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siudy was conducted to exantine how a cohergnt
¢ound burst, such as those used in avn ultrasonic
flowmeter, crosses a turbulent flow fieid. Many
trasonic flowmeters use a tme of flight method o
terming the mean flow. This measirement method
sends sound waves at some anghe awross a velocity
1d between two transducers, and the time required
for the sound burst fo cross this distance is measured
Gn the order of nsposeconds. The systemy then
teverses so that the sound wave burst is sent in the
apposite direction. Knowing the distance traveled, the
iocal average sound speed, and the back and forth
iravel times, the integrated velocity along the sound
path tan be computed. By using average values for
istance and time, an average flowrate may be
determined. To perform this analysis, data from
several velocity fields were used to determine how 2
coherent sound burst would travel across the fisld.
mparisons of the infinitely thin case and the finite
thickness case are performed. The study focused on
sing 4 prodified ray trace method on a veloeity field
ata-set obtained using PIV.

Introduction

By sending a coherent sound wave front across a flow
field and measuring the time lapse for the sound to
0ss @ known distance, an average fluid velacity may
be determined. Ultimately, this flow messurement
. using the time of travel across a flow field wag
- developed into the ultrasonic flowmeter technology in
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use today. Using ultrasenic waves, ong may constract
a sound beam with precisely known characteristics,
that will allow accurate measurement of the travel
fime beiween twe Known pomts "The ultrasonic
flowmster can be built into, or clamped ontg, a
pipeline and used to measure the flow of a fluid,
within a flow systena.

Ulirasonic flowmeters heve several unigue
characteristics, which make them ideal for jndustrigt
applications. The first being the head loss of the
meter is-equivalent to just the pipe loss of a pipe in
which the merer is lacated, as there are ne protrusions
into the flow. This compares to a variable asea
flowmeter, which can have a iogs of 55 much as 30%
of the velocity head of the flow. ™ A second
characteristic of altrasonic flowmeters i3 the large tum
down ratio of the meters. This compares 10-a& variable
area flowmeter for which thers are computed ideal
ranges. If the flow goes above or below this ideal
measurement arex, the error becomes larger due lo'the
V? relationships in these types of meters. Finally,
sltrasonic flowmeters may be used in other than ideal
circumstances much as flow contaminated hy solids,
without the worry of blockage.

Industry bas widely accepted the algasonic flowmeter
a8 an acceplable method to obtain flow messurements
in 3 process. In addition to the aforementioned
characteristics, the appeal of this iype of flowmeter
includes low maintenance, ease of use, and suppased
high accuracy. To gain acouracy, uitrasonic
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B --ﬂowmeters have become mcmxsmgly complex and,

" - therefore, costly in tesms 0f semal dallarcost, as well
.. -ay the 3hxhty to perforim routine maintenance. In
"'-»addmnn,. in: mﬁer t ¢ase -the accuracy, -4

'l'hc Natmnal

" applying, ulifisonic tuhm!agy into ﬂcw masmmem

instatlations. M998 Yab 1y Grder to institute such a
. standard, the principles of operation of ultrasonic
- flowmeters must be well understood. Principles o be
:beuer understood ‘include-how sound wiives interact
with a turbulent flow field, and how a temperstire
profile affects an ultrasoriic meter reading.

2 Background

“The principle behind the ulfrasonic flowmetsr is that
the sound wave produced by the virasowic transducer
moves with the fluid in which is waveling. In order
for this device 2o work, the wavel ime between a
transmitter and receiver must be accusately measured
using an electzonic circuit. These flowmeters, in
general, use various averaging technigues to eliminate
data scatter, as it is perceived to be unwanted
electronic noise and/or random or systéemic noise
resulting from timing and signal measurement
inaceurpeics. When using an ulirasonic flowmee,
the measured data scatter may not be solely due o

glectronic poise. It seams to.be caused, in part, by

flow noise resulting from turbaiencs in 3 How figld.

