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ABSTRACT
For ultrasonicaDy measuring die flow of air at ordinary conditions in 

common pipe sizes, a ample 100-kHz transducer design often suffices, 
as the generator and detector of the contrapropagating waves. To 
prevent crosstalk, acoustic isolation is needed. Isolation can be provided 
by supporting each transducer between soft O-rings. When the gas is 
hazardous, corrosive, and at high temperature or high pressure, more 
rugged transducers are required. One such rugged design consists of 
one buffer rod inside a permanent pressure boundary. The transducer is 
always outside the pressure boundary and can be removed without 
recourse to isolation valves and insertion mechanisms.

INTRODUCTION
Secondary flow imposes one of the limits on accuracy of ultrasonic 

flowmeters. A relatively simple ultrasonic transducer has been 
developed to enable researchers and experimenters to explore the 
influence of upstream disturbances on crossflow and circulation of air 
near room temperature and near atmospheric pressure. This new 
transducer is internally similar to one that has been used to measure 
flare gas flow since 1984. It is housed in a relatively inexpensive 
flanged aluminum case. The case is mounted between a pair of soft O- 
rings to provide acoustic isolation against crosstalk, and yet provide 
reasonable mechanical stability. The transducers may be mounted in 
conventional nozzles or couplings that provide standard one-inch NPTF 
threaded ports. They may also be mounted radially between the bolt 
holes of nearty-standard 150-pound RF flanges, as the transducer case is 
only 19-mm dia *  25-nun long, not counting the circumferential flange, 
which is about 23-mm OD x 3-mm thick. Laboratory tests reported 
elsewhere (Lynnworth, 1994) showed how the transducers can be used 
to measure crossflow, circulation and of course axial flow too, up to 
about ten m/s, for air at room temperature and atmospheric pressure, in 
carbon sted ten-inch pipe. By changing the case material from 
aluminum to lowcr-cxpansion-cocfficient titanium and by making 
corresponding internal changes, the temperature specification is

increased to 150°C. This version was combined with a small N-path 
hand-held floweeD, approximately c50 mm ID * 150 mm long, for 
portable use between existing two-inch 150# RF flanges at various gas 
flow measuring stes in the customer’s laboratory. Gases included hot 
humid air up to 100% relative humidity.

Apart from complications caused by secondary flows, another 
problem facing users of ultrasonic flowmeters stems from the difficulty 
of delivering with very little loss, the ultrasonic intensity developed at 
tire transducer, directly into the fieestream. This problem becomes 
acute if the fluid is intermittently or always very cold or very hot In the 
past, this problem has been solved to some extent by buffer rods, usually 
threaded on their periphery to reduce coherent noise caused by internal 
mode conversion. In other cases, the transducer’s piezoelectric element 
has been placed dose to tire fieestream, either in a shallow well (Matson 
and Davis, 1994) or in a deep well, much like a thermowell. The 
problem with the threaded buffer rod, especially if it is long and narrow, 
is that intensity is lost as a result of diffraction loss, i.e., beam spread 
loss within the buffer. The problem with the deep well is that the 
transducer piezodement is subjected to tire fluid temperature, including 
sudden changes in that temperature if the fluid is a high-pressure gas 
and blowdown occurs. On the other hand, the deep well design places 
the piezodement close to the fieestream and so it seems reasonable to 
expect that energy tranonission into the fluid can be reasonably 
efficient This paper compares deep well and buffer designs, 
particularly a new buffer design whose loss and internal noise are 
relatively insensitive to buffer length, and which allows the user to 
remove the housed piezodement portion of the assembly from the 
buffer, without depressurizing, without using an insertion mechanism, 
and without using a valve. Laboratory results are presented, including 
no-flow 20°C air tests, at 1,4 and 8 bar.
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AIR TRANSDUCERS FOR USE NEAR ATMOSPHERIC 
PRESSURE AND ORDINARY TEMPERATURES

The fact that sound waves in air travel faster with the wind, and 
slower against the wind, was known to Rayleigh (1877) and his 
contemporaries over one hundred yean ago. But mily in Ac past dozen 
yean or so has this fact been utilized in large-scale industrial 
measurements of gas flow. The attenuation of ultrasonic waves 
depends on the fluid, the state of turbulence, the ultrasonic frequency, 
temperature, and pressure, if the fluid is a gas. For air at atmospheric 
pressure and ordinary temperatures, pulses at center frequencies as high 
as 100 kHz can be propagated and timed reasonably accurately, even at 
flows up to Mach 0.1, over distances up to about 3 m.

