross-flow exhibit dramatic digital video 
images of collective nonlinear dynamics of vibrating and impacting rods in the flow. The 
results also show two main collective nonlinear modes in the array of both a s y m  ietric 
and anti-symmetric spatial patterns. The results show again a critical flow velociq for 
large scale impact and the emergence of global modal. behavior. 

Conclusion 
The results of t h i s  research have made two major contributions to the field of fluid- 
structure dynamics. 
1) We have developed a nonlinear system identification methodology for identifi,ing 
nonlinear force models in fluid elastic systems that can be extended to other nodi near 
systems (See the references of Thothadri et al.) 
2) We have designed a new set of experiments with a 1000 impacting rods in a 0 . s  flow 
that exhibits emergent global behavior of the fluid structure array. 

Japan-MlTI Collaboration 
Research on the experiments of 300 and 1000 rods in cross flow has received partial 

support from the Japanese Ministry of Trade an Industry, Mechanical Engineering 
Division, through the visit of Masaharu Kuroda, research engineer, during a 16 month 
period. Mr. Kuroda helped design and canied out the experiments reported in Moon and 
Kuroda (2001) and also built an experiment with 1000 polycarbonate rods in cross flow. 
After returning to Japan last year, Mr. Kuroda has continued to conduct researcl i on the 
development of mathematical models based on the experimental data from the Cornell 
wind tunnel experiments. 
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