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Abstract. The present work analyzes the effect of the boyrldger separation in a curved duct of rectangusaction

which is part of a boiler in a thermal power plafithe test section is a scale model of the duct,dbanects the two
economizer heat exchangers. Visualization methodshat wire anemometry were applied. The data vesayzed

using Fourier and wavelet transforms. The visudiaa of the flow put in evidence the boundary lageparation at
the wall region near the strongest convexity angggsts a transient detachment and reattachmeeofiow. Fourier

analysis is unable to detect the phenomena, dits twulk approach. The wavelet transform, converselade a time
frequency analysis, more suitable for transientrgiveena. Indeed, the wavelet spectrum show eneajys peear 20
Hz, denoting the passage of a large vortex throighprobe region. The phenomenon occurs at a tiegvial of 10

seconds observed also in the visualizations
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1. INTRODUCTION

The phenomenon of boundary layer separation inecliducts, may cause structural and maintenancéepnstin
heat exchangers of thermo-electric power plantdrdsiak, 1997). The turbulent flow impinging on thenk of tubes
of the energy saver heat exchanger (economizer) preguce unwanted vibration of the tubes leading fmossible
break. Furthermore, particles with high kinetic rgyecarried by the flow can produce erosion of thiees and the
subsequent shutdown of the boiler. For these resasoimportant to know which are the frequencyensity and
energy of the vortex caused by the detachmenteofidhv.

The main parameter for understanding the phenomtatroccurs in the flow is the velocity and it aeior along
time. The mean velocity can be determined if toavftate and the duct cross section are known. Tégsarement of
the velocity with hot wire anemometers, which gitles instantaneous velocity in selected flow posij allows the
analysis of the velocity fluctuations along time.

The usual method of analysis of random data ascitglin turbulent flows is the Fourier analysis. \li¢etheless,
Fourier analysis fails when dealing with transiphénomena and the use of wavelet analysis is nuitedbke, Indrusiak
ET. AL., 2005. The Fourier spectrum can show thergy content of the phenomena in frequency domaintie
information related to the time in which they océsirlost. To obtain higher resolution on the anialys used the
wavelet spectrum, which maintains the time infoioratontent of the signal.

2. FUNDAMENTALS
2.1. Fourier and Wavelet Transforms

The Fourier transform of a discrete time seriesblsathe study of the bulk spectral behavior of thedom
phenomenon represented by the series. For a fimitgion x(t), given as a discrete time seriesldfned as:

%)== 3 x(t)e " )

The Fourier spectrum gives the energy distributbthe signal in the frequency domain evaluated d¢he entire
time interval:

P, (f)=x(f)" 2)(

In practice, in order to minimize the random ertbe power spectral density function (PSD) is usdtch is the
Fourier spectrum of the series smoothed over fregyueéntervals and over an ensemble of estimatesd&eand
Piersol, 1971).



While the Fourier transform uses trigonometric fimts as basis, the bases of wavelet transformguaions
named wavelets. A wavelet is a finite energy fuorctip (t), with a zero average that generates an esgref wavelet
basis:

Vas(t)= % \v(t;b] 3)

The parametera andb are respectively scale and position coeffici¢aid [1 (1) anda > 0.
The continuous wavelet transform of a function igtgjiven by:

©

X (ab)= [x(thy,, (t)at @)
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The respective wavelet spectrum is defined as:
P.(ab)=[X (ab) 5)

In the wavelet spectrum, Equation (5), the enemgyelated to each time and scale (or frequencyllfBehies,
1992). This characteristic of the wavelet transfaiows the representation of the distribution loé nergy of the
transient signal over time and frequency domalms,representation is called spectrogram.

According to Percival and Walden (2000), the diszrgavelet transform (DWT) is a judicious sub sanmpbf the
continuous wavelet transform (CWT), dealing witladi¢ scales, and given by:

(i, k)= X x(th,. (1) (6)

where the scale and position coefficients (j] K are dyadic sub samples of (a, b).

