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Design equations are presented to determine the critical velocities for the occurrence of
fluidelastic instability in uniform single-phase cross-flow. These equations are an essential part
of a new guideline in the “VDI-Wiarmeatlas” for estimating vibration excitation in real tube
bundle heat exchangers. Six existing guidelines for fluidelastic instability were tested and
compared with about 300 experimental data from 34 papers (eight of them being not yet
considered in a guideline before). New equations for the stability factor K as a function of the
pitch ratio for different tube configurations were derived with statistical methods by a variation
of the reference definitions for the structural parameters and the exponents of either the
dimensionless mass and the damping or the mass-damping parameter. The criterion used here
was first to be on the safe side with a minimum number, and minimum deviation, of experi-
mental data below the recommended threshold line, and second a minimum r.m.s. error for all
data considered. The pitch ratio has the strongest influence for the normal triangular array and
the influence becomes less for the rotated as well as for the in-line square configuration. This
significant gradation of the stability constants as a function of the pitch ratio and the tube
bundle configuration enables a reasonable interpolation for non-standard configurations. The
exponent of the dimensionless mass-damping parameter for gas cross-flow depends on the tube
configuration and is 0-5 for the 30°- and 45°-configuration, and 0-4 for the 60°- and 90°-
configuration. For liquid flow, an average exponent of 0-15 has been observed.

© 1999 Academic Press

1. INTRODUCTION

THERE ARE THREE TYPES of flow-induced vibration excitation mechanism which can cause
vibration in tube bundle heat exchangers, namely turbulent buffeting, periodic shedding
(vortex shedding and acoustic resonance), and fluidelastic instability. Fluidelastic instability
is the excitation mechanism with the greatest potential for short-term damage to tube
bundles.

The guidelines of Paidoussis (1981), Chen (1987) [see also Chen & Jendrzejczyk (1982)
and Chen (1984)], Blevins (1984), Weaver & Fitzpatrick (1988) [see also Weaver & Fitzpat-
rick (1987)], ASME Pressure Vessel Code (1992) and Pettigrew & Taylor (1991) differ in the
choice of the various structural parameters as well as in the determination of the instability
threshold. For example, Chen (1987) suggested taking all structural parameters in vacuum
and determining the critical velocity with the steep increase of the amplitude versus flow
velocity or with the change of the response power spectral density to a narrow-band
spectrum (mainly for liquid flow). On the other side, Pettigrew & Taylor (1991) recommen-
ded taking all parameters in still fluid and identifying the critical velocity with either the
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steep increase of the amplitude versus flow velocity for a well-defined instability threshold
or by an amplitude limit of 250-750 um. Weaver & Fitzpatrick (1988) took all parameters
in still fluid except for the damping, which is to be determined in still air.

The compiled experimental data of these guidelines and newer experimental data were
reviewed from the original papers and transformed to the standard definitions presented in
this paper. The existing correlations of the experimental data in all mentioned guidelines
were compared; the investigation leads to a different approach to analyse fluidelastic
instability data in heat exchanger tube bundles.

2. FLUIDELASTIC INSTABILITY EXCITATION MECHANISM

Tube bundles subjected to cross-flow vibrate even at low fluid velocities. These vibrations
are caused by turbulence and possibly superimposed vortex excitation. Fluidelastic instabi-
lity is based on self-excited forces, which are caused by the interaction between tube motion
and fluid flow. Usually, at the onset of fluidelastic instability, fluid forces occur which are
proportional to tube displacement and influence the stiffness of the system. This so-called
“soft” (Andjelic 1988) or “stiffness-controlled” excitation (Chen 1987) leads to a coordinated
motion of all tubes (whirling) and is dominant in low-density fluids and staggered tube
configurations. It is superimposed by a second kind of fluid forces, proportional to tube
vibration velocities, which reduce the damping of the system. This mechanism leads to
a sudden rise of the amplitudes and is called “hard” (Andjelic 1988) or “damping-control-
led” excitation (Chen 1987) also known as “galloping”. It can become dominant in high-
density fluids and in-line tube configurations. The phenomena are described by Chen (1987)
and Andjelic & Popp (1989).

