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Abstract 

In many practical applications it is important to predict the behaviour of ftuid ftows. Because most 
ftows are turbulent, quite some effort is put in finding a consistent model for descrihing turbulence. 
Taylor [26] proposed a stochastic turbulence model that describes the motion of ftuid particles by 
means of a Langevin equation for partiele velocity. A fundamental problem of this description is that 
the coefficients in this Langevin equation are related to Lagrangian properties, which are difficult to 
measure. It would thus be desirabie if easier measurable Eulerian correlations in a moving frame 
could be used as an approximation for Lagrangian correlations. Therefore it must be investigated if 
this approximation can be justified. 
Tennekes [28] theoretically derived the random sweeping hypothesis for isotropie turbulence, that 
states that Lagrangian accelerations are small in comparison to Eulerian local and convective ac
celerations. This theory is extended for anisotropic ftows by Brouwers [4]. In the latter study the 
mean square value of the local Eulerian acceleration in anisotropic turbulence is considered. Por high 
Reynolds numbers it is shown that this acceleration is proportional to the Reynolds number. Pur
thermare an expression for the Eulerian time microscale is formulated. If the Tennekes/Brouwers 
hypothesis holds, Lagrangian and Eulerian correlations will increasingly differ from each other with 
increasing Reynolds number. This has the consequence that Lagrangian properties cannot be ex
pressed by Eulerian quantities. 
In this study it is investigated if the theory of Tennekes and Brouwers can be validated for turbulent 
pipe flow by performing measurements with two hot wires. The theory is validated by perforrning 
Eulerian two-point space-time measurements. In practice this means that velocity ftuctuations are 
measured simultaneously with two probes, with one probe placed downstreamof the other. The sig
nal of the downstream probe is shifted over a time period equal to the time required for a ftuid partiele 
to move from one probe to the other with the mean local ftuid velocity. The so-called Eulerian moving 
correlation is calculated by correlating the two velocity signals. 
The two HWA-probes have been placed in the same contiguration as Comte-Bellot [6]. HWA is an 
intrusive measurement technique i.e. the probe disturbs the flow. Therefore the downstream probe 
is placed just outside the wake of the upstream probe by giving it a small radial shift. The resulting 
correlation functions are used to approximate the actual Eulerian moving correlation function. 
Por small radial shifts in the downstream probe position, a significant increase in the RM S-value of 
the downstream velocity signal is observed fora certain interval of axial distances between the probes. 
Purthermare it is striking that the correlation function shows an increase in the beginning. 
With the present data it is shown that the Eulerian time micro scales are of the sameorder of magni
tude as the theoretica} ones derived by Brouwers. However, the proposed proportionality between the 
local Eulerian acceleration and the Reynolds number is not found .in the experiments. 
Till now two measurement techniques have been tried to measure Eulerian correlations in a moving 
frame. Smit [24] performed measurements with two LDA-probes, and in this report measurements 
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with two HWA-probes are described. Both measurement techniques tumed out to be oot satisfy
ing. Por LDA this is partly attributed to the non-equidistant sampling rate and for the failure of the 
HWA-measurements the disturbing effect of the upstream probe cao be blamed. As an alternative the 
feasibility of the combination HWA and LDA is investigated. The non-intrusive LDA-probe cao be 
used as upstream probe and the HWA-probe, with a continuous output signal, as downstream probe. 
A drawback of this combination is that the seeding, necessary for the use of LDA, affects the hot 
wire signal. In spite of this, if appropriate filter techniques are applied to correct the HWA-signal for 
disturbances caused by the seeding, the combination HWAILDA cao probably be applied in future to 
measure Eulerian correlations in a rnaving frame. 



Samenvatting 

In een groot aantal praktische toepassingen is het belangrijk om voorspellingen te kunnen doen over 
het gedrag van vloeistof stromingen. Veel vloeistof stromingen zijn turbulent. Dat is de reden 
waarom veel onderzoek gericht is op het vinden van een consistent model voor turbulentie. Tay
lor [26] formuleerde een stochastisch model voor turbulentie waarmee de beweging van vloeistof
deeltjes beschreven wordt aan de hand van van een Langevin-vergelijking voor de deeltjessnelheid. 
Een nadeel van deze beschrijving is dat de coëfficiënten in deze vergelijking betrekking hebben op 
Lagrangiaanse grootheden. Het is lastig om Lagrangiaanse grootheden te meten. Het zou daarom 
gunstig zijn indien Lagrangiaanse grootheden benaderd kunnen worden door makkelijker meetbare 
Euleriaanse grootheden in een meebewegend frame. Om te kijken of voorgaande benadering gebruikt 
mag worden, is er verder onderzoek nodig. 
Tennekes [28] leidde op theoretische wijze de random sweeping hypothese af voor isotrope turbulen
tie. Hieruit volgt dat de Lagrangiaanse versnelling klein is vergeleken met de locale en convectieve 
Euleriaanse versnellingen. Brouwers [4] breidde deze theorie uit voor niet-isotrope stromingen. In het 
onderzoek van iaatstgenoemde wordt de gemiddelde kwadratische waarde van de locale Euleriaanse 
versnelling bepaald voor niet-isotrope turbulentie. Deze versnelling blijkt voor grote Reynoldsgetallen 
evenredig te zijn met het Reynoldsgetal. Verder wordt er een formule afgeleid voor de Euleriaanse 
micro tijdschaal. Als blijkt dat de hypothese van Tennekes/Brouwers juist is, mag gesteld worden dat 
een verhoging van het Reynoldsgetal zalleiden tot een sterkere afwijking tussen de Lagrangiaanse en 
Euleriaanse correlatiefunctie. Dit zou als gevolg hebben dat Lagrangiaanse grootheden niet benaderd 
kunnen worden door Euleriaanse grootheden. 
Het doel van dit onderzoek is de theorie van Tennekes en Brouwers te valideren door metingen uit 
te voeren met twee hot wires. Het onderzoek vindt plaats in een turbulente pijp stroming. De theo
rie wordt gevalideerd door het uitvoeren van Euleriaanse tweepunts ruime-tijd metingen. In praktijk 
betekent dit dat op twee plaatsen tegelijkertijd snelheidsmetingen uitgevoerd worden. Eénprobedient 
stroomafwaarts ten opzichte van de andere probe geplaatst te worden. Het snelheidssignaal van de 
achtersteprobe krijgt een tijdverschuiving die gelijk is aan de tijd die een vloeistofdeeltje nodig heeft 
om zich met de gemiddelde locale snelheid te verplaatsen van de ene prohe-positie naar de andere. De 
zogenaamde Euleriaanse meebewegende correlatiefunctie kan worden berekend door de twee snelhei
dssignalen te correleren. 
De twee HWA-probes zijn opgesteld in dezelfde configuratie als Comte-Bellot [6]. HWA is een in
trusieve meetmethode d.w.z. deprobe heeft een verstorende invloed op de stroming. Om het zog van 
de voorste probe te vermijden wordt aan de achterste probe een kleine verschuiving gegeven in radiële 
richting. De resultaten van de verkregen correlatiefuncties zijn een benadering voor de uitgelijnde Eu
leriaanse correlatiefunctie. 
Voor kleine radiële verschuivingen van de achtersteprobe wordt een behoorlijke toename in de RM S 
van het achterste snelheidssignaal waargenomen op een bepaald interval van axiale afstanden tussen 
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de twee probes. Een ander opvallend verschijnsel is dat de correlatiefunctie in het begin toeneemt. 
De uit de metingen bepaalde Euleriaanse micro tijdschalen blijken dezelfde ordegrootte te hebben 
als de theoretische tijden afgeleid door Brouwers. In de huidige meetdata wordt echter niet de 
evenredigheid tussen de locale Euleriaanse versnelling en het Reynoldsgetal teruggevonden. 
Tot nu toe zijn er twee meettechnieken gebruikt om meebewegende Euleriaanse correlaties te meten. 
Smit [24] deed metingen met twee LDA-probes, en in dit verslag worden metingen met twee HWA
probes beschreven. Beide meetmethoden bleken uiteindelijk niet te voldoen. Bij LDA lag dit gedeel
telijk aan de niet-equidistantesample-rateen bij HWA aan het verstorende effect van de voorste probe. 
Dit heeft ertoe geleid om onderzoek te doen naar de haalbaarheid van de combinatie HWA met LDA. 
De niet-verstorende LDA-probe wordt dan gebruikt als voorste probe en de HWA-probe, met een 
continu output signaal, als achterste probe. Nadeel van deze methode is dat de seeding, die nodig is 
voor LDA, het HWA-signaal beïnvloedt. Desondanks lijkt het erop dat, indien een geschikte filter
methode toegepast wordt om het HWA-signaal te corrigeren voor de verstoring van de seeding, de 
combinatie HWAILDA in de toekomst gebruikt kan worden om Euleriaanse metingen uit te voeren in 
een meebewegend frame. 
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Chapter 1 

Introduetion 

Turbulence is an importantprocessin most fluid flows because it contributes significantly to the trans
port of momentum, heat and mass. Toenlarge the understanding of the behaviour of fluid flows, which 
can be used for e.g. design and evaluation of fluid mechanica} equipment, the study of turbulence is 
essential. Turbulence studies can be performed in several ways. One metbod is the use of computer 
simulations like Direct Numerical Simulation (DNS) or Large Eddy Simulation (LES). In DNS the 
Navier-Stokes equation is solved on a three dimensional grid. DNS however has as big disadvantage 
that it is restricted to low Reynolds numbers, whereas many developed theories hold asymptotically 
for infinite Reynolds number. Large Eddy Simulation, which on the other hand is suitable for calcu
lations at large Reynolds numbers, can only predict the behaviour of the macroscales. Another way 
to investigate turbulence is measuring turbulent flows by means of appropriate experimental equip
ment like Laser Doppier Anemometry (LDA), Hot Wire Anemometry (HWA) or Partiele Imaging 
Velocimetry (PIV). The advantage of these experimental methods is that they have less restrictions 
with regard to the Reynolds number. 
In the past several efforts have been made to develop a consistent model for turbulence. Taylor, 
1921 [26] proposed a stochastic turbulence model for the velocity of fluid partieles. A drawback of 
this model is that the coefficients of this model are expressed in Lagrangian quantities. Because it is 
difficult to measure Lagrangian correlation functions, it must be investigated if it is possible to approx
imate those by the easier measurable Eulerian correlations in a frame that moves with the mean fluid 
velocity. Tennekes, 1975 [28] introduced the random sweeping hypothesis with which he was able to 
prove that this approximation is notcorrect for isotropie turbulence. Brouwers, 2003 [4] extended this 
theory to general anisotropic turbulence. 
The objective of this research is investigating the validity of the theory of Tennekes/Brouwers for 
turbulent pipe flow by means of two HWA-probes. The theory of Brouwerscan be validated by roea
suring Eulerian correlations in a frame that moves with the mean local fluid velocity. 
For the measurements of Eulerian moving correlation functions two hot wire probes are placed at 
different axial positions. The veloeities of the two probes are correlated, while the signa} of the down
stream probe is given a time shift. This time shift equals the time needed for a fluid partiele to move 
with the mean local flow velocity from one probe position to the other. The probes are arranged in the 
same contiguration as Comte-Bellot, 1971 [6]. One probeis placed at a fixed position in the pipe and 
the other probe is placed downstteam with respect to the other while given it a shift in radial position. 
This is done to avoid disturbances originating from the upstream probe's wake. It is aimed to investi
gate if this is a suitable metbod to measure two-point correlations and if it is possible to validate the 



2 Introduetion 

theory of Brouwers by means of this technique. 
Because of the difficulties arising in the measurements with two hot wire probes, other possible meth
ods must be found for measuring two-point correlation functions in a moving frame. In the past, Smit, 
2003 [24] made efforts determining two-point correlations with two LDA-probes, but the results of 
this method were not satisfactory, partly due the non-equidistant distribution of velocity samples. 
Therefore it would be a tremendous impravement if a combination of HWA and LDA would be pos
sible. Then the advantages of the non-intrusive LDA-system can be used as well as the continuous 
output signa] of HWA. The feasibility of this alternative method will be investigated further in this 
report. 
The outline of this report is as follows: in chapter 2 the theory of descrihing turbulence by means of 
correlation functions is formulated. Further an outline of the theories formulated by Tennekes and 
Brouwers is given. In chapter 3 an overview is given of the experimental setup and the measurement 
equipment used in the experiments. In chapter 4 a short introduetion into turbulence in pipe flow is 
given and the results of one-probe measurements are presented, for instance: velocity- and turbulence 
profiles, autocorrelations and time spectra. The measurements of Eulerian·space-time correlations are 
discussed in chapter 5. Purthermare an attempt is made to validate the theory of Tennekes/Brouwers 
on the basis of the obtained data. Finally, in chapter 6 the efforts made to test the possibility of using 
a combination of HWA and LDA are descri bed. At the end of this report the conclusions of this study 
are reviewed and recommendations for further research are given. 



Chapter 2 

Theoretica! background 

A turbulent flow is chaotic and fluctuating. In most practical cases, the details of a flow are of less 
interest. Usually the emphasis in research of turbulence lays on statistica} quantities like means and 
standard deviations of the flow variables. The starting point in the description of turbulence is that the 
flow variables can be described by a mean and a fluctuating part. In this research, the flow variabie in 
which we are particularly interested, is the velocity. The velocity in a turbulent flow can be described 
by: 

u =u +u' (2.1) 

in which u is the instantaneous velocity, u is the ensemble-meao velocity and u' is the velocity fluctu
ation. The ensemble-meao velocity is defined by: 

1 N 

u = lim -"' ua 
N--+oo N ~ 

a=l 

(2.2) 

in which a is the realization number of the experiment. In case the process is stationary it is justified to 
consicter the time-mean velocity as an ensemble-mean velocity; in a stationary process the fluctuations 
have by definition a restricted time scale. This restricted time scale in turbulence is called the integral 
time scale: T. For long times (T > T) the following relation holds: 

lim uT= u 
T--+oo 

where uT is the time-mean velocity: 

uT=- u(t)dt 11T 
T o 

2.1 Eulerian-Lagrangian descriptions 

Turbulent variables that fluctuate in time, like velocity, can be described in two ways: 

1. Eulerian based. 

(2.3) 

(2.4) 

The fluctuating velocity u with u' = 0 is measured at a fixed position, with for example a 
measuring device that is located at a fixed position, which measures the turbulent fluctuations 
as function of time. 
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2. Lagrangian based. 
In this case the velocity fluctuations of a fluid partiele are foliowed while travelling with a ma
terial fluid element. The turbulent fluctuations are studied by following the path that a partiele 
follows through the flow. 

2.2 Correlation functions 

Like many stochastic processes, turbulence cao be described by correlation functions. Correlation 
functions teil something about the relation between two flow variables. As described in paragraph 2.1 
several representations for correlations functions exist: the flow variables cao differ in time, position 
or in both. In this paragraph a short overview is given of all correlation functions. 

• Eulerian based autocorrelation. 
The velocity fluctuation u' (t) is studied at two different times: t1 and t2 at the same spatial 
position. The autocorrelation is defined by: 

i = r, </J , z (2.5) 

The maximum value of R(r) occurs at r = 0 with R(O) = a 2• Here a is the the standard 
deviation or RM S of the fluctuation: 

The autocorrelation coefficient, p(r) is defined as: 

R(r) 
p(r) =-

0'2 

The most important properties of the autocorrelation coefficient for turbulent flow are: 

p(O) = I 

lp(r)l < p(O) = 1 Vr 

p(r) p(-r) 

p(r) ---+ 0 if T ---+ 00 

(2.6) 

(2.7) 

(2.8a) 

(2.8b) 

(2.8c) 

(2.8d) 

This kind of correlation function is especially interesting because, according to Taylor's hypoth
esis, the correlation function of a time serie cao be coupled to the spatial structure of turbulence. 
In case the turbulence intensity is small ( < I 0% ), an eddy is transported sofast past an observa
tion point, that it has oot enough time to change its shape. This is called the 'frozen turbulence' 
hypothesis. 

