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Abstract

In the present work, the steady approximation for accelerating and decelerating flows through tube banks is discussed. With
this purpose, the experimental study of velocity and pressure fluctuations of transient turbulent cross-flow in a tube bank with
square arrangement and a pitch-to-diameter ratio of 1.26 is performed. The Reynolds number at steady-state flow, computed
with the tube diameter and the flow velocity in the narrow gap between the tubes, i6°8 Air is the working fluid. The
accelerating and decelerating transients are obtained by means of start and stop of the centrifugal blower. Wavelet and wavelet
packet multiresolution analysis were applied to decompose the signal in frequency intervals, using Daubechies 20 wavelet and
scale functions, thus allowing the analysis of phenomena in a time—frequency domain. The continuous wavelet transform was
also applied, using the Morlet function. The signals in the steady state, which presented a bistable behavior, were separated in
two modes and analyzed with usual statistic tools. The results were compared with the steady-state assumption, demonstrating
the ability of wavelets for analyzing time varying signals.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction effects caused by the turbulent fluid flow, unless
failures occur Pddoussis, 198R By attempting to
Banks of tubes or rods are found in the nuclear and improve the heat transfer process, dynamic loads are
process industries, being the most common geometry increased and may produce vibration of the structures,
used in heat exchangers. Attempts to increase heatleading, generally, to fatigue cracks and fretting-wear
exchange ratios in heat transfer equipments do not damage of the components, which are one of the failure
consider, as a priority of project criteria, structural sources affecting nuclear power plant performance
(Pettigrew et al., 1998
—_— Pressure fluctuations result from velocity fluctu-
faxic;gessfggigfo%fhor' Tel.: +55 51 33163228, ations at several points of the flow fielV{imarth,
E-mail addresssvmoller@ufrgs.br (S.V. fdller). 1975. They are produced by the interaction of velocity
URL: www.mecanica.ufrgs.br/Imf. gradients with velocity fluctuations and Reynolds
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The concern about heat transfer equipment integrity
Nomenclature is, therefore, due to the close relationship between fluid
flow around a solid surface and the vibrations induced
by the flow in the structure by wall pressure fluctua-
tions.

The classic approach to these studies is the Fourier
analysis, which can give information about the frequen-

a scale index

aj k approximation coefficientf(t)]
b position index

dj k detail coefficient §(t)]

]P ?E;;Ztﬁéy(mz) cies involved and the int_erdependence of simultqneous
o(0), h(t) generic time functionsgit), h(D)] p_henomena (_e.g. velocity an_d pressure _ﬂuctuatlo_ns at
j ' dilation index ' dlﬁgrer_ﬂ locations). _An grgodlc hypothe3|s of the tw_ne

K translation index seriesis necessary |n.th|s case, bemg mean valugs |n_de—
o pressure (Pa) _pepdent of _the samplmg process. This hypot_heS|s fails

P pitch (m) in time varying series, which means that Fourier analy-

sis cannot deal with a signal that is changing over time

and, therefore, its mean values are not constant. Fur-
thermore, many processes of interest in fluid dynamics
are not stationary. In accelerating flows, for instance,

beside their mean values not being constant, additional
phenomena may appear, as the flow velocity changes
with time.

Unsteady flows occur frequently in nuclear and pro-
cess installations, due to reciprocating pumps, water
hammer phenomenon and process control. Analysis of
such flows is often based on a quasi-steady approxima-
tion, with the transient phenomena being considered
as having the same characteristics to those of steady
flow at the same instantaneous Reynolds number. Nev-
ertheless, dynamic loads like those produced by vortex
shedding and other hydrodynamic processes, like fluid
elastic instabilities, turbulent buffeting and acoustic
resonance should be investigated under transient con-
ditions.

The modern literature presents the wavelets as a tool
to analyze such class of problems, including time vary-
stressesKotta, 1972 The amplitude of the pressure ing series and discontinuities in this series. The purpose
fluctuations may be influenced by velocity fluctuations of this paper is to explore the use of wavelets in the
at a distance comparable to the wavelength of thesestudy of unsteady turbulent flows through tube banks.
fluctuations Townsend, 1976 The search of form  The unsteady flow condition is obtained by accelerat-
and magnitude of pressure and velocity fluctuations ing and decelerating the flow.
and the interdependence between these quantities
is necessary for the comprehension of the complex
phenomena in tube banks, since the resulting forces2. Background
applied to the tubes by the turbulent flow will be
given by the integral of the pressure field around each 2.1. Fourier spectral analysis
tube in the bank. From the fluctuating pressure field,

a fluctuating excitation force will result, which may Spectral analysis is a modification of the Fourier
induce vibration of the tube if its natural frequency is analysis, more suitable for random time functions than
present in the excitation forc8levins, 1990. for deterministic functions. A generic time function

Pgg(a b) wavelet spectrumgt)]?

