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Abstract

Design guidelines were developed to prevent tube failures due to excessive flow-induced vibration in shell-and-tube
heat exchangers. An overview of vibration analysis procedures and recommended design guidelines is presented in this
paper. This paper pertains to liquid, gas and two-phase heat exchangers such as nuclear steam generators, reboilers,
coolers, service water heat exchangers, condensers, and moisture-separator-reheaters.

Generally, a heat exchanger vibration analysis consists of the following steps: (i) flow distribution calculations, (ii)
dynamic parameter evaluation (i.e. damping, effective tube mass, and dynamic stiffness), (iii) formulation of vibration
excitation mechanisms, (iv) vibration response prediction, and (v) resulting damage assessment (i.e., comparison against
allowables). The requirements applicable to each step are outlined in this paper. Part 1 of this paper covers flow
calculations, dynamic parameters and fluidelastic instability.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Tube failures due to excessive vibration must be avoided in heat exchangers and nuclear steam generators, preferably
at the design stage. Thus, a comprehensive flow-induced vibration analysis is required before fabrication of shell-and-
tube heat exchangers. It must be shown that tube vibration levels are below allowable levels and that unacceptable
resonances and fluidelastic instabilities are avoided.

The purpose of this overview paper is to summarize our design guidelines for flow-induced vibration of heat
exchangers. The overview can be used by the designer as a guideline for vibration analysis, by the project engineer to get
an overall appreciation of flow-induced vibration concerns, or by the plant operator to understand tube failures. This
paper pertains to shell-and-tube heat exchangers such as nuclear steam generators, heat exchangers, coolers, condensers
and moisture-separator-reheaters (MSR).

1.1. Flow-induced vibration overview

The vibration behaviour of heat exchangers is governed by vibration excitation mechanisms and by damping
mechanisms. Generally, in heat exchangers there are several significant damping mechanisms: (i) friction damping
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between tube and tube-support, (ii) squeeze-film damping at the support, and (iii) viscous damping between tube and
shell-side fluid. In nuclear steam generators, damping due to two-phase flow is also important.

Generally, the flow in heat exchanger tube bundles can be parallel (axial flow) or transverse (cross flow) to
the tube. In nuclear steam generators, the flow is axial for a large portion of the tube bundle. Vibration
excitation forces induced by axial flow are relatively small in heat exchangers. Thus, vibration excitation mechanisms in
axial flow may generally be neglected. The vibration behaviour is clearly governed by cross flow vibration excitation
mechanisms.

Several vibration excitation mechanisms are normally considered in heat exchanger tube bundles in cross flow,
namely: (i) fluidelastic instability, (ii) periodic wake shedding, (iii) random excitation, and (iv) acoustic resonance.
Fluidelastic instability is by far the most important mechanism and must be avoided in all cases. Periodic wake shedding
resonance may be of concern in liquid cross flow where the flow is relatively uniform. It is not normally a problem at the
entrance region of steam generators because the flow is very nonuniform and quite turbulent. Turbulence inhibits
periodic wake shedding. Periodic wake shedding is generally not a problem in two-phase flow except at very low void
fractions (i.e., &, <15%). Then, the behaviour is similar to that of liquid flow. Random excitation is important in both
liquid and two-phase cross flow. Periodic wake shedding resonance and random excitation are not usually of concern in
gas flow since the fluid density is generally low thereby resulting in relatively small excitation forces. However, both
mechanisms should be considered in some gas heat exchangers such as MSRs where relatively high fluid densities exist.
Acoustic resonance must be avoided in gas heat exchangers. However, it is generally not a problem in liquid and two-
phase heat exchangers.

1.2. Scope of a vibration analysis

A heat exchanger vibration analysis consists of the following steps: (i) flow distribution calculations, (ii) dynamic
parameter evaluation (i.e., damping, effective tube mass, and dynamic stiffness), (iii) formulation of vibration excitation
mechanisms, (iv) vibration response prediction, and (v) resulting damage assessment (i.e., comparison against
allowables). The requirements applicable to each step are outlined in this paper. It is divided in two parts: Part 1 covers
flow calculations, dynamic parameters and fluidelastic instability, and Part 2 (Pettigrew and Taylor, 2003) covers forced
vibration excitation mechanisms, vibration response prediction, fretting-wear damage assessment, and acceptance
criteria.

