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1
Chapter 1
Introdution
1.1 ObjetiveThe primary objetive of this dotoral work is to establish a sienti� basis for developinga high preision sound veloity ell for natural gases under high pressures. A andidatemeasurement method for suh a ell, proposed in [61℄, should be investigated theoretiallyand experimentally, possibly alongside alternative andidate methods.1.2 BakgroundThe present bakground is based on [72℄. Measurement of sound veloity in gases has beena �eld of onsiderable e�ort over several deades, with numerous appliations in physis,metrology and industrial instrumentation. Examples an be found in e.g. [88, 30℄.Sound veloity measurement has important perspetives in relation to international trad-ing of natural gas. In many european ountries, natural gas is sold on basis of energyontent. The energy �ow rate (the produt of the gross alori� value (GCV) and thestandard volume �ow of the gas) is thus an important parameter in selling and buyinggas. Although gas is sold on basis of mass [73, 74℄ in Norway (the produt of the densityand the atual volume �ow of the gas), Norwegian ompanies have to address energy



2 Introdutionmeasurements as well, as they trade with ustomers who ount in terms of energy �ow.
Energy and mass �ow measurement of gas are today made using a volumetri �ow meter(e.g. turbine, ori�e plate or ultrasoni meter), ombined with a separate measurementof the GCV and/or the density, respetively. The GCV an be measured in several ways,of whih two ommon methods are: (1) use of one or several on line gas hromatographs(GC) ombined with an equation of state (e.g. the AGA-8 equation [84℄), or (2) use ofa alorimeter. The density an also be measured in several ways. Two ommon methodsare: (1) use of one or several on line gas hromatographs ombined with an equation ofstate, (2) use of one or several densitometers.
The use and maintenane of GCs is work demanding and ostly, and reduing the numberof GCs in metering stations is a highly addressed topi these days, in relation to ondi-tion based maintenane. Other aspets of importane is the ability to detet drift in GCinstruments, and operation outside of GC spei�ations.
Ultrasoni gas �ow meters (USMs) o�er a potential to further redue the ost of energyand mass �ow measurement, whih may be of partiular interest for monitoring and regu-lation purposes assoiated with gas ommingling for export, for alloation metering, andas bakup to GC analysis. Up to now, USMs have been used as volumetri �ow meters.
However, suh meters also provide measurement of the sound veloity of the gas. Researhin reent years has shown that a measurement of the sound veloity in ombination withother quantities, suh as the temperature and pressure, an be used to alulate the GCVand density of high-pressure natural gas. Internationally, several ompanies and researhgroups have addressed these topis, f. [55, 19, 20, 21℄ for an overview.



1.3 Motivation and problem statement 31.3 Motivation and problem statementIn order to use the USM as a mass and energy �ow meter, doumentation and traeabilityto national and international standards is needed for the unertainty of the sound veloitymeasurement made by the USM, obtained by an independent and aurate method. Thisunertainty is not known today, and no referene measurement methods are available to es-tablish it. It has been shown that the unertainty of the sound veloity measurement maybe a signi�ant ontributor to the GCV and density measurement unertainty [55, 20, 21℄.There is thus need for a high-preision sound veloity measurement ell with known un-ertainty, whih an be used together with the USM in a laboratory measurement setup(for the same natural gas sample, at the same pressure, temperature, et.), to hek theauray of the sound veloity measured by the USM. To minimize unertainty ontribu-tions due to possible dispersion e�ets in the gas, the sound veloity ell should operatein the frequeny band of urrent USMs, 100 � 200 kHz. Tentative tehnial spei�ationshave been outlined for the sound veloity ell in a feasibility study [61℄; the measurementunertainty of the sound veloity should be within ±(0.05 � 0.1) m/s → 100 � 200 ppm(at a 95% on�dene level), over the pressure range 0 � 250 barg, and the temperaturerange 0 � 60 ◦C. The ell should preferably not involve any moving parts [61℄.Suh a measurement ell may also have other useful appliations. One is the sound ve-loity orretion in vibrating element densitometers, whih are extensively used by oiland gas industry [61℄. Another appliation may be related to improving the natural gasequation of state, virial oe�ients et. [61℄.
1.4 Thesis outlineChapter 2 gives a brief aount of existing sound veloity measurement ell methods,primarily based on literature surveys performed in a feasibility study for the preision



4 Introdutionsound veloity ell [61℄, and paper [72℄ written as part of this dotoral work. More reentreferenes are also inluded.Chapter 3 is supplementing the theory brie�y treated in papers A � D, and providingmore information on some of the assumptions inherent in the work desribed in thesepapers. Three sound veloity measurement methods for gases have been investigated inthis work, of whih two are onsidered andidates for the preision sound veloity ell,the one proposed in [61℄ and one identi�ed during the present work. Hene, emphasize isput on these two methods throughout Chapters 3 to 5.The development proess, from initial to �nal design, of a prototype sound veloity ell forthe andidate methods is brie�y outlined in Chapter 4. Inluded are experimental detailsand hallenges faed en route, whih needed be resolved to get the andidate measurementmethods working properly.Conluding remarks on the results as a whole are given in Chapter 5. In addition, measure-ment results for the prototype sound veloity ell obtained beyond this work are brie�yreported. In these, argon was used as test gas, for whih a muh more aurate soundveloity model exists for omparison purposes.Paper A, hereinafter referred to as `PPA', onerns the two-distane method (2DM),whih was used in the initial phase of this work to gain experiene on transient methodsfor sound veloity measurements. Also, some ommon aspets with the two proposedandidate methods [PPC, PPD℄ were investigated.Due to the high impat di�ration orretion has on the measurement unertainty of thethe two andidate methods, transduer di�ration e�ets were investigated by a �niteelement model (FEM) for non-uniformly vibrating transduers [56, 58, 47, 48, 49℄, suhas those employed in this work. The e�ort is desribed in Paper B, whih will be referred



1.4 Thesis outline 5to as `PPB'.Paper C, referred to as `PPC', onerns one of the two andidate measurement meth-ods, namely the two-way pulse eho method. The method is desribed, inluding theory,experimental realization and assoiated sound veloity measurement results. These wereobtained using atmospheri air at room temperature as test gas.The other andidate method, the three-way pulse method, is desribed in Paper D, abbre-viated `PPD'. The paper features modelling and experimental realization of the method,and assoiated sound veloity measurement results, obtained using atmospheri air atroom temperature as test gas.
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7
Chapter 2
Measurement methods
The sope of this hapter is to give a brief aount of the existing sound veloity measure-ment methods that have been onsidered possible andidates for the preision sound ve-loity ell for natural gas under pressure. The overview is on�ned to methods intendedfor gas under pressure (or in some ases liquids), ontained in a losed volume/avity.The methods inluded have been seleted as they were onsidered more relevant for thetehnial ell spei�ations (Se. 1.3) than those exluded.Ongoing work at CMR [61, 72℄ and elsewhere [42, 13℄ aims to develop a high-preisionsound veloity measurement ell for gas under pressure. A feasibility study for this purposewas arried out at CMR in 1998 [61℄, inluding a review of available literature on existingmethods with respet to their potentials for use in the present appliation. The literatureon the topi appeared to be rather extensive. As an update of the literature survey in [61℄,a more reent survey was exeuted in this work [72℄. The following overview represents asynthesis of [61℄ and [72℄, but more reent referenes are also inluded. Fous is put on themethods with most promising potential for performing aording to the ell spei�ationsstated in Se. 1.3.



8 Measurement methods2.1 Classi�ation of methodsSound veloity measurement methods for gases may be divided in two ategories [88℄:resonator methods and transient methods, omprising the sub-ategories below [61℄1. Resonator methods
• Cylindrial resonators� Variable length� Fixed length

∗ High-frequeny / low-frequeny
∗ Single transduer / 2 transduers

• Spherial resonators
• Annular resonators2. Transient methods
• Single-pulse methods� Diret propagation, �xed length� Diret propagation or pulse eho, variable length� Pulse eho, �xed length� Diret propagation & re�etion, �xed length
• Double-pulse methods� Pulse eho with 2 re�etors, �xed length2.2 Resonator methodsResonator methods date bak to 1925, when Piere [76℄ invented a variable length ylin-drial resonator, and used it with air and CO2 at atmospheri pressure and 0 ◦C. Theell was operated in the frequeny range 1 kHz � 1.5 MHz, and a measurement uner-tainty of 300 � 900 ppm was laimed [76℄. Resonator methods are sometimes referred to



2.2 Resonator methods 9as steady-state methods [88℄, as they involve a onstant wave soure to exite standingwaves inside the avity. Their measurement priniple an be desribed, very simpli�ed, asfollows: Standing waves our in a avity whenever an integer number of half the aoustiwavelength, λ/2, equals some dimension of the enlosure, e.g. the length if the avityis ylindrial, and the gas-wall interfae re�etion oe�ient is nearly unity. Now at aknown resonane frequeny f , the sound veloity may be obtained from c = fλ at thefundamental mode of resonane. The resonator avities are usually ylindrial or spheri-al, but also annular avities have been used [61℄.Suh methods perform best when the walls of the avity re�et the sound e�iently [88, p.179℄, whih is often the ase when the measurement medium is a gas at low or moderatepressure. In this range they have suessfully been used for gases, f. e.g. [67, 78℄. At ele-vated pressures however, say beyond 100 bar [88℄, the harateristi aousti impedane ofthe gas may beome a signi�ant fration of that of the wall, whih inreases the ouplingof the gas and shell motion, and the performane deteriorates aordingly. Confer [88, p.179℄ for details on the di�erent working priniples of the various resonator methods.2.2.1 Cylindrial resonatorsCylindrial resonators of variable lengthSome 40 literature referenes have been identi�ed in this ategory [61, 72℄, and seletedones are given in Table 2.1. Measurement priniple examples of suh resonator methodsmay be found for the low-frequeny and high-frequeny range in [78, 72℄ and [22, 23℄,respetively.Variable length ylindrial resonators have proved high measurement auray; Quinn etal. (1976) [78℄ quoted a measurement unertainty of ±15 ppm using argon at 0.3 � 2 barand 0 ◦C as measurement medium. The ell was however operated in the low-frequenyrange, i.e. at 5.6 kHz, whih is well below the urrently spei�ed frequeny range, 100 �200 kHz. Zhang et al. (2001) [102℄, Duan et al. (1997) [14℄, Sun et al. (1997) [85℄ and Zhu



10 Measurement methodsTable 2.1: Seleted literature referenes on variable length resonators.Referene Year Pressure- Temp.- Frequeny Claimed-range [bar℄ range [◦C℄ [kHz℄ unertainty [ppm℄Duan et al. [14℄ 1997 0.6 � 2.8 0 � 60 156 ±100Sivaraman et al. [80℄ 1986 14 � 275 -80 � 150 500 � 2500 100Quinn et al. [78℄ 1976 0.3 � 2 0 5.6 ±15Blend [8℄ 1969 1.013 -20 � 60 1 � 1000 100Lestz [53℄ 1963 1.013 room temp. 2.4 � 4.3 < 500Van Itterbeek et al. [90℄ 1959 0.3 � 2 - 500 ±500Greenspan et al. [28℄ 1953 0.088 31 11000 -Hubbard [33℄ 1932 1.013 22 � 24 400 � 700 -Piere [76℄ 1925 1.013 0 1 � 1500 300 � 900et al. (1993) [103℄ operated within our spei�ed frequeny range, i.e. at 156 kHz, howeverlaiming a measurement unertainty of ±500 ppm [102℄, whih is more than twofold thetentative spei�ed measurement unertainty (Se. 1.3).In the feasibility study [61℄, it was pointed out that the measurement ell should preferablynot involve moving parts; therefore, a variable length resonator was onsidered a lessrelevant method for the present appliation than some of those listed below [61℄.Cylindrial resonators of �xed lengthSome 30 referenes have been identi�ed in this ategory [61, 72℄, of whih the most relevantare listed in Table 2.2. Examples of measurement priniples for suh methods may befound in e.g. [101℄ and [88, p. 206℄.Table 2.2: Seleted literature referenes on ylindrial �xed length resonators.Referene Year Pressure- Temp.- Frequeny Claimed-range [bar℄ range [◦C℄ [kHz℄ unertainty [ppm℄Hurly [36℄ 2003 <16 -73.15 � 186.85 1 � 8 ±100Hurly [35℄ 2002 15 -73 � 152 - ±200Benedetto et al. [7℄ 1996 0.005 � 5 0.01 0.1 � 15 100Giaobbe [24℄ 1993 1 0 & 25 ≤20 ±1500Younglove et al. [100℄ 1992 <140 -163 � 27 10 � 70 <500Younglove et al. [101℄ 1980 0.3 � 15 -193 � 77 16 � 19 300El-Hakeem [15℄ 1965 170 0 & 21 2.8 � 4.5 ±200Smith et al. [81℄ 1963 1.013 31 0.09 � 1.5 100Hubbard et al. [34℄ 1939 - - - -



2.2 Resonator methods 11A �xed length resonator, promising for our purpose appeared to be [72, 61℄ the one usedby Younglove and oworkers [101℄, whih was operated below 70 kHz, with a quotedexperimental unertainty in the range 200 � 500 ppm. Hene, signi�ant further devel-opment would be neessary to ahieve a measurement unertainty below 200 ppm, asspei�ed. Also, it was onluded [61℄ that a more solid doumentation of the laimedmeasurement unertainty would be needed to pursue the development of a suh methodfor the sound veloity ell. Partly for these reasons, this method was not proposed as aandidate method [61℄.As seen from Table 2.2, Hurly [36, 35℄ reported a measurement unertainty that meets thetentative tehnial spei�ations, whih however applies at onsiderably lower pressuresthan needed. The degraded performane of the ell used by Younglove et al., whengoing from about 15 bar to 140 bar [101, 100℄ may indiate that a signi�antly poorermeasurement auray be expeted for suh methods at elevated pressures up to 250 bar.Sine no referenes were identi�ed that ould demonstrate measurement unertainty nearour requirements, suh methods were not reognized to be among the most promisingandidates for the sound veloity ell.2.2.2 Spherial resonatorsMore than 60 literature referenes were identi�ed on spherial resonators, and seletedones are given in Table 2.3. Obviously, very high measurement auray may be ahievedusing suh methods (Table 2.3, olumn 6). For example, Moldover and his oworkers [67℄ahieved (1988) an impressive measurement unertainty of about 1 ppm over the pressurerange 0.025 � 5 bar, operating in the frequeny range 2.5 � 9.5 kHz. Confer [67℄ for adesription of the measurement priniple of suh methods.To ahieve suh an outstanding measurement auray, a number of e�ets need be or-reted [67, 66℄, suh as1. frequeny shift aused by thermal losses in a boundary layer near the resonator wall;



12 Measurement methods2. frequeny shift due to the oupling of the elasti shell motion and gas motion;3. frequeny shift due to imperfet resonator geometry;4. frequeny shift due to visous and thermal attenuation in the gas volume, et.Spherial resonator methods perform best at sound veloity measurements in the low-frequeny region, beause here the normal modes of the avity are resolved from eahother [88, p. 197℄. Also, wide-bandwidth transduers are available for exitation anddetetion of suh modes.For our appliation, the ell used by Goodwin et al. [27℄ (f. Table 2.3) seems verypromising, yielding a measurement unertainty of 20 ppm up to pressures of 420 bar overthe temperature range -73 � 177 ◦C. It is however suspeted that the ell was operatedin the audio frequeny range; if designing suh a ell for the relevant frequeny range(100 � 200 kHz) for the 5 lower radial modes, whih is ommon when high measurementauray is aimed at, the inner diameter would be about 1.1 m [61℄. This would leadto major di�ulties regarding the transduer design and orretions [67℄ neessary toobtaining suh high measurement auray [61℄. Therefore, suh methods does not seemto be among the most promising for the appliation in question.Table 2.3: Seleted literature referenes on spherial resonators.Referene Year Pressure- Temp.- Frequeny Claimed-range [bar℄ range [◦C℄ [kHz℄ unertainty [ppm℄He et al. [29℄ 2002 <2 20 � 50 - ±37Estela-Uribe et al. [16℄ 2000 0.25 � 14.2 -103 � 127 - ±5Estrada-Alexanders 1995 190 -163 � 177 - ±(10 − 70)et al. [17℄Goodwin et al. [27℄ 1995 <420 -73 � 177 - 20Trusler et al. [89℄ 1992 <100 2 � 102 7.5 � 22 20Colgate [10℄ 1992 0.5 � 6 25 � 175 - ±(2 − 50)Moldover et al. [67℄ 1988 0.025 � 5 0 2.5 � 9.5 1Mehl et al. [64℄ 1981 1 � 10 0 � 100 4 � 13 ±30Keolian et al. [43℄ 1978 - - - -



2.3 Transient methods 132.2.3 Annular resonatorsThe identi�ed literature on suh methods seems to be rather sparse, as only two wereidenti�ed in [61℄. Jarvis et al. [40℄ employed in 1996 an annular ell pressurized from 1 to 50bar, operating in the frequeny range 1 � 10 kHz, and ahieved a measurement unertaintyof 500 ppm. Suh methods work best at relatively low frequenies, and moreover, theirrelatively low volume to surfae ratio (ompared to ylindrial and spherial resonators),whih should be as high as possible, led to a rejetion of suh methods as andidates forthe sound veloity ell [72℄.2.3 Transient methodsSome twenty referenes were identi�ed on transient methods, and seleted ones, espeiallyrelevant for our appliation, are given in Table 2.4. Transient methods employ, as thename implies, a transient sound �eld as means to haraterize the gas medium. The soundveloity is basially determined from the measurement of a pulse transit time, whih maybe measured with high preision, over a known distane in the medium [88, p. 215℄. Suhmethods are quite versatile with respet to frequeny and pressure, but perform best fordense �uids suh as liquids. Consider Table 2.4 that outlines some seleted literaturereferenes on suh methods, indiating the elevated pressures and frequenies used. Thereported experimental unertainty typially exeeds 1000 ppm, whih is well beyond thetarget measurement unertainty of 100 � 200 ppm.Table 2.4: Seleted literature referenes on transient methods.Referene Year Pressure- Temp.- Frequeny Claimed-range [bar℄ range [◦C℄ [MHz℄ unertainty [ppm℄Ball et al. [3℄ 2002 <700 62 � 129 5 -Suzuki et al. [86℄ 2000 - - - -Lunde et al. [61℄ 1998 - - - -Barreau et al. [4℄ 1997 400 � 1000 20 � 100 3 ±500Daridon et al. [12℄ 1994 <1000 - 1 � 10 <2000Dorr [13℄ 1990 - - - -Kortbeek et al. [50℄ 1986 <10000 -125 � 25 9.5 � 10.5 200Liebenberg et al. [54℄ 1974 700 � 13000 25 10 � 30 2000 � 3000Voronov et al. [94℄ 1969 <4000 25 � 175 1 � 10 3000



14 Measurement methodsKortbeek et al. [50℄ were the only identi�ed referene laiming a measurement unertaintyin line with our target spei�ations, f. Table 2.4. The method was brie�y evaluated inthe feasibility study [61℄, where a diret dimensional saling by a fator 75 was onsideredto reah an operating frequeny of 150 kHz. This would lead to inner ell dimensions(diameter x length) of 1.2 x 3.75 m, if the same proportions were to be used, giving anunrealistially large ell. Using a smaller ell ould be an option, but then it would beneessary to investigate how the measurement unertainty would be a�eted. Also, amore solid doumentation on the measurement unertainty than provided in [50℄ wouldbe needed.A andidate measurement method for the preision sound veloity ell was proposedby Lunde and Vestrheim in the feasibility study [61℄, here referred to as the three-waypulse method (3PM). The method may be lassi�ed as a �single-pulse diret propaga-tion and re�etion, �xed length�, with similarities to a method that has been appliedfor solids [96, 79℄. The 3PM has�to the author's knowledge�never been investigatedexperimentally prior to this PhD work, exept for some undoumented work by the CMRgroup. A theoretial analysis of the 3PM [61℄ indiated a promising potential with re-spet to the tentative tehnial spei�ations (Se. 1.3). Therefore, the method has inthe present work been investigated as a andidate for the preision sound veloity ell [71℄.Another possible andidate method for the preision sound veloity ell was identi�edin a patent artile [86℄. Literature surveys have been performed to hek if the methodhas been realized experimentally, and whether measurement results exist that may indi-ate the measurement auray potential. The searh did not identify any suh. Thismethod [86℄ may be lassi�ed as a �double-pulse method, pulse eho with two re�etors,�xed length�. A bi-diretional measurement on�guration is used, where a pair of aoustitransduers both at as transmitter and reeiver. The method desribed in [86℄ has inthis work been signi�antly modi�ed, and shall be referred to as the two-way pulse ehomethod (2PEM). As will emerge in this thesis, the method has several similarities with



2.3 Transient methods 15the 3PM. A theoretial investigation of the 2PEM indiated that it was as promising asthe 3PM for the preision sound veloity ell. It was thus deided to further investigateits potential.From the above onsiderations, the 3PM and 2PEM both seemed promising for realizationin a preision sound veloity ell for gas under pressure. As the same measurement setuppresumably ould be used for both methods (exept for the eletroni iruitry), it wasdeided to further investigate the potential for realizing the two methods in a preisionsound veloity ell, theoretially and experimentally.
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Chapter 3
Theory
The present hapter is devoted to supplement the sometimes brief theory in papers A �D, and provide the reader with a bakdrop and basis for the remaining hapters. Empha-size is put on the andidate sound veloity measurement methods, as these are intendedfor the sound veloity ell. Setion 3.1 de�nes a few basi sound veloity onepts. Thethree sound veloity measurement methods used in the urrent work are brie�y treatedin Ses. 3.2 � 3.4 (as they are more thoroughly treated in papers A, C and D). Setion 3.5onerns the evaluation of the time preision of the zero rossing time detetion methodused throughout the work. In Se. 3.6, the orretion terms onsidered relevant for theandidate methods are treated. Note that `∆t' and `tcorr' are ommon notations for transittime di�erene and orretion terms, respetively, in the three sound veloity measure-ment methods, but their ontent di�ers between the methods. Setion 3.7 desribes thesound veloity model for humid air, used for omparison with the measurement resultsthroughout the work.3.1 Sound veloity oneptsIn the present ontext, we must distinguish three di�erent onepts of sound veloity1. The signal veloity, c′, whih is the veloity of the leading edge of a pulse [88, p.220℄;



18 Theory2. The phase veloity, c, whih is the veloity at whih points of equal phase in a monofrequeny wave propagates [69, p. 477℄;3. The group veloity, cg, whih is the propagation veloity of the �entre of gravity�for a group of waves with somewhat di�erent frequenies [69, p. 477℄. Under ertainonditions it is related to the phase veloity by cg = c + ω0(∂c/∂ω)ω0
[88℄, where ωand ω0 are the angular frequeny and arrier angular frequeny, respetively.To get a good measure of the phase veloity c, the measurement subjet in this work,orresponding periods in the entre part of the reeived pulse should be mathed to thetransmitted pulse [88℄, whih hene was done.3.2 The two-distane methodThe two-distane method (2DM) is a widely used method, f. e.g. [26, 9, 87℄, with po-tential of high measurement auray. As it involves moving parts, however, it was notonsidered a andidate for the preision sound veloity ell, f. Se. 1.3. The theory ofthe 2DM is desribed in [PPA℄, but the measurement priniple will for onveniene besummarized here.Confer Fig. 3.1 whih illustrates the measurement on�guration. A pair of oaxial aous-ti transduers, separated by the distane L1, are aligned with parallel front faes. Thefuntion generator emits an eletrial RF burst pulse, whih is onverted into mehanialvibrations by the soure transduer. A resulting aoustial pulse 1© is then transmittedthrough a �ow free gas medium�exiting mehanial vibrations in the reeiving trans-duer. The reeiver onverts these vibrations to an eletrial signal, whih is ampli�ed,�ltered and stored in an osillosope. The transit time of 1© from generator to osillo-sope, denoted t1, is measured in an appropriate way [PPA℄.The transduer separation is within about �ve seonds inreased by a preision position-ing stage, so that the similar measurement proess an be repeated at distane L2, so as



3.2 The two-distane method 19
Source
transducer

Receiver
transducer

Figure 3.1: Sketh of the measurement priniple of the two-distane method, where 1© and 2©denote transmitted aousti pulses at distanes L1 and L2, respetively.to obtain the transit time assoiated with 2©, t2.It an be shown [PPA℄ that the sound veloity c is given as
c =

∆L

∆t − tcorr
, (3.1)where

∆L ≡ L2 − L1, (3.2)
∆t ≡ t2 − t1, (3.3)and

tcorr ≡ tcorr
2 − tcorr

1 . (3.4)The quantities tcorr
1 and tcorr

2 , are due to orretions assoiated with the propagation of 1©and 2©, respetively. In the present work these were on�ned to aount for transduerdi�ration e�ets [PPA℄. The value of ∆L was set at and ontrolled by the positioningstage, and ∆t was measured using zero rossing time detetion, f. Se. 3.5.A major advantage with this method is the anelling of the transmitting and reeivingdelay time of the eletronis and transduers [PPA℄, given that the measurement system isstationary throughout the measurement. Another advantage is that the distane measure-



20 Theoryment ∆L is relative, whih typially may be performed with high auray [61℄. In thisontext, the presene of moving parts is however onsidered a disadvantage, and shouldpreferably be avoided in the sound veloity ell [61℄. The sound veloity measurementresults using the 2DM are reported in [PPA℄.3.3 The two-way pulse eho methodThe 2PEM, based on the method desribed in [86℄, is one of the two andidate measure-ment methods, primarily desribed in [PPC℄. For onveniene, the measurement prinipleis brie�y antiipated here.