Pgn(a, b) wavelet cross-spectrurg(t)-h(t)]

P/D aspect ratio

Re Reynolds numbeiRe=U-D/v

Sr Strouhal numbeiSr=f-D/U

t time (s)

U,v  velocities (ms?)

Uapp  incidence velocity (mst)

Wy(a, b), Wh(a, b) continuous wavelet transform
coefficients §(t), h(t)]

W;(a, b), Wj(a, b) complex conjugate ofy(a,
b), Wh(a, b) [g(t), h(t)]

Greek letters

dab(l), ¢jk(t) scaling functions

v kinematic viscosity (As™1)
Van(t), ¥jk(t) wavelet functions
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g(t) is represented in Fourier domain by coefficients The continuous wavelet cross-spectrum of two dis-

obtained from the inner productsgit) with the Fourier crete time functiong(t) andh(t) is:

basis. The auto spectral density function (PSD) of a .

random time series is the squared Fourier coefficients Pgn(a, b) = Wela, b)Wj(a, b) (4)

of that series smoothed over frequency interv_al_s qnd where W (a, b) is the complex conjugate of the con-

over an ensemble of estlmate.s, in order to minimize tinu0us wavelet transform di(t). The absolute val-

the random errorfendat and Piersol, 19).1 ues ofPgn(a, b) give information about the coherence
between the two signals in time—frequency domain,

2.2. Wavelet analysis more detailed than the analysis of both the cross-
spectrum and the cross-correlation in Fourier space.

Wavelet analysis is similar to Fourier analysisinthat ~ To have a discrete wavelet bas@,and b are
the original function is expanded over an orthogonal replaced, respectively, by andk2, wherej andk are
basis. The Fourier basis is a set of sinusoidal functions the so-called dyadic dilation and translation indexes,
and the wavelet basis is a set formed by dilations and thus
translations of a single function called wavelet. . .

A wavelet can be described as a wavy function care- Yik(t) = 2772927 = k) (%)
fully constructed sothatitgrows and decaysinalimited A 2N jong time series is expressed in a discrete wavelet
time period Ogden, 1997; Percival and Walden, 2D00  pasis as:

A wavelet function tends to zero as time goes to infin-

ity and integrates to zero while its square integrates to N 27
unity. In the last years, many different wavelets were 8() = szj»kl/fj,k(t) (6)
developed Ifleyer, 1993. The function developed by j=0k=1

Haar in 1910 is considered the most suitable to the where, as in Fourier analysis, the wavelet or detail coef-
introduction and of the understanding of wavelet anal- ficientsdj are simply the inner products gft) with

ysis. _ - the corresponding basis functions.
Denoting the scale as and the position ab, the Associated to each wavelet there is a scaling func-
continuous wavelet basis is given by: tion, which also produces an orthogonal basis by means
of dilations and translations:
Vasl) = —=v (=2 ®
= Jam \a i) = 27912¢(27 It — k) (7)
The continuous wavelet transform of a discrete time A jthdegree smoothedtime series can be obtained com-
functiong(t) is given by: bining the sef{jk, k=1, ..., 287} with the scaling
or approximation coefficients; x given by the inner
Wel(a, b) = / g()Wap () dt ©) products ofg(t) with the corresponding basis scaling
1 functions:
The respective wavelet spectrum is: 2N
) g(t)jthsmoothz Zaj,k‘f’j,k(t) (8)
ng(av b) = |Wg(6l, b)' (3) k=1

While the auto spectral density function or Fourier All the sets{y;jk} and{¢;x} are mutually orthogonal,
spectrum gives the energy for each frequency over the therefore the function can be expressed as:

entire time domain, in the wavelet spectrum (equation

(3)), the energy is related to each Eme and sgale (or 80) = D audui(e) + sz-"’kw‘k(r) ©)
frequency). This characteristic of the wavelet trans- k =7k

form allows the representation of the distribution of whereJis the index of the last decomposition level of
the energy of the transient signal over time—frequency interest, where the decomposition sequence, up to level
domains. N, is truncated.
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For a 2 point sample, the indexes vary as follows:
1<j<J<Nand 1<k<2V. In other words, a time
seriesg(t) can be written as a sum of a coarse scaling
series and increasingly fine detail series.