• Lagrangian based autocorrelation. 
The Lagrangian autocorrelation is basically the same as the autocorrelation in Eulerian form, 
but instead of measuring at a fixed position the measurement position varies in time. A fluid 
partiele follows the flow, during which the velocity and position varles in time. Just like in the 
Eulerian autocorrelation the relation between the veloeities at different times are compared with 
each other: 

(2.9) 



2 Correlation functions 5 

where x is the position of a fluid partiele at time t. This function is important for determining 
the coefficient in the Langevin equation, as can beseen in (2.21). 

• Spatial correlation function. 
In case the velocity fluctuations at two positions are measured simultaneously, the two-point 
(Eulerian) spatial correlation function can be calculated: 

(2.10) 

In case ofhomogeneous turbulence Rij(r) only depends on the distance r = lx1 - x2 1. Rij bas 
the following characteristics for turbulent flow: 

Rij(O) - u'u'- (2.11a) 
l J 

Rij(r) = R1;(-r) (2.11b) 

Rij(r) ---+ 0 if lrl ---+ oo (2.llc) 

R;1 has in principle nine components, from which six components are independent. Each com
ponent depends on the separation vector r. 

• Two-point Eulerian space-time correlation. 
Another possibility is the determination of the velocity correlation with separation in both space 
and time. Of particular interest is the time shift which allows the mean velocity to give a flow 
displacement exactly equal to the spatial separation between the probes. The corresponding cor
relation function in time is equal to the autocorrelation measured by a probe travelling steadily 
at the mean velocity. But, in practical sense that amounts to using two probes at a separation 
distance and giving them a time shift in the measured velocity signa!. 
This correlation function can be written as: 

(2.12) 

with: 

1
12 

X2 = Xt + U(X(t), t)dt 
IJ 

(2.13) 

• Two-point quasi-Lagrangian space time-correlation. 
In actdition to the two-point space-time correlation described above, the correlation function can 
also be calculated in a quasi-Lagrangian way. In this way it is tried to implement the fluctuating 
character of the flow in an Eulerian measurement, just like in the Lagrangian case. The time 
shift between the probes signals is calculated by using u(tJ) = ïi + u'(t1), the instantaneous 
velocity measured at the first probe, instead of the mean local velocity ïi. The accompanying 
equations are: 

(2.14) 

with: 

(2.15) 
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Figure 2.1: Definitions of r, cp and z. 

It must be noticed that u(t1) consistsof 3 components: r, <pand z (see figure (2.1)). On the
oretica! grounds it would be best to use this three-component velocity vector and campare the 
initial velocity with the velocity fluctuation at position x2. Nevertheless, with the measurement 
technique used in this study, viz. two hot wire probes, it is only possible to use the main flow 
component Uz for calculating (2.15). Radial and tangential veloeities cannot be measured. So 
equation (2.15) is substituted by: 

(2.16) 

2.3 Modelling of turbulence 

In the past considerable effort bas been put into the description of turbulence using the Markov ap
proximation for the position of a marked fluid particle. Fora one-dimensional problem this description 
is given by: 

x = g(x) + cw(t) (2.17) 

in which x = u(x(t), t), and w(t) is white noise. White noise is a stochastic process that bas a constant 
energy spectrum. For turbulence this would mean that the large wave numbers (small vortices) have 
the same influence as the small wave numbers (large vortices). Unfortunately the description given 
by (2.17) bas not yet led to a general description of turbulence; this approach gives an error of order 
unity irrespective of the Reynolds number. Now, instead of looking at derivatives of positions, the 
Markov approximation applied to the acceleration will be studied. The fluctuation of the velocity will 
bedescribed by the Langevin equation ofthe form, Taylor, 1921 [26]: 

ü'(t) = -a(x, u)u'(t) + c(x, u)w(t) (2.18) 

Here, ü' (t) is the derivative of the velocity, a (x, u) is the drift tensor which only depends on r in case 
of a pipe flow and not on zand <pand c(x, u) is the diffusion tensor. By multiplying equation (2.18) 
on both si des with u' (0) and taking the average value, the following result is obtained: 

Ü'(t)u'(O) = -au'(t)u'(O) (2.19) 

The second term on the right hand side of (2.18) disappears because w (t )u' (0) = 0 if t f= 0. Equation 
(2.19) can be written as: 

d 
-(u'(t)u'(O)) = -au'(t)u'(O) 
dt 

(2.20) 
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In (2.20) the Lagrangian autocorrelation function can be seen: R(t) = u'(t)u'(O). Solving differential 
(2.20) gives under the condition that a does not depend on u and that only short times are considered: 

R(t) = R(O)e-ar (2.21) 

In this manner for each radial position a value fora can be determined. Por Re ---+ oo this must lead 
to a general applicable description of turbulence. 

A fundamental problem in the determination of the coefficients in the Langevin equation (2.21) is the 
fact that this equation describes Lagrangian properties, which are difficult to measure. At the same 
time computer simulations (DNS) are restricted to limited Reynolds number, whereas the theory holds 
asymptotically for infinite Reynolds numbers. Therefore it is desirabie to use the measurable Eulerian 
counterparts in a moving frame as an approximation for the Lagrangian correlations. That is the reason 
that theoretica! and experimental efforts are aimed to investigate to what extent this approximation is 
justified. 

2.3.1 Theory 1: Eulerian quantities correspond to Lagrangian quantities 

In [3] it is derived that in case the diffusion limit holds, i.e. E « 1, the Lagrangian and Eulerian based 
versions of diffusion theory are fully compatible. E is defined by: 

TLU 
€=----;:: (2.22) 

in which TL is the Lagrangian correlation time of a partiele moving with the ftuid velocity, U is the or
der of magnitude of the ftuctuating part of the velocity which equals the standard deviation of the ftuid 
velocity, .Cis a characteristic length scale, e.g. the radius of a pipe or the width of a channel. Condi
tion (2.22) implies that the random displacement of a ftuid partiele measured over a time period which 
corresponds to the correlation time of the ftuid partiele velocity is required to be small compared to the 
characteristic length se ale. However, for practical cases of turbulence E = 0 ( 1), so the limit process 
E ---+ 0 by which the diffusion approximation heemnes exact, does not exist. The importance of the 
developed Lagrangian-Eulerian statistica} relationship is, that although it is inaccurate for E = 0(1) 
it still holds to order of magnitude. Hence, it would be possible to estimate order of magnitudes of 
Lagrangian based statistical parameters by the more easily measurable Eulerian counterparts. Further, 
it may also be possible to approximate the Lagrangian based correlation function with the Eulerian 
based correlation in a moving frame. 

2.3.2 Theory 11: Eulerian correlations do not correspond to Lagrangian correlations 

Opposed to the view represented in paragraph 2.3.1, other interpretations of the substitution of La
grangian descriptions by Eulerian counterparts exist. In this paragraph the vision as given by Ten
nekes [28] is described, which is recently generalized and extended for applications in anisotropic 
turbulence by Brouwers [4]. 

Hypothesis of Tennekes 
The hypothetical similarity between Eulerian correlations and Lagrangian correlations has been stud
ied for the case of isotropie box turbulence without a mean flow [28]. In the study of Tennekes it is 
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stated that the Eulerian frequency spectrum extends to higher frequencies than its Lagrangian coun
terpart. The Lagrangian frequency spectrum extends to the frequency of dissipative eddies as defined 

I 

by Kolmogorov: ( ~) :z with 8 the rate of dissipation of kinetic energy ·per unit mass and v the kine-
matic viscosity. A Eulerian observer of box turbulence, however, will encounter energy at frequencies 

I 

much larger than ( ~ ) :z : random adveetion of the dissipative structure past the observation point causes 
speetral broadening, which shows resemblance with the well-known Doppier effect. The highest fre
quencies involved must be associated with the adveetion of dissipative eddies by the most energetic 
eddies. The frequencies involved must be of order ~, where !U2 is the mean kinetic energy per unit 

mass and rJ is the Kolmogorov microscale ( ~)!. It can be shown that , by using the assumption that 

8 ""' l'f , the highest observed Eulerian frequency ~ is larger than the Kolmogorov frequency (~)i by 
I I 

a factor proportional to: Re~= (uv.cr~. 

In turbulence at high Reynolds numbers eddies flow past an Eulerian observer in a time much shorter 
than the time scale which characterizes their own dynamics. Hence Taylor's hypothesis suggests: 

8u 8u 8u 8u 
-=-u--v-- w- (2.23) 
8t 8x 8y 8z 

Assuming that the microstructure is statistically independent of the energy-containing eddies, the 
mean-square value of (2.23) can be written for the case of isotropie turbulence without mean flow as: 

(
8u)2 -(8u)2 -(8u)2 -(8u)2 - = u2 - + v2 - + w2 -
8t 8x 8y 8z 

In isotropie turbulence the following equations hold [25] [1]: 

( 8u)2 = ~(8u)2 = ~(8u)2 
8x 2 8y 2 8z 

Imptementing (2.25a)-(2.25b) in (2.24) gives: 

(~;f = 5u2(!:)
2 

As described in [27] and [25] the dissipation in isotropie turbulence is given by: 

8 = 15v(!:)
2 

And the Taylor micro scale À is defined by: 

(!:f = ~~ 
Therefore (2.26) can be written as: 

(~;)2 = 
l-8 
-u2-
3 V 

·--2 
(u2) 

5-
).,2 

(2.24) 

(2.25a) 

(2.25b) 

(2.26) 

(2.27) 

(2.28) 

(2.29a) 

(2.29b) 
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Defining the Eulerian time microscale TE by: 

(2.30) 

gives the following result: 

TE= (~~:)! = (
6;)! (2.31) 

Extension of the Tennekes hypothesis for anisotropic, inhomogeneons or non-stationair turbo
Ienee 
In a recent study once more viscous and inertial behaviour in a Eulerian moving frame is studied [4], 
but contrary to the preceding studies, this study focusses on temporal velocity structure functions 
and Eulerian acceleration correlations consirlering general forms of turbulence. The given description 
holds for general anisotropic flow and is therefore not only applicable to 'artificial' created flows like 
box turbulence or grid turbulence [28], but can also be applied on more 'true to life' flows viz. uniform 
shear flow and fully developed turbulent flow in pipes and channels. 
The Lagrangian acceleration of a fluid partiele reads: 

OUIL OUIL 
a =-+u·-

IL ot ' ox; 
(232) 

in which Einstein sommation is used. The Lagrangian acceleration is now evaluated in a moving 
frame, in order to eliminate the large contribution of the mean flow on Eulerian acceleration. For pipe 
flow, the only mean flow is the axial velocity component Uz, since Ur and urp are 0. Transformation 
to a moving frame gives for the new, transformed moving coordinates for pipe flow: r* = r, cp* = cp 
and z* = z- Uzt and t* = t, with * denoting the variables in the new system. Evaluation of equation 
(2.32) in moving coordinates, while using Einstein notation and omitting * leads to: 

ouiL ouiL _ouiL 
a =-+u;--Uz-

IL ot ox; oz 
(2.33) 

This equation can be averaged and the average can be subtracted from equation (2.33), which leads to 
the relation for the acceleration fluctuations in a moving frame [4]: 

with 

OI = IL 

I 
YIL = 

a~+ y~ 

0 (( 1 1) 1-) - U;UIL - U;U/L 
OX; 

(2.34) 

(2.35a) 

(2.35b) 

in which u~ is the fluctuating fluid velocity, uiL is the mean velocity and a~ is the fluctuating La
grangian acceleration of a fluid particle. For pipe flow, the second term of y~ only has a contribution 
for the axial component of the acceleration. 
The magnitude of the termsin equations (2.34),(2.35a) and (2.35b) can be deduced from their mean 
square values. Brouwers proved that in the limit af large Reynolds numbers 8~ can be represented by 
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the Lagrangian acceleration a~, while the local acceleration ö;: and convective acceleration -u;~~ 
dominate a~ and cancel each other out. This result is obtained by applying sealing rules for large 
and small scale turbulence, the proposition of decorrelation between large and small scales and im
plementation of second order moments of spatial derivatives according to locally isotropie turbulence. 
This result supports the starting point of Tennekes' hypothesis, i.e. dominanee of convective over 
Lagrangian accelerations and statistica! independency of large and small scale turbulence: 

8u' 8u' 
JL I JL -=-u.-

8t l OX; 
(2.36) 

In the limit of large Reynolds numbers, the meao square value of the convective acceleration scales 
with: 

8u' 2 u4 
(( -u' ____i:!:_) } "'-Re 

l OX; [_2 
(2.37) 

with a relative error of O(Re- 112), where the Reynolds number is defined by: Re = uv.c The result 
obtained in this way, confirms and generalizes the result derived by Tennekes. In addition to equation 
(2.29a), properties of isotropy and homogeneity of small scale turbulence [17] [20] can be used to 
derive an equation that also holds for anisatrapie turbulence: 

with (e) the meao dissipation rate and aJL an anisotropy factor: 

This anisotropy factor is unity for isotropie turbulence. 
The Eulerian micro time scale is then given by: 

( 
6v )l/2 

TE= (e)aJL 

2.4 Experimental verification of (dis)similarity theory 

(2.38) 

(2.39) 

(2.40) 

The goal of this study is to verify the theory of Tennekes/Brouwers by means of experimental inves
tigation in a turbulent pipe flow. This is accomplished by determining two-point Eulerian space-time 
correlation functions, which means that the autocorrelation is determined in a frame that moves with 
the meao flow. The experimental methad that is used, is hot wire anemometry (HWA). The probes 
used in this study are single wire probes, which are only appropriate for measuring the axial compo
nent in case of pipe flow. 
To verify the proposed random sweeping hypothesis two criterions will be checked: 

• Determination of the Eulerian micro time scale by means of the rnaving correlation function 
and camparing this to the relation for .TE as derived by Brouwers. 
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• Checking the validity of the balance between: o;; and -u; ~. This can be done by checking if 

o;: increases proportionally with Re. 
In case it would be found that both statements are valid, it would strengthen the idea that the Ten
nekes/Brouwers hypothesis is correct. At the same time, it can be concluded that Lagrangian correla
tion functions c.annot be determined by Eulerian correlations in a rnaving frame. 



Chapter 3 

The experimental setup 

In tigure (3.1) a schematic picture of the pipe construction, that has been used for the experiments 
performed in the Iabaratory of Aero en Hydrodynamics in Delft, is given. At the inlet of the pipe a fan 
provides an adjustable air flow. After flowing through several grids to be straightened, the flow enters . 

Figure 3.1: Illustration of the experimental setup. 

a converging section which gradually changes to the diameter of the pipe (4 ± 0.01 · 10-2 m). The 
pipe has a lengthof about 7 m. In the pipe a number of pressure holes are drilled (with a diameter of 
1 mm). 
All velocity measurements take place at the outlet of the pipe. In case of turbulence measurements it is 
noted that turbulent flow becomes hydrodynamically fully developed after a relatively short distance 
from the entrance of the pipe: X entrance = IOD = 10 * 4 · 10-2 = 0.4 m. From this it is concluded 
that all turbulent velocity measurements take place in a fully developed turbulent pipe flow. 

3.1 Measurement of bulk velocity 

The bulk velocity (ubulk) which represents the mean velocity over the cross section in the pipe flow is 
a quantity of great importance. From this parameter a number of variables can be derived like: 

• The Reynolds number, from which it is possible to predict the character of the flow to a eertaio 
extent. The Reynolds number is given by: 

UbulkD 
Re=-

v 
(3.1) 
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in which Re is the Reynolds number, U bulk the bulk velocity, D the diameter of the pipe and v 
the kinematic viscosity. 