The critical velocity of whirling is defined at the point of frequency coordination of all
tubes (Chen 1987; Leyh 1993). The stability equation for the dimensionless critical gap
velocity u;f was derived for whirling by Connors (1970):

Ug
uf = =K./A, 1
‘ fl da f ( )

where uy, is the critical gap velocity, 4 = mA/(pd?) is the mass-damping parameter, and
K the stability constant.

3. DEFINITION OF DIMENSIONLESS AND STUCTURAL PARAMETERS

Uniform definitions of parameters are important for reviewing data from other researchers.
Critical velocity, damping value, frequency, mass per unit length are defined differently by
different researchers, so that the dimensionless parameters presented cannot be compared.
The data of many researchers had to be transformed to the definitions used in this
investigation, i.e., all parameters have to be determined in still fluid with the density p. The
equations used to transform the data are outlined below. When the mass-damping para-
meters were given in an accurate way, a missing structural parameter could be recalculated
from the equation which defines the mass-damping parameter.

3.1. Mass PER UNIT LENGTH

The mass per unit length is the effective vibrating mass related to the tube length. It consists
of the mass of the tube material including the fluid inside the tube per unit length, mg, and
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the hydrodynamic mass, m,, defined as

mhzchpzdﬁ- )
4
The hydrodynamic mass coefficient, ¢;,, depends on the pitch ratio and can be obtained from
Chen (1987).

Chen (1987) and other researchers suggested taking the structural parameters in vacuum
for all flow regimes, so that the hydrodynamic mass can be neglected. For this investigation
the total mass per unit length had to be calculated for those data in liquid flow, where no
hydrodynamic mass or total mass was given. The most accurate way to calculate the total
mass per unit length for the known frequency, f;, in still fluid is via

R <jf;f> ()

Equation (2) was used only when the frequency f; in still air was missing and could not be
calculated.

3.2. TuBe FREQUENCY

In tube bundles, many mode shapes may be excited. For all experimental data investigated
it was sufficient to know the first mode. It is recommended to use the tube frequency in still
fluid with the density p. The tube frequency in still air was also compiled in the database.
When tube frequencies were not given, they were calculated, wherever possible.

3.3. DAMPING

The damping of a vibrating system has an important influence on the magnitude of the
amplitude and on the critical velocity. Unfortunately, the prediction of the damping value is
a great factor of uncertainty. The most accurate damping values are obtained by measure-
ment in the installed tube bundle. Correlations of published damping data show a deviation
of a factor 4 (Pettigrew et al. 1986a, b).

The damping values used here were determined in still fluid. If damping values in liquid
are not available, they were recalculated from the mass-damping parameter or, in one case
(Tanaka and Takahara 1981), by using the damping equations derived by Pettigrew et al.
(19864, b) to complete the database.

3.4. CriTICAL VELOCITY

The different methods for determination of the onset of fluidelastic instability is a source of
scatter in the experimental data. Hartlen (1974) used the velocity at which a noticeable
sound occurs, which was based on the impact of the tubes. This determination of the critical
velocity leads to higher values. On the other hand, Soper (1983) defined the onset of
fluidelastic instability as the point at which a tangent to the post-critical response intersec-
ted the velocity axis. This method gives an accurate determination of the critical velocity for
a well-defined threshold. In other cases, the change of the response power spectral density to
a narrow-band spectrum defines the beginning of fluidelastic instability. Austermann
& Popp (1995) explained that external forces, for example vortex-induced vibration, can
reduce the instability point. This reduction will also occur because of turbulence excitation,
which is a source of greater scatter in the liquid flow data.
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No attempt to transform the data to a reference definition was made due to lack of
information (e.g. no figures containing amplitude versus flow velocity).

It is also important to consider the different definitions of the reference velocity. Most
researchers use the pitch velocity,

(4)

Weaver & Yeung (1984) take the maximum gap velocity, which is 0-71 lower for rotated
square arrays (45°) and 0-87 lower for the 30°-tube array. The definition used in this paper
for the dimensionless critical velocity is the maximum gap velocity related to the frequency
in still fluid and the tube diameter, as defined in equation (1).