L

1

3

2

4

TT ransducer Bransducer A

Figure 3.2: The measurement priniple of the two-way pulse eho method, where 1© and 3© de-note the pulses, and 2© and 4© denote the ehoes utilized for transit time measure-ment.Confer Fig. 3.2, whih illustrates the measurement on�guration. A pair of oaxial aous-ti transduers A and B, abbreviated TrA and TrB, are separated axially by the distane
L in a measurement medium assumed to be gaseous. Now, an eletrial RF burst pulseis generated by the funtion generator and onverted to mehanial vibrations by TrA.A resulting aoustial pulse 1© is transmitted aross distane L, and exites mehanialvibrations in the reeiving transduer TrB. The vibrations are onverted by TrB to aneletrial signal whih is ampli�ed, �ltered and stored in an osillosope. The transit timedue to the propagation of pulse 1© is measured in some appropriate way [PPC℄, and is de-



3.3 The two-way pulse eho method 21noted t1. A part of pulse 1©, denoted 2©, is re�eted at the front fae of TrB�propagatingbak to TrA to be reeived, and the assoiated transit time t2 is measured in a suitablemanner [PPC℄.At the subsequent trig signal, the proess is repeated from the opposite side with TrBating as soure, so as to measure the transit times t3 and t4 (in the same manner as with
t1 and t2) from pulse 3© and eho 4©, respetively.The feasibility study for the preision sound veloity ell [61℄ identi�ed several e�etsfor the 3PM whih possibly should be orreted. These are also deemed relevant in theurrent method: (1) due to the �nite soure extension, measurement signals 1© to 4©will not propagate as plane waves, a phenomenon whih may be referred to as transduerdi�ration; (2) thermal and visous boundary layers are set up in thin layers adjaentto the transduer front fae when a sound wave impinges on it [88, p. 40℄.1 Hene, the�uid properties within this layer hange, yielding a phase shift of ehoes 2© and 4© uponre�etion; (3) upon re�etion, delayed (and redued) ehoes from the transduer interiorwill interfere with 2© and 4©, resulting in an undesired phase shift. The transit timeorretion term tcorr is dediated to aount for these e�ets.It may be shown [PPC℄ that the sound veloity c is given by

c =
2KT L0

∆t − tcorr
, (3.5)where KT = L/L0 is the thermal expansion oe�ient and L0 is the referene transduerseparation (measured at a referene temperature) [PPC℄. A linear relationship has beenassumed for KT [61℄, i.e.

KT = 1 + α(T − T0), (3.6)where α is the oe�ient of thermal expansion for the material in question, and T is1in ase of normal inidene to the transduer front, only a thermal boundary layer will be gener-ated [88, p. 40℄.



22 Theorythe temperature average during measurement, de�ned in Se. 4.2.2. Pressure expan-sion/ontration was not onsidered relevant in this work, as the measurements werearried out in atmospheri air [PPC, PPD℄. Furthermore, we have
∆t ≡ t2 − t1 + t4 − t3, (3.7)and

tcorr ≡ tcorr
2 − tcorr

1 + tcorr
4 − tcorr

3 , (3.8)where subsripts 1 to 4 refer to the respetive signals, and the ontent of tcorr is desribedin [PPC℄.Also in this method, the time delays of the eletronis and transduers anel out [PPC℄,whih is a major advantage. A disadvantage ompared to the 2DM however is the in-reased impat of tcorr [PPA, PPC℄, and presumably a higher sensitivity to angular mis-alignment of the transduer fronts.
3.4 The three-way pulse methodThe 3PM is the seond of the two andidate measurement methods, proposed for the pre-ision sound veloity ell in [61℄. The measurement on�guration is illustrated in Fig. 3.3,showing two aousti transduers separated axially by the distane L in a gaseous �uidmedium. An eletrial RF burst pulse is output from the funtion generator, then on-verted to an aoustial pulse 1© by soure transduer A, abbreviated TrA. Pulse 1© prop-agates aross the distane L�to the reeiving transduer B, abbreviated TrB. TrB is asa result set up in mehanial vibrations, whih it onverts to an eletrial signal that isampli�ed, �ltered and stored in an osillosope. The transit time elapsing as 1© travelsfrom generator to osillosope, t1, is measured in an appropriate manner. In this work,zero rossing time detetion was used, f. [PPD℄ and Se. 3.5.



3.4 The three-way pulse method 23Due to the re�etion of 1© at the front fae of TrB, eho 2© arises�traveling bak to TrA,upon whose front fae it is re�eted again�and travels forth to TrB. This onverts themehanial vibrations into an eletrial signal that is ampli�ed, �ltered and stored in anosillosope. The transit time assoiated with 2©, t2, is measured in the same manner as
t1.

Transducer A Transducer B

Figure 3.3: The measurement priniple of the three-way pulse method, where 1© and 2© denotemeasurement pulse and eho, respetively.As for the 2PEM desribed in the previous setion, e�ets of transduer di�ration a�etthe propagation of 1©, and onsequently t1. As for eho 2©, it is a�eted by transduerdi�ration, thermal and visous boundary layers upon re�etion, and interferene withinternal transduer re�etions upon re�etion [61℄, whih onsequently a�et t2. The or-retion term tcorr is also in this method dediated to aount for the perturbations in t1and t2 due to suh e�ets.It may be shown [61, PPD℄ that the sound veloity c is given by
c =

2KT L0

∆t − tcorr
, (3.9)where KT and L0 are de�ned in Se. 3.3,

∆t ≡ t2 − t1, (3.10)



24 Theoryand
tcorr ≡ tcorr

2 − tcorr
1 . (3.11)The �ndings of the present work indiate that di�ration orretion predominates theorretion tcorr [PPD℄; its ontents is desribed in [PPD℄.Also in this method the time delays of the eletronis and transduers anel out underertain assumptions [61, PPD℄, whih is a major advantage. However, as for the 2PEM, adisadvantage onneted to the present method is the inreased in�uene of tcorr, omparedto the 2DM�a quantity that is hallenging to evaluate. Also, the 3PM is presumablymore sensitive to angular misalignment of the transduer front faes than the 2DM.3.5 Zero rossing time detetionTo identify orresponding burst period in the transmitted and reeived measurement sig-nals for the 2PEM and 3PM, the methods desribed in [PPC℄ and [PPD℄ were used,respetively. These methods involve zero rossing time detetion through (the enter partof) the burst pulse, ombined with linear interpolation. This time detetion approah,whih was suggested for the 3PM in the feasibility study [61℄, is desribed in more detailin [92, Se. 8.3.3℄.To evaluate the zero rossing time detetion unertainty, the statistially based simula-tion program Timres [18℄ was applied. Both maximum and standard deviation betweensampled and true zero rossing times are alulated, based on a large population of bursttrials. Input parameters are frequeny, vertial bit resolution, sampling frequeny fs, sig-nal frequeny variation, number of zero rossings, et.The transduers applied in the present work were operated at 218 kHz (f. Se. 4.2.1),around whih frequeny the simulations were arried out. The number of burst periodswere set to 35, as experiments revealed this to be su�ient for ∆t to beome essentially



3.5 Zero rossing time detetion 25stationary for transit time measurements, for both andidate methods. The vertial bitresolution was varied between 8 and 9 bits, as the e�etive resolution has been estimatedfor the urrent osillosope [PPA℄ to about 8.4.2 The frequeny variation was assumed tobe linear, with a maximum value of 100 ppm,3 and the number of burst trials was set to104.

2.6

2.8

3

3.2

3.4

M
ax

. a
bs

ol
ut

e 
er

ro
r 

[n
s]

210 215 220 225 230 235 240
0

0.1

0.2

0.3

0.4

0.5

0.6

Frequency [kHz]

S
ta

nd
ar

d 
de

vi
at

io
n 

[n
s]

 

 
f
s
 = 5 MHz, 8 bits

f
s
 = 20 MHz, 8 bits

f
s
 = 5 MHz, 9 bits

Figure 3.4: Upper subplot: maximum deviation between true and deteted zero rossing time.Lower subplot: standard deviation between true and deteted zero rossing. Theresults are based on 104 burst trials and a burst pulse of 35 periods.Figure 3.4 displays simulated maximum and standard deviation between deteted andtrue zero rossing, in upper and lower subplot, respetively. The results will here merelybe used to indiate the relevant sampling requirements for the transit time detetion. As2the nominal vertial bit resolution is stated to 12.3the HP33120 funtion generator will probably perform muh better than this over the short measure-ment duration of about 1 s.



26 Theoryseveral burst pulses are averaged in the andidate methods [PPC, PPD℄, we are primarilyinterested in the standard deviation of the time detetion. Around 218 kHz, the simulatedstandard deviation is within 0.2 ns (giving approximately 0.2 ppm unertainty in ∆t forboth andidate methods [PPC, PPD℄) for fs = 5 MHz and 8 bits of vertial resolution.This is insigni�ant ompared to the predominating unertainty ontributions of the an-didate methods, f. [PPC, PPD℄. The result thus indiates that fs = 5 MHz and 8 bits ofvertial resolution su�es.Figure 3.4 shows moreover that little is gained by inreasing fs from 5 to 20 MHz. In fat,at some frequenies the standard deviation of the time detetion inreases for fs = 20MHz. However, inreasing the vertial resolution from 8 to 9 bits signi�antly reduesthe standard deviation of the simulated time detetion unertainty.3.6 Corretion termsThe error e�ets onsidered relevant in the two andidate measurement methods were(1) transduer di�ration/beam spreading, (2) phase shift due to thermal and visousboundary layers at the transduer front upon re�etion, and (3) interferene with ehoesfrom the transduer interior upon re�etion. However, as emerging in Se. 3.6.3, thelatter e�et ould, for the present transduer [63℄, frequeny and gas onditions in ques-tion [PPC, PPD℄, be negleted in this work. To orret transduer di�ration and thermaland visous boundary layer e�ets, the orretion terms tcorr
i have been introdued;

tcorr
i ≡ tdif

i + ttvi ,







i = 1, . . . , 4 [2PEM],

i = 1, 2 [3PM],
(3.12)where i denotes respetive pulse or eho, f. Figs. 3.2 and 3.3 for the 2PEM and 3PM,respetively. The terms at the righthand side are transit time orretions due to transduerdi�ration and thermal and visous boundary layers, respetively. However, as e�ets ofthermal and visous boundary layers are assoiated with re�etion at the transduer front,



3.6 Corretion terms 27
ttv1 and ttv3 are omitted.3.6.1 Di�ration orretionBakgroundIn early works on ultrasoni absorption measurements it was disovered that distane-dependent error e�ets due to divergene of the soure beam, or di�ration, was to beorreted if highly aurate absorption measurements were attempted, .f. e.g. [77℄. Con-sider Fig. 3.5, whih displays an idealized senario of the transduer di�ration e�ets tobe orreted.

aa

Piston

Baffle

z

Figure 3.5: Illustration of transduer di�ration e�ets. The piston soure is seated in an in�-nite rigid planar ba�e, and transmits sound to a oaxial reeiver plane (indiatedby the dotted line). The sound waves eventually spread out spatially and leads aplane wave transmitted with same initial phase.A planar sound soure of radius a, seated in an in�nite rigid planar ba�e and vibratingwith uniform veloity aross the aperture, transmits sound through a �uid to a planeoaxial reeiver of same radius as the soure. Now, due to the �nite aperture of thesoure, the sound will spread out geometrially (Fig. 3.5), and thus deviate in phase andmagnitude relative to a plane wave. Upon detetion at the reeiver, the wave front arrivesat di�erent times along the radial diretion, whih also a�ets the magnitude and phaseof the deteted signal.



28 Theory
A di�ration orretion funtion has been de�ned [44℄ for this idealized ase as

Hdif ≡ 〈p〉A
ppl

, (3.13)where 〈p〉A is the sound pressure in the �uid, averaged over the reeiver with area A = πa2,in absene of the reeiver; ppl = ρcv0e
ı(ωt−kz) is the plane wave pressure, where ı ≡

√
−1,

ρ is the �uid density, v0 is the amplitude of the normal veloity on the piston surfae, ωis the angular frequeny, and k = ω/c = 2π/λ, where λ is the aousti wave length. Theharmoni time variation eıωt is heneforth omitted.The urrent de�nition of Hdif implies that the soure and reeiver are taken to be planeswith no axial extension, omitting any sound ontribution that would take plae at thesides and bak of a realisti transduer. In pratie, di�ration orretion depends ona number of parameters [58℄, suh as: sound veloity, frequeny, transduer separation,soure vibration pattern, whih in turn depend on temperature and pressure. The trans-duer properties are thus highly important, and were therefore investigated in [PPB℄, f.also p. 29.The plane piston di�ration orretion modelFor the idealized soure-reeiver arrangement desribed in previous subsetion, where thesoure and reeiver are represented by irular disks with no axial extension, the followingsolution of Eq. (3.13) has been given [97, 44, 45℄
Hdif = 1 − 4

π

∫ π/2

0

e
ıkz

[

1−
√

1+( 2a
z )

2

cos2 θ

]

sin2 θ dθ, (3.14)where θ is an integration variable. The time domain di�ration orretion is obtained by
tdif =

∠Hdif

ω0
, (3.15)



3.6 Corretion terms 29given ∠Hdif in radians. An example of a solution of Eqs. (3.14) and (3.15) may be foundin e.g. [PPA, Fig. 6.4℄. The alulation approah and value for tdif
i in Eq. (3.12) for the2PEM and 3PM may be found in [PPC℄ and [PPD℄, respetively.

Transduer modelingThe plane piston di�ration orretion model aounts for transduer di�ration assoi-ated with an idealized soure-reeiver pair (f. Fig. 3.5), where the soure and reeiverhave no axial extension, and the soure vibrates with uniform veloity aross its planaraperture [97, 44, 45℄. To model the sound �eld from the Massa E-188/220 ultrasoniair transduer used here [63℄, and investigate how representative the plane piston di�ra-tion orretion model is for this transduer, a �nite element di�ration orretion model,speially designed for piezoeletri transduers (FEMP) [57, 56, 58, 47, 48, 49℄ has beenutilized.This e�ort is desribed in [PPB℄, but to indiate the sound pressure �eld produed by theMassa transduer, whih is also relevant in the following subsetion, a 2D sound pressureplot is presented in Fig. 3.6. It is seen that the soure beam is relatively narrow (om-pared to alternative air transduers operating around the same frequeny), and also, at areeiver distane of 151 mm the reeiver is well overed by the beam.The �ndings in Paper B atually indiated that the plane piston di�ration orretionmodel may be applied to the Massa transduer around the operational frequeny of 218kHz, for a sound veloity of 340 m/s, and with the reeiver loated outside the near�eld,with little error. This was so in spite of the fat that the vibration pattern of the Massatransduer (at 218 kHz) proved very disparate from the uniform plane piston vibrationpattern.



30 Theory

Figure 3.6: The pressure �eld alulated by FEMP for the Massa transduer at a frequeny of218 kHz, surrounded by atmospheri air at room temperature. The reeiver front isalso indiated (blak line) at 151 mm distane from the soure, as in the prototypesound veloity ell. Note that the transduer holders present in the prototype ellare not aounted for.Transduer di�ration in pulse eho modePaper B onerned di�ration orretion for the Massa transduer, for distanes relevantin the preision sound veloity ell [61℄. However, the problem of di�ration orretionrelated to pulse eho mode, as when utilizing the transduer front fae as a re�etor (f.Figs. 3.2 and 3.3), was not addressed in [PPB℄, and treated somewhat brie�y in [PPC,PPD℄.



3.6 Corretion terms 31In the initial experimental work phase using the andidate measurement methods (f.Se. 4.2.1), two di�erent approahes were onsidered regarding di�ration orretion re-lated to pulse eho mode (due to a re�eting irular transduer front fae). One wasto treat the re�eting aperture as a plane in�nite perfetly re�eting ba�e, suh thatthe e�et of the re�etor is just to double the pulse propagation distane input in thedi�ration orretion model (suh as e.g the plane piston di�ration orretion model).The seond approah was to treat the re�eting aperture as a new plane piston sourewith uniform vibration veloity aross the front fae. The latter approah was identi�edin [51, p. 91℄, whose impliations are given in the following. The di�ration orretionresult using the two di�erent approahes may di�er onsiderably.In the following, the seond di�ration orretion approah is underpinned by di�rationtheory that applies for plane irular rigid disks, having no axial extension. The theoryrequired the following assumptions to be made1. the burst pulse of 35 periods applied in [PPC, PPD℄ is su�iently stationary to beonsidered a harmoni wave;2. the sound pulse impinges normally at the transduer front fae;3. the re�eting transduer may be treated as an in�nitely thin irular rigid disk;4. the pulse wave front is plane.As for item 1, this holds only to some extent for the 2PEM and 3PM, for whih the pulseshapes are not ompletely stationary, f. [PPC, Fig. 8.5℄ and [PPD, Fig. 9.4℄, but lakabout 5 periods to attain this. As for item 4, suh an assumption may seem unreasonableas the re�etor (i.e. transduer aperture) is loated in the far �eld of the transduer(Fig. 3.6), where the waves tend to propagate spherially. However, as Fig. 3.6 indiates,the re�etor is a relatively small portion of the sound �eld, with orrespondingly littleexpeted phase variations aross the re�eting aperture.



32 TheoryThe di�rated sound �eld from plane irular rigid disks (with no surrounding ba�e)has been studied in several papers, e.g. [32, 95, 52, 82℄. Both rigorous [82℄ and approx-imate [52℄ theory on the problem is provided for the ase when the inoming waves areplane. The approximate theory [52℄ will here be applied, for whih the details may befound in [52℄. Generally, for ka ≫ 1, where a is the disk radius, and small inident angles,the approximate theory represents a good approximation to the rigorous theory for thesattered veloity potential, Ψs [52, 83, 2℄.Consider Fig. 3.7 that displays the geometry and quantities involved in the problem. Here,
z′ = −z, P is the point of observation, β is the angle from the axis of symmetry, and Ris the distane from the disk enter to the observation point.
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z'Figure 3.7: The plane rigid in�nitely thin disk that di�rats/re�ets the inident plane waves.Let the inident wave be haraterized by the veloity potential Ψinc, related to thepressure by pinc = −ıωρΨinc. Hene a time variation e−ıωt has been assumed, whih isomitted in the following. The total veloity potential onsists of the inident and satteredpart, Ψ = Ψinc + Ψs. For normal inidene, Ψinc = e−ıkz′, and the approximate solution



3.6 Corretion terms 33for Ψs is given [52℄ as
Ψs(R, β) = −ıa

(

eıkR

R

)

J1(ka sin β)

tanβ
, R → ∞. (3.16)Noteworthy, as the fator −ı implies, the phase of the sattered �eld leads the inidentby 90◦ in the in�nite far-�eld, whih orresponds to the far-�eld limit of the plane pistondi�ration orretion, indiated in e.g. [PPA, Fig. 6.4℄. Now, the far-�eld angular depen-deny (diretivity) of Eq. (3.16), whih is of primary interest, is ompared to that of aplane piston soure in an in�nite rigid ba�e [46, p. 182℄ in Fig. 3.8.
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34 Theorying transduer front fae was treated as a new plane piston soure. In suh a ase, thedi�ration orretion term tdif
2 may be deomposed in two and three parts for the 2PEMand 3PM, respetively, as is done in [PPC, PPD℄.We must bear in mind, though, the simplifying assumptions that have been made: Firstly,the inoming waves are assumed to be plane aross the re�etor. Figure 3.6 indiates thatthe transduer front fae is a relatively small portion of the inident main beam, withorrespondingly little expeted phase variations (in the far-�eld). So this may hold tosome extent. Seondly, the re�eting disk is assumed to be in�nitely thin, as opposedto the transduer whih is extended axially. Finally, the theory applies to a rigid diskwith no surrounding ba�e or objet, suh as the transduer holder in the prototypemeasurement ell (Fig. 4.4). The onsequenes of suh assumptions with respet to themeasurement unertainty have unfortunately not been evaluated for the 2PEM and 3PMin [PPC, PDD℄.

3.6.2 Thermal and visous boundary layersWhen sound waves are re�eted at the transduer front fae as in the andidate meth-ods (f. Figs. 3.2 and 3.3), thermal and visous boundary layers are generated in a thinlayer adjaent to the transduer front [88, p. 18℄. The aousti impedane of the �uidwithin this layer is thus altered, imposing a phase shift (and level redution) of the ehoes.A omplex pressure re�etion oe�ient, R̂tv, was in this work alulated to aount forthe phase shift of the re�eted eho due to suh e�ets, based on theory in [75℄. There�etion oe�ient, de�ned as the ratio of re�eted pressure pr and inident pressure pi,is given for the ase of normal inidene as [75, p. 109℄
R̂tv =

ẑ − ρc

ẑ + ρc
, (3.17)



3.6 Corretion terms 35where [75, p. 529℄
ẑ = eıπ/4ρc

(

ρc2

ωµ

)1/2 √
Pr

γ − 1
. (3.18)Here, µ is the visosity and Pr = µCp/κ is the Prandtl number, where Cp is the spei�heat at onstant pressure and κ is the thermal ondutivity. The resulting transit timeorretions, whih are implemented and quanti�ed in [PPC, PPD℄, are alulated by

ttvi =
∠R̂tv

ω0
. (3.19)As for the sign of ttvi , onsider the following rationale: In [PPC, PPD℄ ∠R̂tv > 0, meaningthat the transit times t2 and t4 for the 2PEM, and t2 for the 3PM inrease due to theboundary layers. Hene, the transit time di�erene ∆t is inreased in both andidatemethods, f. Eqs. (3.7) and (3.10). Now, from Eqs. (3.5), (3.9) and (3.12), it is learthat ttvi should have positive sign to yield a redution in the transit time di�erene ∆t,aounting for suh e�ets. This is in aordane with the orretion done in [PPC, PPD℄.3.6.3 Internal transduer re�etionsThe ultrasoni Massa transduer used in this work seems to have a typial layered in-ternal struture [PPB℄, omprising a mathing layer in front, a piezoeletri disk, and abaking layer. Hene, when utilizing the transduer front as a re�etor (as in the an-didate methods), redued and delayed ehoes from the transduer interior will�to someextent�perturb the measurement ehoes as oherent noise.This e�et was in the present work modeled to onsider whether it should be orreted,but as shown below, it was reasonable to omit it as a orretion term, and rather in-lude it in the experimental unertainty budgets [PPC, PPD℄. A brief desription of thetransduer modeling is presented here. A one dimensional thikness extensional vibrationmodel of the reeiving transduer has been implemented, based on theory in [60℄. Thetransduer is assumed to onsist of a mathing layer, piezoeletri disk and baking layer,in aordane with the apparent internal struture [PPB℄. It is assumed that only one-



36 Theorydimensional plane waves are present in the z-diretion, and that in�uene of eletrodesand glue an be negleted. The transduer, in reeiving mode, is represented by a trans-mission line model, f. Fig. 3.9.
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Figure 3.9: The one-dimensional transmission line model of the reeiving transduer. The�gure is taken from [60℄, with permission.Referring to Fig. 3.9, the omplex mehanial impedane of the baking layer is givenby [60℄
Zr1 = Zb

a + Zb
b −

(Zb
b)

2

Zb
a + Zb

b + ZB

, (3.20)where supersript b denotes baking layer, ZB denotes mehanial radiation impedanefor the baking layer,
Zb

a ≡ ıZ0 tan

(

k̂ℓ

2

)

, (3.21)
Zb

b ≡ Z0

ı sin
(

k̂ℓ
) , (3.22)



3.6 Corretion terms 37and
Z0 ≡ ρĉA. (3.23)Furthermore, A = πa2

d is the ross-setional area of the irular transduer disk, ad is thedisk radius of the Massa transduer, ρ, ĉ, ℓ and k̂ are the density, omplex sound veloity,thikness and omplex wave number of the respetive layers. The omplex wave numberand omplex sound veloity are respetively de�ned by [60℄
k̂ ≡ ω

ĉ
, (3.24)

ĉ ≡ c

(

1 +
ı

Q

)

, (3.25)where c and Q respetively denote longitudinal sound veloity and longitudinal qualityfator in the respetive layers.To alulate the ombined omplex impedane of the piezoeletri disk/element and bak-ing layer, Zr2 (Fig. 3.9), the following equation was used [60℄
Zr2 = Zp

a + Z∗∗

b − (Z∗∗

b )2

Zp
a + Zp

b + Zr1
, (3.26)where supersript p denotes piezoeletri disk, Z∗∗

b is given by [60, Eq. (2.2.16)℄ and Zp
aand Zp

b are alulated by Eqs. (3.21) and (3.22), respetively, now input with materialdata for the piezoeletri disk, f. Table 3.1.Now the omplex mehanial impedane of the three-layered equivalent iruit, Zin, en-ountered by the inident sound wave, is alulated by [60℄
Zin = Zm

a + Zm
b − Zm

b Hm, (3.27)where Hm is given by
Hm =

Zm
b

Zm
a + Zm

b + Zr2
. (3.28)



38 TheoryTable 3.1: Material parameters input in the one-dimensional transduer model, in whih thepiezoeletri disk is taken to be piezoerami PZT-5A [91℄. The air parameters werehosen to omply with the onditions in [PPC, PDD℄.Material c [m/s℄ ρ [kg/m3℄ Q ℓ [mm℄Fluid: air at 27 ◦C, 30% rel. hum., 1 atm 348.2 1.17 ∞ -Front: silione rubber 1020 950 30 1.1 � 1.5Baking: foam rubber 1000 100 5 9.2Here, supersript m denotes mathing layer, and Zm
a and Zm

b are alulated by Eqs. (3.21)and (3.22), respetively, input with material data for the mathing layer, f. Table 3.1.To investigate the phase shift due to interferene with internal transduer re�etionsupon re�etion at the transduer front, the omplex pressure re�etion oe�ient, R̂, isalulated. It is de�ned as the ratio of re�eted sound pressure and normally inidentsound pressure at the transduer front fae, and obtained by [46℄
R̂ =

Zin − ρcA

Zin + ρcA
, (3.29)in whih ρ and c denote density and sound veloity of the �uid, respetively (f. Ta-ble 3.1). Finally, the transit time perturbation, tint, is given by

tint =
∠R̂

ω0
. (3.30)The thiknesses of the mathing layer and piezoeletri disk for an arbitrary MassaE-188/220 transduer sample have been measured to 1.31 mm and 1.57 mm, respe-tively [92℄, the baking layer thikness is about 9.2 mm, whereas ad has been measuredto 4.5 mm [92, PPB℄. The material data are based on those used in the transduer mod-eling [PPB℄, outlined in Table 3.1.Figure 3.10 shows tint as a funtion of mathing layer thikness. The reason for hoosingmathing layer thikness as input variable, was that the mathing layer is somewhatsoft, and thus expeted to vary in thikness from transduer to transduer. Clearly, tint is



3.7 A sound veloity model for humid air 39highly sensitive to the mathing layer thikness, but relatively small aross the range, as itamounts to maximum 8 ppm relative to ∆t for both andidate methods (per re�etion, sothat the total perturbation is twie this value) [PPC, PDD℄. As mentioned, the mathinglayer thikness of the Massa transduer is expeted to vary somewhat, hene, it seemedreasonable to omit tint as orretion term and rather inlude it as ontribution to theoverall experimental unertainty budget [PPC, PDD℄ for both the andidate methods.
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Figure 3.10: Variation in transit time perturbation for eah re�etion at the transduer front,as funtion of the mathing layer thikness.
3.7 A sound veloity model for humid airVarious models for sound veloity in humid air at low pressure have been developed, seee.g. [65, 75, 99℄. The sound veloity measurement results reported in this thesis, ob-tained for atmospheri humid air, have primarily been ompared to a model for standard



40 Theoryatmospheri humid air [11℄. The model was hosen due to (1) its realisti foundation,aounting for non-ideal gas e�ets by inluding the seond virial oe�ient in the soundveloity formula, and (2) its relatively sound empirial support [98, Table II℄. Only a briefaount of the model will be given here, f. [11℄ for a more detailed desription.The sound veloity formula of the model [11℄ is given by
c2
0 =

γRT

M

[

1 +
2Bp

RT

]

, (3.31)where c0 is the zero frequeny sound veloity, γ = Cp/Cv is the ratio of spei� heats,where Cv is the spei� heat at onstant volume, R is the universal gas onstant, p and Tare the thermodynami pressure and temperature, respetively, M is the molar mass and
B is the seond virial oe�ient. The formula is valid for low pressures, and suitable foruse in experiments, as c0 is a funtion of temperature and pressure, whih may be readilymeasured using onventional instruments.The quantities γ, M and B in Eq. (3.31) are however somewhat more hallenging toobtain. The ratio of spei� heats, γ, is di�ult to model aurately, partly due to theneed for d2B/dT 2 [11℄. Conveniently, however, an approximate formula for γ is providedin [11℄, whih was used in the urrent model implementation. The approximate formulavalue agrees to within 35 ppm with the more omprehensive value [11℄.Next, the molar mass M is needed. As air is a mixture of gases, inluding water vapor,
M is a ompound quantity. In the present model, standard air onstitution has been as-sumed [39℄, for whih the molar frations of nitrogen, oxygen and argon are approximately78%, 21% and 1%, respetively. Now, the molar mass of humid air is given by [25℄

M = Maxa + Mwxw, (3.32)where Ma and Mw are the molar masses of dry air and water vapor, respetively, and xa



3.7 A sound veloity model for humid air 41and xw are the molar frations of dry air and water, respetively. A spreadsheet of theair onstituents and value of Ma may be found in [11, Table I℄; a value for Mw is givenin [25℄, and xw is obtained from the measured relative humidity (RH), f. [25℄.Although the sound veloity model failitates a variation in CO2 onentration, it wasin the present work set to 382 ppm [70℄, as the expeted amount of variation a�ets c0relatively little. As an example, an inrease in the CO2 onentration of 200 ppm wouldderease the predited c0 of about 50 ppm [PPC℄.Finally, to obtain the seond virial oe�ient B, the following equation was used [11℄
B = x2

aBaa + 2xaxwBaw + x2
wBww, (3.33)where Baa and Bww are the seond virial oe�ients for dry air and water vapor, respe-tively, and Baw is the seond interation virial oe�ient between the two gases. Thequantities Baa and Baw were alulated using [37, Eq. (4)℄ and [37, Eq. (9)℄, respetively,and Bww was obtained from [37, Eq. (A-5)℄. Example results for the sound veloity, c0,may be found in [11℄.In the operating frequeny range around 218 kHz, frequeny dependent dispersion e�etsare signi�ant. To aount for these, so as to obtain the sound phase veloity c, thefollowing expression was applied [11, 68℄

1

c0
− 1

c
=

αvN

2πfrN
+

αvO

2πfrO
, (3.34)where αvN and αvO are the plane-wave attenuation oe�ients due to vibrational re-laxation of N2 and O2, respetively, and frN and frO are respetively the relaxationfrequenies of N2 and O2. Relaxation ontributions from less signi�ant air gases arethus negleted. The attenuation oe�ients were alulated aording to [104℄, and therelaxation frequenies were alulated by means of formulae in [5, 6℄.



