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atu,mpl to m"",ure th~ f1nw r,,-te by mea:;uring a 
vehx;ity in the flow The relatinn;hip betv.-een the measured 
velocity and the flow rate is discussed later in this document. 
They are all sampling meters with a measurement being made 
every several secouds. They are called inferential meters 
because it is possible to infer the volume that has 

are powered hy lithium cells that usually operJte for about 10 

methane, 

2. TRANSIT-TIME illJTRASONJC GAS 
l\fETERS 
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exi:;ting 
between the upstream and downstream transit times for a 
velocIty of 20 nunls is 57 ns so a resolution of a few 
nanoseconds is needed tor reasonable unc.,,-tainty. To do lhis 

3, TRANSDUCERS 
The main problem with transducers that must work in gases is 
that the acow;tic imp~danc~ "fthe gal; is much less than that 
(lfthe transducer. This has bem overcome in three ways. A 
ll"llditional approach I:; to w;e a makhing layer on the face of 
the transducer that has an acoustic impedance intemlediate 
between the gas and the transducer material which is usually 
a piew-ceramic. The materials thai are ~uitable lilT lhi" are 
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A third solution is the transducer developed by 
CSlRO/AGL [9] that uses a strip of metal coated, 
polyvinylidene ftuoride (PVDF) filmof251ffil thickness and 
curved in a smooth "M" shape. The PVDF is prepared by 
poling and stretching to give it piezoelectric properties. The 
curvature assists some of the modes of vibration of the film 
when it is excited by signals applied to either side. The result 
is a transduceroflow Q and with a frequency of 120 kHz, that 
operates with low voltage excitation and can be used either as 
a transmitter or as a receiver in a reciprocal manner. Due to 
the properties of the PVDP the output of the transducer 
depends on temperature and so the gain ofthe system must be 
varied to allow for this. An automatic gain control system is 
UIled in all meters to allow for the changes in the transmiSllion 
properties of the gases, and changes in the transducers and 
electronics. 

Figure I. Transducers in a metering tuhe with mode control 
devices (A). 

4. PROPAGATION OF ULTRASOUND 
INDUCTS 

'.Vhen ultrasound propagates in a duct it generally does so as 
a series of modes. The exact nature of these modes depends 
very much on the geometry of the duct but they travel at 
speeds that depend on their complexity, with the simpler 
modes travelling the fastest. The plane wave is regarded as 
the simplest mode. Other modes have a cut-off frequency for 
the conditions involved, that is. they will not be propagated in 
a given duct below this frequency. Many modes can 
propagate in ducts that are somewhat larger than the 
wavelength. 

The received wavefonn in a gas meter is due to the arrival 
of a number of modes and this has the effect of prolonging the 
arrival time of the signal. The signal is also prolonged by the 
natural oscillation of the transducer as an oscillator with a 
particular value of Q. It is thus to be preferred that the 
transducer have a low Q so lhat1his effect is not enltanced. 
This long signal is of great significance to the pulse repetition 
timing method. 

The modes also behave differently in the presence of flow 
and this leads to changes in the received wavefonn depending 
on whether it has been transmitted upstream or downstream. 
This change of waveform can have serioUll consequences for 
the timing oflbe signals as explained in the next section. The 
simple duct is usually modified to try to control these 
changes. An example of this is the device shown as ''A'' in 
Figure 1 [II]. OtherConfiguratiOllll use an element down the 
axis of the tube [5]. Some designs use very small ducts that 
allow the propagation only of the plane wave mode [7]. This 
also has the effect of increasing the pressure drop across the 
meter since this varies as the inverse fourth power of the 
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diameter of the duct. Some of this pressure drop may be able 
to be reoovered since it is a velocity head and some meter 
designs [6] use a conical recovery section to do this. 
Sometimes the tmnsducer is made cOlllliderably 1arger than 
the duct to try to avoid the generation of these modes [6]. 

5. WAVEFORM AND TRIGGERING 
The time interval that needs to be measured is from the time 
of the excitation of the transducer to the arriva1 of the signal 
The first is known very precisely but the arrival time of the 
signal is not. The reason for this is that the signal starts at a 
very low level as is shown in Figure 2. It is necessary to select 
some part of the signal capable of greater precision for the 
second timing marter. A zero crossing in the middle of the 
signal is suitable or a deliberately introduced phase reversal. 

It is essential that the same zero crossing be chosen 
consistently for the timing_as the time difference between one 
negative-going zero crossing and the next is far more than the 
uncertainty that is required in the timing. One common 
technique uses a comparator, one input of which is the signal 
and the other a reference or threshold level. The comparator 
produces an output when the signal passes the threshold. The 
next zero crossing (perhaps in aparticular direction) can then 
be identified for the timing marker. To ellllure that the correct 
zero crossing is chosen it is preferable to have a signal that 
rises rapidly. This means that a low Q transducer should be 
used. For a system that depends on selecting the same zero 
crossing in the waveform by its relation to peaks of particular 
heights, changes in the envelope of the received signal must 
be small. This is not so for propagation in a flowing gas. 

