
IGHEM 2012, Trondheim
In�uene of Protrusion E�et on the Auray of theAousti Disharge MeasurementPeter GruberRittmeyer Ltd., BaarSwitzerlandpeter.gruber�hslu.h Thomas StaubliHSLU T&A, LuerneSwitzerlandthomas.staubli�hslu.h Fabian WermelingerHSLU T&A, LuerneSwitzerlandfabian.wermelinger�hslu.hFabian DeshwandenHSLU T&A, LuerneSwitzerlandfabian.deshwanden�stud.hslu.hAbstratThe in�uene of the protrusion e�et has gained in importane beause of the in-trodution of multipath Aousti Transit time (att) installations with a high numberof paths. The transduers of the outermost paths tend to protrude in these asesmuh more into the pipe in order to be aligned orretly. Therefore its in�uene hasto be estimated by taking its position into aount. Protrusion e�ets aused by wet-ted aousti transduers are twofold: 1) Overestimation of the mean path veloitiesdue to the fat that the smaller veloities of the boundary layer are not taken intoaount when the mean path veloity is evaluated from sensor pill to sensor pill. Thisphenomenon is termed redued path length e�et. 2) The distortion of the veloitypro�le due to the protrusion of the transduer. This e�et is di�erent for the twoadjaent sensors and an lead to underestimation. This phenomenon is termed �ow�eld distortion e�et. The �rst e�et has been desribed by Sugishita et al. [3℄ forthe Nikuradse pro�le and enter paths. This paper extends the formula of Sug-ishita to general veloity pro�les and path positions. Corretion diagrams are shownfor di�erent pro�les and sensor positions in funtion of the protrusion depth. Themathematial faility derived in this paper to alulate these geometrial orretionsan generally be used to alulate the geometrial properties of any aousti path on-tained in a irular onduit. The seond e�et is determined by CFD simulations forspei� transduer types. The goal of the paper is to speify bounds on the in�uenein funtion of the ratio protrusion depth to path length.1 IntrodutionIf the Aousti Disharge Measurement (adm) based on the transit time method (att) isused for the determination of the �ow in irular onduits, di�erent error soures ontributeto an overall measurement unertainty. There are the following soures:Flow determination error due to the determination of the �ow Q. This error ontainstiming errors for the determination of the transit times and transit time di�ereneas well as geometrial errors in the measurement of the geometrial quantities likepath lengths, path angles and pipe geometry. The measured times and geometri-al quantities are then used for the determination of the veloity aording to theformula:
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IGHEM 2012, TrondheimIntegration error due to the integration of the atual veloity �eld. This error inludesall the inauraies introdued by the numerial integration of the veloity �eld viaa weighted sum of a number of disrete mean path veloities. This error depends onthe hydrauli onditions and the hosen integration method1.Protrusion error due to the protrusion e�et of the installed transduers. This error isdependent on the transduer geometry, pipe size respetively path length and the�ow ondition (veloity pro�le).Ambient error due to the ambient in�uenes of temperature, pressure and other wateronditionsClamp-on systems do not have protrusion error problems but su�er from other additionalmajor error soures and are therefore not inluded in adm systems for aurate �ow mea-surement. In this study, only the protrusion error is examined. Estimates for the range ofits magnitude are derived. An adm system an be installed in two ways depending on thesite spei� situation:
• The transduers are mounted by drilling holes through the pipe wall. In this ase thepositions of the sensor pill surfaes are dependent on the transduer type and on howmuh the transduers are srewed in. Usually the positions are suh that the entresof the sensor pills are loated inside the pipe by a small value (less than 1-2m).
• The transduers are mounted from the inside. In this ase the positions of the entreof the sensor pills are only dependent on the transduer type and are loated alwaysinside the pipe by a transduer spei� more or less onstant value. This value anbe as big as 5m.If the transduers protrude inside the �uid �ow, they redue the path length from pillto pill and they distort the veloity �eld. Both e�ets have an in�uene on the alulationof the mean path veloity. The amount is, as noted earlier, dependent on the transduer ge-ometry, the path positions, path lengths and the veloity pro�le vax at the �xed oordinate

y.Redued path length e�et The protruding transduers shorten the aousti path lengthfrom pill to pill due to its physial dimensions. The portions of the veloity �eld loseto the pipe wall will be ignored. As every veloity pro�le is suh that it is dereasingtowards zero lose to the pipe wall, the resulting measured mean path veloities willalways be higher in magnitude than the atual mean path veloity. This orretionfator for the i-th path will be denoted as kr,i. This fator is a generalisation of thefator introdued by Sugishita [3℄.Flow �eld distortion e�et The diretion of the veloity vetors of the �ow �eld isaltered in the neighbourhood of the transduers. The e�et is strongly dependenton the transduer geometry. Usually the distortion is suh that the measured meanpath veloities will be lower in magnitude. This orretion fator for the i-th pathwill be denoted as kf,iThe overall protrusion oe�ient kprot,i of path i for a given transduer pair is then ap-proximated by the produt
kprot,i = kf,ikr,i (2)1For further reading on quadrature errors, see [2℄2



