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ABSTRACT 
 

This paper presents the experimental analysis of the propagation of a disturbance with a fixed frequency in the incidence 
velocity of the cross flow through a tube bank and its influence on the velocity fluctuations inside the bank. The disturbance 
is generated outside the bank by vortex shedding from an obstacle. The tube banks investigated had square arrangement and 
aspect ratio P/D = 1.60 and 1.26. Air was the working fluid. Measurements were performed with hot wires. Behavior of 
fluctuating velocities is described by means of autospectral density. The results show that the frequency of the disturbance 
remains unchanged as it passes through the bank, and subsists until the 4th row in spite of the high turbulence intensities and 
of the fact that flow velocity inside the bank varies with the position. This fact indicates that external excitations can be 
transferred to the solid boundaries of the bank maintaining their original frequency. Continuous Wavelet Transforms of the 
signals show that in time domain, the frequency of the disturbance has an almost steady behavior. 
 
INTRODUCTION 
 
Motivation 

Banks of tubes or rods are found in the nuclear and process industries, being the most common geometry used in heat 
exchangers. Tube banks are the usual simplification for fluid flow and heat transfer in the study of shell-and-tube heat 
exchangers, where the coolant is forced to flow transversely to the tubes by the action of baffle plates. Geometric 
characterization of a tube bank is made by the P/D-ratio, being D the tube diameter and P, the pitch, which is the distance 
between the centerlines of adjacent tubes. Tube arrangement is also equally important in the characterization of fluid flow 
and heat transfer of a tube bank.  

In general, fluid flow loads in a tube bank (and any other structure submitted to a flow) can be classified in static and 
dynamic [1]. The former due to the mean pressure variation along the flow through the bank and the latter due to pressure 
and velocity fluctuations of the turbulent flow, which characteristics are strongly influenced by the geometry of the bank [2]. 
Dynamic loads are produced by phenomena like vortex shedding, turbulence buffeting as well as acoustic resonances in tube 
banks submitted to gas flow, which can induce vibration on the banks [3]. 

Vorticity shedding in tube banks with intermediate tube spacing (longitudinal P/D-ratio between 1.75 and 2.7) and in-line 
arrays is generated by a global jet mode and persists over the whole depth of the tube bank. Acoustic resonance is then 
caused by the coupling between the resonant acoustic mode and the instability of the shear layer which separates from the 
tubes. When tube spacing are made smaller (longitudinal P/D<1.5), the jet instability becomes weaker and it occurs at the 
upstream rows only. As in intermediate tube spacing, acoustic resonance in this case is also excited by the shear layer 
instability [4]. 

Tube banks have being widely studied in the last decades. The first systematic studies of fluid flow distribution and 
pressure drop in tube banks of shell and tube heat exchangers and steam generators, known to the Authors, are the work of E. 
Grimison and the doctoral thesis of P. Wiemer, [5] and [6], respectively. Both works dealt mainly with friction factors, but 
Wiemer made a very interesting flow visualization study using sand boxes models of heat exchangers and steam generators. 
His results show the strong influence of baffle plates in the whole flow pattern due to boundary-layer separation and 
recirculation processes.  

More recent studies [7] of the influence of baffle plates showed peak frequencies in the spectra of pressure fluctuations, 
which could not be associated neither to the effect of pure cross flow through the bank, nor to effects produced solely by the 
baffles. 

It is considered [8] that in a heat exchanger, the forces induced by the flow on the tubes and the vibrations generated by 
these forces are controlled by the upstream flow structures in the shell region of the heat exchanger. In this study, the tubes 
could vibrate while tube wall pressure fluctuations and vibration amplitudes were measured. The results show that, due to the 
complexity of the flow, there are small differences between the vibration frequencies of the tubes in different rows, which are 
very close to the natural frequency of the tubes. 

In [9] it is presented an overview on flow-induced vibration problems, considering the several excitation mechanisms and 
presenting a list of the most important references at that time and suggested areas for future research. 
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In spite of the long time since Grimison’s and Wiemer’s studies, and all the efforts devoted since then by many authors 
concerning the several aspects of the flow through tube banks, the need of deeper understanding the physics of fluid structure 
interaction, including the turbulent flow through tube bundles in cross flow, still remains [10]. 
 
EXPERIMENTAL TECHNIQUE 
 

The test section is the same described in [2] e [11] being a 1370 mm long rectangular channel, with 146 mm height and a 
maximal (adjustable) width of 193 mm. Air, at room temperature, is the working fluid, driven by a centrifugal blower, passed 
by a settling chamber and a set of honeycombs and screens. The upstream turbulence intensity was about 2 %.  

