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A pulsating flow is typical of inlet and exhaust pipes of internal combustion engines and piston compres-
sors. Unsteady flow phenomena are especially important in the case of turbocharged engines, because
dynamic effects occurring in the exhaust pipe can affect turbine operation conditions and performance.
One of the basic parameters describing the unsteady flow is a transient mass flow rate related to the
instantaneous flow velocity, which is usually measured by means of hot-wire anemometers. For the flow-
ing gas, it is more appropriate to analyze the specific mass flow rate ¢, = pv, which takes into account
also variations in the gas density. In order to minimize the volume occupied by measuring devices in
the control section, special double-wire sensors for the specific mass flow rate (CTA) and temperature
(CCT) measurement were applied. The article describes procedures of their calibration and measurement.
Different forms of calibration curves are analyzed as well in order to match the approximation function to
calibration points. Special attention is paid to dynamic phenomena related to the resonance occurring in
a pipe for characteristic frequencies depending on the pipe length. One of these phenomena is a reverse
flow, which makes it difficult to interpret properly the recorded CTA signal. Procedures of signal correc-
tion are described in detail. To verify the measurements, a flow field investigation was carried out by dis-
placing probes radially and determining the profiles of the specific mass flow rate under the conditions of
a steady and pulsating flow. The presence and general features of a reverse flow, which was identified

experimentally, were confirmed by 1-D unsteady flow calculations.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction

A flow of gases in pipes is usually described by three parame-
ters, namely: pressure (p) temperature (T) and velocity (v), which

A pulsating flow is usually found in inlet and exhaust pipes of
internal combustion engines and piston compressors. Owing to
the cyclic character of operation (the periodical opening and clos-
ing of valves), the flow of gases is unsteady and it becomes period-
ical for a fixed operation point. The pulse frequency f depends on
the number of cylinders ic and the rotational speed of the engine
n [rev/min]:

f:ks-ic-% (1

The coefficient k; = 1 for 2-stroke or k; =1 for 4-stroke engines, as
the intake or the exhaust takes place every second engine revolu-
tion. For a typical arrangement (a 4-stroke engine with 4 cylinders)
of the diesel engine with the maximum rotational speed
Nmax = 6000 rev/min, we obtain fn.x = 200 Hz and this value de-
fines the range of frequencies to be examined in the study.

* Tel.: +48 42 631 23 84; fax: +48 42 636 13 83.
E-mail address: aolczyk@p.lodz.pl

0142-727X($ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.ijheatfluidflow.2009.02.006

is related to the volumetric (V) or mass () flow rate. In the case
of a pulsating flow, these parameters become time-dependent
functions and along with their spatial distribution F, ,), their tem-
poral variations F should be investigated. Transient velocities
can be measured by different methods, however only two of them
have practical significance, i.e., laser optical techniques (LDA or
PIV) and thermal anemometry (HWA). Optical techniques remain
much more expensive and laborious than hot-wire anemometry,
which is more available and ensures excellent dynamic properties
and accuracy of the applied sensors (Witze, 1980).

In the case of inlet and exhaust pipes, 1-D models are tradition-
ally applied due to their simplicity (Chalet et al., 2006). These mod-
els usually ensure a similar level of accuracy as advanced and
laborious 3-D simulations, which require an assumption of the
proper turbulence model (Kirkpatrick et al., 1994). For a 1-D flow
description, only the axial velocity component v = v, is used and
it must be representative of the entire control section under con-
sideration. In the case of the HWA application, a single point mea-
surement is executed and a question arises whether the obtained
results can be used as parameters describing correctly the flow
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in the section analyzed. An application of 1-D models requires ele-
mentary knowledge of the velocity distribution in the investigated
control sections of the pipe and it should be verified if the point
measurement of the velocity/specific mass flow rate, which is usu-
ally made near the pipe axis, can be used for a correct and com-
plete flow description in these sections. In the case of planar
velocity fields, this verification can be conducted by means of PIV
methods as described in Breuer et al. (2000) or by conducting
the flow field survey through displacing the hot-wire probe as de-
scribed in a further part of this paper.