This change in peak heights due to flow is illustrated in 
Figure 2 where two waveforms are shown. One is for 
transmission upstream into a flow of 4m'lh in a 15 mm 
diameter tube and the other is for transmission in the opposite 
direction. They have been adjusted to have the same peak 
height. The jndividual peaks in the two wavefonns have quite 
different heights however, so that a tlrreshold, such as 
represented by the thick line from the left, and a comparator 
combination would select different zero crossings. The 
upstream wavefonn is almost the same as the zero flow 
waveform butthe downstream can be very different. Because 
of the flow profile the wavefront bends 10 the outside giving a 
pumping of the (0.2) mode. This is also seen when the tube 
wall is colder than the gas. The exact effect depends on the 
phase relationship between the plane wave and the (0,2) 
modes. Sometimes the second part of the waveform can be 
larger than the first with obvious detrimental consequences 
for the triggering and selection of a particular zero crossing. 

6. TIMING 
The timing of the signal in the two directions mUllt be done 
with an uncertainty of about 3 DS if the specification is to be 
met for the uncertainty at low flow rates. This is quite difficult 
to achieve when the restriction oflow power conllUIDption is 
applied. A timing clock of even 10 MHz will allow direct 
timing to only 100 ns. An advantage is the very large number 
of measurements made in the billing period. If these 
measurements are truly random a high single measurement 
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Time (microseconds) 

6.1 Thep"I.I'erepelilionleehnique 

6.2Phasetech1lique.s 
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6.1 Clock poind interpolation 

7. PUI.Si<:-RF.PKrrflON TECHNIQUE 
PROBLEMS 

".1 ~--~---~---' 
a , 4 

Flow rate (m'/h) 

.Figurd. CydicnlclevintiollSiromthciincofbc.! fit. 
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During the reception oftbe third plane wave pulse the modes 
or,me-thinl speed from the first transmission and half speed 
from the second tmnsmission will be simultaneously arriving, 
andS{) on. 

The timing of the pui!;cs is done using a zero cro~sing and 
the presence of another signal can change the cxact time of 
this crossing. This would not matter much if everything stayed 
ronstant bnt the flow changes the phase relationship of the 
modes to lhe plane wave. For example for downstream 
propagation, the velocity of the gas increases the effective 
velocity of the mode to c", + v and the cbange in arrival time, 
LIT, is gi~en by 

(3) 

whcrcL'm is the velocity orlhe mode. The value of ilTvanes 
with flow from 0 to many times the period orlbe signal and 'ill 
there is a cyclical effect on the timing error. This is the ea(J.~e 
of the o,cillation ~een in Figure 3. 

If a parlicular mode inkrdd~ with the plane wave mode to 
shift thc time ofa partieular.lero crossing by tlrthen if we 
could invert the plane wave mode the time shift would be -In:. 
If we could add these two errors, they would cancel. This can 
be arranged to happen since we are able to transmit both 
normal and inverted pulses. It is, however, not quite 
straightforward because "',e would like to cancel the effect of 
more than just one mode. The principles on which the error 
cancellation scheme v,'Orks are: 

• thi, error ha.~ the same magnitude hut "JIP,,,ite sign if either 
the main signal or the smaller ~lgnal, but not both, are 
inverted 

• the error has the sume magnitude and sign if both are 
inverted 

and laminar flow. The maximum vclocity Vrn"" for both ~a.-;e, 
is that along the axis. The mean ,celoeity for laminar flow is 
O.5vm~ and approximately O.75v~", for turbulent flow but in 
this case the exact relationship varies with Reynolds number. 

ltbas been shown [I] tbat a plane wave can ~arnple equally 
over the whole diameter of tbe mbe and 80 the velocity 
calculated from the transit times for a plane wa'",c is the mean 
velocity of the gas. Usually there are other modes present. 
bowever, and these will sample preferentially from different 
part~ of the cross section of the tube. The extent of this error 
depend.~ on the relationship of the wilvelengtb to the tube 
diameter. If the ("be is large compared "ith the wavelength 
rather than filling the tube the ultrasOllild travels down the 
centre in a beam-like manner. In this case the velocity 
obtained will be closer to \'m= and will thus have a dilTm:n( 
relationship to the mean velocity depending on whcther thc 
flow i~ turbulent or laminar. 

For the CSIROIAGL gas meter me3~urements oflhe mean 
flow and the velocity show that the velocity measured is closer 
to Ihe mean than tll the maximum velocity. The ultrasonic 
signal used is of sufIiciently large wa~ehmglh compared with 
the diameter of the tube that it tends to spread 
Experimentally the ratio of the slopes of the lines of best fit 
for velocity versus flow in the turbulent and in the laminar 
regions is 0.989 whereas the ideal value would be unity. If the 
velocity mea~ured were that along the axis, the result would 
be approximately 1.5. A velocity d~p~t1(lent correction 
algorithm is used to reduce the error. 