42 Theory
The dispersion orretion, c − c0, for humid air at, say 1 atm, 25 ◦C, 30% RH and afrequeny of 218 kHz amounts to approximately 0.15 m/s, or 431 ppm at c = 348 m/s.This is more than twofold the target measurement unertainty of the preision soundveloity ell [61℄. To the author's knowledge, the unertainty of the present dispersionorretion has not been evaluated at a su�ient auray level in the frequeny rangerelevant here. Unfortunately, this means that the overall unertainty of the sound veloitymodel is in exess of the stated ±300 ppm [11℄, to an unknown extent. Some exampleplots on dispersion orretion for air are provided in [92, p. 23℄.



43
Chapter 4
Experimental
In the urrent hapter, the experimental setups of the three sound veloity measurementmethods used in this work are desribed. Setion 4.1 onerns the experimental setup ofthe two-distane method, from whih valuable experiene was gained that later was usedin the development of the two andidate methods. As this method was not intended for thepreision sound veloity ell, it is only brie�y summarized here. A three-step developmentproess toward the prototype sound veloity ell is desribed brie�y in Se. 4.2. Onlysubjets santly treated in papers C and D are inluded here, and emphasize is put onobservations and hallenges in the early experimental setups, as they onstituted the basisof the �nal design of the prototype sound veloity ell.4.1 The two-distane methodThe purpose of using this preliminary method was twofold: (1) The method is �exiblein the sense that the transduer separation may be varied, and also, the aousti avityis open and readily aessible for the experimentalist (in the present setup), and thuswell suited for obtaining relevant experiene and study various e�ets relevant for othertransient methods; (2) the method has ommon properties with the two andidate meth-ods [PPA℄ that ould be tested using an existing measurement faility, developed as partof a dotoral work [93℄.



44 Experimental
The theory was given in brief in Se. 3.2 (f. [PPA℄ for a more thorough treatment),and the experimental setup, primarily desribed in [PPA℄, is for onveniene shown inFig. 4.1. The transduer stages failitate transduer alignment in all diretions, inludingtransversally o� the axis. Notie the Ealing series 53-8116/5 linear positioning stage atthe base, enabling a transduer distane resolution of 5 µm. The (white plasti) transduerholders were equipped with the Massa E-188/220 ultrasoni air transduers [63℄, intendedfor operation around 220 kHz. They were primarily hosen due to1. their bandwidth of 25 kHz (transmit mode at -3 dB), whih is relatively broadompared to other o�-the shelf air transduers. This is advantageous in order tominimize the transient region of the burst pulse;2. their relatively narrow beam, having a total beam angle of ±10◦ at -3 dB, whih isadvantageous to keep the di�ration orretion as low as possible; onfer also [PPB℄;3. they were already available and usable with the transduer alignment stages devel-oped as part of [93℄, failitating progress in the present experimental work.The results obtained using the 2DM are reported in [PPA℄, and some of the onlusionsdrawn that were utilized in the development of the andidate methods are outlined inChapter 5.
4.2 The andidate measurement methodsFor the andidate measurement methods, the 2PEM and 3PM, idential transduer on-�gurations ould be used, f. Figs. 3.2 and 3.3. Therefore, unless otherwise noted, theexperimental setup desriptions below overs both andidate methods.
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Figure 4.1: The experimental setup of the 2DM. The soure and reeiver transduer stagesare seen to the left and right, respetively. The measurement hamber [PPA℄ isindiated in the bakground.4.2.1 Experimental setup IIn experimental setup I, a slightly modi�ed version of the setup shown in Fig. 4.1 wasapplied,1 whih is not designed for pulse-eho operation. However, the purpose was pri-marily to gain experiene, evaluate e�ets ritial to the measurement unertainty, systemsettings, transduer separation et., and utilize this knowledge in the design of the pro-totype measurement ell (Fig. 4.5).The transduer separation L was varied over the range 157−200mm for both measurementmethods, whih is a relevant range in the preision sound veloity ell [61℄. The transduerseparation was measured using a Mitutoyo series 137 mirometer srew, with a statedunertainty of 10 µm at L = 200 mm.2 To failitate measurements with the 2PEM,the transduer needed be swithed from transmitting to reeiving mode within a fewmiroseonds. To failitate this, a ustom design swithing iruit was developed, forwhih the iruitry is outlined in Appendix A.1a spaer plate was inserted below the transduer stage to the left to redue the transduer separation.2for L = 150 mm, the unertainty is about 8.2 µm [92℄, at an unknown on�dene level, presumed tobe 95%, as reommended in [38℄.



46 ExperimentalTransduer holders

Figure 4.2: The transduer holder developedas part of a dotoral work [93℄, sur-rounding the Massa E-188/220 ul-trasoni air transduer.

Figure 4.2 is a lose-up image of thetransduer holders used in the presentexperimental setup (f. Fig. 4.1). Theholders are not designed for pulse ehooperation as in the andidate meth-ods. Hene, high measurement a-uray was not expeted using thissetup.This is �rstly due to the quite signi�antarea of the annulus that surrounds thetransduer front, whih may ause a phaseshift upon re�etion if the transduer frontfae is not �ush with the holder annu-lus. Seondly, the annular gap between thetransduer and holder may ause a signi�-ant delayed eho that may interfere with the measurement eho. Thirdly, the gap be-tween the transduer front and holder annulus represents a hallenging geometry regardingdi�ration orretion, whih is presumably di�ult to model aurately.Transduer ringing in the 2PEMIn the 2PEM, the transduers are swithed to reeiving mode within tens of nanoseondsafter pulse transmission. Beause of the �nite bandwidth of the transduer, some timeelapses from the eletrial drive signal is swithed o�, until the transduer has stoppedringing [88, p. 220℄. The transduers applied here [63℄ are still ringing slightly whenthe ehoes 2© and 4© arrives at the reeiver3, shifting the reeived ehoes in phase (andmagnitude), and thus the measured transit time. Suh e�ets are illustrated (for the �nal3at sound veloities around 348 m/s



4.2 The andidate measurement methods 47experimental setup) in Fig. 4.3, and their in�uene on the measurement unertainty isevaluated in [PPC℄.Swithing noise in the 2PEMThe 2PEM relies on the ustom designed swithing iruit, shown in Appendix A. Nowevery swithing event is aompanied by a harge injetion [1℄, taking the form of aoherent noise spike deaying roughly exponentially, f. the upper subplot of Fig. 4.3.
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Figure 4.3: Upper subplot: a typial signal trae of the 2PEM, where the swithing noise isemphasized. For larity, only one hannel is shown (showing e.g. signals 1© and2©). Lower subplot: ringing noise present in the beginning of eho 2©, visible from0.8 to 0.88 ms.A major problem assoiated with this noise was its elevated level whih oasionallysaturated the osillosope, and lead to shifted transit times. The following e�orts wereexeuted to avoid suh e�ets.
• As the moment of swithing is adjustable, it has been tuned to our at the trailingedge of the burst signals (just after the transit time measurement range), so that



48 Experimentalthe available deay time of the swithing noise is maximized;
• shunt resistors of 1000 Ω are oupled to the transduer input in order to dampenthe noise, f. Appendix A;
• butterworth bandpass �lters (hardware and software) were applied to remove thehighest frequeny omponents of the noise spikes, whih redued the noise levelsigni�antly.These e�orts redued the swithing noise to a level subordinate of the transduer ringingnoise.ObservationsSome observations regarding the urrent experimental setup were made. Modi�ationsand tuning of the swithing iruit was neessary to get the 2PEM working properly. Inboth andidate methods, a software Matlab bandpass �lter was implemented to removeremaining bias from the eletrial signal input at the osillosope. This was neessarydespite of the fat that the osillosope was set in AC mode. Suh bias auses a shift, i.e.error, in the measured transit time.In these experiments, settings like sampling frequeny fs, burst enter frequeny f0, andtransduer separation L were varied. Some omments on these parameters are given be-low.As for fs, the simulation results in Se. 3.5 indiate that 5 MHz should provide su�ientpreision in the transit time detetion. However, as the osillosope does not allow fs tobe 5 MHz in dual hannel mode, it was deided to rather use fs = 10 MHz in the re-maining work [PPC, PPD℄. There were no indiations that this ation lead to insu�ientpreision in the time detetion, whih would appear oasionally as large ripple in thetransit time vetors.



4.2 The andidate measurement methods 49The burst enter frequeny f0 is primarily ritial with respet to di�ration orretion.In [PPB℄ it is indiated that f0 = 218 kHz is a suitable enter frequeny, beause atthis frequeny the plane piston di�ration orretion model (Se. 3.6.1) may probablybe applied to the Massa transduer with little error, for a transduer separation in therange 15 − 20 m. Moreover, an f0 of 218 kHz is experimentally found to be an optimalfrequeny with respet to minimizing the transient regime of the burst pulses.Measurements were performed, using both andidate methods, for various values of L inthe range 16 to 21 m, while measured sound veloity relative to the model was monitored.There were no indiations that varying L aross this range a�eted the measurementresults signi�antly. Also, the eho signal levels (f. Figs. 3.2 and 3.3), whih are distanedependent, appeared to be adequate over suh distanes.
4.2.2 Experimental setup IIIn experimental setup II, a measurement unit was devised, providing a well de�ned trans-duer alignment where the transduers are separated axially by L = 151 mm, f. Fig. 4.4.The measurement unit was in this experimental setup enlosed by the aoustially insu-lated measurement hamber desribed in [PPA℄.Most parts of the measurement unit are labeled in Fig. 4.4; yet some parts need ex-pliit explanation. The `transduer one', whih elsewhere in this thesis is referred to as`transduer holder', keeps the transduers aligned and in plae. `PT-100 lamp' refersto the lamping faility of the two PT-100 thermoouples that protrude 7 mm into themeasurement avity. `Adjustment srew' refers to the srews of the parallelity adjustmentplate faility of one of the transduers. The `gage ring' failitates a referene base for theadjustment plate, at whih the transduer ones are aligned parallel to better than 0.02◦with eah other.



50 Experimental

Figure 4.4: The design plot of the �nal version of the measurement unit. All dimensions arein millimeters.



4.2 The andidate measurement methods 51ObservationsThe transduer holders of the measurement unit was, based on an initial version, re-designed (Fig. 4.4). The initial version was optimized with respet to angular alignmentof the transduer, whih was ahieved by having diret ontat between the transduerand holder. This lead to strong ringing e�ets in the 2PEM; the worst ase SNR in thebeginning of ehoes 2© and 4© (f. Fig. 4.3, lower subplot) was about 25 dB, ausinga relative shift in ∆t of about 100 ppm, whih is well beyond an aeptable value. Tominimize suh ringing e�ets, the �nal transduer holder suspends the transduer by onerubber o-ring in the frontmost part (f. Fig. 4.4). Another advantage of using one ratherthan two o-rings for transduer suspension, is a signi�ant redution of aoustial ross-talk between the transduers (traveling via the measurement unit), to a negligible level.As the front fae of the transduer holders are parallel to within 0.02◦, whih is probablysu�ient to avoid signi�ant measurement error, it was attempted to align the transduerfront fae �ush with the front annulus of the holder. The transduer was inserted inthe holder by arefully pushing the transduer bakwards, using a plane objet, until itstopped at the holder front. To prevent that the o-ring, whih is quite resilient, would re-jet the transduer slightly bak, out of position, the o-rings were lubriated with grease.The transduer fronts are estimated to be parallel to within λ/10 using this on�guration.It should be noted that the present design is �preliminary�, and possibly not su�ient withrespet to transduer parallelity for the preision sound sound veloity ell. The uner-tainty ontributions due to suh e�ets were unfortunately not evaluated in the presentwork.The experiments using experimental setup II were also troubled by medium onvetionurrents due to temperature gradients [62, p. 269℄, ausing a signi�ant measurementspread. However, suh e�ets were expeted to be signi�antly redued in a well de�nedpreision sound veloity ell. Another important observation was that the transduerholders and transduer mounting should be arefully designed. This is of partiular



52 Experimentalimportane with respet to ontrolling di�ration orretion (f. Se. 3.6.1), reduingaoustial ross-talk, and optimizing the transduer parallelity alignment.Nonlinearity measurementsExperiments using the urrent transduers in air have indiated e�ets of nonlinearity thata�ets the pulse transit time for transduer drive levels beyond Vin = 1 V (peak-peak;pp), whih is approximately the drive level of the 2PEM [PPC℄. Hene, this method is pre-sumably not a�eted by suh e�ets. For the 3PM it was, however, based on the �ndingsbelow deided to use a somewhat higher transduer drive level than for the 2PEM. Thereasoning behind this was to maximize the SNR of the somewhat weak eho 2©, f. [PPD℄,so as to obtain a more smooth and stationary transit time di�erene vetor, from whih
∆t ould be obtained (f. Eq. (3.9)).The following approah was taken to quantify the in�uene of nonlinearity e�ets on ∆tfor the 3PM: the variation in ∆t was measured as a funtion of Vin within time intervalsbelow 1 min, so that the temperature of the measurement medium was essentially on-stant. Preferably, Vin = 1 V pp should be used as referene drive level, as this representsthe linear regime. However, as the SNR was rather poor in this range, suh that air�ikering gave a relatively large variane in ∆t, it was deided to rather use Vin = 2 Vpp as referene level. It was assumed that nonlinearity e�ets due to this ation werenegligible.The measurements were arried out with atmospheri air as measurement medium, at atemperature and RH of about 24 ◦C and 24%, respetively. The temperature variationwas less than 4 mK during the measurements, whih is equivalent to a hange of about 7ppm in ∆t.On average, hanging Vin from 2 V pp to 5 V pp resulted in a hange in ∆t of about -3 ns(95% onf. level). Due to the signi�ant spread of the result, amounting to 5 ns, this value



4.2 The andidate measurement methods 53was attributed to nonlinearity e�ets in the unertainty budget in the �nal measurementsusing the 3PM [PPD℄. This value orresponds to about 6 ppm relative to ∆t, whih isnegligible ompared to the other predominating unertainty ontributions [PPD℄.4.2.3 Experimental setup IIIThis �nal experimental setup onsists of a prototype sound veloity ell for pressures be-low 13 bara, ontaining the measurement unit desribed in previous subsetion. The ell,shown in Figs. 4.5 and 4.6, features the option of using both andidate methods with thesame measurement medium, rendering possible a diret experimental omparison.4The design rationale of the ell, relevant for both andidate methods, is primarily overedin [PPC℄, but dimensional onsiderations are treated here. To provide �exibility withrespet to measurement gas, and give plentiful measurement time windows, the prototypeell was designed for sound veloities up to 450 m/s. During the development work, themeasurement unit was immersed into a steel pipe with approximately the intended elldiameter to hek for interfering wall ehoes. None suh were observed for any of the twoandidate methods, indiating that the urrent dimensions ould be used in the prototypemeasurement ell.Number of burst averagesThe number of oherent burst averages N is basially limited by the measurement du-ration, whih preferably be less than, say 1 s. A relatively low burst repetition rate isadvantageous, to ensure that previous pulses essentially have died out in the avity of thesound veloity ell. Experiments have indiated that a burst repetition rate below 40 Hzis required to ful�ll this spei�ation. With respet to suppression of random noise, it hasbeen found that N > 10 be su�ient.Another aspet whih makes oherent averaging of several burst signals important, is4notie however that the measurement eletronis is slightly di�erent [PPC, PPD℄.



54 Experimentaltiming jitter e�ets, whih are due to the unsynhronized lok signal referenes of thefuntion generator and osillosope. It is reasonable to assume that the jitter in sampledtime point has a Gaussian probability density funtion [41℄. Hene, perturbations in thetransit time should be suppressed by averaging. It was in the present work assumed that
N = 15 is su�ient to suppress timing jitter e�ets to an insigni�ant level, whih om-plied with the requirement that the measurement duration of the andidate methods beless than 1 s. As a worst ase example: if omitting the averaging by setting N = 1, thestandard deviation of the transit time jitter would be less than 25 ns [31℄, orrespondingto about 30 ppm relative to ∆t (at c = 348 m/s [PPC, PPD℄).In the following, the dimensional analyses of the measurement ell is presented. It isbased on a simpli�ed arrival time estimation of the measurement signals and disturbingehoes, meaning that the wave fronts are taken to be rays. As the measurement ell isdesigned for both andidate methods, two separate transit time budgets are given. It hasbeen found experimentally that a burst pulse of about 170 µs (37 periods at 218 kHz) issuitable for the Massa transduer to obtain a su�iently stationary transit time regimefrom whih ∆t an be obtained.Arrival times of signals and noise in the 2PEMReferring to Fig. 4.5, the following dimensions provided 170 µs measurement time slotfor the andidate methods: L0 = 151 mm, Lpen = 49.7 mm, rsp = 86 mm and rcw ∈
(101.5, 109.5) mm. The term rcw is given as an interval beause the measurement unithas its axis 4 mm o� the ell axis. Now let tsp denote the arrival time of an eho goingvia the spaer rod 3, and t1cw and t2cw denote the arrival times of ehoes traveling via thelosest and most distant ell wall 12, respetively. The term tE2 denotes the arrival timeof an eho going via the end fae 11 opposite to the soure transduer�and bak to thesoure. The estimated arrival times of the measurement signals and possible disturbingehoes are given for the 2PEM in Table 4.1, alulated for c = 450 m/s.



4.2 The andidate measurement methods 55Table 4.1: Calulated arrival times of the measurement pulses and disturbing ehoes for the2PEM in the prototype sound veloity ell, shown in Fig. 4.5, for a sound veloityof 450 m/s.Quantity t1, t3 tsp t1cw t2cw t2, t4 tE2Arrival time [µs℄ 333 507 561 590 667 889We note that the ritial time slot is between tsp and t1 or t3�amounting to 174 µs�as the time window between tE2 and t2 or t4 is larger (222 µs).5 However, the possibleeho due to the spaers 3, arriving at tsp, has not been observed in the measurements,suggesting that the atual available time slot for measurement using the 2PEM is 222 µs.Arrival times of signals and noise in the 3PMThe arrival times of the measurement signals and possible disturbing ehoes are given forthe 3PM in Table 4.2, in whih c = 450 m/s. An additional term, tE3, has been introdued,denoting the travel time of an eho traveling from the soure�to the opposite end fae11�bak to the opposite end fae 11�to the reeiver.Table 4.2: Calulated arrival times of measurement pulses and disturbing ehoes for the 3PMin the prototype sound veloity ell (Fig. 4.5). The sound veloity c is 450 m/s.Quantity t1 tsp t1cw t2cw t2 tE3Arrival time 333 507 561 590 1000 1222Table 4.2 shows that the ritial time slot, tsp − t1, again is due to the eho traveling viathe spaer rods 3, whih however not is experiened to yield a signi�antly disturbingeho, f. previous setion. Thus, the available time window is given by tE3 − t2 = 222 µs,whih inidentally is equal to the time window of the 2PEM.
5although the time separation between t2 or t4 and t2cw is notably less than the required time slot,this is not ritial beause the eho assoiated with t2cw does not arrive at the reeiving transduer.
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Figure 4.5: Cut-through design sketh of the prototype sound veloity measurement ell for lowpressures. The numbers refer to the following objets. 1 ultrasoni transduers; 2transduer holders; 3 transduer spaer rods; 4 Pt-100 thermoouples; 5 parallelityadjustment srews; 6 able feedthrough onnetor; 7 humidity sensor; 8 safetyvalve; 9 gas inlet ports; 10 gas outlet ports; 11 end faes, and 12 ell wall. Notethat the wall was overed with a rugged, soft lothing (not shown) to spread andabsorb wall ehoes.
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Figure 4.6: Bird view image of the manufatured prototype measurement ell. The three ob-jets at the lid are from left to right able feed-through onnetor, safety valve andRH probe.



58 Experimental



59
Chapter 5
Conluding remarks
In paper A, the two-distane sound veloity measurement method for gases was used as apreliminary method to gain experiene on transit time methods in general, and to inves-tigate ommon features with the two proposed andidate methods for the preision soundveloity ell [61, PPC, PPD℄ in partiular.The attained experimental unertainty was estimated to 282 ppm at 95% on�dene level,and medium onvetion urrents due to temperature gradients was found to be the pre-dominant ontributor to the experimental unertainty. Hene, it was reognized thatthe presene of suh e�ets be arefully onsidered when designing the prototype soundveloity ell. Also, it was found that the transduer drive level ould ause e�ets ofnonlinearity that a�et the transit times, and thus the measured sound veloity. Careshould thus be taken to limit or avoid suh e�ets in the andidate methods by restritingthe drive level.Moreover, the �ndings [PPA℄ indiated that the unertainty in the transit time detetionmethod (zero rossing time detetion ombined with linear interpolation) was the leastsigni�ant unertainty ontribution, onsiderably less than those due to onvetion ur-rents and nonlinear e�ets. Indeed, this indiated a fair potential for using this transittime detetion method in the andidate sound veloity measurement methods.



60 Conluding remarks
A great advantage with the 2DM ompared to the andidate measurement methods isthe relatively low in�uene of di�ration orretion [PPA℄, whih is hallenging to evalu-ate [58℄. Furthermore, it is expeted to be less sensitive to angular misalignment of thetransduer fronts. However, as was pointed out in the feasibility study for the preisionsound veloity ell, a ell without moving parts is preferred [61℄, hene the 2PEM was notonsidered a andidate for the preision sound veloity ell.It was expeted that di�ration orretion would be one of the major ontributors tothe measurement unertainty using the andidate methods, 2PEM and 3PM [61, PPA℄,whih motivated a more areful evaluation of the di�ration orretion modelling thanperformed for the 2DM [PPA℄. Hene, in Paper B, di�ration orretion was investigatedfor the ultrasoni Massa transduer applied throughout this work, using a �nite elementmodel for di�ration orretion [58, 56, 57, PPB℄.In spite of strong indiations that the Massa transduer vibrates very di�erently from auniform plane piston soure, a lose agreement was found between the FEM [58, 56, 57,PPB℄ and the plane piston di�ration orretion models [44, 45℄ for transduer separationsin the range between the near �eld and the far �eld. In fat, a phase disrepany of only0.13◦ was found for a transduer separation of 15 m, the distane used in the prototypeell, around the frequeny of operation, 218 kHz, for a sound veloity of 340 m/s. Thisindiates thus that the plane piston di�ration orretion model may be applied with littleerror to the Massa transduer under the onditions relevant in [PPC, PPD℄. One shouldyet bear in mind the shortomings of the FEM di�ration orretion model [58, 56, 57,PPB℄, as well as numerial unertainty due to limited numerial resolution.Paper C onerned the Two-way pulse eho sound veloity measurement method for gases,proposed as a andidate for the preision sound veloity measurement ell. The 2PEM isbased on a similar method, desribed in a patent artile [86℄. To the best of the author's



61knowledge, the 2PEM, or the method in [86℄, has never before been realized experimen-tally so as to demonstrate their potential or performane.Using the 2PEM, the present work demonstrates agreement to within 172 ppm betweenmeasured and modelled sound veloity [PPC℄, using air at about 1 atm, 27 ◦C and 30%relative humidity. This indiates a good potential for using the 2PEM in the preisionsound veloity ell for gas. However, it must be noted that the employed sound veloitymodel for air have an unertainty of at least ±300 ppm [11, PPC℄, besides that alternativesound veloity models do exist for humid air [99℄ whih deviate by about 515 ppm fromthe present model [11℄.The attained experimental unertainty of the 2PEM was estimated to 130 ppm at 95%on�dene level [PPC℄. However, due to laking knowledge of (i) the transduer front faeplanarity, (ii) the degree of angular misalignment between the transduer fronts, and (iii)the di�ration orretion unertainty,1 the experimental unertainty should be regardedpreliminary and inomplete.Paper D presented the Three-way pulse method for sound veloity measurements in gases,originally proposed as a andidate method for the preision sound veloity ell in the fea-sibility study [61℄. The 3PM has�to the author's knowledge�never before been realizedin an experimental setup; hene, the present measurement results are the �rst to yieldindiations of the performane of the 3PM.The sound veloity measurement results were obtained for atmospheri air at a temper-ature and relative humidity of about 27 ◦C and 30%, respetively. The results agreedto within 144 ppm with the output from the sound veloity model [PPD℄, indiating apromising potential for use in the preision sound veloity ell for gas. It is however1although the one-way di�ration orretion was modelled quite arefully for the present Massa trans-duer [PPB℄, it was hardly feasible in this work to aount for the overall di�ration orretion unertainty,omprising e�ets of e.g. an imperfet pulse eho di�ration orretion model, transduer holders andskew beam lobes.