Inside the test section, tube banks were placed. The first tube bank used was five rows deep and four lines wide, had 
square arrangement and an aspect ratio (P/D) of 1.60. The tubes were smooth with 32.1 mm outside diameter. They were 
rigidly mounted in the channel and not heated.  

To generate a far-field disturbance, a vortex generator was placed on the centerline of the channel. The disturbance was, 
therefore, a wake produced by the vortex generator. The position of the vortex generator was carefully chosen, so that the 
resulting wake reached the tube bank between the second and third lines of the first row. The axis of the vortex generator 
was parallel to the axes of the tubes in the bank. 

The angle of incidence of the flow on the tubes and on the vortex generator was 90o. Before the tube bank a Pitot tube 
was placed, at a fixed position, to measure the incidence velocity which was taken as reference velocity for the experiments. 
A scheme of the test section is shown in Fig. 1. 

 
 

 
 

Figure 1: Schematic view of the test section – flow is from left to right. 
 
 

For this study, three different types of experiments were performed, Fig. 2. The first one was the measurement of the 
propagation of the disturbance in the channel without tube bank, named “free channel”, this being a reference experiment for 
the subsequent ones. Free channel experiments were performed without a single tube or a tube bank. The second experiment, 
also a reference one, had the purpose of studying the effect on a single isolated cylinder of a disturbance transported by the 
flow which results are not showed here. The location of the single cylinder and of the vortex generator are indicated in Fig. 2, 
together with the location of the tube bank in the third experiment, which was the measurement of the propagation of the 
external disturbance through the tube bank. 
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Figure 2: Schematic representation of the channel and location of measurements (dimensions in mm).  
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The Reynolds number (ReR), based on the tube diameter and the incidence velocity, was 2.0•104 for the experiment with 

the single cylinder and 1.7•104 for the tube bank experiment. By taking the velocity measured in the center of the narrow 
gap between the rods, the value of the Reynolds number of the flow in the tube bank (ReG) is 5.1•104. Subscripts R and G 
denote reference velocity and the velocity in the narrow gaps between the tubes, respectively [11]. 

For all the measurements in the free channel, the single cylinder and the tube banks, the vortex generators were placed at 
the same location. They were mounted in the channel so that the flow impinged normal to the flat surface. The width of the 
vortex generators were different for the tube bank and the free channel experiments, so that almost the same shedding 
frequency were obtained in both situations investigated, to compensate velocity differences in the free channel and in the 
channel with the tube bank, due to the additional pressure drop produced by the bank. Figure 3 shows a scheme of the cross 
section of the vortex generators used. The main dimensions are given in Table I. A third vortex generator was used in the 
additional measurements described below. Table I presents also dimensionless relationships between the main dimension 
“A” (Fig. 3) of the vortex generator, the tube diameter and the gap width S (P-D). The characteristic Strouhal number, 
defined with the incidence velocity and the width “A” for this geometry of vortex generators is 0.14 [3]. 
 

Table I: Main dimensions of the vortex generators used
Parameter Vortex generator # 
 1 2 3 

A (mm) 37.7 32.8 20.5 
B (mm) 18.0 13.4 9.0 
C (mm) 2.8 1.6 1.2 

Length (mm) 146 146 146 
A/D 1.17 1.02 0.64 
A/S 

P/D=1.6 
- 1.70 1.06 

A

       C       B

Flow

 
Figure 3: Schematic view of the cross section of the vortex 

generators (impinging flow from left to right). 
 

A/S 
P/D=1.26 

- 3.93 2.46 

 
 

For the measurement of velocity and velocity fluctuations, DANTEC constant temperature hot wire anemometers were 
applied. One probe was placed at a fixed position downstream of the vortex generator, while a second one could be displaced 
to several positions in the channel or in the bank, where applied. Care was taken to avoid placing the moving probe directly 
in the wake of the fixed probe. 

Data acquisition of velocity fluctuations was performed simultaneously by a Keithley DAS-58 A/D-converter board with 
a sampling frequency of 4 kHz, and a low pass filter set at 2 kHz. To eliminate the DC part of the signal, a high pass filter, 
set at 1 Hz, was also used. The low pass filter was not set at the ideal frequency, but based on previous measurements this 
setting did not produced errors in the frequencies of interest. 

