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Experimental study of intermittent pipe flow using Pitot-tube 
probes with high frequency response 

J. MESETH (G0TIINGEN) 

AN EXPERIMENTAL study was conducted on intermittent pipe flow up to a Reynolds-number of 
about 20000. Disturbances are introduced by injections of a thin water jet at the entrance over 
a short period of time, so a turbuient slug of pipe flow is produced which grows with time. 
The result is intermittent flow in the pipe without significant change in mean flow velocity. 
With specially designed Pitot-tube probes, pressure fluctuations can be measured up to a frequency 
of 1 kHz. Measurements were taken mainly in the regions where the laminar flow is followed 
by turbulent flow and vice versa. In these regions the velocity fluctuations are significantly larger 
than in a developed turbulent pipe flow. A model is presented to interprete the observations. 

Przeprowadzono doswiadczalne badania zaburzonego przepJywu typu zmieniaj~cego si~ od 
laminarnego do turbulentnego przez rur~ w zakresie liczb Reynoldsa do 20000. Zaburzenia 
byJy Wprowadzane przez kr6tkie wstrzykiwania na wlocie rury cienkich ~trumieni wody, po­
woduj~ce wzmagaj~c~ si~ z czasem turbulizacj~ przeplywu. Wynikiem zaburzenia bylo powsta­
wanie przeplyw6w typu zmieniaj~cego si~ bez znac~cych zmian sredniej pr~dkosci przeplywu. 
Fluktuacje cisnienia mierzono za pomo~ specjalnie zaprojektowanych rurek Pitot do cz~stosci 
okolo 1 kHz. Pomiary prowadzono gl6wnie w obszarach, gdzie przeplyw laminamy i turbu­
lentny nast~powaly po sobie. W obszarach tych fluktuacje pr~kosci s~ znacznie wi~ksze nii: 
w rozwini~tym turbulentnym przeplywie przez rur~. Przedstawiono model teoretyczny inter­
pretuj~cy wyniki doswiadczen. 

llpOBC,l:{CHbl 3KcnepHMCHTbl C TCl.ICHIDIMH l.lepe3 Tpy6y THTia H3MCIDIIOIU;CrOC.fl OT JiaMHHapHOrO 
.!{O Tp6yneTHoro )lJUil.IHCeJI PeHllom.,l:{ca ,l:{o 20 000. KopoTKo-speMeHHbie HH>KCI<Infll Ha sxo,l:{e 
B Tpy6y TOHKHX CTpyH BO,l:{bl B03MyiU;aJIH TCl.ICHHe, l.lero CJIC,l:{CTBHCM .fiBJI.fiJIOCb B03HHKHOBCHHC 
pacrym;HX eo BpeMeHeM CTepH<He:H zyp6yJieHTHoro Tel.leHHH. Pe3ym.TaTOM 6Lmo Tel.leHHe H3MeH.fi­
IOIU;eroc.fl THIIa 6e3 3H8l.IHTeJILHbiX H3MeHeHHH cpe.!{HeH CKOpOCTH TCl.ICHIDI. <l>JIYKTY8U:HH ,l:{8B­
JICHH.fl H3MCp.fiJIHCb cneQHam.HO C IIpOCKTHpOBaHHbiMH Tpy6I<aMH llHTO ,l:{JI.fl l.I8CTOT He 60Jibllle 
1 Kl'. I13MepeHH.fl seJIHCl> rJiaBHbiM o6pa30M B o6JiaCT.RX, r,l:{e JiaMHHapHoe Tel.leHHe l.lepe,l:{yeTCH 
c TYP6yJieHTHLIM HJIH o6paTHo. B 3THX o6naCT.fiX $JIIOKTY8ll:HH CKopoCTH 3Hat.J:HTem.Ho 6oJibme 
t.J:eM B pa3BHTOM zyp6yJieHTHOM Tel.leHHH. Tipe,l:{CTaBJieHa TeopeTHl.leCKa.R MO,l:{eJib OO'b.fiCHH­
IOIU;a.R 3KcnepHMeHTam.Hbie Ha6JIIO.neHH.fl. 