62 Conluding remarksstressed, as for the 2PEM, that the present sound veloity model for humid air [11℄ has arelatively moderate unertainty of at least ±300 ppm [11, PPC℄, besides that alternativemodels do exist [99℄.Due to the eletrial ross-talk noise in the beginning of the signal traes of the 3PM[PPD℄, the ross-orrelation algorithm for detetion of orresponding zero rossings oa-sionally failed. The zero rossing detetion was therefore arried out manually,2 whih ofourse is not a viable approah in a measurement method for the preision sound veloityell. It is underlined however, that this proedure was super�uous in experimental setupII, where oaxial transduer ables were used instead of the (non-oaxial) feedthroughonnetor of the prototype sound veloity ell (f. Fig. 4.5).The experimental unertainty using the 3PM was estimated to 126 ppm at a 95% on�-dene level [PPD℄. However, as for the 2PEM [PPC℄, the laking estimate of the di�rationorretion unertainty (expeted to dominate the unertainty budget), laking knowledgeof the transduer front fae planarity, and laking knowledge of the angular misalignmentbetween the transduer fronts, the experimental unertainty budget should be regardedpreliminary and inomplete.For both andidate measurement methods, there were strong indiations that onvetionurrents (medium �ow) due to temporal and spatial temperature variations aused signi�-ant spread in the sound veloity results. These e�ets were identi�ed as a relatively largespread in the deviation from the model [PPC, PPD℄. During this work, it was unfortu-nately not possible to immerse the prototype sound veloity ell in a properly regulatedthermostat bath. The problem has in subsequent work been resolved, enabling a more ho-mogeneous and stationary measurement temperature [59℄. Sound veloity measurementswith this modi�ed experimental setup, using argon gas at atmospheri and room tem-2in the following way: if the detetion fails by one period, the measurement error amounts to about5300 ppm, whih is regarded an unrealistially poor measurement value. On this basis, the orrespondingzero rossings were identi�ed by �trial and error�, using the predited sound veloity from the model asreferene.



63perature onditions [59℄, demonstrated a result spread below 22 ppm for both andidatemethods, representing a redution in the total sound veloity spread by a fator of about12 ompared to the results presented herein [PPC, PPD℄.Although the experimental unertainty budgets for the andidate measurement methodspresented here [PPC, PPD℄ were preliminary and inomplete, they are still valuable, as thepredominating and ritial unertainty ontributions are identi�ed. This renders possiblea more thorough evaluation of these in future work, so that the measurement unertaintyof the andidate methods be further redued.In papers C and D�where atmospheri air was used as measurement medium�it is on-luded that the andidate measurement methods for the preision sound veloity ell havedemonstrated a promising potential with respet to meeting the tehnial spei�ationsfor the sound veloity ell (f. Se. 1.3). Further on�dene to suh onlusions is pro-vided in [59℄, where argon at atmospheri and room temperature onditions was usedas measurement gas. The sound veloity measurements were found to agree to within239 ppm and 224 ppm with the argon model [17℄ for the 2PEM and 3PM, respetively,given a model unertainty of about 10 ppm [17℄. The present work [PPC, PPD℄ and [59℄indiate moreover that di�ration orretion is a predominating and ritial unertaintyontribution, whih preferably be evaluated with an unertainty below 100 ppm [59℄ in apossible realization of the preision sound veloity ell.
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AbstratUltrasoni gas �ow meters for volumetri �ow rate �sal metering of natural gas (USMs)may possibly also be used for mass and energy �ow rate measurement, partially based onveloity of sound (VOS) measurement. To establish the auray of the VOS measure-ments given by the USM, and for traeability purposes, an independent and high-aurayVOS measurement ell may be used as referene. To inlude relevant e�ets of dispersion,the ell should preferably work in the operational frequeny range of USMs, e.g. 100-200kHz, with natural gas under high pressure.Three di�erent transient methods are investigated, aiming to realize a VOS measurementell, and they are seen to have several ommon experimental unertainty soures. In thepresent work, a two-distane method is disussed in more detail as an example, and someresults from measurements in an insulated hamber with air at 1 atm and a. 25 ◦C arepresented.The relative expanded measurement unertainty was estimated aording to ISO guide-lines to 282 ppm (95 % onf. level). One major soure of measurement unertainty wasexperiened to be small onvetion urrents in the hamber. Without these, the expandedunertainty would have been about 162 ppm. Suh onvetion e�ets are expeted to bestrongly redued in a properly designed measurement ell.The VOS measurement results were ompared with preditions from a VOS model forstandard air, inluding dispersion [J. Aoust. So. Amer. 93 (5), pp. 2510-2516, 1993℄,resulting in a mean deviation of -18 ppm with a two standard deviation spread in thedata of 190 ppm over the temperature range.



6.1 Introdution 796.1 IntrodutionUltrasoni gas �ow meters (USM) are urrently employed to measure gas volumetri �owrate in �sal gas metering. As the USM gives a measurement of the veloity of sound(VOS) in addition to the volumetri �ow rate, it may o�er a potential for gas density andenergy measurement [1℄.Reent developments have proposed methods for alulation of the mass and energy on-tent of the gas from the measured VOS, pressure and temperature [1℄. If using the USM asan energy or mass �ow meter, the unertainty in the VOS output from the USM should beevaluated against an independent, aurate and doumented method. No suh referenemethod exists today, raising the need for a preision VOS measurement ell for naturalgases.A feasibility study for realizing suh a ell has been arried out [2℄. The literature on the�eld appears to be extensive, but none of the identi�ed measurement methods ould di-retly meet the spei�ations given below. VOS measurement ells with extreme aurayare available in the audio frequeny range, for whih unertainties down to 1 ppm havebeen reported. Less work was however identi�ed at a su�ient auray level in the fre-queny range 100-200 kHz. A more reent literature study was arried out in 2004 [3℄, stillnot revealing any diretly appliable ell method. The most promising methods neededdevelopment, or alternatively, a new method should be devised.Tentative tehnial ell spei�ations have been pointed out [2℄, and the absolute VOSmeasurement unertainty should not exeed ±(0.05 � 0.1) m/s (100 � 200 ppm) at a 95% on�dene level. The operational parameters are those of the USMs, a pressure rangeof, say, 0 � 250 barg, a temperature range of 0 � 60 ◦C, and the frequeny range 100 �200 kHz.Three transient methods are being investigated [2, 4, 5℄ as part of the work to realize a



80 Paper Apreision VOS ell. They are seen to have several similarities, as being transit time based,anelling out system delay, and the same time detetion method may be applied.One of these methods is presented and used in this paper, as a preliminary method, mainlydue to moving parts whih is regarded to be a disadvantage in a pratial measurementell. However, the method is �exible and well suited for investigating ommon experi-mental aspets and unertainty soures that also are relevant for the two other andidatemethods.6.2 Theory6.2.1 The two-distane VOS measurement methodThe two-distane VOS measurement method (2DM) is desribed in e.g. [6, 7℄, and thepriniple is shown in Fig. 6.1. In [7℄ the method was applied on water, and an experimentalauray of about 205 ppm was ahieved.

Figure 6.1: Priniple sketh of the two-distane method. Tx1,2 denotes the transmitted pulseat respetive distane 1 and 2, and Rx1,2 denotes the reeived pulse at respetivedistane 1 and 2.



6.2 Theory 81The measurement priniple is as follows (f. Fig. 6.1): a pulse (1) is transmitted inthe gas over the distane L1, and the total transit time t1 is measured. The transduerseparation is hanged by ∆L, and the proess is repeated at L2 to obtain the transit time,
t2, from the seond pulse (2).
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Figure 6.2: A model of the transit time measurement with the two-distane method. Subsripti denotes the measurement at respetive distanes 1 and 2. tdif
i is the di�rationtime advane due to departure from plane wave propagation.The model in Fig. 6.2 illustrates the system time delay omponents, and aording tothis, the following expression represents the measurements at distanes L1 and L2

ti = teltrT + tgas
i,plane + tcorr

i + teltrR , i = 1, 2, (6.1)where ti denotes the total measured transit time and teltrT is the time delay in the trans-mitting eletronis, ables and transmitting transduer. tgas
i,plane = Li/c denotes the planewave pulse time-of-�ight in the gas, and tcorr

i aounts for non-ideal e�ets suh as non-plane wave propagation, i. e. di�ration phase shift, tdif
i , and other possible ontributions.

teltrR is the time delay in the reeiving transduer, ables and reeiving eletronis. Notethat the time delays in the transmitting and reeiving iruits are assumed to be onstantthroughout the measurements at distanes L1 and L2 (i.e. not a�eted by temperature).By rewriting (6.1) and subtrating t1 from t2 we obtain
t2 − t1 = tgas

2,plane − tgas
1,plane + tcorr

2 − tcorr
1 . (6.2)



82 Paper ANow, by introduing ∆L ≡ L2 −L1, ∆t ≡ t2 − t1 and tcorr ≡ tcorr
2 − tcorr

1 , the VOS, c, maybe obtained as
c =

∆L

∆t − tcorr
. (6.3)6.2.2 A VOS model for standard airA model for VOS in air given in [8℄ was hosen for omparison due to its extensive em-pirial support [9, 10, Table II℄. A virial equation of state, inluding �rst and seondvirial oe�ients was used to develop a pressure dependent model for VOS in standardair. Model input parameters are temperature, pressure, humidity and CO2 onentration.As an example, at standard temperature and pressure (0 ◦C and 101 325 Pa) the modelpredits a VOS of: c0 = 331.46 m/s ± 300 ppm [8℄ at a 95 % onf. level, where subsript`0' denotes the zero frequeny limit.The following relation was used to aount for dispersion in the medium [8, 11℄

1

c0
− 1

cφ
=
∑

r

αr

2πfr
, (6.4)where cφ is the VOS at a spei� frequeny and αr and fr are the attenuation oe�ientand relaxation frequeny respetively for eah relaxation proess. The dominating pro-esses in air are due to nitrogen and oxygen, hene, the model was on�ned to aountingfor these. From (6.4), the dispersion, ∆c ≡ cφ − c0, in the experiments desribed here wastypially 0.15 m/s (∼ 435 ppm), and thus signi�ant.Although this is a well known dispersion model, little empirial data have been foundthat may validate the model in the relevant frequeny range [8, 11℄. The dispersionmodel unertainty, u(∆c), is thus not determined, but may ontribute to the overallmodel unertainty. The unertainty ontribution from this dispersion model is thereforeomitted, hene, the overall model unertainty is taken to be 300 ppm [8℄ (95 % onf. level;see above).



6.3 Experimental 83Table 6.1: Measurement parameters.Parameters ValueCarrier frequeny, f0 [kHz℄ 218Burst wave form SinePeak amplitude [V℄ 3Number of periods 50Burst repetition rate [Hz℄ 80, 100Sampling frequeny [MHz℄ 5, 10
L1, L2 [m℄ 28, 406.3 Experimental6.3.1 Measurement systemA funtional diagram of the experimental setup is outlined in Fig. 6.3, and some relevantmeasurement settings are given in Table 6.1. The transduer separation was adjustedwith a linear Ealing 53-8116/5 positioning stage with a length resolution of 5 µm.The temperature was aquired from a probe A (TA), seated just below the aousti path,and from probe B (TB), loated right below the hamber eiling. The alibrated, ombinedtemperature unertainty of the ASL F250 thermometer and the probes was 13 mK (95% onf. level).6.3.2 Environmental onditionsA stationary, low-noise air environment is ruial to ahieve high measurement auray,and suh onditions were attempted obtained by using an insulated hamber enlosingthe transduers and positioning system. The walls and eiling onsisted of layered plastiand expanded polyester, overed with a wool arpet on top. The hamber made a losedvolume with inner dimensions 52 × 60 × 127 m3, well large enough to avoid interferingre�etions.
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Figure 6.3: Funtional diagram of the experimental setup for the 2DM.
Phase shifts deteted as rapid hanges in the transit times have been observed when eitherhanges or high values in the temperature di�erene, ∆T ≡ |TA − TB| were present.1 Thephenomenon is experiened to ome from medium onvetion urrents, aused by heatingfrom the Ealing stage. The problem was also reported in [12℄, where the same positioningstage was used. To redue the problem, the stage was insulated and in o�-mode until thepositioning took plae.

1Typial values of the temperature di�erene, ∆T , ould be from 30 - 110 mK, with the highesttemperature beneath the hamber ealing (TB).



6.3 Experimental 856.3.3 Data aquisitionRelevant measurement settings were aquired just before the data aquisition, whereas theaveraged temperature T 1 ≡ (TA1 + TB1)/2 was reorded simultaneously with the aoustidata aquisition in position one. The transmitter was then moved to position two, imme-diately followed by a seond averaged temperature (T 2) and data aquisition.The transit time was determined for twenty signal traes, and then averaged to onstitutea mean transit time. The zero rossing times in the stationary part of the mean transittime were then averaged to obtain ∆t to be input in (6.3).The transmitted and reeived burst pulses were reorded with a GageSope CS1250 (PC-Osillosope), with 12 bits sampling resolution. Presumably due to internal PC noise,the e�etive number of sampling bits were less than 12. By inspeting the level of theshort-iruited sampling noise and knowing the range, the e�etive number of bits ouldbe estimated to 8.4.6.3.4 ProessingThe transit time was determined by zero rossing time detetion, ombined with linearinterpolation between the samples around zero to ahieve a su�ient time resolution. Byusing this method in the stationary part of the burst, the measurand is the phase VOS [13,p. 220℄ whih is the VOS model output as well.A statistial software [14℄ was employed to determine the ahieved time resolution as afuntion of sampling frequeny (fs), number of bits, burst periods and generator frequenyvariation. It was found that fs = 5 MHz, 8 bits, 100 zero rossings and a linear frequenyvariation of 1 % yielded a standard time unertainty of 0.14 ns, whih is insigni�ant om-pared to other quantities. By inspeting the transit time for eah zero rossing throughthe burst, it was found that sampling frequenies exeeding 5 MHz had no impat on thespan of the transit time variations.
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A threshold was utilized for apturing the burst to determine zero rossings within. Due tomedium absorption and long transduer risetime, the signal onset is typially embeddedin noise. Consequently, the deteted zero rossings of burst (1) may not neessarilyorrespond to those of burst (2). However, by limiting ∆L, the shape of burst (1) and (2)will be very similar, so by saling the treshold to the burst amplitude, the zero rossingsof the two bursts are likely to orrespond.26.3.5 CorretionsThe only identi�ed ontribution to the orretion term, tcorr, in (6.3) was that of a di�ra-tion orretion. Williams' model [15℄ for di�ration orretion was used to aount fordi�ration e�ets. Model assumptions are that the transmitter osillates as a plane, ir-ular piston soure with a uniform radius, seated in an in�nite rigid ba�e. This may bea somewhat rude approximation, as the transduers used here probably are designed forfundamental radial mode osillation [16℄, and also, the transmitter is not mounted in anin�nite ba�e.Aording to [17℄, a dis-shaped transduer element an have an e�etive radius being40 % smaller than the physial dimension. The e�etive soure radius, aeff , was thusestimated to inrease the auray of the model input parameters. This was done byadapting the -3 dB angle, θ−3dB , of the piston diretivity to the measured diretivity, andsolving for the radius, resulting in aeff = 4.25 mm.Fig. 6.4 shows the alulated di�ration orretion as a funtion of distane, for theparameters: VOS 345 m/s, soure radius 4.25 mm and frequeny 218 kHz. tcorr

1 and tcorr
2are marked as a funtion of the respetive distanes L1 and L2. It is seen that for apulse travelling a distane like L1 and L2, the alulated di�ration time shift beomes a2At the given frequeny and VOS, a possible mismath of one period in ∆t gives a perturbation inthe VOS of about 4 m/s, whih deviates a lot from the model value. The model was thus used to identifyerroneous period detetion that ould arise from the treshold riterion.



6.4 Results 87signi�ant portion of one period, nearly −85◦ in the example here.
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Figure 6.4: Example of alulated di�ration time shift with Williams' model for a plane pistonwith a VOS of 345 m/s, soure radius 4.25 mm and enter frequeny, f0 = 218 kHz.It is also evident from Fig. 6.4 that the di�ration orretion, tcorr, whih is the di�erenebetween tcorr
2 and tcorr

1 an be made relatively small [18℄ by hoosing suitable values for
L1 and L2. The value of tcorr was about 28 ns in the present experiments.6.4 Results6.4.1 Sound veloityThe measurement results with estimated unertainty (f. Se. 6.4.2), shown as vertialerrorbars, are plotted as a funtion of temperature in Fig. 6.5, together with the modelpreditions. The mean and maximum deviation from the model is -18 ppm and -222 ppm



88 Paper Arespetively, with a two standard deviation spread of 190 ppm (95 % onf. level), over thistemperature range. Hene, the measured VOS values are within the model unertaintyband.It is stressed that the model unertainty band possibly should be expanded due to thenegleted dispersion model unertainty, f. Setion 6.2.2. Note also that the �bumps� inthe model value / unertainty band are due to varying air humidity.
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6.4 Results 89senario. Hene, the unertainty ontributions u(∆L), u(∆t) and u(tcorr) were ombinedin a square-root-sum way [19, Eq. (10)℄.Dominating unertainty ontributions in u(∆L) were temperature expansion and traking-and positioning auray of the positioning stage. Due to insu�ient knowledge about thetemperature expansion of the positioning stage, and that the measurement temperaturewas lose to the referene temperature3 stated in the Ealing manual, the temperatureexpansion e�et was treated as an unertainty ontribution rather than being orretedfor. Additional ontributions to u(∆L) were identi�ed, but found to be of insigni�antimportane. u(∆L) was estimated to 5 µm at a 67 % on�dene level.The two dominating unertainty omponents in u(∆t) were phase shift due to mediumonvetion urrents and non-linearity, with respetive unertainty ontributions of about28 ns and 9 ns (67 % onf. level). The ombined unertainty in u(∆t) was estimated to42 ns at a 67 % on�dene level. If the onvetion urrents ould be avoided, then therelative, estimated unertainty in u(∆t) would presumably be redued to 37 ppm (67 %onf. level)The orretion term unertainty, u(tcorr), is di�ult to evaluate (f. Se. 6.3.5). It is ex-peted that any departure from the plane piston di�ration model will be approximatelyequal for tcorr
1 and tcorr

2 well into the far�eld. As tcorr = tcorr
2 − tcorr

1 , these deviationsshould thus be nearly anelled out. u(tcorr) was estimated to 20 ns (67 % onf. level).The expanded measurement unertainty was estimated as reommended in [19℄ to 282ppm (95 % onf. level). The experimental unertainty budget is outlined in Table 6.2.3The temperature for whih the performane �gures of the positioning stage are stated.



90 Paper ATable 6.2: Experimental unertainty budget.Relative quantity Value [ppm℄
u(∆L)/∆L 43
u(∆t)/∆t 121
u(tcorr)/∆t 58Combined unertainty, u(c)/c 141Expanded unertainty, U(c)/c(onf. level 95 %) 2826.5 Disussion and onlusionsTable 6.2 shows that the experimental unertainty is dominated by u(∆t), for whih themajor ontributor are medium onvetion urrents. By avoiding the heating from thepositioning stage and having a proper temperature ontrol, the relative unertainty in

u(∆t) would presumably be estimated to 37 ppm (67 % onf. level), and the expandedexperimental unertainty would be about 162 ppm. Obtaining this should be pratiallyfeasible, and note that no moving parts are intended in the planned VOS ell.The unertainty ontribution from nonlinear e�ets is also expeted to be redued in awell designed measurement ell faility. The GageSope used here put some restritionson maximum number of signal traes that ould be stored for averaging, and in addition,the measurement faility used here is not optimized for suppressing noise, like a properlydesigned measurement ell would. The transduer driving voltage is thus expeted to beredued in a measurement ell, yielding a linear system operation.The present work is onsidered to be preliminary in the sense that it aims to investigateimportant aspets and unertainty soures relevant for the three methods [6, 7, 2, 4℄.Partiularly the unertainty in transit time di�erene is a�eted e.g. by the time dete-tion method and system stability, and these parameters are ruial also for the other twotransient methods.



6.5 Disussion and onlusions 91If both the onvetion urrents and nonlinear e�ets ould be redued as outlined above,then the unertainy in the time detetion appears to be the least signi�ant unertaintyontribution, with a relative, estimated unertainty of only 14 ppm. This should indiatea fair potential for using this time detetion method in one of the andidate ell methods,besides that the system stability should be su�ient.A major hallenge with the other two andidate methods is the di�ration orretion,whih will be muh greater than here, and thus needs to be more arefully modelledthan in the present ase. A prototype measurement ell is now being devied to test thepotential of the two andidate methods on gases like e.g. argon and nitrogen.AknowledgmentThe present work is part of a Ph.D projet under the 4-year strategi institute programme(SIP) Ultrasoni tehnology for improved exploitation of oil and gas resoures (2003-2006)at Christian Mihelsen Researh AS, supported by the Researh Counil of Norway (NFR),Statoil ASA and Gasso AS. The SIP is arried out in a ooperation with the Universityof Bergen, Dept. of Physis and Tehnology (UoB).Steinar Vervik developed the transduer stages and measurement hamber as part of hisDr. Sient work [12℄.
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Paper B
Di�ration orretion for a piezoeletri ultrasoni gas transduerusing �nite element modellingAuthors:Petter Norli and Per LundeReformatted version of the paper submitted to:IEEE Transations on Ultrasonis, Ferroeletris, and Frequeny ontrol, as of April 122007.



AbstratIt is well known that aurate orretion for transduer di�ration e�ets may be nees-sary for preise sound veloity measurements. In onnetion with work on a high-preisionsound veloity ell for natural gas at high pressures, the following questions have beenraised: (a) how aurate is the traditionally used plane piston di�ration orretion modelfor the di�erent vibration modes of the transduer, and (b) an this plane piston di�rationorretion model be used for the ommerial transduer employed in the measurements,at the operational frequeny used in the measurements, 218 kHz, in spite of a possiblenon-piston-like vibration pattern of the transduer?In the present work, these two questions are investigated using a �nite element model(FEM) for di�ration orretion of non-uniformly vibrating piezoeletri transduers. Re-sults using the plane piston di�ration orretion model are ompared with results usingthe FEM di�ration orretion model for a tentative onstrution model of the transdu-ers.Measurements and FEM alulations show that,�in spite of the general poor ability ofthe plane piston model to desribe the transduer, the plane piston di�ration orre-tion model may still provide a reasonably aurate desription for the transduers for themeasurement on�guration in question, at the operational frequeny and distane used inthe sound veloity measurements, provided an e�etive piston radius approah is used.In ertain frequeny ranges outside the operational frequeny band of the transduer,the results show signi�ant deviations between the FEM and plane piston di�rationorretion models, both with respet to phase and magnitude. Better and more ontrolledinvestigations are feasible and neessary to preisely explain the deviations between thetwo di�ration orretion models, and relate them to measured e�ets for real transduers.