• An estimate of the friction velocity u*, that is given by: 

u*=ff (3.2) 

in which rw is the wall shear stress and p is the density. Equation (3.2) can be written as: 
pu*2 =Tw. 
The wall pressure drop over a eertaio pipe length can be calculated with the help of Moody's 
equation: 

1 2 L 
êl.Pwall = 2pubulk Dfm (3.3) 

HereLis the lengthand fm the friction factor, see equation (A.10). Next, it is assumed that the 
pressure is uniform over the cross section and is in equilibrium with the viscous forces at the 
surface. This leads to: 

n 2 
6..Pwall4 D = rwn DL (3.4) 

Combining equation (3.3) and (3.4), while eliminating the pressure force and using (3.2) gives 
u* as function of the bulk velocity: 

•2 1 2 
U = gubulkfm (3.5) 

In Appendix A it is explained how some additional equipment in combination with the pressure holes 
can be used for measuring (bulk) veloeities with a high accuracy, during calibration of hot wires as 
well as during measurements in the piping system. 

3.2 Hot wire anemometry 

As explained in chapter 2 the objective of this research is to correlate velocity fluctuations in turbu
lence. In this study hot wires are used to measure correlation functions. An example of a hot wire 
probe is given in tigure (3.2). 

Figure 3.2: A single hot wire probe. 

Advantages of HWA over other flow measuring principles are the high arbitrary chosen continuous 
sampling rate, the low noise leveland the fact that HWA is more affordable than LDA or PIV systems. 
In this paragraph the measurement principle bebind HWA will be explained. 
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3.2.1 Principles of hot wire anemometry 

Hot wire anemometry is based on the principle that a hot wire, with a temperature higher than its 
environment, is cooled by the surrounding air. The cooling rate of a hot wire depends on the velocity 
of the flow: higher velocity means more cooling. 
The heat exchange from the wire to the surrounding flow is given by: 

Qsurrounding = Ah(THWA- To) (3.6) 

in which h is the heat transfer coefficient, A the surface area of the probe, THW A the hot wire temper
ature and T0 the ambient temperature. See tigure (3.3). The heat transfer coefficient depends on the 

Figure 3.3: Contiguration sketch hot wire anemometer. 

dimensionless Nusselt number Nu: 

hDwi.re 
Nu= ' 

k 
(3.7) 

in which Dwire is the diameter of the wire and k is the thermal conductivity of the air. In general the 
Nusselt-relation is of the form, King [16]: 

(3.8) 

From equation (3.8) it can be seen that the heat transfer is directly dependent on the velocity of the 
flowing medium. 
An important property of a wire is that it possesses a temperature coefficient of resistivity. Because of 
this temperature dependent resistance, voltage fluctuations can be interpreted as velocity fluctuations, 
Perry [22]. The electrical resistance of the wire can roughly bedescribed by: 

R = Ro(l + b(THwA- To)) (3.9) 

with Ro the cold resistance of the wire and b a temperature coefficient of electrical resistivity (for 
tungsten b = -5.2 · w-3 -k ). In stationary flow there is an equilibrium between the amount of heat 
that is produced in the wire and the amount of heat that is taken away. Thus: 

(3.10) 

Implementing (3.8) and (3.9) in (3.10) gives the following relation, in caseaCTA (constant tempera
ture anemometer, thus measuring at constant temperature/resistance) is used: 

(3.11) 
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In case the flow is not stationary, like in turbulence, the wire itself also absorbs heat: it has a finite 
heat capacity that will be written as: C ~~. By writing: 

Iror =I+ i Rrot = R + r Uror =U+ u 

and implementing the fini te heat capacity in (3.1 0) the following re lation can be found, at constant 
mean values: 

(3.12) 

with a 1, a2 and a3 constants and C the heat capacity. 
In caseaCTA is used, R is kept constant, so r = 0. The current i must then be adjusted in such a way 
that if Uror varies, Rror is constant. Therefore: 

. a2 
z =--u (3.13) 

a3 

which is a direct link between the velocity and the current. 

3.2.2 Calibration of a hot wire 

A hot wire probe must always be calibrated before starting measurements. The essence of the cali
bration processis to measure the output (voltage) of the probeat known veloeities and temperatures. 
Then a curve can be fitted through the data points. This curve can be used in the real measurements 
to calculate the velocity from the output signal of the anemometer. The best metbod for calibration 
is to calibrate the probe in situ, without disconnecting the probe. This is the best way to avoid small 
changes in contact resistance. Further it is important that the orientation of the probe to the flow is the 
same during calibration and measurements. This has led to an arrangement where the calibration unit 
was placed on top of the pipe. The hot wire can be moved via a traversing system from the pipe to the 
calibration unitand vice versa without disconnecting the probe and with exactly the same orientation. 
As described in paragraph 3.2.1 the electrical power P that must be supplied to the wire equals: 

(3.14) 

in which h is the heat transfer coefficient, L the length of the probe and Dwire the diameter of the 
wire, I the current, R the operating resistance, THW A the hot wire temperature and T0 theambient 
temperature. 
The operating resistance of the probe is set to a constant value. The value for the operating resistance 
depends on the cold resistance ofthe probe (R0 ) and the overheat ratio (a) that is defined by: 

R- Ro 
a= (3.15) 

Ro 

In the experiments a is set to 0.4 for probes with a diameter of 5 J.Lm and to 0.2 for probes with 
Dwire = 2.5 j.Lm. 
In equation (3 .14) it can be seen that the amount of power that must be supplied to the wire depends 
on the ambient temperature. Now, suppose the ambient temperature changes from T0 to T1• In case 
of a CTA the hot wire temperature/resistance is kept constant, and with unchanged velocity, h is a 
constant too. The ratio between I 2 R(To) and I 2 R(T1) is: 

I 2 R(To) Jr DwireLh(T HWA - To) 
-

I 2R(TJ) rrDwireLh(THwA- TI) 
(3.16) 
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Keeping in mind that R, Dwire. Landhare constant, gives: 

(3.17) 

In termsof voltages this becomes: 

E(To) THwA- To 
(3.18) 

in which E is the output voltage. 
Equation (3.18) can be explained in the following manner: if the wire is calibrated at an ambient 
temperature T0 and the actual measurements are performed at temperature T1, the temperature effect 
can be cancelled out by multiplying the output voltage E (TJ) with the right hand side of (3.18). This 
shows that it is important to measure the ambient temperature during measurements. 
The hot wire temperature THW A can be determined by performing calibrations at different ambient 
temperatures. This is realized by using a hot air blower, of which the temperature can be adjusted. 
Then the data can be corrected for different ambient temperatures, and the hot wire temperature that 
matches best with the measurements after temperature correction and by fitting a third order Cheby
shev polynomial through the datapoints, is taken as the value for THW A. This Chebyshev polynomial 
is given by: 

u= a+ bE + c(2E2
- 1) + d(4E3 - 3E) (3.19) 

in which a, b, c and d are calibration constants. 
The calibrations are performed in a calibration tunnel, from which the geometry is accurately known 
(the outgoing flow is laminar). The velocity at the outlet of the tunnel is thus known with a high 
precision. In tigure (3.4) the calibration curves at different ambient temperatures are plotted: it can be 
seen that a slight temperature difference has a large inftuence on the measured output voltage. In tigure 
(3.5) the calibration curve is plotted after determination of THW A and correction for the temperature 
of the environment. 

3.2.3 Experimental procedures 

Before starting HWA-measurements some tuning operations have to be performed, which are dis
cussed below. Although they are very time consuming, it is the only way to obtain reliable and 
reproducible measurement results. 

Overheat adjustment 

The first step in the experimental procedure is the determination of the resistance of the cold probe: 
R0. With this information the bridge can be adjusted to the right overheat ratio via: a = R~:o. The 
overheat is set once at the start of the experiment and maintained during calibration and data acquisi
tion. 
Before and after each calibration and measurement always the cold resistance of the probe is mea
sured. This is a practical guideline to check if the wire properties remained constant. 
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calibration curves at different temperatures of the environment 

Figure 3.4: Calibration curve at different 
ambient temperatures. 

Square wave test 

• 
: .0. 0 

calibration curve aftar correction for T amblant 

Figure 3.5: Calibration curve with opti
ma! value for THWA· 
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On the bridge a square-wave generator is available. The response of the wire to the square-wave is a 
measure for the dynamic bridge balance. The bandwidth of the combined sensor/cablelanemometer 
can be optimized by adjusting the gain and filter settings. If this action is performed once, the situation 
is held constant, besides the regularly performed checks. 

Applying DC-otTset and gain 

The output signa} of the anemometer is led through an amplifier befare it enters the AID board. The 
voltage level is reduced by subtracting an offset voltage in such a way that the voltage output in that 
specific measurement is in the middle of the range of the 12 bit AID convertor ( -1 OV - + 10 V). To use 
the range of the convertor in an efficient way, the signal is amplified by a factor 30 or 100. Afterwards 
the output can be reconstructed via: Eoriginal = g!n +off-set. 

Temperature correction 

As described in paragraph 3.2.2 the temperature of the surrounding is measured during calibration; 
in that way the temperature of the wire is determined. By measuring the environment temperature 
during the actual measurements, the output voltage is corrected. 

Choosing the sample frequency 

The signa} coming from the anemometer is a continuous signal, which must be digitized by the AID 
board at a certain sample frequency. The parameters that determine the data acquisition are the sam
pling frequency and the number of samples. Time-averaged analyses, like determining the mean 
velocity or standard deviation require non-correlated samples. In that case the time between two 
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successive samples must be two times larger than the integral time scale of the velocity ftuctuations, 
Bruun [5], J!Zirgensen [15]. 

1 
SR<

- 2T 

where SR is the sample rate and T is the integral time scale defined by: 

T = 100 

p(r)dr 

which is a measure for the time scale over which correlation exists. 

(3.20) 

(3.21) 

For speetral measurements like calculation of correlation coefficients, on the other hand, the choice 
of the sample frequency is more complicated while the problem of aliasing or backfotding arises. 
To define a frequency component in the original data at least two samples are required per cycle. 
Consequently, the highest frequency that can be defined uniquely by a sampling rate SR = L is 2l 1 

Hz. Any energy in the original signal above 2l 1 
Hz will be seen as a lower frequency in the energy 

spectrum. This aliasing effect is demonstrated in tigure (3.6). 

0.6 

0.4 

<J.-~, 
~· \ \ 
~.4 

-0.6 

~ .. 

I • • 

Figure 3.6: Undersampling of a sine-wave yields a wave with lower frequency. 

A metbod to handle this problem is applying a low-pass filter and carefully selecting the sampling 
frequency. The HWA-signal is low-pass fittered with: 

feut-of! = 2fmax (3.22) 

to remove noise and to prevent high frequent disturbances from fotding back. The sampling rate based 
on this low-pass filter set-up must then equal [15]: 

SR ~ 2fcut-off (3.23) 

fmax depends on the lengthof the sensitive part of the wire and on the velocity. The highest frequency 
that can be resolved by the wire is: 

Umax 
fmax = -L. 

w1re 
(3.24) 



3 Positioning of a single HWA probe in the pipe 19 

Uci (!!!.] Lwire [mm] fmax [kHz] feut-of! [kHz] SR [kHz] 
Re= 5300 2.5 0.5 5 12.5 25 
Re= 10300 5 0.5 10 25 50 
Re= 30000 14 0.2 70 301 125 

Table 3.1: Sample rates and filtering frequencies for Re = 5300, Re = 10300 and 30000. 

where for Umax the maximum velocity at a specific Re-number is taken which is equal to uc1. In table 
3.1 the values used in this investigation are summarized. 

Another problem that may appear is that the anemometer signal fluctuates over large time scales. Van 
Dijk [9] and Jll)rgensen [15] recommend to high-pass filter the signa! with the cut-off frequency given 
by: 

5 
f eut-of! = 2 t record 

(3.25) 

In this way two and a half period of a sinusoidal wave is removed (which corresponds with five 
bendings). The contributions of waves with a wavelength larger than 2/5 of the record length are 
eliminated. Shorter waves will nat be interpreted as erroneous non-stationary contributions to the 
signa!. 
As it tumed out that using a high-pass filter hardly influences the results, no high-pass filter was 
applied. 

3.3 Positioning of a single HWA probe in the pipe 

The HWA-probe is mounted on a traversing table with three degrees of freedom. In vertical direction 
(radial movement in pipe) the displacement of the probe can be determined with an accuracy of 0.1 
mm. In case of one-probe measurements (velocity profiles, turbulence profiles and autocorrelations) 
the probewas aligned horizontally (parallel to the pipe). The center of the pipe was retrieved by using 
a notched disc that fits exactly in the pipe. This disc had a hole in the middle. The HWA probewas 
positioned in such a way that it fits in that hole. In this way the center of the pipe can be determined 
with a high accuracy. 

1 Although at Re = 30000 the maximum measurable frequency is: 70 kHz, from the frequency spectrum, tigure (C.3), 
it is obvious that very little turbulent energy is located in frequencies higher than 30kHz, therefore the cut-off frequency is 
set to 30kHz. 
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Turbulent pipe flow 

4.1 Velocity profile 

Turbulence in a pipe flow is generated by shear. A turbulent pipe flow is an example of wall turbu
lence, so for the description of the velocity profile the general theory for wall turbulence can be used, 
Nieuwstadt [21]. A turbulent velocity profile can be divided in severallayers: 

1. The core area. 
In the core of the flow the characteristic length scale of an eddy .C, deduced from the Prandtl
mixing hypothesis, scales with the geometry of the flow: 

1 
.C = {J-D 

2 
(4.1) 

in which D is the diameter of the pipe. The velocity profile in the center can be described by: 

ïi =u 1 - ~u* (1 - _L) 312 
(4.2) 

c 3 fJ tD 
in which UcJ represents the center line velocity and y the distance from the wall. 

2. The wall area. 
In the neighbourhood of the wall, the eddies are restricted in their magnitude by the influence 
of the wall. Insteadof (4.1) the following equation holds: 

(4.3) 

in which k is the Von Karman constant, which has a value of about 0.4. The velocity profile is 
given by: 

u* y 
ïi=-ln(-) (4.4) 

k Yo 

This area is also called the logarithmic layer or the inertial sublayer. Using the 'matching' 
condition of the outer area (core) and the inner area (viscous sublayer) the logarithmic layer can 
also be written as [21]: 

u* y 
ïi = kln(D) + UcJ +A (4.5) 

in which A is an integration constant. 
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3. The viseaus sublayer. 
In the area very close to the wall the turbulent stress is negligible in comparison with the viseaus 
effects, which dominate the flow. The salution of the velocity profile is: 

u*2 
u=-y 

V 

where V is the dynamic viscosity (for air: 1.5 · 10-5 ~\ 

(4.6) 

It is obvious that the velocity profiles in the three layers must conneet to each other smoothly. With 
this condition it is possible to describe the velocity profiles in each layer. 
In turbulence it is common to introduce the dimensionless wall unit: 

u* 
Y+=Y

v 
(4.7) 

In general the viseaus layer holds for areas with Y+ < 5, the wall area is valid for 30 < Y+ till 
approximately ~ D and the core area is the remaining area. 

4.2 Measurements of velocity profiles 

The velocity profiles of a turbulent pipe flow can easily be determined by measuring the velocity at 
different positions. These measurements are performed at several Re-numbers, where Re is based 
on the bulkvelocity: 5300, 10300, 12500 and 30000. In tigure (4.1) an example of a velocity profile 
measured with hot wire anemometry is given, in tigure ( 4.2) the turbulence intensity as function of 
the radius is illustrated, where turbulence intensity is defined as: 

./0 
turb% =-=- · 100% 

u 
(4.8) 

The sample frequency in measurements ofthe velocity/turbulence profile was set to typically 1000Hz 
during 10 sec. 

