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Technical Report

This report gives information on the response of several different types of flow
meters to pulsating flows. The flow meters tested are based on pressure differ-
ence measurements (the venturi flow meter and Pitot tube), hot-film meter, as
well as turbine and vortex flow meters. All flow meters were investigated using
both steady and different pulsating frequencies and amplitudes. The problems
associated with reverse flow during pulsations are also highlighted in the study.

1. Introduction

Flow meters in technical applications often measure under non-ideal circum-
stances, i.e. the flow is disturbed in some sense. Flow disturbances can basically
be of two types, namely a non-ideal flow distribution across the flow cross sec-
tion or the flow is unsteady, i.e. the flow rate is pulsating (Grenier 1991). An
example of the former is an asymmetric velocity distribution at the outlet of
a pipe bend located close to the flow meter, while pulsations related to inter-
nal combustion engine flows are an example of unsteady flows. Non-ideal flow
distributions and unsteadiness can also appear simultaneously, see e.g. Timité
et al. (2010). While the impact of steady flow disturbances on flow meters is
well documented, and empirical compensation/correction schemes can be ap-
plied, unsteady flow disturbances still constitute a challenge for accurate flow
measurements of even the mean flow rate. One of the complications related
to unsteady flows is flow reversal, that can occur for instance in separated,
highly swirling and periodic flows, as e.g. encountered in intake and exhaust
pipings in reciprocating machineries (Persoons et al. 2004). Most measurement
techniques have in common that they are only suited for uni-directional flow,
hence large errors can be expected if flow reversals occur, since the signal may
be rectified.

Common approaches to deal with flow disturbances is to try to attenuate
the disturbance, e.g. by means of flow conditioners or by damping the pulsa-
tions (Mottram 1992; Blodgett 1992), or through the use of sophisticated post
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processing techniques (Atkinson 1992; Rossberg et al. 2004). Another route
is to try to resolve the time dependent fluctuations in the flow (Doblhoff-Dier
et al. 2010; Laurantzon et al. 2010), and determine the mean flow directly from
the time-resolved signal. The last approach demands that the technique has
an inherent high frequency response.

1.1. Some common flow meters for industrial processes

In most industrial processes one is interested to obtain the mean flow rate of
a gas or a liquid. Such flow meters can be based on many different principles,
such as differential pressure flow meters (orifice plate, venturi, Pitot tube etc.),
vortex flow meters, turbine flow meters and hot-film flow meters. These are all
standard techniques for measurements in steady flows, but are usually unsuited
for pulsating flow.

The use of differential pressure flow meters in unsteady flows is usually not
recommended in the literature (Doblhoff-Dier et al. 2010). Although efforts
have been made to study the influence of pulsating flows on orifice plates (Gajan
et al. 1992), time resolved measurements with orifice plates (Doblhoff-Dier et al.
2010) and pulsating flows with a Pitot tube (Nakamura et al. 2005). General
and common conclusions from these studies are, that fast pressure transducers
are necessary to obtain accurate results, and moreover to be aware of that the
time average of the pressure does not necessary correspond to the time average
of the flow rate (due to the so called square root problem).

Extensive studies regarding the effects of pulsations on vortex flow meters
have been performed and can be found in e.g. Grenier (1991) and Hebrard et al.
(1992), where it is concluded that large metering errors occur for vortex flow
meters in pulsating flows, see also the discussion in Laurantzon et al. (2010).

The responsiveness of the turbine flow meter is proportional to the density
of the fluid and are mainly used for liquid flows. Turbine flow meters are also
known to overestimate the mean flow rate in pulsating flows. This is due to
the fact that the flow meter responds more rapidly to an increase in the flow
rate than to a decrease (Atkinson 1992). The magnitude of this error depends
upon the physical design of the turbine meter (rotor inertia, diameter, blade
angle, etc.) and the flow condition present (flow rate, fluid density, pulsation
frequency, amplitude and modal structure or wave shape), see e.g. McKee
(1992).

The perhaps most utilized technique in pulsating flows is thermal anemom-
etry (either hot-wire anemometry (HWA) or hot-film anemometry (HFA)), due
to its high frequency response. This technique is also popular to use in com-
bustion engine related flows (Persoons et al. 2004) and turbo machinery flows
(Sieverding et al. 2000). However, thermal anemometry techniques sense the
magnitude of the mass flow rate but can not discriminate the direction of the
flow. Although, different techniques have been proposed to obtain both the
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direction and the magnitude of the flow, see for instance Sokolov & Ginat
(1992), Persoons et al. (2006) and Li & Naguib (2003), it has been questioned
whether the technique is suitable when flow reversal occurs, since the heat
transfer is not well defined when the velocity passes through zero and changes
direction (Berson et al. 2010). Moreover, a non-isothermal flow field compli-
cates the measurements for techniques that are based on heat-transfer, since
the anemometer output is also related to the ambient, i.e. fluid, tempera-
ture (Ardekani & Farhani 2009). In order to obtain accurate results also the
temperature needs to be measured time-resolved (or at least pulse-resolved)
and simultaneously to enable a temperature compensation of the flow meter
readings.

1.2. The aim and layout of this paper

The aim with the present study is to assess the effects of pulsations on some
different flow meters, and to obtain time resolved measurements in order to
obtain an accurate estimation of the real flow rate. The emphasis in this
study will be on flow meters suitable for flows in inlet and exhaust systems of
reciprocating internal combustion engines, as well as their feasibility to obtain
time resolved data. A thorough analysis will be given for these flow meters,
which in this study are: the venturi flow meter, the hot-film flow meter and the
Pitot tube. The available literature for the behavior of these meters in pulsating
flows is quite limited. Additionally one commercially available vortex flow
meter and one turbine flow meter are included in the study. They have built-in
processing with digital filters with response times of the order of 0.1s, implying
that a steady output signal is obtained even under pulsating conditions and
they are not suitable to give time resolved measurements under pulsating flow
conditions. However they are included here in order to assess whether they
have a potential to be used to measure the mean mass flow rate under such
conditions.