The choice of the best wavelet for a given problem
is not straightforward. In some situations, the results
are similar for most wavelets, while for other prob-
lems; the result of the analysis depends strongly on
the wavelet type used. Basically, the best wavelet for
the analysis of a certain problem will be chosen by its
ability of enhancing features of the studied phenom-
ena and by its filter capabilities. In this research work,
Daubechies ‘db20’'Qaubechies, 1992vavelet func-
tions were selected following a best filtering criterion.
For the continuous wavelet spectra, the Morlet function
was used.
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and scaling functions, two series with, respectively,
lower and upper half width frequency intervals are
obtained. This scheme, applied recursively at all levels,
generates a “wavelettree”, and is called wavelet packet
transform. Each wavelet packet transform is associated
with a levelj, and thejth level decomposes the fre-
quency interval of the original signal [®2] into 2
intervals of equal bandwidths$ércival and Walden,
2000.

The first advantage of this band pass filter action of
wavelet packet decomposition is that, by reconstruct-
ing separately each frequency interval, the signal is
analyzed in a time—frequency domain, which gives the
localization in time of the occurrence of the frequency
of a selected event.

Wavelet analysis can be understood as a refinement

of Fourier analysis. The Fourier transform describes an
original function in terms of its frequency components,
over its whole domain. But for describing a signal that
is changing over time, the time—frequency localization
of the signal features has to be known. In equaf®n
the coefficientsd;  are related to the amplitudes and
energy of the signal at a given positikrcorresponding
to instantt=2k At and a period 2At, where At is
the acquisition interval. Therefore, there is a vector of
coefficients{d; x} associated to each frequency interval
[1/(2*1 At), 1/(2 A1)].

When used for signal processing, wavelet analysis

3. Experimental technique

The test section is the same usedEndres and
Maoller (2001) being a 1370 mm long rectangular chan-
nel, with 146 mm height and a maximal width of
193 mm Fig. 1(a)). Air, at room temperature, is the
working fluid, driven by a centrifugal blower, passed
by a diffuser and a set of honeycombs and screens,
before reaching measurement location with about 1%
turbulence intensity. After the screens, a Pitot tube was
placed at a fixed position to measure the reference
velocity for the experiments and for the calculation of

has, as a first result, the detection of singularities, due the Reynolds number at the steady-state condition.

to the fact that wavelet coefficients are very sensitive
to discontinuities and abrupt behavior changes of the
signal. The features of the signal are more visible at

For measurements of velocity and velocity fluc-
tuations, DANTEC constant temperature hot wire
anemometers were applied. Single and double hot wire

continuous wavelet analysis, but the discrete analysis probes were applied. Single probes used have one wire

needs less computing time and memory.
Each set of detail coefficients retains the informa-
tion concerning to a definite frequency interval and the

perpendicular to the main flow. The double wire probe
has one wire perpendicular to the main flow and a sec-
ond wire inclined 45 to the main flow, so that two

signal can be reconstructed separately for each one ofcomponents of the velocity vector and their fluctua-

these intervals. These sejy obtained from the inner
sum of equatior6), are part of the original signal and

tions could be measured simultaneously.
Wall pressure fluctuations were measured by

point out the localized time behavior of the signal atthe ENDEVCO piezo-resistive pressure transducers,
corresponding frequency interval. However, the width mounted inside the tubes and connected to a pressure
ofthe frequency interval depends on the decomposition tap drilled in a nylon support adjusted to the tube inner
level, being larger for higher frequencies. wall.