IGHEM 2012, TrondheimIn many situations the two e�ets are suh that they partly ompensate eah another.The international ode of ASME-PTC 18 [4℄ reports of ombined negative errors between
0.05% (1m path lengths) and 0.35% (5m path lengths) for ertain tranduers. The fol-lowing two setions will disuss these e�ets in more detail.2 Redued Path Length E�etIt is desired to have a mathematial desription of an aousti path in R

3. This desriptionallows the alulation of the atual path length, as well as the orientation of the transduerfae. The following derives suh a desription.2.1 General Problem FormulationThis setion gives a brief introdution to the notation used for the following derivation.Let rAB ∈ R
3 be a vetor in three dimensional Eulidean spae, whih is direted frompoint A to point B. Any vetor spae must obey addition and salar multipliation, inpartiular, rAC = rAB + rBC . In order to perform the addition, some frame of referene(for) is neessary. There is an unlimited number of possible hoies to de�ne a for. Inthe following, the I frame is an inertial for and O is its origin. The unit vetors of I are

e
I
x, eIy and e

I
z for the x, y and z diretions, respetively. Therefore, rI AB is the abovevetor desribed in the inertial for I with omponents (x y z)T .Suppose we have a transduer whih is mounted from outside by drilling a hole throughthe onduit wall. Suh transduer has a rotational degree of freedom about its prinipalaxis. This dof will be referred to as γ in the following. Additionaly, the normal to thefae of the transduer that radiates the aousti signal may be aligned at an angle δ to theprinipal axis of the transduer. For an illustration, refer to Figure 1b. In addition to theabove features, the transduer may be mounted at any angle α on the irumferene of theonduit wall. The main onern in this setion is to derive expressions for the oordinatesof vetor rTP in a suitable oordinate system. As an be seen from Figure 1a, rTP pointsin the diretion of the aousti path and ‖rTP ‖ is its length. The idea to determine rTP isto �nd its interseting point P on the onduit surfae. Ideally, the aousti path is inidentnormal to the transduer fae. Hene, the most suitable oordinate system in whih rTPshould be desribed is the one with two axes in the plane of the transduer fae and thethird axis is normal to the other two.As already introdued above, we wish to �nd rTP , whih is the vetor pointing fromthe transduer fae T to the interseting point, P , on the onduit surfae. As depited inFigure 1a, the relation

rTP = rTO + rOP (3)must hold.Vetor rC TP is the vetor of Eq. (3) represented in for C. In that oordinate system,
rC TP is equal to a straight line with diretion along −e

C
y , the minus sign arises from thede�nition of for C (see Figure 1b). Equating the two quantities yields the system





h sin δ + x cos γ cos δ +R(c11 cos β + c12 sin β − sin δ)
h cos δ − x cos γ sin δ +R(c21 cos β + c22 sin β − cos δ)

x tan γ −R(sinα cos β − cosα sinβ)
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(b) Orientation of the transduer in R
3.Figure 1 Illustrations to help understand the involved oordinate transformations. Sub-�gure (a) shows the orientation in R

3 of an aousti path inside a irular onduit. Thepath must lie in the aousti plane (elevation plane ε) whih is parallel to the prini-pal axis of the onduit. The orientation of the transduer is shown in �gure (b). Thetransformations ABA and ACB, whih are determined by the angles γ and δ, are alsoillustrated.with onstants
c11 = sin δ cosα+ sin γ cos δ sinα (5)
c12 = sin δ sinα− sin γ cos δ cosα (6)
c21 = cos δ cosα− sin γ sin δ sinα (7)
c22 = cos δ sinα+ sin γ sin δ cosα (8)A derivation of this system is given in Appendix A.The system of Eq. (4) an be used to alulate an arbitrary aousti path in R

3. How-ever, the system of equations introdues �ve unknowns, of whih three are related to �ndingthe interseting point P . Therefore, two unknows must be eliminated by introduing twoonstraints.It is desired for an adm appliation that the aousti paths are parallel to the prinipalaxis of the onduit (they lie in the ε-plane) and that the paths are aligned at an angle ϕin the ε-plane, see Figure 2. This information is su�ient to eliminate the two unknowns
γ and δ in a �rst step and then solve for the intersetion point P , i.e., x, β and t, in aseond step.2.2 Path Constraints for Determination of γ and δIn this setion we derive two relations by introduing two onstraints. This will reduethe unknows in system of Eq. (4) to three and, hene, an be solved with three equations.These onstraints are: 4



IGHEM 2012, Trondheimi.) The aousti path must lie in the ε-plane, whih is parallel to the prinipal axis ofthe onduit. Beause e
I
x is ollinear with the prinipal axis, the two points T and Pan only lie in ε if

‖ rB TO‖ = R (9)Eq. (9) an only hold if h = 0, i.e., the point T on the transduer fae is on theonduit surfae. Due to symmetry
h = 0 =⇒ β = −α (10)ii.) The aousti path is aligned at an angle ϕ in the ε-plane. If the onstraint in i.)holds, then the length of the aousti path and the x-oordinate for the intersetingpoint P are given by, respetively

