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Resume

Les dommages dus a Tusure par frottement dans les echangeurs de
chaleur sont causes par le mouvement relatif des tubes vibrants contre
les parois des orifices soutenant les tubes. Le fait de comprendre
les effets des divers parametres sur l'usure aidera les concepteurs
a minimiser ou a eviter de tels dommages.

Ce rapport decrit les mecanismes de Tusure par frottement des tubes
ainsi que la sensibilite du taux d'usure aux divers parametres du
systeme.
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ABSTRACT

Fretting-wear damage in heat exchangers is caused by the relative motion of
vibrating tubes against the walls of tube-support holes. Understanding the
effects of various parameters on wear will help designers minimize or avoid
such damages.

This report describes the mechanisms for tube fretting-wear, as well as the
sensitivity of wear rate to various system parameters.
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INTRODUCTION

One of the many difficulties in heat exchanger design is deciding on a
shell-side flow that is as high as possible and yet acceptable. High flow
velocities are desirable for improving the heat transfer and reducing the
fouling rate. However, high flow rates can result in flow-induced vibra-
tions and tube/support interactions that can lead to fretting-wear and tube
failures. While it is now possible to avoid flow-induced vibration by pro-
per vibration analyses at the design stage[l], wear information is also
required to assess long-term component reliability. Assessments of this
nature are complex because wear rate is a function of several factors. In
earlier work[2], it was shown that the wear rate of two different tube/tube
support material combinations could differ by a factor of twenty although
vibration analyses of these components indicated the same vibration levels.

This report describes the mechanisms for tube fretting-wear, the sensitivity
of wear rate to various system parameters and several fretting-wear predic-
tion techniques. It also briefly describes the tube fretting program at
Chalk River Nuclear Laboratories.

MECHANISMS OF TUBE FRETTING-WEAR

Fretting-wear is characterized by minute reciprocating motion between two
materials held in contact by a normal force- In heat exchangers, due to the
clearance between the tube and its support, the vibrating tube can
repeatedly make and break contact with the support.

Depending on the flow conditions, a tube may be rubbing and impacting
against the tube support or against adjacent tubes. Alternately, it may be
simply rubbing with very little or no separation, as in classical fretting.
The latter is the result of high static normal force and low amplitude
vibration. This occurs when the tube is firmly pressed against one side of
the tube support hole due to a combination of tube/tube support eccentri-
city, tube bow and cross-flow drag. However, it is the impacting and rub-
bing motion that usually causes severe wear damage and is therefore of
special concern.
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There is a third type of tube fretting due to the bending and thermal expan-
sion of the tube. This causes axial rubbing as well as rocking between the
tube and the supports, as observed by Lewis and Campbell [3] and Connors
[4]. Again, this is generally less severe than fretting caused by combined
impacting and rubbing motion. An example of this more severe fretting wear
is shown in Figure 1.

TUBE FRETTING EXPERIMENTS

At Chalk River Nuclear Laboratories (CRNL), tube fretting studies have been
underway for nearly ten years. In some of our earlier work [5] the effects
of various parameters on wear rate were studied in water at atmospheric
temperature and pressure. Subsequently, tests were conducted in pressurized
water at normal heat exchanger operating temperatures in test autoclaves.

Three types of tube fretting rigs are used for these studies: single-span
room temperature rigs, single-span high temperature rigs, and a multi-span
room temperature rig. Photographs of these rigs are shown respectively in
Figures 2,3 and 4. Their descriptions are given elsewhere[5,6].

TUBE M B TUJE
SUPPORT SPECHEHS

FIGURE 1: Example of Tube-Fretting
Wear Due to Tube/Support
Interaction

FIGURE 2: Room Temperature
Test Rig



FIGURE 3: High Temperature Test Rigs

FIGURE 4: Multi-span
Test Rig
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Excitation for all three types of test rigs Is provided by a vibration
generator attached to the tube assembly that holds the tube specimen. The
generator which consists of a light weight housing an.d two scepper motors
driving two eccentric masses, inputs sinusoidal motion to the tube assembly.
This excitation causes the tube specimen to impact or rub against the inside
surface of the tube support specimen. The stationary tube support specimen,
in the form of an annular ring, is held by four preloaded force transducers,
located at 90° intervals around the ring. The impact forces at the supports
are monitored and recorded on FM tape for further analysis.