Let us therefore begin this presentation of transducers with an 
example operating at that frequency, 100 kHz. For the ordinary 
conditions to which this first part of the paper is limited, the design in 
Fig. 1 often suffices. The internal details are not new. As detailed in 
Lynnworth et al. (1981) the piezoelement is quarter-wave matched to 
air, despite a thin window whose acoustic impedance is undesirably 
high, even when made of aluminum. The window is thin enough to 
transmit efficiently, while retaining the characteristic that it seals, 
electrically shields and protects the assembly. Titanium, SS, Ni or 
special alloys are used in more aggressive gases. This basic design has 
been used from about 30 kHfr up to 500 kHz, but there is some sacrifice 
in performance at 500 kHz because of the difficulty of making the 
window thin enough with respect to wavelength.

The installation of this transducer using soft O-rings that capture the 
flange, is a relatively new development that yields a high degree of 
acoustic isolation. By preventing crosstalk, the soft O-rings allow a pair 
of such transducers to be installed close to one another in configurations 
like in Figs. 2 or 3. Other arrangements appear in Lynnworth (1995a,b).

PATHS FOR MEASURING AXIAL AND SECONDARY FLOW 
COMPONENTS

Here we are concerned with paths over which the transducers can 
communicate and thereby interrogate the gas with different degrees of 
thoroughness, according to the number and placement of the 
transducers. For example, in the simplest cases, one or two paths are 
used, and these paths are restricted to tilted diameters. Tilted diameter 
paths can be single traverse or double traverse, the latter is sometimes 
called vcc path. In order to deal more accurately with flow profiles and 
also with secondary flow components, paths other than the diameter are 
required. These paths are known to include Gaussian, Gauss- 
Chebyshev and midradius paths, based on the work of numerous 
investigators such as Knapp (19S8,1964), Malone and Whitlow 
(1971), Fisher and Spink (1972), Baker and Thompson(1978), 
Lynnworth (1978), Hoyle (1984), Nolan and O’Hair (1986), Durgin 
and Roberti (1987), Drenthen (1989), Smith (1994) and Smith et al. 
(1995), and others. There is also a “new” path that senses crossflow 
directly, by measuring back and forth across the diameter. With respect 
to generating correction terms, this crossflow measurement may turn 
out to be superfluous, if the axial flow is measured over vee paths, since 
vee paths tend to cancel crossflow contributions.

The diameter and triple midradius paths discussed in this paper for 
sensing crossflow and circulation are, of course, known from the work 
of others. But their combined installation in one plane perpendicular to 
the axis of the pipe apparently has not been explored before, except in 
recent papers by one of the present authors (Lynnworth, 1994,1995). 
As we will see, “combined installation in one plane” includes the use of 
nozzles in the midplane of a spoolpiece whose main purpose is to 
measure axial flow. It also includes the idea of a special flange, extra 
thick for use at high pressure, and containing radial and angled ports at 
the ends of diameter and midradius paths. If the gas is air at or near

The inside story (U.S. Patent No. 4.297,607)
(a) thin metal window
(b) X/4 impedance matcher;
(c) 100-kHz piezoelement:
(d) potting.
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Fig. 1. Transducers ofthisO-ring flange sandwich design operate at f - 50,100 200 or 500 kHz. The case material is Al for mid 
conditions, and Ti or SS  for corrosive or higher-temperature service. Acoustical isolation is provided by using soft O-rings such as silicone 
orfluorosilicone.
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smafl pipes (nominal cfameter 1 to 3 inches). In 
this «(ample, the unflanged flowcell body fits 
between customer's flanges. It is about e100 
mm and 150 mm long with RF (raised-face) 
ends.

