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Abstract —Design criteria for tube bundle heat exchangers, to avoid fluidelastic instability, are based on stability criteria for ideal
bundles and uniform flow conditions along the tube length. In real heat exchangers, a non-uniform flow distribution is caused by
inlet nozzles, impingement plates, baffles and bypass gaps. The calculation of the equivalent velocities, according to the extended
stability equation of Connors, requires the knowledge of the mode shape and the assumption of a realistic velocity distribution in
each flow section of the heat exchanger. It is the object of this investigation to derive simple correlations and recommendations,
(1) for equivalent velocity distributions, based on partial constant velocities, and (2) for the calculation of the critical volume flow in
practical design applications. With computational fluid dynamic (CFD) programs it is possible to calculate the velocity distribution in
real tube bundles, and to determine the most endangered tube and thereby the critical volume flow. The paper moreover presents
results and design equations for the inlet section of heat exchangers with variations of a broad range of geometrical parameters, e.g.,
tube pitch, shell diameter, nozzle diameter, span width, distance between nozzle exit and tube bundle.  2000 Éditions scientifiques
et médicales Elsevier SAS
vibration excitation / tubes and tube bundles / CFD simulation / velocity distribution in tube bundle heat exchangers

Nomenclature

a distance between shell periphery and the first
tube row (seefigure 1) . . . . . . . . . . . mm

b distance between nozzle exit and the first tube
row (seefigure 1) . . . . . . . . . . . . . . mm

b∗ = b/da
cn correction factor considering the influence

of the number of tube row exposed to the
approaching flow on the excitation force

da tube outer diameter . . . . . . . . . . . . . mm
DM shell inside diameter . . . . . . . . . . . . mm
dS nozzle diameter . . . . . . . . . . . . . . . mm
f natural frequency . . . . . . . . . . . . . . Hz
Fq cross-sectional area . . . . . . . . . . . . . mm2

K stability constant (see equation (1))
K∗ stability ratio (see equation (4))
L tube length or partial length of a tube with

constant velocity . . . . . . . . . . . . . . mm
m total tube mass per unit length . . . . . . . kg·m−1

* Correspondence and reprints.
mohr@tk1.fb10.tu-berlin.de

N number of flow sections or partial flow
sections

P exponent of mass-damping factor (see
equation (1))

R number of partial flow sections between two
baffles

s chord length/width of the cross-sectional area mm
S energy ratio (see equation (3))

u gap velocity (see equation (3)) . . . . . . . m·s−1

u∗ dimensionless gap velocity (see equation (1))

V̇ volume flow rate . . . . . . . . . . . . . . m3·s−1

vS velocity in the nozzle . . . . . . . . . . . . m·s−1

X jet expansion factor (see equation (13))
z coordinate along the tube length . . . . . . mm

∆ mass-damping parameter=mΛ(ρ · d2
a)
−1

1S partial energy ratio (see equation (6))
Λ logarithmic decrement of damping

ρ density of the shell fluid . . . . . . . . . . kg·m−3

τ tube pitch ratio (see equation (3))
Φ mode shape function (see equation (3))
Ψ velocity distribution function

Indices

n number of tube row approached by flow
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r flow section or partial flow section number
cr. critical value
∼ equivalent value
ˆ, max maximum value

1. INTRODUCTION

For a safe design of real heat exchangers, to avoid
damages caused by fluid-elastic instability, the effective
velocity distribution over the entire tube length should be
known, particularly in the section with nozzle inlet and
in the baffle windows. Up to now only rough assump-
tions, as shown later on infigure 4 as methods A and
B, are possible [1]. Computational fluid dynamic (CFD)
programs enable the calculation of the flow field in tube
bundle heat exchangers [2]. By parameter studies the in-
fluence of the geometry can be investigated. Correlating
the calculated velocities with the mode shape function,
and regarding the design criteria accepted for ideal bun-
dles, the vibration excitation can be simulated for each
tube in the complex geometry, described by the stability
ratioK∗, as defined in equation (4). The maximum value
of K∗ determines the critical volume floẇVcr..