1. The Pitot-tube probe 

1.1. Design of tbe probe 

COMMON Pitot-tubes measure time averages of pressure, and with respect to pressure 
fluctuations their sensitivity normally ends at frequencies of 1Hz or so. For the 
measurement of fluctuating pressure in water flow, a specially designed Pitot-tube probe 
was constructed which has a flat frequency response up to 500Hz. The cross-section of 
this probe is shown in Fig. 1. The inlet-tube has an inner diameter of 0.25mm. The total 
head pressure is transformed into an electric signal by piezoelectric material. One limiting 
factor for high frequency response is the compressibility of the water which in this case 
cannot be neglected. It is therefore to minimize the volume of water enclosed in the 
probe. Another limiting factor is the elasticity of the material adjacent to the water. For 
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392 J. MESBTH 

this reason, all metal parts of the probe which have contact with water are made of 
steel. 

Figure 2 shows the frequency response of the Pitot-tube probe. The output is constant 
at frequencies lower than 500Hz. A 3-dB-deviation results near 1kHz and the resonance 

Piezoelectric ceramic 

£/ectric connection 

FIG. 1. Sectional drawing through the Pitot-tube probe. 
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FIG. 2. Frequency response of the Pitot-tube probe. 

frequency is about 2kHz. The small maximum near 1.3kHz is caused by transverse 
vibrations of the inlet tube. 

1.2. Processing of the signals 

The electric signaJs generated by the Pitot-tube probe are amplified, filtered by an analog 
low-pass filter with I kHz cutoff-frequency, digitized with a certain sample frequency and 
stored by a processing computer. As the piezoelectric element discharges into the input 
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of the amplifier, the probe has a lower limiting frequency of about 0.1 Hz with the amplifier 
used here. This effect can be cancelled partly with the help of computer procedures. For 
each sample point, those voltage values are added which were lost by discharge. The 
signals of total head pressure corrected in this way have a lower limiting frequency of less 
than O.OJ Hz. They are transformed by the computer into a signal of flow velocity using 
Bernoulli's equation.- The acceleration term and the term for the fluctuations of the static 
pressure in this equation are neglected because they could not be measured independently. 
Digital low-pass and high-pass filtering of the computed velocity signals is made using 
the so-called banning procedure. Further details about the Pitot-tube probe and the cal­
culation of velocity signals are described in [1]. 

1.3. Comparison with hotfilm anemometry 

To see how serious the neglect of the acceleration term and the static pressure 
fluctuation term is, the velocity signal computed from the Pitot-tube measurements was 
compared with a signal which was simultaneously measured with a linearized hotfilm­
anemometer. 

Figure 3 shows results of such measurements. In the lower right corner of the diagram 
a sketch of the probes is given, viewed from the top. Both signals are normalized with 
respect to the mean flow through the pipe. 
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FIG. 3. Comparison of signals obtained with a hotfilm-anemometer and with the Pitot-tube probe. 
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394 J. MESETH 

As can be seen, the correlation between both signals is appreciably high. Differences 
in the microstructure of the signals can be explained by the facts that the local distance 
between the probes is larger than the microscale of the turbulent field and that the 
spatial resolution of the hotfilm probe is better than that of the Pitot-tube probe. It follows 
from the high correlation of the two signals that the neglected terms in Bemoulli's equation 
do not contribute significantly to the total head pressure signal. 

2. Experimental arrangements 

Figure 4 illustrates the type of pipe flow which was investigated in the experiments. 
In a pipe with 13mm inner diameter, about 5m length and smooth entrance, water flow 
can be maintained laminar until a Reynolds-number of about 20000. Near the entrance 
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FIG. 4. Schematic view of intermittent pipe flow. 

and about 3m downstream of the entrance, respectively, a thin water jet which disturbes 
the laminar flow can be injected transverse to the flow direction. In this way it is possible 
to generate a region of turbulent flow (slug) in the pipe which is embedded in laminar flow. 
This turbulent slug grows with time. The convective velocity of its leading front is 
higher and of its trailing front is lower than the mean flow velocity. The mass flow through 
the pipe is controlled with the help of a flow resistance, so that no significant flux changes 
can take place during a laminar-turbulent period. 

