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Abstract 

Sathish Kumar C: Ultra.c;onic Flow Measurement, Al. Tech. Project Dissc1·lation, Dc'part­
ment of Electrical Engineering, Indian Institute of Technology, Bombay. Jan. 19%. 

In applications where the flowmet.er should not obstruct the flow, ult.ra.c;onic flow111ctC'rs 
are best suited. An ultra.c;onic fiowmeter for single phac;e liquid flow, ba'ied on dual pat It 
s ing-around technique h as been d eveloped by B.P.Parmar a.c; an M.Tech project at !IT 
Bombay, in 1995. A detai led testing of this system ha.5 been done in the laboratory. It wa.-; 
observed that at high flows, the sing-around loop of the system becomes unstable a11d gin·s 
erratic readings. Recording and analysis of t he received ultra.<>onic signal, at \·cnious flow 
rat.es, ha.c; been done and it revealed that the instability is due to the change ill rC'lat i\·c· 
amplitude levels of t he peaks of the signal. As a part icular level uf the rccci\·ed signal wa.-; 
used fo r detection, this causes false t riggering. A system, with an impro\·erl tecl111iqu<' for 
the detection of t he received signal, ha.5 been developed . In this system, the receiv<'d signal, 
ampl ified to saturation level by two stages of amplification, with a diode clippi11g circuit i11 
between to filter out any noise and echo signals, is used for detect ion. Thus small clta11g<'s 
in amplitude levels do not cause errors in the detection oft he signal. Fu rt her modificat io11s 
have been incorporated in the new system in ord er to improve the performance. The• 
flowmeter developed, hac; an accuracy of 53 and is suitable for rnea'iurcment of liquid flow 
in the range 0-600 !pm. 
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Chapter 1 

Introduction 

1.1 Overview 

Different techniques have been developed over the years for mea<>uring fluid flow. T!tcse> 
flowmet.ers are ba<>ed on mechanical, differential pressure, electromagnetic and u It rasm1ic­
techniques [l]. Different types of mechanical flowmeters are rotan .t•ters, positiw displ;w<·­
ment meters, turbine meters, and miniature Pelton wheel meters. Di fforcn t.ial 1•r<'ssun• 
flowmeters include venturi tubes, orifice plat.es, and nozzles. Mechanical and difl"<·rc'11t ial 
pressure type flowmet.ers are economical and their mca.-;uring techniques are sin1i'I<·. li11t 
they provide obstruction to the fl.ow and have poor response to the fac;t changes in \"<'iocit~· 

of fluid. In many fluid flow applications, it. is required that the flow nrnasurc·mcnt slio11ld 
not obstruct the flow. Two possible solutions t.o this are elect.romaguet.ic and ult ra.o..;011ic 
fiowmeters. Electromagnetic flowmeters, although suitable for a wide range of I iq 11 ids, a re• 

unable to mea'3ure non-conductive liquids or those with a very low conduct.ivity. 
There are three main types of ultrasonic flowmeters: doppler shift, cross correlation, and 

transit time flowmeters [2]. Doppler flowmeters employ scatterers int.he flow t.o provide! the' 
necessary frequency shift of the ultra<>onic beam and as such are suited to 111e;1s1rr<' llH'11t s 
in liquids in which there are solid particles or gas bubbles to provide the iut <'rf";H·c·s 1 o 
scatter the ultra<>onic beam. Cross correlation technique is ba.,ed upon cross-curr<'lat ion 
of electrical signals derived from ultrasonic waves which have been modulated h.v t lie flow 
. Cross correlation method has limited accuracy for single pha<>e flow [3]. Transit t in1c· 
flowmeters mea<;ure the time difference between ultrasonic beams t ransmitt<'d 11po..;t rc ~arr1 

and downstream in the liquid, and as such are designed for use with homogem·o11s fluids 
There are three met.hods which may be employed to mca<>ure t.hc transit. t.imcs , viz. dirc•ct 

transit time techniques, pha<>e measurement. techniques, and sing-around l<'clir1iq11c•s. l 11 
these methods, acoustic pulses are transmitted in the fluid at an angle t.o the flow axis . 
Direct transit time and phase mea<>urement f:lowmet.ers, mea<>ure the transit. t inH'S and 
pha'3es of ultra'>onic signal when it is pa<>sed through the fluid. Int.he sing-arou11d rrll'l lrod. 
the received pulse is used to trigger the transmitter, resulting in a pulse repct.itiorr frc'• 1tr <•r1c.\· 
and this frequency gives a measure of the fl ow. In the dual path si ng-around met liod, pub<'s 
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are transmitted in both upward and downward directions. In that case, the frequency 
difference between upstream and downstream transmL'>sions is directly proportional to the 
flow rate. 

1.2 Scope of the Project 

As a part of B.R.N.S. sponsored project for developing ultrasonic flowmeters, an ultrasonic 
flowmeter based on dual path sing-around technique, was earlier developed by B.P.Parmar 
at IIT Bombay in 1995 [4]. It includes transmitter, amplifier, pulse shaping circuit., a pha<><' 
coincidence circuit to measure the difference of upward and downward pulse repet.it.io11 
frequencies, and a calibrating system. Hereafter, in this report, the flowmeter devf'loped by 
B.P.Parmar will be referred to as SAF-1. The ba<>ic objective of the present dissertation 
project wa<> to carry out a thorough testing of SAF-1 and develop a new system, which will 
have overcome the drawbacks existing in SAF-1. 

In SAF-1, ultra<>onic pulses are transmitted in upstream and downstream directions. The 
puL<>e received at the receiving transducer, after amplification and c.:haping, is used to trigger 
the transmitter and this sequence is repeated resulting in a puL<>e repetition frequency. The 
difference of puL<>e repet ition frequencies in upstream and downstream directions is found 
out using a pha<>e coincidence circuit and it is used for the calculation of flow rate. 

A detailed testing of SAF-1 was done in the laboratory during the first st.age of t.he 
project. During testing of SAF-1 it wa<> observed that as the flow increa<>es, the sing around 
loop becomes unstable and the flowmeter gives erroneous readings. The reason for this 
wa<> analyzed and it wa'> found that as the flow increa<>es, the waveshape of the received 
ultra<>onic signal changes which causes errors in the detection of exact arrival of ultra<>o11ic 
signal at the receiving transducer. As the transmitter is triggered on detecting the signal, 
th~" causes faL'>e triggering of the transmitter. Apart from this, the change in amplitude 
of the received ultrasonic signal with flow, also causes a shift in triggering point. These 
undesired shifts in triggering point contribute errors. Moreover, the delay introduced in 
electronic circuits and non-flowing liquid part of the acoustic path, affects the accuracy of 
the system. 

A new flowmeter ba<sed on sing-around principle, with an objective to overcome t.he 
problems faced in SAF-1, has been developed. In this report, this flowmetcr will be referred 
to a<> SAF-2. An improved technique for detecting the arrival of received signal, which 
would be effective even in the presence of change in waveshape, has been used in SJ\F-:2. 
To reduce errors due to delay occurring in electronic circuit, high speed !Cs have bc)cn used 
in the circuit. A new set up for installing the transducers, such that the non-flowing liquid 
part of the system L<s minimized, was developed. 

The transmitter and amplifier circuits of SAF-1 were not ideally suited for the applica­
tion. An amplifier and transmitter, with vastly improved performance, have been designed 
and developed, for SAF-2. 

Any obstructions in the liquid might cause a temporary loss of sing around , and would 
result a jitter in the pulse repetition frequency. To eliminate the effect of this ji11.er, a low 
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pass filter is incorporated at. the output of the phase coincidence circuit. 

1.3 Outline of the Dissertation 

Different types of ftowmeters developed over the years have been explained in C'hapt<'r '2. 
They are transit time, doppler shift , and cross correlation ftowmeters. Chapter ~~ provides 
the detail::i of SAF-1, a discussion on the its test results, and scope of irnprovPm<'nt of its 
performa11cc>. T he details of modificatious incorporated in SAF-2 t.o overcome t 11<' drawbacks 
of SJ\.F-1 are pre:->ented in Chapter 4. Chapter 5 deals with the experiment.al :-wt-11p and t lw 
test results of SAF-2. Finally, the summary of work done, along wit.h some s11g!';<'St ions for 

further irnpro\•ements, are discussed in Chapter 6. 
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Chapter 2 

Ultrasonic Flowmeters 

l ' lt ra;-;unic flu\\· 1rn'I ers measur<' the velocit~· of a flo\vinp; medium by lllOllit.orinµ; t.!tc' i11t .c'ral'­
t ion b<'I \\'<'<'11 the flowst ream and ultrasonic waves t ransmit.t.ed t.l1 rough it. As the ult ra.'iull ic 
tran;-;duccrs can he mounted outside the pipe, it causes no mechanical obstructioll to th<' 
flow. Since the rncasurements can be m ad<' completely non-intrusively, ultrasol!ic flow111<'­
ters are o f particular irnport.aucc, when fiow of chemically act.ive or abrasive liquids is to 
be measured . As the price tends to vary litt le with pipe size in contrast with rnost ot.her 
n10t ers, from the point of view of cost also, it i:> attractive. Apart from this, it. offers fast 

response, wide dynamic range, inherent bidirectionali ty, and better accuracy. 
P\trasonic flowmeters can be classified into t.hree , (a) Doppler frequency shift type, (h) 

Cross correlation type, and (c) Transit time t.ype. Different classes of ultrasonic fi own1etcrs. 
with special empha.c;is to transit time flowmetcrs, are discussed in t.his chapter . 