By variation of the inlet geometry, it becomes possible
to derive simple correlations for equivalent velocity
distributions and corresponding flow areas in tube bundle
heat exchangers. The three-dimensional steady-state flow
field on the shell side of heat exchangers with rigid tubes
is calculated using the commercial CFD program STAR-
CD. The program solves the well know 3D Navier–
Stokes equations for incompressible turbulent flow by
using the standardk−ε model.

2. THEORETICAL BACKGROUND

The correlation between the mode shape and the ve-
locity distribution suggested by Connors [3] was already
experimentally confirmed by Jahr and Gelbe [4] and by
Jahr [5]. Applying the extended stability equation,

u∗cr. =
ũcr.

f da
=K∆P (1)

and the equivalent critical velocity,

ũcr. = ûcr.
√
S (2)

it is possible to convert the stability criteria for ideal bun-
dles and uniform flow conditions to real conditions, using

the energy ratioS and the maximum gap velocitŷucr..
The equivalent velocitỹu is the velocity, which causes the
same vibration excitation at ideal flow conditions. The
corresponding critical values̃ucr. were taken from Gelbe
et al. [6] or Schröder et al. [7]. The energy ratioS is de-
fined by

S =
∫ L

0 Ψ
2(z)Φ2(z)dz∫ L

0 Φ
2(z)dz

with Ψ (z)= u(z)
û

(3)

In order to define the vibration excitation of one tube
in inhomogeneous flow, it is necessary to consider the
velocity distributions in the tube gaps of that tube and
to correlate this velocities with the mode shape func-
tionΦ(z). The mode shape function has been determined
in subroutines with finite element methods (FEM) or for
simple cases with analytical equations. The stability ra-
tio K∗ defines the graduation of the vibration excitation
of one tube,

K∗ = ũ

cnucr.
(4)

cn is a correction factor≥ 1, considering the influence
of the tube rows on the excitation force;cn is one for
the most endangered tube rows (e.g.,n = 2 for 30◦ and
n = 3 for 60◦ tube arrangements),cn > 1 for the other
tube rows, depending on tube array and the pitch ratio.
If ũ = cnũcr, K

∗ = 1, e.g., the tube becomes critical.
When the gap velocities in the partial flow sectionsr are
constant, then the equivalent velocityũ can be calculated
by equations (5) and (6):

ũ= û
√√√√ N∑
r=1

Ψ 2
r ∆Sr (5)

with the partial energy ratio

1Sr =
∫
Lr
Φ2(z)dz∫ L

0 Φ
2(z)dz

(6)

If the stability ratio for the most endangered tube in the
bundleK∗max= 1, the critical volume flow rate can be
calculated:

V̇cr. = ûcr.

R∑
r=1

ΨrFqr (7)

Fqr is the cross-sectional area for the partial flow sec-
tion r. Equation (7) is valid for each flow section between
two baffles.
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TABLE I
Variation of the geometrical parameters.

tube arrangement 30◦
outer tube diameter 25 mm
tube pitch ratioτ 1.28; 1.4; 2.0
shell diameterDM 400, 600, 700, 1200 mm
inlet nozzle diameterdS 100, 150, 200, 250, 300, 350 mm
support lengthL 600 mm, 1000 mm
reduced distance between
nozzle exit and the first tube
row, b∗ = b/da −0.4 up to 9.0

3. INVESTIGATION OF THE INLET
SECTION GEOMETRY

The flow distribution in different inlet sections of tube
bundle heat exchangers has been investigated. The tubes
first are supported in two fixed bearings, so the support
length is equal to the tube lengthL. The investigation
of a one-pass section is justified, since the velocity
distribution in the inlet section is independent of the flow
in the following sections of a multi-span heat exchanger;
designing real heat exchangers, only the relative velocity
values u/û have to be considered. The nozzles are
placed in the middle of the tube length, so, in this first
investigation, the velocity distributions and the mode
shape functions are symmetrical.Table I shows the
investigated geometrical parameters.