Flow noisc as it is being used here, is the inheremt
turbulence in the flow. The effect of turbulence on
the propagation of the sound wave is a key 1o
understanding the data scatter encountered in
ultrasonic flowmeter applications, as well as the
ultimate securacy of an ultrisonic flowmeter device.
Mattingly and Yeh reported that by not accounting for

all X
o)

~ Figure 1 Setup for » Basic Derivation of Sound
Propagation Equations for 3 Measurement Volume
Parallel to the Axinl Flow

o 34 mdy be reqﬂiwd; which
e ."then dependmg on- me mactekng conditions may be
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’ masmd ﬂow could ‘Be as much as S% off usaps
Matqngl_y and Yeh éescnbed the effecl '

’wmpntanou pmvad to be sagmf‘ canit, pamuutaﬁy -

compared to manufacturers’ t:laxms ol 0:25%,
However, a detailed analyszs of the way-an individual
sound wave front pmpagates through B turbnlcnt ﬁeid '
was not performed.

The research reported hevein, scmgiu to determine the
effect of turbulence on sound crossing a turhuleat
flow field. To study this effect a simulated sound
wave was followed through a flow field as measired
by Particle Imaging Velocitometry (PIV) for a
channel flow using a software program developed for
this purpose. Since thiz analytic technique does not
have any electronic noiss, it was possible to détermine
the effect of turbulgnce on the passage of 2 sound
wave directly. Repeated calcilations-of the time
differences for upstrgam and downs@ream propagating

‘waves, AT, as the turbulent field évolved, showed

considerable scauier. Statistical analysis indicated the

“effects and methodology of averaging to obtain #
- particular accuracy within a certain confidence

interval.  This accuracy can be ndded to the electronic
noise of an-ultrasonic flowmeter thus determining the
altimate accuracy of the meter.

3 Dltrasonic Flowmeter Operation

The basic ultrasonic flowmeter equations were
reviewed by Hemp in 1998. ®*® 1a this formulation,
time of flight across a fléw is determined from:

at {1

where x is the coondinate along the sound propagation
path; u is the corresponding fluid velocity comiponent
along the sound path, and ¢ is the focal speed of sound
as depicted in Figure 1. Separating the vanables and
expanding for wie<< | one obtaing:

- L i u

{2

so that:

&
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where © =.-§- f 'msxv is the .avmga*ve]acity.

Solving Equations 7 snd 8 for _a oonstant $ t
sound, ¢; . o

=4 {4y

-.Usmg these tefations one.may find the mean expecu:d ,
-time  differences betwsen the upstream and ‘
downstream transits of an ulirasonic sound. wave in.a

flow.
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Figure 2 Setup of a Typita! Transit Time

Ulirasonic Flowmeter

Starting once again with Equation 1, but assuming ¢,
and U are constant averages, the downstream travel
time can be found using:

Cfr fex :
Ld(-—!nm, §-1)
. and the upsiream trave] time is:
I’i Il dx .
t So+l (8

Using the setup shown in Figure 2, and integrating
one ubtains:

. _ Licos .
12 e+ {h
and
Lrcost
a1 = : 8
t2 P (8)
is obtained.
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known

In this e@ustwn. the axial length and-the diametrical

length between the ultrasonic transducers:must be.

well known. A second: ‘method starts similarly to the
previous method, but-after gmmg 10 Equmon 8.1

assumicd thatc = t—il = -I-L-‘- therefore, amvmg at:
21 12

Ty 1, .
= (e

<|

It may be natzd that Equations 9 and 10 have several
comynon features. They all assume constant path
length, L, constant. speed of sound, ¢, and some mean
velocity, V. To détermine flow in a systern from this
mean velocity, computed in 9 and 10, a velocity
profile- must be assumed for-the system. This velocity
profile assumption is a weak point in the t}mxy of
uitrasonic flowmeters, By examining and
understanding the vefocity field characteristics one
may make better ‘decisions about the characteristics of

"a velocity profile of the flow field allowing higher

accuracy of the flow measurement.  Most research on

Sound Waw Path Susnd Fwrs Pt
ot Unlionw Tor tindlarem
mmmm\ Tartilant Fiow
——— D o)
Flow Fiou
/ /
— =Y
1Y 1 8
2. b.