During the measurements, which take about 1 hour each, a small variation in ubulk can be observed 
(about 2%). For this fluctuation a correction is applied by dividing the measured velocity at a certain 
position by the instantaneous bulk velocity and then multiplying with the mean velocity.: 

U HW A,measured 
UHWA,corrected = Ubulk,mean 

Ubulk ,measured 
(4.9) 

For Re = 10300 the mean bulk velocity is Ubulk ,mean = 3.86~. By using (3.5) it follows that: 
u* = 0.25~. So one dimensionless wall unit (Y+ = 1) corresponds to: 6 · w-5m. It is clear that the 
viseaus sublayer cannot be resolved from tigure (4.1). The core area and the wall area, on the other 
hand can be discemed. By using the fact that the velocity profile must be axi-symmetrical, the center 
of the pipe can be found easily. The resulting fitted velocity profile in the wall area is: 

u= 0.68/n(~) + 5.5 (4.10) 

and for the core area, the velocity is given by: 

2 y 3 u= 5.11- -1.92(1- -1 )~ 
3 2D 

( 4.11) 
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Figure 4.1: Velocity profile at Re=10300. Figure 4.2: Percentage turbulence. 

Using (4.5) the value for u* can be estimated: u* = 0.4 · 0.68 = 0.27!!!.. This result is close to the 
s 

value of u* measured with the pressure box: 0.25 7'· From the core velocity profile both the center 
line velocity and {J, the ratio between the half diameter of the pipe can be estimated (see equation 
( 4.2)). This results in UcJ = 5.11 and fJ = ~:~~ = 0.13. 
An overview of the results of the fits and the accompanying quantities for Re=5300, 10300, 12500 
and 30000 is given in table 4.1. From these results it seems that if the Reynolds number increases the 

Re-number logatrithmic layer core region U*.fitted u*,meas. UcJ 

5300 u= 0.38/n({J) + 2.9 u= 2.63- ~0.744(1- -f'-)~ 
_jD 

0.15 0.14 2.63 

10300 u = 0.68/n( {5) + 5.5 u= 5.11- ~1.92(1- Tv)~ 0.27 0.25 5.11 

12500 u= 0.79/n(i) + 6.7 u= 6.23- ~2.336(1- f- )~ 
'ÎD 

0.32 0.29 6.23 

30000 u= 1.55/n(i) + 15.0 u= 14.03- ~5.16(1- Tv) i 0.62 0.62 14.03 

Table 4.1: Values gained by fitting velocity profiles for Re = 5300, Re= 10300, 12500 and 30000. 

value of fJ decreases, which means that the eddy size decreases with increasing Reynolds number. 

In literature, Monin and Yaglom 1973 [19], it is common to scale the turbulent ftuctuations with u* 

and use Y+· the dimensionless wali-unit to describe the distance to the wall. Figure (4.3) shows the 
result for Re = 10300 using these variables. It can beseen that the velocity ftuctuations tend to have 

a peak in the neighbourhood of Y+ = 10 with a value of~~~ = 2.7, which is in agreement with earlier 
experiments. Unfortunately it was not possible to measure closer to the wall because of the thickness 
of the stem of the probe, otherwise the decrease of the velocity ftuctuations which is common in wall 
turbulence close to the wall could also be investigated. From the tigure it can be concluded that the 
measurements are in good agreement with the DNS results of Veenman [30]. 

fJ 
0.19 

0.13 

0.12 

0.12 
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Re-10300 
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0.5 

OOL---~5L0----~100L---~15~0----~20L0----~25L0----~30L0----~350 

Y+ 

Figure 4.3: R M S of axial velocity normalized with u* as function of the di stance to the wall. 

4.3 Measurement of autocorrelations 

The autocorrelation (given by equation (2.5)) of a flow can easily be calculated by means of of hot 
wire anemometry. From an equally spaeed time history record the axial autocorrelations are deter
mined for Re = 5300, 10300 and 30000 at r = 0 and r = i R. For Re = 5300 and 10300 the 
correlation functions are calculated using three velocity records of 4 seconds with a sample frequency 
of 50kHz, at Re = 30000 use was made of three records of 4 seconds with a sample rate of 160 
kHz. An example of an autocorrelation function is plotted in tigure (4.4). Further results are given 
in Appendix B. The results are compared to DNS and LDA results as far as they were available. The 
x-axis is made non-dimensional by sealing with: !lfj in which Uz is the meao local axial velocity, 
which depends on r. The y-axis is made non-dimensional by equation (2.7): p(r) = Rdi) with a 2 

equal to R(O). 
Like in many other experimental techniques, the first point in the autocorrelation function is disturbed 
by a noise peak. This is caused by the fact that uncorrelated noise will correlate with itself, as is 
exactly the case in R(O). Therefore the autocorrelation function is normalized with the second point 
in the function. The noise peak is about 1-3% in case the signalis not filtered and < 1% in case the 
signal is filtered, where the filter is defined by equation (3.22). 

4.3.1 Analysis of results 

From the figures shown in Appendix B the following conclusions can be drawn: 

• There is a very good resemblance between the measurements of HWA and both LDA-results of 
Smit [24] and DNS-results of Veenman [30]. 
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Figure 4.4: Axial autocorrelation at Re = 5300 at r=O. 

Thrbulent pipe flow 

0.9 

• In tigure (4.5) and (4.6) it can beseen that at the same Reynolds number the correlation function 
decreases faster in the center of the pipe than at r = 4 R. 

• Increasing the Re-number from 5300 to 10300 causes a bigger decline in correlation, for both 
positions in the pipe. A further increase to Re = 30000 shows initially a decrease in correla
tion, but for larger ~ a higher degree of correlation compared to the lower Re- number. This is 
explained in the following manner: the correlation time is defined as the integral of the norma
lized autocorrelation function. In case the time-axis is scaled with the correlation time, the area 
under the function must equal 1, independent of the Re-number. For larger Re-numbers, the 
Kolmogorov time will decrease in comparison with the correlation time. This means that the 
correlation function decreases faster for small times, but because the area under the function is 
always 1, the correlation must be higher for large times. The x-axis is made dimensionless by: 
g, which is for larger Re-number proportional with the correlation timeT. This explains why 
Uz 

the correlation functions of Re = 30000 and 10300 cross each other. For smaller Re-numbers 
this relation does not hold yet. 
As explained in paragraph 2.2 autocorrelations contain information about the spatial structure 
of turbulence. In case the autocorrelation decreases faster, the distance over which velocity ftuc
tuations are correlated is shorter. This can be interpreted as a decrease of the eddy size. From 
tigure ( 4.5) and ( 4.6) it can be found that they show agreement with the results for fJ presented 
in tabel4.1 : the eddy size decreases by increasing Re from 5300--+ 10300, which is also visi
bie in the figures. Increasing from Re = 10300 --+ 30000 gives a camparabie eddy-size. This 
effect, however, is harder to see in the figures. 
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Re-dependency autoc:orrelation at rzO 

0ol_~0.1---0~.2---0.~3--~0.4---0=.5~~0.~6 ~~0.7~~0~.8~~0.~9~ 
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Figure 4.5: Dependency autocorrelation 
function on the Re-number at r=O. 

4.3.2 Accuracy 

Figure 4.6: Dependency autocorrelation 
function on the Re-number at r=~R. 
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To get an idea of the accuracy of the autocorrelation functions for low and high Re-number, the 
standard deviation of the functions is calculated. For Re = 5300 three records of 4.0 seconds are cut 
into five pieces each. Now 15 data-sets of 0.8 seconds are available. For these sets the mean value 
of the autocorrelation is determined with the corresponding standard deviation. The same is done 
for Re = 30000, but now 15 records are used of 0.125 seconds This is done to compensate for the 
difference in T between the two Re-numbers; in this way just as many independent samples are taken 
into account for both Re-numbers. The results are plotted in tigure (4.7)-(4.8). In both figures it is 
shown that the standard deviation in the beginning of the function is very small and increases for larger 
!Pj- . Comparing these figures with each other leads to the following insight: the standard deviation 
of the two autocorrelation functions is about the same. From this the condusion can be drawn that 
velocity autocorrelations can be measured with the same accuracy for low and high Re-numbers. 

4.3.3 Energy spectra 

Another method for obtaining time and thus length scale information concerning turbulent velocity 
ftuctuations, involves speetral analysis. The following Fourier-transformation couple can be intro
duced: 

1 lT/2 (4.12) R(r) = lim - u(t)u(t + r)dt 
T~oo T -T/2 

1 100 

. S(w) = - R(r)e-'w'dr (4.13) 
2:rr -00 

According to Robson [23] the energy spectrum can be calculated by taking the square of the complex 
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Re-5300 r .. o 50kHz 

Figure 4.7: Spread on the autocorrelation 
function for Re = 5300, r=Oo 

modulus of the Fourier transformed velocity: 

0 1 
S(w) = hm - I F(u) 1

2 

T-HXJ 2rrT 

Thrbulent pipe flow 

Figure 4.8: Spread on the autocorrelation 
function for Re = 30000, r=Oo 

(4.14) 

In case the Re-number is large enough, it is possible to detect an inertial subrange in an energy 
spectrum, see Kolmogorov [17]0 On basis of dimension-analysis on the cascade-process it is proven 
that the energy spectrum in that area is proportional to: S (f) '"'"' f- 513

, where f = 2~ 0 This -5/3 
spectrum is hardly visible at Re = 5300 and 10300, but at Re = 30000 a small piece is visible 
especially at r = 4Ro This spectrum is shown in tigure (4o9). The spectra at r = 0 for Re = 5300, 
10300 and 30000 are given in Appendix C. 

4.3.4 Estimation of turbulent scales 

The autocorrelation function contains information about the spatial structure of turbulence. This in
formation can be obtained by consictering time-scales in the autocorrelation. 
Information of the macro structure cao be obtained by determining T. This integral time scale, T, is 
given by: 

T = 100 

p(r)dr ( 4.15) 

T is a measure of the maximum time separation over which correlation exists. 
The microstructure cao bedescribed by the Taylor time micro scale Àr. The Taylor time is coupled to 
the second derivative of p(r) at r=O. In formula, Tennekes and Lumley, 1971 [27]: 

(4016) 



4 Measurement of autocorrelations 27 

Rez30000 

... ... ... 
10

9 ... ... ... ... ... ... ... 

f[Hz] 

Figure 4.9: Velocity spectrum in turbulent pipe flow at Re = 30000 at r=~ R. 

One possible methad to determine the macro and micro time scales is fitting a function built up of the 
sum of two exponential functions: 

(4.17) 

From (2.8a) the following must hold: 

• At r = 0 the value of p must be 1. From this follows: A + B = 1. 

• The derivative at r = 0 is 0: tftd I = 0 
T T=Û 

Implementing the above mentioned conditions in ( 4.17), the following description for fitting a auto
correlation can be used: 

(4.18) 

As described by (4.15) the macro scale is represented by the integral of (4.18): 

rf- rf T= -=--..!... (4.19) 

For Re ---+ oo the value forT approaches r2 • 

According to (4.16) and (4.18) the Taylor micro scale can be calculated by: 

(4.20) 
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In this research however, the x-axis of the autocorrelation function is scaled with: g. Therefore r in 
Uz 

(4.18)-(4.20) is replaced by the dimensionless unit Z, defined by: 

tUz 
Z=-

D 
(4.21) 

For Re = 5300 and 10300 fit-equation (4.18) satisfies, but for Re = 30000 it fails. The fit-function 
cannot follow the trends in the autocorrelation in a good way. Therefore another metbod is used to 
obtain the Taylor micro time: by determining the point where the osculating parabola at the origin of 
the function hits the horizontal axis also an estimate for the small scales can be found. The first few 
points of the measured autocorrelation function p ( r) are used to fit the polynomial P ( r): 

P(r)=a+br2 +cr4 
(j2p 

with P(O) =a and -
2

1 = 2b 
ór r=O 

The correlation function near r = 0 is described as follows: 

1 2 82 pI 
p(r) = p(O) + -r -

2 
+ ... 

2 ór r=O 

Implementing (4.22) in (4.23) gives: 

p(r) =a+br2 

(4.22) 

(4.23) 

(4.24) 

which must be set to zero to calculate Àr. This leads to: Àr = .j=f. The macro scale can also 
be estimated in another manner: T can be deduced from the value of Z where the correlation has 
decreased by ~. 

The fit parameters and the resulting time scales are summarized in table 4.2 and 4.3. 

Another topic of interest in the field of turbulence is the spatial structure of turbulence. The spatial 
structure can be investigated by placing many probes in the pipe flow and recording the quantities, 
of interest at the positions of all probes simultaneously. The measured veloeities can then be used 
to calculate spatial correlation functions. Knowledge of the spatial structure of turbulence can also 
be gained by using single point prohing methods, but a requisite is that the measurements must be 
performed in a time interval ~~ which is short compared to the life-time 8t of a turbulent structure: 

~t « 8t 

This requires that the turbulent velocity u' is small compared to the mean local velocity ïi: 

u' 
-«I 
ïi 

(4.25) 

(4.26) 

In this way spatial quantities can be derived from quantities which are related to time. This leads to 
the following relation for estimating the Taylor length scale in axial direction: 

(4.27) 

The integral (macro) length scale can be determined in the same way, by: 

(4.28) 

In table 4.3 also the Taylor lengtbs and integrallength scales are included. 
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Re[-] position zl [-] z2 [-] Uz [7] 
5300 r=O 0.0310 ± 0.0006 0.1766 ± 0.0008 2.43 
5300 r = ~R 0.0214 ± 0.0007 0.2705 ± 0.0009 2.19 
10300 r=O 0.0290 ± 0.0006 0.1401 ± 0.0007 4.80 
10300 r = 1R 0.005 ± 0.001 0.2464 ± 0.0020 4.44 
30000 r=O - - 14.03 
30000 r = ~R - - 12.96 

Table 4.2: Fitparameters for calculation of time scales. 

Re[-] position À, [s] À.z [m] T [s] Cz [m] 
5300 r=O 1.12 ± o.o2. w-3 4.18 ± o.o4. w-3 3.42. w-3 8.30. w-3 

5300 r = ~R 1.97 ± o.o8 . w-3 4.31 ± 0.11. 10-3 5.33. w-3 11.68. 10-3 

10300 r=O 7.51 ± o.o7. w-4 3.61 ± o.o4. w-3 1.41. 10-=J 6.76. w-j 
10300 r = ~R 4.3 ± 0.1. to-4 1.9 ± o.3 . w-3 2.26. w-3 10.04. 10-3 

30000 r=O 2.14 ± o.o2. w-4 3.44 ± 0.03 . 10...:3 5.44. 10-4 7.63. 10-=J 

30000 r = 1R 2.65 ± o.o2 . w-4 3.oo ± o.o3 . w-3 1.01. w-~ 13.85. w-~ 

Table 4.3: Calculation of macro scales. 

4.4 Velocity distribution 

A typical example of a velocity ftuctuation distri bution in one point is shown in tigure ( 4.1 0). In 
this tigure it is seen that the velocity ftuctuation distribution has a negative skewness. This can be 
explained by the fact that some ftuid particles from the wall region (with low velocity) are swept away 
by the eddy motion to the middle of the pipe and have not yet adopted the local mean velocity. So the 
spreading in negative ftuctuations is relatively large. The maximum value of positive ftuctuations is 
bounded by the energy which is supplied by the flow. 
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Figure 4.10: Velocity distribution in one point 



Chapter 5 

Eulerian space-time correlation in 
turbulent pipe flow 

In the latest decades considerable effort has been put in the description of Eulerian time spectra in a 
frame of zero-mean-flow. Several theoretica! and numerical descriptions have been formulated con
ceming stationary isotropie turbulence. In paragraph 2.3 .2 it is explained how the present theories 
can be elaborated to make them applicable to anisotropic, inhamogeneaus or non-stationary turbu
lence e.g. pipe flow. This chapter concentrates on the veritication of this theoretica! description for 
turbulent pipe flow by measuring the Eulerian correlation function in a rnaving frame: 

with !.
12 

X2 = Xt + ïi(x(t), t)dt 
r, 

(5.1) 

Correlations in a rnaving frame can be measured in two ways: 

1. Moving a probe along with the mean axial velocity Uz and recording the velocity ftuctuations 
during this motion. Correlating these velocity ftuctuations as function of time gives a value for 
the Eulerian correlation in a rnaving frame. lncrease in time will give a velocity signa! that 
shows less similarity to the start value and will consequently lead to a decrease in correlation. 
Moving a probe with the mean ftuid velocity requires a rather complex contiguration forthetest 
set-up. Furthermore, it is only applicable for non-intrusive measurement methods like LDA. 