To obtain narrower frequency intervals another The tube bank investigated had a pitch-to-diameter
wavelet decomposition procedure must be applied. ratio P/D=1.26 and square arrangement. The tubes
Considering each detail coefficient vector as a series were rigid and not heated. The flow was perpendicular
and decomposing that series using the same waveletto tube axes.
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Fig. 1. Schematic view of the test section: (a) wind tunnel configuration and (b) tube bank with location of probes: (1 and 2) hot wires and (3)
pressure tap for pressure transducer.
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Fig. 1(b) shows schematic location of the probes in of 8 kHz was also used, with low pass filters of 3
the tube bank. The support of hot wire “2” was fixedon and 3.6 kHz, respectively, for velocity and pressure
the upper wall, while hot wire “1” was inserted from signals.
the outlet. The pressure transducer was installed in the  Time series were acquired in a transient flow, start-
central tube of the third row of the bank. All probes ing from rest and running to the stationary state, or
were placed at the same distance from upper and lowerfrom stationary state to rest, respectively, by turning the
walls. The hot wires were positioned perpendicular to blower “on” or “off”. Therefore, the Pitot tube could
the tube axes. measure the velocity only in steady-state condition.

Fig. 2 shows a scheme of the pressure transducer For reference, and to investigate the wavelet tech-
mounted inside the tube. The tube instrumented with nique in transient flows, a first experiment was per-
the pressure transducer was the central one in the thirdformed: two velocity components were acquired with
row, as shown irrig. 1(b). the double wire probe in the wake of a single tube

The wall pressure in the region of central tube of assembled perpendicular to the flow. The approach-
the third row, where separation occurs, was acquired ing velocity was simultaneously acquired with a single
simultaneously with the velocities at both sides probe replacing the Pitot tube.
of the cylinder. Data acquisition of velocity and Wavelet analysis was performed using the Matlab
pressure were performed with a 12 bit Keithley DAS- 5.3 software.

58 A/ID-converter board with sampling frequency of Analysis of uncertainties in the results has a con-
25kHz, and a low pass filter set at 10 kHz for velocity tribution of 1.4% from the measurement equipments
and 1.6kHz for pressure. A sampling frequency (includinghotwire and A/D converter). The mean error
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of the determination of the flow velocity withahotwire £ 4,
is about 3.4%. Velocity fluctuations in the main flow &
0

direction are obtained with a mean error of 15%, while 106k
the transverse fluctuating component has an error of

107 . : . -
about 30%. 100 10° 102 103 10t 108
frequency (Hz)
4. Results Fig. 3. Transientvelocity in (a) the wake of a cylinder, (b) free stream

reference velocity and (c) power spectrum of the stationary part of

. . . . . the vortex street series.
Fig. 3(a) shows the transient signal acquired in the

wake of a cylinder. The Reynolds number defined with
the tube diameter and the stationary reference velocity fluctuations perpendicular to both tube and tunnel axis
was 3.1x 10%. was computed from the signals obtained by the double
The power spectrum of the last half part of the wire probe. An 11th level wavelet packet decompo-
vortex street seriesF{g. 3(b)), where steady state sition was applied to the time series, performing the
is reached, shows a peak at about 104Hz as theso-called multiresolution analysis, and then the 11th
predominant frequency of vortex shedding in the level series were reconstructed, each with a bandwidth
wake. This corresponds to a Strouhal number, defined of 6.1 Hz. The results for some series were displayed
with the shedding frequency and the tube diameter of in Fig. 4.
0.22, about 5% higher then the classical value of 0.21.  In the series ofFig. 4, the transient increase of
However, this value can be attributed to the blockage amplitudes denotes the presence of the transient vortex
of the test section by the single tub&/ést and Apelt, shedding at the corresponding frequency interval and
1982. time. This occurs later for higher frequencies and, at
In order to analyze the vortex street development the last frequency interval, from 103.7 to 109.8 Hz, the
during acceleration of the flow, the transversal velocity raise in the amplitude, which begins nearly at the onset
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Fig. 4. Some reconstructed wavelet series for the transient velocity
in the wake of a cylinder oFig. 3a) showing the time—frequency
evolution of the wake.