Figure 3 Magnified Examples of a Ray Trace
in a Flow:
8. Non-Turbulent or Average Velocity
Used;
b. b.Instantaneous Velocities Used

the subject of ultrasonic flowmeier accuracy and

method of employment, 83 it turns out, has centered
on these using the aforementioned values as a
constant or average. Little work has beer done to date
using instantaneous turbulent profiles to predict the
effect on the time of travel of a sound wave in a
rhilent ficld. For instance the sketch in Figure 3a

Copyright © 2001 by ASME



i he t}pzc.ﬂ dssumed travel path for sound in a;, :

L mrbul&m.e ie accounted o tbe path hocomcs more e
I:ke that shown in Figury 3t ’ w

'4'Rsy 'rraoe Method :

© The ray trace-method is 4 standard analysis tool used

o stdy how sound crosses a velity fisld. By
“breaking the path of the sound wave into. small
segments, it would be possible to include the effecis
of local variations in temperature, and fluid veloeity

. .. on the sound wave propagation. The segments do not

necessarily need to be infinitesimal, bt should be on
the order of the size of the Kelomogrov scaled eddies.
in the standard ray trace method, the ray is an
“infinitely thin line representing the sound velovity.
. Usiog standard vecior analysis, the sound wave. vector

" --techuique typically uses an: asvnchmrwm laser sheet o
- and.cameras to delermine the: magmtude and direction

and the local flow velocity vector dre combined -

pbtaining a respitant. In this way, the path of a sound
wave may be deermined. The problem in unalyzing
the effect of turbulence on & sosnd wave is that since
the ray representing the sound is infinitely small, the
path will only be affected by flow velocities along the
line of the ray. Since a sound beam in an ultrasonic
flowmeter is formed as a coherent front of findte size,
sketch Figure 4, the ray wsce method does not provide
insight as o how the fluid structure affects the sound
front. In order to determine the evolution of the beam
front, muitiple ray traces were used in & epmputer
simulation W represent locations “acioss the frond.
These rays are close saough togsther W assume a
straight line could connect sach vay at a specific time
step. In this work, five rays werg used, thus the sound
front was divided into quaniers. This method proved
successful in the study of the interaction of fluwid
mechanic structures with sound wave fronts of
varying sizes. This method is termed the “Modified

Ray Trace Msthod.”
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Figure 4 Sketch of a Wave Front Crossing
Huniform Velocity Field; Note as the Wave
Front Crosses the Field, it is Convected
Downstream by the Flow and Spreads
Siightlv.{not to scale)
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- vertors for-a flow:
frozen in time and various analyses can be perfommd

" single crossing of the sound wave tokes on theorder

§ Analysis Using & mv-ue:eﬁnwvm Fied

A-modified ray trace program was developed so ' that
the travel time for &’ sound: wave 2cross - veloe
field could be analyzéd.  Afier proving the pmgram
using scveral simple flow Tields, the program was
adapted to allow the use of PIV data. The PIV

of g velocity flow field, The technige: pmduccs an
instantaneous two-dimensional geid of velocity
Yo this way-a flow field-can be

on the field. Typically, PIV systems will take dastaat
rates nearing 15 Hz for as long as the computers
storage systems can keep up with the data rate. Due
to the size of the flow field:-and the'speed of sound, a

of 50 micraseconds. Sincs the-PIV data was taken at
15 Hz, each individual data set was used for a singie
set of back and forth crossings of sound waves, By
performing the analysis in this method a frozen flow
is assumed. This assumption is reasonable since the
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Figure 5 Velocity Profile versus Radius and
Standard Deviation versus Radius as Computed
using a 1-D Analysis Similar to an Ultrasenic
Flowmeter,

fluid will move izss than 25 micrometers while the
beam itself is on the order of G.3 10 § millimeters,
which is 12 10 200 times larger than the movement of
the fluid particles.

PIV data for s channel flow was obtained from
measurements provided by Dr. Kenneth Xiger of the
University of Maryland. ¥* The channel used to
obtain the data was 4 cm wide by 36 cm high chasnel,
4.87 m long. The test location was approximately 420
cm downsweam of the eatrance 1o the channgl, The
Reynolds number based on channel width of the flow
wag approximately 23,000, The velocity fields were
measured at 15 Hz for approximstely 51 sec thersby
obtaining approximately 768 veloeity fields. A grid

