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ABSTRACT

Two mechanisms of flow-induced vibration of circular cylinders are proposed. The first
is based on the sharp decrease in the crossflow drag coefficient at Reynolds numbers of ap-
proximately 3x105. The second is produced by the existence of a velocity gradient in the
flow that crosses the cylinder. Stability criteria are developed by linearization of the
nonlinear equations of motion for both mechanisms for several simple geometries. A computer
code to solve the nonlinear equations of motion was developed and used to verify the stabil-
ity criteria. The computer code was also applied to comparisons with experimental results
representing both mechanisms. Good agreement with these experiments were cbtained.

An actual case of steam-generator tube vibration which occurred in Ringhals 3, Sweden,
is discussed. A possible explanation for the fretting scars on the tubes produced by the
baffle plates is given based on one of the proposed mechanisms. A suggestion is made to
correct the problem by increasing the surface roughness of the tubes. This roughening
shifts the critical Reynolds number to a lower value intended to be outside the operating

range for the steam generator.
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1. Introduction

Unexpected steam generator tube vibrations were found in the nuclear power plants
Ringhals 3 [1] and Almaraz [2] in Sweden and Spain, respectively. Since their design is simi-
lar to the Brazilian nuclear power plant, Angra 1, which is still in the mid-range power test-
ing phase, the same problem is anticipated to occur at higher power levels. Apparently, the
well-known fluid-induced vibration mechanisms, fluid elastic excitation, vortex shedding, and
turbulence, are not responsible for the phenomenon [3].

Thus, we are motivated to investigate other possible mechanisms that may have caused
the steam generator tube vibration. Since the flow conditions in the instability region are
near the critical Reynolds number [1], we will propose a mechanism of flow-induced vibration
of circular cylinders based on the sharp decrease in the drag coefficient past the critical
Reynolds number [4], [5]. Experimental evidence is found in literature, some by accident as
in the experiment performed by Humphreys [5]. He detected a structure resonance for Re near
the critical range and above. Also, Lubin et al. [6], [7] observed in a tube bank vibration
experiment that in the critical Re region an increase in the flow would decrease the vibra-
tion amplitude contrary to what has been previously observed. They mention a not clearly
identified mechanism that produced periodic response. Also, as pointed out by Tietjens [81,
page 98,v"the sudden drop in the drag coefficient in the region of Reynolds number between
2x105 and 5x105 is so large that the drag itself, instead of increasing quadratically with
the velocity, even decreases with increasing velocity." This fact is the main motivation for
the proposed mechanism of tube instability.

In the process of studying the proposed mechanism we have performed a simple experiment
blowing air on a cantilever circular cylinder lightly damped. Although this experiment showed
a dramatic instability at Re = 1000, application of a stability criterion developed in the
present work indicated the motion should be stable. This led to a second instability mechan-
ism caused by a velocity gradient in the flow which was later found to exist. Reference [9]
is another example of this new mechanism that seems to be the cause of vibration of bundled
electrical conductors. This mechanism is very important for low-frequency structures lightly

damped.

2. Stability Criteria for Drag Coefficient Decrease Case

If we consider a circular cylinder vibrating in line with a steady flow near the criti-
cal Reynolds number the drag coefficient will decrease sharply when the motion is counter to
the flow. This occurs because the relative velocity, and corresponding Reynolds number, will
increase. The reverse is also true, i.e., for motion in the direction of the flow the drag
coefficient will increase. Depending on the slope of the drag coefficient versus Reynolds
number curve the net energy input to the vibrating cylinder, caused by the drag force, is
positive. Thus, self-induced vibrations can be sustained at an amplitude such that this net
energy is dissipated by damping.

2.1 Drag Coefficient versus Reynolds Number

Consider Fig. 1. The sharp drop in the drag coefficient at Reynolds number approximate-
1y 3x105‘occurs because the flow in the boundary layer becomes turbulent before separation,
moving the separation point farther downstream and thereby reducing the form drag. Since at
high Reynolds numbers the total drag is very near the form drag, the drag force decreases [8]

when the flow is increased past the critical Reynolds number. We proceed to determine the
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conditions under which self-induced vibrations of circular cylinders in a high steady flow
can occur.