The outline of the remainder of the report is as follows: section 2 presents
and describes the experimental set-up and instrumentation. The main results
are presented and discussed in section 3, whereas section 4, summarizes and
concludes the present work. Three appendices are also included dealing with
some specific issues of the study.

2. Experimental set-up

Experiments were carried out in the KTH-Cicero laboratory, that since 2011
is part of CCGEx, a centre for research related to gas exchange in internal
combustion engines. The flow rig and experimental set-up is schematically
depicted in Fig. 1 and a detailed description of the facility can be found in
Laurantzon (2009). The facility has a compressor system that can deliver
0.5 kg/s of dry air. In the flow loop a high quality ABB thermal mass flow
meter (Fig. 1(a)) gives the flow rate, before the air passes a 18 kW regulated
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Figure 1. A schematic of the flow rig. (a) Thermal mass flow
meter (ABB), (b) orifice plate, (c) electric heater, (d) by-pass
branch, (e) pulse generator, (f) hot-wire/cold-wire unit.

heater (c) to a pulse generator (e) that is placed upstream the flow meter
(f) under investigation. The frequency of the pulsations is controlled by an
AC-motor, which can create pulsating frequencies up to 100 Hz. The pulsation
amplitude is directly controlled by the flow rate and the amount of flow through
a by-pass (d) of the pulse generator. An orifice plate flow meter (b) is used to
check the system flow meter calibration.

In the present study a number of different flow meters have been tested
under stationary and pulsating flow conditions. Since the flow meters have
different geometrical shapes, it was necessary to utilize slightly different pipe
connections. For all flow meter installations the piping was at least 10 D
upstream and 5 D downstream from the flow meter position respectively, in
order to assure well controlled flow conditions at steady flow. The downstream
pipe was open to the atmosphere without any constriction.

It should also be noted that, although factory calibrations exist, some of
the flow meters have been calibrated in-house prior to use. This is the case
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for the hot-film flow meter, the vortex flow meter and the turbine meter, in
order to ensure that all measurement techniques are calibrated against the
same reference mass flow reading. The calibration was done against the mass
flow rate measured by the system reference, which is located sufficiently far
upstream the pulse generator that it is virtually unaffected by the pulsations.
The output of the hot film flow meter is directly related to ρu, i.e. the mass
flux. The vortex flow meter and the turbine meter are, however, responding
to the volume flow. In these two latter cases the density of the gas at the
meter position had to be estimated. An estimate is obtained by measuring
the instantaneous pressure upstream and downstream the meter as well as
the stagnation pressure and temperature. Although the flow through the flow
meters is not isentropic, it is, however, a reasonable approximation which is
used in order to estimate the average density.

The hot-film flow meter has a frequency response that limits its ability to
make time resolved measurements at high pulsating frequencies. The venturi
flow meter and the Pitot tube are usually not meant for use in pulsating flows,
however by using flush mounted pressure transducers with short response times
and cold-wires to capture the stagnation temperature fluctuations, they can be
used as well to determine the instantaneous mass flow rate under pulsating
conditions.

In the following each flow meter and its instrumentation are described in
more detail.

2.1. Venturi flow meter

The venturi flow meter used in this study is a venturi meter used in Volvo heavy
duty trucks to measure the EGR flow rate (see Fig. 2). In the present tests
it was located approximately 1000 mm downstream the pulse valve. The flow
meter was connected to the pulse valve section by a straight pipe (L = 750 mm),
with an inner diameter of 55 mm. The meter outlet was connected to a tem-
perature measurement section and a 400 mm long pipe, leading to the ambient
air. The device has moreover two static pressure taps, where the first tap is
located at the upstream end of the meter and the second tap is located at the
throat. The cross section areas at pressure tap positions are A1=2083 mm2

and A2=568 mm2, respectively. For the stationary measurements a differen-
tial pressure transducer was used, which was connected by plastic tubes to the
two pressure taps. An absolute pressure transducer was also connected to the
upstream pressure tap. This arrangement gives good accuracy also at low flow
speeds, where the pressure difference is small. This arrangement was, however,
not suitable for the pulsating flow measurements, since the tubing-pressure
transducer system had a too slow response to enable accurate measurements
of the pressure difference. Instead, two fast response, absolute pressure trans-
ducers (Kulite WCT-312M-25A), were flush mounted at each pressure tap, in
order to record the instantaneous variations in the pressure.
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Figure 2. Venturi flow meter, (a) principal design, (b) photo.
The flow direction is from right to left.

Directly downstream the venturi flow meter, a temperature measurement
module with a Pt100 sensor and a cold-wire were mounted. The Pt100 sensor
was used during steady flow measurements, but also served as a calibration
reference for the cold-wire temperature sensor used for pulsating flow. Un-
der steady conditions the gas stagnation temperature T0, was assumed to be
constant both in time and along the venturi meter. However during pulsating
flow the stagnation temperature will vary. The cold wire measures the recov-
ery temperature Tr, which for the Mach number range considered here can be
assumed to be close to the stagnation temperature T0. If the pulsating flow
can be viewed as quasi-steady we can assume that the stagnation temperature
is constant along the venturi at each instant of time. For the quasi-steady ap-
proach to be used, it is necessary that the distance between the sensors ∆x is
small compared to the wavelength of the pressure wave λ, i.e. ∆x << λ.

2.2. Pitot tube

The Pitot tube was mounted in a short pipe module with inner diameter
D=40 mm, situated approximately 1.5 m downstream the pulse valve. The
Pitot tube with an outer diameter of 5 mm and an inner diameter of 2.5 mm



Response of common flowmeters to unsteady flow 141

was mounted through a hole in the pipe wall. At the pipe wall/Pitot tube inter-
face, a fast response pressure transducer (Kistler 4045A5 ), was flush mounted,
but with a small volume in between. A short distance upstream (approximately
43 mm) at the tip of the Pitot tube, a fast pressure transducer (Kulite WCT-
312M-25A), flush mounted at the pipe wall, measured the static pressure.