Reynolds number x 104

Fig. 5. (a) Time location of the transient vortex shedding and respec-
tive instantaneous mean approaching veIocszt:,(,Dp for a generic
frequency band. (b) Strouhal numbe8s(t), computed from tran-

of stationary flow and holds until the end of the time sient frequency and approaching velocity against Reynolds number

series, denotes the presence of the stationary vortexbased on tube diameter.

shedding. , _
In order to relate the transient vortex shedding The transient Strouhal number can be evaluated as:
frequency and the free stream transient velocities f)D

approaching the cylinder, the mean point of transient 57{) = 70 (10)

increase of amplitudes was used to find the correspond-

ing transient approaching velocity. The scheme shown whereD is the tube diametel/app the instantaneous

in Fig. Ya) illustrates this procedure, applied for each mean approaching velocity anfl is the mean fre-
frequency interval, from 30.5t0 103.7 Hz. Some uncer- quency of the interval.

tainty in the determination of such points is due to the Fig. 5(b) shows the transient Strouhal number as a
vortex shedding itself, which does not occur at a single function of Reynolds number, which is approximately
distinct frequency, but rather it wanders over a nar- constant along time, the slight variations around 0.21
row band of frequencies with a range of amplitudes (continuous line) are due to the experimental inherent
(Blevins, 1990. uncertainties.
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Fig. 6. (a) Wavelet approximation, corresponding to a 3 Hz low pass filter, of the velocity signals obtained from Probes “1” and “2”. (b) Details
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The velocity signals acquired in the tube bank were
analyzed with the continuous and discrete wavelet
transforms. The 12th level reconstructed approxima-
tion setsFig. 6(a) of the discrete wavelet transforms

evidenced that the two signals alternate complementar-

ily, at both transient and stationary parts, maintaining a

regular mean velocity among them. The reconstructed

detail setsFig. 6(b and c)) show that the fluctuations of
the velocity are more intense at the time intervals cor-
responding to the lower mean velocity values and vice
versa. Location of the probes is givenfBig. 1 In gen-
eral, the velocity measured by Probe “2”, which was
nearer the tube wall than Probe “1” is lower than the
velocity measured with Probe “1”, but the turbulence
intensity, evidenced by the amplitudes of the signal, is
higher for Probe “2”. This behavior seems to be more
definite at lower frequencies, until 195 Hz.

To better observe this behavior, the continuous
wavelet spectrum analysis of the first quarter part of the
signal was madeH{g. 7). The gray scale used shows in
darker gray the time—frequency localization of higher
energy levels of the signal. It is noticeable that, at

1883

each interval, the velocity signal with the lower mean
value has more energy at the fluctuations concerning
the carrying energy vortices (lower frequencies). This
is observed irFig. 7(a), from about 3.3 s till the end of
the record, and iRig. 7(b), in the time interval between
2and 3.3s.

By decelerating the flow, by turning the blower off,
it was expected to make the transient longer than at
accelerating process and than to obtain more details
about the transient process. This actually happened,
but series longer than the capacity of the A/D converter
were necessary, without giving substantive additional
information.

More detailed results of pressure and velocity
fluctuations for this geometry can be foundindres
and Moller (2001) According toZiada et al. (1989)
the pressure measurements provide no information
about fluid periodicities in banks with in line tubes. The
spectrum of velocity fluctuations can provide some
information, if taken behind the first row, because the
flow within the rest of the array becomes fully turbulent.
The measurements shown in this paper, however, were
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& 100 L 5
g 4000 @
o 3
2 50
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0 0
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Fig. 7. Continuous wavelet spectrum of the velocity signals: (a) Probe “2” and (b) Probe “1”.
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Fig. 8. Velocity signals of (a) Probe “1” and (b) Probe “2”.
pressure wall tap, are presented-ig. 12 showing a

. ) weak correlation at mode" and an almost null corre-
made behind the third row, and consequently, 0ne can 51ion at mode by, corroborating that the flow behavior

see onl_y a fully turpulenc_e spectrum, with no evidence s ot ajike at both modes and can not be studied at
of _vortlces shedding. Dlﬁerently from Iarge_ aspect nce by Fourier analysis, as if it was stationary.

ratio tube banks, where dynamic loads are mainly asso-  The” continuous wavelet spectra of the velocity
ciated with the vortex shedding process, the turbulent signals were computed according to equati@hand

flow i'n tube banks with small aspect .ratios is ch.ar- presented irFig. 13 Any slice of the graph, parallel
acterized as broadband turbulence, without a defined frequency—energy plane, shows an instantaneous

shedding frequencyBlevins, 1990. In general, the  ghaciral energy distribution of the signal, whereas

_behawor ofspeptra agrees with f(_)rmer results obtained the slice parallel to time—energy plane, represents the
in Endres and Miler (2001) for this geometry. energy oscillation along time for a chosen frequency.