Analysis of uncertainties in the results showed a contribution of 1.4 % from the measurement equipments (including hot 
wire and A/D converter). 
 
RESULTS 
 
Channel with Tube Bank 

The peak frequency, after the vortex generator, remains unaltered as the flow passes through the bank. It is noticeable that 
the peak intensity at the shedding frequency increases as the flow passes through the bank, with a maximum at position 3, 
which corresponds to the wide region between second and third rows. The frequency of the peak, however, remains 
unaltered, even with the strong variations of the velocity magnitude as the flow passes from the narrow gap to the wider 
region between two rows. 

This behavior can be explained by the fact that in this longitudinal P/D range, between small and intermediate [4] the 
flow starts forming eddies after the second row, with an established regime after the third row, as observed in [12] and [13]. 
Therefore, because the frequency of the disturbance remains unaltered, the wavelength of the disturbance is increased, due to 
the narrowing of the flow passage after the first row and the consequent acceleration of the flow. This may also increase the 
amplitude of the disturbance in that region. Due to vortex shedding produced by the interaction of the flow lane with the 
wake region, after the third row, the raise in the turbulence level causes the reduction of the peaks of the disturbance. 
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Comparison with the results of the preliminary measurements show that the observed frequency is not generated in the 
tube bank, but transported through the bank.  

Some very important questions arose from these results: the first one is whether the observed frequencies are not 
generated in the bank, triggered by the external disturbance, and amplified by the tube bank. Besides, tube banks are 
turbulence generators, therefore, it is to expect that, due to turbulence growth as the flow passes through the bank, this 
disturbance should be dissipated or, at least, covered by the turbulence of the tube bank. The gap spacing and its relation to 
the scale of the disturbance may also play an important role. If the width “A” of the vortex generator can be taken as a scale 
for the vortex size of the wake, its amplification or dissipation will be related to the gap width “S”. In this case, the A/S-ratio 
is the factor for determining whether a disturbance will be dissipated. 

The observed peaks are also not related to acoustical resonance frequencies, since their frequencies are far below the 
acoustical resonance frequencies calculated for the test section. 

Therefore, additional experiments were necessary to confirm the results and for the correct interpretation of the 
phenomena observed, focusing on a tube bank with different (smaller) P/D-ratio and another vortex generator. 
 
ADDITIONAL MEASUREMENTS 
 

Four additional experiments were performed, measuring velocity fluctuations in the same locations given in Fig. 2b. A 
second tube bank with P/D = 1.26 was also used. This tube bank had 5 lines of tubes, and was also five rows deep and was 
mounted in the wind channel as described in Fig. 2.  

Results of measurements of velocity fluctuations (without vortex generator) performed in the tube bank with P/D = 1.26 
can be found in [2]. The features of the results are similar to the results of P/D = 1.6 but no peaks were observed in spectra of 
velocity fluctuations. 

Vortex generators #2 and #3 were used in the tube banks with P/D = 1.26 and P/D = 1.60. The values of the shedding 
frequency and of the first harmonic, the corresponding Strouhal numbers and the Reynolds numbers of each experiment were 
previously measured and are listed in Table II. 
 

Table II: Shedding frequencies of vortex generators #2 and #3, for the tube banks investigated. 
 

Vortex 
generator 

P/D A/S Frequencies 
(Hz) 

UG 
m/s 

ReG StrG= 
fD/UG

UR 
m/s 

StrR = 
fD/UR 

ReR 

2 1.26 3.93 43.0 32.976 6.46E+04 0.042 6.351 0.217 1.24E+04 
   86.0 32.976 6.46E+04 0.084 6.351 0.434 1.24E+04 

3 1.26 2.46 54.7 31.984 6.75E+04 0.055 6.065 0.289 1.28E+04 
   109.4 31.984 6.75E+04 0.110 6.065 0.579 1.28E+04 
   164.1 31.984 6.75E+04 0.165 6.065 0.868 1.28E+04 

2 1.6 1.7 58.6 27.317 5.35E+04 0.069 10.222 0.184 2.00E+04 
   117.2 27.317 5.35E+04 0.138 10.222 0.368 2.00E+04 

3 1.6 1.06 85.9 27.496 5.42E+04 0.100 9.933 0.278 1.96E+04 
   171.9 27.496 5.42E+04 0.201 9.933 0.555 1.96E+04 

 
 

Results of spectra from the moving probe, positions 0 to 7, are shown in Figs. 4 to 7 for both geometries and vortex 
generator analyzed. The spectral values of Pos. 1 are divided by 10, of Pos. 2 are divided by 100 and so forth. 