The same temperature measurement module used with the venturi meter
set-up, was used also in this set-up. The temperature module was mounted
about 3 pipe diameters downstream the Pitot tube.

2.3. Hot-film flow meter

The hot-film flow module tested, was provided by Scania, and is in their appli-
cation used to measure the amount of intake air to the engine. It was studied
in a set-up with a circular PVC pipe connected to the pulse generator. The
PVC pipe has a diameter D=69 mm, and length L=1765 mm, with the outlet
open to the laboratory. The actual hot-film module was located about 19 D
downstream the pulse generator, and the distance between the hot-film and the
outlet was 6 D, while the hot film meter was mounted inside the PVC pipe.

The module contains a hot-film for registration of the mass flux ρu and
a thermistor for temperature measurements that are used for compensation of
variations in temperature. The hot-film device was taken from a commercial
flow meter with a given calibration chart. However for this specific installation,
it was re-calibrated in order to comply with the present geometry.

Since back flow can occur in strongly pulsatile flows, laser Doppler ve-
locimetry (LDV) measurements was performed in order to qualitatively as well
as quantitatively assess the presence of back flow. This was conducted under
the same flow conditions but without the hot film present. To enable LDV
measurements, the PVC pipe was replaced with a Plexiglas pipe, and a glass
section with a length of 200 mm was placed at the location of the hot-film
meter. The length of the combined sections was the same as the PVC pipe
with the hot-film mounted. This was both to get an idea about the amplitude
of the velocity fluctuations, but also to identify the location of back flow. The
effect of back flow will be further discussed in Appendix C.

2.4. Vortex flow meter

The vortex flow meter used in this study is a commercial Yokogawa DY050
vortex flow meter, where the measurement section has a diameter of 50 mm
and a length of 200 mm and is equipped with flanges at both ends. Furthermore,
upstream the vortex flow meter a 15 D long pipe was connected to the pulse
valve module. Since the meter measures the volume flow rate, the density had
to be estimated in order to compare it with the reference ABB flow meter.
For this purpose, a fast response pressure transducer (Kulite B57 ) was flush
mounted just upstream the vortex flow meter module, whereas the same pipe
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module used for the Pitot tube measurement, was located just downstream
the meter. Finally a temperature module was placed downstream the Pitot
tube pipe module. From these measurements of the pressure upstream and
downstream the device as well as the stagnation pressure and temperature, an
“average” fluid density at the location of the vortex meter was estimated.

To exemplify the worst case scenario for the density determination we con-
sidered the highest flow rate which was 215 g/s. In this case the pressure drop
was about 12 kPa between the two pressure taps, with an upstream pressure
of 160 kPa. Assuming isentropic conditions in the flow between the pressure
transducers would give a density difference of about 6% between the two pres-
sure tap locations. To obtain the mass flow rate, the average pressure and the
stagnation pressure measured by the Pitot tube were used to determine the
local Mach number. The temperature was then determined from the energy
equation by knowing the Mach number and the stagnation temperature. The
density was thereafter obtained using the perfect gas law.

2.5. Turbine flow meter

The turbine flow meter used in the experiment is of type GL-FL3 from GL
Flow, which is a commercial volume flow meter used e.g. to measure the flow
of natural gas. The set-up for this meter was similar to that of the vortex
flow meter. However, the diameter of the measurement section of the turbine
flow meter is 40 mm. The difference in diameter between the upstream piping
and the turbine flow meter was adjusted with a short smooth convergent pipe
section. To estimate the mass flow rate an average density of the gas was
estimated in a similar way as for the vortex flow meter, described in section 2.4.
However in this case the pressure difference across the meter is much larger, at
215 g/s the pressure upstream the meter was 191 kPa and the pressure drop
41 kPa. Of course, this increases the uncertainty in the determination of the
density to be used when calculating the mass flow rate.

During pulsating conditions the output from the turbine flow meter was
constant, and the variable mass flow rate under pulsating conditions was deter-
mined from the density variations obtained from the pressure and temperature
measurements.

3. Results

In this section we describe the measurements carried out with the different flow
meters, both under steady and pulsating flow. Some of the flow meters were
calibrated in-house before their use. This is done under well known steady
conditions with the use of the ABB reference flow meter, thereby establishing
a relation between the flow meter output and the real flow rate. This relation
is then assumed to be valid and is employed under pulsating flow conditions.
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3.1. Venturi flow meter

Here, we present steady and pulsating measurements with the venturi flow me-
ter obtained from Volvo as described in Sec. 2.1. The steady flow measurements
were made using a differential pressure transducer between the pressure tap at
the upstream wide section and the section having the smallest cross section
area. For the pulsating flow two absolute pressure transducers were used to
measure the upstream and downstream pressures.

3.1a. Stationary flow. For stationary flow through constriction flow meters,
such as the venturi flow meter, the estimation of the mass flow rate can be
done in several ways. One way is to assume incompressible and isentropic
flow and to apply corrections for the compressibility as described in the ISO
standard ISO-5167 (2003).

However in many applications this will not give reliable results and here
we will analyze the flow meter using the compressible flow equations described
in the following.

It shall also be mentioned that the venturi flow meter can be run in two
different regimes, i.e. non-choked and choked conditions, respectively. Under
choked conditions the Mach number reaches unity at some position along the
venturi (at the smallest section from a gas dynamic point of view). The be-
haviour in the two regimes are quite different as will be shown below. For the
venturi the outlet in the present set-up is connected directly to the atmosphere.
This makes the outlet pressure equal to the atmospheric one, whereas the flow
rate is changed by changing the inlet pressure.