The basic assumption in this work is that the static drag coefficient versus Reynolds
curve applies in the dynamic situations, i.e., the time between separation and reattachment
of the boundary layer must be small compared with the natural period of the cylinder. Schlich-
ting [10], page 381, shows that the transition from laminar to turbulent flow, in a laminar
boundary layer with an artificial disturbance, occurs during a time t << 1/60 sec. This sug-
gests that for low-frequency cylinders, say < 50 Hz, our basic assumption in using the static
curve is justified.

2.2 Flow Across Rigid Cylinders

The equation of motion for a rigid cylinder, spring supported, lightly damped, is

M(E) + Ck(e) + Kx(t) = 3 pge (U = )% DL &5
where M, D, L are the cylinder mass, diameter and length, respectively. C and K are the
damping and stiffness coefficients. Uo is the steady flow velocity. < is the liquid density

and c_ is the drag coefficient.

DFor small oscillations about the static equilibrium position, the ¢y versus Re curve can
be approximated in the neighborhood of (Reo, cDO) by
ey = cDo - b(Re - Reo) (2)
where UOD
cDo = CD(ReO) =cp (—;—) (3

5 5 .
v is the fluid kinematic viscosity, and b>0 for 2x10” < Re < 5x10~ approximately.

Equation (1) can be written

K6) + 28ww(e) + wx(t) =

bD : )2 .
CDo +ty x(t)J a[U0 x(t)] (4)
where

€ - critical damping fraction

w - angular natural frequency

pgDL
a = e constant
We obtain the static deflection Xopo by setting x(t) = x(t) = 0 in eq. (4)
2
cDOaUO
st T 2 (5)
w

For stability of the system, consider small oscillations about the static equilibrium
position, i.e., let

x(t) = 8x(t) cos wt + X o (6)
We want to investigate the conditions for stability, i.e., under what conditions the vibra-
tion amplitude 6x(t) increases with time.

Substituting eq. (6) into (4) and equating the terms in sin wt and cos wt we obtain

abDU 2
8xX(t) = [“0 -acy U - Ew] 26%(t) ‘ (7

2v D
o

abDU 2

Sx(t) = [—# -acy U - ng Sx(t) (8)

o

thus, the condition for stability is
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abDU 2
°© =a¢ Uo - 8w <0 )

2V Do

2V Ew
b < c. U +=22)=1% (10)
DUOZ (Do o a> c

or

where bC is the critical value of b. Note that for very lightly damped systems, i.e., & v 0O,

the condition for stability reduces to:

b<—=— c_ = =b (11

Suppose we can represent the curve cp Vs Re by
_ n
c,=m Re (12)
which is linear in a log-log graph.

By definition

de
D n-1
b=- (éﬁ;) = -mn Re0 (13)
ReO
Using eq. (11), (12) and (13) for the critical value of b = bc, we have
2c n
DO 2m ReD n-1
bc ~ "Re = Re s-mn Reo 1)
o o
or n = -2 ZCD »
this means that for n < - 2, b > bc = "igg , i.e., instability occurs. Thus, in Fig. 1 the

<] .
region of instability corresponds to those portioms of the curve log c, vs log Re that have a

slope < -2, as shown in Fig. 1. °

We should recall that the above conclusion refers to the special case &~0. When this
is not the case, eq. (10) gives the full stability criterion. It is seen that the higher the
damping the more stable the system will be, as expected. Also, the higher wM = /KM the more
stable the system will be (increasing the stiffness or mass will tend to stabilize the struc-
ture).

Again, referring to the special case £=0, we note the instability condition n £ -2 for
the slope of the curve ¢y Vs Re in log-log scale was expected since the drag force increases
with the square of the relative velocity.