It should be remarked that under the conditions of a pulsating
flow, the dynamic phenomena occurring at certain conditions can
considerably affect either transient or mean flow parameters.
One of these effects is a reverse flow that may occur in the pipe
near to the resonance (Olczyk 2007, in press). An identification of
this effect is extremely important as the hot-wire anemometer
cannot distinguish between a forward and reverse flow and mea-
surement results can be erroneous if not corrected, which leads
to improper calculation results consequently (Jau-Huai Lu, et al.,
1998). More advanced methods of the reverse flow identification
as the pulsed hot-wire technique PWA (Bruun, 1999; Handford
and Bradshaw, 1989) or the flying hot-wire technique FWA (Bruun,
1999; Thompson and Whitelaw, 1984) can be also applied, how-
ever they require specially designed probes and accessories, which
makes them more expensive and less available. An interesting
method to investigate an interface between the forward and re-
verse flow region localization was presented in Sokolov and Ginat
(1992), where the authors described a ladder-like probe consisting
of a rake of 16 wires permitting to describe precisely the thickness
of the reverse flow region. Procedures of the true (de-rectified) sig-
nal reconstruction were also presented. Their principle is generally
the same as applied in a further part of the present paper.

The results of experiments which will be presented in a further
part of the paper were obtained during the tests of a pulsating flow.
Their aim was to verify correctness of the “x-t” model of the 1-D
flow (Olczyk and Sobczak, 2008), validate an acoustic approach
for resonance frequencies determination and study behavior of
various piping systems under the conditions of a pulsating flow
(Olczyk, in press). In the present paper, only the aspect of the spe-
cific mass flow rate measurement will be considered.
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2. Test rig configuration

The test rig was designed to simulate dynamic flow phenomena
which may occur in inlet or exhaust pipes under the conditions of a
pulsating flow. The piping system composed of straight circular
pipes of a diameter equal to 42 mm was supplied with warm,
compressed air through the pulse generator (Fig. 1b) described in
(Olczyk, 2007), providing a periodical variation of flow parameters
in the range of frequencies f=0-200 Hz. An idea of pulse genera-
tion consists in a cyclic deceleration of the flowing gas by a rotating
element (a rotating valve). The pulse frequency is controlled by
changing the rotational speed of the electric motor by means of a
frequency inverter. Generally, the test rig was arranged for investi-
gations of unsteady flow phenomena in pipes connected to an
automotive turbocharger (Fig. 1a). Other combinations with differ-
ent pipe discharge configurations were also investigated in order to
enlarge the scope of research, namely: a pipe open at the end and a
pipe with a large volume tank or with a nozzle at the end
(see Olczyk (in press)).

In all cases, the common elements of the test stand were as fol-
lows (Fig. 1a):

a system of air heating composed of a set of electric heaters
AHF-14240 (Heat - Omega 2000), permitting to increase the
temperature at the turbine inlet up to 100-120 °C;

a pulse generator (Gen) with speed controlled by a frequency
inverter;

a tested pipe mounted between control sections (0) and (3). Two
different lengths were used: Ls=0.544 m (a short pipe) and
L; = 1.246 m (a long pipe);

a set of valves (V¢ Vy) permitting to control the mass flow rate
and the turbocharger operation point.

Measurements of transient and mean values of pressure,
temperature and specific mass flow rate were conducted in
control sections (0) and (3) (Fig. 1a). Additionally, transient
pressure was measured in section (K) placed in the pipe mid
length.