PARAMETERS INFLUENCING TUBE FRETTING

Fretting-wear rate is sensitive to several parameters including tube/support
clearance, support area, material combination and operating temperature. It
has been found that these parameters are inter-related. Their effects on
wear rate are therefore complex.

1. Tube/Tube Support Clearance

Usually there is a diametral clearance of 0.15 to 0.80 mm between the tube
and the tube-support hole. This clearance is provided to simplify
manufacturing and, in some cases, to allow for thermal expansion, ease of
assembling, and passage of fluid. It has been found that wear rate is very
sensitive to this clearance; with a constant excitation the wear rate
increases as the tube/support clearance is increased [2,5]. A limit is
reached when tube-to-support contacts can no longer be maintained by the
excitation, and the wear rate drops off rapidly. Thus, to minimize
fretting-wear damage the clearance should be as small as possible.

2. Tube-Support Area

A variety of tube support configurations are used in heat exchangers,
including round holes, rod baffles, and broached holes. The thickness of
the support plate may vary from 3 to 25 mm. Wear test results show that the
local penetration rate increases with reduced tube support area [2]. In
other words, fretting-wear damage is reduced by maximizing the tube support
area.

3. Material Combination and Hardness

To minimize fretting-wear, a properly chosen tube/tube support material com-
bination is the most important parameter in the design of heat exchangers.
The wear rate of some material combinations can be an order of magnitude
higher than others, under otherwise similar conditions, e.g., same
environment and same vibration level. However, the choice of materials is
often limited by other design considerations such as water chemistry and
environmental conditions.

Titanium, stainless steels and other nickel alloys are favoured for corro-
sive environments. As austenitic stainless steels are susceptible to stress
corrosion cracking, ferritic stainless steels are preferred in some designs.
Table 1 shows a comparison of high temperature wear results for three tube
materials against carbon steel and various stainless steel support
materials.
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TABLE 1

FRETTING-WEAR OF TUBING MATERIALS IN 265°C PRESSURIZED WATER

Excitation Frequency: 28 Hz

Excitation Force Component Ratio, fy/fx: 3

Equivalent Depth of Wear of Tube Specimens, ym/10^ cycles

^ S ^ Support
V^Speclmens

Tublni!
Speciiiena

Vlckers
Hardness

Incoiloy 800

Inconel 600

Mon«l 400

A36
Carbon
Steel

190

0.33

0.16

0.11

Auatenltic S.S.

347

310-
380

0.23

0.11

304

295

0.19

0.17

0.20

Ferritic S.S.

405

270

0.22

0.11

430

225

0.07

0.14

0.15

Hartensitlc S.S.

403 410 600

, „ , 235- 310-
ZUi 315 410

0.15

0.10

0.2S

0.11

0.23

2.80

2.90

0.60

Two Other
High Nickel

AdlOVB

> 1 . 5 0

In general, designers should avoid using similar materials for both the
tubes and support plates. This is particularly important when titanium and
some copper-nickel alloys are considered. It has been found that titanium
against titanium and 70-30% Cu-Ni against 70-30% Cu-Ni results in extremely
high wear rates.

Tube fretting-wear is primarily caused by a surface shear mechanism [7],
therefore, hardness of the material by itself does not have a significant
effect on tube wear. For example, the hardnesses of Inconel 600 and
347 stainless steel are about the same, but the wear rates of Incoloy 800
tubing in contact with these two support materials vary by more than a
factor of ten. Thus, the compatibility of the two contacting materials is
oi: great importance.

4. Temperature

It has been observed that fretting-wear rate increases with temperature
[2]. Therefore, for heat exchangers operating at high temperatures, extra
care should be taken to minimize tube vibration and to select the most
suitable tube/support materials.

5. Other Parameters

Other parameters affecting wear rate are tube mid-span displacement, type
of tube motion, frequency of vibration and support impact force. These
dynamic parameters are usually influenced by flow conditions and
flow-induced tube vibrations.
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In a vibration analysis, mid-span displacement of the tube is often the
principal parameter used in the design criterion. However, this can lead to
an unreliable design because mid-span displacement may be insensitive to
changes in tube/support interactions when there is clearance in the
supports. Consequently! other parameters, such as support impact force,
should be included in the tube-failure design criterion.