7.1 Introdution 977.1 IntrodutionWhen high auray is required in ultrasoni measurement methods, orretion for di�ra-tion e�ets assoiated with the ultrasoni transduers may need to be aounted for [1,2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 16, 17, 18℄. Consider a soure transduer, and areeiving transduer loated at the sound axis of the soure, faing the soure. When mea-suring the sound �eld as a funtion of axial distane, and absorption has been orretedfor, a result is obtained whih depends on distane. That is, a deviation is obtained bothfor the amplitude and phase relative to what one would obtain if the sound �eld were aplane wave �eld. Traditionally, one has tried to desribe this e�et using the di�rationorretion model proposed by Williams [1℄ and Khimunin [13, 14℄, using the model fora plane irular piston mounted on a �at rigid ba�e of in�nite extent, vibrating withuniform veloity normally to the radiating surfae [19℄ (hereafter referred to as �the planepiston model�). In the di�ration orretion model proposed in [1, 13, 14℄, whih will bereferred to as �the plane piston di�ration orretion model�, the sound pressure in the�uid at the loation of the reeiver is averaged over a plane surfae orresponding to thereeiver front area, A, and denoted 〈p〉A, f. Eq. 3.13 below.This traditional and frequently used approah is�for several reasons�not orret. Firstly,the sound �eld from a real transduer is in general not desribed very aurately by thesound �eld given by the plane piston model. This is related to the alulation of thefuntion 〈p〉A, that the piston model sound �eld used as input to 〈p〉A may not be a or-ret sound �eld. Seondly, the interation with the reeiving transduer and the distanedependeny, is not as simple as desribed in suh a model. This is related to the fat thatuse of the funtion 〈p〉A itself, as proposed in [1, 13, 14℄, may not be quite orret. Theresulting sound signal is a result of reeption over the omplete transduer, also at thesides and possibly the bak, and not just at the front fae. In the far �eld suh e�etsare aounted for by the reeiving sensitivity. However, as the reeiver is moved into thenear �eld of the soure, and the sound �eld starts to deviate from a plane wave �eld, suhe�ets may hange. This is to be aounted for in a orret model for di�ration orre-



98 Paper Btion. The �rst of these two items is addressed here. The seond item is not disussedfurther in the present work.Classial examples where transduer di�ration e�ets need to be addressed and or-reted for are e.g. preise measurements of the attenuation and sound veloity in �uidsand solids [1, 13, 14℄, involving the magnitude and phase of the transduer di�ration,respetively. Other examples inlude transduer alibrations, ultrasoni ustody transfermetering of gas (volumetri, mass and energy �ow rate metering) [20, 21, 22, 23, 24℄, andsound veloity ells for gas haraterization [25, 26, 27, 28℄.In [26, 27, 28, 29℄, a ommerial, piezoeletri ultrasoni air transduer has been appliedto evaluate andidate measurement methods for a preision sound veloity ell for naturalgas at elevated pressures. In this work, transduer di�ration e�ets and high ontrolwith the orretion for suh e�ets, appear to be among the most ritial fators in orderto realize a high preision measurement ell.In [26, 27, 28, 29℄, transduer di�ration e�ets were orreted for in a simpli�ed manner,using the plane piston di�ration orretion model [1, 13, 14℄. However, the transduerused in the sound veloity measurements does not neessarily vibrate uniformly as a pis-ton at all it's vibration modes, raising the questions (a) how aurate is the plane pistondi�ration orretion model for the di�erent vibration modes of the transduer, and (b)an the plane piston di�ration orretion model be used for this transduer at the oper-ational frequeny used in [26, 27, 28, 29℄, 218 kHz, in spite of a possible non-piston-likevibration pattern of the transduer at this frequeny?In the present work, these two questions are investigated using a �nite element model(FEM) for di�ration orretion of non-uniformly vibrating piezoeletri transduers pro-posed and desribed in [24, 30, 31℄. Results using the plane piston di�ration orretionmodel [13, 14℄ are ompared with results using the FEM di�ration orretion model for



7.1 Introdution 99a tentative onstrution model of the ommerial transduer used in [26, 27, 28, 29℄.In this approah, the FEM di�ration orretion model proposed in [24, 30, 31℄ is expetedto provide a more realisti desription for the transduer used in [26, 27, 28, 29℄ than theplane piston di�ration orretion model. To add some on�dene to this approah, FEMsimulation results are also ompared with measured eletrial and aoustial transduerproperties of the transduer, to (a) illustrate that the transduer does not in generalvibrate uniformly as a plane piston, and (b) indiate that the FEM results�althoughsu�ering from unknown onstrutional details of the transduer�may still provide a rea-sonable representation of the transduer.Note that a preise agreement of the FEM and measurement results annot be expeted(and is not needed), as knowledge of onstrution details, materials used, material dataand dimensions for the transduer onstrution in question have been unavailable for thestudy. The purpose is thus not to aurately model the atual transduer and its prop-erties, but to demonstrate that the FEM simulation results agree qualitatively with themeasurement results. That is, to form a basis for using FEM for alulating di�rationorretion for the transduer, as an improvement to investigate the auray of using thesimpli�ed plane piston di�ration orretion model approah for this transduer.The in�uene of some analytial vibrational soure pro�les on the di�ration orretionwas studied in [11℄. It was found that deviations from the plane piston soure pro�le hadappreiable e�et on the di�ration orretion, and should be aounted for wheneverhigh auray is required.A numerial model for di�ration orretion was developed in [16℄, based on a disretiza-tion of the soure and reeiver, whih were assumed to be two-dimensional irular arraysthat may di�er in radius and be non-oaxially aligned. The soure may vibrate with a non-uniform magnitude and phase pro�le, and the reeiver may have a non-uniform magnitude



100 Paper Band phase sensitivity aross the aperture. In addition, the medium may be attenuating.However, signi�ant idealization lies in the assumption that the transduer pair onsists oftwo planes, as sound radiation from the sides and rear of the soure transduer is omitted.The FEM di�ration orretion model desribed in [24, 30, 31℄ has several similaritieswith that in [16℄: The soure may di�er in radius from the reeiver and have non-uniformsensitivity aross the front fae, the medium may be attenuating, and the reeiver is atwo-dimensional plane. In addition, the FEM di�ration orretion model extends themodel of [16℄ by fully modelling the soure as an axisymmetri piezoeletri transduer,extended axially as a real transduer. Hene, radiation due to realisti vibrational modesof a piezoeletri transduer onstrution is inluded, as well as radiation ontributionsfrom the sides and bak of the soure transduer body.The paper is organized as follows. In Setion II, the plane piston and FEM di�rationorretion models are desribed brie�y, with emphasis on the mathematial expressionsused. Finite element modelling of the transduer used in [26, 27, 28, 29℄ is desribed inSetion III. The experimental measurements are desribed in Setion IV. Measurementand simulation results of the transduer properties are given in Setion V, followed by aomparison of the di�ration orretion results for FEM and the more traditional planepiston model in Setion VI. Disussion and onlusions are given in Setions VII and VIII,respetively.
7.2 Di�ration orretion7.2.1 The plane piston di�ration orretion modelConsider a sound soure in a �uid medium, oaxially aligned to a reeiving plane as shownin Fig. 7.1. Harmoni time variation eıωt is assumed, and suppressed in the following.Khimunin [13℄ de�ned a di�ration orretion funtion, Hdif , for a simpli�ed ase, where



7.2 Di�ration orretion 101a uniformly vibrating plane piston radiates sound to a oaxial irular reeiver, given as
Hdif ≡ 〈p〉A

ppl

, (7.1)where 〈p〉A is the sound pressure in the �uid, averaged over a irular plane orrespondingto the reeiver front area A, in absene of the reeiver (i.e. the free-�eld pressure); pplis the plane wave pressure at the enter point of the reeiver, in absene of the reeiver,having the same partile veloity as the piston soure in the plane piston model.If the soure is seated in a plane in�nite rigid ba�e, vibrates like a plane irular pistonwith uniform veloity, and transmits sound to a oaxially aligned irular reeiver withequal diameter, Eq. (7.1) beomes [13, 14, 1℄
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sin2 θ dθ, (7.2)where θ is an integration variable, k = 2π/λ is the loss-free wave number, λ is the aoustiwavelength, z is the soure � reeiver distane, and a is the piston soure and reeiverradius.7.2.2 The �nite element di�ration orretion modelThe model desription below follows that in [24, 30, 31℄, but is brie�y repeated here forompleteness. The de�nition in Eq. (7.1) is still applied, but has now been extendedto inlude a three-dimensional axisymmetri soure transduer with arbitrary vibrationpattern, f. Fig. 7.1. Thus, soure ontributions from the entire transduer volume mayontribute to the sound �eld. 〈p〉A is here the sound pressure in the �uid radiated by thistransduer, averaged over a irular plane orresponding to the reeiver front area, A, inabsene of the reeiver (i.e. the free-�eld pressure).Now, to evaluate Hdif (Eq. (7.1)), the pressure is averaged over the reeiver area A by
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zFigure 7.1: Axisymmetri oordinate system for the di�ration orretion model used in FEM.Origin is taken at the enter of the soure front, and A denotes the area of thereeiver's front fae.taking [24, 30, 31℄
〈p〉A ≡ 1

A

∫

A

p(r, z)dA, (7.3)where p(r, z) is the free �eld pressure in the �uid, alulated by FEM, in absene of areeiving transduer.The plane wave pressure, ppl, is alulated as follows. In the distant far �eld it is assumedthat the non-uniformly vibrating soure essentially produes a spherial and diretivewave, whih is propagated bak to the soure front using the axial far�eld expression forthe plane piston model [19℄. An �equivalent uniform piston veloity� is then obtainedfrom the axial far �eld pressure, pff , as [24, 30, 31℄
veq
0 = pff

2zff

ıρck̂a2
eq

eık̂zff , (7.4)where veq
0 is the normal veloity amplitude on the surfae of a hypothetial plane pis-ton soure of radius aeq; zff is the axial far-�eld distane at whih pff is alulated (setsomewhat arbitrarily to 1000 m in the present work), ρ is the �uid density, c is the soundveloity, and k̂ is the omplex wave number aounting for losses.The equivalent plane wave sound pressure may then be alulated for the reeiver distane

z as [24, 30, 31℄
ppl = ρcveq

0 e−ıkz. (7.5)



7.3 Finite element modelling 103Equations (7.3) and (7.5) are then inserted into Eq. (7.1).7.3 Finite element modelling7.3.1 The �nite element modelThe �nite element model used here is speially designed for ultrasoni piezoeletri trans-duers (FEMP) [32, 33, 34℄, and apable of modelling the transduer as an axisymmetristruture with a piezoeletri disk, front layer, baking layer and housing, surrounded bya �uid medium or vauum [33℄.The piezoeletri disk and elasti layers are modelled using piezoeletri and elasti �niteelements, respetively, of type 8 node quadrati isoparametri axisymmetri elements [33,34℄. The inner and outer part of the �uid medium is modelled using �uid �nite elements,and 10th order in�nite wave envelope elements [33℄, respetively.7.3.2 Transduer modellingThe transduer used in [26, 27, 28, 29℄ and subjet to study here is manufatured byMassaProduts Corporation and denoted Massa E-188/220, heneforth abbreviated mas. It isprimarily designed for operation in atmospheri air around 220 kHz [35℄.Construtional details, materials and used preise dimensions have unfortunetaly not beenavailable for the present study. One thus had to rely on a tentative model for the trans-duer, shown in Fig. 7.2.Based on inspetion [36℄, the struture appears to onsist of a mathing layer in front, ad-jaent to a piezoeletri disk, with a soft baking layer at the rear, f. Fig. 7.2b. A metalhousing, redued in diameter toward the irular front, bounds the struture radially andat the bak.
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In the tentative onstrution model for the transduer used here, the mathing layer wastaken to be silione rubber, the material of the piezoeletri disk was tentatively takento be PZT-5A from Morgan Matro Ltd. [37℄, whereas the baking layer was assumed toonsist of two ompressed ylinders of light foam rubber. The housing material was takento be steel. The dimensions of the piezoeletri disk and mathing layer of the transduersample measured in [36℄ were taken as starting points in the present work, but slightlytuned to math the measured transduer properties.The following assumptions were made for the transduer model1. In�uene of eletrodes and glue an be negleted;2. the rear seal of the metal housing an be negleted;3. the ramp-like onstrition of the housing toward the front (f. Fig. 7.1) may bereplaed by a step-like onstrition; and4. non-axisymmetrial modes are of insigni�ant importane.E�ets of the transduer holder used in the measurements were negleted in the simu-lations, whih may be questioned, sine interferene with and radiation from the holdermay possibly ontribute to the measured sound �eld.The material parameters given in Table 7.1 were hosen to provide a reasonable overallagreement with measurement results for the simulated transduer properties (eletrialand aoustial). The silione and foam rubber data were hosen in the typial range ofsuh materials. In Table 7.1, cl and cs are the ompressional and shear wave veloities, and
Ql and Qs are the ompressional and shear wave quality fators (aounting for losses).
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(a) The axisymmetri FEM transduer model shown with reduedmesh resolution for visibility. Notie the inreased radial resolu-tion through the struture to obtain su�ient pressure resolutionfor alulating di�ration orretion (f. Se. 7.3.3). The gapbetween the piezoeletri disk and housing is �uid. The irlewith radius rinf = 12.48 mm separates the �uid �nite and in�niteelements.

(b) The subsripts b, d, fr and w refer to baking, disk, front layerand wall, respetively. The dimensions of the model are as follows:
afr = 5.5 mm, ad = 4.5 mm, tfr = 1.21 mm, td = 1.57 mm, tb =9.22 mm, tw1 = 0.5 mm and tw2 = 0.9 mm.Figure 7.2: Outline of the FEM transduer model in subplot (a), with dimensions given insubplot (b).



106 Paper BTable 7.1: Material parameters used in the transduer model. Material data for PZT-5A [37℄were tentatively used for the piezoeletri disk.Material cl [m/s℄ cs [m/s℄ ρ [kg/m3℄ Ql = QsFront: silione rubber 1020 379 950 30Baking: foam rubber 1000 302 100 5Housing: steel [19℄ 6100 3372 7700 1007.3.3 Numerial onsiderationsIn a onvergene test on FEMP [33℄, it was found that the axial pressure error is mini-mum at the normalized distane, Sinf = rinfλ/a2 = 0.32 for the present type of in�niteelements. Hene rinf was set so as to yield Sinf = 0.32.Another important parameter a�eting the numerial auray is the number of elementsper shear wavelength, np. In [38℄ the far-�eld axial pressure relative to that of a plane pis-ton radiator in an in�nite rigid ba�e was investigated for ka = 30, whih seems relevantfor our ase, where ka = 18 (218 kHz). A relative numerial error of about 0.2% and 1.5◦was found for the magnitude and phase, respetively, given np = 5.7, whih is the oarsestresolution used here.1 This may give a rough estimate of the numerial unertainty in thesoure sensitivity, SV , f. Se. 7.4.2.Figure 7.2a indiates that the radial resolution in the in�nite elements dereases withdistane. To ompensate for this, and maximize the resolution over the reeiver area A(f. Eq. (7.3) and Fig. 7.1), np was set to 8 in the radial diretion within the transduerstruture [39℄. The urrent mesh resolution was limited by the PC memory.A simpli�ed onvergene test was performed on the di�ration orretion results by vary-ing np from 4 to 5 for the axial distane 15 m. For the frequeny band 150 � 270 kHz,the magnitude and phase disrepanies are less than 0.1 dB and 0.5◦, respetively, andbeyond this frequeny range the similar �gures are 0.35 dB and 2.9◦, respetively.1The oarsest part of the mesh had np = 5 in the axial diretion at a frequeny of 340 kHz, orre-sponding to np ≈ 5.7 at the maximum frequeny used here, 300 kHz.



7.4 Experimental 1077.4 Experimental7.4.1 Eletrial admittane measurementsInput eletrial ondutane (G) and suseptane (B) measurements were arried outfor the transduer in atmospheri air at a temperature of about 25 ◦C, using a HewlettPakard 4192A impedane analyzer.7.4.2 Soure sensitivity measurementsThe voltage soure sensitivity measured here is de�ned by: SV ≡ pz=1m/Vin, where pz=1mis the peak pressure measured 1 m axially from the transduer front, and Vin is the peakinput voltage at the soure terminals. In the urrent work, the pressure was measured at20 m distane (using a Brüel & Kjær 4138 (1/8�) mirophone) and extrapolated to 1 m.2E�ets of absorption were removed aording to [40℄. The experimental setup is shown inFig. 7.3, and the temperature and relative humidity of the atmospheri air medium weretypially about 25 ◦C and 25%, respetively, during the measurements.Previous SV measurements have indiated nonlinear e�ets in the transduer, or airmedium, for transduer drive levels beyond 1 Vpp, around the operational frequeny of218 kHz, whih limits the allowed drive level. On the other hand, measuring outside theoperational frequeny range requires an SNR as high as possible. The nonlinearity e�etsare onsidered aeptable for drive levels below 4 Vpp (at 218 kHz), so it was deided touse 30 Vpp for frequenies below 50 kHz; 20 Vpp for the ranges 50 � 150 kHz and 267 �300 kHz; and 4 Vpp for the 151 � 266 kHz range.Due to unavailable mirophone alibration data beyond 200 kHz, the value at 200 kHzwas used also for the 200 � 300 kHz range. Obviously, the measurement unertainty inthis frequeny range is onsiderable.2A mirophone distane of 20 m orresponds to the normalized distane S = zλ/a2

d ≈ 11 at themaximum frequeny, 300 kHz.
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7.4.3 Diretivity measurements
A similar experimental setup as for the SV measurements was used for the diretivitymeasurements (f. Fig. 7.3), inluding the measurement distane and dynami drivelevel. The temperature and relative humidity of the atmospheri air medium were in thesame range. The soure transduer was assumed to point at the 0◦ diretion when itsangular alignment gave maximum reeived signal level.



7.5 Transduer property results 1097.5 Transduer property resultsIn the following, FEM simulated diretivity results for some of the transduer vibrationmodes are ompared with diretivity results using the plane piston model, as a basis forevaluating and disussing the di�ration orretion results, f. Ses. 7.6 and 7.7. TheFEM simulated vibration modes of the transduer are also shown, to indiate to whihdegree a lose diretivity agreement is linked to a lose vibration pattern agreement ornot, for the piston model and transduer at hand.In addition, omparisons are made with the measured diretivity and the eletrial ad-mittane and soure sensitivity responses of the two mas transduers, to investigate towhih extent the transduer onstrution under study (f. Fig. 7.2),�in spite of all theunknown onstrution details (f. Ses. 7.1 and 7.3.2)�may still provide a reasonablerepresentation of the transduer used in [26, 27, 28, 29℄.7.5.1 Measured and simulated eletrial admittaneThe measured eletrial input admittane of two transduer samples named masA andmasB are ompared with FEM simulation in Fig. 7.4.Basially, both measurement and simulation results exhibit a double peak struture. Thesimulated peak entered around 225 kHz is in better agreement with measurements thanthat entered around 197 kHz, whih in the simulations is loated about 10 kHz lower thanin the measurements. Moreover, several tiny peaks appear in the simulations as opposedto the measurements. The disrepany is expeted to be due to the limited knowledge ofthe detailed transduer onstrution and the assoiated material data.7.5.2 Measured and simulated soure sensitivityMeasured and simulated soure sensitivity SV results are shown for masA and masB inFig. 7.5. Note that in the simulations the transduer holder has not been aounted for,whereas in the measured results e�ets of the holder may possibly be present.
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Figure 7.4: Measured and simulated eletrial ondutane and suseptane results, respe-tively, for masA and masB in atmospheri air.In the frequeny region below 100 kHz, the simulation results exhibit various dips andpeaks that are absent in the measurements. The disrepanies are disussed in Se. 7.7.In the frequeny region 100 � 190 kHz, a reasonable qualitative orrespondene with themeasurements is found; a peak is apparent at about 110 kHz for both measurement andsimulation results, however, it is signi�antly stronger in the simulations. The FEM re-sults roughly follow the tendeny of the measurements, but the simulated sensitivity isbasially muh higher than the measured in the region 140 � 190 kHz.Around 200 kHz, three peaks are visible in the simulations, in ontrast to the measure-ments, where only one peak appears, situated about 10 kHz higher in frequeny. Thelower resonane frequeny of these three peaks in the simulations may possibly explain
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Figure 7.5: Measured and simulated soure sensitivity magnitude for masA and masB trans-duers, in air at 1 atm. and room temperature.the onsiderable disrepany with the measured sensitivity level in the 140 � 190 kHzrange, as the trend of the measurements �ts well with the simulations, and the lowerresonane frequeny ontributes to raise the sensitivity level below the peaks.For the 210 � 230 kHz range, the simulated peak around 224 kHz is in fair agreementwith the measurement results, both with respet to frequeny and level.7.5.3 Measured and simulated diretivity, and simulated vibra-tion patternDue to the di�ulties in preise omparison with measurements (f. Se. 7.1), the FEMalulated diretivity of eah mode was ompared to measurements at both the measure-ment frequeny and at adjaent frequenies, to hek for possible deviation in frequeny



112 Paper Bwith respet to at whih frequeny the mode ours. The simulated diretivity was eval-uated at z = 1 m, as opposed to the measurement distane of 20 m. This was howevernot found to a�et the simulation results signi�antly. As the masA transduer beamedefet during the measurements, it was replaed with another, denoted masC. The planepiston diretivities [19℄ outlined in this setion were alulated using the piezoeletri diskradius of the transduer model, ad = 4.5 mm (f. Fig. 7.2b).FEM simulated vibration patterns of the transduer model are also shown below, assnapshots taken at maximum outward displaement, exaggerated between 5 · 104 and
40 · 104 times, depending on the mode. Both diretivities and vibration patterns aredisplayed for some seleted frequenies.Results at 58 kHzFigure 7.6a shows the vibration pattern, and a piston-like movement is seen for the entralpart of the front fae (like a �vibrating plateau�). Relatively strong waves are apparent inthe baking layer.The FEM diretivity results shown in Fig. 7.6b are in very good agreement with themeasurements over the entral part of the main lobe (±20◦), with deteriorating agreementfor inreasing opening angles. For the same angular range, there is lose orrespondenebetween the plane piston and FEM diretivity.Results at 81 kHzFigure 7.7a shows the simulated vibration pattern, and again, a vibrating plateau is ap-parent, as is also the strong vibrations in the baking layer.The measured diretivity in Fig. 7.7b agrees well with the FEM simulation for angleswithin ±10◦; and in the same angular range, good agreement between FEM and theplane piston diretivity is observed. The agreement is however deteriorating with greater
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Results at 99 kHzFigure 7.8a shows the simulated vibration pattern, and the front fae vibrates in a mannerwhere the entral and peripherial regions are in opposite phase, i.e. very unlike a planepiston soure.At this frequeny, there is a distint dip in the FEM simulated diretivity in the 0◦ di-retion, f. Fig. 7.8b, deviating onsiderably from the measured diretivity. Similar (butweaker) dips appear in the FEM diretivity at the frequenies 27, 49, 61 and 74 kHz (notshown here), orresponding losely to the frequenies assoiated with the dips in SV , f.Fig. 7.5.The FEM beam is also very di�erent from the plane piston diretivity.
Results at 163 kHzThe simulated vibration pattern, shown in Fig. 7.9a, appears to be highly omplex overthe front fae. The vibrations in the baking layer are now, presumably due to the reduedaousti wavelength, signi�antly redued.The FEM diretivity exhibits in this ase too narrow a main lobe ompared to the mea-surements; a good orrespondene is only found within the angular range ±5◦. There ishowever very good math between the FEM and plane piston diretivity over the mainlobe. As for the side lobes of the models: at about ±25◦, the plane piston diretivityexhibits signi�antly stronger side lobes than FEM, and ontrary, around ±45◦ the FEMside lobe level is appreiably stronger than the plane piston level.
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118 Paper BResults at 180 kHzThe FEM simulated vibration pattern, shown in Fig. 7.10a, is very omplex, possessingseveral nodes aross the front fae.Regarding the diretivity pattern, shown in Fig. 7.10b, a reasonable orrespondene isfound between the FEM and measured diretivity over a setor of about ±40◦; however,outside this range the FEM diretivity exhibit rather strong side lobes (around ±50◦),whih are not present in the measurements. The plane piston diretivity deviates signi�-antly from that of FEM, as it has a narrower main lobe, and muh stronger primary sidelobes.Results at 198 kHzFigure 7.11a shows the FEM simulated vibration pattern for the transduer model, andagain, a plateau-like outward displaement is seen for the front fae.Regarding the diretivity results shown in Fig. 7.11b, FEM orresponds losely to themeasurements within a beam setor of about ±13◦. However, the FEM main lobe expandswith inreasing opening angle. This may be due to merged main and primary side lobes,a feature whih is not present in neither of the measurements. The FEM side lobe level isin reasonable agreement with the measurements. The plane piston diretivity orrespondswell with the FEM diretivity only within, say ±5◦; elsewhere the plane piston diretivityis signi�antly more narrow. Also, the side lobe levels are stronger.Results at 218 kHzThe simulated vibration pattern of the transduer model is shown in Fig. 7.12a, for whiha bowl-like vibration pattern is noted for the front fae.The FEM diretivity, f. Fig. 7.12b, is in quite good agreement with the measurementsover the main lobe, and a reasonably fair agreement is found for the �rst side lobe.
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7.6 Di�ration orretion results 121
Also, despite of the onsiderable disparity in vibration pattern between the front fae ofthe FEM model (Fig. 7.12a) and that of a plane piston, they math reasonably well withrespet to the entral part of the main lobe diretivity, say within ±5◦ (f. Fig. 7.12b).Outside this range however, the plane piston diretivity is signi�antly more narrow thanFEM, and in addition, the side lobes of the former model are appreiably stronger thanmeasured.Results at 300 kHzThe FEM vibration pattern is now highly omplex, f. Fig. 7.13a.Figure 7.13b shows the diretivities at 300 kHz, and learly there is great disrepanybetween the two transduers in this frequeny range. Hene, there is little utility in om-paring FEM and measured diretivity. This indiates that the manufature spread of thetransduer samples have inreased impat on the transduer properties in this frequenyrange.The orrespondene between the FEM and plane piston diretivity is poor for the entirebeam range, in partiular the main lobe of FEM is signi�antly more narrow than thatof the plane piston model.
7.6 Di�ration orretion resultsThe main objetive of the present work, as pointed out in Se. 7.1, is to investigatehow representative the plane piston di�ration orretion model is for the transduerin question. The present setion outlines a omparison of the FEM and plane pistondi�ration orretion model results, alulated using the approah desribed in Ses. 7.2.1and 7.2.2, respetively.
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124 Paper B7.6.1 Di�ration orretion versus frequenyConsider the magnitude and phase of the di�ration orretion, shown in Figs. 7.14aand 7.14b, respetively. The plane piston di�ration orretion alulations were per-formed using the e�etive soure transduer radius, aeff , whih has been estimated exper-imentally [26℄ to 4.25 mm (evaluated for the present transduer at 218 kHz).It has been found that in the low frequeny limit, say below 10 kHz, both the FEM andpiston diretivity tend to be very broad; this leads to a quite lose agreement betweenthe two di�ration orretion models, both with respet to magnitude and phase (as thereeiver beomes relatively small).In the frequeny range 10 � 150 kHz, various strong deviations between the two di�rationorretion models are observed, both with respet to magnitude and phase. These aremost distint at 25, 50, 99 and 115 kHz. The ause of these deviations is disussed inSe. 7.7.In the frequeny range 150 � 270 kHz, the two di�ration orretion models agree towithin 1.4 dB and 2.8◦ with respet to magnitude and phase orretion, respetively.In the 270 � 300 kHz range, the disrepany between the di�ration orretion modelsinreases, f. Se. 7.7.7.6.2 Di�ration orretion versus distaneIn Fig. 7.15, the FEM and plane piston di�ration orretion model results are plotted as afuntion of distane, at the operational frequeny 218 kHz, given the radius aeff . Attentionis paid to the distane 15 m, whih is onsidered relevant for the preision sound veloityell for gas [26, 27, 28, 29℄, and whih�at least in the ontext of di�ration orretion�isloated in the transition zone between the near �eld and the far �eld.Both for the magnitude and phase of the di�ration orretion, a signi�ant deviation
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Figure 7.14: Magnitude (a) and phase (b) of the di�ration orretion as a funtion of frequenyfor a sound veloity of 340 m/s and reeiver distane of 15 m. The plane pistonradius is 4.25 mm.between the FEM and plane piston models is observed in the near �eld, say for z < 3 m,or S < 2.6. This issue is addressed in Se. 7.7.In the transition zone between the near �eld and the far �eld, the two di�ration orre-tion models are in lose agreement, both with respet to magnitude and phase. At thedistane of partiular interest, z = 15 m, agreement to within 0.1 dB and 0.13◦ is foundfor the magnitude and phase of the orretion, respetively.
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Figure 7.15: Magnitude (a) and phase (b) of the di�ration orretion as a funtion of loga-rithmi distane. The sound veloity is 340 m/s, the frequeny is 218 kHz, andthe plane piston radius is 4.25 mm.At very long ranges, i.e. in the far �eld, the agreement between the two di�rationorretion models is of ourse lose, as they have atually been mathed in the far �eld,at the distane zff = 1000 m.7.7 DisussionIn spite of di�ulties in relation to preise omparisons with measurements, f. Se-tion 7.1, the qualitative FEM desription of the transduer has proved to be useful forevaluating the plane piston di�ration orretion model used in [26, 27, 28, 29℄ for the