As far as measurement devices are concerned, the following
equipment was used:

a ® @ b
«— T —
T Control sections: Inlet port
P3, 9,3, T3 ‘ @ v @ - pipe inlet A
P 4 ® - compressor inlet
T ! Ve - compressor outlet
pi Puo > : © | - turbine inlet
- I - turbine outlet
- ] - control section
fg |
|:| Power feed
.
>
K d
W Yl
A . .
&;%7 - —pF— Rotating valve Outlet port
T

C - compressor Gen —pulse generator Ap Ta
T - turbine Heat —air heater

V: —turbine control valve
V¢ —compressor control valve

Apr —Annubar probe (flow
measurement)

Fig. 1. Schemes of the test rig (a) and the pulse generator (b).
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- piesoresistive transducers for pressure measurements: Endevco
8510C-15 and 8510C-50 (Endevco 2003);

- constant current thermometers (CCT) for temperature measure-
ments (Olczyk, 2008a);

- constant temperature anemometers (CTA) for specific mass flow
rate measurements.

Both CCT and CTA probes incorporated a 5 pm tungsten wire.
According to Bruun (1999), the frequency limits for this wire diam-
eter are: 1 x 10> Hz for a CCT and 1 x 10° Hz for CTA probe, respec-
tively. Both thin-wire probes employed the same wire-holder
(Olczyk, 2008a) to limit the space occupied by the sensor in the
pipe. To avoid the reciprocal influence of the wires, a 3 mm offset
was applied in their radial position.

Upstream of the pulse generator, a standard flowmeter - a mul-
tihole impact probe (an Annubar probe - Dieterich Standard, 1995)
- was mounted. Its brief description will be presented in Section 3.

3. Calibration of the CTA

The CTA calibration curve is most often expressed as a relation-
ship between the output voltage signal U and the flow velocity v.
Its form is usually based on the classical King's equation (King,
1914):

U? =A+Bv" )
where A, B, n are the coefficients yielded by the approximation
procedure.

Many attempts were made to ensure better matching of the
approximating equation to the experimentally obtained calibration
points. Two of them can be mentioned:

- the exponent n is expressed as a velocity function n = n(v) (Els-
ner and Gudlach, 1973);

- the exponent n is assumed to be constant n = 0, 5 and an addi-
tional correction term Cv (Shibl, 1987) is introduced:

U =U; +Bv™ +Cv 3)

The pulsating flow of the gas in exhaust pipes is characterized by
high amplitudes of all main flow parameters. As a consequence,
the flow density p should also be considered to be variable and in-
cluded when the CTA output signal U is analyzed. Therefore, it is
more adequate to use the specific mass flow rate ¢,, defined as:

On=pv =75 )

where m denotes the mass flow rate traversing a control section of
the area S. The output signal depends also on the difference be-
tween two unknown temperatures: of the wire T,, and of the gas
T,, therefore the following relationship (compare Eq. (2)) can be ob-
tained (Cimbala and Park, 1990):

U = A"+ B (pv)"(Tw — Ty) (5)

In the CTA mode, the wire temperature T, is kept constant by the
electronic control system, but the gas temperature T, can vary.
The problem of temperature variation during hot-wire measure-
ments was analyzed in a large number of studies (Savostenko and
Serbin, 1988; Sakao, 1973; Bremhorst and Graham, 1990) and var-
ious solutions to this problem were proposed to ensure a satisfac-
tory bandwidth of transmitted signals (Ligeza, 2008). In the case
presented here, the simplest solution was applied - the tempera-
ture of the flowing gas was kept constant during the calibration
(in the presented tests, it was stabilized at approximately 40 °C,
which corresponded to the mean value expected for further mea-
surements under the conditions of a pulsating flow). Maintaining

the temperature at a fixed level permits us to ignore the tempera-
ture influence on the hot-wire output signal (see Eq. (5)).

In practice, during measurements, the inverse characteristic
curve m = f(U) or ¢, = f{U) is more useful. The King’s equation
and the related relationships are inconvenient here, especially in
the case of the variable n (as the approximation procedure has to
be conducted iteratively). Therefore, another formula, proposed
by TSI (TSI Inc.) and expressed by means of the 4th order polyno-
mial, is often applied:

O, = Ao+ AU + AU + AsUP + AU (6)

where Ag, ..., Ay - coefficients determined in the calibration
procedure.

