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This paper provides a combined thermal hydraulic and vibration analysis of the Yonggang 

Nuclear(YGN) 3/'4 steam generators using a developed ATHOS3 code model to calculate the 

multi-dimensional two phase flow distribution, and ANSYS code to calculate the free and 

forced responses of a specific U-tube. The local porosity idea has been used |\~r the ATHOS3 

step 1 model development and the flow-induced vibration. The step 2 model development in the 

tube lane region was carried out to change into rectangular modes which separated the: [tot and 

cold sides of inverted U tubes and to enhance understanding of the difference between ATHOS3 

and Flow 3 modeling. Stability ratios for the tube vibration has been calculated using the 

developed ATHOS3 model and ANSYS code. The results of this analysis for YGN3/4 steam 

generators show that the design goals were met for all three critical regions of cross flow, with 

the stability ratios much less than 1.0. 

Key Words : Fluid Induced Vibration, Finite Element, Steam Generator, Elastic Vibration 

Analysis, Dynamic Characteristics, Thermal Hydraulic Analysis, Modified 
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I. Introduction 

PWRIPressurized Water Reactor) recirculat- 

ing steam generators are essentially large shell 

and tube heat exchangers that transfer thermal 

energy from the higher pressure primary circuit to 

the secondary turbine circuit. The energy transfer 

occurs across thousands of thinwalled inverted U 

-tubes contained within the shell. 

It is imperative to maintain the integrity of 

these tubes since they provide the main barrier 

between the radioactive primary fluid and the 

inactive secondary fluid. The failure of a single 

tube can force a plant shut down which can cost 

several hundred thousand dollars per day in lost 

power production alone. 

Tube damage can rest.h from various corrosion 

processes, as well as from frening wear and high 

cycle fatigue. Fretting wear and fatigue failure of 

tubes generally result from the excessive flow 
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--induced vibration of inadequately--supported 

tubes in regions of cross--flow such as U-bends, 

prehealer compartments and infront of down- 

comer windows. These types of failures are less 

common than corrosion-related ones (]Tatone and 

Pathania, 1984). Nevertheless, in view of high 

shut down and repair costs, there is still a high 

incentive to avoid flow--induced vibration--related 

tube failure. 

Damaging flow induced vibration can be 

prevented by providing an adequate number of 

support points along the tubes and by designing 

support configurations to have the lowest possible 

tube/tube support clearances. The number and 

location of" tube supports can be determined a 

priority by conducting a thorough flow--induced 

vibration analysis at the design stage. 

In a typical inverted U -tube steam generator of 

the type found in the majority of PWR nuclear 

power plants, there are, for vibrational assessment 

purposes, three types of shell side flows. In the 

first, bundle entrance flow is composed of either 

subcooled or saturated water of high density 
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Fig. 1 Plan view of analysis model 

which enters the lower type bundle in cross flow 

at various orientations to the pattern of the tube 

array. In the second, bundle exit flow is composed 

of a water and steam mixture traveling in a more 

or less vertically upward direction and subjecting 

tube spans in the upper region which are nor- 

mally not as well supported as tube spans in the 

entrance region. The third type, shell side [low, is 

axial flow, which does not possess nearly as much 

potential for exciting tube spans as cross flow. 

Therefore, it has not been included as a subject of 

this study. 

The "Special Report," of Combustion Engi- 

neering, "Flow Induced Vibration Analysis of 

Yonggwang Nuclear(YGN) 3/4 Steam Genera- 

tor Economizer and Lower Tube Bundle Region" 

(Beard, 1988), utilized a two step flow distribu- 

tion analysis methodology for predicting secon- 

dary side fluid velocities in the vicinity o{'the tube 

lane. First, thermal hydraulic analysis of the 

entire steam generator is performed using the 

ATHOS3 Code(Singhal, 1982). Second, using 

ATHOS3 results for boundary conditions, the 

lower tube bundle region near the tube lane is 

analyzed using the FLOW3 Code(Hiestand and 

at left side elev. - lO in. above tubesheet. 