2. Pertorming measurements on two spatial positions, and correlating the two recorded velocity 
fluctuation signals while giving the downstream probe signa! a time-shift equal to: t2 - t1 = 
z2..=_z, if Uz i= 0. An increase in z2 - z1 will therefore correspond to an increase in time t2 - t1• So 

U z 

a space-separation can in this way be interpreted as equivalent to a time-separation in a frame 
rnaving with the mean velocity, see also tigure (5.1 ). This methad is much simpter than the tirst 
metbod and is therefore chosen as a starting point. 

Measurements have been performed in turbulent pipe flow with two hot wire probes arranged in the 
same contiguration as Comte-Bellot, 1971 [6]. In that research a description is given ofEulerian time 
correlations measured with two hot wires in grid-generated turbulence. 
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u'z (z2Jz) u'z (zpt1) 

- · ·-·- ·-·• ·- ·- ·-·- ·- ·--- ·- ·- ·- ·-·-

Figure 5.1: Equivalence of separation in time and space. 

5.1 Test setup and measuring equipment 

The pipe flow system used in the experiment is the same as described and illustrated in chapter 3. For 
measurements of Eulerian space-time correlations two hot wires are needed. A simple construction 
for fixing the hot wires has been invented and built, as can beseen in tigure (5.2). 

Figure 5.2: Picture of the two-probes construction. 

Figure (5.3) shows the schematic setup of the construction used for the two-probes measurements. In 
order to disturb the flow as little as possible, the upstream probe is placed under a slight angle with 
the principal flow direction of approximately 13°. The frontprobeis held at a fixed position, as far in 
the pipe as possible. The downstream probe is positioned parallel to the pipe wall and can be moved 
in two directions: radially in vertical direction by a traversing system with an accuracy of about 0.1 
mm, and in axial direction by manual movement The latter displacement can be measured with an 
approximate accuracy of 0.1 mm by means of a calliper rule. 
The alignment in axial direction is performed by using a magnifying glass and placing the probes 
straight above each other and measuring the length of the capillary that stands out bebind the fixing 
block. This procedure is repeated several times before each measurement. The determination of the 
radial distance between the probes is more complicated: the movable probe is traversed to a eertaio 
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known value of the traversing table. Then a digital camera equipped with an extra magnifying glass 
is used to depiet the two probes tagether with a ruler, which is used as a reference. From the obtained 
image the elistance between the probes can be estimated with an approximate accuracy of 0.1 mm. An 
example of such animageis given in tigure (5.4). 

2 ~z 
moving probe ---------.c: ...._.. t 

~r 
·- · ·-·- ·-·-·- ·-·-·-·-·-·- ·-·- ·-·-·- ·-·-·-·-

steady probe 

Figure 5.3: Setup for measuring correlation functions in a moving frame. 

Figure 5.4: Image used for the determination of the radial distance between two hot wire probes. On the left 
side the prongs of the two probes are visible. On the right side the ruler can be seen. Each division equals 1 
mm. 

5.1.1 Measuring equipment 

Hot wire probes are available in different geometries. In this study only single-wire sensor probes 
were used. In case of pipe flow, it is only possible to measure axial velocity components with single 
wire probes. Single wire probes exist in several contigurations. During the current measurements 
probes with straight prong geometry and fork prong geometry were appropriate. For explanation of 
the probe shapes see tigure (5.5) and (5 .6). 
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Figure 5.5: Sensor with fork prong ge
ometry. 

Figure 5.6: Sensor with straight prong 
geometry. 

To reduce the wake close bebind the wire it is preferabie that the upstream probe has its needies spaeed 
as far apart as possibie. Por the measurement at Re = 5300 and Re = 10300 a wire with fork prong 
geometry was used with a neediespace of 2.8 mm, a sensitive part of 1 mm and a wire thickness of 
5 J.Lm. The shape of the back probe is of less interest, but will be given too. In case of Re = 5300 
and Re = 10300 use was made of a straight prong geometry with a sensitive part of 0.5 mm, a needie 
space of 1.2 mm and a wire thickness of 5 J.Lm. Por the measurements at Re = 30000 two sensors 
were used with a fork prong geometry (with a neediespace of 2.8 mm). The sensitive part was 0.2 
mm with a wire thickness of 2.5 J.Lm. 

5.2 Difficulties during the experiment 

5.2.1 Absolute velocity HWA is not accurate 

A drawback of hot wire anemometry is that the determination of the absolute velocity is not very 
accurate. A wire is very sensitive for vibrations (e.g. occurring during the movement of the wire 
from the calibration unit to the pipe) and shows considerable drift over time. This brings about that 
the calibration curve does not exactly satisfy. HWA is therefore less suitable for measuring absolute 
velocities, but for measuring velocity fluctuations it serves the purpose very well. Por calculating the 
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Figure 5.7: Velocity signalof two probes. The red line is the signal originating from the upstream probe, the 
blue line is the velocity signal coming from the downstream probe. 

Eulerian time correlations the velocity fluctuations of two probes must be correlated while giving the 
signalof the downstteam probe a time shift equal to: öt = ~ if U z =I= 0. However, the average local 

U z 

axial velocity U z directly obtained from the hot wire system is not reliable. In literature, Comte-Bellot, 
1971 [6], it is stated that the correlation function R(ti- t2) = u; (xt , ti)uj(x2, t2) attains its maximum 
at t2 - ti = zc_z1 • So the correlation for time shifts t2 - ti =I= zz.=_z1 is lower. There are some very 

~ ~ 
small discrepancies to this due to the random self-convection of the turbulence and the downstTeam 
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evolution (inhomogeneity) of turbulence properties such as energy and scales. 
To illustrate this statement: tigure (5.7) shows the velocity signals of two wires placed bebind each 
other. The red line indicates the signa! coming from the upstream probe. The blue line gives the 
downstream velocity signal. It can be seen that the blue line lays bebind in comparison to the red 
signal. This time delay should be equal to: D.t = z2..=_z1

• By shifting the blue signa! D.t ahead, the best 
Uz 

agreement between the two signals is achieved. 
In tigure (5.8) it is clarified how the Eulerian correlation function is calculated. For a number of 
distauces between the probes D.z, the time shift is determined which gives the optima! value for 
correlation between the signals (each colour in the picture denotes a different D.z). This optimal 
correlation value (black points) is used for assigning the Eulerian space-time correlation (black line) 
by fitting an appropriate function (see paragraph 5 .4.1) through all optima! values. The mean loc al 
axial velocity Uz can then be estimated from Uz = ......----

1 
t:.. z , assuming self-advection can be ignored. 

o opumal 

Though the absolute velocity of the HWA-signal is inaccurate, the fluctuating part of the axial velocity 
component can be accurately determined from the original output signal by: 

U~ (t) = Uz,originai(t)- Uz,original (5.2) 

Re- 10300 <lr-2.0 mm 

<lt [s] 

Figure 5.8: Measured space-time correlations. The black line is the deducted time correlation in a frame 
translating with Uz. 

The 'peaks' in the picture showsome asymmetrie behaviour, which can be explained in a straightfor
ward analytica! way. The smallest time-shift of the velocity signa! of the back probe, that correlates 
with the upstream probe, is: D.tmin = _ t:..+z I, the maximum time-shift is given by: D.tmax = -":..z 1 and 

Uz u , Uz "z 
the optima! time-shift is given by: D.toprimal = ~. What can beseen in the tigure is: 

U z 

D.toptimal - D.tmin < D.tmax - D.toptimal (5 .3) 
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Equation (5.3) can be written as: 

~z ~z ~z ~z 
(5.4) < 

u, u, +u~ u, - u ~ 

According to tigure (4.2) the ratio between the velocity fluctuation and local mean velocity at r = 0 

is : ~ ~ 0.04. lmplementation this ratio in (5.4) fora particular value of ~z shows that this relation 
u, 

holcts indeed. In this way the occurrence of the asymmetrie peaks is explained. 

5.2.2 Disturbances caused by the upstream probe 

The biggest disadvantage of the use of hot wires is the fact that their presence causes disturbances 
in the flow. To get an idea to which distance those disturbances reach and how big the influence of 
this disturbing effect is, turbulence profiles are measured at various axial positions of the back probe 
while the front probe is placed at a fixed position in the centre of the pipe. So the distances ~z and 
~r between the upstream and downstream vary by moving the back probe. These measurements are 
performed at three different axial distances between the probes at Re = 5300. 

Turbulence percentage downstraam probe at different4 z 

0 

25 ............ . 

0 

0 

~WL_ ____ ~,5-----~10 ______ L5----~0-----L----~10 _____ 1L5--~20 

r(mm] 

Figure 5.9: Turbulence profiles recorded by downstream probe for varying flz . The red circles indicate the 
turbulence profile measured with only one probe placed in the flow. 

From tigure (5.9) it can be seen, by camparing the turbulence profiles observed by the downstream 
probe toa measurement without upstream probe, that the disturbing wake effect appears especially in 
the region with ~r ::: 1.5 mm. Therefore it is decided to perform the moving Eulerian measurements 
with the back probe giving a shift in radial direction over a distance of respectively 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5 and 4.0 mm. 

Vortex shedding 
The presence of a cylinder in the flow can besides the wake effect also cause vortex shedding, 
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Bejan [2]. Eddies of size comparable with the cylinder itself begin to 'shed' periodically when 
102 < ReD < 107 with: 

R 
uDcylinder e D = _ ___::_ __ 

V 

The frequency with which the vortices are shed is roughly proportional to the flow velocity: 

u 
fv"-'0.21-

D 

(5 .5) 

(5.6) 

To explore if vortex shedding occurs, the hot wire system is considered to consist of several cylinders: 
the capillary (D = 4.0 mm), the probestem (D = 2.0 mm), the prongs (D = 0.4 mm) and the wire 
(D = 2.5- 5J-Lm). 
For Re = 30000 (u ~ 14 ~) this leads to ReD= 3700, 1870, 373 and 2.33. For the lowest Re-number 
(Re = 5300) with u ~ 2.5~, ReD equals: 667, 333, 67 and 0.83 respectively. From this it can be 
concluded that only the capillary and the probe stem (and for the high Re-number also the prongs) 
may cause vortex shedding. However, because the front probe is placed under an angle, those parts 
are located relatively far from the center of the pipe. So if vortices are actually created by those parts, 
they are probably not noticed by the back probe. Because in the velocity spectrum of the downstream 
probe no peaks at the before mentioned frequencies could be found, no filter was used to remove 
irregularities caused by vortex shedding. 

Laminar measurements 
To see if a flow is substantially changed by the presence of a hot wire probe, measurements are 
performed in a laminar flow. With the set-up in Delft it is possible to create a laminar flow with 
Re = 5300. The entrance length for creating a fully developed laminar pipe flow is :Xentrance = 

0.05ReD = 0.05 * 5300 * 4 · w-2 = 10.6 m, which would mean in case of a pipe with a lengthof 7 
m that the flow is not yet fully developed. Nevertheless the smooth flow, with a negligible fluctuation 
intensity is still suitable for performing test measurement. 
The idea behind these laminar measurements is to examine if the upstream probe (placed at r = 0 at 
a constant axial distance) disturbs the smooth lam i nar flow in such a way that the downstream probe 
perceives an other velocity or registers a higher velocity fluctuation intensity (increase in RM S). 
The back probe is placed at a great variety of positions in the neighbourhood of the front probe 
(i:-"r = 0.8 - 5.8 mm and i:-"z = 0- 4.5 mm). It turned out that the recorded veloeities and RM S
values for the downstream probe did not differ essentially from the upstream probe. The values for 
RM S were of the order of magnitude 1 · 1 o-4 ~. For comparison: typical RM S-values fora turbulent 
pipe flow of Re= 5300 are 0.113~. Soit is concluded that the disturbances caused by the front probe 
are rather small in case of laminar flow, which arouses hope for the possibility to measure two-point 
correlations with two HWA-probes in turbulence. 

5.2.3 Other distorhing effects 

The measurements with hot wires are influenced by a few more disturbing effects, that will be dis
cussed below: 

• There is a small drift in the bulk velocity. The fan showed a small variation (max. 5%) in 
bulk velocity during the Eulerian correlation measurements in a moving frame, which lasted 
typically three hours. This effect is much smaller for measurements that take only short times . 
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• Changes in temperature of the surroundings cannot be measured simultaneously with the ve
locity samples during measurements that require high sample rates (measurements of autocor
relations, Eulerian space-time measurements). The accompanying temperatures are therefore 
recorded manually and the HWA-signals are corrected afterwards for temperature changes. For 
low fan readings, the temperature of the air in the pipe was about constant, but for higher velo
eities the temperature of the air in the pipe increased significantly compared to the Iabaratory 
temperature ("' 7° C) by the heat generated by the fan. 

• Pressure variations of the air are supposed to be negligible during measurements. Only befare 
calibration in the wind tunnel and befare setting the bulk velocity in the pipe, the air pressure is 
measured. This assumption is justified, because atmospheric pressure variations turned out to 
be rather small (about 1 h Pa during three hours). 

• Hot wire sensors show a considerable drift after a certain time. This can be caused by partiele 
contamination or changes in electrical properties. The only way to overcome this problem is to 
recalibrate the wire befare each measurement and consicter the reliability of the HW A-signa! by 
e.g. Pitot tubes and checking the ratio between the center line velocity and the bulk velocity. 

• The effect of sensor orientation is negligible as long as the sensor is placed identically with re
spect to the flow during cal i bration and measurement. Because of the well thought-out construc
tion with the probes placed in the same traversing system during calibration and measurements, 
the misalignment is very small and can be neglected as error source. 

• The calibration tunnel has extensively been tested in the past by van Dijk [9] and turned out 
to create a homogeneaus mean flow, and can thus be considered as a proper tooi to calibrate 
probes. The velocity uncertainty during calibration is small: < 1%. 

• The AID board has a resolution of 12 bits in the range -10- + 10 V. This gives a voltage diffe
rence of f& = 4.88. w-3 V per step. By giving the HWA- output-signa! an off-set and a gain 
(30 or 100) it wastried to make use of as many available 'steps' on the board as possible. 

• A third order Chebyshev polynomial is fitted through the measurement points of the cal i bration 
(voltages versus velocities) in accordance with the x2-criterion. A typical standard deviation 
for such a fit is 0.02 ~. 

• The air that flows along the downstream probe may be influenced by the thermal wake of the 
upstream probe. Because it is difficult to investigate this effect in turbulent flow, the magnitude 
of the thermal effect and the influence on the velocity field behind a wire is investigated for 
a uniform flow, Delfos [8]. The parameters in this study are: Uz = 2.5~, Tair = 20° C and 
THw A = 220° C, which gives an electrical power to the air of P = 10*. In tigure (5.10) 
and (5.11) the temperature-and velocity profiles behind the hot wire are illustrated. In case the 
second probe is placed exactly downstream with respect to the first probe, it is concluded that 
for ~z :::; 1.5 cm a disturbance in the temperature and flow-field can be observed, for larger ~z 
the changes in Tair and Uz are small. In radial direction the wake-effect is only noticeable for 
~r :S 0.5 mm. 
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Figure 5.10: Thermal wake behind a hot 
wire. 