4. COMPILATION OF DATA FROM LITERATURE

The existing guidelines were used as a basis of this investigation. So, the experimental data
compiled by Chen (1987), Weaver & Fitzpatrick (1988) and Pettigrew & Taylor (1991) were
evaluated. Only the data by Scott (1987), Blevins et al. (1981) and Eisinger (1980) could not
be taken into account, because the first two papers were not available, and no complete
information on the pitch ratio and other important variables was reported in the last paper.
In place of that, eight additional publications, with about 110 experimental data, were
considered.

All fluid and structural data were converted to a common reference basis as outlined in
Section 3. The standard reference basis was the maximum gap velocity and all parameters
evaluated in the still fluid with density p; but also the use of the pitch velocity and the
recommendation of using all data in still gas were tested. Whenever possible, the structural
data reported in the original papers were used directly or after transformation into the
standard reference basis. Regarding the data for fluidelastic instability in liquids, it was
checked whether an influence due to resonance vortex excitation or vortex shedding was
present in the experiments.

The experimental results of 34 papers were compiled in a database containing about 300
data points. They are outlined in the standard reference basis in Table 1.

5. EVALUATION AND PARAMETRIC DEPENDENCE

The object of this study was to find a practicable guideline for real heat exchangers, which
would describe the lower bound of the relevant experimental data with a minimum r.m.s.
error,

(r.m.s. error)? =

i [u,’f(data) — u,i“(predicted)]2 )

1
N .= uif (data)

for all the data considered. Several modifications of the Connors equation were recommen-
ded. A general formulation of fluidelastic instability reads as follows:

ut =K < pf;) A, (©

where the stability constant K is a function of the tube configuration and the pitch ratio.
The compiled experimental data were evaluated for different exponents ¢ and d. The
dependence of the calculated stability factor K on the pitch ratio t was established for
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different tube configurations- Data for liquid and gas flow were considered separately. The
lowest scatter of the experimental data was observed for identical exponents ¢ = d, both for
liquid and for gas flow- The general formulation of equation (6) simplifies then to

mAN\Y
=R (ﬁ) | 7

Publications, in which different exponents ¢ and d are proposed, are mainly based on
experiments conducted with small damping values (Weaver & Grover 1978) or neglecting
the influence of fluid damping in liquid flows (Tanaka & Takahara 1981)

The exponent P and the dependence of the stability factor K on the pitch ratio were
correlated for different tube configurations and phase state of the cross-flow media-
According to a proposition by Chen (1987), the pitch dependence was taken as

K(t) = a(r - b), @)

where a and b are constants- As an example, Figure 1 shows the result for gas flow in a 30°
triangular array with the exponent P = 0-5- The lower bound is equal to the results of Soper
(1983)- Although Gross (1975) stated a minimum value of K between 7 = 1-2 and 1:3 we
took K constant for values T < 1-2 to be on the safe side Figure 2 applies to liquid flow with
P =015 The dependence on the pitch ratio is lower, but evident when comparing the
results in the same installation (Troidl 1986; Kassera & Strohmeier 1994). The influence of
the pitch ratio for all tube configurations can be seen in Tables 2 and 3.

The reference basis for the structural parameters was also varied. So, first the dimension-
less mass-damping parameters in liquid flow were calculated with structural data in air, as
far as the data were available. In this case, the scatter of the data for all tube configurations
and flow regimes was higher, for all exponents P between 0 and 0-5. In other investigations,
the pitch velocity was chosen instead of the maximum gap velocity. Although the deviation

30° — tube array I l I |< ' I

[l <1 And88 <f Har74 1
< Con80 <« Jahr 95 A
TH « God84 < Leyh93 4| P=05
«| Gog82 < Min 387
«q Gro75 <« Sop83

Stability constant, K(7)
T
A
A
MHa
K
L

4 4 g < 4 ~
= q < -
<
3 =
| " ]
2
1 I ) ) ! ) ! I )
1.0 11 12 1.3 14 1.5 1.6 1.7 1.8

Pitch ratio, ©

Figure 1. Effect of pitch ratio on the stability constant for gas flow and 30° tube arrays. The contractions in the
legend as rather obvious and will not be elaborated; e.g. ‘And 88’ stands for Andjelic (1988), ‘Con 80’ for Connors
(1980), and so on.
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Figure 2. Effect of pitch ratio on the stability constant for liquid flow and 30° tube arrays.