2.1 Doppler Frequency Shift F'lowmeter 

These' f\owmeters mnploy scatterers within the fluid such as a ir bubbles or solid pa r ticles 
to produce frcqU1·ncy shift in the transmitted ultrasonic wave [2], [5]. Thir-> frequ<'nc.:y shirt 
gi\l':-i a mea . ..;ure oft he fluid velocity. Fig. '.2.1 describes the principle of dopp\cr fr<'<llH'llCY 

shift fiowmcter. 
The doppler frequency shift, . v 

6.f = 2 ft sin ( ¢) -
c 

(2 .1) 

where f
1 

is the transmitted frequency,¢ is t he angle of entry of the ultrasonic wave i11 fluid, 

c i:::; fiow \·eloc it y, and c is the sonic velocity of fl u id . 
A:-; it is essentia l that the liq uid being mca...;u rcd have so nicall y reflect ivc particle:-;, 

clopplt>r fiowrnet ers a re not su itable for clear fluids. 
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2. 2 Cross Correlation Flowmeters 

This clas.-: of ultrasonic flow meters .arc• ba-;ed on cross currelat.ion of electrical sip;r1als dc·rin•d 
from ult rasouic \\'a\·es which have been modulated by the flow [:~], [Ci]. 

Turbulent flow sys tems can be regarded as consisting of a large numlwr of 11at urall.\· 
occurring disturbance:> moving with the s trealll. As fluid proceeds t h rough pip<• 111<• lorn! 
\'Plocif_\' at a g i\'e!l point. fluctuates in a random manner. If t.wo closely i>pac<'d po ints a lor1 p; 
a gi\·en pathline are selected to observe s uch fluctuations, it is fo und that sornc• degr<'<' 

of correlation exists between the two instantaneous velocities. The d egree of c·orrP!at ion 
decreases as the distance bet.ween the observation points increases. 

Let the signal recorded at point A in Fig. 2.2 be x(t) whose instant.aneous \'aluP ii> 
directly related to the instantaneous disturbance at A and similarly, y(t) is a signal direct.ly 
related to the instantaneous disturbance at point. B, points A and B lying a long the sarne 

pat hline . The cross correlatio n function 1/Jxy( r) of x(t) and y(t) in terms of a delay r is giv<>n 
by 

1/J(r) = Jim .!_ l 'x(t) y(t + r) dt 
T-.oo T O 

(2.:2) 

If all t urbulcnt disturbances produce s imi la r signals at A and B, and a ll spectral components 
oft h0s0 disturbances a re transp orted at the same velocity, the maximum value of v( r) occurs 
at a \'aluc> of r corresponding to the transit time of turbulent. dist.urhances 1H'tw1•c•n points 
A and B. If dis the spaci ng between A and B, the velocity of flow 1; is given b_\1 

d 
(2.3) v= -

where Tm is the value of r corresponding to the peak value of 'lj;(r) . 

2.3 Transit Time Flowmeters 

Transit t.ime fiowmet.ers measure the transit time of an ultrac;onic beam tra1Lsmitted across 
the flow in upstream or downstream direction ac; shown in Fig. 2.3. There are t.hrce methods 
which are wide ly employed to meac;ure the transit t ime. 

(a) dirt'ct transit time technique, 
(b) pha."e mea.c;urement technique, a nd 
(c) s ing-arou nd tech n ique. 

2.3.1 Direct Thansit Time Measurement 

If ultras onic pulses are transmitted in ups tream direct. ion t.he transit t.i111C• ir1t.c•rval of' the• 

wave, t up is given by 

whPre d is I ransducer separation. 

d 
ttlp=---­

c - v cos() 
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... 

v is w loci ty of fluid, 

c is acoustic velocity in fluid, and 
0 is the angle of fluid velocity with respect to the ultrasonic beam. 

For down st ream transmission, the time of travel tdn is 

d 
ldn= ---­(' + v cos 0 

(2 . .'i) 

L1sing up or down transmission, velocity of fluid , v can be calculated. But in this method , 
the measurement sensitivity is less. So a<; a further development, the ultra<>onic si!-';nals ar<> 

transmitted in upstream and downstream directions simultaneously and the diff0rencP of 
transit times is found out.. 

2 vd cos 0 
6.t = lup - td,. = ? ? 'J () c- - v- cos-

(:2.Ci) 

' ( ') ') ? ) Since c » v- cos-() , 
A _ 2 LJd COS 0 
~t - 2 

l' 
(:2.7) 

Eqn. 2.7 shows rlependence of D.t on c2 . As the velocity of sound varies with te111pcratun>, 
press11rc> , and c:!Pnsity, velocity of sound compensation is essential int.his n1et.hod l'or ac·c·urnll' 
flow m easurement. J. Appel et al. [7] suggeilt.ed the following method to elimi nate the effect. 
of r on v. 
From Eqns. 2.4 and 2.5, 

In Eqn. 2.9 , vis independent. of c. 

l1qJ - f dn 

lup ld11 

2 v cos() 
= -·---

d 

d [l·11p - ld11] 
V = 2 COS 0 lup I dn 

2.3.2 Phase Measurement Technique 

(2.8) 

(:2 .!J) 

1 n phase measurement technique, pha<>e oft he acoustic wave trave lling upst rna111 or clown­

st ream, bet ween the two transducers is mea'lured. If the fluid is stationar:)o', 1I1c• pit as<• 
corresponds to the sound speed in the fluid. However, if the fluid moves, the phas0 will 
change' indicating a change in apparent sound s peed in the fluid. 
Let 1hc transmitted signal be 

(2.10) 

The clnlftge in pha<;e angle of the received signal, compared to the> t.ransmit.t.<'d sip:11al. wil l 
Le' . ..1xl/ ( c =f v rns <;:>). The difference of the phase changes in upstream and downs t rnalll 

w d v.J d 2 w d v cos 4> 
6.¢ = c - v cosrf> - c + v cos¢~ ---c-=-2-- (2.1 l) 



From Eqn. 2.11, Yelocity of fluid can be calculated. 
Thus the pha-;e comparison of received acoustic s ignals in the upstream and downstream 

directions, gives the velocity of fluid. But a-, D..ef> is dependent on c, compensation for changes 
in Yelocity of sound is essential in this technique. 

In the dual frequency method described by Noble [8], signals of two slightly difforent fre­
quencies are propagated continuously in opposite directions between a single pair of quart.;,, 
t.raw>ducers. The phase comparison is performed at the difference frequency ge11erat.ed by 
mixing the transmit and receive signals present on both transducers and t.he system pro­
vidt>s mea.">urement both of the liquid velocity and of the speed of sound of the liquid which 
is required for compensation. 

The pha-;e m ea<>urement technique suffers from the problem of pha.<>e ambiguity since if 
~cp » 271", the phase difference is no longer unique. This places restriction on the pipe sizes 
and wlocities over which this technique can he used. Also, if t here is any acoustic coupling 
bet ween the t ranr-;mitting a nd receiving transducers through pipe walls a nd housing, addi­
tion oft he wan! received thus with the wave travelled through wat.er causes undue phn.-;0 
cha11gP, causing error in the reading. 

2.3 .3 Sing-around Technique 

In the sing-around met.hod [5], [9] ult.rasonic pulses are transmitted t hrougli t.lie f111id at. a11 

angle to the flow axis. The received pulse is used to trigger the transmitter, resulting in a 
pulse repetition frequency (prf). When the pulses are transmitted in upward direct.ion, 1•rf 
is 

f _ c - v cosO 
up - d (:2.12) 

In Jow11ward transmission, prf is 

.f c+vcose 
dn = d (:2.U) 

In both Eqn. 2.12 and Eqn. 2.13, velocity of fluid, v is dependent on c. This d<!JWr1d<'llC<' of 
v 011 c can be avoided by find ing out the difference between fup and fd,. [10]. Th<' frequ<'!lcy 
difference between f up and fdni 

D.f = 2v case 
d 

(2.14) 

Thus the mea-;ured value of v becomes independent of changes in acoust.ic velocity of 011id, 
('. 