2. Flow calculations

Flow-induced vibration problems usually occur on a small number of critical tubes in specific areas of a heat
exchanger (e.g., entrance regions, tube free lanes, and U-tubes). Thus, a flow analysis is required to obtain the local flow
conditions throughout the heat exchanger.

2.1. Flow parameter definition

The end results of the flow analysis should be the shell-side cross flow velocity, U,, and fluid density, p, distributions
along the critical tubes. For flow-induced vibration analyses, the flow velocity is defined in terms of the pitch velocity:

U, = U, P/(P— D), (M

where U, is the free stream velocity (i.e., the velocity that would prevail if the tubes were removed). P is the pitch
between the tubes and D is the tube diameter. For finned tubes, the equivalent hydraulic diameter, D, is used. The pitch
velocity is sometimes called the reference gap velocity. The pitch velocity is a convenient definition since it applies to all
bundle configurations.

The situation is somewhat more complex in two-phase flow. Another parameter, steam quality or void fraction, is
required to define the flow conditions. Two-phase mixtures are rarely homogeneous or uniform across a flow path.
However, it is convenient and simple to use homogeneous two-phase mixture properties as they are well defined. This is
done consistently here for both specifying vibration guidelines and formulating vibration mechanisms. The
homogeneous two-phase flow model assumes that both liquid and gas phases flow with equal velocity. The
homogeneous void fraction, ¢, is defined in terms of the volume flow rates of gas, Vg, and liquid, V,:

Yy

g = —————. 2
b Vy+ Vv, ( )
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The homogeneous density, p, the free stream velocity, U,,, and the free stream mass flux, 7., , are defined using the
homogeneous void fraction:

p=pl = &)+ pyegs 3)
V,+p,V,
. :M’ )
pA
My =pUy, (5)

where A is the free-stream flow path area.
For both liquid and two-phase cross flow, the pitch velocity, U, is defined by Eq. (1) and, thus, the pitch mass flux,
71y, is similarly defined:

P

7it, :mwm:

pU,. (6)

2.2. Simple flow path approach

For relatively simple components, where the flow paths are reasonably well defined, a flow path approach may be
adequate to calculate flow velocities. This is illustrated in Fig. 1. In the flow path analysis approach, characteristic flow
paths (i.e., through the tube bundle, between the tube bundle and the shell, etc.) between regions of common pressures
are identified. Flow impedances (i.e., pressure drop coefficients) are estimated. The flows within each path are then
calculated. The resulting flow velocity distributions are then used to estimate vibration excitation mechanisms and
predict vibration response.

All typical operating conditions must be considered including the following: (i) as-designed operating conditions,
from 0% to 100% flow, (ii) operating conditions with fouling of the tubes or crudding of the tube-supports, and (iii)
other possible operating conditions (e.g., after chemical cleaning, system testing, etc.).

2.3. Comprehensive 3-D approach

For complex components such as nuclear steam generators and power condensers, a comprehensive three-
dimensional thermalhydraulic analysis is required. In such analyses, the component is divided into a large number of
control volumes. The equations of energy, momentum and continuity are solved for each control volume. This is done
with numerical methods using a computer code such as the THIRST code for steam generators (Pietralik, 1995). The
numerical grid outlining the control volumes for the analysis of a typical steam generator is shown in Fig. 2. The grid
must be sufficiently fine to accurately predict the flow distribution along the tube. Some typical thermalhydraulic
analysis results are shown in Fig. 3 for the U-bend region of a steam generator. A hypothetical power condenser tube
and detailed flow velocity calculations are displayed in Fig. 4. For flow-induced vibration analyses, the results must be
in the form of pitch flow velocity and fluid density distributions along a given tube. These distributions constitute the
input to the flow-induced vibration analysis of this particular tube.

2.4. Two-phase flow regime

Some knowledge of flow regime is necessary to assess flow-induced vibration in two-phase flow. Flow regimes are
governed by a number of parameters such as surface tension, density of each phase, viscosity of each phase, geometry of
flow path, mass flux, void fraction and gravity forces. Flow regime conditions are usually presented in terms of
dimensionless parameters in the form of a flow regime map. As yet, very little information is available on flow
regimes in tube bundles subjected to two-phase cross flow. Grant (1975), Grant and Chisholm (1977) and, more
recently, Ulbrick and Mewes (1994) have contributed most of the available data. The information of Grant and
Chisholm (1977) was used to develop the flow regime map shown in Fig. 5. The axes on the Grant flow regime map are
defined in terms of a Martinelli parameter, X, and a dimensionless gas velocity, U,. The Martinelli parameter is
formulated as follows:

1—e 0.9 0.4 0.1
x=(12m) (%) (&) . ™)
& Py Hy
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Fig. 2. Thermalhydraulic analysis: axial grid layout for a typical steam generator with preheater; distances in metres.
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Fig. 5. Grant flow regime map for two-phase cross flow (Pettigrew and Taylor, 1994).

where p, and y, are the dynamic viscosity of water and gas, respectively. The dimensionless gas velocity is defined as
follows:

i
Uc = 9 5 (8)
T [degp (ps — p ™

where 71, is the pitch mass flux of the gas phase, d,~2(P — D) is the equivalent hydraulic diameter and g is the
acceleration due to gravity.

The Grant map of Fig. 5 shows three flow regimes: spray, bubbly and intermittent. The terms spray and bubbly are
used loosely here. Perhaps they would be more appropriately defined as “continuous flow” covering the whole range
from true bubbly flow to wall-type flow to spray flow. Intermittent flow is characterized by periods of flooding (mostly
liquid) followed by bursts of mostly gas flow. As discussed by Pettigrew et al. (1989a, 1995, 2002) and Pettigrew and
Taylor (1994), this is an undesirable flow regime from a vibration point-of-view. Thus, intermittent flow should be
avoided in two-phase heat exchange components and particularly in the U-bend region of steam generators.

3. Dynamic parameters

The relevant dynamics parameters for multispan heat exchanger tubes are mass, flexural rigidity and damping. For
finned tubes, the effect of the fins on mass per unit length, m, flexural rigidity, EI, and hydraulic diameter, Dy, of the
tube should be evaluated as discussed below.

3.1. Hydraulic diameter

For unfinned tubes the hydraulic diameter is simply the tube outside diameter, D. From a hydraulic viewpoint, the
fins may be approximated by an unfinned tube of equivalent diameter, Dy, as explained in Halle et al. (1984) and Mair
et al. (1975). The hydraulic diameter is based on the ratio, Ry, of the area occupied by the fins over the available area
between the root diameter, D,, and the outer diameter of the fins, D,:

Dy =D;+ Rp (Do - D)) (9)

This diameter should be used in the calculation of vibration excitation parameters such as Strouhal number,
dimensionless flow velocity, random excitation, etc. The equivalent pitch over diameter P/D becomes P/Dj, for finned
tubes.
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3.2. Hydrodynamic mass

The hydrodynamic mass is the equivalent dynamic mass of external fluid vibrating with a tube. In liquid flow, the
hydrodynamic mass per unit length of a tube confined within a tube bundle may be expressed by

= () [2/2 51

(De/DY* 1
where D, is the equivalent diameter of the surrounding tubes and the ratio D,./D is a measure of confinement. The effect
of confinement is formulated by

D,/D = (0.96 +0.5P/D)P/D an

; (10)

for a tube inside a triangular tube bundle (Rogers et al., 1984). Similarly, for a square tube bundle confinement may be
approximated by

D./D = (1.07+0.56P/D)P/D. (12)

The hydrodynamic mass of tube bundles subjected to two-phase cross flow may also be calculated with Eq. (10)
providing that the homogeneous density of the two-phase mixture, pzp, is used in the formulation (Pettigrew et al.,
1989a). Fig. 6 compares Eq. (10) to experimental data.

The total dynamic mass of the tube per unit length, m, comprises the hydrodynamic mass per unit length, n1;,, the tube
mass per unit length, n1,, and the mass per unit length of the fluid inside the tube, m;:

m = my, + m; + m;. (13)

3.3. Damping

3.3.1. Heat exchanger tube in gases

As discussed in Pettigrew et al. (1986a) the dominant damping mechanism in heat exchangers with gas on the shell-
side is friction between tubes and tube-supports. All the available information on damping of heat exchanger tubes in
gases has recently been reviewed. Most of these data pertain to unfinned tubes. This work yielded the following design
recommendation for estimating the friction damping ratio, {, in percent:

N-1\(L\"
() 1

which takes into account the effect of support thickness, L, span length, ¢,,, and number of spans, N.
Hartlen and Barnstaple (1971) reported the only relevant damping data for finned tubes. When their minimum
damping values are generalized following the formulation of Eq. (14) we obtain the following:

N -1\ [/ L\"?
)