39 

uz'uz.o 1-1 
1.5,----- -----------------, 

- 1 

-L5L___----::-------:1-:-o ---1:-:-5 ----=-=-2o __ _j25 

z (mm( 

Figure 5.11: Velocity wake behind a wire. 

5.3 Results of two-point Eulerian space-time correlation 

In this paragraph the experimental results of the axial Eulerian correlation functions at r=O wil! be 
presented and discussed. 

Experimental overview 
As said earlier, use was made of the probe setup as illustrated in tigure (5.3), with the downstream 
probe placed slightly aside. Further, a thermometer was placed close to the probes, which was used to 
monitor larger temperature changes during a measurement session. Afterwards the hot wire signa! can 
be corrected for temperature changes during a measurement, which typically takes about three hours. 
In case of measurements that need fast data starage (measurement frequencies larger than about 5 
kH z ), the temperature must be recorded manually. The bulk velocity is tuned by measuring the wall 
pressure drop with the electronica! pressure gauge. 
Two parameters must be chosen: the measurement frequency and the measurement time. The choice 
of the sample rate was already mentioned in paragraph 3.2.3. For Re = 5300, 10300 and 30000 
respectively: 25, 50 and 125 kH z . Although the data will not be used to get speetral information, 
the measurement frequencies are chosen so high that the velocity signa! of the downstream probe can 
be given an accurate time shift, which would be impossible in case of too low sample rates. For the 
choice of the measurement time the amount of independent data points was considered as we11 as 
the Iimited amount of data starage capacity available on the measurement computer. This has led to 
trecord =30, 20 and 10 seconds for the three increasing Re-numbers. 

Data processing 
In equation (3 .20) it was made clear that some requirements must be fuiftlied to ensure that enough 
independent non-correlated samples are used to calculate a mean value. This information is invoked 
to estimate the required length of time between two data points for calculating a point in the rnaving 
Eulerian correlation function. The integral times for Re = 5300, 10300 and 30000 are T =3.42, 
1.41 and 0.54 ms, which amounts to 293, 709 and 1838 H z. With this in mind it was decided to skip 
velocity samples. This has led to the decision that only one out of respectively 50, 50 and 60 velocity 
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samples of the upstream probe are used to calculate the value of the moving correlation function. 
This means that about one sample is taken per integrallength scale; it is expected that two successive 
samples are still sufficiently independentand that the amount of used samples per data set is still high 
enough. 
It must be remarked that in case all data points were taken into account the effect of dependency 
between the samples was probably also cancelled out. 

Computation of a point in the moving Eulerian correlation function 
For the calculation of a point in the Eulerian space-time correlation function, the data record of the two 
signals is split into 4 smaller records. For these small records all significant quantities are calculated 
individually: mean velocities, RM S-values, the optima! value for the correlation tagether with the 
accompanying optima! velocity (see paragraph 5.2.1). The average value of the correlation for the 4 
records (one specific .ó.z and .ó.r) are plotted in figures (5.12)-(5.14) for Re= 5300, 10300 and 30000 
respectively. The x-axis is again made non-dimensional by sealing with: qj and the y-axis is scaled 
with p = R . 

RM Sprobe J RM S probe2 

In order to estimate the spreading on the points in the moving Eulerian correlation function, during 
each measurement session (each specific Re-number) longerand more records are taken at random 
positions (various .ó.z and .ó.r). From this it foliowed that the typical standard deviation on a point 
in the correlation function was about 0.015. No real trends could be found where the spreading was 
smaller or larger. 

5.3.1 Discussion 

Re- 5300 using 15000 uncorrelated samples tor one point 
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Figure 5.12: Eulerian space time-correlation for Re = 5300. 

The results of the Eulerian correlations in a moving frame, tigure (5 .12)-(5.14), showsome striking 
features. For small radial displacements, e.g . .ó.r = 1.0 - 1.5 mm a strong reduction in correlation 
is visible for qj ~ 0.5 - 1.5. Just at those specific positions also a strong increase in RM Sprobe2 



5 Results of two-point Eulerian space-time correlation 

Re- 1 0300 using 20000 uncorrelated samples lor one point 

·., 

0.1 

ONS 
o 1.5mm 
o 2.0mm 
+ 2.5mm 
" 3.0mm 
x 3.5mm 
o 4.0mm 

Figure 5.13: Eulerian space time-correlation for Re = 10300. 
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Figure 5.14: Eulerian space time-correlation for Re = 30000. 
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is observed (about 10-15% increase in RM S). With this in mind, it is decided to leave out the data 
points that deviate more than 10% from the average RM S probe2·value in forther analyses. 
It is very likely that this increase in RM Sprobe2 is caused by the extraneous disturbance originating 
from the upstream probe's wake, although this effect could not be observed in the laminar test case 
(paragraph 5.2.2). 
Forthermore an increase in correlation can be found towards !fj ~ 0.3-0.4 for small ó.r and towards 

!fj ~ 0.6 - 0.8 for larger ó.r , for which no obvious explanation can be found. Probably this effect is 
also related to the wake created by the front probe. 
Another point of investigation was the inftuence of the upstream probe on the normalized autocorre
lation function of the downstream probe. Here, however, no detectable changes could be discovered. 

5.3.2 Extrapolation to t::.r = 0 by means of DNS data 

In order to extrapolate the misaligned (ó.r f. 0) Eulerian correlation function in a moving frame to 
the aligned (ó.r = 0) correlation function, an extrapolation algorithm is developed. This is done by 
using undisturbed DNS data of Veenman [30] at Re = 5300. The moving correlation is calculated 
for 8 axial distances (ó.z) between the two probes at 20 radial shifts (ó.r). In tigure (5.15) a typical 
example of misaligned correlation functions as measured with two HWA probes is shown. The solid 
line represents Eulerian correlations with ó.r f. 0. The intention is to extrapolate the data for each 
ó.z to ó.r = 0. So the the desired value at ó.r = 0, denoted by the dashed line, must be determined 
by extrapolating the misaligned data for each ó.z. In tigure (5.16) DNS data is plotted for 8 axial 
distances between the probes as function of the radial misalignment of the downstream probe. Each 
symbol represents data that lays on one specitic arrow in tigure (5.15). For the development of an 
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Figure 5.15: Example of typical mis
aligned Eulerian correlation functions as 
measured with two hot wire probes. 
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Figure 5.16: Extrapolation to /).r = 0 
using DNS data. 

appropriate extrapolation method two requirements must be fultilled: 

• Because of symmetry conditions for ó.r the extrapolation algorithm must be symmetrical. 
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• The algorithm may notchange substantially in case only data in the range '7; = 0.05 - 0.20 is 
available like in the current HWA-measurements. 

Two algorithms are tested: 

2. P =a + b( 2 + c( 4 

with ( representing '7;. The algorithms are tested for two data sets: initially taking DNS-data into 
account for '7; = 0 - 0.208 and then DNS-data is used in the range '7; = 0.05 - 0.208. Algorithm 2 
tumed out to be quite satisfying for the DNS data. The coefficients in the fit functions did not change 
much for the two different ranges. As shown in tigure (5.16) the black lines in the tigure (obtained by 
fitting data points in the range '7; = 0 - 0.208) coincide quite well with the red lines (obtained by 
fitting data points with '7; = 0.05 - 0.208). 

Testing extrapolation algorithm on HWA-data 
Extrapolation algorithm 2 is tested on HWA-data at Re = 5300. This is done as follows: first, fits 
are made through the data points for each specific è..r . These fits (solid lines in tigure (5.17)) are 
used as input for the extrapolation algorithm. The result of the extrapolation to è..r = 0 is denoted 
by the red diamondsin tigure (5.17). Unfortunately it must be concluded that the extrapolated HWA-

extrapolation to t.r•O tor Re-5300 
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Figure 5.17: Testing extrapolation algorithm to HWA-data. 

result does not exactly correspond with the result of the DNS simulation. Due to a lack of time the 
extrapolation methods are not investigated more thorough. In further analysis only data is used that is 
not extrapolated to è..r = 0 i.e. data in which the downstream probe is not aligned with the upstream 
probe. 
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5.4 Determination of timescales in Eulerian space-time correlation 
functions 

5.4.1 Determination of TE by the Eulerian moving correlation function 

In [ 4] explicit expressions for the temporal structure function are given. In the viscous subrange, 
0 .::::: T « T Re- 314 , with T the correlation time, one obtains for the correlation function: 

p(T) = I - (e}a/-L T 2 

6v 

In the inertial subrange, that is forT Re- 314 « T « T: 

with C the Kolmogorov constant [20], and ~ representing: 

_ 4(1u;I 213 )-Cu;~~L )( Ri)2/3 
~ - -I / 3 (e}y u; 

3u'2 
1-L 

(5.7) 

(5.8) 

(5.9) 

Taking the limits T ---+ oo and T ---+ 0, the following relation can be found to describe both the viscous 
and inertial subrange: 

(5.I 0) 

where a = (el~~' , b = ~ C and c is a parameter which denotes the value at !Ij} = 0, which equals I 
in case the radial shift between the two probes is 0, but is < I in case f:.r =I= 0, like in the present 
measurements. Although it is questionable if relation (5.7) and (5.8) hold for f:.r =I= 0, the misaligned 
measurement results given in paragraph 5.3 are used todetermine the fitparameters a, band c. 
By definition the Eulerian micro scale can be obtained by the second derivative of p(T) at T = 0: 

Hl _
0 

= :::f, which means that by using equation (5.7): 
ur r- r E 

(5.II) 

The Eulerian micro scale has been determined at f:.r = 1.5 and 2.0 mm for Re = 5300 and I 0300 and 
at f:.r = 1.0, 1.5 and 2.0 mm for Re = 30000. In table 5.I the dimensionless Eulerian micro scales 
are given, '};*, with the tolerances for the fits. Furthermore the values forTE are given in seconds. 

5.4.2 Determination TE by one-point quantities 

As stated by Brouwers [4] the Eulerian time microscale T E is defined by: TE = win which vis y (e )a~< 

viscosity, (e} is the meao energy dissipation rate and al-L is an anisotropy factor. 
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!EJ [-] u* [!!!.] 

Re = 5300 f>.r = 1.5 mm 0.11±0.02 0.14 
Re = 5300 f>.r = 2.0 mm 0.13±0.01 0.14 

Re= 10300 f>.r = 1.5 mm 0.10±0.02 0.24 
Re= 10300 f>.r = 2.0 mm 0.11±0.01 0.24 
Re= 30000 f>.r = 1.0 mm 0.08±0.01 0.62 
Re= 30000 f>.r = 1.5 mm 0.10±0.01 0.62 
Re = 30000 f>.r = 2.0 mm 0.13±0.01 0.62 

Table 5.1: Eulerian micro scales. 

The mean dissipation rate for turbulentpipe flow is given by: 

(e} = 
8u · 8u · 

v-J_J 

8x; 8x; 

TE [ms] 

32.1 
36.3 
16.7 
18.2 
5.0 
6.6 
8.1 

_ v[ (8U z)2 + (8U z)2 + (~)2 + (8Ur)2 + (8Ur)2 + (8Ur )2 + 
8z 8r r8cp 8z 8r r8cp 
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(5.12) 

(5.13) 

However according to Hinze, 1975 [13], Lawn, 1971 [18] and Hinze, 1973 [14] even though pipe flow 
is an anisotropic flow, the dissipation shows a fair degree of isotropy except in the region close to the 
wall. It is stated that in case the 1ocal dissipation and production give the major contributions to the 
energy balance and the turbulence in the dissipation range of the energy spectrum is almost isotropic, 
expression (5.12) can be approximated by the expression for (ê} which holds for isotropie turbulence: 

(
8u )2 (e} = 15v özz (5.14) 

The anisotropy factor af..L is given by: 

(5.15) 

Implementation of (5 .14) in (5.11) leads to the following description forTE: 

(5.16) 

For Re = 5300, 10300 and 30000 the values for Àz at r = 0, calculated by using the auto correlation 
function and application ofthe Taylor hypothesis, are respectively 4.18. w-3

, 3.61 · 10-3 and 3.44 · 
w-3m (see table 4.3). The values for u~ are: 0.012735, 0.034143 and 0.18320. The magnitude of 
the anisotropy factor is estimated with the help of values from Hinze, 1975 [13] where turbulence 
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intensities for the three velocity components are given for pipe flow with Rec1 = 500000. This gives 
an approximate value: all- = 0.92. 
This leads to values for rE of: 24.42, 12.87 and 3.30 ms respectively. Comparison of those values to 
the results presented in the last column of table 5.1 leads to the following conclusion: the Eulerian 
micro scales obtained from the rnaving Eulerian frame are slightly larger than the values determined 
by the one-point method, but the order of magnitude is correct. Purthermare it can be seen that the 
value of r E for !1r ~ 0 becomes smaller. So it is expected that for !1r = 0 the values for rE will 
show even more agreement with rE obtained by one-probe information. 

5.4.3 Local isotropy 

According to Hinze, 1975 [13] in case of isotropie turbulence the following relation must hold: 

_u_ 
15 V 

ifi = j = k = l 

1
2
5 ~ if k = l and i = j and i i- k 

- 3
1
0 ~ if (j = l and i = k) or (i = l and j = k and i i- j) 

0 other combinations 

(5.] 7) 

With the help of the measurements of the autocorrelation, while invoking Taylor's hypothesis and 
measuring spatial correlation functions it is possible to investigate if the assumption of local isotropy 
is justified in a pipe flow at r = 0. 

Lateral (spatial) correlation functions 
With two hot wire probes it is relatively simple to measure the transversal correlation function 
Rrransv = u ~ (r, cp, z)u~ (r + !1r, cp, z). This is illustrated in figure (5.18). One probe (denoted by 
1 in the picture) is held at a fixed position, r = 0 and the other probe (indicated by 2) is moved in 
radial direction. The simultaneously recorded velocity fluctuations of the two probes are used to cal
culate the spatial correlation function. The results for three Re-numbers can be found in figure (5 .19). 
For each point in the correlation function 10000 datapoints are taken with a sample frequency of 1000 
Hz. The y-axis in this figure is the normalized value for the correlation: Prransv(t1r) = R:~0J/Ms2 

Figure 5.18: Schematic picture of measurements on lateral correlation functions . 

Same of the isotropy properties can be examined. With the lateral correlation function the quantity: 

(~ ) 2 
can be compared to the quantity obtainable from the autocorrelation function by using Taylor's 

hypothesis: (''l~uz, ( According to (5.17) the farmer term is twice as large as the Jatter. This amounts 
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Figure 5.19: Lateral correlation function. 

in case of truly isotropie flow to the following balance: 

'2 1 '2 
U Z =-~ 
)..2 2 )..2 

z r 

which would mean: 

The transversal micro-scale can be estimated by: 

o2
Prransv (D.r)l = ~ 

oó.r2 M =O )..2 
r 
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(5.18) 

(5.19) 

(5.20) 

The values for Àr are determined by fitting an osculating parabola to the first few points in the transver
sal correlation function. The fit parameters of the fit function mentioned below are given in table 5.2 
tagether with the values for Àr and Àz at r = 0: 

(5.21) 

in which a is the value for the correlation function at D.r = 0, which is left free, because of small 
inaccuracies in positioning. In an ideal case the value fora would be 1. The lateral micro length scale 

is calculated by: À r = n · 
Exploring table 5.2 to verify the validity of the isotropy condition: Î; = ../2leads to the condusion 

that the order of magnitude of the ratio Î; seems to be correct for all three Re-numbers. But it must be 
remarked that for a good calculation of the transversal micro length scale, in fact more data is required 

near D.r = 0. 
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a b c À, [mm] À z [mm] .::<. 
À 

Re= 5300 0.950 ± 0.004 -0.081 ± 0.005 0.0039 ± 0.0009 3.43±0.10 4.18±0.04 1.22 
Re= 10300 1.009 ± 0.004 -0.098 ± 0.005 0.0050 ± 0.0009 3.20 ±0.08 3.61±0.04 1.13 
Re= 30000 0.929 ± 0.007 -0.20 ± 0.01 0.028 ± 0.004 2.17±0.07 3.44±0.03 1.60 

Table 5.2: Transversal micro length scales Àr compared to longitudinal micro scales Àz at three Re-numbers. 