Near the end of the pipe five of the described Pitot-tube probes are arranged equidistant 
over the pipe diameter. Their electric signals are registered in five separate channels. 
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3. Experimental results and discussion 

3.1. Convective velocities of the leading and the trailing fronts 

The velocities of the fronts were calculated from the measured time intervall between 
the beginning of the water injection and the appearance of turbulent fluctuations from 
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FIG. 5. The convective velocities of the leading and the trailing front as a function of the Reynolds-number. 

the Pitot-tubes' signals for the leading fronts, ·and between the end of the water injection 
and disappearance of turbulent fluctuations for the trailing front, respectively. 

Figure 5 shows the convective velocities as a function of the Reynolds-number. For 
comparison, results published by LINDGREN [2] are also given. The following results can 
be seen from the graph: 

a) The convective velocity of the leading front is higher when the water jet is injected 
into a pipe flow with fully or mainly developed velocity profile than when it is injected 
into a pipe flow with nearly rectangular profile. 

b) The convective velocity of the trailing front is but little influenced by entrance pipe 
flow effects. 

c) At Re > 5000, the velocity of the trailing front is smaller than 0.64 · ii, calculated 
by LINDGREN as an asymptotic value for Re ~ oo. From the experiments, one cannot 
deduce that an asymptotic value really exists. 

The results a) and b) can be explained by the plausible assumptions that the velocity 
of the leading front is controlled mainly by the flow near the pipe axis, and the velocity 
of the trailing front mainly by the flow near the pipe wall. These assumptions are 
reasonable because the velocity profile near the wall is established after a shorter pipe 
length compared with the pipe axis. 

http://rcin.org.pl



396 J. MESETH 

3.2. The flow near the leading and the trailing front 

Figure 6 gives the local velocities of the flow near the leading front calculated from the 
five Pitot-tube probe signals. As can be seen from this figure, transition begins near the 
pipe centre with a decrease of local flow velocity without occurence of larger fluctuations, 
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FIG. 6. Velocity measurements at the leading front of a turbulent slug (simultaneous measurements using 
five Pitot-tube probes, mounted near the pipe end equidistant over the pipe diameter, u = 43.2cm/sec., 

Re= 5850). 

i.e., the flow is stilllaminar. Depending on continuity, the flow velocity near the pipe wall 
must increase at the same time. The decrease near the pipe centre remains when there 
appear fluctuations with relatively small amplitudes and low frequencies. They change 
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quite suddenly into turbulent fluctuations which have amplitudes similar or somewhat 
higher than the fluctuations in the fully developed turbulent pipe flow. Near the pipe wall 
the turbulent fluctuations begin later and more suddenly than the fluctuations near the pipe 
centre. The transition region ends when the local mean velocities reach nearly constant 
values and when the fluctuations do not change significantly in amplitudes. In Fig. 6 this 
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FIG. 7. Velocity measurements at the trailing front of a turbulent slug (the same measurement as Fig. 6). 

end of the transition is at about 0.6sec. This means that the transition region here has an 
extension over about 30 pipe diameters. 

Figure 7 shows the flow near the trailing front of the same turbulent slug. As can be 
seen, transition starts with increasing fluctuation amplitudes in the centre of the pipe. 
But in contrast to the leading front, fluctuations here reach amplitudes in the order of the 

http://rcin.org.pl



398 J. MESETH 

mean flow velocity. The difference of turbulence intensity between leading and trailing 
front can be explained with the following argument: At the leading front, the water, on an 
average, enters the turbulent region near the wall, so its kinetic energy is relatively small. 
At the tra_iJing front, the kinetic energy of the water becoming turbulent is relatively high 
because the water entering the turbulent region, on an average, flows close to the pipe 
centre. The energy which exceeds the kinetic energy contained in developed turbulent pipe 
flow must be reduced by dissipation. This is done by the high fluctuation amplitudes at 
the trailing front, which lead to a higher shear rate and so to a higher dissipation than in 
the region of developed turbulent flow. 