2.4 Various Types of Sing-around Flowmeters 

Various types of sing-around ultrasonic flowmet.ers have been develo ped over the years. 
Some of them are described below. 
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2.4.1 Flowmeter with Single Transmission Path 

A flowmetN with measurement of flow and automatic recording was devcloJH'd by 
.\/. GrePnspan f:J C'. E. Tschieg [9]. The block diagram of the syst.em is given in Fig. 2. l. 
Jn order to define uniquely t.he time differnnc0 between the pulses, the pulse posit.io11 is 
specified by the instant at which the received signal begins to rise from noise. 

In this system, pulse repetition frequency is measured for either upward or downward 
transmission only. So the accuracy is affected by changes in acoustic velocity. The syst ern 
needs calibration for the particular class of liquids with which it is to be used. 

2.4.2 Dual Transmission Path Ultrasonic Flowmeter 

Dual path flow1110tc>r de\·Ploped by A. E.Bro11m [10] overcomes the drawback oft h<· pn'vious 
one. L'lira.-;u11iC' \\'l\\'PS arc transmitted in \)()th up-;trcarn and downst.rean1 directi< !IS. f ht• 
diffrrpnce i11 pulse repetition frequencies is calculated. This difference is indcpc 11ck11t of 
changes in acoustic velocity of the liquid. This flowmeter additionally provides a11 out put 
that is proportional to the actual speed of sound in fluid. 

2c 
fup + fdn = d 

So by calculating Uup + fdn) value of c also can be found out. 

(2.lii) 

Block diagram of another system reported by Forgacs [11] is shown in f'ig. L!i. Tire• 
transmitter is triggered initially by means of a start. butt.on. The acoustic signal is lau11cl1 Pd 
into the sample, strikes the opposite face, and is reflected a number of times before bc~i11g 
completely attenuated . A train of electrical signals is generated by t he recei ving quartz 
crystal. The ecl1ocs are amplified, then passed rnto selection circuit. which is co11t rollr'd Ii~' 

an adjustable gate to permit a selected cycle of an echo to pass through. Tire gat<'d sigrral 
ret riggPrs the transmitter and the sing-around cycle repeats indefinitely. As t.lr<' ratio of 
acoustic-to-electronic delay is increased, en ors due to electronic delay variat.ions bcconrcs 
le>ss inrportant. 

2.4.3 A Narrow Band Sing-around System 

ln t hi,:; met hod, an ultrasonic pulse of narrow bandwidth (quasi continuous wave) is t ra11s­
mitt ed through the fluid and the triggering of the succeeding pulse is obtain<'d from a 
pre-selected zero crossing of the received signal [12]. 

Su ffkiPnt ly long tone bu rnt.s wer0 used for exci tat.ion of the transmitter clenwnt. to c11s11 re 
that the• structure of the radia t.ed fiel<l was essent.ially that produced under cont i 1111 ous wav<' 
cund it ions. f.ig. :2.6 shows tire t.imi ng <liagram of t.he system. The s ing-around loop wa.-; 
retriggered by counting up the number of zero crossings in the received signal u11ti l a prc­
~elected number was reached and then generating a ret.riggering pulse. By incl uding a lrighly 
stable delay in the sing-around loop, the reverberations were allowed to die away bcforn a 
fre,:;h transmitter excitation was initiated. 
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Till' advantagP nf this technique stem from t.hc avoidance oft.he problems invol\'C'd i11 
thl' co11 \·l'ntio11al llS(' of s ho rt pulses (broad-band ), which arc p ·• rticularly ac11t<' ill l1iµ,li 
displ' rsin• area. The use of qua<>i continuous wavf' Pnsu res stability of the sing arou!lcl loop 
as 1 he :-;i 11g-arou11d is not lost evell when a particular peak of the received signal is mi,;sc•d 
due to some changes in amplitude levels. But the accuracy will be affected in that case. 

2.4.4 Two Pulse Phase Comparison Technique 

One of the major difficulties experienced by sing-around technique is that any obstruction 
between transmitter and receiver will cause errors in the sing-around frequency. Hoene [13] 
ha<> described a technique by which this problem can be eliminated. This t.echniquP, known 
as the two pulse pha;;e comparison technique, is described below. 

Fig. 2. 7 shows the sing-around fiowmeter using the t.wo pulse phase comparison t ccli­
nique. T he s ing-around pulses are generated by division oft.he output of a volt.age cont rol lt'd 
oscillator. The train of pulses generated by transmission of ultrasonic signals t ltro11gli t lie• 
fluid is phase COlllpared with t.he out.put. of the voltage cont.roll ed oscillat.o r. Depc!nding <J11 
which ar ri,·cs first. the voltage controlled oscil lator is incremented or decremented. A s in1i­
lar s:-·,;tpm opc•ra\Ps in the other direction. In thP absence of a received s ignal , the output of 
I he' t hP ,·oltagc• cont ro lled oscillator is maint airn•d at its previous value. In t.his way, it has 
})('PIJ rlaillled that only 2% oft.he pulses need be received in order t.o achieve the requirPd 
accuracy. Thus th is met hod eliminates any error due to obstruct.ion of ul t.rasou t1d from 
transmitter to receiver. 

.----............... ________________ _ 



fr 

-----------scatterer 
movin9 with velocit y v 

Fig. 2.1. Principle of doppler frequency shift fl.owmeter 

A 
• • 

x(t) y(t) 

Fig. 2.2. Principle of cross correlation fl.owmeter 

10 



/ 
/ 

Transducer 2 

/// 

/ 

, 

,/' 
, 

, 

Transducer 1 

, , , , 

~/,5'e ~ v 

/ 

Fig. 2.3. Transducer arrangement in a transit t ime ftowmeter 

< ~'\. 

"() ~ Amplifier 

Pulse genere.tor 

.ill~ 

Threshold 
detector 

""" 
Frequency 

mee.sunng 

equipment 

Fig. 2.4. Block diagram showing sing-aro und principle 

11 

---------------------------------



rt .. ~ 
Triggered 

tra.n s m itte r 

< "' 
-

- "\) ~ Amplifier --.. Coincidence 
circuit 

..... 

Verieble Gate .. .. 
r delay r generator 

Fig. 2.5. Sing-around system developed by Furgacs 

Pulse 
generator 
output '-------......... _J___ 
Trantsmtitter _llUIAAJUUllllllll ---------~A.HlllAJUHlll 
exci a ion -irmrrrnnmmn- rn1111mmm 
Received 
~---·-··-~ 
_________ n nth zero __ cro ___ ss_'_"'l __ 

Trigger sign~ IL__ -----
to d1g1tol de(ay 

Selectoble delay 
10 to999 9 µs 1n 
0 1 µs steos I 

F ig. 2.6. T im ing diagram of t he narrow- ba nd si ng-around syst Pill 

12 

Ou tput .. 
r 

-------................. ____________ ~_ 



T T •. 
.-----~~~~~~("\ /) 

I
,.... _T_ra_n-~~~-u_c_e,r I 
_ driver . 

Control 

2 pulse 1 .. ~1---­
en e.ble 

i 
IM DNider I 

Mux 

clock 

Subtract 

~F 

Noise 
security 

First arrive.I 

up charge 

T 

down 
charge 

Fig. 2.7. Two pulse pha.<Je comparison met hod 

13 

------------------------------------



Chapter 3 

Sing Around Ultrasonic 
Flowmeter, SAF-1 

The ultra<>onic flowmeter developed by 8.P.Parmar [-l], referred to as SJ\F'-] in this n•port. 
mea<>ures single phase liquid flow through a closed pipe using dual path s i11 g-arou11d t Pcl1-

nique. A detailed testing of the system ha<> been done in th e laboratory. J\ discussion cir1 th<' 
hardware and mea'lurement set up of this flowmeter is given in this chapter. T'<'s1 r<'sults 
and scope of improvement. of it.s performance are also disrussed. 

3.1 Description of SAF-1 

The block diagram of SAF-1 is shown in Fig. 3.1. Piezoelectric crystals with a frequency 
of 2.2 MHz are used a'l transducers. Two pairs of transducers arc used to transm it th<' 
ultra<>onic signals in upstream and downstream directions. A transistor pulser circuit is 
used to excite the pulsed type ult.ra<>onic transducer. The received signal is amplified and a 
fixed instant of the amplified signal is used to trigger the transmitt e r. J\ monostablP and a 
differentiator circuit. are used to generate sharp edge pulses to trigger the• t ra11sn1it tc•r. Th<' 
difference bet.ween the upstream and downstream sing-around frequencies is nH•asurc·d with 
a pha<>e coincidence circuit., which is used to calculate the liquid Oow. The· actual flow is 
found out using a calibration system. 