TaBLE 2

Stability constants and exponents for standard tube arrays and gas flow

Configuration Koin f)=1 K(7) P A
Tube row

(Chen 1987) 4-4 1:36 (r — 0-375) 6:0 (t — 0-375) 0-5 3-300
30° 2-1 3-33 (t — 09) 7-0 (t — 09) 05 2-4000
45° 2-1 2:52 (t — 0-8) 53 (t —08) 05 2-300
60° 31 1 31 0-4 2-200
90° 41 077 291 0-4 2-200

TasLE 3

Stability constants and exponents for standard tube arrays and liquid flow

Configuration K min f@=1 K(7) P A
Tube row
(Chen 1982) 2:2 141 (r — 0-375) 31 (r — 0-375) 0-15 0-05-3
30° 2:4 0-625 (t + 0-5) 15 (t + 0-5) 0-15 0-05-2
45° 22 0-55 (z + 0:6) 12 (z + 0:6) 0-15 0-05-2
60° 19 1 19 0-15 0-05-2
90° 19 0-53 (z + 0:7) 10 (z + 0-7) 0-15 0-05-2

of the data is nearly the same for both definitions, it is more advantageous to use the
maximum gap velocity, because the results for staggered and in-line arrays can be presented
in part together in one stability map each.
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6. DESIGN GUIDELINES
The stability equation is found to be
mA

_ KW 4 = Ko [(0) [7] , ©)
pd?

% _ Ugpe
T,
with K,;, bring the lowest K-factor, and f(t) is a function of the pitch ratio, >1. The
exponent P is different for gas and liquid flow and depends partly on the tube array. The
equations to calculate the stability constants are listed in Table 2 for gas flow and in Table 3
for liquid flow.

A condensed presentation of the influence of pitch ratio on the stability constant can be
seen from Figures 3 and 4. The lowest values for the stability constant can be observed for
the 60° tube configuration in liquid flow. Due to the alternating in-line flow for this tube
configuration, the damping-controlled excitation mechanism is dominant, and the stability
constant is therefore independent of the pitch ratio (Chen 1987). The stability constants for
normal square arrays (90°) are higher, and a slight influence on the pitch ratio can be
observed in liquid and gas flow. The staggered tube configurations (45 and 30°) show
a stronger dependence on the pitch ratio because the stiffness-controlled excitation is
dominant at the stability point. The strongest influence of the pitch ratio and the highest
values for the stability constants can be determined for the tube row.

All experimental data are presented in the stability map for the normal triangular array
(30°) and the rotated square array (45°) in Figure 5, and for the rotated triangular array (60°)
and the normal square array (90°) in Figure 6. The lines representing the suggested
correlations and the experimental data are calculated for a pitch ratio of 7 = 1-20. The
exponent P for gas flow was found to be 0-5 for the 30°- and 45°-configuration, and 0-4 for
the 60°- and 90°-tube arrays. Weaver & Fitzpatrick (1988) recommend a slope of 0-3 for the

10:.-.----..---1----1-....--.............

9 [ Tube row
[ P=05

\

\
\

\
\
\
A
NN

Stability constant, K(7)
W

4 — 90°, P = 0.4
/ /
s
3 F e ——
[ 60°, P=0.4

2 F
1 B 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 L 1 L 1 1 1 1 1 1 1 1 L 1

1.1 1.2 13 14 15 1.6 17 1.8 1.9 2.0

Pitch ratio, ©

Figure 3. Dependence of stability constants on the pitch ratio for standard tube arrays and gas flow.
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Figure 4. Dependence of stability constants on the pitch ratio for standard tube arrays and liquid flow.