In figure 1 the tube layout of one of the investigated
bundles is outlined. The distancesa or b are varied by
removing tube rows, beginning at the nozzle.

Calculating the steady-state flow field, a constant vol-
ume flow rateV̇ was fixed, in order to determine the ax-
ial velocity distribution in the tube gaps. The velocities
in the six gaps of each tube with the neighbouring tubes
are analysed. The fluid at the shell-side is air at normal
conditions. By applying the extended Connors equation,
the equivalent velocities for each gap are achieved. The
root mean square values of the equivalent velocities of
the opposite gaps are determined. With these three aver-
age equivalent velocities it is possible to define the ap-
proach flow direction and two stability ratios: the first
K∗(30◦) value is defined for the normal approach flow
direction, using the maximum of the three equivalent ve-
locities and the critical velocity for the 30◦ tube array, the
secondK∗(60◦) value is determined with the two aver-
age equivalent velocities in transversal flow direction and
a critical valueucr., which is estimated as a linear relation
of the critical velocitiesucr.(30◦) anducr.(60◦), depend-
ing on the angle of the flow direction. The basis of this
procedure was confirmed by analysing the experimental

Figure 1. Sketch of a tube bundle with the endangered tubes
in the second tube row approached by flow (DM = 600 mm,
L= 1000mm, dS= 250mm, τ = 1.28).

Figure 2. Stability ratio for the tubes in the first three rows
approached by flow in a bundle with a reduced distance b∗ =
0.73 and a volume flow rate V̇ = 1.93 m3·s−1 (DM = 600 mm,
L= 1000mm, dS= 250mm, τ = 1.28, tube row 1 removed).

measurements of Yeung and Weaver [8]. Thecn values
for 30◦ and 60◦ tube arrays were taken from the measure-
ments of Andjelic [9], Austermann [10] and Jahr [5]. The
results concerning the influence of the transversal flow
direction in 30◦ tube arrangements will be published sep-
arately [11].

In figure 1 the endangered tubes for bothK∗ values
in the second tube row approached by flow are shown.
Figure 2 shows as an example theK∗ values for all
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TABLE II
Correction factors cn for the first, second and
third tube row exposed to flow in a 30◦ tube

array with τ = 1.28.

n cn for K∗(30◦) cn for K∗(60◦)
1 1.5 1.6
2 1.0 1.0
3 1.1 1.0

Figure 3. Stability ratio K∗ dependent on the reduced distance
between the first tube row and the nozzle exit (DM = 600mm,
L= 1000mm, dS= 250mm, τ = 1.28).

tubes in the first three tube rows approached by flow
at a reduced distanceb∗ = 0.73, that means, without
the tube row No. 1. The volume flow rate waṡV =
1.93 m3·s−1.The correction factorscn used in this case
are listed intable II.

Experimental data by Jahr [5] show that in homo-
geneous flow and in ideal bundles, the second row be-
comes first critical, the first row only at about 50 % higher
throughput, depending onτ . The reason is the lower up-
stream velocity of the first row and thereby a lower force
on the tube, even though the gap velocities are the same
in the first and the second tube row. The highestK∗ val-
ues were taken in the second row. This value determines
the value of the critical volume flow rate,

V̇cr. = V̇

K∗max
(8)

The maximum values of the stability ratiosK∗ of
the tubes in the first and the second actual tube row are
plotted infigure 3as a function of the reduced distanceb∗
for the described bundles. The highest value ofK∗ = 0.8
appears for normal triangular flow direction (K∗(30◦))
on the tube number 1 of tube row No. 2, when the shell is

Figure 4. Comparison of the critical volume flow rate in a
single-span heat exchanger with simple design methods (DM =
600mm, L= 1000mm, dS= 250mm, τ = 1.28).