The Fourier transform of a finite series gives oalfinite number of coefficients, depending on kiegth of the
time series, and therefore neglects the coeffisiegiited to the higher frequencies, which areipusly filtered at the
acquisition process, to prevent aliasing. In theelet transform of a finite series, the lengthlod series also restricts
the number of computable coefficients but, unlike Eourier transform, the remaining coefficients gelated to the
lower frequencies, including the mean value ofdigmal, and cannot be disregarded. In practiceDIWE of a series
with more than 2J elements is computed ferjd J, being J a convenient arbitrary choice. The neimg part of the
signal, containing the mean values for a scalg diven by:

c(3.k)= X x(tou. (1) ()

where (p(t) is the scaling function associated to the wavielettion.
Any discrete time series with sampling frequency&s be represented by:

X(t)= 23 k), (6)+ 2 2 d(ik)w,. (1) )

K <3k

where the first term is the approximation of thgnsil at the scale J, which corresponds to the &ecy interval
[0, Fs/2J+1] and the inner summation of the secnoh are details of the signal at the scales<j j& J), which
corresponds to frequency intervals [Fs/2j+1 , fs/2j

2.2. Hot Wire Anemometry

According to Mdller (2004), hot wire anemometersasge the fluid velocity through the variation betheat
transfer in a thin sensor exposed to a flow. Italsmsize and its fast response in frequency, méle Hot wire
anemometers very adequate to the study of turbiitams.

The hot wire anemometer used in this work is thaigitt type, which measures only one component@felocity.
The hot wire probe is coupled to a Wheatstone bridgsuch a way that the temperature of the wilefg constant.
The air flow cools the wire, thus unbalancing thbaatstone bridge and producing an electric respahgeh is read
by the acquisition system coupled to the computer.



3. CASE STUDY

The case study in this work is related to a cudedt in the flue gases exit of a boiler before hérag the energy
saver heat exchanger. This duct presents a stnamwgtare, where an adverse pressure gradient iisefihr leading to
boundary-layer separation with flow reversion, forgna large recirculation vortex. In Fig. 1, a stiagic view of the
duct and the heat exchanger is presented.

fone of Yortex Formation

Energy Saver Heat
Exchanger Tubes

Figure 1 - Section studied in this work.

In order to investigate the phenomenon, ten hat wieasurements were performed, departing fromdheex wall
to a position 156 mm downstream this location. @istances of the measurement points to the conuekwiall were
15 mm, 26 mm, 36 mm, 46 mm, 56 mm, 76 mm, 96 mrB,rhfin, 136 mm and 156 mm. Two acquisition frequencie
were used: 1 kHz and 3 kHz, each with 65536 pa@intsa low pass filter of one third of the acquisitirequency.

The equipment used in measurements is listecbla ta

Hot wire calibration provides the relation betwelea flow velocity and the voltage read in the cotepuFig. 3.

Table 1 - Equipment used for measurements.
Hot Wire Anemometer DANTEC ® 55P11
Support of the Hot Wire Anemometer DANTEC ® typeH22
Data cable DANTEC ® A1863 of 4 meters of length
Data module DANTEC ® ‘Streamline’
Pitot Tube
Analogical — Digital converter
Personal Computer
Data Acquisition Software DANTEC ®

According to Idelchik (1986) and Kim et al. (1994),the curve inlet there is an increasing of thespure of the
flow near to the concave wall of the duct and aresponding decreasing of the pressure in the comvak
Conversely, in the curve outlet (the vortex formatzone, shown in Fig. 1), the pressure near toctimizave wall
decreases and in the convex wall there is a siramgase of the pressure. This generates an inpeessure gradient,
which is a proper condition for detachment of tberary layer, and subsequent vortex formation.

In a scale model of the duct, a flow visualizatexperiment was made using the classic tuft metkéabl wires
where attached to the back wall. The air flow igein by a blower in suction operation, Fig. 3.

The test section used is geometrically similasdale (15.8:1), of one of the boilers of an acteall thermal power
plant in the State of Rio Grande do Sul, BrazileTihlet cross section is of 265.8 x 273.4 mm areldhtlet cross
section is of 379.7 x 273.4 mm. In the Fig. 2 isgble to see that the test section is equiped aviknturi for mass
flow measurements, with two piezometric rings foegsure measurement, and a flow rate regulatoghmivas not
used in this experiment, leaving the mass flow aatenaximum and calculated as 0.655 kg/s of air.