2.3 Flow Across Simply-supported Flexible Cylinders

The actual conditions of the steam generator U-tubes can be better represented by
simply-supported single or multi-span circular beams. We now consider the stability criterion
for the system of Fig. 2. The equation of motion is

4
BT 2V (x,6) + ¢ V(x,0) +m VG,t) = 3 0 [U - v(x,t>]2 [c + 2 G(X,t)] D as)
BxA 2 "2 o Do v

where all the symbols have the same meaning as in the previous section. Let us use Ritz
method to approximate the displacement field

v(x,t) = AE)E; (%) (16)
where

£,G) = sin g an
is the fundamental mode shape of a hinged-hinged beam. Substituting eq. (16) and (17) with

(15) and integrating along the span, we obtain
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K(t) + 280h(t) + wPA(e) = a" e [UZ i) Ae) + L A2
DO o ™ 2
+ 22 A [% U A 4 A(t)z]} (18)
WDQD
where a'" = I (19)
Again considering small perturbations about the static equilibrium position, we let
A(t) = 8A(t) cos wt + Ast (20)
where a”cDO UDZ
Ast = ———;§—- (21)

Following the same procedure as in the previous section we obtain the stability criterion for

simply-supported flexible cylinders

2V mEW
b < c., U +5%/=0D (22)
DU 2 ( DO o 2A ) c
o
3. Stability Criterion for Velocity Gradient Case

Now we will consider a different mechanism for flow-induced vibrations. This mechanism
was motivated by an experiment done by one author [3] to investigate the mechanism discussed
in §2. We have noticed a very strong instability at Reynolds numbers approximately 1,000,
i.e., much lower than the critical value, thus eliminating the occurrence of that type of in-
stability.

3.1 Spatial Variation of Velocity

In order to explain this new type of instability, we noticed that the flow was not uni-
form, i.e., there was a velocity gradient which was responsible for a net energy input to the
vibrating cylinder, as will be shown next.

We will now consider 3-dimensional vibrations of a cantilever flexible cylinder with a
non-uniform flow near the free end, as shown in Fig. 3.

3.2 Gradient Flow Across a Cantilever Flexible Cylinder

The equation of motion in the y-direction is:
4
oV . .
EL ;;Z +ecv+mv = ny(x,t) [ul(x [¢2 DT)] (23)
where ny(x,t) is the drag force per unit length along the cylinder and where ul(x—xo) is the

unit step function and the remaining symbols as previously defined. A similar equation ap-

plies in z-direction. Now let

v0e,t) = 3 A(D) £ () (24)
wie,t) = 3 B(E) £ () (25)
where fl(x) is the cantilever beam fundamental mode shape given in reference [11]. Thus,

A(t) and B(t) are the tip deflections along the y and z axes, respectively. The drag force
per unit length along the cylinder is given by the vector

Fp(e,e) = (£ (x,8), £ (x,)) = 3p,Dep |U-v] (U-) (26)
where v is the velocity vector of a generic point x of the cylinder.

Again, substituting eq. (24) into (23) and integrating along the span we obtain

K(e) + 280h(t) + w?A(t) = ¢' |U-v| - 27

where & and w are the critical damping fraction and angular natural frequency, respectively.
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C' is given by
o - DRD CD DT )
.7829917558 m L (28)
and a similar equation is obtained for the z-direction, following a procedure [3] similar to
that in 82 in which we considered small perturbations about the static equilibrium position.
For o, as shown in Fig. 4, near m/2, i.e., o = /2 - €, where € is small, we obtain the condi-

tions for instability.

c'u 3 c'u
___og oAl %A Ew | _ we °
e[l o2 §B]>“’53[1+c'u0] 2 [‘5+ Zw] 29
and
2
2we  SA SA wg W 28w
e[1+C'U B “’6}3[1+C'U +C'U8[1+C'U (30)
o [¢] o o
we can see that in the limit as €>0 we have
SA Ew
E>‘”ﬁ[l+c'u] (31)
o
and
e > (32)

Obviously, eq. (32) cannot be satisfied meaning that the motion is always stable for a = 7/2.
However, for € small but different from zero eq. (29) and (30) will give the conditions for
instability.