ambient pressure, the flange design is quite simple and all the necessary 
ports can be readily fitted between bolt holes of a standard commercial 
ISO# raised face flange. If one wants to measure secondary flow 
components in a gas at high pressure, the thick flange may not always 
be practical. In this case, if desired, one can design a relatively short 
spoolpiece, a “secondary” spoolpiece, long enough to contain nozzles 
only in the plane perpendicular to the axis. The extra thick flange, the 
secondary short spoolpiece, or still other port configurations to sense 
secondary flow, may be thought of as accessories or options. Their 
purpose is to improve the accuracy of axial-only spoolpieces, in those 
cases where it is likely or known that flow is sufficiently disturbed, so 
that the axial flowmeter needs help in the form of corrections derived 
from crossflow and swirl or circulation measurements. Such 
corrections may be computed for various models of disturbed flows, but 
in most cases will be based on experiments and calibrations in which the 
equipment was subjected to standard upstream disturbances such as one 
or two elbows and half-moon blockages.

DEEP WELL TRANSDUCER HOLDER (-THERMOWELL)
Just as thermowells are used to bring a protected thermocouple into a 

process fluid, so too does a closed-end tube bring a protected 
piezoelement close to the fieestream. This generic design has been used 
for decades. Nearly 200 installations occurred along the trans-Alaska oQ 
pipeline twenty years ago. The transducer frequency was 500 kHz. No 
impedance matcher was necessary, as the fluid, oil, had a high enough 
acoustic impedance. The tube in this case was Ti. The transducer was 
removable. It was spring-loaded and oil-coupled against the Ti window 
that sealed the end. A 1995 version of a 500-kHz deep-well design due 
to T. H. Nguyen, is represented schematically in Fig. 4. The wetted 
material is all SS316. The actual piezoelement and its surroundings are 
removable, but the removability details are not shown in this schematic.

Fig. 3. (a) Two views of a standard flange that was modified to accommodate two 100-kHz transducers for circulation (0  measurement 
by method of cw and ccw interrogation along the path formed by inscribed equilateral triangle. (Ref.: Smith, 1994; Smith et al., 1995; 
Lynnworth, 1995). Formula derived by Smith for Hs: T = 0.605 c*Af where c = sound speed (343 m/s for dry air @ 20°C), and Af= time 
difference, cw - ccw. (b) Illustration showing how such flanges, or even more complicated ones, can be installed in a pipelne or in 
laboratory flow loops to study axial flow and secondary flows. Details due to C. D. Smart
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Fig. 4. Schematic of a deep-well transducer holder shown as analog to a thermowell. One deep-wed transducer version was recently 
used in some twenty sites (two transducers per site) in Canada m 1995, to measure in many samples of crude oil, the attenuation of
ultrasound simultaneously with the transit time measurement This customer had previously empirically related the attenuation to viscosity, 
to develop a more accurate measure of the Reynolds number Re and hence a better meter factor K. The theorectical dependence of the 
attenuation coefficient a  on viscosity is found in the Stokes-Kirchhoff classical equation for a.

BUFFER ROD WTTH EASILY-REMOVABLE TRANSDUCER
The buffered transducer assembly may take several forms, only one 

of which is detailed in this paper. See Fig. 1. The buffer elements arose 
initially as a means of separating the transducer from the high 
temperature of a gas which was specified to be ordinarily as hot as say 
250°C, but could under some upset conditions possibly approach twice 
that temperature (in deg C). None of our commercial transducers could 
withstand such high temperatures for indefinitely and unspecified long 
periods of time. We did not want to depend on purging as a means of 
cooling. Therefore, we decided to investigate buffer rod possibilities. 
[This approach is well known and has bear used before in various high- 
temperature studies at die authors’ laboratory (e.g., Camevale et al, 
1964; 1967; Lynnworth, 1989) and elsewhere (e.g., Frederick, 1948; 
Youngdahl and ElHngson, 1986).]