From the measured data it is possible to calculate the mass flow rate
through the venturi from the isentropic relations. The mass flow rate is given
by the conservation of mass

ṁ = ρAu . (1)

It can be rewritten in terms of pressure, Mach number and total tempera-
ture to yield

ṁ =
p1A1M1
√
RT0

√

γ (1 +
γ − 1

2
M2

1 ) . (2)

The Mach number at the upstream cross section M1 can be obtained from

M2
1 =

2

γ − 1
[1 − (

p2
p1

)
(γ−1)/γ

] [(
A1

A2
)

2

(
p2
p1

)
−2/γ

− 1]

−1

(3)
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since the pressures p1 and p2 are measured and the area ratio A1/A2 is known.
For more details regarding the derivation of these equations, see Laurantzon
(2010).

In order to illustrate the behavior of the venturi meter 10 different mass flow
rates ranging from 0 g/s to slightly above 200 g/s were used for the stationary
measurement. This flow range includes both non-choked (7 measured points
including zero flow rate) and choked conditions (3 measured points).

The measured mass flow rate is plotted as function of the pressure dif-
ference ∆p = p1 − p2 in Fig. 3(a), where p1 is measured upstream the venturi
contraction and p2 is measured in the middle of the (geometrically) smallest
section. Together with the measured data the calculated mass flow rates from
Eq. (2) are also plotted in the figure. As can be seen there exist two different
regimes, one up to a pressure difference of about 40 kPa and another above that
value. In the first regime the mass flow rate increases almost parabolically with
the pressure difference, which is what is expected for incompressible flow. In
the upper regime there is a linear trend with increasing pressure. For choked
flow we would expect the flow rate to increase linearly with the stagnation
pressure which is reflected as the linear trend in the Fig. 3(a).

The agreement between the calculated values and the measured mass flow
rates are overall good, however at small pressure differences there are some dis-
crepancies which probably are related to increased uncertainties at low pressure
differences. At high pressure ratios (in the choked regime) the calculated values
are higher than the measured by 1.2 to 1.7 %.

In Fig. 3(b) the mass flow rate is instead plotted as function of the pres-
sure ratio p2/p1, together with the theoretically obtained results (based on the
measured area and pressure ratios). The choked flow regime is now clearly seen
around a pressure ratio of 0.62. From the isentropic relationships we know that
at the critical condition1 the pressure ratio p∗/p0 = 0.528 which is smaller than
the measured pressure ratio. However p1 ≈ 0.98p0 based on the inlet Mach
number M1 = 0.15, but does not explain the large difference. The obvious con-
clusion is that the measured pressure at the throat is not at the smallest, in a
gas dynamic sense, section. Thus, the air at the second pressure tap is not at
the critical condition, but at a Mach number less than unity, and the flow is
further accelerated in the straight part of the nozzle until it reaches the critical
condition.

As the upstream pressure is increased the flow rate increases, and the Mach
number at the venturi throat will reach unity for a high enough difference
pressure (or rather pressure ratio). The mass flow rate then becomes a linear
function of the stagnation pressure. This feature is apparent for the three last
points in Fig. 3(a), where the linear dependence between mass flow rate ṁ and

1The critical condition is the reference state where the flow is sonic. Critical conditions will
be denoted with an asterisk.
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Figure 3. Mass flow rate for the venturi flow meter for sta-
tionary flow as function of (a) the pressure difference ∆p =

p2 − p1, (b) the pressure ratio p2/p1. ◻: Calculated flow rates
from measured flow data and venturi geometric data. #: Mass
flow rate according to the ABB reference flow meter. The data
from (a) is also shown in the insert as a log-log plot, where a
square (solid) and linear (dashed) fit are made.
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the difference pressure ∆p is apparent2. The expression for the mass flow rate
under choked nozzle flow conditions is

ṁ =
p0A

∗

√
RT0

¿
Á
ÁÀγ (

2

γ + 1
)

(γ+1)/(γ−1)

. (4)

If we instead write it as function of p∗, the above relation can be rewritten to
obtain

ṁ =
p∗A∗

√
RT0

√
γ(γ + 1)

2
. (5)

If we again consider Fig. 3 we find that the mass flow rate obtained with the
venturi deviates from the reference flow meter with a maximum of about 2%,
and hence the theory gives a fairly good estimate of the flow rate. For the three
largest flow rates for which the flow is choked, the Mach number M1, based
on the pressure and area ratios p2/p1 and A1/A2, respectively, is calculated to
0.156. In turn, this Mach number implies that M2 = 0.882. Furthermore, the
measured pressure ratio p2/p1 at choked flow is 0.614, whereas it becomes 0.537
if the isentropic relation

p2
p1

=
p2/p0
p1/p0

=

⎛
⎜
⎜
⎝

1 +
γ − 1

2
M2

1

1 +
γ − 1

2
M2

2

⎞
⎟
⎟
⎠

γ/(γ−1)

(6)

is employed. This result together with the fact that the pressure is measured at
the middle of the throat section, suggests that the flow becomes sonic further
downstream at the end of the throat section. This hypothesis is substantiated
by the analysis in Appendix A.

3.1b. Pulsating flow. The response of the venturi flow meter to pulsating flow
was investigated at two mass flow rates, i.e. 80 g/s and 130 g/s. For 80 g/s the
frequency of the pulsating flow ranges from 10 up to 80 Hz in steps of 10 Hz,
whereas for 130 g/s, measurements were made at pulse frequencies of 40, 60
and 80 Hz. As mentioned before, for the pulsating flow cases the pressures p1
and p2 were measured directly with an absolute pressure transducer mounted
directly on the pressure tap.

The estimation of the mean mass flow rate under pulsating conditions can
be done in two ways. One possibility is to calculate the mean pressures of

2∆p is in fact linearly proportional to p0 at choked conditions.
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p1 and p2 and thereafter determine a mean Mach number M1 from Eq. (3).
This will however in our cases, lead to drastic overestimation of the flow rate.
The other possibility is to assume that the flow is quasi-steady, and to employ
Eq. (3) at each time instant to calculate the instantaneous value of M1. In this
way, the time resolved mass flow rate can be obtained from Eq. (2), and the
mean value of the time varying quantity can be determined. These two method
are compared in Table 1.