_ To study with more accuracy this unsteady behav- e pjike behavior of the signals along time is clearly

ior of the velocity that occurs even at stationary regime geen yntil 20's, the energy is broad distributed at the
of the incident flow, several measurements at the |oyer frequencies, which corresponds to the carrying
same location were performed, using longer series a”denergy larger vortices. After 20s, where the mean

including the pressure signal. The series were vaUiredveIocities are largeriig. 9), the energy is lower at all

at 8 kHz and low pass filtered at 3kHz for velocity and - o4 encies presented. These results agree with that of

3.6 kHz for pressure signalBig. 8shows the velocity ko rier spectraRig. 10, however at wavelet spectra
signals of a selected experiment. The signals seem to

be stationary after 5 s, butthe reconstructed approxima- g

tions (Fig. 9), for a frequency interval of 0-4 Hz, show vaa -l
a strong change at 19 s, affecting both velocity signals 0.07r ‘a‘ o QE'
and also the pressure that present peaks at about 19£ 0.06L “a.“

and 20s. The two modes of the flow were separated oL 005 "‘_‘

and the resulting series, named mod# (6.9-15.0s)
and modeb” (21.0-29.1 s) were analyzed with Fourier
and correlation methods.

Fig. 10 shows the auto spectral density functions
of the velocity signals of both modes aRkd. 11, the
auto spectral density functions of the respective pres-

o
o
=
T
&
&

o

Q

R
T

spectral density (m
=
W
N
o
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Fig. 11. Power spectral density of pressure signal at moalesrid
“b".

the analysis could be done at once, without the assump-
tion of stationarity. Also visible is the inhomogeneous
distribution of energy, remarkably at the signal
of Probe “2".

Fig. 14 shows the wavelet cross-spectrum of
velocity signal of Probe “1” and the pressure signal.
The absolute magnitude of the wavelet cross-spectrum
indicates the coherence between the signals in both
frequency and time localization. The signals presented
a weak coherence at the time interval corresponding
to mode ‘@” and an almost null coherence at the time
corresponding to moddb”". This is in agreement with
the coherence function for the two modes, shown also
in Fig. 14 Nevertheless, the strong peak at the region
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Fig. 13. Wavelet spectra of signals andv,.

around 20 s, indicating that the transition between the
two modes has good coherence between the signals, is
not possible to be captured with the Fourier analysis,
due to its transitory nature.
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Fig. 14. Wavelet cross-spectrum of velocityand pressure signals
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5. Concluding remarks

In this paper, the accelerating flow through a
P/D=1.26 tube bank is studied using hot wires and
wavelet technique. The well-known wake from a cylin-
der perpendicular to a turbulent flow was previously
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so-called wavelet packet transform, enabled the capture
of the behavior of the wake in an accelerating flow. The
energy distribution could be observed at each frequency
interval, with the bandwidth determined by the reso-
lution necessary for the analysis of the phenomenon
studied and by the computational resources available.

The smoothing property of wavelet decomposition
and reconstruction of lower frequencies of the origi-
nal transient signal was also very useful to obtain the
instantaneous mean of the signal along time.

The good agreement of the transient Strouhal num-
ber in the wake of a cylinder, computed from param-
eters obtained in wavelet analysis with the classical
stationary Strouhal number of 0.21, corroborated the
proper use of wavelets for the transient turbulent wake
analysis.

In the analysis of the accelerating flow through a
tube bank, the wavelet technique captured the behavior
on the wake region of a tube in the bank. The mode
shift of the flow in both sides of the tube could be
observed in the transient as well as in the steady-state
flow. The intensity of the velocity fluctuations during
the transient part could also be observed at several
frequency intervals.

Continuous wavelet spectrum gave information
about the energy distribution of the signals with time.

The wavelet cross-spectrum of velocity and pres-
sure signals, which describes the coherence between
them at time—frequency domain, and the wavelet spec-
tra of the velocity signals, which describe their energy
distribution at time—frequency domain, show undoubt-
edly that the flow through tube banks has a transient
three-dimensional nature.

The results in this paper show also that wavelet
transforms, either discrete or continuous, are very use-
ful tools in the analysis of transient flows through
tube banks, giving also valuable additional information
about the flow characteristics in steady state.
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