T T T TTTTIT T T TTTTIT ) UL 1 T TTTTT 1 T TTTT I LI Tt

kS H 30°-tube array 45°-tube array <
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S 1 H < Con80 K Kas94 || B Gor -
§ 00 5 « God84 <€ Leyh 93 Hal 86 / =
) N «J Gog82 <{ Min 87 & Hal 88 .
> H & Gor76 <« Sop 83 € Har 74 ]
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&0 H B Hal86 B Tro 86 & Sop 83 -
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@ 10 E tube array 3
2 - 30°-tube array -
a - -
=]
L L ]
2] L _
g |
E -
=) [¢] \| 45°-tube array

1"I L1 1111l 1 L1 1111l 1 L1 1111l 1 L1 1111l 1 L1 1111l 1 L1 1 1111

0.01 0.1 1 10 100 1000 10000

Mass-damping parameter, 4

Figure 5. Stability map of dimensionless critical flow velocity versus mass-damping parameter for 30°- and 45°-
tube arrays with 7 = 1-20. Refer to caption of Figure. 1 for meaning of contractions in the legend.

60°-tube array, based on the results of Weaver & Grover (1978) at very low mass-damping
parameters. The results of Austermann (1993) show in the technically relevant region of the
mass-damping parameter (4 = 10-90) a slope between 0-33 and 0-40. Theory (Price 1995)
indicates a slope of 0-5 in the region 4 > 200. We took a mean value of 0-4. The optimal
exponents P for liquid flow were found to vary between 0-10 and 0-25, which was of the same
order of magnitudes predicted by Chen (1987). The choice of the mean value 0-15 does not
lead to sensibly larger deviations.



FLUIDELASTIC INSTABILITY IN HEAT EXCHANGER TUBE BUNDLES 371

100 A T T T TTTTT T T T T 1117 T T T 11117 T T T 1711q
60°-tube array 3

A Aust93 A Min 87 =1.20 B

A Con80 A Sop 83 =1

N Gor76 A& Wea78

I Hal 86 A Wea3l
N Hal 88 [ Wea 82

A Har 74 Wea 83 90°-tub
Hei8l [ Weas4 [ 90" tube arcay

N Joh 84 Y Yeu$83

60°-and 90°
tube array

60°-tube array

90°-tube array

[J Aust 93 Kas 94
B Axi84 [4 Lub 86
Chen 81 H Sop 83
D Con78 [ESto% [
M Gro75 B Tan8l
0 Hal 86 [ Tro86 [T
[ Hal 88 [0 Wea 84
B Har74 [ Wea 85
] Hei81 [E Zuk 80

C L1l L1111l L1l L1111 i
0.01 0.1 1 10 100 1000
Mass-damping parameter, A

10

Dimensionless critical gap velocity, u;*

Figure 6. Stability map of dimensionless critical flow velocity versus mass-damping parameter for 60°- and 90°-
tube arrays with © = 1-20.

15 T T T T T
' |
i K.=127 ]
B - -»> i
~ 10
o
B>
g L -
g
=] - -
o
2
.g
w5
[~ 60° T
0 1 1 1 1 1
1 2 3 4 5 6

Pitch ratio, 7,
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A reasonable interpolation for non-standard staggered configurations can be obtained
from the significant gradation of the stability constants as a function of the pitch ratio and
the tube bundle configuration, as illustrated in Figure 7 for gas flow. The stability constant
for uniform values of the pitch ratio in the lift direction, t,, is presented versus the pitch ratio
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TaBLE 4