7.7 Disussion 127transduer analyzed here. This is so espeially in the viinity of the frequeny at whihthe transduer is operated, 218 kHz.In a frequeny band around 218 kHz, say 150 to 270 kHz, a reasonably good agreement hasbeen found between the FEM and plane piston di�ration orretion model results, whenusing the e�etive soure transduer radius, aeff . In this range the deviations are within1.4 dB and 2.8◦ for the magnitude and phase of the di�ration orretion, respetively, atan axial soure-reeiver distane of 15 m (f. Fig. 7.14). At 218 kHz, the deviations arerespetively 0.1 dB and 0.13◦ at the same distane of 15 m (f. Fig. 7.15).Suh relatively good agreement for the di�ration orretion is found in spite of the non-piston-like vibration pattern of the transduer at these frequenies, f. Figs. 7.9a � 7.12a.This agreement is asribed to a relatively good math between the FEM and plane pistonmodel diretivities over the entral part of the main lobe, f. Figs. 7.9b � 7.12b. At adistane of 15 m, in the transition zone between the near and far �elds, the reeiveris relatively small ompared to the beam. That is, a total beam angle of only 3.4◦ issu�ient to over the reeiver, whih represents a relatively small portion of the mainlobes shown in Figs. 7.9b � 7.12b.With respet to the side lobes, a poorer agreement between the FEM and the plane pis-ton model is found. However, at the distane 15 m, this is not expeted to in�uene thedi�ration orretion results signi�antly for the ka numbers in question here, sine inthis region, the reeiving transduer aperture is essentially overed by the main lobe.In the near �eld, the deviations between the FEM and plane piston di�ration orretionmodel results are larger, whih may probably be asribed to larger in�uene from thenon-piston-like vibration pattern of the transduer at lose ranges.A reasonable quantitative agreement between the FEM alulated and the measured main



128 Paper Blobes at the frequenies 163, 180, 198 and 218 kHz (Figs. 7.9b � 7.12b), in addition toa reasonable qualitative agreement for the FEM alulated and the measured voltagesoure sensitivity in this range (Fig. 7.5), indiate that the FEM approah, using a ten-tative model for the transduer onstrution, provides a reasonable desription of thetransduer in a band around the operating frequeny, 218 kHz. It is expeted that byimproved knowledge on the transduer onstrution details and the materials and mate-rial data involved, a signi�antly better qua ntitative agreement with the measurementsould be ahieved.Thus, the results indiate that,�in spite of the fat that the transduer's vibration pat-tern at and around the operating frequeny 218 kHz is relatively di�erent from that of auniformly vibrating piston, the plane piston di�ration orretion model may be a rele-vant and useful model at and in a band around this frequeny, 218 kHz, for the reeiverin the transition zone between the near �eld and far �eld.The present �ndings thus support the approah used in [26, 27, 28, 29℄, where the planepiston di�ration orretion model has been used at the operating frequeny of the trans-duer, 218 kHz, at a soure-reeiver distane of 15 m.Outside the frequeny range 150 � 270 kHz, the situation is somewhat di�erent. Basi-ally, the trends of the di�ration orretion models are in qualitative, but not quantitativeagreement, f. Fig. 7.14.Several dips are apparent in the FEM di�ration orretion magnitude results at parti-ular frequenies, espeially in the 0 � 150 kHz range. The phase of the FEM di�rationorretion �osillates� around the orresponding plane piston model results, with signi�-ant deviations at some frequenies. Inspetion of the soure sensitivity (Fig. 7.5) revealsdistint dips e.g. at the frequenies 49, 74 and 99 kHz, orresponding to dips in thediretivity in the axial diretion (not shown here for 49 kHz and 74 kHz). Aordingly,



7.7 Disussion 129the FEM di�ration orretion model exhibits strong deviations from the plane pistondi�ration orretion model at these frequenies.Strong peaks appear in the FEM simulated soure sensitivity e.g. at the frequenies 69,95 and 110 kHz. However, these do not a�et the di�ration orretion equally muh(Fig. 7.14) as the dips mentioned above (at e.g. 49, 74 and 99 kHz).At 300 kHz, a onsiderable deviation is found for the phase of the di�ration orretion,but not for the magnitude, f. Fig. 7.14.Understanding the auses of the deviations between the FEM and plane piston di�ra-tion orretion models outside the 150 � 270 kHz band is of ourse an important issuein itself, for the general understanding of di�ration orretion. It is expeted that atleast large parts of the deviations an be explained by the di�erent diretivities preditedby the two models, for the various transduer modes in question, f. e.g. Fig. 7.8. Forexample, in Fig. 7.14 signi�ant deviation between the two di�ration orretion modelsis observed at 99 kHz, both for the magnitude and phase. Figure 7.8b shows a signi�antaxial dip in the FEM alulated diretivity at the same frequeny, and that the alulatedsoure sensitivity dip observed in Fig. 7.5 at this frequeny is atually aused by the axialdip in the diretivity. For a reeiver in the far �eld (very long ranges), the reeiver willappear as a point on the axis, in the bottom of the dip, and the sound pressure will bepratially onstant over the reeiver. At suh ranges there is perfet agreement betweenthe two di�ration orretion models, as they are atually mathed in the far �eld, at
zff = 1000 m. However, as the reeiver is moved to shorter ranges, into the transitionzone, the reeiver will gradually over more of the dip, and the sound pressure will varymore rapidly aross the reeiver aperture. That is, one begins to see near �eld e�etseven at relatively large distanes, and suh e�ets seem to ause the deviation betweenthe two di�ration orretion models. However, the preise reasons for the deviationsin the various frequeny ranges have not been su�iently revealed, and further work is



130 Paper Bneeded to explain these e�ets more thoroughly, and relate the m to measured e�ets fora real transduer.It should be noted that at very long ranges, suh as approahing z = 1000 m, the �anoma-lies� observed in the FEM di�ration orretion (Fig. 7.14) disappear; this follows from theapproah desribed in Se. 7.2.2, that the two di�ration orretion models are mathedto oinide in the far �eld, at zff = 1000 m.There is an unresolved question related to this analysis, namely that a dip suh as e.g.at 99 kHz in the FEM alulations (the axial dip in the diretivity, ausing the souresensitivity dip) has not been found in the measurement results, f. Figs. 7.5 and 7.8b.There is the possibility that suh a dip atually may have been smeared out by the miro-phone measurements, due to the �nite aperture of the 1/8� mirophone. Also e�ets ofthe transduer holder, whih have been negleted in the simulations, may possibly haveontributed to smear out suh a dip. This question is here left to future investigations.As pointed out in Se. 7.1, it is also important to be aware that although the FEMdi�ration orretion model used here [24, 30, 31℄ is onsidered to represent a signi�antimprovement relative to the more traditional desriptions of di�ration orretion, withrespet to the desription and e�ets of the transmitting transduer, it still represents asimpli�ation, building on Khimunin's [13, 14℄ de�nition of the di�ration orretion atthe reeiving side, f. Se. 7.1.
7.8 ConlusionsDi�ration orretion has been investigated for a ommerial transduer being used ini-tially in [26, 27, 28, 29℄ as part of development of a sound veloity ell for gas. In thiswork, transduer di�ration e�ets and aurate orretion for suh e�ets appear to beamong the most ritial fators in order to realize a high preision measurement ell.
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Through omparison with eletrial and aoustial measurements, the FEM approah�although su�ering from unknown onstrutional details of the transduer, and thus repre-senting a tentative onstrution model only�is found to provide a reasonable qualitativerepresentation of the transduer. That is, the FEM di�ration orretion model proposedin [24, 30, 31℄ is onsidered to provide a more realisti desription of the transduer usedin [26, 27, 28, 29℄ than the plane piston di�ration orretion model.Measurements and FEM alulations show that the transduer under investigation doesnot in general vibrate and radiate as a plane piston. However, at the operational frequenyof the transduer, 218 kHz, and at a distane of 15 m, a relatively good agreement hasbeen ahieved between the piston model diretivity and the FEM diretivity at the entralpart of the main lobe by using an e�etive radius for the piston model, in spite of the non-piston-like vibration pattern of the transduer at this frequeny. Also, the plane pistondi�ration orretion model agrees quite well with the FEM di�ration orretion modelat this frequeny by using the e�etive piston radius. These results indiate that,�inspite of the general poor ability of the plane piston model to desribe the transduer,the plane piston di�ration orretion model used in the sound veloity measurementsdesribed in [26, 27, 28, 29℄ may still provide a reasonably aurate desription for thetransduer in question, at the operational frequeny and distane used in the sound ve-loity measurements, when the e�etive piston radius approah is used.Outside the operational frequeny band of the transduer, there are several relativelylarge deviations between the FEM and plane piston di�ration orretion models. Fortransduer vibration modes possessing more ompliated vibration patterns and dire-tivities, better and more ontrolled investigations are feasible and neessary to preiselyexplain the deviations between the two di�ration orretion models, and relate them tomeasured e�ets for real transduers.



132 Paper BAknowledgmentThe present work is done as a part of a PhD fellowship for the �rst author, under the4-year strategi institute programme �Ultrasoni tehnology for improved exploitation ofpetroleum resoures� (2003-2006), supported by The Researh Counil of Norway (NFR),Statoil ASA and Gasso AS, and arried out in a ooperation between CMR and theUniversity of Bergen (UoB), Dept. of Physis and Tehnology. The authors wish tothank asso. prof. Magne Vestrheim, UoB, for valuable omments and ontributionsto the work, and Remi A. Kippersund and Kjetil Daae Lohne, both CMR, for valuableadvie and assistane in onnetion with operation of the FEMP model, and experimentalmeasurements of transduer properties in air.



BIBLIOGRAPHY 133
Bibliography
[1℄ A. O. Williams Jr., �The piston soure at high frequeny,� J. Aoust. So. Am.,vol. 23, pp. 1�6, 1951.[2℄ H. Seki, A. Granato, and R. Truell, �Di�ration e�ets in the ultrasoni �eld of apiston soure and their importane in the aurate measurement of attenuation,� J.Aoust. So. Am., vol. 28, pp. 230�238, 1956.[3℄ R. Bass, �Di�ration e�ets in the ultrasoni �eld of a piston soure,� J. Aoust. So.Am., vol. 30, pp. 602�605, 1958.[4℄ E. P. Papadakis, �Corretion for di�ration losses in the ultrasoni �eld of a pistonsoure,� J. Aoust. So. Am., vol. 31, pp. 150�152, 1959.[5℄ H. J. MSkimin, �Empirial study of the e�et of di�ration on veloity of propagationof high-frequeny ultrasoni waves,� J. Aoust. So. Am., vol. 32, pp. 1401�1404,1960.[6℄ A. E. Lord Jr., �Changes in veloity of an elasti pulse owing to geometrial di�ra-tion,� J. Aoust. So. Am., vol. 40, pp. 163�169, 1966.[7℄ E. P. Papadakis, �Ultrasoni phase veloity by the pulse-eho-overlap method inor-porating di�ration phase orretions,� J. Aoust. So. Am., vol. 42, pp. 1045�1051,1967.[8℄ R. C. Williamson, �Eho phase-omparison tehnique and measurement of soundveloity in water,� J. Aoust. So. Am., vol. 45, pp. 1251�1257, 1969.



134 BIBLIOGRAPHY[9℄ M. B. Gitis and A. S. Khimunin, �Di�ration e�ets in ultrasoni measurements(review),� Sov. Phys. Aoust., vol. 14, pp. 413�431, 1969.[10℄ A. O. Williams Jr., �Integrated signal on irular piston reeiver entered in a pistonbeam,� J. Aoust. So. Am., vol. 48, pp. 285�289, 1970.[11℄ E. P. Papadakis, �E�ets of input pro�le upon di�ration loss and phase hange in apulse-eho system,� J. Aoust. So. Am., vol. 49, pp. 166�168, 1971.[12℄ ��, �Absolute auray of the pulse-eho overlap method and the pulse-superposition method for ultrasoni veloity,� J. Aoust. So. Am., vol. 52, pp. 843�846, 1972.[13℄ A. S. Khimunin, �Numerial alulation of the di�ration orretions for the preisemeasurement of ultrasound absorption,� Austia, vol. 27, pp. 173�181, 1972.[14℄ ��, �Numerial alulation of the di�ration orretions for the preise measure-ment of ultrasound phase veloity,� Austia, vol. 32, pp. 192�200, 1975.[15℄ M. Sedlaek and A. Asenbaum, �Simultaneous measurement of sound veloity andsound attenuation in liquids by a orrelation method,� J. Aoust. So. Am., vol. 62,pp. 1420�1423, 1977.[16℄ R. A. Baon and R. C. Chivers, �Radiation oupling of a dis to a dis: a numerialapproah,� Aoustis letters, vol. 5, pp. 22�29, 1981.[17℄ K. Beissner, �Exat integral expression for the di�ration loss of a irular pistonsoure,� Aoustia, vol. 49, pp. 212�217, 1981.[18℄ T. Imamura, �Deformation of ultrasoni pulse with di�ration,� Ultrasonis, vol. 37,pp. 71�78, 1999.[19℄ L. E. Kinsler, A. R. Frey, A. B. Coppens, and J. V. Sanders, Fundamentals of aous-tis, 4th ed. New York, USA: John Wiley and sons, In., 2000.



BIBLIOGRAPHY 135[20℄ P. Lunde, K.-E. Frøysa, and M. Vestrheim, Eds., GERG projet on ultrasoni gas �owmeters, Phase II. GERG Tehnial monograph GERG TM11, Groupe Européen deReherhes Gazières, VDI Verlag, Düsseldorf, 2000, ISBN 3-18-385408-2.[21℄ P. Lunde, K.-E. Frøysa, and M. Vestrheim, �Challenges for improved auray andtraeability in ultrasoni �sal �ow metering,� in Pro. of the 18th North Sea FlowMeasurement Workshop, Gleneagles, Sotland, Ot. 2000.[22℄ P. Lunde and K.-E. Frøysa, Handbook of unertainty alulations � Ultrasoni �salgas metering stations, Norwegian Petroleum Diretorate, Norwegian Soiety for Oiland Gas Measurement (NFOGM), 2001, ISBN 82-566-1009-3. Free download fromwww.nfogm.no.[23℄ P. Lunde, K.-E. Frøysa, and M. Vestrheim, �Transient di�ration e�ets in ultrasoni�ow meters for gas and liquid,� in Pro. 26th Sandinavian Symposium on PhysialAoustis, Ustaoset, Norway, Jan. 2003, Sienti�/Tehnial Report No. 420304 (CDIssue only).[24℄ P. Lunde, K.-E. Frøysa, R. A. Kippersund, and M. Vestrheim, �Transient di�ratione�ets in ultrasoni meters for volumetri, mass and energy �ow measurement ofnatural gas,� in Pro. 21st Intern. North Sea Flow Measurement Workshop, Tønsberg,Norway, Ot. 2003, pp. 33�59.[25℄ P. Lunde and M. Vestrheim, �Preision sound veloity ell for natural gas at highpressures. Phase 1�feasibility study.� CMR, Bergen, Norway, Teh. Rep. CMR-98-F10039 (Con�dential), De. 1998.[26℄ P. Norli, P. Lunde, and M. Vestrheim, �Methods for preision sound veloity mea-surements in pressure ells for gas haraterization,� in Pro. 27th Sandinavian Sym-posium on Physial Aoustis, Ustaoset, Norway, Jan. 2004, CD issue only, ISBN82-8123-000-2.



136 BIBLIOGRAPHY[27℄ P. Norli, �Comparison of three methods for preision sound veloity measurementof gases,� in Pro. 28th Sandinavian Symposium on Physial Aoustis, Ustaoset,Norway, Jan. 2005, CD Issue only ISBN: 82-8123-000-2.[28℄ P. Norli, P. Lunde, and M. Vestrheim, �Investigation of preision sound veloitymeasurement methods as referene for ultrasoni gas �ow meters,� in Pro. 2005IEEE Ultrasonis Symposium, Rotterdam, The Netherlands, Sept. 2005, pp. 1443�1447.[29℄ P. Norli and P. Lunde, �A three-way pulse method for a preision sound veloitymeasurement ell,� in Pro. 2006 IEEE Ultrasonis Symposium, Vanouver, Canada,Ot. 2006, pp. 884 � 889.[30℄ P. Lunde, R. A. Kippersund, M. Vestrheim, and K.-E. Frøysa, �Transient di�ratione�ets in piezoeletri ultrasoni transduers using �nite element modelling,� in Pro.
27th Sandinavian Symposium on Physial Aoustis, Ustaoset, Norway, Jan. 2004,CD issue only, ISBN 82-8123-000-2.[31℄ ��, �Finite element modelling of di�ration orretion for non-uniformly vibratingpiezoeletri ultrasoni transduers,� paper in preparation.[32℄ J. Kobah, P. Lunde, and M. Vestrheim, �FE simulations of piezoerami diskswith a front layer of varying thikness,� in Pro. IEEE International UltrasonisSymposium, Caesars Tahoe, NV, USA, Ot. 1999, pp. 1113�1117.[33℄ J. Kobah, �Finite element modeling of ultrasoni piezoeletri transduers. In�u-ene of geometry and material parameters on vibration, response funtions and radi-ated �eld,� Dr. Sient thesis. University of Bergen, Dept. of Physis, Bergen, Norway,2000.[34℄ J. Kobah, P. Lunde, and M. Vestrheim, �Resonane frequeny spetra with onver-gene tests of piezoerami disks using the �nite element method,� Austia, vol. 87,pp. 271�285, 2001.



BIBLIOGRAPHY 137[35℄ (2006, Jan.) The Massa E-188/220 transduers. Massa Corp. [Online℄. Available:http://www.massa.om/datasheets/e188.html[36℄ S. Vervik, �Transitt-tidsbestemmelse for ultralyd strømningsmetre. Nullstrøm-ningsforhold,� Cand. Sient thesis. University of Bergen, Dept. of Physis, Bergen,Norway, 1995, (In norwegian).[37℄ �Five modern piezoeletri eramis, bulletin 66011f,� 1976, Vernitron Ltd., England;now Morgan Matro Ltd.[38℄ R. A. Kippersund, P. Lunde, and M. Vestrheim, �Finite element modelling of piezo-eletri ultrasoni transduer properties in natural gas,� in Pro. 27th SandinavianSymposium on Physial Aoustis, Ustaoset, Norway, Jan. 2004, CD issue only, ISBN:82-8123-000-2.[39℄ 2006, personal ommuniation with R. A. Kippersund, CMR.[40℄ �Amerian national standard method for the alulation of the absorption of sound bythe atmosphere,� Aoustial Soiety of Ameria, New York, U.S.A., 1978, AmerianNational Standard, ANSI SI.26-1978.



138 BIBLIOGRAPHY



139
Chapter 8
Paper C
A two-way pulse eho method for a preision sound veloitymeasurement ellAuthor:Petter NorliReformatted version of the paper submitted to:Applied aoustis. Aepted for publiation, given some minor modi�ations, as of June27, 2007.



AbstratA preision sound veloity measurement ell for natural gas under pressure from 0 � 250bar, working in the frequeny range of 100 � 200 kHz, with a target experimental un-ertainty of 100 � 200 ppm is under development. As part of this work, three transientmethods are investigated [Pro. 2005 IEEE Ultrasonis Symposium, pp. 1443-1447,2005℄, and they are seen to have several ommon soures of experimental unertainty.The present paper proposes a two-way pulse eho andidate method for the sound velo-ity ell, reporting sound veloity measurement results obtained in a prototype ell, usingair at about 1 atm and 27 ◦C as test gas.The results are ompared with preditions from a sound veloity model for air (inludingdispersion) [J. Aoust. So. Amer. 93 (5), pp. 2510-2516, 1993℄, and they indiatethat the method may have potential to perform in line with the target spei�ations ofthe sound veloity ell. Use of a temperature regulated bath is expeted to signi�antlyredue the temperature indued onvetion �ows that presently limit the experimentalauray, and that the measurement unertainty may be redued aordingly.



8.1 Introdution 1418.1 IntrodutionMultipath ultrasoni transit time �ow meters (USMs) are today ommonly used in forexample industrial appliations like volumetri �sal �ow metering of natural gas [1, 2℄.In suh metering, gas is typially sold on basis of mass or energy, thus in addition to thevolumetri �ow rate, the density or alori� value is needed. These quantities may bemeasured by means of densitometers and gas hromatographs (GCs) [1℄.In [1, 2℄, an alternative method for alulating density and alori� value from the soundveloity, temperature and pressure is proposed and used. Thus, as the USM measures thesound veloity in addition to the volumetri �ow rate, it has a potential of being a massor energy �ow rate meter, given that the auray of the sound veloity measurement iswithin ertain spei�ations [3℄.To provide a referene value for the sound veloity measured by the USM, a preisionsound veloity ell would be desirable, working primarily with natural gas under the sameonditions as the USM [4℄. These have been tentatively pointed out [4℄ for pressure, tem-perature and frequeny as: 0 � 250 barg, 0 � 60 ◦C and 100 � 200 kHz, respetively. Theunertainty of the sound veloity measurements should be within ±(0.05 − 0.1) m/s, or
±(100 − 200) ppm [4℄, and the ell should preferably not involve moving parts [4℄.A feasibility study on realizing suh a ell was exeuted in 1998 [4℄, featuring a review ofexisting measurement methods, whih were evaluated with respet to meet the given ellspei�ations. No method was identi�ed that ould ful�ll every ell spei�ation. Norwas this the ase in a follow-up literature survey [5℄.Outstanding measurement auray has been demonstrated using spherial resonatormethods [6℄, however, operating in the audio frequeny range. They may thus not aountfor dispersion e�ets whih may be relevant in the 100 � 200 kHz range. Frequeny sal-ing was onsidered [4℄, however, it seemed not feasible to maintain su�ient experimental



142 Paper Cauray. Transient methods have been used at elevated pressures up to 20000 bar [7℄,and operated typially in the MHz range, generally performing with signi�antly poorerauray than required, though.Three transient methods have been investigated, aiming to realize the sound veloityell [5, 8, 9, 10, 11℄, of whih two are onsidered as promising andidates: 1) a three-waypulse method, proposed in [4℄ and realized and tested experimentally in [10℄, and 2) thetwo-way pulse eho method (2PEM) urrently desribed and tested experimentally.The 2PEM is based on a transient method desribed in a patent artile [12℄, intendedto be used for sound veloity measurements on gas, liquid or solid. A similar method,intended for measuring e.g. aousti impedane and density has been identi�ed in [13℄.The method in [12℄, whih�to the author's knowledge�merely has been desribed the-oretially, has here been modi�ed by among others inluding orretion terms suh asdi�ration orretion. Moreover, the method has here been realized experimentally in aprototype sound veloity ell, reporting measurement results for atmospheri air at about27 ◦C and a relative humidity of about 30%.
8.2 Theory8.2.1 The two-way pulse eho methodA transient pulse eho method for sound veloity measurements was suggested in [12℄, inwhih two aousti transduers both at as transmitter and reeiver, and are separatedfrom the medium by bu�er rods. The present paper desribes a modi�ed version of themethod in [12℄, in the sense that the bu�er rods have been removed, besides that orretionterms, suh as di�ration and thermal and visous boundary layer orretion have beenintrodued. The present measurement priniple, shown in Fig. 8.1, is explained in thefollowing.
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Figure 8.1: The measurement priniple of the two-way pulse eho method.Now pulse 1© is transmitted from aousti transduer A (TrA) aross the axial transduerseparation L, partly propagating into the opposite transduer B (TrB), and the assoiatedpulse transit time, t1, is measured. Pulse 1© is partly re�eted at TrB, giving rise to eho2© whih is reeived at TrA, so that the assoiated transit time, t2, an be measured.The proess is repeated from the opposite side at the subsequent trigging event, usingTrB as transmitter, so as to obtain transit times t3 and t4 from pulse 3© and eho 4©,respetively.Measurement modelTo failitate the measurement sequene desribed above, the measurement system shownin Fig. 8.4 was used. It is here somewhat simpli�ed, based on the approah in [12℄, tomodel and aount for the system time delays, f. Fig. 8.2. The measurement system isassumed to be stationary throughout the measurement.Now, from Figs. 8.1 and 8.2, the measured transit times, t1 to t4, an be written as
t1 = tTrA

gen + tSB + tTrA
CA + tTx

TrA + tgas
1 + tcorr

1

+ tRx
TrB + trec

CB + tSC + tTrB
rec ,

(8.1)
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t2 = tTrA

gen + tSB + tTrA
CA + tTx

TrA + tgas
2 + tcorr

2

+ tRx
TrA + trec

CA + tSA + tTrA
rec ,

(8.2)
t3 = tTrB

gen + tSD + tTrB
CB + tTx

TrB + tgas
3 + tcorr

3

+ tRx
TrA + trec

CA + tSA + tTrA
rec ,

(8.3)
t4 = tTrB

gen + tSD + tTrB
CB + tTx

TrB + tgas
4 + tcorr

4

+ tRx
TrB + trec

CB + tSC + tTrB
rec ,

(8.4)in whih the notation is de�ned in Table 8.1. Now, by taking t2 − t1 + t4 − t3, we obtain
t2 − t1 + t4 − t3 = tgas

2 − tgas
1 + tgas

4 − tgas
3

+ tcorr
2 − tcorr

1 + tcorr
4 − tcorr

3 ,
(8.5)



8.2 Theory 145and from Fig. 8.1 we note that in a stationary �uid, tgas
2 = tgas

4 ≡ 2L/c, and tgas
1 = tgas

3 ≡ L/c.By inserting these relations, we obtain the sound veloity c as
c =

2L

∆t − tcorr
, (8.6)where

∆t ≡ t2 − t1 + t4 − t3, (8.7)and
tcorr ≡ tcorr

2 − tcorr
1 + tcorr

4 − tcorr
3 . (8.8)To aount for thermal expansion in the measurement unit (f. Se. 8.3.1), L = KT L0is introdued, where KT is the thermal expansion oe�ient, and L0 is the referenetransduer separation, measured at the referene temperature T0. The quantity KT wasmodelled by a linear relationship, KT = 1 + α(T − T0), where α = 11.1 · 10−6 K−1 isthe thermal expansion oe�ient for the material of the measurement unit, steel AISI316 [14℄, and T is the measurement temperature in Kelvin, f. Se. 8.3.1.Pressure expansion/ontration [4℄ of the measurement unit is not onsidered to be rele-vant here, as the measurements were arried out in atmospheri air. Hene we have

c =
2KT L0

∆t − tcorr
. (8.9)The measurement of L0 and ∆t are desribed in Ses. 8.3.2 and 8.3.3, respetively, and themodelling of the orretion term tcorr is desribed in Se. 8.2.2. A major advantage withthe urrent method is the aneling of the delay times of the transmitting and reeivingeletronis and transduers, whih also should hold for di�erent transduers.8.2.2 Corretion termsThe identi�ed e�ets to be orreted in the 2PEM are: phase shift due to transduerdi�ration, phase shift due to thermal and visous boundary layers upon re�etion from