L0 =
2R′

sinϕ
= 2R

sinα

sinϕ
(11)

x0 = L0 cosϕ = 2R
sinα

tanϕ
(12)The subsript 0 indiates that h = 0. See Figure 2 for a visualization. Sine t is thelength of the aousti path, it follows that t = L0.Given these two onstraints, the system of Eq. (4) redues to





cosϕ cos γ cos δ − sinϕ sinα sin δ + sinϕ cosα sin γ cos δ
cosϕ cos γ sin δ + sinϕ sinα cos δ + sinϕ cosα sin γ sin δ

tan γ − tanϕ cosα



 =





0
1
0



 (13)The third equation of the above system is deoupled and an be used to expliitly alulate
γ with given ϕ and α, i.e.,

tan γ = tanϕ cosα (14)The angle α de�nes the elevation of the ε-plane. An expliit relation for δ an be obtainedfrom the �rst equation of the set in Eq. (13), i.e.,
tan δ =

cos γ

tanϕ sinα
(1 + tanϕ cosα tan γ) (15)
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Figure 2 Con�gurations in the elevation plane ε. Figure shows a on�guration fromwall to wall, where T and P do not protrude into the �ow �eld.5
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(a) Rotational degree of freedom γ aboutthe prinipal axis of the transduer as afuntion of the angular loation α of theend points of the aousti path.
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(b) Inlination δ of the transduer fae asa funtion of the angular loation α of theend points of the aousti path.Figure 3 Evaluation of γ and δ on the interval 0 ≤ α ≤ π, suh that the aousti pathlies in the plane ε of Figure 1a. These angles de�ne the oordinate transformations ABAand ACB.The last of the three equations in Eq. (13) an be used as a hek.Given Eq. (14) and (15), one an �rst alulate γ and then δ. The system of Eq. (4)then redues to the three unknowns x, β and t. γ and δ are illustrated in Figure 3 for
ϕ = 45◦ and ϕ = 65◦, for positions of the ε-plane ranging from 0 ≤ α ≤ π. Note that these�gures are only valid if the path is ontained in ε. The very general approah to alulate
γ and δ without the onstraints used for an adm alulation is given in Appendix B.2.3 Determination of Protrusion LengthsAssuming the radius R, point T , γ and δ are known, then the system of three equationsgiven in Eq. (4) an be solved for the unknowns x, β and t, that is point P , where

x: The x-oordinate of point P in for I.
β: Angle on the onduit surfae between point P and e

I
y with intersetion at O. Thesign of β obeys the right hand rule along e

I
x.

t: Length of the straight line between point T and P .The proedure to arrive at P is to �rst determine γ and δ with Eq. (14) and Eq. (15),if the path angle ϕ is known. Alternatively, γ and δ an be determined by Eq. (38) andEq. (39) if two points on the aousti path are known, e.g., from measurements. Afterdetermination of γ and δ, the system of Eq. (4) an be solved with a suitable numerialalgorithm.The following is a post-alulation of the aousti paths with length Li and the asso-iated protrusion length LT for a spei� adm installation. Due to installation errors, themounted transduers may violate the assumption that they must lie in the ε-plane slightly.Therefore, we follow two approahes. First we alulate the path lengths exatly. A se-ond alulation uses a projetion of the aousti path onto the ε-plane and then follows6
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Li LT,1 LT,2 LT,1 + LT,2 Li LT,1 LT,2 LT,1 + LT,2 ∆yi

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 4854.53 33.20 29.60 62.80 4854.53 33.56 29.24 62.80 0.46
2 7956.70 11.75 16.11 27.86 7956.70 12.92 14.94 27.86 6.48
3 7941.68 22.43 26.47 48.90 7941.68 20.93 27.97 48.91 8.37
4 4834.36 51.99 61.18 113.17 4834.36 56.06 57.11 113.17 5.25Table 1 Exat and approximate alulation of the aousti path length (from transduerfae to transduer fae) and the protrusion length LT,i (from transduer fae to onduitwall). The approximate alulation is based on a projetion of the two measured pointsonto a plane whih is loated at the arithmeti mean of the y-oordinates of the twopoints. The value ∆yi is the absolute deviation in the y-diretion relative to the twopoints.� 2.2. The projetion therefore is an approximation to the exat alulation. The resultsof the alulations for four paths are summarized in Table 1. The table illustrates, thatthe projetion onto a plane is a reasonable approximation. However, note that the individ-ual protrusion lengths, LT,i, for either transduer, does vary rather signi�antly for somepaths. However, the e�et is ompensated when looking at the sum of the two protrusionlengths of an aousti path.2.4 Determination of kr,iThe orretion we wish to �nd must satisfy the relation

v̄x,i = kr,iv̂x,i (16)where v̄x,i is the mean veloity in the main �ow diretion along the aousti path i withoutany e�ets of protrusion and v̂x,i is the analogon with protrusion. Due to the redued pathlength e�et we have v̄x,i < v̂x,i and therefore it follows kr,i < 1, sine we wish to orretthe measured veloity in suh a way that we get the veloity as if there was no protrusione�ets. Hene, the orretion fator kr,i is de�ned by the ratio of mean veloities along theaousti path i.To �nd kr,i, we need to �nd the mean veloities along the aousti path. In general,any steady veloity pro�le vx = vx(r) is possible, where the vetor r = (x y z)T ontainsthe spatial oordinates. vx may be a mathematial model or a set of data for whihinterpolation an be used to �nd the value at x, y and z. The mean veloity along somepath with length Li is then omputed by
v̄x,i =

