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K. R. Maslen

SUMMARY
A major difficulty
in obtaining the dynamic response of flowmeters is
assessing the true dynamic flow, since this depends on the pneumatic impedance
of the system of which the flowmeter measuring element is part.
In this paper,
a method is described of obtaining the impedance from the comparison of
pressure measurements in a reference system of known pneumatic impedance to
which the flowmeter is attached.
Experimental results for the impedance of
the measuring elements of some viscous resistance type flowmeters for sinusoidal osclllatlons
up to 90 c/s show good agreement with calculation
and with
steady flow measurements. The response of the sensing transducer must also be
taken into account in assessing the overall response.
In particular,
anomalous
results may be obtained if asymmetric transducers are used. The effects of line
impedance are also briefly
discussed.
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INTRODUCTION

This Report is basically
a paper presented to a Symposium on the Measurement of Pulsating Flow, organised by the Institute
of Measurement and Control
at the University
of Surrey in April 1970.
The principles

which will be discussed are of general application,
and,
could be adapted to calibrate
dynamically any type of flow-

in theory at least,
meter for any range of flow or frequency.
However, the method has so far been
applied to only one type of flowmeter, so it may be as well to start with a
description
of this type, and of the kind of flow measurements for which it is
generally used.
The chief application
is to respiratory
flow measurement, human or
simulated, of air or oxygen,
at normal
sea level
pressure, or at reduced
pressure down to about one fifth
of an atmosphere. The breathing cyclic
time may be anything between 1 second and 7 or 8 seconds, and the peak
breathing rates between 20 litres/minute
and 180 litres/minute.
Good dynamic
response is needed because peak flows and rates of change of flow are among
the parameters required, and the flow patterns are known to contain components
1
up to at least 30 c/s
.
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DESCRIPTION OF FLOWMETERS
The flowmeters

f

used consist

essentially

of a small viscous

pneumatic

resistance between pressure averaging manifolds and a sensitive
differential
pressure transducer connected to the manifolds.
Viscous resistances
have
several advantages in this work, since the pressure drop is linearly
related
to the volumetric
flow, the sensitivity
depending only on the geometry of the
flowhead and the gas viscosity.
Since the viscosity
is independent of
absolute pressure, this type of flowmeter may be used at reduced pressure
without much change of sensitivity,
the only corrections
required being for
temperature and for the viscosity
of the gas in use.
TWO types of pneumatic resistance,
commonly called flowheads, are in
originally
developed by Fleisch in 1929 and later
general use. The first,
refined'
consists of a set of fine tubes in parallel,
enclosed in a suitable
pipe (see Fig.la)
with pressure averaging manifolds mounted a little
way in
from the ends. This type is also provided with a heating coil, to prevent
condensation and maintain constant temperature when expiratory
gas is to be
The flowheads are made in different
sizes, so that the pressure
monitored.

4
drop for the full flow range is about 1 cm water gauge. In the second type,
(Fig.lb)
the viscous element consists of layers of wire or nylon gauze, the
number of gauzes and the shape of the inlets being adjusted to suit different
flow ranges. This type of flowmeter was described in detail by Lilly3.
3

EXPERIMENTALMETHODAND ANALYSIS
It

is convenient

in this work to treat pneumatic systems by analogy with
Pressure and flow correspond to voltage and current, and
electrical
circuits.
the impedance of a system is given by the ratio of the pressure drop across it
If the pressure is measured in dynes/cm2, and the flow
to the flow through it.
3
I.* cm /set, the unit of impedance is measured in pneumatic (or sometimes,
acoustic) ohm, where 1 pneumatic ohm is the resistance of an element in which
a flow of 1 cm3/sec is produced by a pressure drop of 1 dyne/cm2.
In practice,
it is generally more convenient to use cm wg for pressure, and litres/set
for
flow, and the unit of impedance is then 1 cm wg/(litre/sec),
less than the earlier
definition.

which is about 2X

So long as the wavelength of sound at the frequencies under consideration
is large compared with the component dimensions, a smooth rigid pipe may be
treated as an inductance and a rigid container as a capacitance, and their
values calculated
from the dimensions and known physical constants 4 . For
viscous flow, resistive
terms appear as constant resistors,
but with turbulent
flow, the resistance will usually vary with the flow.