As an example, consider

o = 85% or € = 5° = .08727 rad

g% =5 and § = .005

Eq. (29) and (30) give the results shown in Table I. It can be seen that eq. (30) is
the limiting condition for instability.

It is clear that the ellipsis axes must not coincide with the direction of flow, i.e.,
for instability the angle a must be slightly different from m/2. This was observed in the
experiment performed by the author and also in the experiment described in Reference [9]

4, Non-linear Numerical Solution for Combined Case

We now proceed to the solution of the non-linear equations of motion of circular cyl-
inders vibrating in a steady non-uniform flow allowing for variations in the drag coefficient
with Reynolds number. Thus, we will be able to analyse both problems described in §2 and
§3.

4.1 Equations of Motion

Consider Fig. 5. For generality we will allow different boundary conditions in plane
xy and xz such that the fundamental frequencies in these planes can be different. The equa-

tion of motion in the y-direction is
4
T2V b o v 4mv o= (x,0) [ (x-a%)-u (x-b%)] (33)
BXA y Dy 1 1

where the symbols have the same meaning as before. The drag force per unit length ny(x,t)

is given by eq. (26), where c_ is now a function of Re and similar equations apply in the z-

D

direction. We need to define the dependence of the drag coefficient c_ on the Reynolds num-

D
ber. From Reference [12] it is seen that a good representation for the drag coefficient be-

havior is that p is constant for Re < (Re)l; is constant at a lower value for Re 2.(Re)2;
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and varies linearly as a function of log Re between. The break-points in this representation
are functions of geometry [12].

4,2 Numerical Solution

An efficient numerical scheme was developed to integrate eq. (35), as described
in Reference [3]. A computer code based on this scheme was used to obtain the results
of §5.

The computer code has the capability of dealing with several cases of vibrations in-
duced by flow. The two basic vibration mechanisms are the negative slope in the ey Vs Re
curve described in §2 and a flow with a velocity gradient described in §3.

5. Results and Comparison with Experiments

5.1 Stability Criteria

The stability criteria developed in 82 and §3 have been verified by the computer code
and for all cases considered those criteria were in agreement with the code [3]

5.2 Comparison with a Tube Bundle Experiment

Reference [13] deals with flow-induced vibrations of tube banks. For in-line tube
banks with pitch diameter ratio 1.34 a very large increase in the longitudinal vibration
amplitude occurs at a flow velocity of .643 m/s. At this velocity the amplitude is

£ x 107 = 45 (34)
Reference [12] gives several curves ¢y Vs Re for a single cylinder of diameter D confined be-
tween parallel planes a distance h apart, in terms of the confinement ratio D/h. TFor a tube
row with pitch-diameter ratio 1.34, the confinement ratio D/h = .75 gives the same average
gap velocity in the experiments of References [12] and [13]. Extrapolating the results ob-
tained with D/h given by Reference [12] to D/h = .75 we obtain the critical velocity of .63
m/s as shown in Fig. 6. This is in very good agreement with the experimental value of .643
m/s.

5.3 Discussion of Ringhals Steam Generator

Based on Reference [1], we have a sketch of the fretting defects as shown in Fig. 7.
Although we do not have any numerical values to compare our calculations with, we have per-
formed a computation trying to explain qualitatively the fretting scars shown in Fig. 7. This
was achieved by considering different boundary conditions on planes xy and xz of Fig. 5, i.e.,
on the xy-plane we had clamped-clamped boundary conditions while on the xz-plane we considered
simply-supported boundary conditions. Also, the direction of the flow was taken with the
angle a = 45° (see Fig. 5). The natural frequencies were 29.947 and 13.1947 in planes xy and
xz, respectively. The trajectory of the midspan of the tube in the beginning of the motion
is shown in Fig. 8. It was found that the amplitudes in both directions y and z increase
with time, showing that the mechanism may be responsible for fretting scars as shown in Fig.
7. After 2.1 seconds from the start of motion there was a .7% increase in the initial value
of z and a 2.5% increase in the initial value of y, showing the motion is unstable. Thus,
scars in practically any orientation can occur, depending on the relative position between
tube and baffle plate, i.e., the gap.