Method 10 Hz 20 Hz 30 Hz 40 Hz 50 Hz 60 Hz 70 Hz 80 Hz

Mean (80) 1.365 1.387 1.500 1.395 1.210 1.108 1.177 1.073
Inst. (80) 1.023 1.062 1.092 1.052 1.001 1.013 1.007 1.016
Mean (130) - - - 1.129 - 1.087 - 1.116
Inst. (130) - - - 1.034 - 1.020 - 1.049

Table 1. Mass flow rate estimation (normalized with the ref-
erence mass flow rate of 80 and 130 g/s respectively) for the
two methods, where “Mean” denotes the method where the
flow rate is determined from the mean values of the pressures,
whereas for “Inst.” the time resolved mass flow rate is used to
determine the mean mass flow rate.

From the results in Table 1, one can conclude that it is preferable to obtain
the mean mass flow rate after the instantaneous mass flow rates are calculated.
This is a consequence of the so called square root problem, easiest illustrated
through the inequality

1

T
∫

T

0

√
∆p dt ≤

√
1

T
∫

T

0
∆p dt (7)

The largest deviation from the reference flow meter is about 9% if the mean
value is determined as an average of the time resolved signal, whereas it deviates
as much as 50% if the average of the pressure is taken and the mean value
calculated from that.

To fully appreciate how the pressures p1 and p2, the stagnation temperature
T0, the pressure ratio p2/p1, mass flow rate ṁ as well as the Mach numbers
M1 and M2, varies under the pulsations, these quantities are shown phase-
averaged in Fig. 4 for one flow case. It should be noted, that the pressures and
the (stagnation) temperature are measured, whereas the mass flow rate and
Mach numbers are calculated based on these measurements.

In Fig. 4 one observes that during part of the pulse cycle the pressures p1
and p2 are almost identical which implies that the flow rate is close to zero.
One can also see that there is a plateau in the Mach numbers M1 and M2 that
indicates that the flow is choked. According to the stationary case (cf. Fig. 3),



148 F. Laurantzon, R. Örlü, N. Tillmark & P. H. Alfredsson

choking occurs approximately at a mass flow rate of ṁ ≈ 0.15 kg/s which seems
to be the case also here. Hence the assumption of quasi steady flow seems to
be appropriate. Also for this case we observe that M2 at choking is less than
unity, again implying that critical conditions are reached further downstream.
The temperature variation during the pulsation is about 13 K and the lowest
temperatures are seen at low flow rates.

In Fig. 5, the rest of the flow cases are collected for all pulse frequencies at
80 g/s where Fig. 5(a) shows the phase average of the mass flow rate. Here one
can see that the pulse shape is altered when the pulse frequency is increased.
One also observes that the flow does not reach choking conditions. An inter-
esting aspect is that the number of pulsations recorded in the mass flow rate
is twice that of the pulse frequency, for the two highest pulse frequencies. The
reason for this is not clear, but is probably due to pulse reflections in the system
and needs to be investigated further. Fig. 5(b) shows the probability density
function (pdf) for the mass flow rate. One can observe that the concentration
of the pdf at low flow rate, for fp at 20–50 Hz can be an indication of back
flow, since also the mean mass flow rate is slightly overestimated in these cases.
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ṁ
[k
g
/
s]

(b)

0 10 20 30 40 50 60 70 80
0

0.04

0.08

0.12

0.16

0.2

0

0.2

0.4

0.6

0.8

1
pdf(ṁ)
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Figure 5. The mass flow rate for different pulse frequencies
at 80 g/s mean flow rate. (a) Phase averaged flow rate (with
alternating line color to enhance the visibility). (b) Probability
density function, normalized with its maximum value.

Moreover, from the pdf, it is apparent that a large range of the flow rate is
captured by the technique for all pulse frequencies.
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3.2. Hot-film flow meter

3.2a. Stationary flow. The hot-film flow meter was first calibrated under steady
flow conditions and thereafter tested under pulsating flow conditions. Typical
steady flow calibrations of the hot film are shown in Fig. 6. It shows an accept-
able adherence to King’s law but in this case it is directly calibrated against
the mass flow rate such that

E2
= A +Bṁn (8)

where A, B and n are all least square fitted to obtain the best agreement with
the calibration points. For the employed meter A is very close to E2

0 , i.e. the
voltage at zero mass flow rate, but the exponent n is 0.67 which is substantially
higher than the original value in King’s law. However one should remember that
King’s law is valid for an infinitely long cylinder. In the experiment the meter
was oriented in both the standard flow direction and in the reverse direction,
in order to determine if the signal is different under possible back flow. As can
be seen in Fig. 6, the curves almost collapse, indicating that the output signal
is rather independent of the flow direction.
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Figure 6. Hot film calibration curves for the Scania hot-film
meter. Measured points with the meter oriented in its flow
direction (circles). Measured points with the meter oriented
in the reverse direction (squares). Solid lines represent Eq. (8)
fitted to the data.

3.2b. Pulsating flow. Here results are presented for the case with a mean flow
rate of 80 g/s and pulse frequencies ranging from 4 to 80 Hz. Similar results
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were also obtained for 130 g/s but these are not presented here. The results
for 80 g/s are shown in Fig. 7 where the mean mass flow rate as well as the
fluctuations around the mean in terms of the pdf are given as function of the
pulse frequency.

For low pulse frequencies a large span of values are seen in the pdf, in-
dicating that the hot-film is fully able to resolve the pulsations in the flow.
The average value is also close to that measured by the system flow meter,
i.e. 80 g/s. The span of the fluctuations gradually decreases to 20 g/s even
though the average value is still consistent with that of the system flow meter.
However in the range of 30–50 Hz the hot-film overestimates the mean flow rate
considerably, whereas at higher frequencies (≥ 60 Hz) it falls back to the actual
value. Another observation is that the span of the mass flow rate fluctuations
decreases as the pulse frequency increases, which may be expected since the
frequency response of the hot-film system is rather limited.
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Figure 7. Mass flow rate measurements with the hot-film
flow meter. The estimated mass flow plotted against pulse
frequency together with the pdf showing the pulsation range.
Mean mass flow rate obtained from the hot film (blue), refer-
ence mass flow rate (red).