s

Using the pressure drop across a pneumatic element to assess the flow in
a system is therefore analogous to measuring the current in an electrical
circuit
by measuring the voltage across a known impedance, and the problem of
calibrating
a flowmeter dynamically
is basically
the problem of determining
its effective
impedance at various frequencies.
The method used was developed in another connection, and has been described in detail in Ref.5.
Briefly.
a reference system was constructed of
pneumatic elements for which the impedance could be calculated.
The flowmeter
was then attached and the ratio of the pressure at two points in the system
was compared when an oscillating
pressure was injected into the system.
From
this, the impedance of the complete flowmeter could be calculated.
The next
step was to compare the pressure fed into the flowhead with the pressure drop
across the pressure
element impedance.

averaging

manifolds,

and hence deduce the effective
i

5
Fig.Za shows the experimental
set-up.
The pressure oscillator
delivers
a sinusoidal
pressure wave of frequency up to 90 c/s by the movement of a
piston in a 3-litre
cylinder.
The outlet of the cylinder is connected to a
smooth pipe leading to a rigid volume. When the outlet of this volume is
closed, we have a Helmholtz resonator with very little
internal
damping, as
can be checked by comparing the pressure at the inlet and in the container by
means of the pressure transducers.
If the flowmeter is now connected to the
container,
its impedance at f c/a is given by the formula
Z =

jf/2nfiC(pilp0

where f c/s is the natural
capacitance of the container,
C =

- 1 + f2/fi)

cm wg/(litre/sec)

frequency of the resonator,
and C is the
calculated
from the formula
(V/PC')

(g/1000)

litres/cm

where o pm/cm3 is the gas density,
c cmfsec
3.
the gas, V cm is the volume of the container
ratio involving
both amplitude and phase.

:

(1)

wg

(2)

is the velocity
of sound in
and pi/p0
is the complex

The next step, having the impedance of the complete flowmeter,
is to
compare the pressure drop across it (that is, p,) with the pressure drop
across the measuring element (pm), and hence obtain the impedance 2
of
m
the element by the formula

zm=

(3)

ZPmfPO .

It will be noticed that, since only pressure ratios are required,
there
is theoretically
no limit on the transducer response so long as two transducers of similar
response are used. The transducers actually used were a
pair of SE 70 inductance-type
transducers, which gave an output constant in
amplitude up to 90 c/s, though a small phase shift was observed.
Since the
responses were very nearly identical,
each test was repeated with transposed
transducers to obtain accurate results.
The calculations
are only valid so long as they refer to a pure sinewave, and though the pressure wave produced by the generator is nearly
the addition of the reference system introduces harmonics which
perfect,
distort

the wave.

This difficulty

is overcome by using a Solartron

Resolved

Components Indicator
which locks onto a signal from the generator shaft, and
computes the amplitude of the fundamental (eliminating
the harmonics) and its
phase to the trigger
4

signal.

RESULTS

Fig.3 shows the value of Zm obtained in this manner for one of the
Fleisch flowheads.
The separated resistive
(x) and reactive (y) components
are shown, together with the modulus. The resistive
component agrees very
well with the steady flow resistance,
with a slight apparent increase at the
higher frequencies;
while the reactance is proportional
to the frequency,
showing that this is the effect of the gas inertance.
The value agrees with
the formula for inertance calculated
from the dimensions, if it is assumed
The implication
of these
that 70% of the cross-sectional
area is effective.
results is that with this flowmeter, for a flow F, the indicated flow will
be
Fi

=

(F + K dF/dt)

where K = 0.0045.
If only the amplitude of the flow oscillation
is required
we need the modulus lZ,l.
It will be noted that this has nearly doubled
at the top of the range, and, if the frequency were further increased, the
reactive component would take over, making the modulus proportional
to the
frequency.
This particular
flowhead with its steady flow resistance
of 0.72 ohm
has a nominal range of 80 litres/minute.
Two other larger sizes are available
having steady flow resistances
of 0.29 ohm and 0.12 ohm for flows up to
200 litres/minute
and 460 litres/minute
respectively.
It was found that the
impedance of these flowheads was of exactly the same form as for the smallest
and equation (4) still
holds.
This was to be expected, since the heads are
composed of identical
small tubes.
Fig.4 shows similar results for a gauze-type flowhead.
Only the
resistive
component is shown here, since the reactive component was found to
be small (less than 5% of the resistive
component) throughout the range, and
the modulus is scarcely affected by it.
The resistive
component agrees with
the steady flog resistance up to about 40 c/s, but increases by about 30% at
higher frequencies.
The cause cf this increase has not so far been established,
but it is thought
gauze interstices.

chat it may be +ie to reduction

of the effective

area of the
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EFFECTS OF TRANSDUCERCHARACTERISTICS