1

Li

c+Li
∫

c

vx(τ)dτ (17)with some onstant c. Beause we integrate along a path in R
3, the veloity pro�le mustbe parameterized with some parameter τ .If two points T, P ∈ R

3 are known to lie on a path, then the oordinates of any pointon that path are given by the relation
r(τ) = rOT +

τ

‖rOP − rOT ‖
(rOP − rOT ) (18)7



IGHEM 2012, Trondheimin for I. Assuming point T is on the tranduer fae, as shown in Figure 1b, the limits forintegration are readily determined. Determining Li, LT,1 and LT,2, as disussed in � 2.3,the orretion fator kr,i an be alulated by
kr,i =

Li

Li + LT,1 + LT,2

Li+LT,2
∫

−LT,1

vx(τ) dτ

Li
∫

0

vx(τ) dτ

(19)Note that due to the integration along the parameterized aousti path, Eq. (19) alsointrodues an impliit orretion for erroneously mounted transduers, sine LT,1 and LT,2expliitly appear in the limits of the integrals. This �hidden� error vanishes if the pathfrom transduer fae to transduer fae, de�ned by points T and P , is exatly enteredabout the prinipal axis of the onduit. Also, it is important to realize, that with the aboveintrodued de�nitions, the lengths LT,1 and LT,2 are positive if the points T and P lie insidethe onduit and negative if the orresponding point lies outside the onduit. Otherwise thelimits of integration will be wrong.Figure 4 shows the orretion fators kr,i aording to Eq. (19) for a 9-path adminstallation at Owis positions (full lines) and Gauss-Jaobi positions (dashed lines).The orretions depend on how far the transduer protrudes into the onduit. Therefore,the fration of protrusion, pf , is de�ned by
pf =

h

R
(20)The omputations shown in Figure 4 use the following model for the veloity pro�le

vx = vmax(1− y2 + z2

R2

)ζ (21)The oe�ients vmax and ζ are determined suh that the �ow has a Reynolds number of
5× 106 (Figure 4a) and 5× 107 (Figure 4b). Note that the model veloity of Eq. (21) hasthree important properties1. ∂vx/∂x = 0, i.e., the veloity pro�le is fully developed.2. The veloity pro�le has rotational symmetry.3. The area �ow funtion is of the same form as Eq. (21). However, the fator vmax willbe di�erent and the shape of the urvature is given by the exponent κ instead of ζ.The two exponents are related by κ = ζ + 1