5.5 Meao square acceleration analysis 

Another method to validate the theory of Brouwers [4] is consictering the values of the mean square 
value of the loeal Eulerian fluid aeeeleration for various Re-numbers. The local Eulerian fluid accel
eration in a frame that moves with the mean local fluid velocity should balance: 

(( 8U~ )2) ( I ' }(8U~8U~) U
4 

- "' u.u . -- "' -Re 
8t 1 1 8x; 8x1 .C2 

(5.22) 

The !.h.s. of equation (5 .22) can be calculated by: 

( (8;;) 2) = 2~?} 
E 

(5 .23) 

where (u~ } equals the square of the RM S-value of the local axial velocity. The result is made di-

mensionless by: u*4 j D2• In figure (5 .20) the re lation between ( ( :) 

2

) and Re* is presented, where 
02 

Re* is the Reynolds number basedon the friction velocity: Re* = u:o. This is done for two radial 
displacements of the probes (viz. !1r = 1.5 and 2.0 mm) for the low Re-numbers and for !1r = 1.0, 
1.5 and 2.0 mm for the highest Re-number. In the figure the spread on the outcome, caused by the 
uncertainty in the determination of re (see paragraph 5.4.1) is shown. Further a straight line is plot
ted in the figure, which indieates the steepness of the theoretically derived relation between Re* and 

((~r) 
u*4 
02 

However, from the figure no clear conneetion between the two quantities can be distinguished. lt must 
be remarked that the dimensionless aeeeleration term depends very sensitively on the value of re . The 
value of this quantity contains two sourees of error: one caused by the fit and one caused by errors 
in the measurements. This latter error souree has not been taken into account in this analysis, but it 
would increase the magnitude of the errorbars in the figure even more. 

5.6 Quasi-Lagrangian space-time correlation 

In paragraph 2.2 the concept of quasi-Lagrangian correlation functions was introduced. It was aimed 
to implement also the ftuctuating motions in the two-point correlation function in actdition to the 
Eulerian two-point space-time correlation which only considers the mean flow for the moving frame. 
The governing equation for the quasi-Lagrangian correlation yields : 

(5.24) 
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Figure 5.20: Dimensionless Eulerian ftuid acceleration in a moving frame against Re*. 
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Uz (t1) is now the instantaneous local axial velocity at r = 0 at position x1, which is by definition equal 
to: Uz +u~. Again the problem of the inexactnessof the absolute velocity occurs (see also paragraph 
5.2.1). This is solved by taking for each data set (each point in the correlation function) for the mean 
velocity the value determined by the optima! Eulerian frame shift: Uz = -;;:-----

1 
t. z • 

u optlmal 

The ftuctuating term u ~ is calculated by subtracting the mean value of the recorded signa! from the 
original signa!: u ~ = Uz,original - Uz,original· In this way the instantaneous velocity signa! Uz (tl) is re
constructed. The results of the correlation functions, based on the in this way created velocity signals, 
are visible in tigure (5.21) for Re = 10300 and 30000 with a radial shift between the probes of 2.0 
mm. The x -axis is made dimensionless with: g_ and the y-axis is made dimensionless according to: 

U z 

( ) 
_ R(tl - tz ) 

p t 1 - t2 - RMS1RMS2 • 

This quasi-Lagrangian approach results in a stronger decreasein correlation than the Eulerian coun-
terpart, but for higher Re-number this decrease is already less strong than for the low Re-number. 
These findings are Contradietory to the Taylor hypothesis which states that eddies are carried so fast 
along with the mean flow that they do not have enough time to change shape, which would have led 
to a higher degree of correlation. lt may be that the Re-number is not yet high enough to observe this 
effect. 
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Figure 5.21: Quasi-Lagrangian correlations function compared to moving Eulerian correlation functions. 



Chapter 6 

Combination of HWA and LDA 

Until now, two measurement techniques are applied for determining Eulerian correlation functions 
in a moving frame. Smit [24] used two LDA-probes, but his investigation failed partly due to the 
non-equidistant distri bution of velocity samples of LDA. Furthermore, two HWA-probes are used, as 
described in chapter 5 of this report. Two-point HWA measurements turned out to be difficult because 
of the disturbing effect of the upstream probe on the flow. A main advantage of HWA, on the other 
hand, is the high and arbitrarily chosen equidistant sample rate. An alternative is to combine the 
two before-mentioned measurement techniques. By replacing the upstream probe by a LDA probe, 
the disturbing effect of the front probe on the backward probe can be avoided. Nevertheless, the 
application of combining LDA with HWA introduces some other complications. Using LDA demands 
the presence of seeding particles in the fluid. HWA, on the other hand, is sensitive to particles which 
contaminate the wire. Therefore it is necessary to investigate in depth to which extent seeding particles 
influence the HWA-signal. 

6.1 Testing feasibility of combination HWAILDA in air 

The seeding material that is used in the experiments is DEHS that is atomized by a Pivtec-seeding 
device [31] consisting of 5x8 Laskin nozzles. The number of seeding nozzles can be adjusted by 
means of 4 quantity valves: each valve involves 8 nozzles. The inlet pressure in the vessel can be 
controlled by a pressure regulator. A parameter of interest in this feasibility study is the size of the 
generated droplets. It is desirabie that particles are as small as possible which brings about that the · 
seeding particles are also capable to follow small velocity fluctuations. The characteristic relaxation 
time of a seeding partiele is given by: 

(6.1) 

According to the manufacturer of the seeding device the size of most particles is 1 t-Lm . It is not very 
clear to what extent the inlet pressure or the amount of nozzles influence the size of the droplets. 
To check whether the pressure or the amount of nozzles have a significant influence on the partiele 
size, microscope plates covered with particles created under varying conditions, are studied under a 
microscope. This is done by holding thin glass plates in the outgoing flow of the seeding generator 
at a distance of approximately 30 cm during 1 second. The results can be seen in tigure (6.1). As 
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expected, the outgoing airflow increases with increasing pressure and number of opened nozzles. 
Estimated values for characteristic partiele radii re~ deposited on a microscope glass are given in tabel 
6.1. It must be noticed that the smallest particles generated by the seeding device are probably not 
deposited on the microscope glass, because their response time is so small that they follow the flow 
very well and consequently do nothit the microscope plate. 

1 bar, 4 valves closed 1 bar, 3 valves closed 

2 bar, 4 valves cl os ed 2 bar, 3 valves closed 

3 bar, 4 valves closed 3 bar, 3 vcives c los ed 

Figure 6.1: Images of DEHS-droplets on a microscope plate deposited at different conditions. 

The radius of a droplet in free air can be calculated from information conceming the droplet behaviour 
on a wall: the radius ofthe droplet in case it is located at the walland the contact angle measured from 
the fluid see tigure (6.2). The equivalent radius r', that keeps the volume of the segment constant, is 
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4 valves closed (1 open) 3 valves closed (2 open) 
1 bar 10 J.Lm 8 J.Lm 
2bar 9 J.Lm 7 J.Lm 

2 bar 5 J.Lm 4 J.Lm 

Table 6.1: Estimated characteristic partiele radius r d at a microscope glass created under different conditions 
of the seeding device. 

according to van der Geld, 2001 [12]: 

1 (1 2 )1 r = r 4(1 - cosfJ) (2 + cosfJ) (6.2) 

Figure 6.2: Droplet on a wal!. 

A rough estimate for the free radius of the droplet can be made in the following way: the contact 
angle is determined by making a sidewards microscope image of the drop let, resulting in f) ,...._, 25°. 
The value of r can be calculated by: 

rd 
r=--

sinfJ 
(6.3) 

Implementing the value of r in equation (6.2) gives the size of the free droplet The results for the 
various conditions are shown in table 6.2. The DEHS-particles are of the same order of magnitude as 
prescribed by the manufacturer. Henceforth for the size of a DEHS-droplet the value 1.0 J.Lm is used. 

4 valves closed (1 open) 3 valves closed (2 open) 

I bar 4.4 J.Lm 3.5 J.Lm 

2bar 4.0 J.Lm 3.1 J.Lm 

2 bar 2.2 J.Lm 1.8 J.Lm 

Table 6.2: Free radius r' of a DEHS-particle. 
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6.1.1 Additional requirements for the use of LDA 

Application of LDA imposes some requirements on the amount of seeding that must be added to the 
air flow: 

• The number of particles in the measuring volume should be maximum one. 
In case Ubulk = 2~ (Re "' 5300) the air flow equals: Qair = Ubulkrr R2 with pipe radius 

R = 2 · w-2m. This leads to Qair = 2.51 · 10- 3 ~3 . The measuring volume in the LDA
setup is estimated tobecubic with edges of 0.2 mm; this gives a measuring volume of VwA = 
(0.2 . w-3m)3 = 8. w- 12m3. The volume of one spherical DEHS-particle with a radius of 

rp = 1 ·10-6 is VP = 4.19 ·10- 18m3
• The volume ratio D;i~s is then 4·i.~.ci~~2~'f

3 = 5.24 · 10-7 . 

The maximum amount DEHS-supply per unit of time is approximately: 

m3 m3 n/ 
5.24. w-7 . 2.51 . w-3 - = 1.3. w-9 - = I.3c_ (6.4) 

s s s 

• The time interval between two samples should be close to integral time scale. 
To ensure a high statistica! reliability of the turbulence measurements, the time interval between 
two samples must be close to the integral time scale T. The integral time scale at Re = 5300 
at r = 0 is: T = 3.42 · w-3s . This corresponds toa DEHS-volume of 4.19. w-18m3 per 

3.42 · w-3s which equals 1.23 · w- 15 ~
3

• The measuring area it flows through is: AwA = 
(0.2 · w-3) 2m2 . The minimum required DEHS-flow through the pipeisthen estimated by: 

1.23 . w -15 11m3 f..l,l 
---- · Apipe "'3.9 · 10- - "'0.039-

ALDA s s 
(6.5) 

The volume flow of air with an in! et pressure of 1 bar and with one valve open is about 3 · 1o- 3
m

3
• s 

The volume flow of DEHS is estimated by the amount of DEHS that has fallen on a microscope glass, 
while holding a glass in the outgoing flow of the seeding apparatus during 1 second. A plate with a 
surface area of about 10 cm2 is covered for 20% with dropiets with a layer thickness of 0.2J.Lm. This 
equals: 

m3 J.Ll 
4 . J0- 11 - = 0.04- (6.6) 

s s 

As can be seen by this rough estimate, the amount of added DEHS, at the condition 1 bar and one 
opened valve, satisfies the requirements imposed above. 

6.1.2 Characteristic times of interest 

Partiele response time 
The value ofthe characteristic response time of a seeding partiele can be calculated with equation (6.1) 
and using the density ofDEHS Pp = 912~, diameter ofthe partiele dp = 2 · w-6m and dynamic air 
viscosity f..L = 15 · 10- 6 Pa · s. Th is gives a partiele response time of: r P = 13.5 · 10-6 s. 

Characteristic time for flow around a cylinder 
The characteristic time for the flow around a cylindrical shape, like a hot wire; is estimated using 
the thickness of the wire: Dwire = 2.5J.Lm and as typical velocity u = 2.5~ (centerline velocity at 
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Re=5300) is taken. Th is leads to a typical time of Twire = 1 · I o-6 s. 

Since Twire « Tp it is disputable whereas the dropiets will hit the wire or flow around it. More research 
is needed to investigate other time scales that are of importance, like the time required for pushing the 
air between the droplet and the wire aside. Calculation on this matter requires a more thorough study. 
Hence it was decided to examine in an experimental way if seeding dropiets will actually hit the wire. 

6.1.3 HW A-response to the insertion of seeding 

To test if hot wires are able to withstand the presence of seeding dropiets in the flow and can func
tion properly, experiments are performed to study the wire behaviour with and without the actdition 
of seeding partiel es. The experiments take place at a bulk velocity of u bulk = 2.3 ~, which is the 
minimum velocity while using the seeding device at an inlet pressure of 1 bar with one valve open. 
The flow in the test is turbulent. 
Initially tests are performed without actdition of seeding particles. Next, seeding particles are added 
while using the same wire and calibration curve. The wire output is studied after approximately 2 and 
20 minutes exposure to DEHS particles. The behaviour of a 2.5 J-tm wireis studied in various ways: 

• Measuring the velocity at the centerline at the same bulk velocity. 
Results under different conditions are given in table 6.3. It can be seen that the hot wire gives a 

Ubulk [~] HW A-speed at r = 0 [~] H w A sEeea [ _] 
U h ulk 

without seeding, t = 0 2.33 2.80 1.20 
DEHS, t = 2 minutes 2.33 3.39 1.45 
DEHS, t = 20 minutes 2.33 3.91 1.68 
without seeding, t = 22 minutes 2.35 3.90 1.66 

Table 6.3: HW-output without seeding and with exposure to seeding during 2 and 20 minutes. 

higher centerline velocity in case seeding is added to the flow. Striking is the fact that pausing 
the seeding supply still gives the same (higher) value for the centerline velocity. This phe
nomena can probably be explained by the formation/deposition of a couple of dropJets on the 
coppered part of the sensor. lt may be that those dropiets influence the wire behaviour and thus 
make the calibration curve useless. 

• Performing the square wave test with help of the HW A-bridge. 
The reaction time of the HWA-system has been compared for the different conditions, but no 
major differences could be discerned. 

• Studying the turbulent velocity signa!. 
A regular velocity signal without actdition of seeding can beseen in tigure (5.7). In tigure (6.3) 
an example is given of a velocity signal during seeding injection. 

When the tigures are compared a striking condusion can be drawn: during seeding actdition 
peaks are observed in the velocity signa!, which can not be discovered in the signal without 
seeding addition. These peaks can be explained by the fact that seeding dropiets hit the wire 
and as a consequence exert an increase in cool-down of the wire. Because the used HWA 
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Figure 6.3: Left picture: Velocity profile during actdition of seeding. Right picture: zoomed image of velocity 
signal after a droplet hit the wire. 

system is a constant temperature/resistant anemometer, the bridge is tuned in such a way that 
the electrical current supply keeps the temperature of the wire constant. This extra heat loss due 
to the droplet causes a temporal increase in output voltage, and thus an increase in the related 
velocity output. 

• Measuring the autocorrelation of the turbulent signa!. 
Velocity signals, measured with a sample frequency of 50kH z during 4 seconds are used to cal
culate the autocorrelation function. The signals with and without DEHS-addition are compared. 
For the calculation of each autocorrelation function, averaging took place over 4 records. The 
results are shown in tigure (6.4). The y-axis ofthe picture is normalized with a 2 . The x-axis is 
not normalized; because of the deviation in Uz at the centerline it would give a distorted image 
in case the x -axis would be normalized with .f!::. . 

u, 

As can be seen in tigure (6.4) the autocorrelation in case DEHS is added shows only a slight 
difference compared to the autocorrelation without actdition of DEHS. However, the noise peak 
at the beginning of the function is increased due to impact of the dropiets by roughly 2%. 