Copyright © 2001 by ASMRE



1232 points spanwise by 67 points streamwise was
nged in obtaining the velocity data.
mac 2 grid as possible within the limitations to the
V system,the grid was:overlaid over slightly-more
0 142 the channel and was sized at 2.2 cm by 2.2
3 gwmg 4 prid spacing of spproximately 0.1&% mm
anwise and Q 32 mm stresmwise,

ke PRV velomty data were read into the ray-tracing
regram and provided the vejocity field information
ed in the program.  Due 1o the size of 'the channel

eld cemained stationary as the sound wave raveled
scross the channel. Thit is not an unregsonable
zasumption.considering the relative magnitudes of the
flow velocitins were small compared 1o the sound
velocities in water.  Since the velocity was
discretized, the.cay-tracing progvam performed a two-
dimensional inlerpolation of the data to obtain the
sesolution peeded 1o examine the AT s between the
forward and reverse propagating acoustic waves. The
interpolation altowed for the small tre steps, whils
retadniny - the fundawmental nature of the measured
flow. Since the expected time differences were 5o
gmall, the time step used had to be fess than the
éxpected time differgoce.  In this case, the time
differences would be on the order of 1.0 ns.
Therefore, the time sieps had to be a5 small 83 10
picoseconds. In addition, since the PIV data for the
. flow was only measured over half the channel width,
the analysis was only performed over that portion of
the channel.

Initinlly the PLV data set was used to examine the
flow in a streara- wise direction using a | dimensiona!
method of summing the sound velpcity and the x
direction flow velocities along a single row in cach
direction. Each time siep was then averaged zlong
this same row producing & singls velocity at cach
point. This process was done for each point from the
Channel wall o the last row of the PIV data near the
center of the channel. Figure 5 is a piot of this data
slong with thie standard-deviation of the data at zach
point. The mean velocity profile graph starls at
gpproximately 0,22 misec and rises 10 approximately
6.60 misec, these values are read on the right sides,
This plot represents data as if tt were taken using 4
fong time constant velocity measurement device al a
series of points in flow field, This graph in fact

The second. szt of data in Figure § is the standard
deviation of the velocity meassrement data, This dara

the turbulence in a pipe or chasael. The only

wall decrease.  This however is due to the PIV data

To produce as.

d the data rate of the PIV system, the data were. . _
agsumed 1o be frozen at fixed times so that the flow

matches the typical shape of a turbulent flow profile. .

can be interpreted simitarly to the root mean square of |

ditference is that the scatter dogs not inchude a near -

. Figures . 6 and 7 present’ daix depxctmg th:

89

not being close enough to the wall to observe thxs

effect,

instaiitancous AT versus time using “the ‘sarme 1D
analysis technique. Each figire is at a different
inczmon in the chanm:{ Thesc p!ots how ot nrdy;:f!hc :

d;stame from the wali lhe tempera} vmatmn, m‘
sourse, represents the expecied output of #-theoretical
utrasonic flowmeter with a very fast-time wnstam
and s norrow heam par:auel to the flow.

HA20 500

0.0
Time (sec)

100 200
Figure 6 Delta T vs Time Calculated from

the PIV Data; Measurament Volime Parallel
to Fow, 1.D, Nesr Center Wall

While performing a 1-D operation on whal amounts 10
a thin fine provides interesting-information as te the
shape of the welocity profile and the standard
deviation as o function of radivs in 2 flow, the
informalion obtained cannot be compared to data from
an ultrasonic flowmeter. The reason for this is that
“infinitely” thin line only reacts 1o the velocities it
cocounters as it avels between the ransdueers. An
actusl ultrasonic sound pulse has a finite width, which
effectively averages the sound beam as it travals
across-a-velocity field as showa-in Figurs 4.

By making the simulated beam a finite width, and
turning it to an angle to the flow field a better
simalation of the ulirasonic Howmeter was obtained.
The modified ray Wrace program. describest previously
was used for these calculations. By placing the flow
messurement volumg at an angle w the flow fild,
either of the equations 9 or 10 can be used 10
determine the integrated velocity of the flow.