3.1.1 Amplifier 

As the ult.ra<>onic wave emitted from the piezoelectric crystal passes through the liquid . 
it. gets attenuated. A transistor single stage RC coupled amplifier is used to amplify th<· 
received signals. It ha<> a bandwidth of 4.4 MHz. A pre-amplifie r (l\ lodel DlOOO) is used 
to amplify the received signal before feeding it into the RC coupled a111plifin. J\111plifi<'l" 
out.put is fed to the pulse shaping circuit. 
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3.1.2 Pulse Shaping Circuit 

In SAF-1, a specific instant of the received signal is used to trigger the transmitter. Tl1is 
is achieved by comparing, the received signal after amplification, with a constant refcre11cc 
voltage. Facility for adjusting the reference voltage is provided so that it. can be set abm·c· 
the noise level. When the amplifier output is higher than the reference volt age, a high to 
low transition results at the output of comparator, which is used to trigger the monostable. 

The output of the monoshot is fed to a differentiator to have sharp rising edge. The' 
differentiator output is used to drive the transmitter, through an emitt er follower. Another 
monoshot is coupled with the first one. The time period of the second monoshot is adjust Pd 
in such a way that it gives a trigger pulse whenever 'sing-around' is lost. Also, t herP is 110 
need to give a starting pulse. 

3.1.3 Transmitter 

The function of the transmitter is t.o generate a high voltage pulse of short dllrat io11 for 
energizing t.he piezoelectric transducer to emit. a pulse of ult.rasonic c11Prp;y. 'I'll!' t ra11s111it­
ter consists of a capacitor connected to the out.put of a transistor switch. The• capacitor 
previously charged to a high voltage, is discharged inst.ant.aneously across the t ran sd lln•r 
by means of the transistor switch. Damping of the transducer can be adjusted by a pot c•11-
tiometer. 

3.1.4 Frequency Difference Measurement 

To mea.<>ure the difference of the pulse repetition frequencies of upstream and downstream 
transmissions, pha.<>e coincidence method is used. Let. the pha.<>e coincidence between the 
two pulse repetition frequencies fup and fdn occur at interval T. 
It wa.<> shown [4] that 

1 
D.J = fdn - J up = T (:L 1) 

Therefore, the frequency difference is given by the frequency of tl1e periodic pulse ollt put 
from the pha.<>e coincidence circuit.. Multiple period averaging method is used to find ollt 
the frequency of the out.put of phac;e coincidence circuit. 

Phase Coincidence Circuit 

The pha.<>e coincidence detect.ion circuit is realized using a D flip-flop. The two prf sip;11als 
are given to Schmitt triggers to provide sharp rising and falling edges of squar<' pulses. :\'ow. 
the signal of higher frequency is given to the D input and the other to thP clock input of 
a D flip-flop. When the two signals are in pha.<>e coincidence, output of D fli1>-flop changPs 
state. Thus at the output. of D flip-flop, square pulses of frequency Udn - fup) is obt ainPd. 
The circuit will work only if the frequency difference is less than one third of the highn 
frequency of input frequencies. 
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3.1.5 Calibration System 

fo calibrate the flowmett'r, the liquid passing through the Howmet.er is collected in a cali­
bration tank. The time taken to raise the level of the tank by a fixed height is measured. 
Lower and upper levels are sensed by electrodes fitted in the tank. The volume of the liquid 
corresponding to this height is known. From this, the actual flow rate is calculated. 

3.2 Test Results of SAF-1 

The flow mea.5urement system was set up. Mea.5urements were taken with two pairs of 
transducers for upward and downward transmissions for different flows. The flow rate Wa.5 
calculated using the values of the experimental setup. The actual flow was determined by 
using a calibration system (a.5 described in Section 5.1.2). 

It was observed ·that a.5 the flow increa.5es, SAF-1 gives erratic readings. At higher flows 
the transmitter was getting erratic triggering which causes inst.ability of the sing-around 
loop. Further efforts were made to investigate the rea.5ons behind this instability of the 
sing-around loop. 

The ult rasonic signal obtained at the receiver transducer wa.c; observed for various flow 
rates. The received waveformc; at various flow rates are shown in Fig. 3.2. At low flow rates, 
there is not much change in the amplitudes of the received ultra.c;onic signal. But as the flow 
rate increa.5es, the relative amplitudes of the peaks of the signal change . It wa.c; observed 
that the change in amplitude JeveLc; is not consist ent, it varies with transducer alignment.. 

The received signal for different flow rates were recorded and are shown in Fig. 3.2 (a)­
(f). The causes of instability in the sing-around can be seen from the difficulty in setting the 
comparator level for some of these waveforms. For flow rates corresponding to Fig. 3.2 (a)­
(c) the system will work without any triggering problem if the triggering point. is set. at 
point A. But at a flow rate of 440 !pm, a.c; seen in Fig. 3.2 (e), the triggering point may shift 
from point A to point B, causing false triggering. As the relative amplitudes of the peaks of 
the signal are not constant at all flows, intermittent shifting of triggering point bet.ween t.he 
peaks occur. This undesired shift in triggering point causes instability of the s ing-around 
loop. l t is not possible to increase the value of t hreshold further, a.'> it. might cause loss of 
tr iggering at lower flow rates (Refer Fig. 3.2 (a), (b)), and decreasing the thrcsholrl might 
cause false triggering by noise and reflected signals. 

The exact. reason for the change in waveshape could not be found o ut.. One possible 
rea.5on could be that some part of ult ra.c;onic signal pa.<>sing through the pipe and rnaching 
the receiver transducer a little earlier than that reaching through water. This might cause 
a change in waveshape due to the pha.<>e addition of the two signa ls. Another rea.<>on could 
be the effect. of turbulence. The change in waveshape might also be due to the shearing 
action of ult ra.c;onic wave by the flow . 

Even at low flows, when there is no change in waveshape, there is fluctuation in arnpli­
tudes of the received signal. As triggering of the transmitter is done at a particular level 
of the received signal, this amplitude fluctuations will cause fluctuations in the detected re-
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ceiving instants. Apart from that, it imp_oses a restriction that the system be calibrated an<l 
used on a cla<>s of liquids within which the attenuation characteristics are not. too variable 
[9]. 

In the flow mea<;urement system, it is a<>sumed that the time delay introduced in non­
flowing liquid parts of the fl.owmeter and electronic circuits, i<> negligible. But it was found 
that in SAF-1 , there is a pocket of non-fl.owing liquid between the transducer and flowstream, 
in the transducer acosembly, which causes an extra delay in the acoustic path. A<> the ICs 
used in the circuits are not of fastest type, it causes an electronic delay. These undesired 
delays affect the performance of the system. 

The output pulse of the transmitter of SAF-1 is having a puL<>e width of the order of 
2.3 µs. Thi<> relatively large puL<>e width increa<>es the energy transferred to the t ransducer 
which might cause damage to the transducer. 

In SAF-1, an RC coupled amplifier wa<> used to amplify the received signal. The band­
width of t he amplifier wa<> found to be 4.4 MHz. This limited bandwidth caused distort ion 
at the output when 5 MHz transducers were used. The amplifier ha<; a gain of 22 dB at 
2.2 MHz. This gain is not sufficient to amplify the signal to the desired level. So a standard 
pre-amplifier had to be used . 

A new system, SAF-2, with modifications to overcome the problems faced in SAF-1 , ha'i 
been developed, and will be described in Chapter 4. 
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Chapter 4 

System Description 

The details of the sing-around ultrasonic flowmeter developed by B.P.Parmar, referred to 
as SAF-1, were described in Chapter 3. A thorough testing of this flowmeter wa.<> done 
in the laboratory. The possible causes of malfunctioning were discussed in Chapter 3. 

A new flowmeter, referred to as SAF-2, with suitable modifications, ha.<> been developed. 
These modifications, set-up of SAF-2, and the factors affecting accuracy of the system are 
discussed in thi'3 chapter. 

4.1 Required Modifications 

The main problem encountered in SAF-1 was that the changes in relative amplitudes of 
peaks of the received signal with flow, causing undesired shift in triggering point of the 
transmitter. Another cause of error in the reading wa.'l small amplitude fluctuations in the 
received signal causing fluctuations in the detected receiving instants. 

Several methods of detecting the exact arrival of puL'le have been suggested [HJ, [lfij to 

overcome the effect of amplitude fluctuations of the received signal, on the performance of 
the system. In one of the methods, a voltage threshold is used, but the trigger point is not 
the first crossing ·with rising amplitude, but the mid-point of the section between this and 
the second crossing, now with falling amplitude. In another method, the detector is enabled 
if the leading edge of the pulse exceeds two levels, and gives the trigger at the following zero 
crossing. Implementation of these methods require complicated electronic circuits. Further, 
a new approach for solving the above problem has been di'3cussed. 