6.1.4 Discussion 

From previously mentioned findings it can be concluded that a wire with a thickness of 2.5JLm is 
affected by the actdition of seeding droplets. The absolute mean velocity changes and the turbulent 
velocity signa! shows peaks due to droplet impact. This same behaviour is also found for wires with 
a thickness of 5JLm, buttoa much smaller extent. Nevertheless, by applying filtering techniques and 
correcting for the absolute velocity it would still be possible to use the HWA-velocity signa!. Although 
a small deviation at the beginning, the unnormalized autocorrelation function shows rather promising 
behaviour. 
One possible methad for detecting and fi ltering the peaks in the velocity signa! would be determining 
the local varianee in the signa! and removing the parts with too high variances. The signa! can be 
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Figure 6.4: Autocorrelation for Ubulk = 2.33~ withand without exposure to DEHS. 
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reconstructed via local interpolation. Subsequently the velocity fluctuations can be calculated from 
the reconstructed velocity signal: 

U~(t) = Uz,reconstructed(t)- Uz,reconstructed (6.7) 

The resulting velocity fluctuations tagether with the velocity fluctuations recorded by the LDA-probe 
can then be used to calculate the correlation function in a moving frame. Because of the promis
ing results it is therefore strongly recomrnended to do an additional study on the measurements of 
correlation functions by means of the combination HWA and LDA. 

6.2 Design of the HWA/LDA construction 

At the Labaratory of Thermo and Fluids Engineering in Eindhoven plans were made to use the com
bination HWAJLDA. Because no worl<ing pipe flow with air was available, a setup bas been designed 
and fabricated. The ventilator and the initial conneetion piece, a pipe of steel with an inner diameter 
of 78 mm, already existed. The choice and design of the other construction parts are given bere. 
To realize the transition of diameter between the upper pipe with inner diameter of78 mm and the per
spex pipe with inner diameter 62 mm (standard size pipe: obtainable at Plano Plastics in Eindhoven), 
it was necessary to design a converging connecting piece. According to [29] no flow shedding occurs 
if a < 40°. 

The pressure loss is then given by: 

pu2 
b.p =0.04-t (6.8) 

From this follows that in the converging section almost all pressure is converted to kinetic energy of 
the flow. 
Taking notice of the restricted angle of the lathe, it was decided to use an angle a of about 8°. An 
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_u_, ·~l=--u2_• _ 

Figure 6.5: Transition piece. 

extra advantage of a contraction is the impravement of the homogeneity and isotropy of the flow, 
Comte-Bellot, 1966 [7]. 
Further aspects that are taken into account in the design process were: 

• The lower part, where the measurements take place must be cleaned regularly to gain reliable 
LDA-results. This part must therefore be easily to clean: a construction were the lower part can 
be separated from the upper part is preferable. 

• To get a rigid construction, the pipe construction will be attached to the existing table with a 
conneetion plate construction. 

• In LDA measurements it is necessary to add seeding in the flow. Therefore the converging piece 
is equipped with two openings where seeding can be added. 

• The perspex flanges can be fixed to the pipe with a glue connection. 

• To get a better plain pressure between the PVC-piece and the perspex flange and between the 
flange-flange connection, rubber with a thickness of 2 mm can be used (available at the work
shop of TFE Eindhoven). 

• The conneetion between the existing pipe (with a small rim at the end of the pipe) and the 
converging piece is realized via a 'divided' flange, which will Jean on the rim of the existing 
pipe. The conneetion piece can be fixed withbolts to the 'divided' flange. 

The drawings of the final construction are given in Appendix D. 



Chapter 7 

Conciosion 

Although turbulence is a classical subject of investigation in fluid mechanics, still many questions are 
unanswered. One problem that has not been solved yet is the query if Lagrangian quantities can be 
approximated by Eulerian quantities in a frame that moves with the mean local velocity. In this report 
it was attempted to verify the theory of Tennekes/Brouwers, that states that Eulerian accelerations 
differ from Lagrangian accelerations. lt was aimed to validate this statement for turbulent pipe flow 
by measuring Eulerian correlation functions in a rnaving frame with help of two hot wires. 
To verify the validity of the theory of Tennekes/Brouwers two criterions had to be checked: 

1. The measured Eulerian time mieraseale mustagree with iE derived by Brouwers: iE = g. 
2. The local Eulerian acceleration must increase proportional with the Re-number. 

In order to examine the suitability of measuring turbulence by means of HWA, one-probe measure
ments have been performed at several Re-numbers viz. measurements of velocity- and turbulence 
profiles and autocorrelations. These HWA-measurements were compared with LDA and DNS results. 
Because the results showed very good resemblance with the other methods, HWA is considered to be 
a reliable methad for measuring one-point quantities. Two-point measurements with two hot wires, 
with the back probe given an axial displacement are more complicated. In this study Eulerian correla
tions for the axial velocity component have been measured in a rnaving frame where the downstream 
probewas placed at several radially shifted positions just outside the wake of the upstream probe, like 
in Camte-Bellot's research [6]. Measurements have been performed at Re= 5300, 10300 and 30000 
for six radial shifts of the back probe. Por radial shifts !lr :::; 1.5 mm astrong increase (10-15%) in 
RM Sof the backprobeis observed for 1~ ~ 0.5 - 1.5. This effect was not observed in the lami
nar test case. In fluther analyses, e.g. the determination of iE, the correlation points with increased 
R M S probe2 were not taken into account. 
By fitting the resulting data to a relation that describes the theoretica! Eulerian correlation for the 
viseaus and inertial subrange, values for iE were obtained. Por small radial displacements !lr = 1.0, 
1.5 and 2.0 mm the experimental values for iE turned out to be of the same order of magnitude as 
the theoretically derived iE, with the difference between the theoretica! and experimental values be
coming smaller for !lr -+ 0. Por the theoretica! calculation of iE it was assumed that it is justified 
that the mean dissipation in the center of the pipe can be estimated by using the relation for isotropie 
turbulence. This assumption is checked by camparing the ratio between the measured longitudinal 
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and transversal micro length scales. In spite of the limited data for the transversal correlation near 
6.r = 0, the before-mentioned ratio was of the right order of magnitude. 
The theoretically derived proportionality between Eulerian accelerations and the Re-number could 
nat be confirmed with the present data. It is nat clear which factor or combination of factors causes 
this discrepancy: the deviation caused by the radial displacement of the downstream probe, the in
accuracy of the fit through the correlation function which is enhanced by nat taking into account the 
data points with increased RM Sprobe2. orthefact that the Re-number is still relatively low. Therefore 
it must be concluded that with the two hot wire setup it remains unclear whether the hypothesis of 
Tennekes/Brouwers must be supported or rejected. 
Because the two probes measurement techniques tried till now, LDA by Smit [24] and HWA described 
in this report, were nat satisfying, an alternative methad is sought. This led to the suggestion to com
bine HWA and LDA. In this way the advantages of the non-intrusivity of LDA and the continuity of 
the HW A-signa! can be used. A drawback of this technique is that the seeding needed for performing 
LDA-measurements might have a disturbing influence on the HWA signa!. Therefore the response of 
the hot wire has been investigated during actdition of seeding particles in the air flow. This resulted in 
the following findings: the absolute velocity output is changed by the actdition of the seeding and the 
turbulent velocity fluctuation signa! is disturbed by peaks in the velocity caused by dropiets that hit the 
wire, but the autocorrelation is hardly affected by seeding addition. Soit is very likely that by filtering 
the output signa! and using corrections for the absolute velocity, the combination of LDAIHWA is 
applicable in the future. Nevertheless more efforts are needed to investigate this further and develop 
an appropriate filter technique. 
For future investigation of Eulerian correlations in a rnaving frame it would be interesting to repeat 
the two probes HWA measurements in a pipe with a bigger diameter. The main advantage of a bigger 
pipe diameter is that the eddy size increases proportionally with the diameter of the pipe. A small 
radial shift of the downstream probe has then less influence on the Eulerian rnaving correlation func
tion than in case a small pipe is used. A further advantage is that the restricted spatial resolution of 
the wire is of minor interest for a bigger pipe diameter. In order to measure at higher Re-numbers it 
is suggested to use a more powerful fan for bath the calibration tunnel and the piping system. With 
regard to extrapolating the radial misaligned data to 6.r = 0 it would be useful to study some topics 
more thoroughly e.g. the accuracy of the proposed extrapolation algorithm, the applicability to higher 
Re-numbers and the agreement with DNS. A further recommendation would be to put efforts in the 
use of the combination LDAIHWA for measuring two-point Eulerian space-time correlations. 



Appendix A 

Additional equipment used in the setup 

A.l Converging section 

Por the calibration of the hot wires a calibration unit is available which consistsof a fan and a converg
ing section with various grids inside to straighten the flow. The outgoing airflow can be assumed to 
be perfectly laminar. The samekind of equipment is also placed at the inlet of the pipe as is sketched 
in tigure (3.1). In the converging sections a number of pressure holes are available, which create the 
possibility to measure pressure differences at the inlet and outlet of this converging section. 

From conservation of mass follows : 

(A.l) 

in which Q is the mass flow. This can be written as: 

(A.2) 

with A the cross-sectional area and u the velocity. Further holds the following relation: 

(A.3) 

in which d is the diameter. Combining equation (A. I) and (A.3) gives: 

U2 AI 2 
-=-= a 
U} A2 

(A.4) 

Using Bernoulli's law: 

(A.5) 

in which p is the pressure and p is the density and supposing that the density is constant PI = P2 = p, 

leads to: 

1 2 u~ 
PI- P2 = -p(u2- -) 

2 a4 
(A.6) 
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The diameter ratio in the contraction in this experiment is about a = 4. So it is justified to rewrite 
equation (A.6) to: 

1 2 
PI- P2 = -pu2 

2 
(A.7) 

The velocity at the outside of the converging section u 2 then equals the bulk velocity ubulk· For the 
calibration unit accurate additional specifications are available, which are used to predict the outgoing 
air velocity using the measured pressure difference. 

A.2 Electrical pressure reader 

In case Re = 5300, 10300 and 12500 a pressure reader was used capable of measuring pressure 
differences until 20 Pa . This pressure box is equipped with a membrane that is sensitive for pressure 
differences on both sides of the membrane. For Re = 30000 a pressure meter which is able to 
measure pressure differences until 140 Pa, was used. The output signa! (the voltage) of the pressure 
boxes responds to small pressure differences. To determine the similarity between the output of the 
pressure meter and the pressure difference, the pressure boxes are calibrated with a Betz-manometer. 
A Betz-manometer measures the pressure difference in millimeters water. This can be translated to a 
pressure difference in Pa by: 

(A.8) 

in which g is the gravitational acceleration, PH2o is the density of water and hH2o is the height of 
the watercolumn. The Betz-manometer has an accuracy of about 0.01 mm, which corresponds to 
a bout 0.1 Pa . An example of a calibration curve is plotted in figure (A.1 ). It can be seen that the 
voltage output depends linearly on the amount of pressure. The resulting calibration curve is used 
for the determination of the bulk velocity (by means of the wall pressure drop) and for measuring the 
outgoing veloeities of the calibration unit (see equation (A.7)), but before starting measurements the 
pressure box must always be corrected for zero point drift. This is done by measuring the voltage
output of the pressure box at zero velocity, thus at !1p = 0. 

A.2.1 Verification of the functionality 

After cal i bration of the pressure box, it is possible to use this instrument for measuring small pressure 
drops with a high accuracy. One possible application is measuring the wall pressure drop as illustrated 
in figure (3.1) by !1p2. In this way U bulk can be determined. According to [11] the wall pressure drop 
due to frictional effects over a given pipe Jength in a fully developed pipe flow can bedescribed by: 

1 2 L 
11Pwal/ = 2pubulk Dfm (A.9) 

in which 11Pwall is the wall pressure drop, p is the density, Ubulk is the bulk velocity, L is the pipe 
length over which the pressure drop is measured, D is the diameter of the pipe and fm is the friction 
factor. For turbulent flows in a smooth pipe, Blasius has developed a correlation, which is valid for 
Re .:::: 105

: 

fm = 0.316Re- 0·25 (AlO) 
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-S2L_ ____ _L3------~4------~5 ______ _L ______ ~7----~ 

voltage in pressure box [V] 

Figure A.l: Cal i bration of the pressure box. 

Implementing (A.10) in equation (A.9) and using the following constants: D = 4 · w-2m, L = 2m, 

Vair = 1.5 · 10-5 ~
2 

and Pair = 1.2~, gives the equation for the given situation: 

7 

f:.Pwa/1 = 1.32u:ulk (A.ll) 

In order to validate this method, bulk veloeities (measured by means of f:.Pwau) and centerline velo
eities are measured simultaneously at different fan readings. A very simple but reliable measurement 
equipment for measuring UcJ is the Pitot tube. A sketch of a pitot tube is given in tigure A.2. The 

:·E __ !% _u__rF~= ~= 
po. Uo 

Figure A.2: Pitot tube. 

working principle ofthe Pitot tube is basedon Bemauili's law, which states, by assuming that u= uo: 

1 2 1 2 
Po+ ÏPUo = Pr = p,, + Ïpu0 (A.12) 

in which p0 is the pressure in the free stream with velocity u0 , p1 is the pressure at the tip of the tube 
and Ps is the pressure on the side of the tube. From (A.12) the velocity of the free stream can be 
calculated at a certain position in the pipe: 

(A.13) 
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The pressure drop (p1 - p,r) is measured with a Betz-manometer and b.Pwall is measured with the 
electrical pressure reader. 
For ubulk = 2-5!!!. the ratio __!!_cL_ showed good agreement with the empirica! relation proposed in [10]: 

.I tlbulk 

uc1 (n + 1)(2n +I) 
= (A.14) 

where n varies with the Reynolds number. In the used velocity range a value n = 6 satisfies, which 
gives for the centerline to bulk velocity ratio the value: __!!_cL_ = 1.26. 

tlbulk 

From this, it is concluded that measuring L1Pwall is a proper tooi for predicting ubulk · 
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Correlation functions 

Re=5300 r=O 50kHz 

Figure B.l: Axial autocorrelation at 
Re = 5300 at r = 0. 

Re::::5300 r=0 .5 A 50kHz 

0o'---"o.'-, _--,-'o.2,---0,....3:-----:o"-.4----,o"'.s----:o .'-s---:-'o.~7 _ _ o,....s,---o,...s _ _J 

tu/D 

Figure B.2: Axial autocorrelation at 
Re= 5300 atr = ~R. 
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Figure B.3: Axial autocorrelation at 
Re= 10300atr = 0. 

Ae=30000 r=O 160 kHz 
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Figure B.S: Axial autocorrelation at 
Re = 30000 at r = 0. 

Correlation functions 

Ae=10300 r=0 .5R 50kHz 
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Figure B.4: Axial autocorrelation at 
Re= 10300 at r = !R. 

Re=30000 r=0.5R 160 kHz 
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Figure B.6: Axial autocorrelation at 
Re= 30000 at r = !R. 
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Velocity spectra 

Re-5300 Ae=10300 
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Figure C.l: Velocity spectrum for Re = Figure C.2: Velocity spectrum for Re = 
5300 at r = 0. 10300 at r = 0. 
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Figure C.3: Velocity spectrum for Re = 
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Design of the experimental setup 
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Figure D.l: Flange St35 0125x10. 
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Figure D.2: PVC converging piece 0125x125. 
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Figure D.3: 3 perspex flanges ~H25xl5. 
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Figure D.4: Perspex pipe 070x4. 
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Figure D.5: Perspex pipe 070x4. 
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Design of the experimental setup 
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Figure D.6: Connecting plate, aluminium 50x50. 



75 

A-A 

100:!:0 s 

·~ ~-~ -~ -------,--- 1 

~ 
= 

r~ 
A. 

. . 100x50x l0. d plate al urntnturn Figure D.7: Groun , 



76 Design of the experimental setup 

Figure D.S: Pipe clip, hing type with round bar, Noxon Stainless B.V. type 316, 70 mm. 
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