With the flow rate the inlet mean velocity, equal7.5 m/s, and the outlet mean velocity, equal.®rb/s were
determined.
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Figure 2 - Response curve of the anemometer.
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Figure 3 - (a) View of the Test Section (b) Scheoapresentation of the complete test apparatus.

4. ANALYSIS AND RESULTS

The mean velocity values obtained at the measurepants ranges from 4.81 m/s to 5.99 m/s, beingsistent
with mean velocity of the section of 5.3 m/s in thelet.

Figure 3 shows record of the instantaneous velamitthe flow for the position of 46 mm from the Wwak the
acquisition frequency of 3 kHz.

In the tuft method flow visualization it is pos®bio see the reversion of the flow which happenth@zone of
recirculation, this phenomenon characterizes thenbtary layer separation. However this reversiormse¢o be
intermittent, without a defined frequency.

For the same position and acquisition frequenay,Rburier and the wavelet spectra are shown in3-{g) and (b)
respectively.

In Fig. 5 (b) it is possible to see peaks of enéngy time-frequency space, having two significamergy peaks, one
with a frequency of about 20 Hz at 5 seconds, dhdravith the same frequency at 15 seconds. Theslkspare clearly
distinguishable in relation to other peaks nearbthe figure.

Figure 6 shows Fourier and wavelet velocity speftrathe position of 15 mm away from the wall wi#im
acquisition frequency of 1 kHz. Figure 6(a) showsia the typical turbulent pattern, without anyrsiigant peak of
energy; and in Fig. 6(b) is possible to see agaizkp between 3 and 20 Hz, being the most signtfitenone who
appears between 40 and 50 seconds.



In Fig. 7(a) it is possible to see the Fourier spea, where again the typical turbulerow behavior appears, but
this case, there is a little peak near 30 Hz. infture (b) the wavelet analysis shows severakpd@tween 3 an
25Hz being the most important near 15 Hz and 5 sexddther peaks are visible but no apparent patteietected.
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Figure4 - Velocity for the position of 46 mm away of tall.
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Figure 5 — Fouriespectrum (a) and wavelet spectrum (b) i mm and acquisition frequency c kHz.
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Figure 6 - Fourier analysis (a) and wavelet analffs) for 15 mm and 1 kHz
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Figure 7 - Fourier (a) and wavelet (b) spectrehefielocity signal acquired 136 mm away from thé wih acquisition frequency
of 1 kHz.

Error analysis was performed for calibration erroneasurement errors and statistical errors.

The calibration error is equal to 4.98%, calculaisthg a velocity relation. The second error ty@es \@pproximate
to the most unreliable measure instrument, a watlermn manometer, which presents an uncertainty mfn of water
column. And at last the statistical errors wereuglated according to Bendat e Piersol (1971), witeeesquare error
has an inverse relation with the product of thedoawdth and the acquisition time, in this case éner for 65.536
seconds of acquisition and a frequency of 1 kHZ7i§ 7% and for 3 kHz is 17.68%.

5. CONCLUDING REMARKS

The purpose of this work was to detect the pres@fidarge scale turbulence structures and their resor@am
evolution in a curved duct model of coal power pldare Fourier spectra showed the usual turbulehtatior, but no
special features were detected.

In the wavelet analysis, peaks of energy wherectidebut a cyclical pattern was not observed. &bt was
observed that there were vortices who absorbedygraard in some instant went forward carried byftw, leaving
space for the formation of a new vortex. The phesron is evidenced by the peaks in all wavelet sagresented in
this work. The energy carried out by the flow igrsficant in those peaks. The periodicity of theepbmenon, if
existent, is perceptible neither in the Fourierlgsia nor in the wavelet analysis.



The lack of periodicity in the vortex detachmenbgess could be detected only through wavelet aisalysore
adequate than Fourier transform to the analysioaofstationary phenomena.

The continuation of this study with simultaneousoeéty measurements using two hot wire probes dwoi and
pressure fluctuations by means of hot wire and sures transducers may give additional information thetter
understanding of the phenomena involved and fordétermination of the periodicity characteristidstloe vortex
detachment.
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