An example calibration characteristic curve approximated by
means of Eq. (6) is presented in Fig. 2a and, as can be seen, it de-
scribes a shape of the hot-wire characteristics quite well. However,
in some cases its application can make the approximation ambig-
uous. This particular case is shown in Fig. 2b. In the range of low
specific mass flow rates, approximating curve (1) is ambiguous (a
kind of a “saddle” appears) and the characteristic curve cannot
be used in this form. Usually this situation occurs when the range
of calibration is not sufficiently wide (compare the U and ¢, ranges
for Fig. 2a and b) and the number of points of calibration in the ini-
tial range of the characteristics is insufficient to describe it
correctly.!

In such a case, an application of the exponential growth func-
tion can be considered:

P = Ao+ Arel (7)

This equation (curve (2) - Fig. 2b) is free of the ambiguity defect
and yields the correct approximation in the range of low mass flow
rates. At higher mass flow rates, the plot is in fact equivalent to the
4th order polynomial (compare curves (1) and (2) - Fig. 2b). How-
ever, for high mass flow rates, the exponential curve becomes stee-
per than the polynomial, which overestimates the mass flow rate.
Generally, the condition of similar mass flow rate ranges during
calibration and measurement?® should be satisfied to avoid these
ambiguities.

The calibration was conducted under steady flow conditions:
the pulse generator (Fig. 1) remained in a fully open position. A
multihole impact probe (Annubar probe - Dieterich, 1995) was ap-
plied as the standard flowmeter. It was mounted upstream of the
pulse generator (Fig. 1a) in order to prevent it from the influence
of pulsations. However, the calibration was carried out under the
conditions of a steady flow but the Annubar probe was also used
during measurements for the pulsating flow conditions for com-
parative purposes (see Section 4). Its position was chosen to avoid
the backward action of the pulse generator. Heating elements
(Fig. 1a) helped in damping potential backward pulsations.

The Annubar probe operates by sensing an impact pressure and
a reference pressure through multiple sensing ports located on the
upstream and downstream sides of the probe. The resultant pres-
sure difference Ap, is related to the mean mass flow rate i, aver-
aged by the surface of the pipe cross-section.?

The mass flow rate i1, measured by the Annubar probe can be
expressed as (Dieterich, 1995):

1 Usually it is difficult to ensure accurate measurement for low velocities during
the hot-wire calibration and special calibration procedures should be applied (Bruun
et al. 1989; Al-Garni, 2007).

2 It should be noted that the calibration is performed under the conditions of a
steady flow, while the measurement is undertaken under unsteady (pulsating) flow
conditions. As a result, transient values of the mass flow rate may be distinctly higher
than the mean value - see Section 5. During the tests, pulse amplitudes comparable to
the mean value were often met.

3 For the circular cross-section of the straight pipe, the flow can be considered to be
axisymmetric.
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where (see also Fig. 1a): k, is the flow coefficient (defined by the
manufacturer); p,, the static pressure measured upstream of the
probe; Ap,, the Annubar differential pressure; and T, is the static
temperature upstream of the probe.

The flow coefficient k, is considered to be independent of the
flow velocity, as the special diamond-like shape of the Annubar
sensor establishes a fixed separation point in a wide range of Rey-
nolds numbers. A detailed analysis of uncertainties for specific
mass flow rate measurements by means of the Annubar probe
was presented in Olczyk (2008b). The calculations have shown that
in the whole tested range, a relative uncertainty of the specific
mass flow rate does not exceed 1%.

During the calibration and the measurements, both thin-wire
probes (CTA and CCT) were mounted near the pipe axis to avoid
an influence of the phenomena related to the presence of the
boundary layer (Olczyk, 2008a).

The calibration was carried out in a range of mass flow rates
supposed to be achieved during the measurements.