Eq. (15) is the recommended design guideline for finned tubes.
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Fig. 6. Hydrodynamic mass in air—water two-phase cross flow: comparison between theory and experiments (Pettigrew et al., 1989a).
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3.3.2. Heat exchanger tubes in liquids

As discussed by Pettigrew et al. (1986b), there are three important energy dissipation mechanisms that contribute to
damping of multispan heat exchanger tubes with liquids on the shell-side. These are viscous damping between tube and
liquid, squeeze-film damping in the clearance between tube and tube-support and friction damping at the support. Thus,
the total tube damping, {7, which we define as the ratio of actual to critical damping in per cent, is expressed by

lr =Ly +{sr +{F, (16)

where (-, {gr and { are respectively the viscous, squeeze-film and friction damping ratios.

The tube to fluid viscous damping is related to the Stokes Number, nfD?/2v, and to the degree of confinement of the
heat exchanger tube within the tube bundle or D/D,. Rogers et al. (1989) developed a simplified formulation for viscous
damping, valid for nfD?/2v > 3300 and D/D, <0.5 which covers most heat exchangers. His simplified expression for ¢,
(in per cent) is

¢ _ 100z (pD2> ( 2v )‘/2 [l +(D/D.)’] 1
T VB \m J\wD?) 1= /DT
where v is the kinematic viscosity of the fluid and f is the natural frequency of the tube for the mode being analysed.
Clearly, viscous damping is frequency dependent. Calculated values of damping using Eq. (17) are compared against
experimental data in Fig. 7. It shows reasonable agreement.
Squeeze-film damping, {sr, and friction damping, {, take place at the supports. Based on the available experimental

data for total tube damping shown in Fig. 8, semi-empirical expressions were developed, to formulate friction and
squeeze-film damping as discussed by Pettigrew et al. (1986b). It shows that squeeze-film damping may be formulated

by
B 12
{sr = (—NN 1> {—1‘?0 (_psz) (—;) }, (18)

and friction damping by

N-1 L\'?
o= (5 ()

where (N — 1)/N takes into account the ratio of the number of supports over the number of spans, L is the support
thickness and 7,, is a characteristic tube length. The latter is defined as the average of the three longest spans when the
lowest modes and the longest spans dominate the vibration response. This is usually the case. When higher modes and
shorter spans govern the vibration response, then, the characteristic span length should be based on these shorter spans.
This could happen when there are high flow velocities locally such as in entrance or exit regions.

Interestingly, friction damping is roughly ten times less in liquids than in gases (Eq. (19) versus (14)). This may be due
to liquid lubrication reducing friction forces and to some friction damping being included in the squeeze-film damping
term. In practice, it is very difficult to separate friction and squeeze-film damping terms as explained in (Pettigrew et al.,
1986b).

The above formulation for squeeze-film damping is compared against the available experimental data in Fig. 9. There
is a large scatter in the data, which is mostly due to the very nature of the problem. Heat exchanger tube damping
depends on parameters that are difficult to control, such as support alignment, tube straightness, relative position of
tube within the support and side loads. These parameters are statistical in nature and probably contribute to much of
the scatter in the damping data. A conservative but realistic criterion for squeeze-film damping is obtained by taking the
coefficient in Eq. (18) to be 1460, which roughly corresponds to the lower decile of the available data as shown in Fig. 9.

Substituting Eqgs. (17), (18) and (19) in Eq. (16):

100z | [1 +(D/D.)’ D\ [ 2v \'/* (N —1\[1460 (pD? L\'?
=% ooy Gr) ) ()7 00) 09 (2) o
V8 Il =@/ P f \ m ) \n/D AN I
Although somewhat speculative, Eq. (20) formulates all important energy dissipation mechanisms and fits the data
best. Thus, it is our recommendation as a damping criterion for design purposes. However, if the damping ratio

predicted by this equation is less than 0.6%, we recommend taking a minimum value of 0.6%. As shown in Fig. §, a
minimum damping of 0.6% appears reasonable.

) (19)
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1986b)).

3.3.3. Damping in two-phase flow

The subject of heat exchanger tube damping in two-phase flow was reviewed recently by Pettigrew and Taylor (1997).
The total damping ratio, {7, of a multispan heat exchanger tube in two-phase flow comprises support damping, (s,
viscous damping, {y, and two-phase damping, {7p:

{r =Ls+ Ly +Lrp. 21

Depending on the thermalhydraulic conditions (i.e., heat flux, void fraction, flow, etc.), the supports may be dry or wet.
If the supports are dry, which is more likely for high heat flux and very high void fraction, only friction damping takes
place. Support damping in this case is analogous to damping of heat exchanger tubes in gases (Pettigrew et al., 1986a).
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Damping due to friction (and impact) in dry supports may be expressed by Eq. (14). The above situation is unlikely in
well-designed recirculating steam generators. However, it could exist in once-through steam generators.