Thakkar, 1984). There were considerable differ- 

ences in local velocities calculated by the two 

codes. These differences are mainly because of 

different modeling techniques of the two codes. 

The focus of the study presented in this paper is 

the "tube lane" region(Figure I), where due to 

lack of flow resistance, the fluid velocities are 

higher than within the compact tube bundle. The 

tube lane has a rectangular shape, while the 

ATHOS3 code models the steam generator using 

the polar coordinate system, which is consistent 

with the overall steam generator geometry. The 

ATHOS3 code can not model the rectangular 

tube lane region without tubes accurately, In 

order to access fluid velocities in the "tube lane" 

region more accurately than available from the 

ATHOS3 analysis, the code is modified for the 

"tube lane". 

2. Development of ATHOS3  Code 
Model and Flow Distribution Analysis 

Differences in ATHOS3 and Flow 3 calculated 

velocities in the vicinity of the open tube Jane and 

annulus region are partly because of different 
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Fig. 2 Fluid velocities at the cold side downcomer 
entrance level (Reference ATHOS3 analy- 
sis). 

modeling approaches of the two codes. The 

ATHOS3 code utilizes average porosity of the 

two adjacent nodes to compute cell face areas and 

it also uses a finite difference grid based on the 

polar coordinate system to represent a rectangular 

tube lane. The Flow 3 code employs a network 

representation of the flow field. Hence it models 

the details of the steam generator geometry more 

accurately. 

The "developed" ATHOS3 analysis is accom- 

plished in two steps. The intermediate Stepl 

analysis consists of using local porosity to calcu- 

late the radial direction flow areas at the tube 

bundle/annulus interface. The Step 2 analysis 

includes a model of the rectangular tube lane. 

2.1 The step 1 model development and flow 
distribution analysis 

The ATHOS3 computes the cell face area 

porosity by taking the arithmetic mean of the 

volumetric porosity of two adjacent cells. This 

method reduces sensitivity of area porosity value 

due to grid selections. It may generate unrealistic 

local results at the tube bundle boundaries with- 

out affecting overall results. 

The :radial and circumferential velocities at the 

Fig. 3 Fluid velocities at the cold side downcomer 
entrance level (Modified step 1 analysis). 

cold side downcomer fluid entrartce level are 

illustrated in Fig, 3. The velocities in the an- 

nulus increased reflecting the effect of lower 

radial cell face area porosities. The maximum 

velocity [br this model is 3.6fl/sec compared to I. 

9ft/sec for reference analysis shown in Fig. 2. 

The velocities in the tube lane nodes are also 

higher; the maximum velocity is 2,0ft/sec vs. 0. 

9ft/sec for the reference case, 

2.2 The step 2 model development and flow 
distribution analysis 

The finite difference grid based on the polar 

coordinate system is appropriately used by the 

ATHOS3 model to analyze the YGN 3/4 steam 

generator. The steam generator includes an open 

rectangular lane separating the hot and cold sides 

of inverted U-tubes. The local characteristics in 

the lane are influenced by the absence of tube 

bundle friction, It is difficult to isolate and study 

these characteristics with the model based on the 

polar coordinate system. As demonstrated by Fig. 

2, the 6.93 ~ circumferential boundary includes 

both the open lane and some tubes in the node. 

With the porous media concept of ATHOS 3, the 

properties of the open tube lane and tube bundle 

regions are combined and nodes with higher 



776 Ukhwan Sur 

Fig. 4 Fluid velocities at the cold side downcomer 
entrance level (Modified step 2 analysis). 

Fig, 5 Fluid velocities at the cold side downcomer 
entrance level (FLOW3 analysis), 

porosity and less heat transfer and friction sur- 

thces than the tube bundle nodes are generated for 

analysis. 

The Step 2 modifications are incorporated in 

the geometry preprocessor and a new data file is 

created for use by the thermal hydraulic module. 