The "support impact force" is a major parameter linking experimental wear
data to analytical vibration responses. It is made up of both rubbing and
impacting components. We have shown that tube wear rate is dependent on the
relative magnitudes of these components[5,7]. This is because the principal
mechanism of wear is shear, and the amount of shear depends on the tube
motion. In the case of impacting motion, only a small sector around the
tube circumference is affected; the total impacting contact time is a small
fraction of the vibration cycle and the shear component is also small, and
hence the wear rate is low. The opposite is true in rubbing motion where
the contact time is high, the shear component of force is high and hence the
wear rate is high.

FRETTING-WEAR PREDICTIONS

The classical form of the equation for sliding wear is that the volume of
material removed, V, is proportional to the true area of contact, A, times
the distance of travel, L,

V = kAL k^
n

where W is the total normal load and H the indentation hardness of the
softer of the two contacting bodies. The proportionality constant, k, is a
function of the materials involved, the environment, and other variables.

Several variations of this equation have been developed to predict tube
fretting-wear. However, the equation is far coo simple to cover all the
interrelated effects generated by a vibrating heat exchanger tube in a
clearance support hole.

There have been other attempts to predict tube fretting-wear using empirical
models. Again, due to the complexity of the parametric effects, these
empirical models have very limited applications.

More recently, we have developed a technique to predict tube fretting-wear
using the support impact forces[8]. In this work the measured force signals
for the different types of tube motion are analysed using histograms of
force level and frequency of occurrence. For example, in impacting motion
there are high contact forces but they occur infrequently during a vibration
cycle whereas in rubbing motion high contact forces occur with greater
frequency. These histograms not only characterize the type of tube motion,
they also reveal changes in force levels due either to changes in excitation
or in tube/support clearance.
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The idea is to identify the importance of the forces in a given histogram
according to the amount of damage they cause, and using this to assign
appropriate weighting coefficients to the different force levels. The sum
of the products of these weighting coefficients and their corresponding
relative frequencies gives a forcing function for each fretting-wear test.
In one of the weighting schemes considered, the force levels were used as
the weighting coefficients, which is equivalent to a linear weighting to the
contact forces. Thus, the forcing function, is given by,

n

£ (force level)^ * (frequency of occurence)^

This forcing function is then plotted against the corresponding wear rate
for that test, giving one point on the force-wear plot shown in Figure 5.
The data in Figure 5 are from a number of tests for one particular
combination of tube/support materials with different tube support clearances,
types of tube motion, excitation frequencies and forces. Deriving one such
curve represents an extensive and costly experimental program. Force-wear
curves of this type are needed for different tube/support material
combinations to estimate the long-term resistance to fretting-wear damage.
These reliability estimates can be obtained by experiments or by computer
calculations with a suitable code.
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FIGURE 5: A Force-Wear Correlation for Incoloy 800 Tubing
vs Inconel 600 Supports
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COMPUTER SIMULATION

Usually in realistic situations, the support impact forces can only be
estimated by analytical means. The VIBIC (Vibration of Beam with
Lntermittent Contacts) computer code developed at CRNL in cooperation with
the University of New Brunswick can be used to establish the impact forces
at the clearance supports of a simulated vibrating tube[6,9]. The code
uses finite-element techniques to approximate the beam vibration with a
finite number of elements. It solves for the natural frequencies and mode
shapes. When external forces excite the beam, the displacement of the. nodes
is calculated in time steps by the superposition of the vibrational modes.

By combining the VIBIC predicted forcing function with the experimental
force-wear curve the wear rate of a heat exchanger tube can be estimated.
This code is now at the advanced development stage.

CONCLUSIONS

The consensus in tube fretting studies is that tube wear increases
substantially with tube/tube support gap and with temperature. Because tube
fretting is primarily due to a shear mechanism, hardness of the material is
not a deciding factor on its own.

From the fretting point of views a new criterion based on support impact
forces and wear data should give a more realistic assessment of a heat
exchanger design. It is feasible to obtain a quantitative estimate of wear
using an empirical force-wear correlation and the predicted forces from
VIBIC. However, the sensitivity and the accuracy of this technique remain
to be verified.
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