2
.If a veloity pro�le shows the �rst two harateristis, the orretion fators kr,i will neverdepend on the path angle ϕ.As an be seen from Figure 4, if the Reynolds number of the �ow inreases, theredued path length e�et dereases. At higher Reynolds numbers, the shape of theveloity pro�le tends towards a retangular pro�le and reahes the Gauss-Jaobi veloitypro�le at κ = 0.5 in the limit. In fat, if a retangular veloity pro�le is used, the reduedpath length e�et vanishes and the orretion fators on eah path would be unity. Thatis, high Reynolds numbers are preferable in order to minimize the redued path lengthe�et. 8
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(d) Comaprison of Owis veloity modeland the Nikurades 1/n-power law on a
4-path adm. The positions of the pathsorrespond to the Owis model.Figure 4 Figure 4a, 4b and 4 show the orretion fators kr,i for a 9-path adm for aveloity model given in Eq. (21). The �rst two use an adaptive approah to determine ζof the veloity pro�le with the given Reynolds numbers. The third �gure uses standardOwis, i.e., ζ = 0.1. Full lines represent paths at Owis positions, whereas the dashedlines represent paths loated at Gauss-Jaobi positions. Path 1 is the inner most pathand Path 5 is the outer most path. Note that the di�erent path loations get morerelevant on paths that are loated further away from the enter axis of the onduit. Also,the orretion fators tend towards one, the higher the turbulent energy of the �ow.Figure 4d ompares the Owis model with the power law model by Nikuradse. Thepaths are loated at Owis positions. The �gure shows that the Owis model needs aslightly stronger orretion than the power law model.3 Flow Field Distortion E�et3.1 Transduer ArrangementDepending on the geometry of the transduer and its orientation inside the onduit, twodi�erent ases an be distinguished as is illustrated in Figure 5.Figure 5a: This is the ase when the transduer faes upstream, i.e., against the maindiretion of �ow. It is assumed that the measurement membrane of the transduer is9
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������������(b) Separated �ow regime in the measure-ment zone.Figure 5 The present �gure illustrates the two di�erent ases whih an be distinguishedrelated to protrusion for a drilled in mounted transduer. Figure (a) shows the ase wherethe measurement fae of the transduer points upstream. Streamlines follow the outlineof the measurement fae. The main harateristi of that ase is that there is no �owseparation in the measurement area. Figure (b) illustrates the seond ase where thetransduer measurement fae points downstream. The harateristi here is that there isa region of separated �ow loated in the zone of measurement.aligned at an angle δ along its prinipal axis. Further, the streamlines of the �ow followthe ontour of the transduer without separating from the surfae. Reall that the veloityindued by the �ow �eld onto the aousti path is the projetion of the veloity vetor ina frame of referene that is aligned with the aousti path. For further reading on howthe transit time method works, see, e.g., �1.1 of [6℄. Due to the protruding transduer, thestreamlines are redireted in a region of �ow lose to it. The realignment of the streamlinesredues the angle between the veloity vetor and the normal axis of the frame of referenealigned with the aousti path. A redution of the angle results in a projeted veloity thatis smaller than the projeted veloity without protrusion. In the worst ase, the veloityvetor is normal to the aousti path and the projeted veloity is zero. Therefore, themeasured mean veloity will be lower in magnitude. Note that the sign of the projetedveloities will not hange.Figure 5b: This is the ase when the transduer faes downstream, i.e., along thediretion of �ow. The �uid �ow is interrupted by the transduer and �ow separation islikely to our in the zone of measurement. The e�et is the same as in Figure 5a, withthe exeption that the sign of the projeted veloity may hange due to the seondary�ow appearing in that region. The sign inversion allows a loally stronger in�uene ofprotrusion, hene, the overall e�et an be larger for this ase (Figure 5b) than for the asedepited in Figure 5a.3.2 Transduer TypesSeveral types of transduers exists depending on the installation requirements. Typiallythe size of the transduers vary with the emitting frequeny, with getting larger by de-reasing the frequeny. The larger impat on the protrusion e�et has however the waythe transduer is mounted, drilled in or mounted from the inside. The following twopitures show eah an example of a drilled in (Figure 6b) and mounted from the inside(Figure 6a) transduer. 10
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(a) Mounted from the inside, typesMFATB2.001 and MFATB05 (b) Mounted by drilling a hole through theonduit wall, type MFATAxxFigure 6 Two ommonly used transduer types. Figure 6b shows a transduer that ismounted by drilling a hole through the onduit wall. Figure 6a shows a transduer typethat is entirely mounted from the inside of the onduit.3.3 SimulationAs the �ow around the transduer loations is of partiular interest in this study, thesimulation domain was hosen suh that these irumstanes ould be met. Two regionswere seleted, one for a entre path loation (α=90◦) and one for an outermost path(α=18◦) of an 18 path (two 9 paths rossed) onfuguration. The path angle ϕ is hosen as45◦. It is assumed that the protrusion e�et for paths with positions with angles between18◦ and 90◦ lies between the two extreme onsidered situations. For eah of the two regionsa setor of 45◦ and of a depth of half of the radius. This allows to simulate half the pathlength for the outermost path and a quarter length for the entre path. The �ow �eld isassumed to be symmetrial with respet to the entre line of the onduit; therefore thesimulated parts of the �ow �eld ould be used for ertain transduers for its in�ueneon the upstream as well on the downstream mounted ases. As the length of the largestinside mounted transduer is around 25cm, the length of the simulated setion of the theonduit was hosen as 5m in order to ahieve a su�iently well modelled region aroundthe transduer, /ie, a fully developed veloity pro�le. For the boundary onditions of inletand outlet �ows and walls the following was hosen:
• Diameter of 5m and veloities of 1m/s and 10m/s leading to Reynolds numbers of

5× 106 and 5× 107.
• Periodi boundary onditions between inlet and outlet.
• No slip boundary onditions at the wall.The mesh for the simulation has been hosen as follows:
• Strutured grid with 376000 elements for the far �eld.
• Unstrutured grid with 126000 elements for the near �eld around the transduer.This disretization leads to ertain quantization e�ets as an an be seen in Figure 8.A �ner resolution of the veloities in the boundary layer would require a highernumber of elements. This approah will have to be taken in order to be more on�denton the results. 11
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(a) α = 90◦ (b) α = 18◦ () α = 18◦Figure 7 Illustration of the rotational veloity �eld in the viinity of the transduer fae.This �ow is indued by the physial presene of the transduer. The assoiated error thatours by this e�et is orreted with the fator kf,i.PSfrag replaements

Position on Path [m]

Veloity[m/s
]

w/o Protrusion

DownstreamUpstreamw/o Protrusion0 0.02 0.04 0.06 0.08 0.1 0.12 0.14-0.10
0.10.2
0.30.4
0.50.6
0.7

(a) α = 90◦, Re = 5× 106

PSfrag replaements

Position on Path [m]

Veloity[m/s
]

w/o Protrusion

DownstreamUpstreamw/o Protrusion0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4-101
234
567
8

(b) α = 90◦, Re = 5× 107
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(d) α = 18◦, Re = 5× 107Figure 8 Veloities along an aousti path in the viinity of the transduer fae. Thehighly rotational �ow �eld (see Figure 7) auses the veloity to hange diretion. Thehange in diretion results in measured mean veloities that are too low and must beorreted with a fator kf,i > 1. The plots orrespond to the MFATB05 transduertypes.Overall simulations have been arried out for a ombinaton of 2 path positions, 2 �owonditions and 3 transduer types (two inside mounted, one drilled in). The smaller inside12