To nul~ify the effect of change in amplitude levels of the peaks of received signal, the 
received waveform was amplified to such an extent that output of the amplifier reaches 
saturation. Thus small amplitude fluctuations will not affect the level of output. But, it 
was observed that the noise and echoes also getting amplified causing false triggering of the 
transmitter. So this method does not yield any specific advantage. Therefore, we devised an 
alternative circuit in which the received signal is connected to a pm-amplifier with variable 
gain. A diode clipping circuit follows this amplifier. The gain of the amplifier L'l adjusted 
such that voltage level of the noise and echoes, even after amplification, is less than the 
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cut-in voltage of the diode. So the signal after the diode clipping circuit, would be free 

of noise and echo signals. Now, the sig~al is connected to another amplifier and the gain 
of this amplifier i'> adjusted to make the output at saturation level. Thus, small changes 
in amplitude level'> of the received signal does not have any effect on the amplifier output. 
Hence the performance of the system i'> not affected by the waveshape change. 

Since the small amplitude fluctuations of the received signal do not affect the output of 
amplifier, thi'> system can be used for different liquid<> having different attenuation charac­
teri'ltics. 

The pulse width of the transmitter output of SAF-1 was found to be 2.3 /LS which might 
cause damage to the transducers. Also, if the duration of the pulse is higher than the 
period of the wave, it can result in distorted waveform [16]. A transmitter circuit has been 
developed which would give pul'3e width of approximately 200 nS. 

To reduce the delay occurring in electronic circuits, high speed I Cs have been used in the 
system hardware. A new set-up for assembling the transducers is developed. This set-up 
ensures that the transducers are perfectly aligned and the non-flow liquid part of the system 
is minimum. Proper care has been taken to avoid the transmi5sion of ultrasound through 
pipe. A rough layer of epoxy putty is created in the inner surfaces of the pipes to increa<;e 
the attenuation of ultrasound signal'> striking the pipe wall. 

The bandwidth of the amplifier in SAF-2 i'> 45 MHz, which ensures that the amplified 
waveform i'l not distorted, in contrast to the amplifier in SAF-1. 

One of the drawbacks of the sing-around technique is that any obstruction between the 
transmitter and receiver causing errors in the sing-around frequency. To reduce the effect 
of this sudden change in frequency, a low pass RC filter is incorporated at the out.put of the 
pha<;e coincidence circuit. 

4.2 Circuit Description 

The block diagram of SAF-2 is given in Fig. 4.1. The hardware includes a video amplifier , 
diode clipping circuit, triggering circuit, pha<>e coincidence circuit, transmitter, and the 
power supply unit. The received ultrasound signal after amplification and diode clipping 
is used for triggering the transmitter, resulting in a pulse repetition frequency (prf). This 
is being done in upstream and downstream directions. A pha<>e coincidence circu it is used 
to find the difference between the pulse repetition frequencies. The output of the phase 
coincidence circuit is fed to the PC through a data acquisition card to calculate the flow 
rate using the parameters of the system. 

4.2.1 Amplifier Circuit 

When ultrasonic signal'> are passed through the liquid, they get attenuated. These signals 
received by the transducer have to be amplified to the saturation level before feeding it 
into the triggering circuit. The circuit diagram of the amplifier section i<> shown in Fig. 4.2. 
It consi'3ts of a pre-amplifier followed by another amplifier with a diode clipping circuit 
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· connected between them. The frequency response characteristic of the amplifier is shown 
in Fig. --1 .3. It. has a bandwidth of 45 MHz. The gain of the pre-amplifier is set in such a 
way t.hat the noise and echoes in the received signal are not amplified beyond the cut-in 
rnltage of the diode. Hence the output of the centre-clipping circuit is free of noise and 
echo signals . Typical waveforms before and after the clipping circuit are shown in Fig. 4.4. 
The second amplifier boosts the signal from clipping circuit to the saturation level. 

The amplifier is built using NE592, a differential input, differe11 1 ial output, wide band 
video amplifier [17] . Gain of this differential amplifier can be adjusted by varying the value 
of the resistance connected between pins 4 and 11. 

4.2.2 Triggering Circuit 

The fun ction of the triggering circuit is to detect. the arrival of the ultrasonic signal and 
provide a trigger pulse to the transmitter. 

The trigger circuit is shown in Fig. 4.5. It consists of a high speed comparator (NE521), 
a monostable circuit (74LS123), and a transistorized (2N2222) switching circuit. The com­
parator detects the instant at which the amplifier output crosses a constant reference volt­
age, set much above the noLc;e level. The comparator thus detects the arrival of pulse, and 
gives a low to high transition at the output, which in turn is used to trigger the monoshot. 
The monoshot output excites the transmitter through a driving circuit. 

The pulse width of monoshot A is kept smaller than, and that of monoshot B larger 
than, the pulse repetition period. During sing-around, the Q output of monoshot B will 
alw<i:1·s lw at high state, which keeps the comparator enabled. When there is no sing-around, 
the low state r.tt the output of monoshot B switches the comparator output. to high. This 
triggers monosbot A which in turn triggers monoshot. B. Thus at the out.put of monoshot 
A, a pulse train of period equal that of monoshot B, is obtained. This arrangement. keeps 
the sing-around at a lower frequency whenever there is loss of received signal. Thus this 
set-up eliminates the application of an external start pulse. 

The Q output of monoshot A is fed to a transistor switch. This is for increac;ing the 
high state volt.age level of the pulse from TTL to +12 V so as to drive the MOSFET in the 
transmitter stage. A common collector driver stage is used for driving the MOSFET. 

4.2.3 Phase Coincidence Circuit 

A phase coincidence circuit, as described in Sect.ion 3.1.4, is developed for the measurement 
of d ifference bet.ween the prf's in upstream and downstream directions. The prf's are given 
to a Schmitt trigger to have sharp rising and falling edges of square pulses. Then they are 
fed to D and CLK input of a D flip-flop to detect the phase coincidence. Circuit. diagram 
of the phac;e coincidence circuit is shown in Fig. 4.5 along with the trigger circuit. 

The output of phase coincidence circuit is connected to a low pass RC filter. This is 
t.o remove any jitter in frequency caused by temporary loss of sing-around due to some 
obstructions in the liquid. The cut-off frequency of the low pass filter is designed to be 10 
times the maximum frequency of phase coincidence output. 
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4.2.4 Trai;i.smitter 

The function of the transmitter is to excite the transducer to emit a short duration pulse 
of ultrasonic energy. This is done by applying a transient electrical pulse to the transducer. 
The circuit diagram of transmitter is shown in Fig. 4.7. The transmitter consists of a 
capacitor. connected to the output of a MOSFET switch. When MOSFET is off, the 
capacitor is charged to +200 V. When the trigger signal is applied to the gate of the 
MOSFET, it goes to on state and acts virtually as a short circuit. fhis results in a large 
negative spike voltage across the transducer. By means of this electric pulse, the transducer 
is excited to produce a mechanical pulse which is transmitted into water via a coupling 
layer. 

The amplitude and shape of the transmitter pulse have a great effect on the transmitted 
ultrasonic pulse. The width of the pulse and hence the energy transferred to the transducer 
can be increased by choosing higher value capacitance. The damping of the transducer 
can be adjusted by the trimmable resistance fLi. Pulse width vs damping resistance and 
pulse amplitude vs damping resistance characteristics of the transmitter circuit are given 
in Fig. 4.8 and Fig. 4.9 respectively. 

4.2.5 Power Supply Unit 

The power supply unit feeds the necessary d.c. voltages required for each circuit. It consists 
of a step down-transformer, rectifier, capacitor filter and regulator for each of the required 
supply. Separate ±6 V have been used for the amplifiers. For the trigger circuit, ±5 V and 
+ J :2 V are needed. For producing the high voltage spikes, the transmitter requires a high 
\'Oltage de su pply. A 1:1 transformer, bridge rectifier, and a zener diode regulator generatc~s 
+200 v. 

The power supply unit of each circuit is shown along with the respective circuit except 
in the case of trigger and phase coincidence circuit, where it is shown separately in Fig. 4.5. 

4.3 Software 

The pha.-oe coincidence circuit gives a square pulse whose frequency indicates the difference 
of prf's in upstream and downstream directions. The output of phase coincidence ci rcuit is 
fed to t.he data acquisition card PCL-208 (18] interfaced with the PC. A software writ ten in 
C-language does the initial set-up of the data acquisition card and subsequently reads the 
frequency of the signal. 

PCL-208 is set-up in 'Programmable Interval Timer/Counter' mode where a counter is 
decremented on receiving pulse on the CTR-0 CLK input. Initially, Counter-0 is loaded wit.h 
the maximum count. When the output of phase coincidence circuit is fed to the count.er, 
the counter is decremented by one, on each pulse. This is done for a fixed period of time T 
and the average frequency of the pulse is found out. Using the values of d and e the velocity 
of liquid is calculated. Liquid velocity multiplied by the area of pipe gives the flow rate. 
The actual flow rate is calculated from the differential height obtained across the venturi 
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meter. Differential height is entered through the keyboard. A look-up table, which gives 
th<' val11<' of ft ow for each differential height , is created from the calibration curve of the 
\'C'rtt uri met er Thus the software finds out the value of actual flow rate from the look-up 
table. There• i:> an option in the software to plot the measured flow rate and actual fluw 
rate, on the screen. 