4. Measurement under the conditions of a pulsating flow

The concept of measurement was based on the assumption that
when calibrated in the way described above, the hot-wire probe
would measure the specific mass flow rate in one single point of
the pipe cross-section, but the voltage signal recorded in this
way would correspond to the mean specific mass flow rate in the
examined control section.

This approach allows us to consider the flow to be unsteady, but
averaged spatially in the pipe cross-section. It also allows us to
avoid the flow field survey and to use one single quantity repre-
senting the flow in the whole control section. It is also convenient
from a practical point of view, because such a simplification per-
mits us to use a 1-D description of the unsteady flow (Kazimierski
et al.,, 1999) by means of parameters representing each section of
the pipe in every moment of the analysis.

During the measurement procedure, signals from both CTAs
(sections (0) and (3) see Fig. 1a) were recorded by means of a com-
puter with a fast acquisition card (Keithley DAS 1801°T). The ob-
tained sampling frequency was 10 kHz per channel. Then, voltage

4 In practice the probe location corresponded to the position of the wire near to the
pipe axis.

b 20-
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CTA [

the hot-wire anemometers employed in the tests.

signals were converted into specific mass flow rates through the
use of calibration characteristics and next approximated by a Fou-
rier series. It was found that the first three harmonics were suffi-
cient for a correct approximation of the signal (Olczyk, 2008a).
Higher harmonics were considered to be noise (their amplitudes
were less than 5% of the constant term).

Fig. 3 presents an example of measured specific mass flow rate
plots in control sections (0) and (3) (Fig. 3a) together with their
approximation by means of the first three harmonics (Fig. 3b).

The signals presented indicate a possibility of determining tran-
sient mass flow rate variations, representative of the whole control
section on the basis of the point measurement only.

The basic criterion which should be satisfied in this case is such
that the mean mass flow rates in the tested control sections are
equal. The case presented shows a good coincidence of the con-
stant terms @m = @4, i the inlet and outlet sections (their dif-
ference is approximately 4%).

The situation described above appears in a wide range of tested
frequencies, however for some of them, the recorded ¢ signals
look surprising. Fig. 4a shows signals recorded for the short pipe
in the system with a large volume tank at the frequency of
130 Hz. A huge disproportion of amplitudes at the pipe inlet and
outlet is especially worth noting, as well as a quite different level
of constant terms for these two sections. Also, the shape of the
¢@m3(p signal is surprising as additional local maxima appear. What
is important, there are no equivalent additional maxima in the re-
corded signals neither of pressure nor temperature (Olczyk, 2007).
It should be also noted that the transition between the phases cor-
responding to global and local maxima (near zero) takes place
without satisfying the condition of continuity of the first
derivative.

The presented features of the recorded signal ¢3¢ indicate
that, in fact, in some parts of the pulsation period, an inversion
of the flow direction takes place. This is the phase of the reverse
flow characterized by negative velocities (see Fig. 4b). As the CTA
output signal depends on the quantity of heat exchanged between
the wire and the flowing gas, the probe does not recognize the flow
direction. An increase in the flow velocity is manifested by a more
intensive heat exchange at the wire surface, which makes the CTA
output signal higher, but the distinction of the flow direction is
impossible. To reconstruct the true signal, a procedure of re-con-
version (de-rectification) was applied in respective parts of the

5 The constant term corresponds to the averaged value in the time interval
corresponding to a multiple of the pulsation period.
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Fig. 3. Hot-wire probe signals ¢,;0 and ¢35 recorded in both the control sections (a) and their approximation by means of a Fourier series (b). Measurements for the short pipe

(Ls) with a tank. Pulse frequency 30 Hz.
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Fig. 4. Signals of ¢,, recorded by hot-wire probes at the pulse frequency of 130 Hz (a) and the corresponding signals after the correction (b) that accounts for the reverse flow

of gas. Results for the short pipe (Ls) with a large volume tank.

pulsation period. The effect of such a procedure is presented in
Fig. 4b. As a result, the constant terms of the velocity signals for
the inlet and outlet sections ¢,,;q,. and @3, approach one
another.