IGHEM 2012, Trondheimmounted sensor MFATB2.001 and the drilled in sensor MFATAxx were simulated for theoutermost path (α=18◦) only, therefore 8 ases have been onsidered. Figure 7a andFigure 7b show two ases of an inside mounted sensor at two di�erent positions. It islearly visible, that a vortex induing bak�ow is reated in the V-noth where the sensorpills are loated. This leads to veloity distributions along the aousti path as shown inFigure 8. It is interesting to notie that in the upstream as well as in the downstream asea bak�ow an be observed. This fat is muh dependent on the transduer design. Voserpresented results with transduers from a di�erent manufaturer where the bak�ow ouldonly be observed for the upstream ase [5℄. Figure 7 shows a simulation result for thedrilled in sensor. It an be seen that the disturbed �ow �eld a�ets the path line only for ashort distane of the path near the sensor. The greatest part of the distortion is de�etedaway from the aousti path. If the protruding height h of the transduers are small, itsin�uenes are also small. Further simulation results an be found in [1℄.4 Results4.1 Determination of orretion fators kr,i and kf,iThe simulations of � 3 and the results of � 2 allow to determine the orretion fators kr,iand kf,i in di�erent ways. The obtained results hold stritly spoken only for the onsideredase of a 5m diameter pipe and a path angle ϕ of 45◦ 2. The path index i is omitted in thefollowing as it is identi�ed from the angle α. The listed averaged veloities were extratedfrom the simulations:
• v̂meas

x : This is the measured veloity of an adm installation from transduer fae totransduer fae. It ontains both e�ets of protrusion, i.e., redued path length e�etand �ow �eld distortion e�et.
• v̂x: This is the veloity measured from transduer fae to transduer fae, where theveloity �eld ontains no distortion indued by the presene of a transduer. Thenotation for this mean veloity has already been introdued in � 2.4.
• v̄x: This is the mean veloity from onduit wall to onduit wall without any possibledistortions in the veloity �eld indued by the presene of a transduer. The notationfor this veloity has also already been disussed in � 2.4.From these quantities the following ratios an be obtained:
• the overall measurement error ǫ = v̂meas.

x /v̄x

• the �ow �eld distortion orretion fator kf = v̂x/v̂
meas.
x

• the redued path length orretion fator kr = v̄x/v̂xThe results of Table 2 lead to a number of onlusions:
• Di�erent Reynolds numbers (di�erent veloities) for the same ase have only a verysmall in�uene. The �ow distortion around the trandusers hange only slightly.2Note that if the veloity pro�le is fully developed and has rotational symmetry, then the path angle ϕhas only an e�et on kf,i but not kr,i. 13
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• The di�erene in path lengths between enter and outermost paths is re�eted in ain-/derease in the in�uene of the �ow �eld distortion. The formula for the pathlength LWi

= L0 for the ase of no protrusion is given by Eq. (11). It follows thatthe outermost path is redued by a fator of ≈ 0.3 for a path angle of ϕ = 45◦. The�ow �eld distortion orretion kf is dereased from ≈ 1.026 (ase MFATB05, α=18◦)to ≈ 1.005 (ase MFATB05, α=90◦), that means the error is inreased by a fator of
≈ 5 while the path length is shorten by fator of 3.33. Therefore one might onludethat the in�uene from enter to outermost paths grows more than proportional ifthe path length di�erene is eliminated. This might be beause the outer most pathremains for a longer distane lose to the boundary layer.

• The �ow distortion e�et leads always to an underestimation of the averaged veloity,whih is re�eted in a kf fator greater than one.
• If the α=18◦ ases are ompared, then one onludes, as an be expeted, that thesmaller the transduer is, the smaller is its �ow distortion e�et, whih means kfgets loser to one. Simulations for the other angles have to be arried out to on�rmthis result. A similar trend an be observed for the redued path length orretionfator kmod

r derived from the model orretion urves of Figure 4.
• The overall error ǫ is exept for two ases greater than one and in absolute termsalways smaller than 1%. For the listed α=90◦ ase there is a slight overestimation of0.15% (mean value) ompared to the true value. In this ase a orretion with themodel orretion fator kmod

r for ompensating the redued path length e�et givesnot a better result (last olumn).
• To get the overall in�uene for a multipath on�guration, eah path has to be treatedseparately and weighted aording to the �ow integration formula. For a 18-pathappliation one has to ope with the wide spread of path lengths: the inner pathsare less a�eted from the e�et than the outer paths.In the error analysis of an adm measurement system an overall protrusion error of lessthan 0.1% does no more ontribute signi�antly to the overall error and an therefore benegleted. As this ould be more or less veri�ed only for the α=90◦ ases (MFATB05)it remains open how small the e�et will be for the other transduers for other than the

α=18◦ positions.4.2 Generalization for orretion oe�ientAll simulations have been done so far for a 5m onduit. It is possible to extrapolate the re-sults for eah transduer and positions to smaller and larger diameter under the assumptionthat the �ow distortion around the transduer do not hange. This extrapolation is shownin Figure 9 for the MFATB05 α=90◦ ases (two Reynolds numbers). The ompensatinge�et of the two in�uenes an be seen. For small values of r, the spread between the twourves widens while for values of r greater than ≈ 4m both e�ets are very lose to one.
14



IGHEM 2012, TrondheimTransduer Re v̂meas.
x

a v̂x
b v̄x

 v̂meas.
x /v̄x kf

d kr
e kmod.