• the principle of superposition applies, that is the signals act the beam There is a quarter wave plate to avoid d1e "V" 
independently in the p"",en~e of each other. reflection. 

The error in the timing can be cancelled if lVe can generate 
equal 11I1.lllbers of errors of opposite sign. TIlls can be 
achieved by transmitting an inverted pulse once in every four 
tran~mi~~ions. A more detailed e>:planation ofthi, <;cherne is 
in [10]. It is able to correct substantially far the timing error 
caused by the slow modes in the tube with the result shown in 
Figure 3 

8. THE RELATIONSHIP OF VELOCITY 
TO FLOW 

TIle meter calculates the velocity of the gas, but exactly whal 
velocity is this"! In a duct offlowing gas there is a range of gas 
velocities fonning what is called the flow profile. For laminar 
flow the vo:locilJe~ fonn a purabuli" shape, for turbulenl Oow 
lhi, OaUens, and the exact shape vanes "ith Ihe Reynolds 
number. TIlC maximwn Reynolds number for most of the gas 
metcrs is about 10,000 and turbulent flolV is normally 
regarded as occurring for flows with Reynolds nwnbers above 
2200. Thus the meter, span the two flow regimes ofturbuJent 
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9. RECIPROCITY AND DELAYS 
The time for the transmission of a pulse of nltrasound in the 
tube when there is no flow present should be the same in botb 
directions. For this to happen the time delays for the 
transducers in the presence of the medium must act with 
identical delays whether they are acting as transmitters or as 
receiver;<;. According 10 the reciprocity theorem in acoustics 
the transmission properties will he independent of the 
transducers and the properties of the medium if the 
transducers are linear and if the impedance of the circuit that 
thc transducers arc eOlUlected to 18 .lcro, or allemativeiy 
infinite. 1,\'hilst strictiy speaking, neither ofthcsc conditions 
can be met in practice, it is possible to use impedances 
sufficiently low to achieve the reqnired degree of reciprocity. 
It is also desirable to have the transducer see the same 
impedance whether it is transmitting or receiving. Linearity 
in the Iransducer.< i~ a significant requirement since they 
operate with vcry diffcrent signal le~els when they are 
transmitting to when they arc receiving, 



! 
ANTI REFLECTION PLATE 

Figure 4. Rectangular cross =lion duct with "W" 
aoousticpatb. 

Because the difference in tranSlllission times between the 
two directions must be small when there is zero gas flow, it is 
important that the circuits used for upstream and downstream 
traIllUllission do not differ in their time delays. The time 
difference, that is the rnaximwn that is acceptable, is 2 os. For 
a signal of 130 kHz when a zero crossing is used for timing, 
this corresponds to a phase stability of 0.1' which for two 
separate amplifiexs working over a wide temperature range is 
hard to maintain. It is better to have as many parts of the 
circuit in common as possible, to avoid the time delay 
differences that lead to a poor measurement of the zero 
velocity. 

The transit time measurements at zero flow may be equal 
but still in error because of electronic delays and delays 
caused by the transducers by an amount LIT. Then there is an 
error in the measured velocity of2A1/To where T. is the transit 
time in still gas 1bis would not be serious if it remained 
constant but the value of T. varies with the gas type and the 
temperature. For Ll.Tof2!ls this gives an error ofaboul 1%. 
Due to a change in the velocity of sound from air to hot gas, 
this will change hy about one quarter giving a change in the 
measurement of 0.25%. 

A means to eliminate the delays caused by the transducers 
and associated electronics is to use the second form of 
equation (I) that hIlS the term T,-T, in the top line. 'This 
difference cancels the delays. The bottom line contains the 
term T, TJ and this does not eliminate the delays. However, 
this can be writlen as 

1~1~~C"<I_~'f(") (4) 

so that a knowledge of the velocity of sound, c, and an 
approximate knowledge of venables it to be calculated quite 
accurately since vic is small. The velocity of sound is found 
from a separate measurement using a third transducer [8] or a 
peripheral signal from the gas velocity measurement 
transducers [6]. This measurement is based on multiple 
reflections using only time differences that cancel the delays. 

10. CONCLUSION 
Domestic ultrasonic gas meters face problems due to the 
requirement for small size and low power consumption. The 
various techniques used to achieve the operational 
specifications needed have been described. The acceptance 
by the market of these devices has been limited to the United 
Kingdomand there ithas been nruted due to the higher cost of 
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manufacture of the meters compared with the lraditional 
diaphragm meter. An electronic meter permits severnl billing 
rates for different times of the day and has the inherent 
advantage of allowing easy connnnnication with the outside 
world to report consumption or fault. These features have not 
yet become important in the market. A1J the cost of their 
production continues to fall and with the increasing move 
towards integration of billing systems for water and energy 
reticulation it seems that they will be more used in the future. 
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