The presence of the reverse flow was confirmed by numerical
calculations conducted by means of the “x-t” model of a pulsating
flow described in Kazimierski et al. (1999) and Olczyk and Sobczak,
(2008). An example is shown in Fig. 5, where calculated and mea-
sured signals are compared, and a result of correction of the recti-
fied signal is presented as well.

Fig. 6 shows intensification and retreat of the reverse flow in the
neighborhood of the resonance frequency, which was determined
to be equal to 140 Hz for the short pipe Ls (Olczyk, in press).

A question arises whether the determined temporal variations
of the specific mass flow rate are representative as spatially aver-
aged transient parameters describing the flow in the control sec-
tion under analysis. In order to check this, the flow correction
coefficient k,;, was used (Olczyk and Hammoud, 1993):

m

ki ==
" mref

9)

where:
m =iT /) P, dt (10)

where: T is the pulsation period and j is the number of periods used
for analysis.

When k,, = 1 is obtained, it corresponds to a perfect coincidence
of the averaged mass flow rate m = rilg,. with the reference value
s measured by the Annubar probe.

Fig. 7a presents plots of the averaged mass flow rates rigq,. and
11344e Calculated from the recorded signals of ¢,,o(t) and ¢.,3(t) for
the pipe Ls open at the end. Those plots were compared to the ref-
erence mass flow rate .. Three important observations can be
made:

(i) as pressure in the air supply network is not fully stabilized,
the reference mass flow rate varies slightly;

(ii) away from the resonance (in the range of low frequencies),
both averaged mass flow rates are acceptably consistent
with the reference value (see also plots of ko and kp3 -
Fig. 7b);
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Fig. 6. Intensification and retreat of a reverse flow in the pipe open at the end in the neighborhood of the resonance frequency (130 Hz).

(iii) approaching the resonance (140 Hz), the two examined
mass flow rates are no longer consistent with the reference
value. In the direct resonance proximity, the mass flow rate
at the outlet section is 75% higher than the reference. On the
other hand, the inlet mass flow rate decreases rapidly having
surpassed the resonance frequency.

After changing the pipe length, the resonance frequency is dis-
placed. For the long pipe (L, = 1.246 m), the resonance frequency is
placed in the neighborhood of 60 Hz. Fig. 8a and b shows that phe-
nomena observed for the long pipe are analogous to those for the
short one. A divergence of the analyzed mass flow rates (up to
40%) for the resonance frequency and a rapid decrease of the mass
flow rate at the inlet section are qualitatively equal.

If the averaged .. and reference . specific mass flow rates
are divergent, the correction of the recorded ¢,,(t) signal can be

done by dividing it by the determined coefficient k;,, in order to en-
sure the coincidence of mean values of ¢,, in the control sections
under investigation.

This correction is necessary for frequencies near the resonance,
where an intensive reverse flow occurs and the amplitude of pulsa-
tions attains considerable values. During the calibration, which is
conducted under the conditions of a steady flow, a volumetric
compressor supplying the test rig permits to generate the maxi-
mum permanent mass flow rate rin.x = 0.1 kg/s approximately,
which corresponds to the specific mass flow rate of ¢ax = 55 kg/
sm? (see Fig. 2a). Thus, the obtained static characteristics, extrapo-
lated for mass flow rates exceeding even three times the maximum
value achieved during calibration, are no more adequate in the
range of high flows (see the maximum values of ¢pm3() — Figs. 4b
and 6d). That is why, in the neighbourhood of the resonance, the
proposed procedure of correction seems to be a reasonable ap-
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proach, permitting for a correct description of the dynamic phe-
nomena existing in this field.

5. Flow field investigation

In order to explain the observed phenomena, a flow field survey
was carried out for steady (corresponding to the calibration condi-
tions) and unsteady (corresponding to the measurement condi-
tions) flows. Distributions of the specific mass flow rate were
obtained by displacing both anemometric probes radially from
the pipe axis (r=0) towards the pipe wall (r=21) with a step of
2 mm (1 mm in the direct wall proximity).