The radial and circumferential velocities at the 

cold side downcomer entrance level are plotted in 

Fig. 4. The figure demonstrates the influence of 

geometry on local flow distribution, The maxi- 

mum velocity in the annulus increases from 1.9fl/ 
�9 - ) -  / 

sec for the reference case(Fig. 2), to 3._lt/sec for 

the Step 2 analysis, The maximum velocity in the 

tube lane correspondingly increases from 0.gfl/sec 

to 4.7ft/sec. The ma• velocities calculated 

by the Flow 3 model(Fig. 5) are 7.1ft/sec in the 

annulus and 15.2ft/sec in the tube lane, 

The "developed" ATHOS3 Code analysis of 

the YGN 3/4 steam generators are performed to 

demonstrate that the "developed" ATHOS3 code 

would predict reasonable and consistent veloc- 

ities, when compared with FLOW3, provided 

sufficiently detailed modeling of the tube lane and 

annulus region is incorporated into the ATHOS3 

normalization. 

Therefore, this model ends up with realistic 

results comparing with the FLOW3 model. 

3. Tube Vibration Evaluation 

The ASME code, Section Ill Design Analysis 

report for the YGN 3/4 steam generators will 

include an evaluation of tube vibration at all 

critical locations for the entire tube bundle config- 

uration while this paper is limited in scope to the 

economizer and lower tube bundle region. 

A vibration analysis on the YGN 3/4 steam 

generator tubes and tube supports configuration 

to obtain information required to evaluate the 

fluid elastic instability phenomena was perfor- 

med. ANSYS, a general purpose computer pro- 

gram(1992), wits used to perform a finite element 

modal analysis. 

3.1 Geometry 
A single tube in row 1 is modeled in this study 

and is supported at various locations by partial 

eggcrates, full eggcrates and a cold side flow 

distribution plate in addition to the tube sheet. 

All tubes are 0.75 inch O. D. X 0.042 inch wall. 

Figure 6 shows the tube support arrangement for 

YGN 3/4 steam generators. Eggcrates and the 
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Fig. 6 Tube supporl~, arrangement YGN 3/4 steam generator. 

flow distribution plate are assumed to provide 

simple support to tube lateral motions while the 

tube sheet effectively restrains the rotational and 

translational motions, 

3.2 Finite element model and eigenvalue 
analysis 

The finite element model(FEM) is composed 

of 122 structural pipe dements defined by 123 

nodes with mass characteristics calculated from 

the mass equation described above. Flow distribu- 

tion evaluations performed in Section 2.2 deter- 

mine primary and secondary fluid density data for 

this purpose. A schematic of lube  row I is shown 

in Fig. 7 with support locations identified by 

node numbers used in the FEM analysis, The 
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Fig. 8 Comparison of cross flow velocities with 
modal displacements and frequencies. 
(Cold side tube lane). 

Fig. 7 ANSYS model for YGN 3/4 steam genera- 
tor (Tube row 1). 

modulus of elasticity for each element is assumed 

constant, 28.7 • 106 psi, and is based on a conser 

vative average tube operating temperature of 600~ 

at 100 percent power for row number one. 

Figure 8 provides a composite description of 

the cross flow velocity distribution and pertinent 

mode shapes for YGN 3/4 steam generator tubes 

on the cold side. Assessment of modes most likely 

to be excited by cross flow and produce damaging 

vibrations is enhanced by this data format. 

An eigenvalue analysis determines the mode 

shape and natural frequencies for the tube model 

described above. The first seventeen modes of 

vibration vary in frequency from 35,4 to 281 Hz. 

Figure 9 contains the three modes of interest 

regarding flow induced vibration assessment. 

Modes 15, 16 and 17 exhibit maximum response 

in the regions of flow at the cold side recircula- 

Fig. 9 Mode shapes for YGN 3/4 steam generator 
(tube row 1). 

tion entrance, hot side recirculation, and 

feedwater entrance to the tube bundle, respective- 

ly. These modes will be evaluated in the following 

section with regard to effective and critical veloc- 

ity leading to a determination of stability margins 

against potentially damaging vibrations. 