The most important result is that by assuming different frequencies in planes xy and
Xz, which can occur in practice, we have been able to show a net positive energy input to the
tube that must be dissipated by fretting against the baffle plates.

5.4 Numerical Results for a Cantilever Cylinder Vibrating in a Velocity Gradient -
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Comparison with an Experiment Performed at MIT

One author has performed an experiment at MIT blowing air over a flexible tube. The
geometry is exactly the same as shown in Fig. 3. The experimental results are shown in Table

II.

The velocity gradient causing the vibration was produced by the walls of the tube
blowing the air and its value is not known. Also, as predicted in §3.1, we needed a small
deviation of the angle o from 90° in order to produce tube vibration. In our computer pro-—
gram we have used the following values of damping, velocity gradient and o to obtain
= .0005
= 60,000 m/s.m
= 89°
20.8 mm

= .335 mm

o
:!>\<ﬁ>§2
]

z
for the amplitudes along y and z axes, respectively. Thus, we see a very good agreement with

the experimental values of Table II. We found the numerical results to be very sensitive to
the value of o, e.g., by letting o = 88° we must increase e = 90,000 m/s.m to obtain an ampli-
tude of approximately 19 mm. This high sensitivity to o was also found during the experiment.

In all calculations the initial conditions were small perturbations from the static
equilibrium position.
6. Conclusions

We have proposed two flow-induced vibration mechanisms of circular cylinders. Stabil-
ity criteria for several cases were developed by linearization of the equations of motion and
compared with the numerical solution of the non-linear equations. An efficient numerical
method was adopted to solve the non-linear equations. We found that:

1) TFor both mechanisms all the stability criteria were validated by the computer code
(85.1).

2) TFor the negative slope in the c_ vs Re curve mechanism, eq. (10) and (22) give a

quantitative way to increase stability, e.gg, by increasing the natural frequency, increasing
damping, decreasing the flow velocity, etc.

3) Good numerical agreement was found between a tube bundle experiment [13] and our
calculations for in-line vibration of heat-exchanger tube banks as described in §5.2.

4) §5.3 suggests the proposed mechanism to be responsible for the unexpected instabil-
ity found at the Ringhals 3 steam-generators. Reference [6] describing a similar experiment
points out that the vibration amplitude decreased as flow increased which is in agreement

with proposed mechanism since the c_ vs Re curve becomes flat again once the boundary layer

flow is fully turbulent. ’

5) References [5], [8] point out that increasing the surface roughness of the cylinder
(e.g., adding silk threads near the front stagnation line) lowers the critical Re region in
model tests. This suggests the introduction of very superficial grooves in the tube surface
to make the boundary layer flow turbulent at an earlier stage of SG operation.

6) Reference [9], Fig. 12, shows the motion buildup of a cylinder vibrating in a
velocity gradient and it can be seen that it is very similar to the results obtained in this
work. The small tilting of the ellipsis major axis with respect to the flow that was observed

there was also calculated here.
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Table I Instability Conditions Table IT Experimental Results for Cylinder Vibrating in Velocit
,,,,,,,, - Gradient (3]

w Upper Limits on e/w for Stability
<o, U, (m/s) Vibration Amplitude of Free End
Eq. (29) Eq. (30) along y-axis (mm)

1 5.01 8.86 1) 16.8 27
H 5.12 12.17 2) 16.5 19
10 5.25 13.50 3) 16.5 22
50 6.25 19.39 4) 16.0 18
100 7.50 26.04
200 10.00 39.22
500 17.50 78.64
1000 30.00 144.30
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