r
f kfkr kfk

mod.
rType [−] [m/s] [m/s] [m/s] [−] [−] [−] [−] [−] [−]MFATB05 5× 106 0.6356 0.6514 0.6358 0.9997 1.0250 0.9761 0.9698 1.0005 0.9941

α = 18◦ 5× 107 6.4059 6.5800 6.4487 0.9934 1.0270 0.9801 0.9739 1.0065 1.0002MFATB05 5× 106 0.7458 0.7482 0.7441 1.0024 1.0030 0.9945 0.9945 0.9975 0.9975
α = 90◦ 5× 107 7.2912 7.3469 7.2867 1.0006 1.0076 0.9918 0.9952 0.9994 1.0028MFATB2.001 5× 106 0.6327 0.6419 0.6268 1.0094 1.0150 0.9765 0.9755 0.9911 0.9901
α = 18◦ 5× 107 6.4142 6.5031 6.3608 1.0084 1.0140 0.9781 0.9788 0.9918 0.9925MFATAxx 5× 106 0.6187 0.6265 0.6171 1.0026 1.0130 0.9850 0.9848 0.9978 0.9976
α = 18◦ 5× 107 6.2777 6.3505 6.2604 1.0028 1.0120 0.9858 0.9868 0.9976 0.9986a This is the measured veloity of an adm installation from transduer fae to transduer fae.It ontains both e�ets of protrusion, i.e., redued path length e�et and �ow �eld distortione�et.b This is the veloity measured from transduer fae to transduer fae, where the veloity �eldontains no distortion indued by the presene of a transduer. The notation for this meanveloity has already been introdued in � 2.4. This is the mean veloity from onduit wall to onduit wall without any possible distortions inthe veloity �eld indued by the presene of a transduer. The notation for this veloity hasalso already been disussed in � 2.4.d Flow �eld distortion orretion fator, kf = v̂x/v̂

meas.
x .e Redued path length orretion fator, kr = v̄x/v̂x. The value for this fator is determined fromthe simulation.f The same orretion fator as in item e, but determined with the model veloity pro�le ofEq. (21).Table 2 Summary of the simulation results for the MFATB2.001, MFATB05 and MFA-TAxx transduers. The positions orresponding to α are Gauss-Jaobi positions. Themodeled orretion fators for the redued path length e�et, kmod.

r , are given by thedashed lines of Figure 4a and 4b for the two di�erent Reynolds numbers.
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(b) α = 90◦, Re = 5× 107Figure 9 Distribution of the orretion fators kf and kr dependent on the radius r forthe MFATB05 transduer. The produt of the two orretion fators is also shown.15



IGHEM 2012, Trondheim5 ConlusionsIn this study the two in�uenes, the redued path length e�et and the �ow �eld distortione�et has been studied. From the work done so far the following onlusions an be drawn:
• For the redued path length e�et, orretion urves ould be derived whih dependson the protrusion depth pf = h/R, the assumed veloity pro�le and the path position.These urves are a generalization of the results of the orretion given in [3℄. Notethat the redued path length orretion is an isolated geometrial problem.
• The simulation results on�rm the trend that for large onduits the in�uene of the�ow �eld distortion e�et gets smaller as the absolute distortion remains the same.The dependene on the Reynolds number for the ases onsidered is small.
• In order to quantify the �ow �eld distortion e�et more preisely, the disretizationhosen for the simulations has to be re�ned. Also it will be neessary to widen thesimulations for eah transduer type to all the important path positions (18◦, 36◦,45◦, 54◦, 72◦, 90◦). The ases hosen in this study were not onlusive enough.
• In addition, the in�uene of the radius of the onduit on the �ow �eld orretionfator kf,i, as extrapolated in Figure 9, should be veri�ed by further simulations too.
• The onsiderations in � 2 provides a general mean for the alulation of an aoustipath ontained in a irular onduit. Suh path has an origin point given by T andtwo additional degrees of freedom, i.e., rotation about the angles γ and δ, as de�nedin Figure 1b.Referenes[1℄ F. Deshwanden, Protrusione�ekt von Sensoren bei akustishen Durh�ussmessun-gen. Bahelor Thesis, June 2012.[2℄ P. Gruber, T. Staubli, T. Tresh, and F. Wermelinger, Optimization of theADM by adaptive weighting for the gaussian quadrature integration, in Roorkee 2010,IGHEM, 2010. http://www.ighem.org/.[3℄ K. Sugishita, A. Sakurai, H. Tanaka, and T. Suzuki, Evaluation of errorof aousti method and its veri�ation by omparative �eld tests, in Montreal 1996,IGHEM, 1996. http://www.ighem.org/.[4℄ Various, Hydrauli Turbines and Pump-Turbines: ASME PTC 18-2011: PerformaneTest Codes, 2011.[5℄ A. Voser, Analyse und Fehleroptimierung der mehrpfadigen akustishen Durh-�ussmessung in Wasserkraftanlagen, PhD thesis, ETH Zürih, 1999.[6℄ F. Wermelinger, Optimization of aousti disharge measurements with regard toprotrusion e�ets and transient veloity �elds. Bahelor Thesis, June 2010.
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IGHEM 2012, TrondheimA Coordinate TransformationsIt is most onvenient to represent rTP of Eq. (3) in a for C that has one axis normalto the transduer fae. In order to get from I to C, three rotations (i.e., oordinatetransformations) must be performed. These arei.) Rotation of α in the positive diretion along e
I
x = e