The outcome of the buffer investigation is reflected in die design of 
Fig. 5. It will be understood that die outer buffer segment is 
unnecessary if the gas is not hot In that case, the outer buffer can be 
shortened to any convenient length, subject primarily to mechanical 
removability requirements, some acoustic requirements and, of course, 
to safety certification requirements if the atmosphere is hazardous.

The removability feature allows replacement in the field, without 
changing the pressure boundary, ft also allows use of different 
transducers at different times, for example, lower frequency to check 
out a flowmeter at ambient pressure, followed lty higher frequency to 
achieve higher accuracy under normal high-pressure conditions. 
Couplant selection for the transducer/outer buffer joint is largely a

matter of the duration that the two parts are intended to be assembled.
If the intention is for permanent use “forever,”  the coupling would be 
by epoxy. Disassembly in this case requires two wrenches. For a short
term assembly, conventional NDT couplants are available (gels, 
propylene glycol, glycerine or others) that can be easily wiped away and 
cleaned to allow subsequent epoxying. Silicone grease should not be 
used, because it would be hard to remove it completely, afterwards. The 
greasy film would prevent obtaining reliable epoxy-coupling later. Fast
setting epoxies suffice in most cases, but the user should check that the 
recommended cure and use temperature for a particular epoxy satisfies 
the expected temperatures at the site. The adequacy of coupling can be 
monitored by pulse-echo or through-transmission tests of die assembly. 
If a mistake or disbond occurs, simply remove the transducer, dean and 
re-prep the interfaces, and try again.

COMPARISON OF BUFFER WITH DEEP-WELL EXTENSION 
INTO PROCESS FLUID

The basic advantages of the deep-well design compared to the buffer, 
are that (1) it avoids losses along the distance from nozzle flange to 
freestream; (2) it can be more easily impedance-matched near the 
radiating end; (3) it can be isolated acoustically in ways dial are not 
applicable to the buffer, (4) it tends to be less massive, as the tube is 
hollow, while the buffer assembly is nearly a solid mass and hence 
much heavier. Deep-well disadvantages include: (1) the piezoelement is 
inside the pipe, (2) removability and re-coupling are more difficult; (3) 
the piezodement is not isolated thermally from temperature extremes 
nor from thermal shock as occurs during blowdown.
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Lap-joint flange, typically 
1"-150#to 1.5"-2500# —

-Transducer is easily re-coupled 
at this point on the ‘air* side

Removable 
xproof 

transducer

- The length of this external 
buffer depends on the 
temperature of the gas

-Raised-face plug 
(coupler)

r~  Gasket

Is  ---&&
— V-------

pSi* ^This buffer is

Gas
side

^Materials can 
be different

typically about 
300 mm long

This solid web can be 
designed to withstand 300 
bar in a hydrostatic test, prior 
to use in gas at 100 bar

r ---------------------

/  
/  '
\ /

Nozzle on
process

pipe or tank

Patent pending. 
C N o v e frb e r2 8 ,1995, 
All rights rasereved.

Fig. 5. Buffers epoxied, soldered, brazed or welded into a ‘ raised-face plug,’ or coupler, that is used in combination with an external lap- 
joint flange.

The three main advantages of the buffer arc: (1) isolates the 
piezodement from exposure to the gas, including sudden cryo or 
sustained high-temperature excursions; (2) allows for relatively easy 
replacement of die transducer, (3) transducer is always outside the 
permanent pressure boundary, never in the process gas, simplifying 
safety analysis.

We presently supply the buffer design for virtually all gas flowmeter 
applications involving high pressure (Fig. 6) high temperature, or both.

EFFECTS OF PRESSURE, TEMPERATURE AND 
MOLECULAR WEIGHT ON SOUND SPEED IN GASES

In an ideal gas, sound speed c is proportional to the square root of 
(absolute temperature/molecular weight). At high pressure, e depends 
on pressure too, and in all cases, on the ratio of specific heats. Let us 
refer now to Egs. 7-9. The first (Fig. 7) shows the effect of molecular 
weight on gas sound speed. The effect of temperature is shown for 
argon. Figures 8 and 9 show the effect of pressure, after Straty (1974) 
and after Carey et al. (1969), respectively.