Normally tubes in a heat exchanger are subject- 

ed to fluid cross-flow. There exists a threshold 

velocity where the onset of fluid-elastic unstable 

vibrations occur. This is defined as the critical 

velocity and is given by equation (Connors, 1980) 

~ ,  = L /ed  ~ /  (pod 2) ( I ) 

where 
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Fig. 10 

Fig. 11 

Model for YGN 3/4 cold side downcomer 
entrance tube bundle cornel" region. 

Model for YGN 3/4 cold side feedwater 
flow distribution in the tube lane. 

Fig. 12 Model for YGN 3/4 hot side flow in the 
tube lane. 

f , ,= Natural Frequency of nth Mode of Vibra- 

tion (Hz) 

k - T h r e s h o l d  Instability Constan~t (Dimen- 

sionless) 

d - - T u b e  O. D. (in.) 

Mo=Reference Mass of Tube per Unit Length 

I b sec2/in 2 

8o-- Logarithmic Decrement=2a-~ 

~:=Damping Ratio of Tube in Fluid 

f)o--Reli:rence Fluid Density Ib-sec2/in 4 

If the cross--flow occurs over a partial span or 

only one span of a multiplan tube, the effective 

velocity must be determined since the critical 

velocity is greater for partial than full span flow. 

Reference(Connors, 1980) presents a method for 

determining this value which is denoted by the 

term, Veff. 

The general equation(Connors,  1980) for this 

evalualion is given by 

l.~-,o~ .. (x) 
l P~ =--V(x)2q'(x)2dx 

C :5 - 7 -  
J -eve ,  r 

(2) 
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Fig. 13 Relationship between efl'ective velocity and 
modal displacements. 

Table  i Flow-induced vibration analysis results for 

YGN 3/4 steam generator. 

Location of 

Enlrance Flow 

('old Side 

Recirculation 

Fluid Entrance 

Cold Side 

Feedwater 

Entrance 

Hot Side 

Recirc. Fhlid 

Entrance 

Notes: 

(I) S. R.=Stabili ty Ratio-- V~.,y/Vcr 
(2) C. E. results 

S.R.i~ 

0.71 
(0.45) ~2) 

0.28 

(0.43) (2) 

0.73 
(0.68)/21 

where the upper integral is evaluated over the 

flow region and the lower integral over the com- 

plete tube span. 

Crit ical  velocity calculat ions for Y G N 3 / 4  at 

three critical regions of  highest cross-f low, the 

cold  side d o w n c o m e r  entrance,  f eedwate r  

entrance flow, and hot side downcomer  entrance 

above the tube sheet were perlk~rmed. Vibrat ion 

mode shapes and natural frequencies utilized in 

the evaluat ion of  Vcr are shown in Fig. 9. Cross 

flow velocity distr ibutions presented in Figs. I0 

through 12 are used to evaluate the efl'ective 

velocities, V~,rr, and are obtained from the flow 

distr ibution analysis results of  Sec. 2.2. Figure 13 

is provided as an example of  the relative contr ibu-  

tion of  each span modal  displacement to the total 

effective velocity calculat ion.  

4. Results  and Conclusions 

The developed A T H O S 3  model flow distribu- 

tion analyses, Step I and 2, demonstrate  that 

representative local velocities can be obtained 

with the A T H O S 3  code provided sufficiently 

detailed model ing is used. 

A summary of  vibrat ion analysis results is 

presented in Table  1. YGN 3/4  is evaluated at 

three critical regions of  cross flow. The last col- 

umn is the stability ratio, (S. R.), which is an 

indicator of  tube susceptibility to potentially 

damaging flow induced vibrations.  The onset of  

instability occurs as S. R. approaches 1.0. The 

results of  this analysis for Y G N  3/4 shows that 

the design goal is met for all three critical regions 

of  cross flow. 

Based on the results of  the Yonggwang 3/4  

steam generator secondary fluid flow distr ibution 

analysis and subsequent tube bundle flow in- 

duced vibrat ion evaluation,  the predicted levels of  

tube vibrat ion are sufficiently small that no unac- 

ceptable tube vibrat ion or tube wear is anticipat- 

ed. 
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