Figure 8 is a plot of the compueted velocity averaged
along the ultrasonic path as computed by the modified
ray trace pragram versus time. This path-averaged
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“" yelocity is the dnstantansous ulivasonic: flowmetst
“output and is equivalent 1o AT. The sound travel path

W set for this computation 10 be 607, Three pieces
" of information are plotted in-the. graph. First is the

N v-cumpumd mstanmneous path avsragc vctacny, whzch :

The second set of dau are the amhmeuc mean :md the
upper and fower standard devmuaaa mpremmed by
- -the 3 straight fines.: Finally, a 2 second vunning
averayge is plotted with.a hea»‘§ lmc Tt-may be poted
that-this 2 sécond average is not a straight line but
represents less seatier thas the inglantaneous as-would
beexpected.  Ulrasonic Hiwmeters typicaily. provide
this type of averaging technique. The standard
devigtion of the instanfaneous data in this case is
approxinatsly 3.5%, whereas the deviation of the

running average is on the order of 1%. So-by using ».

standard srithmetic aversging technique the velocity
rmgasurement data scatter is teduced by over 3 times,
However, the danger in using this type of averaging

Thmy (s8¢}
Figure 7 Delta T vs Tine Caleulated from the PIV

Dats; Measurement Volume Paraliel to Flow, 1-D,
Near Center

O 358

technique is that while it works for turbulent flow
fislds with little farge~-seale motion, if some type of
structure such as @ vortex street is embedded in the
velnsity field the averaging techaigue will fail. The
veason for this is that this type of averaging requires
independence or small spatial correlation. In addition,
if the sampling rate is 160 fast the idividual data
points again may not be independent. [If the
individual data points are not independent, a differgnt
averaging technigue may be required which allows for
correlation of each poiat.

if using the standard averaging techuigueis the proper
method for finding the sverage velocity for 2
particular flow field, a key piece of information
needed w determine the average tw the desired
ateuracy, is how many points are necessary. If the
data measurcd are statistically independentand have a
normal distribution, one may easily calculate the
number of points required to find a mesn velocity

90

Figure 8 Velmity Computed Uslng the
Modified Ray Trace Method Plotted vs Time

within & prescribed sccuracy. The mcthod to do. this

is:

conﬁdcnce]z f 20

: %Emor } (x &
where 20 is the 95% confidence interval, u is the
population mean, end ¥ is the sample mean. - Using
Equation 11, the number of data potuts reguired to
compute the mean of a sample of data such that.one is
95% confident that the'mean within o certain accuracy
may be computed. For example if 0=2 and gt = 8,
then w get a sample average within 1% acguracy
requirgs 2500 points.

(11)

Using Eguation 11, it can now be computed how
many points of data are required o obtain a desired
flow measurement acturscy when using an sirasonic
flowmeter. Using the data from Figure 8, 1o be 95%
sure the computed mean velocity is within 0.25% of
the of the aciual velocity mean, one must obtain 773
data poinis.  A¢ the rate of 15 Hz, each average will
take 51 seconds to oblain. Reducing the precigion 1o
1% means only 48 points are required and
approximately 3 seconds is required. These
computgtions result from a theoretical ultrasonic
fiswmeter and are-due 1o the turbulencs in the flow
field,

6 Conclusions

- Analyses of sound travel 1hmugh a turbulent flow
field can be performed using a velocity data set
measured:-by the PIV method.

- The PIV analysis can be used 1o spproximate an
umasdnfic flowmeter by assundng a frozen flow in
which the sound pulses are sent across the field in
bath directions simultancously.

- Using. the technique described, “if the sound is
launched paralle] to the velocity stream and the resulis
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appmxmutei)-' 5% very close o xhe waﬂ down

approximately 3% in fhe venter of the chanual 85

uld beexpuwd

When the medsurement volume is: mmexi 10 an zmg,kij o
the flow, the average velocity can be determined, -

the standard deviation of computed velocity is

spproximately-3.5%, which is a typical value: of the .

andard ‘devistion of instantaneous velocity
alizations for ultrasonic flowmeters.

Using a running velocity measurement average will
uce the standard deviation of the computed

ocity: however, care must be given 1o ensure the -

locities ‘being measured are independent of one

The number of independent data points necessary o
determine an average velocity of the PIV deseribed
flow to within 1% and 0.25% of a flow are 48 and 775

pectively.

The length of time required to find an accurate

grage yelocity in a flow field will depend on the
&ta seatier of the AT measurements by an ultrasonic

21
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