completely filled out with tubes. This tube layout should
be avoided. The highestK∗ values are achieved for the
normal triangular flow direction in the second tube row
approached by flow. Only atb∗ = 0.73, the calculated
K∗ value in the first actual tube row is a little bit higher
than the maximum value in the second actual tube row,
and theK∗(60◦) values get up to the value ofK∗max (as
can be seen fromfigure 2, tube No. 4); that is due to the
peak transversal velocity at the nozzle exit. Moreover, in
figure 3 it is shown that the transversal flow direction is
not critical. This is true for all investigated bundles with
a pitch ratio ofτ = 1.28. Two nearly linear functions for
the stability ratio between 0≤ b∗ ≤ 2.5 and forb∗ > 2.5
can be determined. The value of aboutb∗ = 2.5 seems to
be a good choice, butb∗ should not be lower than 1.

The results for theK∗(60◦) values of the other
investigated pitch ratios will be presented in [11]. In the
further sections of the paper all results are presented for
the calculated stability ratios of the normal triangular
flow directionK∗(30◦).

In figure 4 the critical volume flow rates, calculated
by the described method with STAR-CD, are plotted
over the reduced distanceb∗. These results are compared
with two different simple design methods. In method A
a uniform flow in the cross-sectional area is supposed.
That is not admissible in this case, because the predicted
critical volume flow rates are too high. In method B
it is assumed that the flow toward the bundle and the
second row occurs only in the nozzle-projection area.
The design by method B achieves values being too low
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Figure 5. Model for the determination of the velocity distribu-
tion and the flow areas.

by a factor of 2–3. Surely, these considerable differences
for one-through-flow will become lower in real heat
exchangers, depending on the number of flow sections.
It is the object of this investigation to find a combination
of the two methods A and B, getting a safe prediction
of the “measured” (i.e. calculated by STAR-CD) critical
volume flow rates.

4. MODEL FOR THE VELOCITY
DISTRIBUTION AND THE FLOW
AREAS

The model does not describe the true velocity distribu-
tion, but the equivalent velocities, i.e. the excitation force
on the most endangered tube will be approximated. Infig-
ure 5, the basic data of the model for determining the dis-
tribution of the equivalent velocities and the correspond-
ing flow areas in the second tube row are shown.L is the
support length of the tubes ands is length of the chord
in the second tube row. The model has been developed
and tested for a central position of the inlet nozzle and
for a symmetrical mode shape function. It assumes that
the most endangered tube is located in the center of the
nozzle.

Three flow sections with partial constant velocities
have been distinguished in the model:

(I) maximum flow under the inlet nozzle with the
cross-sectional areaFq1 and the equivalent velocityu1.
All other velocities are referred to this highest value, i.e.
the velocity ratioΨ1= 1,

(II) lower positive flow with the cross-sectional area
Fq2 and the velocity ratioΨ2= u2/u1,

(III) possible negative recirculation flow with the
cross-sectional areaFq3 andΨ3= u3/u1.

The flow rate in the partial section III is about 2−10 %
of the total flow rate, but the equivalent velocity is
negligible, since the mode shape functionΦ is nearly
zero. The reduction of the flow area byFq3 is more
important. So, the equivalent velocityu3 was assumed
to be zero.

The first condition is the assumption, that the true
velocitiesu(z) and the model valuesur should produce
the same excitation force in each partial sectionr.
For example, the equivalent velocityu1 in figure 5 is
calculated by taking into account the velocity distribution
ucr.(z) and the mode shape functionΦ(z) only in the
partial section I along the lengthL1:

u1= ûcr.

√√√√∫
L1
Ψ 2(z)Φ2(z)dz∫
L1
Φ2(z)dz

(9)

The equivalent velocitiesu2 andu3 are calculated analo-
gous to equation (9) along the partial length (L2−L1) or
(L−L2).