Some selected results for the short pipe open at the end and two
different frequencies: 60 and 130 Hz are presented in Fig. 9a and b.
For clarity, only selected characteristic curves are presented. The
extreme curves, limiting the range of the survey, are ¢,, ,_,, and
Pm (r—20)- At the pipe wall (r=21), the condition ¢,, ,_,;) = 0 must
be satisfied. In order to compare successive plots recorded inde-
pendently, in different time moments, the peak generator curve
was applied. It shows a fully open position of the pulse generator.
The distance between two successive peaks corresponds to two
pulsation periods (the pulsation is generated twice per one revolu-
tion of the generator rotor).

The signals of ¢ recorded at successive radii for the fre-
quency of 60 Hz show that variations of the specific mass flow
rate are independent of the probe position in a relatively wide
area around the pipe axis (Fig. 9a and b), plots from r=0 to
r=16).

This area - by analogy to the steady flow - can be referred to
as the flow core. It can be also observed in Fig. 10a where a rela-
tion of the averaged in time ¢,,,,. versus the radial probe posi-
tion is presented. Beyond the flow core, the pulsation amplitude
decreases and the flow deceleration (a decrease in the mean value
Pmave) takes place. There is no important change in the pulsation
shape (Fig. 9a and b) - the form of signals recorded at different
radii is similar as far as their shape or phase shift is concerned.
This observation is extremely important, because in the case of
1-D modeling, relationships between the velocity in the pipe axis
and the shear stress at the pipe wall are necessary. Usually this
relationship is assumed or calculated as shown in Kazimierski
and Horodko (1990), Kazimierski et al. (1999) without experi-
mental verification.

The plots of ¢ recorded for the resonance frequency 130 Hz
are presented in Fig. 9c and d. Generally, the flow behavior is sim-
ilar to that for the frequency of 60 Hz, however two important fea-
tures are worth noting:
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(i) at the pipe outlet (Fig. 9d), the most intensive reverse flow
takes place. Its presence can be seen all over the control sec-
tion, even in the direct proximity of the pipe wall (see the
plot @3 ;—20));

at the pipe inlet (Fig. 9c), the amplitude of ¢p in the pipe
axis (r=0) is no longer maximum (as it was for lower fre-
quencies). It can be seen that this amplitude increase attains
the maximum value for (r = 14) and then starts to decrease,
however this decrease is sharp only in the direct proximity
of the wall. It is hard to find a definite explanation for such
a behaviour. Probably the obtained velocity distribution is
a result of specific features of the pulse generator applied.

Fig. 10a and b shows distributions of the mean specific mass
flow rate in the inlet and outlet sections of the pipe for the tested
frequencies compared to the profile obtained for steady flow con-
ditions. The following observations can be made:

(i) the @y, 4, Profile is much more uniform under the condi-
tions of a pulsating flow (compare the plots of @, 4,0 o1z
and @, 4, o1, fOr both inlet and outlet sections). It is due
to a more intensive momentum exchange between flow
regions located at different radii. Under the conditions of a
steady flow, even though the mean Reynolds number calcu-
lated for the pipe axis is Re(;—o) = 0.61 x 10°, which clearly
indicates the presence of a turbulent flow, the distribution
of the specific mass flow rate shows that the flow decelera-
tion starts relatively close to the pipe axis.