A
x . This rotation allows forarbitrary positioning of the transduer on the irumferene of the onduit, relativeto the position of the aousti plane ε. The transformation is represented by thematrix AAI ∈ R

3×3. The subsript of A reads �from for I to for A�.ii.) Rotation of γ in the positive diretion along e
A
y = e

B
y . This transformation allowsfor rotation about the prinipal axis of the transduer. The rotation takes plae in aplane tangent to the onduit surfae, where the plane is spanned by the two vetors

e
A
x and e

A
z . Sine the rotation takes plae in the tangent plane, it must also ontainthe two vetors of the rotated system, eBx and e

B
z . See Figure 1b for a visual aid.The transformation is represented by AAB.iii.) Rotation of δ in the positive diretion along e

B
z = e

C
z . This rotation allows theinlination of the transduer fae. After the transformation, the two unit vetors eCxand e

C
z span a plane that ontains the radiating fae of the transduer. Therefore,

e
C
y is the unit vetor normal to that plane and points in the diretion of the aoustipath, assuming the aousti path is indeed inident normal to the transduing fae.This unit vetor may then be used to model the aousti path in R

3. See Figure 1bfor a visual aid. The transformation is represented by the matrix ACB.The �rst transformation is straight forward, the seond and third are trikier to imagine,see Figure 1b for an aid. A positive rotation is in the sense of a mathematially positiverotation (right hand rule).The transformation matries an be written in terms of Givens rotations. Multiplede�nitions are possible, here we hoose
AAI =





1 0 0
0 cosα sinα
0 − sinα cosα



 (22)
ABA =





cos γ 0 − sin γ
0 1 0

sin γ 0 cos γ



 (23)
ACB =





cos δ sin δ 0
− sin δ cos δ 0

0 0 1



 (24)Vetor r
OP of Eq. (3) is very easy desribed in for I, i.e.,

rI OP =





x
R cosβ
R sinβ



 (25)and rTO
is most onveniently desribed in B

rB TO =





0
−(R− h)

0



 (26)17



IGHEM 2012, Trondheimwhere h is the distane from point T to the onduit surfae along e
B
y (see Figure 1b) and Ris the radius of the onduit. If h > 0, then point T is inside the onduit. If h < 0 then T iseither inside the onduit wall or outside the onduit, where the former may rarely happen,the latter is physially not possible.Sine we are looking for rC TP , we an now write, using Eq. (3),

rC TP = ACB rB TO +ACBABAAAI rI OP (27)The aousti path, represented by rC TP in the C system, is a straight line in R
3. Inthe C system, suh a line is given by

gC = teCy (28)where t is an unknown parameter, i.e., the length of the aousti path from point T topoint P . This is the reason why we wish to desribe rTP in the C system. We an nowwrite a sysem of three equations with three unknowns x, β and t related to P and twoonstraints γ and δ, i.e.,
rC TP = − gC (29)The minus sign arises from the de�nition of the C system, see Figure 1b. ExpandingEq. (27) and (28), the system an be written as





h sin δ + x cos γ cos δ +R(c11 cos β + c12 sin β − sin δ)
h cos δ − x cos γ sin δ +R(c21 cos β + c22 sin β − cos δ)

x tan γ −R(sinα cos β − cosα sinβ)



 =





0
−t
0



 (4)with onstants
c11 = sin δ cosα+ sin γ cos δ sinα (5)
c12 = sin δ sinα− sin γ cos δ cosα (6)
c21 = cos δ cosα− sin γ sin δ sinα (7)
c22 = cos δ sinα+ sin γ sin δ cosα (8)B General Determination of γ and δIn � 2.2 the angles γ and δ were determined by the two onstraints that the path must liein the plane ε and that it is aligned at the angle ϕ inside that plane. In general, a straightline is de�ned by two points. Thus, given two points T and P , one an alulate γ and

δ suh that the two points lie on the same path. The point T is neessarily the origin ofoordinate system C, see Figure 1b. Based on these two points, the following quantitiesan readily be omputed
tanα =

Tz

Ty
(30)

tan β =
Pz

Py
(31)

R =
√

P 2
y + P 2

z (32)
x = Px (33)
h = R−

√

T 2
y + T 2

z (34)18



IGHEM 2012, TrondheimThese alulations assume that P is on the surfae of the onduit, hene, h is de�ned asgiven in Eq. (34). The assumption that P is on the surfae allows these alulations inthe �rst plae and does not in�uene γ and δ, sine T is the origin of for C. One thesequantities are known, the following three intermediate values may be omputed
q1 =

x

R
(35)

q2 =

(

tanα

tan β
− 1

)

cosα sin β (36)
q3 = 1−

h

R
− (1 + tanα tan β) cosα cos β (37)The relations for the angles γ and δ then follow from the third and �rst equation,respetively, of the system given in Eq. (4). That is,

tan γ =
q2
q1

(38)
tan δ =

q2
q3

sin γ +
q1
q3

cos γ (39)By introduing the two onstraints disussed in � 2.2, Eq. (38) and (39) simplify toEq. (14) and (15), respetively.
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