Furthermore, it can be seen that laminar flow begins near the pipe centre earlier than 
near the pipe wall. In Fig. 7 transition starts at about 10.25sec. and ends at about 10.85sec. 
This means that the transition region here has an extension over about 12 pipe diameters. 

Near the end of the turbulent region an effect can be observed which will be called 
"small-scale intermittency": the flow velocity nearly reaches . the velocity of Jaminar flow 
for a short period of time (in Fig. 7 marked by arrows), but there follow again strong 
fluctuations (compare also Fig. 3). The length of these weakly disturbed regions is about 
1/2 to 1 pipe diameter. 

This effect seems to be equivalent to the intermittency region of a turbulent boundary 
layer (see for example [3]). Depending on the complicated shape of the boundary between 
laminar and turbulent regions, the m{!asuring probe lies sometimes in the turbulent and 
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FIG. 8. Measurements of short-time averaged turbulence intensity at the leading and the trailing front of 
a turbulent slug (computer evaluation out of the measurements given in Fig. 6 and Fig. 7, length of 
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sometimes in the laminar flow region. At the trailing front, the mean velocity of the tur­
bulent flow is reduced by the strong interaction with the tube wall. Hence it is clear that 
fluctuations in the region of small-scale intermittency normally tend to values of velocity 
smaller than in the laminar region. 

Figure 8 gives the short-time averaged local turbulence intensity which was computed 
from the measurements shown in Figs. 6 and 7. The bars in this figure denote short-time 
averaging. As can be seen here, the turbulence intensity near the pipe centre is much sma11er 
at the leading than at the trailing front. The turbulence intensity in the regions of developed 
turbulent flow agrees fairly well with measurements using hotwire anemometers [4]. This 
fact confirms again that the calculation of velocity signals from the measurements of the 
Pitot-tube probes does not lead to a serious inaccuracy. 

Figure 8 also shows that there exists only approximate axial symmetry for the flow 
near the leading and the trailing front. This is in contrast to W YGNANSKI and CHAMPAGNE 

who in their recently published article [5] assumed axial symmetry. 

3.3. Transformation to steady flow 

Figure 9 gives sketches of the leading and the trailing fronts in coordinates convected 
with the velocities of these fronts. In this coordinate system, the flow becomes steady. 
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FIG. 9. The flow near the leading and the trailing fronts in convected coordinates (calculated from Fig. 6 
and Fig. 7). 

(A) leading front, convective velocity = 1.55 u, (B) trailing front, convective velocity = 0.61 u. 
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For the construction of Fig. 9, the time intervals of the original measurements (Fig. 6 and 
Fig. 7) are transformed into space intervals with the help of the convective velocities of the 
fronts. The outlined shape of both fronts is based on five measuring points and is therefore 
only approximate. Below the sketch the velocity profiles are given, which were calculated 
from Fig. 6 and Fig. 7 by short-time averaging. 

As can be seen, both fronts lay in regions with foreward and with backward flow. That 
means: relaminarization occurs at both fronts, at the leading front near the pipe centre 
and at the trailing front near the pipe wall. This explains the fact that fluctuations with small 
amplitudes and low frequencies were found near the leading front at the pipe centre, but 
were not observed near the pipe wall. These fluctuations belong to water flow which a short 
time earlier was turbulent and now becomes laminar. 

WYGNANSKI and CHAMPAGNE [5] found relaminarization only at the trailing front. 
One explanation for this difference in the results could be that WYGNANSKI and 
CHAMPAGNE took measurements in a pipe flow with natural intermittency. There the regions 
of laminar pipe flow should be indifferent or only slightly stable. In the experiments re­
ported here, natural intermittency was found at Re> 20000 and the measurements were 
made between Re = 3000 and 12900 in a region far below the Reynolds-number, where 
the laminar flow became indifferent or unstable. That means, the stability of laminar re­
gions of pipe flow in the experiments reported here should have been much better than 
in the experiments of WYGNANSKI and CHAMPAGNE. So here, considerably higher disturb­
ance amplitudes should have been damped out, leading to a significant relaminarization. 
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