146 Paper CTable 8.1: Explanation of the notation in Eqs. (8.1)�(8.4). Supersript j = {TrA, TrB} denotesthat transduer A and B are terminations, respetively.
tjgen Voltage � voltage generator travel time
tTrA
CA , trec

CA Voltage � voltage travel time of able A withTrA and the reeiving eletronis as termi-nations, respetively
tTrB
CB , trec

CB Voltage � voltage travel time of able B withTrB and the reeiving eletronis as termina-tions, respetively
tSA, tSB, tSC , tSD Voltage � voltage travel times of swithes A,B, C and D, respetively
tTx
TrA, tTx

TrB Voltage � plane wave pressure travel timefor TrA and TrB when transmitting, respe-tively
tgas
i Plane wave pressure travel time in the gasfor respetive signal i = 1, . . . , 4, in abseneof the reeiving transduer

tcorr
i Corretion terms for respetive signal i =

1, . . . , 4. Cf. Se. 8.2.2
tRx
TrA, tRx

TrB Plane wave pressure � voltage travel time forTrA and TrB when reeiving, respetively
tjrec Voltage � voltage travel time in the reeivingeletronisthe transduer front, and phase shift due to interferene with ehoes from the transduerinterior upon re�etion from the transduer front. However, the �ndings in [11℄ suggestthat e�ets of interferene with ehoes from the transduer interior be inluded in theexperimental unertainty budget rather than as a orretion term, f. Se. 8.4.2. Thiswas thus done.Let the terms on the righthand side of Eq. (8.8) be given as

tcorr
i ≡ tdif

i + ttvi , i = 1, . . . , 4, (8.10)where tdif
i and ttvi are assoiated with di�ration orretion and thermal and visous



8.2 Theory 147boundary layers, respetively. However, as thermal and visous boundary layer e�etsare assoiated with re�etion at the transduer front, we put ttv1 = ttv3 = 0. Furthermore,it has been found [15℄ that theMassa E-188/220 air transduers used here [16℄, heneforthabbreviated mas, produe quite similar beam patterns. Hene it is assumed that tdif
1 = tdif

3and tdif
2 = tdif

4 .
The plane piston di�ration orretion modelTo aount for transduer di�ration e�ets, the model whih may be referred to as theplane piston di�ration orretion model [17, 18, 19℄ has been used. It represents andaounts for di�ration e�ets aused by a plane irular piston of radius a, seated inan in�nite rigid planar ba�e and vibrating with uniform veloity. The soure transmitssound waves to a oaxial irular reeiver of equal diameter (in absene of the reeiver),having uniform sensitivity aross the aperture.To determine how adequately the plane piston model an desribe transduer di�ratione�ets aused by the mas transduer, an investigation was arried out by use of a �niteelement model (FEM) for di�ration orretion [15, 20, 21℄. It was indiated that theplane piston di�ration orretion model may be used with little error at the operatingfrequeny, f0 = 218kHz, in atmospheri air at room temperature, and with a reeiverdistane of less than 1 m.A di�ration orretion funtion Hdif is given by [17, 18, 19℄

Hdif = 1 − 4

π

∫ π/2

0

e
ıkz

[

1−
√

1+( 2a
z

cos θ)
2

]

sin2 θ dθ, (8.11)where θ is an integration variable, k = 2π/λ is the loss-free wave number, λ = c/f0 is theaousti wavelength, z is the soure-reeiver distane, and ω0 = 2πf0 is the angular burst



148 Paper Center frequeny. Now, the di�ration time orretion is given by
tdif = ∠Hdif/ω0. (8.12)Due to assumptions made in the next setion, tdif

1 will in fat be aneled in the presentwork. Yet tdif
2 is to be evaluated.Di�ration orretion for pulse eho operationThe plane piston di�ration orretion model is primarily intended for diret wave trans-mission, suh as for pulse 1© (and 3©), f. Fig. 8.1. To evaluate di�ration orretion foran eho like 2© (and 4©), onsider the following approah.If the re�eting front fae of the transduer is small ompared to the inoming beam,so that the inident sound wave may be assumed to have uniform phase and amplitudeaross the re�etor, it may be reasonable to treat the re�etor as a new plane pistonsoure, having uniform vibration aross the front fae [22, p. 91℄. The mas transduerhas a total beam angle 2θ−3dB = 10◦, insonifying a irle of diameter approximately 26mm at z = L = 151 mm, presumably exeeding the transduer front fae diameter of 12mm su�iently to omply with the given premise.It is onsequently possible to deompose the di�ration orretion for eho 2©, tdif

2 , in twoparts; one due to re�etion at the opposite transduer TrB, and another due to reeptionat TrA, and apply the plane piston di�ration orretion for eah of them. We henede�ne
tdif
2 ≡ tdif,p + tdif,e, (8.13)where supersripts p and e denote di�ration orretion due to pulse and eho propaga-tion, respetively.Here, tdif,p is alulated using Eqs. (8.11) and (8.12), replaing a with the e�etive radi-



8.2 Theory 149ating radius of the transduer [5℄, aeff = 4.25 mm. It is thus assumed that the radiusof the re�eting transduer front fae, afr, is aeff instead of afr = 6 mm, whih atuallyleads to tdif,p = tdif
1 . The term tdif,e is also alulated by use of Eqs. (8.11) and (8.12),now input with the radius of the re�eting transduer front fae, afr. Hene, the reeiveris also assumed to have the radius afr rather than e.g. an e�etive reeiving radius.Thermal and visous boundary layersDue to the inidene of 2© and 4© upon re�etion at the transduer front, thermal andvisous boundary layers are generated in a thin �uid layer adjaent to the transduerfront [23, 24℄, whih to some extent shifts 2© and 4© in phase (and magnitude).In our ase, we shall assume that the sound wave is plane and falls perpendiularly intothe transduer front. This enables that a omplex re�etion oe�ient, given as the ratioof re�eted and inident pressure, may be alulated to aount for the phase shift ausedby the boundary layers. The theory given in [23, p. 529℄ was utilized for atmospheri dryair at 27 ◦C, whih is roughly the measurement temperature. A phase orretion of about0.009 rad was obtained for f0 = 218 kHz, orresponding to ttv2 = ttv4 = 6.5 ns, i.e. about8 ppm relative to ∆t. It is thus assumed that ttv2 = ttv4 .Assembly of the orretion termsBy ombining Eqs. (8.8) and (8.10) and using the assumptions above, we have

tcorr = 2(tdif
2 − tdif

1 + ttv2 ). (8.14)Insertion of tdif
2 yields

tcorr = 2(tdif,p + tdif,e − tdif
1 + ttv2 ). (8.15)But reognizing that tdif,p is alulated using the plane piston di�ration orretion modelabove input with aeff as radius, just like tdif

1 (and all the other parameters are equal),



150 Paper CEq. (8.15) turns into
tcorr = 2(tdif,e + ttv2 ). (8.16)The value of tcorr used in the present work is about -1606 ns, i.e. -1855 ppm relative to

∆t, in whih ttv2 relative to tdif,e is only about 0.4%.8.2.3 A sound veloity model for humid airA sound veloity model for standard air [25℄ around atmospheri pressure was used foromparison, for whih the input parameters are temperature, pressure, relative humidityand CO2 onentration. It was hosen due to its realisti foundation, aounting for non-ideal gas e�ets by a trunated virial equation of state, but also beause of its extensiveempirial support [26, Table II℄.In this work, the CO2 onentration of outdoor air is used, 382 ppm [27℄, a value whihmay be somewhat low for indoor air. To indiate the signi�ane of this simpli�ation, aninrease in the CO2 onentration of, say 200 ppm, would derease the predited c withabout 50 ppm.The following relation was utilized to aount for dispersion in the air medium [25, 28℄
1

c0
− 1

c
=

αvN

2πfrN
+

αvO

2πfrO
, (8.17)where c is the sound phase veloity at 218 kHz, c0 is the sound veloity in the zerofrequeny limit, αvN and αvO are the plane-wave sound attenuation oe�ients due tovibrational relaxation of nitrogen and oxygen, respetively, and frN and frO are the re-laxation frequenies for nitrogen and oxygen, respetively.The dispersion, c − c0, was in the urrent experiments typially alulated to about 0.15m/s, or ∼ 435 ppm relative to c. Due to laking knowledge about the unertainty of thedispersion model at 218 kHz, it was not aounted for here. The overall model unertainty



8.3 Experimental 151is thus taken to be that exlusive dispersion orretion, ±300 ppm (on�dene level notspei�ed) [25℄.8.3 Experimental8.3.1 Experimental setupThe sound veloity ellAs a step towards the preision sound veloity measurement ell, a prototype apparatusfor low pressure (< 13 bara) has been devised, f. Fig. 8.3. The ell has also been usedwith a di�erent measurement method desribed elsewhere [10℄, using a slightly di�erentmeasurement system. Note that Measurement unit denotes the ore of the measurementell, omprising among others parts 1, 2, 3 and 11, enabling a well de�ned transdueralignment.Initially, using di�erent materials for di�erent parts of the ell was onsidered in orderto redue thermal expansion and aoustial ross-talk. However, this would probably de-grade the angular alignment of the transduers and inrease the unertainty in the thermalexpansion oe�ient KT , and was thus not done. The prototype measurement ell wasfabriated in steel AISI 316, and the ell design has evolved from onsiderations desribedin Se. 8.3.4 and [4℄. The dimensional rationale is given in [11℄, and the dimensions areas follows (f. Fig. 8.3): L0 = 151 mm, Lpen = 49.7 mm and rcw is, as the measurementunit is plaed o� the axis, in the range 101.5 to 109.5 mm. The reason for plaing themeasurement unit non-onentri with the ell walls was to minimize possible oherentehoes from the ell walls.The ultrasoni transduers 1 and holders 2 are desribed in Se. 8.3.1. The spaer rods 3are designed as slim as possible (with diameter 8 mm) and grooved, with depth 0.5 mmand pith 1 mm, to redue possible re�etions.
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Figure 8.3: Cut-through design sketh of the prototype sound veloity measurement ell. Theparts are labeled as follows. 1 ultrasoni transduers; 2 transduer holders; 3transduer spaer rods; 4 Pt-100 thermoouples; 5 parallelity adjustment srews;6 able feedthrough onnetor; 7 humidity sensor; 8 safety valve; 9 gas inlet ports;10 gas outlet ports; 11 end faes, and 12 ell wall. Note that the wall was overedwith a rugged, soft lothing (not shown) to spread and absorb possible wall ehoes.
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The Pt-100 thermoouples 4, denoted by A and B, are mounted diagonally and symmet-rially about 36 mm from the axis, so that the measurement temperature an be takenas the mean value of probe A and B, namely T ≡ (TA + TB)/2. Let the temperaturedi�erene be de�ned by ∆T ≡ TA − TB.The parallelity adjustment srews 5 enable angular adjustment of the upper transduer;the able feedthrough onnetor 6 leads the eletrial signals through the ell top lid; thehumidity sensor 7 gives a measurement of the relative humidity. Three gas inlet 9 andoutlet 10 ports, plaed diametrially opposite to eahother, are distributed along the wallto yield homogeneous �ushing and prevent gas trapping in inaessible avities of the ell.Ultrasoni transduers and holdersThe mas transduer [29, 15℄ was primarily hosen due to its narrow total beam angleof 10◦ (-3 dB), whih is advantageous to minimize di�ration orretion. Also, it has arelatively broad bandwidth of 25 kHz, whih is advantageous to minimize the transientregime of the burst pulse. The sound �eld produed and further details on the transduermay be found in [15℄. The e�etive soure radius aeff was estimated [5℄ to 4.25 mm atthe operating frequeny, 218 kHz, and the outer front fae radius afr is 6 mm [15℄.The transduer holders 2 (f. Fig. 8.3) were, to redue their in�uene upon re�etion,designed so as to minimize the surrounding transduer area. A onial design was hosen,yielding a ring of width 0.3 mm around the transduer front fae. There is a irular gapof width 1 mm between the transduer front and holder, whih was �lled with otton todampen possible ehoes from this gap.Of reasons given in Se. 8.3.4, the transduer was suspended in the holder by one o-ring,whih is unfortunate with respet to angular alignment. To optimize the alignment, thetransduer was immersed into the holder by pushing it bakwards through the o-ring with



154 Paper Ca plane objet, until the objet was obstruted by the front of the holder. To preventthat the o-ring, whih is quite resilient, reoiled the transduer out of position, the o-ringwas lubriated with grease. The skewness of the transduer fronts are estimated to be noworse than λ/10, whih is assumed to give negligible error in ∆t.Another issue with the present transduer was its rather soft front layer, whih is some-what unfortunate with respet to planarity, and ompression upon measurement usingthe mirometer, f. Se. 8.3.2.Measurement systemA funtional diagram of the measurement system, whose model was outlined in Fig. 8.2,is shown in Fig. 8.4. The omponents of the system are brie�y desribed below.
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Figure 8.4: Funtional diagram of the measurement system.The signal generator was of type HP33120A, set with a burst arrier frequeny of 218 kHz,35 burst periods and repetition rate 30 Hz. The swith iruit was ustom design [11℄,



8.3 Experimental 155based on analog swihes of type Analog Devies ADG453, providing swihing times be-low 70 ns, and on-resistane below 4 Ω. The ampli�er of type Brüel & Kjær MeasuringAmpli�er 2610 was set with 20 dB input gain, whereas the bandpass (BP) �lter, denotedKrohn-Hite 3940, was set in Butterworth mode with 20 dB gain and lower and upper ut-o� frequenies of 80 and 330 kHz, respetively. Data aquisition was arried out usinga GageSope CS1250 PC-osillosope, with an estimated e�etive bit resolution of 8.4,1and a sampling frequeny of 10 MHz.The omponent marked `P' represents the atmospheri pressure measurement, performedwith a Brüel & Kjær UZ0003 barometer, with an estimated measurement unertaintyof 600 Pa (95% onf. level). The omponent marked `T' represents the temperaturemeasurement (f. Se. 8.3.1) performed by thermoouples A and B onneted to a pre-ision thermometer, ASL F250. The ombined measurement unertainty of the probesand instrument is 13 mK (95% onf. level). The omponent marked `RH' representsthe relative humidity instrument, Vaisala HMT330 humidity transmitter, with a statedmeasurement unertainty of 1.25% (around 27 ◦C; on�dene level not spei�ed).8.3.2 Measurement proedureThe sound veloity measurements were arried out over several days using air at approx-imately 1010 mbar, with a temperature and relative humidity of about 27 ◦C and 30%,respetively. To evaluate the repeatability, measurement series omprising of 5 measure-ment points were arried out during time spans over whih the temperature T was stableto within 14 mK.The transduer separation L0 (f. Eq. (8.9) and Fig. 8.3) was obtained from the av-erage value of 5 measurements of the transduer separation, taken at the enter of thetransduer fronts, using a mirometer srew. To avoid ompression of the rather softtransduer fronts due to weight load of the mirometer, the measurement unit was lying1the nominal vertial bit resolution was stated to be 12.



156 Paper Chorizontally while measuring. The value of L0 was (150.786 ± 0.01) mm at the referenetemperature T0 = 297.45 K. The unertainty in L0, 10 µm (95% onf. level), was obtainedby inoherent ombination of the two standard deviation of the measurement series withthe measurement unertainty of the mirometer srew, 8.2 µm.The measurement of ∆t and modelling of tcorr (f. Eq. (8.9)) are desribed in Ses. 8.3.3and 8.2.2, respetively.8.3.3 Signal proessing and time detetionTwo representative measurement signals, oherently averaged from 15 burst pulses eah,are shown in Fig. 8.5.Referring to Fig. 8.5, the retangular time windows indiate the region in whih zerorossing transit times are alulated. The time windows are automatially deteted usinga treshold proportional to the maximum of the burst pulses.2 The zero rossings aredetermined using linear interpolation between the samples points around zero.Now, by subtrating the zero rossing times within the retangle in 1© from the orre-sponding in retangle in 2©, we obtain a vetor of values for t2−t1, denoted t′21. The sameapproah is exeuted for 3© and 4© so as to obtain a vetor of values for t4 − t3, denoted
t′43. By adding t′21 and t′43 we have a ∆t′ vetor whih is illustrated in Fig. 8.6. Finally
∆t is taken to be the average value of zero rossings 15 to 40 (15 refers to zero rossingno. 15 from the beginning of the retangle) in ∆t′.8.3.4 ChallengesDuring the development work on the sound veloity ell, some partiular hallenges in�u-ening the measurement unertainty were enountered, 1) swithing noise, 2) transduerringing, 3) onvetion urrents in the measurement medium and 4) non-planarity of the2note that although the envelope of the bursts within the retangles are not stationary, ∆t is obtainedfrom a stationary region.
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Figure 8.5: Upper sub�gure shows the averaged signal trae obtained from the burst pulseslaunhed at, say odd trig signals; lower sub�gure shows the averaged signal traeobtained from the burst pulses launhed at even trig signals. Tx1 and Tx2 denotetransmitted burst signals. Note that the spikes at the trailing edges of Tx1, Tx2,1© and 3© are due to swithing noise.transduer front.1. The swithing of the transduer to reeiving mode shortly after transmission gen-erates a harge injetion/noise spike on the signal line, f. Fig. 8.5. Previously thisnoise saturated the osillosope, ausing a bias in the transit times t2 and t4. Theproblem was omitted by modifying the eletrial swithing iruit, oupling shuntresistors to the transduers [11℄. Also, the bandpass �lters were tuned to ut thehighest frequeny omponents of the spikes, reduing their level signi�antly.2. Due to the short time elapsing from the transduer ats as soure until it is areeiver, transduer ringing noise interfers with the reeived ehoes, 2© and 4©.In the initial version of the transduer holder, there were diret ontat with the
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Figure 8.6: The ∆t′ vetor versus zero rossing number within the retangles (Fig. 8.5). Thequantity ∆t is the average value of zero rossing 15 to 40, a region in whih thespan is typially about 20 ns, and the standard unertainty is typially about 8 ns.transduer, leading to relatively strong ringing e�ets. The assoiated SNR was inthe worst ase about 25 dB, yielding a shift in ∆t of about 100 ppm. With thepresent holder and transduer suspension, the orresponding worst ase SNR wasabout 34 dB, yielding a transit time shift of about 15 ns (per eho), whih is about35 ppm relative to ∆t. This e�et may presumably be redued, using a transduerwith a broader bandwidth.3. The transduer separation L0 is measured from enter to enter of the transduerfronts. Sine non-planarity may be signi�ant aross of the transduer fronts (f.Se. 8.3.2), the unertainty in L0 may be underestimated. Moreover, this may auseundesired phase shift of the ehoes upon re�etion.4. Medium onvetion urrents may disturb the transit time onsiderably [8, 30℄. Pre-



8.4 Results 159vious sound veloity measurements using the present measurement unit immersedin a measurement hamber [8℄, resulted in a spread of the measured sound veloityrelative to the model of about 500 ppm. To minimize suh e�ets, measurementswere not onduted if ∆T was greater than 40 mK.3 The present result spread ishowever still signi�ant, amounting to about 200 ppm, f. Se. 8.5.8.4 Results8.4.1 Sound veloityThe sound veloity measurement results are outlined in Table 8.2, inluding temperature,relative humidity and sound veloity model preditions. The sound veloity results relativeto the model are also plotted in Fig. 8.7.Firstly, it is seen that the measurement repeatability is very good for eah series, as themaximum two standard deviation spread relative to the model amounts to only 17 ppm(series #3). Seondly, the model deviation varies relatively muh between the series�aphenomenon that will be adressed in Se. 8.5. Thirdly, all measurement results are wellwithin the tentative model unertainty of at least 300 ppm [25℄, with a mean deviation of-57 ppm.8.4.2 Experimental unertaintyThe relative experimental unertainty was estimated aording to [31℄, and alulated by
U(c)

c
≈ 2

√

(

u(KT )

KT

)2

+

(

u(L0)

L0

)2

+

(

u(∆t)

∆t

)2

+

(

u(tcorr)

∆t

)2

, (8.18)where u(•) denotes standard unertainty of the respetive quantity and U(c) denotes theexpanded unertainty of c (k = 2), f. Table 8.3. Equation (8.18) states that the quanti-ties in Eq. (8.9) are assumed to be unorrelated, whih represents a worst ase senario.3to prevent possible heating from the thermoouples (ontributing with only 0.1 mW eah), they wereturned o� whenever possible.



160 Paper CTable 8.2: The sound veloity measurement and model (abbreviated mod.) results, obtainedfor air at about 1010 mbar, with T and RH about 27 ◦C and 30%, respetively.Series # Meas. # T [◦C℄ RH% Meas. c [m/s℄ Mod. c [m/s℄ Dev. [ppm℄1 1 25.882 30.4 347.484 347.479 152 25.8805 30.4 347.486 347.478 233 25.8805 30.4 347.487 347.478 254 25.8795 30.4 347.488 347.478 305 25.8805 30.4 347.488 347.478 292 6 27.701 29.9 348.540 348.593 -1517 27.6995 30 348.541 348.594 -1528 27.6985 29.9 348.539 348.591 -1519 27.696 29.9 348.538 348.590 -14810 27.6935 29.9 348.537 348.588 -1483 11 27.718 31.7 348.572 348.632 -17212 27.712 31.7 348.571 348.628 -16413 27.709 31.7 348.571 348.627 -15914 27.7075 31.7 348.570 348.626 -15915 27.7045 31.7 348.570 348.624 -1554 16 27.0215 31.5 348.197 348.203 -1917 27.02 31.5 348.195 348.202 -2118 27.019 31.5 348.195 348.202 -2019 27.0185 31.5 348.193 348.201 -2420 27.02 31.5 348.192 348.202 -285 21 25.9305 31.8 347.553 347.544 2422 25.9295 31.8 347.550 347.544 1723 25.9275 31.8 347.552 347.542 2824 25.929 31.8 347.552 347.543 2525 25.9295 31.8 347.550 347.544 20The experimental unertainty budget given in Table 8.3, is due to reasons given belowregarded as preliminary.Referring to Table 8.3, the unertainty of KT is so small and insigni�ant due to the
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Figure 8.7: Sound veloity measurement results relative to the model. The horizontal and ver-tial part of the error bar (shown to the left) indiate the measurement unertaintyin temperature and sound veloity, respetively. The `△' symbol refers to series3, and serves simply to distinguish series 2 and 3. Notie the good measurementrepeatability for all series.present relatively narrow temperature range.The unertainty in L0 of about 10 µm is dominated by the unertainty of the mirometersrew, stated by the manufaturer to 8.2 µm, f. [32, Eq. (8.2.1)℄. Possible non-planarityof the transduer front is not aounted for here, moreover, the resilient transduer frontmay give an exessive measured value of L0, as the mirometer srew to some extentompresses the transduer front upon measurement. Hene, u(L0)/L0 in Table 8.3 mustbe regarded as a preliminary estimate.The standard unertainty of ∆t, u(∆t), is by far dominated by e�ets of medium onve-



162 Paper CTable 8.3: Preliminary experimental unertainty budget.Relative standard unertainty Value [ppm℄
u(KT )/KT 1
u(L0)/L0 36
u(∆t)/∆t 54
u(tcorr)/∆t -Relative ombined standard unertainty, 65
u(c)/cRelative expanded unertainty, 130
U(c)/c (95% onf. level)tion urrents, f. Se. 8.3.4. Their ontribution to u(∆t) was estimated in the followingway. It is assumed that the sound veloity deviation from the model would be approxi-mately onstant if onvetion urrents were absent, as the temperature, relative humidityand pressure ranges are relatively narrow. Thus, the ontribution due to onvetion ur-rents may be estimated diretly from the span of the deviation from the model; assumingthat the span of 202 ppm represents 95% on�dene level (f. Fig. 8.7), the standardunertainty ontribution of c will be 202/4 = 50.5 ppm, orresponding to an unertaintyontribution of 45 ns relative to ∆t. Further arguments that these variations are due totemperature indued onvetion urrents are given in Se. 8.5. As mentioned in Se. 8.3.4,transduer ringing disturbed the signals signi�antly, i.e. with about 15 ns perturbationin ∆t. This is however a negligible ontribution relative to the onvetion urrent e�ets.The unertainty in the transit time detetion method has been estimated elsewhere [9, 11℄,and found to be of insigni�ant importane.The unertainty in tcorr is presumably predominated by the unertainty in di�ration or-retion, as the in�uene of thermo-visous boundary layer orretion relative to di�rationorretion is only 0.4%. The quantity u(tcorr) is unfortunately highly hallenging to esti-mate properly, and is therefore omitted in the present unertainty budget. As an exampleof its in�uene, u(tcorr)/tcorr beomes predominant in the unertainty budget at a level ofabout 5% (i.e. for u(tcorr) ≈ 80 ns), whih illustrates the major impat of tcorr.