3.3. Pitot tube

A possibility to measure the flow rate in both stationary and pulsating (under
the assumption of quasi-steadiness) flow is to use a Pitot tube immersed in the
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flow to determine the stagnation pressure (p0) combined with measurement of
the static pressure (p) at the wall. From these values the Mach number at the
position of the probe can be determined. The mass flow rate is determined
from

ṁ = C
pAM
√
RT0

√

γ (1 +
γ − 1

2
M2), (9)

where the Mach number is determined from the isentropic relation i.e.

p0
p

= (1 +
γ − 1

2
M2

)

γ/(γ−1)

. (10)

A is here the pipe cross section area at the position of the Pitot tube. The
stagnation temperature T0 also needs to be measured. C is a parameter that
takes into account that the velocity measured by the Pitot tube is not the
average velocity across the pipe section. For fully developed turbulent profiles,
the ratio of average um to maximum (centerline) velocity uc is given by a power
law velocity distribution

um
uc

=
2n2

(n + 1)(2n + 1)
, (11)

where the parameter n is a function of the Reynolds number Re, see e.g. Bene-
dict (1980). For Reynolds numbers typical of the present study n = 7 giving
um/uc = 0.82 . The parameter C should correspond to the ratio in Eq. (11). In
order to take this into account the set-up can be calibrated against the system
mass-flow meter to determine C under steady conditions. However, under pul-
sating conditions one has to assume that the ratio between the instantaneous
Mach number obtained from the Pitot tube and the cross section averaged
Mach number is the same.

In order to find the mass flow rate under pulsating conditions it is necessary
to make time resolved measurements of both the static pressure as well as
the stagnation pressure. To do so in the present experiments the pressure
transducers were mounted directly on the probe tubing for the Pitot tube and
directly at the wall tap for the static pressure measurements.

3.3a. Stationary flow. The measurements under stationary conditions, were
mainly done in order to calibrate the mass flow rate obtained from the Pitot
tube against the reference mass flow meter. Since the Pitot tube measures
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the total pressure at the centerline, and the bulk velocity is in general lower
than the centerline velocity, the mass flow estimated with the Pitot tube will
overestimate the flow rate. Hence, this ratio has to be determined by means of
the calibration. As is shown in Fig. 8, the mass flow rate obtained from the Pitot
tube measurements overestimates the actual flow rate with approximately 14%.
The linear dependence between the two methods indicates that the parameter
C in Eq. (9) is independent of flow rate in the stationary case. However this
percentage is quite much lower than obtained from Eq. 11 and is probably due
to the fact that the profile is not fully developed and is therefore more of a
top-hat profile as compared to the fully developed one.
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Figure 8. The mass flow rate obtained with the Pitot tube
vs. the reference ABB flow meter. The solid line is a linear fit
to the data.

3.3b. Pulsating flow. The pulsating flow measurements were performed at the
same flow rates and pulse frequencies as for the venturi flow meter. The stag-
nation and static pressures p0 and p were both sampled at 10 kHz, but had to
be low-pass filtered afterwards due to the high frequency noise content in the
signal due to a Helmholtz resonance (see Appendix B). To obtain the flow rate
the pressure signals are first sampled and phase averaged individually and the
pressure ratio p0/p was calculated from the phase averaged signals. From the
pressure ratio the Mach number is calculated and together with the static pres-
sure and stagnation temperature the mass flow rate is calculated using Eq. (9).
Here it is assumed that the ratio between the instantaneous mass flow rate and
that measured by the Pitot tube i.e. parameter C is the same in the stationary
and the pulsating flow. It was observed that for short periods, when the flow
was rapidly accelerating, the recorded pressure ratio was less than unity, which
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of course is not possible physically, but can be due to a time lag in the Pitot
tube measurements. For these periods the pressure ratio was set to zero, i.e.
the Mach number and thereby also the flow rate were both set to zero.

In Fig. 9, the measured quantities p0, p as well as the pressure ratio p0/p
and the measured stagnation temperature T0 are plotted together with the
calculated M and ṁ. For the 40 Hz pulsation case one peak in pressure and
mass flow can be seen for each pulse from the pulse generator. In this case one
can see that the pressure ratio becomes less than one for a short period, and
during that period the Mach number and mass flow are set equal to zero. By
averaging the mass flow rate one obtains a flow rate which overestimates the
reference value of 80 g/s by 7.7%.

The phase averaged mass flow rate for all pulse frequencies can be seen in
Fig. 10(a). The tendency is that the flow situation becomes more complicated,
the higher the pulse frequency. The reason for the multiple peaks in the flow
rate for higher frequencies is probably due to reflections in the pipe system,
however this needs to be further investigated. Considering e.g. the “worst” case
at 80 Hz pulse frequency, averaging the mass flow rate here gives in contrast
to the 40 Hz case, an underestimation of the flow rate by 8.3%. One can also
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ṁ
[k
g
/
s]

fp [Hz]

ṁ
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< ṁ >
< ABB>

Figure 10. Pitot tube mass flow rate variations for different
pulse frequencies. (a) Phase averaged data (with alternating
line color to enhance the visibility). (b) Pdf of the time sig-
nal. The dashed line represents the upper mass flow rate limit
observed for the pdf.

notice in Fig. 10(b) that the flow rate is overestimated in the cases where the pdf
is accumulated towards low flow rates, thus indicating back flow. The reason
for the underestimation of the flow rate for pulse frequencies above 40 Hz is
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probably due to the factor C, which should be higher in pulsating flow, since
the velocity profile usually is flatter in pulsating flow as compared to stationary.