All the measurements described so far were performed with transducers
of known high natural frequency, and in each case the connections to the two
sides of the flow measuring element were made as short as was reasonably
possible,
and of equal length.
In these circumstances,
the Elow is given by
the pressure drop divided by the impedance. If, however, a transducer of low
acoustic frequency is used, or if it is connected to the flowhead by long
pipes so that its natural frequency is reduced, errors may occur.
Further
errors may be introduced if an asymmetric transducer is used, or a transducer
made asymmetric
by the use of dissimilar
connections to the flowhead, and, in
this case, the output depends not only on the difference
of pressure oscillation
on the two sides of the element, but also on the mean level.
It is easy to
see in general terms why this should be so.
For example, if an abrupt change of pressure occurs
the two sides of the pneumatic resistance,
there will be
But, if the two sides respond differently,
there will be
tial pressure across the transducer producing an apparent
Analysis
simplified

of the effect

is,

however, rather

simultaneously
on
no resultant
flow.
a transient
differentransient
flow.

complicated,

even in a

case.

Suppose the mean amplitude is p, and the amplitudes at
of the flowhead are (p + q), and consider the simple case when
of the transducer with their connecting pipes may be considered
Helmholtz resonators of natural frequencies
fl and f2.
Then
difference
across the diaphragm at f c/s is given by

pm =
=

(p + q)/(l
q[l/(l
+ p[l/(l

.

- f2/ff)

- f*/f:)

- (p - q)/(l

+ l/(1

- f*/f;)

the
the
as
the

two ends
two sides
undamped
pressure

- f?f;)

- f*/f;)l

- l/(1

- f2/f@

.

(5)

In other words, the sensed pressure difference
will not be independent of
the mean pressure unless the two sides of the transducer respond identically
Pig.5 shows the effect
so that the second term of equation (5) disappears.
when a very sensitive
asymmetric transducer (Statham kO.05 psi) is used with
a Fleisch flowhead.
The curves show the amplitude response when the end of
the flowhead is open to atmosphere (p

a little

larger

than

q), and with

an

8

added resistance
(p = lOq), with the input and reference sides of the transducer upstream in each case. It will be seen that the response increases at
very low frequencies,
and there are large differences
between the four cases
especially
in the region of 60 c/s where there may be a factor of 20 between
different
conditions.
Some improvement could be affected by adjusting the
connections to the two sides of the transducer to bring them both to the
same natural frequency, but there still
remains the problem of matching the
damping, which may not be easy if a moderate length of piping is needed to
match the frequencies.
The conclusion must be that if
response is required, a basically
symmetric transducer
this results in reduced sensitivity.
6

a high frequency
must be used even if

EFFECTS OF DIFFERENT SYSTEMS

Another point
through a flowmeter

which is not always appreciated is that the flow passing
does not necessarily
give the dynamic flow at other

parts of the system. Some possible effects are shown in Fig.6.
Two flowmeters of similar
characteristics
were arranged in series, either directly,
or with intervening
systems, and the amplitude ratio of the downstream to
upstream flow was measured. With no intervening
or downstream system, the
ratio was approximately unity throughout the range. Curves 1 and 2 of Fig.6
show the effect of a rigid 3-litre
can and of a yard of corrugated hose
fitted
between the flowmeters, and curve 3 shows the effect of the same
hose fitted
downstream of the second flowmeter.
With the rigid can, the
results show the effect of the combination of the impedances of the can and
the downstream flowmeter, and calculations
agree fairly
well with experiment.
The flexible
pipe was too long to allow the use of simple lumped theory,
and moreover, its impedance depends not only on the pneumatic but also on
the mechanical characteristics,
and both of these may be changed by arranging
the pipe differently.
The general form of the results suggests that in both
of these cases there is an organ-pipe type of system, with shifting
nodes
and anti-nodes.
7

CONCLUSION

A method of calibrating
gas flowmeters dynamically by measuring their
impedance in oscillating
flow has been described.
The results discussed
here have all been obtained with zero mean flow, but they should apply for any
mean flow in the flowheads so long as the peak flow does not produce turbulence.
It would obviously be desirable to establish
the limits
of laminar flow by tests

.

with various mean flow rates and various flow oscillation
amplitudes,
and, if
the method were extended to non-linear
elements such as orifices,
the response
would have to be established
for a number of mean flow and flow oscillation
But there seams to be no fundamental reason why the method
combinations.
should not be so extended.
now be carefully
calibrated,
flowmeters.

:

Alternatively,
a viscous type flowmeter might
and then used as a standard to calibrate
other
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