When there is liquid between the tube and the support, support damping includes both squeeze-film damping, (g,
and friction damping, (. This situation is analogous to heat exchanger tubes in liquids and the support damping may
be evaluated with Eqgs. (18) and (19) above as follows:

o 2 1/2
-orvio- () [2202) v (2)

Note that in Eq. (22), p, is the density of the liquid within the tube-support, whereas m is the total mass per unit length
of the tube including the hydrodynamic mass calculated with the two-phase homogeneous density.

Viscous damping in two-phase mixtures is analogous to viscous damping in single-phase fluids (Pettigrew and Taylor,
1997). Homogeneous properties of the two-phase mixture are used in its formulation, as follows:

;, _100n (pTPD2> (2VTP)'/2 [1+(D/D.)’] (23)
s U )\p) - oot

where vrp is the equivalent two-phase kinematic viscosity as per McAdams et al. (1942),
vrp = vi/[1 + &g(vi/vy — D] 24

Above 40% void fraction, viscous damping is generally small and could be neglected for the U-bend region of steam
generators. However, it is significant for lower void fractions.

There is a two-phase component of damping in addition to viscous damping. As discussed by Pettigrew and Taylor
(1997), two-phase damping is strongly dependent on void fraction, fluid properties and flow regimes, directly related to
confinement and to the ratio of hydrodynamic mass over tube mass, and weakly related to frequency, mass flux or flow
velocity, and tube bundle configuration. A semi-empirical expression was developed from the available experimental
data to formulate the two-phase component of damping, {7p, in percent:

- PfD2> o L O/D']
CTP - 40( m [f(gg)] {[1 _ (D/Dg)z]z} (25)
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As shown in Fig. 10, the void fraction function, f(¢,), may be approximated by taking the envelope through the lower
decile of the data:

S(ey) = ¢,/40 for g, <40%,
fleg) =1 for 40%<e, <70%,
(8g) = 1 — (85— 70)/30  for &, >70%. (26)
g g g

The fluid properties/flow regime dependence is difficult to assess in the absence of a broad range of damping data for
different two-phase mixtures. Flow regime effects are partly taken care of by the void-fraction function.

Tube fouling is not expected to contribute much to damping. However, support damping is considerably reduced by
crudding within the support. At the limit, when tubes are jammed in the support by severe crud deposition, a support
damping value of {; = 0.2% should be used in the analysis.

3.4. Dynamic stiffness and support effectiveness

For unfinned tubes, the dynamic stiffness of multispan heat exchanger tubes is simply the flexural rigidity, EI.

For finned tubes, Bolleter and Blevins (1982) found that the increase in flexural rigidity due to the fins is equivalent to
an increase in wall thickness equal to 1/4 of the fin width, a, at the root of the fin over the length of the fin. Thus the
equivalent stiffness, El,q, is found using

e ) () o
ElL, \a+bJEI," \a+b/EI
where [ is the moment of inertia and b is the tube length between fins (i.e., @ + b corresponds to the fin pitch).

The boundary conditions, that is the support conditions, are somewhat more complex. The tubes are effectively
clamped at the tubesheet. To facilitate assembly and to allow for thermal expansion, there is a clearance between tubes
and tube-supports. The diametral clearance between tube and intermediate support is typically 0.25-0.80 mm (for many
nuclear heat exchangers, the diametral clearance is specified to be 0.38 mm or 0.015 in). Thus, the dynamic interaction
between tube and tube-support is inherently nonlinear. In well-designed heat exchangers, the tube vibration response at
mid-span is mostly less than 100 pm r.m.s. and much less at the supports (usually less than 25 mm r.m.s.). This is
significantly less than the available diametral clearance. Thus, the tubes do not generally vibrate back and forth across
the available clearance. Instead, most tubes are not centered within the supports and are, therefore, contacting or
vibrating very close to one side of the supports. It is difficult to imagine that many tubes of typically one metre span
length, would be located concentrically within a 0.38 mm diametral clearance without touching the support. The
chances of a tube not touching a support are probably much less than 1%. Thus, it is reasonable to assume pinned
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Fig. 11. Summary of fluidelastic instability data for single-phase cross flow: recommended design guidelines.
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Fig. 12. Fluidelastic instability data in two-phase cross flow.

conditions at the supports to allow for a quasi-linear vibration analysis. For the purpose of vibration analysis, drilled
hole, broached hole, and egg-crate type supports may be taken as pinned supports.