3.4. Vortex and turbine flow meters

The measurements performed with the vortex and the turbine flow meters were
done both in stationary and pulsating flow. These flow meters respond to the
velocity and are therefore in principle sensitive to the volume flow. As shown
below this is confirmed by the measurements, so in order to compare with the
reference mass flow meter, the density of the gas at the flow meter for each
flow rate needs to be determined. The output voltage signals are averaged in
the microprocessor of the meters and therefore the output does not show any
variations in time for the pulse frequencies used here.

3.4a. Stationary flow. Two similar steady tests were conducted for both the
vortex and the turbine flow meter. One with the outflow direct to the labora-
tory and the other with a regulating valve at the outflow such that the pressure
in the measuring section could be increased and thereby also the gas density.
This was done in order to verify that the flow meter responds to the volume
flow. 10 mass flow rates were used, starting at 0 g/s going up to about 215 g/s.
However for the three lowest flow rates the vortex flow meter does not register
any flow. For the non-pressurized case the pressure downstream the flow meter
varies between 0 and 50 kPa above ambient, whereas for the pressurized case
it is kept at 100 kPa above ambient.

The measurements for the turbine flow meter and the vortex flow meter
under pressurized and non-pressurized conditions are given in Fig. 11. The
output is fairly linear with the flow rate, and as can be seen the pressurized
and non-pressurized measurement points seem to collapse on the same line,
hence showing that the flow meters respond to the volume flow rate and that
the output is independent of the density. One can notice from the plot that
the squares (representing non-pressurized flow), are shifted upwards to a higher
volume flow rate compared to the circles (representing pressurized flow). This
is obviously due to the fact that for a given mass flow rate, the volume flow
rate will increase if the density is lowered.

3.4b. Pulsating flow. In pulsating flow the output from both meters did not
show the pulsations but was steady. The instantaneous mean density is es-
timated with pressure measurements upstream and downstream the devices,
together with measurements of the stagnation pressure and temperature down-
stream the flowmeters. If one first considers the turbine, for the low frequencies
the turbine flow meter shows too high values3, but for the higher frequencies
one obtains values that are within ±1% of the value obtained from the system

3The overregistration of flow rate for the turbine flow meter in pulsating flow is a well known
problem (McKee 1992).
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Figure 11. Output from the turbine flow meter (filled sym-
bols), and the vortex flow meters (open symbols) as function of
the volume flow rate. #: Pressurized flow. ◻ Non-pressurized
flow.

mass flow meter. The averaging process of the vortex flow meter gives fairly
accurate results for all pulse frequencies as shown in Sec. 4. A summary of all
pulsating flow results is given in Sec 4

4. Summary

This section summarizes the behavior of the flow meters in pulsating flow in
Table 2. Furthermore, it should be emphasized that these values depend on
how the averaging procedure is done. All values in the table are obtained by
averaging the time resolved output from the venturi, Pitot and hot-film flow
meters as well as the time resolved measurements of pressure and temperature.
The latter quantities are needed in order to obtain the density of the gas at
the position of the vortex and turbine flow meters.

The worst results are obtained for the hot-film flow meter in the range
30-50 Hz. As shown in Appendix C there is quite a large time period where
there is reverse flow (back-flow) for this frequency range. The hot-film flow
meter rectifies the signal for reverse flow which then gives an overestimate of
the flow rate and therefore a substantial error.

The turbine flow meter shows a substantial overestimate of the flow rate
for low frequencies. This is probably because of the well known phenomenon
that the turbine meter accelerates more rapidly than it decelerates. However
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at high pulsating frequencies its inertia will make it rather insensitive to the
pulsations.

For high pulsation frequencies, where there is no back flow, one may in
general say that all flow meters give rather good results.

Table 2. Mean mass flow rate for different flow meters at pul-
sating conditions and at the reference rate ∼ 80 g/s1. The flow
rates are normalized with the reference flow meter.

Flowmeter 10 Hz 20 Hz 30 Hz 40 Hz 50 Hz 60 Hz 70 Hz 80 Hz

Venturi 1.02 1.06 1.09 1.05 1.00 1.01 1.00 1.02
Pitot 0.95 1.04 1.18 1.07 0.95 0.92 0.95 0.92
Hot-film 0.98 0.97 1.29 1.89 1.63 0.92 1.12 1.00
Vortex 0.98 0.99 1.08 1.01 0.97 1.00 0.97 1.00
Turbine 1.24 1.21 1.18 1.07 1.03 1.00 1.01 1.00
1 The deviation from this value is for all cases less than 3%.
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Appendix A - Flow rate through the venturi nozzle at choked
conditions

The throat of the venturi nozzle used in this study is not distinct, but has
some distance of “more or less” constant cross section area. Assume that the
flow in the throat section, from the second pressure tap to the end of the
throat, where we assume that the Mach number is unity (denoted as location
3), develops according to adiabatic one-dimensional flow theory with friction
(so called Fanno-flow, see for instance Anderson (2002)). This distance is short
and is of the order of the throat diameter. Consider the relation

4fL

D
=

1 −M2
1

γM2
1

+
γ + 1

2γ
ln [

(γ + 1)M2
1

2 + (γ − 1)M2
1

] . (12)

If L ≃D then the ratio 4fL/D becomes 0.02, assuming that the friction factor
f = 0.005. This corresponds to a Mach number of about 0.88, which is close to
what we estimated in section 2 from the measured pressure ratio.

Furthermore, using the Fanno flow theory, we can express the pressure
ratio in terms of Mach numbers as

p2
p1

=
M1

M2

¿
Á
ÁÀ2 + (γ − 1)M2

1

2 + (γ − 1)M2
2

. (13)

It is possible to obtain a general expression for the pressure ratio between
the pressure at Mach number M and the pressure at critical condition by
substituting M2 = 1 and M1 to just an arbitrary Mach number M , with the
corresponding pressures p∗ and p respectively, to become

p

p∗
=

1

M

√
γ + 1

2 + (γ − 1)M2
(14)

If the Mach number is 0.88 Eq. 14 shows that the pressure ratio p/p∗ = p2/p3
is about 1.16. With the previous measured and estimated values we have that
p2/p1 = 0.614 and p3/p1 = 0.537 and hence, p2/p3 = 0.614/0.537 = 1.14, showing
a good agreement with the theoretical pressure ratio.