Figure 4 shows spectra of velocity fluctuations for P/D = 1.60 and vortex generator #2. The A/S ratio is 1.7. At Pos. 0 and 
1 both the shedding frequency and its first harmonic are observed, with higher values of the latter. The peaks increase until 
Pos. 2, but the spectra show increasing energy until Pos. 4. After this point the turbulence remains almost constant, and the 
peak is clear until Pos. 5, that means, the 4th row. It is observed, from the behavior of the spectra at Pos. 3 to 4 and 5 to 6, that 
the reduction of the flow area reduces the turbulence intensity in the narrow gap, compared to the preceding wider region 
between the rows. 
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Figure 4: P/D = 1.60, vortex generator #2, A/S=1.7, 
ReG=5.35•104 (dashed lines indicate values of the 
disturbance frequency and of the first harmonic) 
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Figure 5: P/D = 1.60, vortex generator #3, A/S=1.06, 
ReG=5.42•104 (dashed lines indicate values of the 
disturbance frequency and of the first harmonic) 
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Figure 6: P/D = 1.26, vortex generator #2, A/S=3.93, 
ReG=6.46•104 (dashed line indicates value of the disturbance 
frequency) 
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Figure 7: P/D = 1.26, vortex generator #3, A/S=2.46, 
ReG=6.75•104 
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By using the smallest vortex generator (#3), A/S=1.06, Fig. 5, the behavior of the spectra is very similar to the preceding 
case, but the peak of the shedding frequency is still clear, although small, at Pos. 6. 

Reduction of the P/D-ratio to 1.26, Fig. 7, increases the turbulence intensity right after the first row, so that the spectral 
values of Pos. 1 are higher than Pos. 0, even after being divided by 10. Again, the reduction of the flow area reduces the 
turbulence intensity in the narrow gap, compared to the preceding wider region between the rows. 

Results in Fig. 6 show also that the vortex generator #2, A/S=3.93, produces a peak in the first harmonic in spectrum 
measured at Pos. 0. This peak almost vanishes after Pos. 1 while the shedding frequency remains until Pos. 3 only. In Fig. 7, 
A/S=2.46, spectrum taken at Pos. 0 shows the shedding frequency, the first and second harmonics (54.7, 109.4 and 164.1 
Hz), but only the shedding frequency appears in spectrum measured at Pos. 1 and subsequents. 

The behavior of the peaks observed in Figures 4 to 7 can be explained by the fact that, in this longitudinal P/D 
range, the flow starts forming eddies after the second row, with an established regime after the third row, as observed by 
Ziada [15]. Therefore, because the frequency of the disturbance remains unaltered, both wavelength and amplitude of the 
disturbance are increased, due to the narrowing of the flow passage after the first row and the consequent acceleration of the 
flow. Due to vortex shedding produced by the interaction of the flow lane with the wake region, after the third row, the raise 
in the turbulence level causes the reduction of the peaks of the disturbance. Continuous Wavelet Transforms of the signals 
show that in time domain, the frequency of the disturbance has an almost steady behavior, Fig. 8. 

 

0 

1 

2 
Fig. 8: Continuous wavelet transform of the signals at locations 0, 1 and 2. Tube bank with P/D =1.26, ReG=6.46•104 

(spectra of Fig. 6). 
 
Cross-correlations between velocity fluctuations measured with the fixed and the moving probe were also calculated. The 

period of the cross-correlations corresponds to the observed frequencies, with predominant influence of the shedding 
frequency, although second mode also appears in the correlations corresponding to spectra where the first mode is present. 
This confirms that the wake produced by the vortex generator is transported throughout the bank, maintaining its original 
characteristic frequency as it passes through the successive rows.  

By reducing the P/D-ratio, significant values of the correlations occur only up to Pos. 3. Due to the strong increase in the 
turbulence intensity observed in the spectra at positions 1 and 2, the disturbance is more rapidly dissipated as in the largest 
P/D-ratio studied.  

Results from cross-correlation analyses, not showed here, confirm that after the third row, the transit velocity does not 
change significantly. 
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For the P/D = 1.26, the results were not as evident as in the previous P/D-ratio. Although the peaks in spectra are very 
clear, as seen in Fig. 7. 