Quantitative comparison with existing guidelines

Tube Guideline R.ms. error  Data below guideline (<4%)
configuration [%]
Number Max. deviation
[%]
Present work 263 1 62
ASME Code (1992) 38 0 0
30° gas flow. Blevins (1984) 39-1 0 0
63 data points Chen (1987) 308 0 0
Paidoussis (1981) 456 0 0
Pettigrew & Taylor (1991) 27-5 9 199
Weaver & Fitzpatrick (1988) 461 0 0
Present work 28-3/(31-1)* 0/(0)* 0-0/(0-0)*
ASME Code (1992) 55-2/(56:0)* 0/(0)* 0 0/(0 0)*
30° liquid flow.  Blevins (1984) 39-8/(33-4)* 0/(0)* 0/(0-0)*
55 data points Chen (1987)* 56-7/(40-2)* 0/(0)* 0 0/(0-0)*
(27 data points)® Paidoussis (1981) 36'5/(459)* 5/(2)* 38:5/(13-8)*
Pettigrew & Taylor (1991) 46:0/(59-3)* 2/(2)* 14-8/(14-8)*
Weaver & Fitzpatrick (1988)* 31-4/(32:9)* 2/(0)* 18-6/(0-0)*
Present work 24-7 1) 16:8
ASME Code (1992) 576 0
45° gas flow. Blevins (1984) 584 0 0
13 data points Chen (1987) 439 0 0
Paidoussis (1981) 57 0 0
Pettigrew & Taylor (1991) 48 0 0
Weaver & Fitzpatrick (1988) 382 0 27
Present work 30-1/(49-4)* 0/(0y* 0-0/(0-0)*
ASME Code (1992) 67-7/(88-2)* 0/(0)* 0-0/(0-0)*
45° liquid flow.  Blevins (1984) 50-7/(68-0)* 0/(0)* 0-0/(0-0)*
6 data points**  Chen (1987)% 59-3/(89-2)* 0/(0)* 0-0/(0-0)*
(3 data points)®  Paidoussis (1981) 47-8/(81-4)* 0/(0)* 0-0/(0-0)*
Pettigrew & Taylor (1991) 60-4/(89-3)* 0/(0)* 0-0/(0-0)*
Weaver & Fitzpatrick (1988)* 37-7/(38-7)* 0/(0)* 0-0/(0-0)*
Present work 27-4 0 34
ASME Code (1992) 323 1 42
60° gas flow. Blevins (1984) 334 0 2
48 data points Chen (1987) 259 10 216
Paidoussis (1981) 285 2 359
Pettigrew & Taylor (1991) 24-5 17 30-3
Weaver & Fitzpatrick (1988) 287 0 0
Present work 26-4/(32:0)* 0/(0)* 3-9/(3 )
ASME Code (1992) 48-9/(69-5)* 0/(0)* 0-0/(0-0
60° liquid flow.  Blevins (1984) 22-8/(34-0)* 2/(2)* 16-4/(16- 4)*
13 data points**) Chen (1987)* 18:6/(26-8)* 4/(1)* 29-0/(45-6)*
(8 data points)®  Paidoussis (1981) 24-4/(53-3)* 4/(4)* 37-8/(37-8)*
Pettigrew & Taylor (1991) 37-3/(72:0)* 0/(0)* 0-0/(0-0)*
Weaver & Fitzpatrick (1988)* 53-1/(42-6)* 2/(0)* 48:2/(0-0)*
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TasLe 4. Continued

Present work 29-3 0 1-8
ASME Code (1992) 419 0 0
90° gas flow. Blevins (1984) 431 0 0
39 data points Chen (1987) 466 0 0
Paidoussis (1981) 42-1 0 27
Pettigrew & Taylor (1991) 29-6 3 147
Weaver & Fitzpatrick (1988) 434 0 0
Present work 36-2/(30-1)* 1/(0y**#%  35.7/(0-0)*
ASME Code (1992) 50-4/(59-7)* 0/(0)* 0-0/(0-0)*
90° liquid flow. Blevins (1984) 31-0/(31-2)* S5/()* 55-1/(10-7)*
50 data points Chen (1987)% 34-6/(30-1)* 3/(5)* 34-2/(26:1)*
(25 data points)® Paidoussis (1981) 34-5/(47-1)* 13/(3)* 69-0/(23-9)*
Pettigrew & Taylor (1991) 39:9/(62-8)* 5/(0)* 20-9/(0-0)*
Weaver & Fitzpatrick (1988)* 38-5/(22-5)* 1/(0)* 16:7/(0-0)*
Remarks

*) For the calculated values in brackets the structural parameters were used as in each guideline
recommended. So, for the values calculated with the equations given by Chen (1987) the structural
parameters were used in still air even for the liquid region. The values for the guideline of Weaver
& Fitzpatrick (1988) were calculated with the damping determined in still air. The structural data in
air are available for nearly the half of all considered data.