The Reynolds number :
pvd _ @nd
n I
was calculated for the following parameters: specific mass flow
rate ¢, =25 kg's~'m-2 - compare Fig. 10a and b; pipe diameter
d = 0.042 m and dynamic viscosity = 17 x 10~ kg' m~' s~! (Olc-
zyk, 2008a);

(i) the @y, q, Profile obtained at the pipe inlet for the reso-

nance frequency (130 Hz) differs significantly from the two
others. Like in the case of amplitudes (Fig. 9c) the mean
value of ¢,, ., reaches its maximum off the pipe axis. In con-
sequence, the signal measured by the wire located at (r=0)
is not fully representative of the mean mass flow rate in the
control section of the pipe. As the specific mass flow rate
profile changes, the coefficient ko (Fig. 8b) starts to
decrease;
a slight increase of gm0y at the pipe axis can be observed
when the pulse frequency is increased. In order to compare
successive plots without considering this relationship, the
relative mass flow rate was defined as:

Re(r:()) = (1 1 )

(iii)

(pm(r)
D=0
The plots of ¢, are presented in Fig. 10c and d.

The distributions of the specific mass flow rate obtained were
also compared to the Prandtl distribution, usually employed for a

DPrmret = (12)
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steady flow (0 Hz) and a pulsating flow (the frequency of 60 and 130 Hz).

description of the flow fields in circular section ducts (Fig. 10c and
d) and described by the equation:

r

Py = Pmir-)(1 =3V (13)

where: R is the pipe radius; 1/n, the exponent determined experi-
mentally (depending on the Reynolds number and pipe wall rough-
ness) - for the presented case, it was assumed that n=7.

In the proximity of the pipe axis (up to r=12), the Prandtl dis-
tribution corresponds quite well to the profile determined experi-
mentally for a steady flow. Towards the pipe wall, these two
profiles become divergent - the specific mass flow rate decrease
is much faster for the experimentally determined curve. On the
contrary, profiles determined for the unsteady flow stay flat in a
larger zone (with an exception of the inlet profile for the resonance
frequency), as discussed above.

Generally, the Prandtl distribution is not adequate for the deter-
mined profiles, and an approximation by means of the Boltzmann
equation is proposed:

? - (pm(r:OJ
Py = Pmr—0) + 1+ e(r—r)/m

(14)
where: ¢, is the mean value of the specific mass flow rate in the
pipe axis (for r=0); and ¢,,r;, 1y is the equation coefficients.

The results of such an approximation are shown in Fig. 10. Only
the ¢,,,, curve for 130 Hz (Fig. 10a and c) was approximated by
means of the 4th order polynomial.

6. Conclusions

The presented method of measurement of the transient mass
flow rate in ducts supplied with a pulsating flow allows us to ob-
tain quite precise information concerning the character of these
variations, including the case of a reverse flow, which makes an
interpretation of the recorded signals difficult.

The point measurement of the specific mass flow rate con-
ducted by means of a hot-wire probe can be considered to be rep-
resentative for the whole section, provided that the correct
assignment of the voltage signal to the appropriate specific mass
flow rate is achieved. An ideal case is when the velocity profile is
uniform. This condition is nearly satisfied in the case of the pulsat-
ing flow, as its character is distinctly turbulent, with an exception
of the narrow region of the boundary layer in the direct proximity
of the pipe wall. Under these conditions, the velocity profiles ob-
tained for both inlet and outlet sections are very similar, which en-
sures balancing of the mean mass flow rate in these sections.

In the case of the resonance existing in the pipe for characteris-
tic frequencies depending on the pipe length, an intensive reverse
flow occurs and the correction procedure, which takes into account
the effect of an inversion of the velocity direction, should be ap-
plied. The resonance range is characterized by high pulse ampli-
tudes, exceeding several times the mean value of the recorded
signals. Under these conditions, maximum transient values of the
specific mass flow rate go far beyond the range of calibration char-
acteristics drawn for steady flow conditions. This is why, an addi-
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tional signal correction is necessary by means of the flow correc-
tion coefficient k, determined experimentally with a standard
flowmeter and recording the reference flow upstream of the pulse
generator, under the conditions of a steady flow.

The proposed method is especially useful in cases applying 1-D
models of pulsating flows in tubes, as it allows us to handle flow
parameters attributable to the pipe axis, but representative of
the whole control section.

The flow field survey shows that the character of mean specific
mass flow rate profiles can vary depending on the flow character
(steady, unsteady) and the pulse frequency.
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