4.4 Transducers 

Immersion type straight contact piezo-electric transducers having a resonant frequency of 
5 l\1Hz have been used in the flowmeter. The specifications of the transducer are given in 
Appendix A. 

Fig. -1.10 gives the schematic of an ultrac;onic transducer [15]. It consists mainly of 
the oscillator disc, a protective layer and the damping block. Electrical matching elements 
are built into the housing. The disc type crystal is fixed at one end as shown in the 
diagram. The thickness of the plate corresponds to the required frequency and both its 
surfaces are metallised to act a'> electrodes. The damping block absorbs that part of energy 
radiated backwardc; and the oscillator L"> thereby stro_ngly damped in order to suppress the 
reverberations of the pulse. The protective layer as well a'> protecting the delicate crystal 
is aLc;o used to match the acoustic impedance for optimum coupling to the specimen. 

For transmission at various angles to the surface, angle probes are used. Angle probes are 
fitted with wedge shaped adapter against which piezoelectric transducer is pressed firmly. 

4.5 Sources of Error in the Measurement 

The flow mea">urement system suffers inaccuracy a'> a result of the following ac;sumptions, 
(i) that the front face of the transducer is precisely touching the flowing liquid and is 

a point source. This can only be approximated because any practical transducer hac; finite 
size, and some medium must invariably be interposed between the active transducer and the 
liquid. Also, the transducers may be withdrawn outwards from the flowing liquid leaving a 
pocket of non-flow liquid. 

(ii) that the angles of transducer axLc; in upstream and downstream directions with !low 
axis are same. 

(iii) thai there is a uniform flat velocity profile across the pipe diameter. This is true 
only in fully developed turbulent flow at very high Reynolds number. 

(iv) that there is no directional shift in the ultrac;ound beam when it travels through 
the liquid. If the frequency of the ultrasound is less, it causes more interference with the 
medium and thus more directional shift. If the frequency is made high so as to reduce this , 
it would increac;e the attenuation in the medium. 
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4.5.1 Effect of Additional Delay Introduced in the Sonic Path and Elec­

tronic Circuits 

To evaluate the effect of additional delay introdt:.ced in the sonic path and electronic cir­
cu its , a non-flow dependent sonic path element x and an electronic measuring delay Tare 
introduced in Eqn. 2.4 and Eqn. 2.5. Here d = (D/sine), where Dis the diameter of the 

pipe. It is assumed that the delays are same in both directions. 

The basic equations thus become 

(D/sine) x 
tdn = ----- + - +r 

c + v cos e c 

(D/ sine) x 
tup = C - V COS e + ~ + T 

The differeHce between the sing-around frequencies, 6./ will be (19] 

A/ [ 2c sine (x )~2 
sin

2
B (x )

2 ( v cose)
2
]-I 

u = 1+ -+T -+T 1---
D c D 2 c c 

In the perfect ca~e where x=O and T = 0, 

6.f = v sin (20) 
D 

The relative error may be defined as, 

6.f- D.f e=----6..f 

-2csine(x )
2 

c
2

sin
2
e(x )

2
(1 vcose)

2 

e= -+T - -+T ----
D c D2 c c 

As v is small compareu with c, (1 - ( v cos B) /c) ---+ 1. Hence 

E · [ csine(x )1 2 

-=1- l+- -+T 
100 D c 

It may be noted that 
l. Error is always negative (unless (x +er) < 0, i. e. xis negative.) 

( 4 .1) 

(4.2) 

(4 .3) 

(4..J) 

(4.5) 

(4 .6) 

(4.7) 

2. Error is composed of both geometric and time dependent variables. 
3. Error is depeHdent on sonic velocity and hence temperature and pressure sensitive. 
4. If unequal time delays exist in the two sonic directions, it can be shown that the error 

will be dependent on flow velocity also [19]. 



4.5.2 Effect of Unequal Angle of Inclination of Transducers to the Flow 
Axis 

Let 01 and B2 be the angles of inclination of the transducers to the fl.ow axis. It can be 
shown [4] that the error in the frequency difference, 

6.f _ t::,.j = (l _cos (2 6.B)) ( v si~(2B)) + 2 c cos(} ~<>in (6.B) 

when' .:::.o = (fJ1 - B2) /2, and fJ = (B1 + fJ2) /2. 
If c i:o tlH' relativP error, 

(2 
A n) c sin ( t::,.f)) 

e = 1 - cos uo + ---­
v sin(} 

(4.8) 

(4.9) 

Error , G consists of two parts, one constant. part which depends solely on the error in a11gles, 
and the ut her part which reduces as Ou id velocity increases. If 6.(} is small, then 1 lie first. 
term in Eqn. 4.9 can be neglected and, 

c sin (6.B) 
e=----

v sin(} 
(4.10) 

It can be seen from Eqn. 4.10 that a slight. error in the angle of inclination of the transducers 
will cause considerable inaccuracy in the measurement. 

4.5.3 Effect of Velocity Profile 

The ultra<>onic flowmeter is subject to velocity profile errors if velocity profile skewing 
occurs. Velocity profile skewing is imparted to the fluid due to an asymmetrical obst.ruct.ion 
or curve in the pipeline. Even in a long straight pipe the velocity profile varies with Heynolds 
number. Y.A .Al-Khazraji et al. [20] a5sessed the effect of upstream fittings such as valves, 
bends, etc. on the output of ultrasonic £1.owmeters, by creating a distorted profile using an 
eccentric orifice. The percentage change in the output was found to be 5-15 %. 

The ultra5onic £1.owmeter measures the mean fl.ow velocity of the fluid along the sound 
path. However, true rate of fl.ow L<> determined by the mean speed of the fl.ow a<"ross its 
cross section. As a result, an error of approximately 303 can occur in the mea<>urement. 
using ultrasonic technique [2] . 

4 .5.4 Effect of Transducer Frequency 

The choice of ult.ra5ound frequency is the result. of a compromise between the required 
mea5urement accuracy, size of the transducer used to generate the waves, and t.he frequency 
dependence of absorption of sound of the particular fluid. The accuracy of mea5urement 
improves a5 frequency is increased. 

It rnay be shown [21] that for a disc of diameter d vibrating at a frequency, for which the 
wavelength in the medium into which it is transmitting is >., that the main sound energy 
is transmitted from the disc in all directions within a cone of angle a where 0 < a < ~ 
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and \'er~· li1t le is transmitted in other directions. Hence if sound is to be direc1 ed in a 
narrow bean1 from a transducer with a vibrating area of diameter d it. is necessary that 
,\ « d where >. is the wavelength of sound in the medium. If c is the velocity of sound 
in the medium >. = (c/ J) so then the condition for beaming becomes f » (c /d) and the 
angle of divergence of the beam, a = c/ (! d). The beaming requirements thus demand high 
frequencie:'>. Frequencies that are too low result in (i) spreading of the sound in the Ouid 
and therefore attenuation of the received signals, (ii) spreading of the sound in the tube 
wall and t.herefore unwanted coupling between the transducers via the wall. 

The attenuation in clean fluids increases with the square of the frequency [2]. So high 
frequencies result in more attenuation of the sound signals. 

The best frequency in a particular application is therefore one which is not so high as 
to result in a great attenuation and at the same time is not too low to prevent rea<>onahle 
beaming. In common pipes containing water, frequencies in the range 3-5 MHz are the best 
[2]. 
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Chapter 5 

Experimental Set-up and Results 

The experimental set-up for the ultrasonic fl.owmeter consists of water circulation system, 
transducer assembly, electronic circuits, and calibration system. Details of the electronic 
circuits were discussed in Chapter 4. In this chapter, water circulation system, t ransd ucer 
assembly, calibration system, and the test result.<> of the electronic circuits are discussed. 
Finally the overall performance of SAF-2 L<> presented. 

5.1 Experimental Set-up 

5.1.1 Water Circulating System 

The experiment set-up for water circulation is shown in Appendix 8. It consists of a tank, 
pump set, and a set of pipes of different diameters , whose outlet goes back into the tank. 
The pump can deliver a maximum fl.ow rate of 600 lpm. There L<> a bypass line across the 
test pipe where the ultrasonic transducers are connected. By adjusting the fl.ow through the 
bypass line with the help of the valves, the fl.ow through the test pipe can be controlled. This 
system was built as part of the B.R.N.S. project for development of ul trason ic fl.owmeters 
[4]. A venturi meter has been installed in the test pipe for measuring the actual rate of 
fl.ow of the liquid. The U-tube manometer connected across the venturi meter measures t he 
differential pressure across the venturi meter, which L<> used for finding the actual flow. 