All data presented without brackets were calculated with structural parameters determined in still
fluid.

**) Three data points from Weaver & Yeung (1984) for the 45° tube array and two data for a 60° tube
array by Weaver & Koroyannakis (1982) and Weaver & Koroyannakis (1983) were not considered;
the fluidelastic instability in those cases was influenced by resonant vortex excitation.

*#%) Hartlen (1974), see Section 7.

*#x#%) Connors (1978), see Section 7.

TABLE 5

Present criterion compared with previously available ones, for cases of similar performance
(in terms of r.m.s. error)

Present criterion Best of existing criteria
r.m.s. error (%) r.m.s.-error (%)
30° gas flow 26 Chen (1987) 31
30° liquid flow 28 (31) Weaver & Fitzpatrick (1988) 31 (33)
45° liquid flow 30 (49) Weaver & Fitzpatrick (1988) 38 (39)
60° gas flow 27 Weaver & Fitzpatrick (1988) 29
90° liquid flow 36 (30) Weaver & Fitzpatrick (1988) 39 (23)

in the drag direction, 7,. Stability constants for tube rows are limiting values for infinite
pitch ratio in the drag direction. The exponent of the mass damping parameteris P = 0-5 for
the three standard configuration angles o. A similar diagram was derived for staggered tube
arrays and liquid flow.

7. DISCUSSION

The object of this investigation was to find a guideline for the standard tube configurations
on the lower bound, but without any unnecessary safety factor. Therefore, some
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experimental data near or below the lower bound in Figures 5 and 6 will be discussed. In
liquid flow, three data points by Weaver & Yeung (1984) determined in a 45°- tube array
and two data points by Weaver & Koroyannakis (1982, 1983) determined in a 60°-
configuration were ignored. We have included these points in Figures 5 and 6 as a warning
to industrial users, in order to keep in mind the negative influence of vortex excitation
on fluidelastic instability. In these experiments, with very low damping values, resonant
vortex excitation occurred at a velocity which was about 20% lower than the expected
instability value. Due to this “external” force and the resulting high resonance amplitude,
the unstable limit cycle was reached and fluidelastic instability was stimulated at a lower
velocity [see Austermann & Popp (1995)]. An intensification of this effect may be produced
by careful frequency tuning of the tubes, which normally will not be found in real heat
exchangers.

One data point, also in liquid flow in a 90°-tube array, by Connors (1978) deviates widely
from the other 49 data points. Connors measured only one point with water in his
investigation, and the structural data for the model are not explicitly presented; therefore,
this point was not considered. In gas flow, one data point by Hartlen (1974) for a 45°-tube
array has a deviation of 17%. This point, at a mass-damping parameter of 166, shows
a diverging tendency in the dependence on the pitch ratio in comparison to the other data of
Hartlen and the data by Soper (1983) for this tube array.

Pettigrew & Taylor (1991) recommend an exponent of 0-5 for the mass-damping para-
meter for liquid and gas flow. It can be seen from Figures 5 and 6, that this assumption does
not agree with the slope of the experimental data [e.g., Kassera & Strohmeier (1994) and
Stockmeier (1990)] and leads to a strong deviation in the case of low mass-damping
parameters. The experimental data by Chen & Jendrzejczyk (1981) for a 90°-tube array
represent very well the transitional limit between liquid and gas flow at about 4 =2 in
Figure 6.

Two-phase flow was not considered in the correlations presented, because an analysis of
the most recent experimental data shows that, at present, there is a lack of understanding of
the phenomena occurring, and no basis exists for a generally valid description of the
vibrations induced by two-phase flow.