Messtechnik. Midplane nozzles EF & GH are for measuring crossflow and circulation, respectively. ©1995 Panametrics. All rights reserved.
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GAS DENSITY, g/liter or kg/m3

MOLECULAR WEIGHT

Fig. 7. The tfs range from ~100 to 1300 ms’1, the M W s from 2 to 240, but y lies between 1 and 1.67. The effect of 7 is shown on c *  
when argon is heated at constant density. After HalieweH and Lynnworth (1994).

LAB TEST RESULTS
Calibration and field tests results for the removable buffered 

transducer were not yet available at press time. Instead we present at 
the end of this paper, three lab test oscillograms. Figure 10 shows 
transmission across air in a test chamber (designed by J. E. Matson) that 
simulates a pipeline nozzle installation. The first test (a) was done at 1 
bar pressure. In order to detect a signal, the nuts and bolts were 
purposely loosened to isolate against crosstalk. In the next two tests (b 
and c), the nuts and bolts were fully tightened to a torque of 88 N-m. 
This means that crosstalk was no longer artificially eliminated. Note 
that the broadband signal is easily detectable at 3.8 bar (Fig. 10a). The

signal strength grows nearly in direct proportion to gas pressure as does 
die SNR (signal-to-noise ratio) — See Fig. 10b, c. Doubling gas 
pressure approximately doubles the SNR. (Theory predicts that, in a 
linear electroacoustic system, SNR increases almost exactly in direct 
proportion to gas pressure, for small pressure excursions, or until the 
virial coefficients are no longer negligible.) In these three tests, the 
electronics was a GP68, providing a 100 V^, 4-cycle square wave tone 
burst to drive the transmitting transducer. Each removable transducer 
was glycol-coupled between its explosion-proof SS316 case and the 
outside of foe flanged pressure boundary.

D
ow

nloaded from
 http://asm

edc.silverchair.com
/IPC

/proceedings-pdf/IPC
1996/40214/1055/2506966/1055_1.pdf by guest on 20 M

arch 2024



compressed fluid methane. Data in the upper right-hand comer (100 K, 
28.7 moie/liter) were obtained at a pressure of 33.4 MN/m2. After Straty 
(1974).

£ 4T.4% H£UUM 32.6% ARGON 
O C E L L ! T^2 $e * K  f ^  2.63 MHi
0  CELL £  T  -w 3C2 f ~  3.000 

O 0 ARGON
£ 9 0 %  ARGON *10% NITROGEN 

6  3 30%  ARGON -SO%NITROGCN 

6  6  NiTROGEN
1 ERROR BAR

Afi- fid

JSB'

A*

6 6 ° 
6 o

PRESSURE. ATM

Fig. 9. Sound velocity versus gas pressure in nitrogen- 
argon and helium-argon mixtures. After Carey et al. (1969).

Fig. 10. Removable buffered transducer test Air path -150 mm. SN R 's were determined using the window between (, and f2 for noise, 
and the window between f2 and f, for signal. Osdloscope settings: vertical axis sensitivity = 500 mV/div; sweep time = 100 ps/div. (a) Air 
pressure = 1.014 bar (14.7 psig), S N R  = 4.5 (with nuts and bolts loosened), (b) Air pressure = 3.8 bar (55 psig), S N R  = 6. (c) Air pressure 
= 7.6 bar (110 psig), S N R  = 12.7.
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CONCLUSIONS
An improved buffer method has been developed, to separale the 

piezoelectric element from direct exposure to gases which may be 
concave, extremely hot, suddenly voy cold, or combinations of these 
conditions. This buffer method allows the user to change transducers 
outside the pipeline, using only a wrench or two. No isolation valve and 
no insertion mechanism are involved. The buffered transducer 
assembly is installable in standard flanged nozzles, typically 1 inch,
600# RF. These nozles are oriented in standard vec-path 
configurations for ordinary standard-accuracy flow applications, 
including spoolpiece and hot-tapped cases. The nozzles can also be 
oriented in a plane perpendicular to the pipe axis. This allows one to 
measure secondary flow components (crossflow, circulation) 
independent of the axial component of flow.
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