8.5 Disussion 1638.5 DisussionIn Se. 8.4.1, good agreement between measured and modeled sound veloity was demon-strated. We must however bear in mind the signi�ant unertainty of the sound veloitymodel of at least ±300 ppm [25℄. Moreover, alternative models exist [99℄, prediting asound veloity that deviates by about 515 ppm from the model used here.The estimated experimental unertainty of 130 ppm (95% onf. level) should be regardedas preliminary, due to the tentative estimate of the unertainty in L0 and the omissionof the unertainty in tcorr. Also, e�ets of angular misalignment and non-planarity of thetransduer fronts may ontribute (f. Se. 8.3.1), and have unfortunately not been a-ounted for. Nonetheless, the experimental unertainty budget is valuable for omparingthe importane of the unertainty ontributions relative to eahother.As emerging from Fig. 8.7 there is a signi�antly varying deviation from the model be-tween the measurement series. It was noted in Se. 8.3.4 that onvetion urrents disturbthe measurements of ∆t relatively muh. Now eah measurement series is taken at di�er-ent time of day, so the temperature onditions will vary.We now de�ne T 5m−4 and T 5m as the �rst and �fth measurement temperature of orre-sponding measurement series m = 1, . . . , 5, respetively. Consider Fig. 8.8 whih outlinesthe mean deviation from the model for eah measurement series vs. hange in tempera-ture, (T 5m−T 5m−4).4 A very high orrelation of 0.996 is found between the mean deviationfrom the sound veloity model and hange in temperature over the series, leaving littledoubt that the ause of this spread is onvetion urrents in the medium. This underlinesthe importane of stabilizing the temperature and avoiding temperature gradients arossthe ell body.4taking this di�erene is reasonable, beause the temperature basially hanges monotonially overeah measurement series.
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Figure 8.8: Mean sound veloity deviation from the model versus hange in temperature forthe �ve measurement series.It was noted in Se. 8.3.4 that previous sound veloity measurements performed using themeasurement unit immersed in a measurement hamber [9℄ of muh greater volume andtemperature di�erenes (∆T ) than in the present ell, the sound veloity result spreadwas more than twofold the present. Convetion urrents should be further redued byimmersing the sound veloity ell into a properly regulated thermostat liquid with stirrer.
8.6 Conlusions and perspetivesThe 2PEM method has been investigated experimentally with respet to its potential forrealization in a high-preision sound veloity ell for natural gas at high pressures. Atmo-spheri air at room temperature was used as test gas, and sound veloity measurementresults have been ompared with output from a sound veloity model. A preliminary



8.6 Conlusions and perspetives 165measurement unertainty budget was given.The results indiate that the 2PEM may be promising with respet to ahieve a measure-ment unertainty in line with the target spei�ations of the sound veloity ell, 100 �200 ppm, in the frequeny range of USMs, 100 � 200 kHz. It is expeted that immersingthe ell in a temperature regulated liquid bath will redue the temperature indued on-vetion urrents signi�antly, and thus redue the measurement unertainty aordingly.Moreover, the unertainty in the time orretion should be properly established, so as toenable a better estimate of the experimental unertainty of the 2PEM. Further work isdesirable to attain traeability in the experimental unertainty, using a more well suitedtest gas suh as e.g. argon.AknowledgmentsThe present work is done as a part of a PhD fellowship for the author under the 4-year strategi institute programme �Ultrasoni tehnology for improved exploitation ofpetroleum resoures� (2003-2006), supported by The Researh Counil of Norway (NFR),Statoil ASA and Gasso AS, and arried out in a ooperation between CMR and theUniversity of Bergen (UiB), Dept. of Physis and Tehnology.Reidar Bø with CMR is greatfully aknowledged for designing and manufaturing theswithing iruit, Stig Heggstad with CMR is aknowledged for designing the prototypemeasurement ell, and the supervisors, Magne Vestrheim (UiB) and Per Lunde (CMR),are aknowledged for fruitful inputs and disussions onerning the present paper.
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Chapter 9
Paper D
A three-way pulse method for a preision sound veloity measure-ment ellAuthors:Petter Norli and Per LundeReformatted version of the paper originally published in:Proeedings of the 2006 IEEE Ultrasonis symposium, Vanouver, Canada, Otober 3 �6, 2006, pp. 884 � 889.1
© 2006 IEEE. Reprinted with permission.

1In Se. 9.2.2 below, it is stated that �A more rigorous di�ration orretion approah is desribedin [17℄ . . . � [i.e. in this thesis℄. This is however not the ase, as limited utility emerged from suh anelaboration.



AbstratUltrasoni gas �ow meters for volumetri �ow rate �sal metering of natural gas (USMs)may possibly also be used for mass and energy �ow rate measurement, partially based onsound veloity measurement. To establish the auray of the sound veloity measure-ments given by the USM, and for traeability purposes, an independent high-auraysound veloity measurement ell may serve as referene. To inlude dispersion e�ets,the ell should preferably work in the operational frequeny range of USMs, i.e. 100 �200 kHz, with natural gas under high pressure. Highly aurate sound veloity ells areavailable in the audio frequeny range, however, less work have demonstrated su�ientauray in the 100 � 200 kHz range.Three transient methods are investigated as part of the sound veloity ell development[Pro. 2005 IEEE Ultrasonis Symposium, pp. 1443-1447, 2005℄; the methods are seen tohave several ommon soures of experimental unertainty. In the present work, a three-way pulse method (3PM) is onsidered as a andidate for the sound veloity ell, andsound veloity results obtained in a prototype ell, ontaining air at about 1 atm and 27
◦C are presented.The results are ompared with output from a sound veloity model for air, inludingdispersion [J. Aoust. So. Amer. 93 (5), pp. 2510-2516, 1993℄. The results indiatethat the 3PM may have potentials to perform in line with the target spei�ations ofthe sound veloity ell, i.e. 100-200 ppm, in the frequeny range of USMs, 100-200 kHz.Use of a temperature regulated bath is expeted to signi�antly redue the temperatureindued onvetion �ows presently limiting the auray of the ell, and to redue themeasurement unertainty aordingly.



9.1 Introdution 1739.1 IntrodutionMultipath ultrasoni transit time �ow meters (USMs) are today extensively used in in-dustry for volumetri �ow metering of natural gas, for �sal measurement (e.g. sales andalloation metering), hek metering, et. As natural gas is typially sold on basis ofmass or energy, the density and/or gross alori� value (GCV) of the gas is measured inaddition, by separate instruments [1℄.As USMs also give a measurement of the sound veloity in the gas, there is an inreasinginterest in exploiting the potentials of USMs for diret mass and energy measurement,using their volumetri �ow rate measurement in ombination with their measured soundveloity [1℄.For suh appliations, doumentation is needed for the unertainty of the sound velo-ity given by the USM [2℄. Provided traeable measurements an be done, this may beahieved by using a self-standing high preision sound veloity ell, working under thesame onditions as the USM, and in the same frequeny range, 100 � 200 kHz (to aountfor dispersion e�ets) [2℄.Tentative tehnial ell spei�ations were put forward in [2℄: natural gas at pressuresin the range 0 � 250 barg, temperatures in the range 0 to 60 ◦C, and sound veloitymeasurement unertainty in the range ±(0.05 − 0.1) m/s, i.e. about (100 � 200 ppm) ata 95 % on�dene level.As of today, no suh ell with su�ient auray operating in this frequeny range hasbeen identi�ed in the literature. Cells with outstanding auray are available in the au-dio frequeny range (f. e.g. [3℄), but saling of suh existing ells to the desired frequenyband and still meeting the spei�ations has not been onsidered feasible [2℄. Alternativemeasurement methods and ells have therefore been onsidered [2, 4, 5, 6, 7℄.



174 Paper DThree transient methods have been investigated, aiming to realize the sound veloityell [4, 5, 6, 7℄, of whih two are onsidered possible andidates: The two-way pulse ehomethod [7℄, and the present three-way pulse method (3PM), proposed in [2℄. A similarmethod for measurements on solids was desribed in 1958 [8℄, laiming that the soundveloity may be determined to within 100 ppm. More reently (2004), a similar method,also intended for solids, was presented [9℄, di�ering from the present by having bu�er rodsbetween the aousti transduers and the measurement medium.The present paper desribes the 3PM and investigates its potential for preision soundveloity measurements in gas. Theory and experimental details for a prototype measure-ment ell for low pressures are given. Sound veloity measurement results are presentedand ompared with a theoretial model, using atmospheri air as measurement medium.9.2 TheoryThe theory brie�y desribed in Ses. 9.2.1 and 9.2.2 is based on [2℄, and extended inSe. 9.2.2.9.2.1 The three-way pulse methodConsider the measurement priniple of the 3PM, illustrated in Fig. 9.1. A pulse 1© istransmitted from the aousti soure to the aousti reeiver, and the assoiated transittime t1 is measured. A part of 1© is re�eted at the reeiver front, giving rise to eho2© whih travels bak to the soure�being partly re�eted again�travelling forth to bereeived, and the assoiated transit time t2 is measured.Under the assumption that the medium is stationary over the measurement period (30averaged signal traes, lasting about 1 se.) the two measured transit times are writtenas (f. Fig. 9.2)
ti = teltrT + tgas

i,pl + tcorr
i + teltrR , i = {1, 2} , (9.1)
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Figure 9.1: The aoustial measurement priniple of the 3PM. Tx and Rx denote the transmit-ing and reeiving transduers, respetively, and L is the transduer separation.where teltrT denotes the voltage-to-plane-wave pressure travel time in the transmittingeletronis, able and transduer; tgas
i,pl denotes the pressure-to-pressure plane-wave traveltime in the gas; tcorr

i aounts for non-ideal e�ets suh as non-plane wave propagation,i.e. di�ration time shift, tdif
i , and other possible ontributions (f. Se. 9.2.2); and teltrRdenotes the free-�eld averaged pressure-to-voltage travel time in the reeiving transduer,eletronis and able [2℄.

Figure 9.2: The time delay model of the measurement system. Subsript i = 1, 2 denotesrespetive pulse, 1© and 2©.By inserting tgas
1,pl ≡ L/c and tgas

2,pl ≡ 3L/c, where c denotes the sound veloity, and taking
t2 − t1 we have

t2 − t1 = 2L/c + tcorr
2 − tcorr

1 , (9.2)or the sound veloity as [2℄
c =

2L

∆t − tcorr
, (9.3)where ∆t ≡ t2 − t1 and tcorr ≡ tcorr

2 − tcorr
1 . Note that the simplifying assumption that
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teltrR is equal for 1© and 2© has been used here, leading to a anelling of the system delaytimes, teltrT and teltrR .The axial transduer separation, L, is �xed to about 150 mm in the prototype measure-ment ell, f. Fig. 9.3. To aount for thermal expansion in L, a linear relationship hasbeen assumed, i.e. L = KT L0 [2℄, where L0 is the transduer separation, measured at areferene temperature. Here KT = 1+α∆T , where α is the thermal expansion oe�ientfor the steel material [10℄, and ∆T is the deviation from the referene temperature inKelvin.9.2.2 Corretion termsTime orretions investigated in the present work are due to di�ration orretion (tdif

i ),thermal and visous boundary layers at the transduer fronts (ttvi ), and internal transduerehoes (tint
i ). The orretion tcorr

i is given as
tcorr
i = tdif

i + ttvi + tint
i , i = 1, 2. (9.4)Di�ration orretionDue to di�ration e�ets [11℄, the sound waves will aumulate an inreasing phase ad-vane with distane, relative to plane waves [2℄. The e�et is aounted for by using thedi�ration orretion model [12, 13℄ that may be referred to as �the plane piston di�ra-tion orretion model�. The present work extends the analysis in [2℄ by aounting forseveral transduer radii in the di�ration orretion.The ultrasoni transduers used here [14℄ onsist of a piezoeletri disk with radius ad,mehanial layers, enlosed by a metal housing. Let the outer front fae radius of thetransduer be denoted afr, and the e�etive radius, estimated from the transduer dire-tivity, be denoted aeff . It is assumed that aeff is also the e�etive reeiving radius, as thesoure and reeiving diretivity may be assumed to be reiproal [15℄.
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The di�ration orretion for this type of transduers has been modelled and investi-gated [16℄, and it was found that for the operating frequeny, f0 = 218 kHz, the planepiston di�ration orretion model may be used to alulate tdif

1 with little error. There-fore, the plane piston di�ration orretion model has been used in this paper, based onsome simpli�ations regarding tdif
2 . A more rigorous di�ration orretion approah isdesribed in [17℄, but the value found for tcorr in [17℄ oinides very well with the approx-imate value obtained here.To �nd tdif

2 , the problem of di�ration orretion assoiated with re�etion from the trans-duer front must be resolved. By assuming that the re�eting transduer front is uniformlyinsoni�ed by the inoming beam, so that all points of the re�etor area an be onsideredelementary soures with equal phase and magnitude, the re�etor may be regarded a newplane piston osillator [18, 2℄. Sine the -3 dB beamwidth overs a diameter about twiethe diameter of the reeiving transduer, this may be a reasonable approximation.This approah enables a deomposition of tdif
2 into

tdif
2 ≡ tdif,p + tdif,eb + tdif,e, (9.5)where supersripts p, eb and e denote, respetively, time shift due to di�ration on re�e-tion at reeiving transduer Rx, re�etion at the soure transduer Tx, and reeption ofthe re�eted pulse at the reeiving transduer Rx.Now the soure radii assoiated with tdif,p and tdif

1 , namely aeff , are equal, whereas thereeiver radii are slightly di�erent. It will however be assumed that tdif,p = tdif
1 , alulatedusing aeff as radius.A similar rationale may be applied for the soure radius assoiated with tdif,e, afr, whih



178 Paper Dis equal to that of tdif,eb. Hene we assume that tdif,e = tdif,eb. Now Eq. (9.5) turns into
tdif
2 ≈ tdif

1 + 2tdif,eb. (9.6)As tdif,eb is assoiated with equal soure and re�etor radius, afr, we may alulate it usingthe plane piston di�ration orretion model [12℄. Note that tdif
2 − tdif

1 is the dominatingpart of tcorr.Boundary layer orretionWhen a sound wave 2© is re�eted at the transduer front, thermal and visous boundarylayers may be generated at the front-�uid interfae, imposing a phase shift on the eho [2℄.A omplex re�etion oe�ient may aount for this [19, 7℄, and it was evaluted foratmospheri dry air at 27 ◦C. A phase shift of 0.009 rad was found [17℄ per re�etion,orresponding to ttv2 = 0.009/(2πf0) = 6.5 ns in the time domain, or about 8 ppm relativeto ∆t.Internal transduer ehoesDue to the layered internal transduer struture, ehoes will return from the transduerinterior, and to some extent perturb the phase and magnitude of 2©, and thus t2 [2℄.A one-dimensional thikness mode vibration model of the transduer has been imple-mented to evaluate this e�et [17℄; a rather high sensitivity to the front layer thiknesswas found, however, the magnitude was relatively small. As the front layer is not au-rately known for the transduer used here, this e�et was aounted for in the experi-mental unertainty budget in Table 9.3, rather than being inluded as a orretion term(f. Se. 9.4.2).



9.3 Experimental 179Obtaining tcorrIt is assumed that tcorr
1 = tdif

1 . Based on Eqs. (9.4) and (9.5), we have for tcorr
2

tcorr
2 = 2(tdif,eb + ttv2 ) + tdif

1 ,thus
tcorr = 2(tdif,eb + ttv2 ).The value of tcorr used in the present work is -1606 ns, or -1855 ppm relative to ∆t.9.2.3 A sound veloity model for airA sound veloity model for humid air desribed in [20℄ has been used for omparison withthe sound veloity measurements, f. also [6℄. Model input parameters are temperature,pressure, relative humidity (RH) and CO2 onentration. Dispersion was aounted forby using [20, Eq. (14)℄ at the enter frequeny of the burst pulse, 218 kHz. Due to lakof information, the unertainty of the dispersion model is not aounted for here. Themodel unertainty is taken to be ±300 ppm (onf. level not stated) [20℄.29.3 Experimental9.3.1 Measurement ellAs part of the development of the preision sound veloity ell, a prototype ell for lowpressure has been devised, f. Fig. 9.3. For brevity, it is referred to [7℄ for onstrutionalonsiderations and details.9.3.2 Measurement systemA signal generator of type HP33120A and an ampli�er of type Brüel & Kjær MeasuringAmpli�er 2610 were used. Bandpass (BP) �ltering was done using a Krohn-Hite 39402In [6℄, the on�dene level was erroneously stated to 95%.
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Figure 9.3: Cut-through design sketh of the prototype sound veloity ell. The numbers referas follows. 1 ultrasoni transduers; 2 transduer holder; 3 transduer spaerrods; 4 Pt-100 thermoouples; 5 parallelity adjustment srews; 6 able feedthroughonnetor; 7 humidity sensor; 8 safety valve; 9 gas inlet ports; 10 gas outlet ports;11 end faes, and 12 ell wall. Note that the wall was overed with a thin rugged,soft lothing (not shown) to spread and absorb possible wall ehoes.�lter, and data aquisition was done with a GageSope CS1250 PC-osillosope.Temperature, pressure and RH were measured with respetive unertainties 13 mK (95%



9.3 Experimental 181onf. level), 600 Pa (95% onf. level) and 1.25% (onf. level not stated). The CO2onentration is taken to be that of outdoor air, 382 ppm [21℄, a value whih may besomewhat low for indoor air. As an example, to illustrate the importane of this, aninrease in the CO2 onentration of, say 200 ppm, would derease the predited c withabout 50 ppm.As shown in Fig. 9.3, the measurement temperature is the average of the readings ofprobes A and B, denoted by T = (TA +TB)/2. Let the temperature di�erene be denoted
∆T = TA − TB. The most relevant system settings are given in Table 9.1.Table 9.1: Settings of the measurement system.Parameter ValueCenter frequeny, f0 [kHz℄ 218Burst wave form SineGenerator peak drive level [V℄ 3.5Number of burst periods 37Burst repetition rate [Hz℄ 30Sampling frequeny [MHz℄ 10Estimated vertial bit resolution 8.4
9.3.3 Measurement proedureThe measurement ell was surrounded by atmospheri air, enlosed by a blak box. Toredue the in�uene of onvetion urrents due to temperature e�ets, measurements wereonly arried out whenever ∆T was less than 40 mK. Also, to prevent possible heatingfrom the temperature probes (ontributing with 0.1 mW eah), they were kept in o�-modewhenever possible.



182 Paper DTransduer separation L0The transduer separation L0 (Fig. 9.3) was measured at a referene temperature, T0 =

24.3 ◦C, with a mirometer srew to (150.786 ± 0.01) mm. The standard measurementunertainty (10 µm) was obtained by ombining the standard deviation of the measure-ment series with the measurement unertainty of the mirometer, 8.2 µm. Possible non-planarity of the transduer front may however not have been su�iently estimated here,hene, the unertainty in L0 may in pratie be somewhat greater than the 10 µm usedhere.
Measuring ∆tFor eah ∆t measurement, thirty burst pulses exited the soure transduer within oneseond, whih were oherently averaged to redue noise. An example of a signal traeused for transit time detetion is shown in Fig. 9.4. In pratie, the zero rossings withinthe retangle of pulse 1© (Fig. 9.4) are subtrated from those within the retangle of eho2© to obtain a vetor of values for the transit time di�erene. The stationary part of thisvetor is then averaged to onstitute ∆t.Notie in Fig. 9.4 the strong oherent noise in the beginning of the signal trae. It is mostlikely due to eletrial ross-talk in the non-oaxial able feedthrough of the measurementell, as the noise was absent using oaxial ables. The worst ase SNR due to the noise isabout 37.5 dB, whih a�ets ∆t with a perturbation of 10 ns, or 12 ppm relative to ∆t.Another disfortunate e�et of the noise, is the modulation of pulse 1©, rendering di�-ulty in the utilization of a ross-orrelation routine for determining orresponding zerorossings in 1© and 2©. This was therefore exeuted manually.



9.4 Results 183

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Time [ms]

S
ig

na
l [

V
]

1

2

Figure 9.4: Example of an averaged signal trae. The zero rossings used for transit timedetetion in 1© and 2© are fethed from the retangular windows.9.4 Results9.4.1 Sound veloity measurementsThe measurement medium was atmospheri air at a pressure, temperature and RH ofabout 1010 mbar, 27 ◦C and 30%, respetively. To evaluate the measurement repeatabil-ity under approximately onstant medium onditions, a measurement series was limitedto a set of �ve measurement points, wherein the maximum hange of δT was on�ned to17 mK.The measurement series were obtained at di�erent times of the day, or at di�erent days.The sound veloity results are listed in Table 9.2, and plotted in Fig. 9.5.



184 Paper DTable 9.2: The sound veloity results. Subsripts ms and mod abbreviate measurement andmodel values, respetively.ms. # T [◦C℄ RH% cms [m/s℄ cmod [m/s℄ Dev. [ppm℄1 25.8955 30.3 347.522 347.486 1032 25.899 30.3 347.526 347.488 1113 25.901 30.3 347.527 347.489 1114 25.907 30.3 347.528 347.492 1025 25.908 30.3 347.530 347.493 1056 27.7295 30 348.563 348.612 -1437 27.7245 30 348.560 348.609 -1418 27.72 30 348.558 348.607 -1399 27.7155 30 348.556 348.604 -13810 27.7125 30 348.552 348.602 -14411 27.6945 31.7 348.577 348.618 -11612 27.688 31.7 348.576 348.614 -10913 27.6835 31.7 348.575 348.611 -10314 27.68 31.7 348.575 348.609 -9815 27.021 31.5 348.220 348.203 4816 27.0235 31.5 348.217 348.204 3517 27.0215 31.5 348.215 348.203 3318 27.0205 31.5 348.213 348.203 2919 27.018 31.5 348.211 348.201 2720 25.9325 31.8 347.572 347.546 7721 25.932 31.8 347.573 347.545 7922 25.9365 31.8 347.575 347.548 7823 25.9395 31.8 347.579 347.550 8324 25.939 31.8 347.578 347.550 83Some omments are made on the results. Firstly, the measured sound veloity is within144 ppm relative to the model value, with a spread of maximum 16 ppm (95% onf. level)
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Figure 9.5: Sound veloity measurement results relative to the model. The error bar at theleft indiates the measurement unertainty in temperature (horizontal part) andsound veloity (vertial part). Notie the very good measurement repeatability forthe �ve measurement series.over eah series. The overall mean deviation from the model is only 5 ppm; however, itmust be emphasized that the model output annot neessarily be regarded the one �true�.Alternative models for air may also be relevant [22℄. We notie a signi�ant drift of themeasurement results relative to the model from series to series, whih ause is analyzedin Se. 9.5.9.4.2 Experimental unertainty budgetThe experimental unertainty has been estimated aording to guidelines desribed in [23℄.The unertainty ontributions of Eq. (9.3) are ombined as if they were unorrelated, thatis, in a square-root-sum fashion, whih represents a worst ase senario. The unertaintybudget is given in Table 9.3, however, beause it was not feasible to evaluate all signi�ant



186 Paper Dunertainty ontributions, it represents an inomplete unertainty budget.Notie that u(KT )/KT makes an insigni�ant ontribution, whih is due to the narrowtemperature range used. The standard unertainty u(L0) ≈ 10 µm is dominated by theunertainty of the mirometer. However, possible non-planarity of the transduer front isnot aounted in this value, f. Se. 9.3.3.The standard unertainty u(∆t) is by far dominated by e�ets of medium onvetion ur-rents, and their ontribution was estimated in the following way. It is assumed that thedeviation from the model would be approximately onstant if onvetion urrents wereabsent. Thus, their ontribution may be estimated diretly from the maximum deviationfrom the model, taken to be 52 ppm for c, orresponding to 45 ns relative to ∆t. Theunertainty in the transit time detetion method has been estimated earlier [6, 17℄, andfound to be insigni�ant here.The unertainty in tcorr is onsidered to be dominated by unertainty in the di�rationorretion, f. Se. 9.2.2. This unertainty ontribution is very hallenging to estimate,and has thus been left out of the unertainty budget here. However, u(tcorr)/tcorr wouldstart to dominate the unertainty budget at a level of about 5% (i.e. for u(tcorr) ≈ 80ns), whih illustrates the importane of establishing the unertainty of the di�rationorretion. Other relatively weak ontributions to tcorr were due to internal transduerre�etions and eletrial ross-talk, ontributing with 12 and 10 ns, respetively, orre-sponding to about 14 and 12 ppm for c, respetively.
9.5 DisussionThe previous setion demonstrated good orrespondene between measured and modelledsound veloity; we must however bear in mind the unertainty assoiated with the soundveloity model used for omparison (at least ±300 ppm) [20℄, and also that alternative



9.5 Disussion 187Table 9.3: Experimental unertainty budget (inomplete).Relative standard unertainty Value [ppm℄
u(KT )/KT 1
u(L0)/L0 36
u(∆t)/∆t 52
u(tcorr)/∆t -Relative ombined standard unertainty,
u(c)/c 63Relative expanded unertainty,
U(c)/c (95% onf. level) 126methods exist [22℄, whih deviate by about 515 ppm from the model used here.The experimental unertainty is estimated to 126 ppm (95% onf. level). However, dueto insu�ient knowledge about the planarity of the transduer front fae, and the un-ertainty of the di�ration orretion (whih is expeted to dominate the budget), theexperimental unertainty budget should be regarded as somewhat preliminary, servingmainly to evaluate the relative importane of the various unertainty ontributions.Inspeting the deviation from the model, f. e.g. olumn 6, Table 9.2, a signi�antlyvarying deviation from the model is observed from series to series�an unfortunate e�etthat should be resolved.As eah measurement series is performed at di�erent hours or days, the heat �ux throughthe sound veloity ell will vary aordingly. Figure 9.6 demonstrates a very high orre-lation (0.996) between hange in T over the measurement series, and the deviation fromthe sound veloity model, whih is a strong indiator of onvetion urrents set up toequalize temperature gradients in the measurement ell. Suh urrents may a�et thetransit times severely.Also temperature gradients intrinsi in the �uid, measured by ∆T , is an important pa-
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Figure 9.6: Deviation in measured sound veloity relative to the model, versus hange in av-erage temperature over the measurement series. δTmean (= δT ) is the hange inaverage temperature during a measurement series.rameter regarding onvetion urrents. Preliminary measurements were exeuted on air,using the �measurement unit� omprising parts 1 � 4 and 11 (Fig. 9.3), surrounded by anaoustially insulated hamber [6℄. There, the maximum ∆T value was about twie thepresent value, resulting in an overall span in the deviation from the sound veloity modelof about 500 ppm; nearly a fator two ompared to the present value.9.6 Conlusions and perspetivesA high-preision, traeable sound veloity measurement ell for high-pressure natural gasmay serve as a useful referene ell for multipath ultrasoni �ow meters used for volumet-ri, mass and energy �ow metering of natural gas.



9.6 Conlusions and perspetives 189The potentials of the 3PM method with respet to development of suh a high-preisionsound veloity ell have been investigated experimentally using air at atmospheri androom temperature onditions. The measurement results are ompared with preditionsfrom a sound veloity model for air, aounting for dispersion e�ets, and a preliminarymeasurement unertainty budget is indiated.The results for air indiate that the 3PM method may have potentials to ahieve ameasurement unertainty within the target spei�ations of the sound veloity ell, i.e.100-200 ppm, in the frequeny range of USMs, 100-200 kHz. Further work is required inorder to enable measurements on high-pressure natural gas, argon, et., and to ahievetraeability of the ell. Use of a temperature regulated bath is expeted to signi�antlyredue the temperature indued onvetion �ows presently limiting the auray of theell, and to redue the measurement unertainty aordingly.AknowledgmentThe present work is part of a PhD projet for the �rst author under the 4-year strategiinstitute programme (SIP) Ultrasoni tehnology for improved exploitation of oil and gasresoures (2003 � 2006) at CMR, supported by the Researh Counil of Norway (NFR),Statoil ASA and Gasso AS. The SIP is arried out in ooperation with the University ofBergen, Dept. of Physis and Tehnology (UoB).Magne Vestrheim with UoB and Kjell-Eivind Frøysa with CMR are aknowledged foruseful disussions and advie in onnetion with the present work.
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Appendix A
Swithing iruit
The swithing iruit used as part of the eletronis of the 2PEM is outlined in Fig. A.1,in whih analog swithes of type ADG453 [1℄ has been used.
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Figure A.1: The swithing iruit, designed by Reidar Bø at CMR.