Antivibration bars (AVBs) or flat vertical U-bend restraints (FURs) are often used in the U-bend region of nuclear
steam generators. FURs are reasonably effective in the out-of-plane direction, but offer little restraint in the in-plane
(plane of the U-bend) direction (Taylor et al., 1995). Fortunately, the vibration response is usually much less in the
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in-plane direction than in the out-of-plane direction. Nevertheless, FURs are less effective than other clearance
supports. For steam generator vibration analyses, it is recommended that one (any one) FUR in the U-bend region be
assumed ineffective. The possibility that two adjacent FURs be ineffective at the same time is considered too
improbable to be of concern. For example, if we assume that the probability of one FUR being ineffective is less than
one percent, then the probability of two adjacent FURs being ineffective is less than 0.01% or less than one tube in
10000, which is less than one tube per steam generator and thus insignificant.

4. Fluidelastic instability
4.1. Single-phase flow (gas or liquid)

Fluidelastic instability is the most important vibration excitation mechanism in heat exchanger tube bundles. This
topic was reviewed by Pettigrew and Taylor (1991) for tube bundles subjected to single-phase cross flow. Fluidelastic
instability is formulated in terms of a dimensionless flow velocity, U,/fD, and a dimensionless mass-damping
parameter, 2n{m/pD?*:

Upe 2nlm 1/2
7D *K(pDz) = 28)

where /' is the tube natural frequency, p is the fluid density, m is the tube mass per unit length and U, is the threshold,
or critical, flow velocity for fluidelastic instability. A fluidelastic instability constant K = 3.0 is recommended for all
tube bundle configurations as shown in Fig. 11. The damping ratio, {, is the total damping ratio as defined in Eq. (16).
The above formulation applies to all cross flow regions such as steam generator preheater regions, heat exchanger tube
bundles between baffle plates, and outlet and inlet regions.

The limited data on fluidelastic instability for finned tubes were reviewed. The finned tube data were added to Fig. 11.
It shows that fluidelastic instability is also possible for finned tubes and that a similar design guideline would be
appropriate. Thus, K = 3.0 is also the recommended design guideline for finned tube bundles.

4.2. Two-phase flow

We have found that the fluidelastic instability behaviour is somewhat similar in continuous two-phase cross flow
(Pettigrew et al., 1989b). As explained in earlier, continuous flow means two-phase flow regions of a continuous nature
such as bubbly, spray, fog and wall flows as opposed to intermittent flow regimes leading to bundle reflooding and large
flow oscillations. Such oscillations can lead to much lower critical velocity for fluidelastic instability (Pettigrew and
Taylor 1994; Pettigrew et al., 1989b, 1995, 2002). Thus, intermittent flow regimes should be avoided in two-phase cross
flow.

Fluidelastic instability in two-phase cross flow can also be formulated using Eq. (28). As shown in Fig. 12, a
fluidelastic instability constant K = 3.0 is also recommended for two-phase cross flow, but only for tube bundles of
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Fig. 13. Effect of P/D on fluidelastic instability constant in two-phase cross flow.
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P/D > 1.47 which is the case for many steam generators. Lower values of K must be used for bundles of P/D ratios
lower than 1.47, as discussed by Pettigrew and Taylor (1994). As shown in Fig. 13, the expression

K =4.76(P — D)/D 4 0.76 (29)

would be a reasonable design guideline for P/D<1.47.

5. Concluding remarks

Design guidelines to avoid flow-induced vibration problems in shell-and-tube heat exchangers are outlined in this
paper. It presents an overview of the basic vibration excitation mechanisms and required steps to carry out a flow-
induced vibration analysis.

Part 1 of this paper covers flow calculations, damping estimates and fluidelastic instability. This is required to avoid
the most serious vibration problems due to fluidelastic instability. However to assure long-term performance, it is often
necessary to look at vortex-shedding resonance, response to turbulence excitation and fretting-wear damage. This is
outlined in the following companion paper (Pettigrew and Taylor, 2003, Part 2).
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