The second condition is, that the sum of the partial
volume flow rates in the partial sections I and II results
the critical volume flow rate; the back stream in partial
section III is neglected:

u1Fq1+ u2Fq2= V̇cr. (10)

The cross-sectional areaFq1 can be calculated by the
lengthL1 and the widths1:

Fq1=


(
L1s1−

(
1− π

4

)
s2
1

)(
τ − 1

τ

)
, s1 ≤ L1(

L1s1−
(

1− π
4

)
L2

1

)(
τ − 1

τ

)
, s1 ≥ L1

(11)
The cross-sectional area Fq2 is defined by

Fq2= (L2s2−L1s1)

(
τ − 1

τ

)
(12)

The bulk flow lengthL1 depends on the inlet nozzle
diameterdS, the ratio of support to chord length and a
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fitting parameter, the jet expansion factorX:

L1= dSX
L

s
(13)

The jet expansion factor is a function of the reduced
distance between the first row and the nozzle exitb∗ =
b/da; the more tube rows are removed from the bundle,
the more the bulk flow can expand.

The widths1 depends also onXdS and in addition on
the pitch ratio and the geometrical relations of the nozzle
diameter and the support length to the shell diameter.
These influences are given by the corrective functionsf1
(equation (18)) andf2 (equation (19)):

s1=XdSf1

(
τ,
DM

L
,
DM

dS

)
(14)

If the reduced nozzle diameterdS/L is high, then no
recirculation occurs andL2 = L. The lengthL2 can be
determined by the “measured” (i.e. the calculated values
by STAR-CD) flow distribution. Infigure 6 the velocity
distribution in the tube gaps, refered to the velocity
in the nozzlevS, for one geometry (shell diameter
DM = 700 mm, support lengthL = 600 mm, nozzle
diameter dS = 300 mm, pitch ratioτ = 2.0, b∗ =
2.25) is illustrated. The marked line shows the velocity
distribution for the most endangered tube in the tube gap
No. 1. At the intersection of this line with the neutral
point line, the lengthL2 can be found. The profiles of
the velocities in the tube gaps Nos. 2 and 3 are very
similar; the values are negligibly lower. The tube gap
No. 4, placed outside the nozzle-projection area shows
significant lower velocity values, which reduce further
for the tube gaps Nos. 5 and 6.Figure 6contains also the
values of the lengthL1/L and the equivalent velocities
u1/vS andu2/vS, calculated by the model equations.

The results for the reduced flow lengthL2/L of all
investigated tube bundles are illustrated infigure 7. To
avoid recirculation, the nozzle diameters have to exceed
values dS ≥ (0.33 to 0.5)L, depending on the pitch
ratio τ . The following functions for the reduced length
L2 could be obtained:

L∗2
L
= 1.5f2(τ )

(
dS

L
+ 0.2

)0.7

, (15)

L2= L∗2 ≤ L (16)

The width s2 of the cross-sectional areaFq2 is cal-
culated by a similar equation, which considers the same

Figure 6. Axial and radial velocity distribution in the tube
gaps of the second row approached by flow (DM = 700 mm,
L= 600mm, dS= 300mm, τ = 2.0, b∗ = 2.25).

Figure 7. Reduced flow length L2/L as a function of the
reduced nozzle diameter and the pitch ratio.

corrective function as in equation (14):

s2

s
= 1.42f1

(
τ,
DM

L
,
DM

dS

)(
dS

s
+ 0.2

)0.7

(17)

The corrective functionsf1 andf2 are given by the
equations (18) and (19):

f1

(
τ,
DM

L
,
DM

dS

)
= 0.34

τ

τ − 1

(
DM

L

)0.3(
1− 0.09

DM

dS

)
(18)
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Figure 8. Determination of the jet expansion factor X (DM =
600mm, L= 1000mm, dS= 250mm, τ = 1.28).

f2(τ )= 0.6
τ

τ − 0.5
(19)