5.1.2 Calibration System 

A calibration system using venturi meter is set up for calibrat ing the ultrasonic flowmet.cr. 
A U-tube manometer connected to the venturi meter gives t he differential presi-mre in mm 
of Hg. The fl.ow rate corresponding to each differential height can be found out from the 
calibration curve of the venturi meter. The calibration curve of the venturi met.er supplied 
by the manufacturer is given in Appendix C. 
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5.1.3 Transducer Assembly 

A set up for installing the immersion type piezoelectric transducers has been developed. A 
schematic diagram of the transducer a.'3sembly is shown in Fig. 5.1 Transducers were held 
in pipe plugs which can be screwed in threaded yokes fitted to the pipe at an angle of 30 
degrees. The distance between the transducers can be precisely adjusted by screwing the 
plugs. The yokes are stuck to the pipe with epoxy putty and the inner surface of the yokes 
wa.'3 roughened so a.'3 to minimize sound conduction through the pipe wall. The length of 
the yoke was kept minimum to reduce the non-fl.owing liquid part. 

5.1.4 Electronic Circuits 

The testing of the fl.ow mea.'3urement system wa.'3 done by assembling the electronic circuits 
in bread board'3. The system worked satisfactorily in upstream and downstream modes 
separately. But a.'3 both upstream and downstream loops were put together, both the sing 
around loops became unstable. The rea.'3on behind thi'3 wa.'3 investigated further. 

It was observed that the receiver of one channel wa.'3 getting noise from the other loop. 
To investigate whether the noise wa.'3 getting coupled through power supply, separate power 
supply wa.'3 used for the amplifiers. Then the amount of noise signal at the output of 
amplifier wa.'3 less, but still the transmitter wa.'3 getting arbitrary triggering. ThL'3 wa.'3 due 
to the radiation noise from the transmitter of the other channel. This problem is overcome 
by increasing the signal strength by proper alignment of the transducers and setting the gain 
of the amplifier such that any noise present does not pass through the clipping circuit. Also, 
separate power supply ha.'3 been used for the amplifier in each channel. The secondaries of the 
transformers used in the power supplies are well shielded from the primaries. To eliminate 
the possibility of oscillation of the amplifiers by coupling through the power supplies, RC 
filters are incorporated in the power supply lines of the amplifiers [22]. 

Printed circuit board'3 have been designed for each of the circuits. Considerable precau­
tions have been taken while designing the layout of the PCB's, to reduce both coupled and 
radiated noise. Sharp bends of the tracks are avoided as far as possible. Multi point ground 
system is used to minimize the ground impedance effect. Short tracks have been used a.'l far 
as possible especially, for analog input and analog output signaL'3. Mylar capacitors, having 
short lead length, of 0.1 µF are connected close to the supply lead'3 of each IC for power 
supply decoupling. 

5.1.5 Software 

The output of pha.'3e coincidence circuit is given to the PC/ AT through the data acquisition 
card. A software (a.'3 described in Section 4.3) written in C-language reads the frequency of 
the signal and calculates the fl.ow rate. Actual fl.ow rate L'3 found out from the differential 
height mea.'3ured across the venturi meter. 
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5.2 Test Results 

The flow measurement system was set-up. Initially, the system was set-up with transduc­
C'l'S fur sing-around in one direction and the pulse repetition frequencies at different flow 
rates arc> noted down. The flow rates calculated using downstream transmission and the 
correspoHding actual flows are given in Table 5.1. The value of acoustic velocity of water is 
requir<'Cl fur this calculation. It is found out by installing two transducers face to face in a 
t c·st lwnrh containing water. The schematic diagram of the test bench is shown in Fig. 5.2. 
(Jup of the transducers is operated a<J transmitter and the other as receiver. The rccciv<>d 
signal is fed to the amplifier of the flow mea<Jurement system, thus making the system in 
siHg,-arou11d. The results of t his experiment are summarized below. 

Distance lwtween the transducers, d = 22.41 cm. 
l'ulse r<'petition rate, f = 6.704 pulses per second. 
\ ·alue of acoustic velocity of water, c = f d = 1502.5 m/s. 

It may be noted that the actual velocity of sound in water, at 27 degrees, as reported 
by Lynnworth [5] is 1501.9. 

A plot showing the values of the flow rates calculated using the single path transmission, 
at different actual flow rates, is shown in Fig. 5.3. Fig. 5.4 gives the percentage error from 
the best-fit line, at different flow rates. There is a maximum error of 50 !pm from t hr~ 

be.-;t-fit line. This large error could be due to the effect of delay introduced in non-flowing 
liquid part oft.he system. 

Now, bot h the pair of transducers were connected to the system and were sct.-up in sing­
around. The output. of the pha<>e coincidence circuit is given to the PC and the software 
finds out. t.he frequency of the signal. T he flow rate is calculated using this frequency. Actual 
flow rate is given by the differential height across the venturi meter. Value of differential 
height is entered through the keyboard , and the actua l flow rate is found out from a look-up 
t alile. The values of actual flow rate and mea<>ured flow rate are displayed on the screen. 

The rPa<lings of actual flow rate and mea<>ured flow rate are tabulated in Table 5.2. A 
graph showing measured flow rate at various values of actual flow rate is shown in Fig. 5.5. 
Fig. 5.G slww:> the percentage error of the mea<>ured flow rate from the best-fit line. It can 
be seen that the percentage error is less than 53 . 

The error in flowmeter reading could possibly be due to non-uniform velocity profi le, 
delay introduced in the non-flow liquid part of the system and electronic circuits, or d ue to 
t be error in estimating the value of d and e. Ape.rt fro m t his , the calibration system itself 
lllight be contributing towards the error in t he reading, a<> t he accu racy, a<> claimed by the 
manufacturer of the venturi meter, is only 3%. 

from the value of fup and fdn, the value of c at various flow rates, can be calculat.cd. 
Table 5.:3 gives the value of c obtained at various flow rates . We see that estimated c, is 
a lmost C'011staut. This serves as a verification of the performance of the fl.owmeter and a lso 
its higli accuracy. A slight increase in c could be due to changes in velocity profile across 
t lw pipe cross sect ion wit h increa<>ing flow rate . 
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Although there is a large error between the actual flow rate and measured flow rate, it 
wa.c:, observed that the results are repeatable and the relationship is monotonic. Therefore, 
the curw can be digitized, stored as a look-up table, and used for obtaining corrected 
readings. A best-fit line approximation to the calibration curve in Fig. 5.6 shows error less 

than 53. Hence , a look-up table is really not necessary. 
The equation to the best-fit line is 

y = 0.774x + 23.6 

Thus the calibration relation becomes 

Measured flowrate = 1.28 *(Observed flowrate - 23.6) (5.1) 

A set of readings were taken and the mea.c;ured flow rate was calculated using Eqn. 5.1. The 
readings are tabulated in Table 5.4. · A graph showing actual flow rate and mea.c;ured flow 
rate with calibration is given in Fig. 5. 7. Fig. 5.8 gives percentage error of this measured 
flow rate at various flows. It is observed from the curve that the error is more at flow 
rates less than 200 lpm, and from 200 to 600 lprn error is less than 53. The reason for this 
increac;e in error could be attributed to the low accuracy of the venturi meter at lower flow 

rates. 
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Table 5.1. Actual flow rate vs. Measured flow rate, using single path transmission 

No. Actual flow (!pm) prf Measured flow (!pm) 
1 0 8.9982 40.2 
2 98.0 9.0012 120.3 
3 229.0 9.0091 407.8 
4 274.0 9.0121 509.0 
5 360.5 9.0145 590.0 
6 406.5 9.0159 637.2 
7 444.5 9.0165 657.5 
8 489.0 9.0179 704.7 
9 519.5 9.0192 748.5 

Table 5.2. Actual flow rate vs. Measured flow rate in SAF-2 

No. Actual flow (!pm) Measured flow (!pm) 3 error 
1 0.0 12.0 2.0 
2 40.0 59.0 1.0 
3 96.0 110.5 2.6 
4 185.0 164.0 0.6 
5 229.0 191.4 -1.8 
6 304.5 268.7 1.6 
7 368.0 315.9 1.2 
8 406.0 341.4 0.3 
9 436.0 368.9 1.1 

10 485.5 402.2 0.1 
11 519.5 428.6 0.0 
12 560.0 450.9 -0.7 
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Table 5.3. Value of c calculated at various flow rates 

No. Actual flow (lpm) fup + fdn Value of c (m/s) 
1 0 17.9957 1503.5 
2 98 18.0059 1504.4 
3 229 18.0061 1504.4 
4 314 18.0071 1504.5 
5 391 18.0088 1504.6 
6 436 18.0090 1504.6 
7 468 18.0910 1504.6 
8 502 18.0115 1504.8 
9 548 18.0118 1504.8 

Table 5.4. Actual flow rate vs Measured flow rate with correction 

No. Actual flow (lpm) Mea<>ured flow (lpm) 3 error 
1 0 -6.5 -1.1 
2 27.0 35.4 1.4 
3 70.0 91.1 3.5 
4 140.0 151.3 1.9 
5 229.0 225.1 -0.7 
6 274.5 283.7 1.5 
7 314.0 319.4 0.9 
8 381.5 388.7 1.2 
9 421.7 439.7 3.0 

10 441.5 450.3 1.5 
11 488.5 475.3 -2.2 
12 508.5 500.0 -1 .4 
13 539.0 519.5 -3.3 
14 560.0 546.5 -2.3 
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Fig. 5.1. Transducer assembly 

Flow 
. l"fl(QJC-4i~l'll<l'lt 

.s yste,.., 

j(QllJ~tActf 2. 