Appendix B - The Helmholz resonator

It was noted that the signal from the Pitot tube showed a high frequency
component at a certain, more or less, fixed frequency for different flow rates
and pulse frequencies. This implies that it is not coupled to the flow, but to
something else. This phenomenon only occurred for the transducer connected
to the Pitot tube. Thus, a hypothesis was that the Pitot tube connection
between the transducer and the tube functioned as a Helmholtz resonator. The
resonance in a pressure transmitting tube-cavity combination is a well known
phenomenon (see e.g. Sieverding et al. 2000). The Helmholtz eigenfrequency



160 F. Laurantzon, R. Örlü, N. Tillmark & P. H. Alfredsson

fr is given by

fr =
a

2π

√
At
LV

, (15)

where a is the speed of sound, At is the throat cross section area, L is the
length of the throat and V is the volume of the cavity.

In order to investigate if the Pitot tube system acts as a Helmholtz res-
onator, a qualitative analysis of the response from the pressure transducer was
performed. For this analysis, measurements at stationary conditions were per-
formed when the pressure transducer was screwed in the bottom of its thread.
The distance between the face of the pressure transducer and the Pitot tube
gives rise to a cylindrical cavity volume with an estimated height of 0.5 mm
and with the diameter of the pressure transducer, which is 13 mm. Together
with the length of the Pitot tube L = 44 mm and the cross section diameter of
the Pitot tube Dt = 1.8 mm, the resonance frequency can be determined from
Eq. (15) to about 1.6 kHz. A spectrum obtained from the time signal of the
pressure transducer connected to the Pitot tube can be seen in the top plot of
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Figure 12. Pre-multiplied spectrum from three cases of
chamber size, to test the hypothesis of a Helmholtz resonator.
The chamber volume increases from the top to the bottom
plot.
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Fig. 12, where most of the energy is concentrated to about 1.55 kHz. The two
lower plots are obtained when the pressure transducer was unscrewed in two
steps, i.e. the cavity volume was increased in two steps. This would, according
to Eq. (15), imply a lower resonance frequency, which also can be observed
from the spectra. Hence the hypothesis that the high frequency content of the
Pitot tube signal is due to a Helmholz resonance seems to be confirmed.

Appendix C - LDV measurements to assess flow reversal

Since flow reversal is a frequent phenomenon in pulsating flows and most uti-
lized flow measurement techniques cannot determine the flow direction, laser
Doppler velocimetry (LDV) was used to assess whether back flow occurs or
not. In the following an analysis of the flow characteristics at the position of
the hot-film flow meter will be done, in order to show why the over-prediction
in flow rate for this device was prevalent only for certain pulse frequencies (cf.
Sec. 3.2b).

LDV measurements were carried out at the pipe centerline both inside the
pipe and at the pipe outlet. For these measurements the PVC pipe was replaced
with a Plexiglas pipe with the same dimensions but without the hot-film sensor.
The result from the measurements at the pipe outlet can be seen as solid lines
in Fig. 13. Here a substantial amount of back flow can be observed at 40 and
50 Hz. On the other hand the velocity always seems to be positive at 10, 70
and 80 Hz pulse frequency.

Since the flow pulsations within the pipe may change with the position due
to reflections at the end of the pipe, it was deemed necessary to also measure
at the position of the hot-film sensor. These measurements are shown in the
right column of Fig. 13, together with the measurement at the pipe outlet. It
is evident that large back flow occurs for those frequencies that give rise to the
largest deviation in mass flow estimation, for the hot-film measurements. At
the two lowest frequencies, i.e. 20 and 40 Hz there is a strong correspondence
between the measurements at the outlet and inside the pipe, whereas for the
higher frequencies the signals seems to be partly out of phase.
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Figure 13. The phase averaged velocity, measured by LDV
at the pipe outlet (black solid), and at the glass section (red
dotted). The horizontal line is for visual aid.

Manipulation of the LDV signal

Since the utilized hot film has a certain upper frequency limit (∼ 30 Hz), it
will function as a low pass filter. The LDV time signal is assumed to describe
the true velocity variation during the pulses. Hence it should be possible to let
the LDV signal uLDV be an input to a linear time invariant system and obtain
the hot-film signal ṁHF as an output. Since the LDV gives the velocity its
corresponding mass flow rate will be estimated from the mass flow rate of the
hot film. Due to this, the analysis will be of qualitative nature. If we assume
that the hot-film responds with a system time delay τ , and that it to a first
approximation can be described as a first order system, we can write

ṁ(t)LDV = ṁ(t)HF + τ
∂[ṁ(t)HF ]

∂t
. (16)

Taking the Fourier transform F , of the above equation, we obtain the linear
system

Y (ω) =H(ω)X(ω), (17)
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where the input X(ω) is the transform of ṁLDV , the output Y (ω) simulating
ṁHF and H(ω) = 1/(1 + iωτ) is the system transfer function. The simulated
output is then obtained as

y(t) = F−1(Y (ω)). (18)

However, since the hot film senses the magnitude of the flow rate, irrespectively
of the flow direction, as concluded from Fig. 6, we shall use the absolute value
of ṁ(t)LDV , to get X(ω). In Fig. 14, the LDV signal together with its abso-
lute value is plotted together with the true output from the hot film and the
simulated output y(t), obtained from the LDV signal with the time delay τ ,
where τ was found to correspond well to the previously mentioned frequency
response. Fig. 14(a) shows a case with negligible back flow, so we can see that
the mean of the LDV signal is close to that of the hot film. In Fig. 14(b), the
back flow is instead strong. In this case the mean of the simulated hot film
signal is by far overestimated relative to the mean of the LDV signal, but close
to the mean of the absolute value of the LDV signal. We can also conclude from
both cases that the simulated signal shows fair agreement with the observed
behavior of the hot film signals.
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