In order to determine the jet expansion factorsX, the
reduced volume flows (̇Vmodel/V̇cr.) are plotted over all
variants ofX. Figure 8shows an example. The searched
solutions are found for such values of the jet expansion
factor, where the volume flow rate, calculated by the
model, is equal to the critical volume flow rate, calculated
by STAR-CD. There are two solutions, but the solutions
at the lowerX values are not always plausible (e.g.,
L1< dS). For this reason the higherX values were taken.
In figure 8 it can be observed that near the minima the
influence of the jet expansion factor is not significant,
except the noncommendable caseb∗ = −0.375. The
curves are clear graduated, so, increasing the reduced
distanceb∗, the jet expansion factor also increases. The
analysis showed that the distancea (seefigure 1) was
not suitable correlating the values ofX. The distanceb
is the appropriate parameter considering the influence of
the nozzle diameter and to define, whether the first row
overlaps the nozzle flow area, which should be ensured
choosingb∗ ≥ 1.0.

In figure 9 all values of the jet expansion factorX
for DM = 600 and 700 mm are plotted over the reduced
distanceb∗. For a safe design the following function can
be defined:

X = 1.2(b∗)0.2≥ 1.0 (20)

For valuesb∗ < 0.4, i.e. those shells, which are com-
pletely filled with tubes, there isX = 1.0. By this func-
tion and by the derived equations, the cross-sectional ar-
easFq1 andFq2 can be calculated.

In figure 10the velocity ratioΨ2 = u2/u1 is plotted
over the reduced difference length(L∗2−L1)/L, L

∗
2 be-

ing calculated by equation (15), also whenL∗2 should be

Figure 9. Jet expansion factor X depending on the reduced
distance b∗.

Figure 10. Velocity ratio Ψ2 depending on the reduced differ-
ence length.

greater thanL. The values ofΨ2 show larger deviations
and in some cases a dependence onb∗. In reality, the plot-
ted valuesΨ2 are the values calculated for the most en-
dangered tube, therefore they are the maximum values in
the cross-sectional areaFq2. Considering the radial ve-
locity distribution shown infigure 6, average values for
u2 are needed. Therefore, it makes sense to take the lower
fitting line. Thereby values betweenΨ2 = 0 (mean flow
in the whole cross-section) andΨ2= 0.6 at a reduced dif-
ference length of 0.5 are achieved. The velocity ratioΨ2
can be described by a linear function:

Ψ2= 1.2
L∗2−L1

L
(21)
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Figure 11. Model validation.

Applying the model calculation, critical volume flow
rates are achieved on the safe side between 80 and 100 %
of the simulated values, that corresponds to a deviation
of ±10 % from an average value. Infigure 11the volume
flow rate, calculated by the derived model equations, for
shell diametersDM = 600 mm andDM = 700 mm are
shown. The results for the shell diametersDM = 400 mm
and 1200 mm are not shown here, but join together with
the presented results.

The calculated absolute values ofu1 and V̇cr. have
been validated against measurements in single-span tubes
heat exchangers [8, 11]. As for the velocity distribution,
only the relative values forΨ2 = u2/u1 are necessary to
be known. For this purpose, a validation against CFD
results is adequate.

5. CONCLUSION

The presented method produces equivalent velocity
distributions and corresponding cross-sectional areas in
real heat exchanger bundles and enables the designer to
predict the vibration excitation by fluid-elastic instability
more accurate than before.

The derived equations are valid for the inlet section in
the second row of normal(30◦) and in the third row of
rotated(60◦) triangular arrays of both single- and multi-
span tubes heat exchangers, considering the influence of
the different energy ratios in the partial sections [1].

Up to now only cases with a central position of the
inlet nozzle has been evaluated; so, the investigation is
not yet concluded. The following problems have to be
clarified:

• influence of the transversal flow direction in a normal
triangular array (30◦) at higher pitch ratios [11],

• no symmetrical mode shape function and no central
position of the inlet nozzle,

• model accommodations for other tube arrangements,

• development of a model, describing the partial flow
rates in the baffle windows of real heat exchangers [11].
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