Fig. 5.2. Test bench for measurement of c 

44 



1 

800 

/ 
/ 

600 
,,.--.._ 

E 
Q_ 

...._,,, 

3 / 
0 

LL 400 
-0 
Q) 

~ L 

::J 
Cf) 

0 /, 
QJ 

2 / 
200 / 

/ 
/ 

/ 

0 100 200 300 400 500 600 

Actual flow (lpm) 

Fig. 5.3. Flow rat e measured using single pat.h transmission vs actual flow 

r 

45 



8 

<lJ 
c 

5 
-+--' 

4-

-+--' 3 Cf) 

<lJ 
...0 

<lJ 0 ...c 
-+--' 

E 
0 -3 
!..... 

4-

!..... 

0 
-5 !..... 

!..... 
<lJ 

~ 
-8 

-10 

Fig-. 5 . ..J. Percrntagr rrror in t hr flow rate measured in single path transmission, fron1 the 
IH'st-fit li11c• \"s actual flow rate• 

46 



600 

500 

,..--._, 

§._ 400 
....._,,, 

3 
0 

LL 300 
-0 
Q) 
I.._ 

::J 
(/) 

0 200 Q) 

2 

100 
/ 

/ 

/ 
/ 

/ 
/ 

/, 

,,... 
,,... 

/ ,,... 

0 -~,-,..~--.,--.,__,,.--.--.----~,-,-,--..,~,--.,--.,__,,.--,..-~,--.-,-,-,-,..1~1--.--.--,,.--,.--~,--.--,.--,..,-., 

0 100 200 300 400 500 600 

Actual flow (lpm) 

Fig. !i.5. Flow rate measured using dual path transmission vs actual fl ow rat u 

47 



-

Q) 

c 

-+-' 

4-

-+-' 
en 
Q) 

_o 

Q) 

..c: 
-+-' 

E 
0 
L 

4-

L 

0 
L 
L 
Q) 

~ 

10 

8 

5 

3 

0 
600 

- 3 

-5 

-8 

-10 

P ig. 5.6 . Percent.age error in the flow rate measured, from the best - fi t line vs actual flow 
rate 

48 



580 

,,.----.,. 

E 480 
/ 

o_ 
"'"--..-/ 

c 
0 

+-' 
u 380 
Q) 
I..... 
I..... 

0 
u 

...c 280 
+-' 

3 

3 
0 

'+-
180 

-0 
Q) 
I..... 

::J 
(/) 80 0 
Q) 

2 

I I I I I I I I I I I I I I I I I I I I I -20 100 200 300 400 500 600 

Actual flow (!pm) 

Fig. 5.7. Measured flow rate, with correct.ion vs actual flow rate 

49 



1 0 

8 

5 

3 
L 

0 
L 
L 

QJ 0 

~ 
400 600 

flow (lpm) 
-3 ~ 

-5 

-8 

-10 

Fig. 5.8. Percentage error in the mea<>ured flow rate, with correction vs actual flow rat!• 

50 



Chapter 6 

Summary and Conclusions 

A thorough testing of the dual path sing-around ultrasonic fiowmeter, SAF-1, developed 
by B.P.Parmar [4], was performed in the laboratory. It was found that the system gives 
arbitrary reading at higher flow rates. The reason for this instability was, the change 
in relative amplitude level., of the ultrasonic signal obtained at the receiving transducer, 
affecting detection of exact arrival of the pul'>e. Apart from this pitfall, several other 
drawbacks were detected in the hardware set-up of SAF-1. 

A new fiowrpeter, referred to as SAF-2, with an improved technique for detection of 
received signal, ha'> been developed. The signal received at the transducer is amplified to 
such an extent that it reaches saturation level. But a'> this high amplification results in 
amplification of noise and echoes, a diode clipping is incorporated to eliminate them after 
the first stage of amplification. Thus in contrast to SAF-1, amplitude fluctuat ions of the 
received signal does not affect the performance. 

Complete circuit of the fiowmeter has been re-designed and assembled accordingly. The 
transmitter and amplifier have a much better performance than that were used in SAF-1. 
The puLc;;e width of the transmitter output i'> 200 ns. The amplifier has a bandwidth of 
45 MHz. This wide bandwidth overrules any chance of distortion even when highly damped 
transducers of 5 MHz are tL'>ed. High speed !Cs have been tL'>ed in the circuit to reduce t he 
delay introduced by the electronic circuit. Metal film resistors of 13 tolerance has been 
used in the timing circuits. In SAF-1, the high voltage required for the puLc;;er was taken 
by connecting the 0-30 V standard power supplies in series. Instead of this, a high voltage 
supply of 200 V has been developed. 

A set-up for in.4'talling the immersion type transducers have been built. In this set-up, 
the distance between the tran.c;;ducers can be precisely adjusted. Also, precautions have 
been taken to eliminate the transmission of acotL'>tic wave through pipe. • 

To reduce the effect of jitter in frequency caused by any obstructions in the liquid , a 
low pa'3s filter is incorporated at the output of pha'3e coincidence circuit. 

Although efforts have been made to eliminate the sources of error, the actual refillings 
given by the system far from accurate. Thi'> could be due to the effect of non-uniform 
velocity profile created by obstructions in the pipe, such ac;; valves, bend'> etc , or lack of 
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perfect turbulence in the pipe. However, it wa.c; observed that the results are repeatable and 
the relationship between actual flow and mea.c;ured flow is monotonic. When a best-fit line 
approximation of the curve wa.c; taken, the error wa.c; less than 53. So for further calculation 
of flow rate a calibration factor is evaluated from the best-fit line. 

A major source of error in the result could be the delay introduced in non-flow liquid 
part and electronic circuit. When the flowmeter is operated, with the transducers mounted 
outside t.he pipe, an additional delay will be introduced by the pipe wall. One way of 
getting rid of the effect of these additional delays is by taking the difference of transit times 
in upstream and downstream directions. It would be worthwhile to try out this method 
a 11d make a comparison of the results. But in the time difference method, t.Jie calculation 
d1'pc•nds 011 th<> acoustic vf'locity of fluid. As the velocity of sound varies with temperat urc , 
pr<•s,.; 1m>. and density, compensation for velocity of sound is necessary in this met.hod. 

During the operation of the flowmeter a slight variation in the the pulse repct.it.io11 
freque11cies wa.'l noticed, even when the liquid is stationary. This could be due to the 
tolerance of the pa.5sive components used in the timing circuits. This ha.'l to be investigated 
further. 

Effect of possible error in angles of transducer axis can be eliminated by switching the 
same pair of transducers in transmit and receive mode. But in this ca.'le the pulse repetition 
frequencies have to be stored to find out the difference of frequencies. 

T he flow measurement system may develop instability if used in pipes of larger diameter. 
The magnitude of received ultrasonic signal may become comparable with the noise signals, 
thus causing spurious triggering. In this ca.5e transducers of better sensitivity would have 
to be used. 

The system developed, wa.c; tested for flow rates in the range of 0-600 lpm and is having 
an accuracy of 5 3 throughout this range. 
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Appendix A 

Specifications of the System 

A.1 Transmitter 

Output: Negative spike voltage 
Amplitude: 50 to 180 V 
Pulse width: 150 to 2800 ns 
Input: +12 V pulse of 3 µs minimuum width 
Damping: 50 to 1000 n 

A.2 Amplifier 

Bandwidth: 0 to 45 MHz 
Gain: 0 to 45 dB variable 

A.3 Transducer 

Frequency - 5 MHz 
Frequency Tolerance - ±103 
Bandwidth - 65 - 1003 
RL<>e time cycles - 1 
Decay time cycles - Instant 

A.4 Calibration system 

Instrument used - venturi meter 
Range - 0 to 1500 lpm 
Accuracy - 33 
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A.5 Overall specifications 

Range - The instrument was tested in the range 0-600 Jpm 
Accuracy - 53 
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Appendix B 

Water Circulation System 
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Appendix C 

Calibration Curve of the Venturi 
meter 
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