The question that arises is why does the disturbance was not immediately annihilated by the turbulence generated by 
the tube bank after passing the first row?  
 An explanation can be found by analyzing the convective terms of the Navier-Stokes equation. By taking only the first 
term and rewriting it in a more convenient form 
 

x
u

x
uu

∂
∂

=
∂
∂ 2

2
1                (1) 

 
it is observed that the velocity is squared. If the Reynolds decomposition for the velocity is applied, it is evident that the raise 
in the mean velocity due to continuity, as the flow passes through the gap between tubes of the first row, is accompanied by 
the raise of the turbulence intensities. This happens because all instantaneous velocity vectors have their values increased, 
due to continuity, and squared, as shown in Eq. (1). It must be also considered that three-dimensional effects, like vortex 
stretching, will also occur, transferring part of the energy to the other velocity components. Nevertheless, this three-
dimensional effect cannot be captured by the experimental technique adopted, mainly due to the difficulty of introducing 
more complex probes in the narrow spaces between the tubes. Besides, the fact that the flow is restrained by the presence of 
upper and side channel walls and by the presence of the tubes may limit the amplitude of the components out of the mean 
stream direction. 
 
CONCLUDING REMARKS 
 

This paper presents the study of the propagation of disturbances with fixed frequency values, transported by the incidence 
velocity of the cross flow through tube banks with square arrangement and its influence on the velocity fluctuations inside 
the bank. Hot wire technique was applied. The frequencies of the disturbances were carefully chosen so that they were 
clearly distinguished and separated from the frequencies generated in the bank, acoustic resonance frequencies and the 
natural frequencies of the test section.  

For reference, measurements of the influence of the disturbance in the test channel (without any obstacle) and on a single 
cylinder were previously performed. Since these are very well known flows, effects of the disturbance were clearly 
identified. 

In general, experimental results presented in this paper show that an external disturbance, generated in conditions which 
can strongly differ from those found in the tube bank flow, will maintain its original frequency while transported through the 
bank. The propagation frequency is the shedding frequency or its first harmonic. The value of the predominant frequency in 
spectra seems to depend on the P/D-ratio and the Reynolds number, but in the cross-correlation measurements the period of 
the oscillation corresponded only to the shedding frequency. The ratio of the scale of the disturbance to the size of the gap 
spacing between the tubes of the rows seems to play an important role too. By reducing the gap spacing, the disturbance was 
dissipated after the second row for the largest vortex generator used (#2), while with the smallest vortex generator (#3) as 
well as with both vortex generators (#2 and #3) in the largest P/D-ratio studied, it subsisted until the 4th or 5th rows. 

These measurements were performed in the main flow passage between the tubes. As the disturbance keeps its original 
frequency, while the velocity is successively increased and decreased, a change in the wave number of the disturbance may 
also occur, so that, its wave length is increased as the flow velocity increases in the tube bank. 

The expected raise in the turbulence intensity in the first rows of the banks does not overwhelm the disturbance, on the 
contrary, it is accompanied by the raise in the amplitude of the disturbance.  

Characteristic shedding frequencies from the tubes in the bank were not found in these measurements, probably due to the 
P/D-ratios studied and to the square arrangement. For these P/D-ratios, vortex shedding from the tubes in the bank appears 
more likely in triangular arrays ([14] and [2]). 

Spectra of velocity fluctuations in the tube banks investigated show that the observed peak frequencies are clearly not 
related to any frequency generated in the banks investigated. They can not be associated to acoustic resonances, since all the 
observed frequencies were far below the natural frequencies of transverse acoustic modes of closed rectangular volumes with 
rigid walls. 

The combination of the effects of the external disturbance with the increasing turbulence levels of the flow inside the 
bank lead, therefore, to an initial raise in the amplitudes as they influence the inner flow of the bank. This is due to the 
acceleration of the flow, as it passes the first row of the bank, until it reaches the second row. After the second row, the 
energy of the disturbance starts to decay as the distance from the generator increases. Although the investigated tube banks 
were only 5 rows deep, in practical heat exchangers, which have a larger number of rows, the disturbance will be dissipated 
in the early tube rows, persisting for the geometries investigated until the 4th or the 5th tube rows. The parameter for this 
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process is the ratio between the width of the vortex generator end the gap spacing, A/S. As the value of A/S increases, the 
disturbance is dissipated at the earlier tube rows, while for the smaller A/S-ratios, it can subsist until the 4th or 5th rows. 
Continuous Wavelet Transforms of the signals show that in time domain, the frequency of the disturbance has an almost 
steady behavior. Results show also that wavelets can be an useful tool for the analysis of this class of problems. 
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