8. COMPARISON WITH EXISTING GUIDELINES

The following guidelines for estimating the fluidelastic instability in uniform single-phase
cross-flow were compared with our new proposal: ASME Code (1992), Blevins (1984), Chen
(1987), Paidoussis (1981), Pettigrew & Taylor (1991) and Weaver & Fitzpatrick (1988). The
relative root-mean-square error (r.m.s.) is computed by equation (5) as recommended by
Blevins (1984). For every guideline, the basis of the calculation is the square of the difference
between a measured and the corresponding predicted value, related to the measured value,
for all data points N. Table 4 shows the results for all tube arrays separated for gas and
liquid flow. The dimensionless critical velocity and the mass-damping parameter are at first,
when considering all the data, calculated with the structural parameters in still fluid,
also for the guideline by Chen (1987), who suggested to take them always in air, and
Weaver & Fitzpatrick (1988), who recommend to take the damping in air. Secondly,
when considering only nearly half of the liquid data, for which the structural data in air
are known, the dimensionless critical velocity and the mass-damping parameter
were calculated as recommended in each of the guidelines. The relative r.m.s. error values
determined in this way are plotted in brackets. Table 4 shows that the new design equations
are always on the safe side (excluding two data points discussed in Section 7) and are in five
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TABLE 6

Present criterion compared with previously available ones, for cases where the present criterion
performance is superior

Present criterion Best of existing criteria
r.m.s. error (%) r.m.s.-error (%)
45° gas flow 25 Weaver & Fitzpatrick (1988) 38.2
60° liquid flow 26 (32) Weaver & Fitzpatrick (1988) 53 (43)
Pettigrew & Taylor (1991) 37 (72)
90° gas flow 29 Weaver & Fitzpatrick (1988) 43
Paidoussis (1981) 42
Blevins (1984) 43

cases comparable with the best existing guidelines, concerning the r.m.s.-error value, as
shown in Table 5.

In three cases, the new correlations are substantially better than the existing guidelines, as
shown in Table 6.

This comparison demonstrates that the best existing guidelines are in one case that of
Chen (1987) and in all other cases those of Weaver & Fitzpatrick (1988). In Figure 8 the new
design recommendations are plotted together with five of the six evaluated existing
guidelines in stability maps for the standard tube configurations at T = 1-2, for the 30°- and
45°- tube array also at T = 2-0. The problem comparing the guidelines for liquid flow with
those given by Chen (1987) and Weaver & Fitzpatrick (1988) can be seen in Figure 8 for the
30°- tube array. Additional threshold lines are plotted for the liquid region, which is
assumed to begin at values 4 lower than 2-0, with estimated mass and damping values in
liquid being two times those in gas. In these cases, the frequency for still fluid was
recalculated with equation (3) to determine the dimensionless critical velocity.

9. CONCLUSIONS

A comparison of six existing guidelines for estimating the fluidelastic instability threshold
in uniform single-phase cross-flow led to new design recommendations, which are in
five cases comparable with the identified best guidelines and in three cases substantially
better. The exponents of the mass-damping parameter were found to be in gas flow 0-5
for the 30°- and 45°- configuration, 0-4 for the 60°- and 90°- configuration, and in liquid
flow 0-15 for all tube arrays. The stability constants are, except for the 60°-tube array,
functions of the pitch ratio with a significant gradation, which enables a reasonable
interpolation for non-standard configurations. All structural parameters are to be deter-
mined in still fluid.

The new recommendations provide an improved basis for the practical design of real
tube-bundle heat exchangers. All further aspects, e.g. considering flow distribution, inclined
flow, vortex shedding, acoustic resonance and turbulent buffeting are not the subject of this
paper, but are dealt with elsewhere (Gelbe et al. 1997).
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APPENDIX: NOMENCLATURE

Ch dimensionless hydrodynamic mass coefficient
d, tube diameter (m)
fi tube natural frequency of mode i (Hz)

stability constant

tube length (m)

total mass per unit length (kg/m)
hydrodynamic mass per unit length (kg/m)
number of span lengths

exponent of mass-damping parameter

wall thickness of tube (m)

pitch (m)

upstream velocity (m/s)

dimensionless gap velocity

maximum gap velocity (m/s)

configuration angle for staggered tube arrays (deg)
mass-damping parameter

damping ratio

logarithmic decrement of damping

shell side fluid density (kg/m?)

pitch ratio

Subscripts

outer side of tube
fluid

gas phase

critical point

liquid phase

gap between two tubes
drag direction

lift direction

bundle

A X v —xQNa
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