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A bstrllct

RASTR AN ( Remote Aeousue Sediment T RANsport tneasure nrent] Sysu-m
I hall b('('11 used in laboratory trials and {1('lllo)·('(1 in near shore Joearione Ol..~

pa rt of several field expl'riments . The system 0Pl'rllt<>s at t hrl'l' f[l'{llll'nell'S,
1, 2.25 and 5 Mll z, ever II range of ap proxima tely I m, with resolution of
about 2 ern, A cent ral concern has been the pro bable orrcrs in 5l1S(ll'llfl l' d

sediment ec neentr a tlon and size derived from til l' bl\(bcall et llata. Auin­
version algcrlth m based Oil th e dlffere nccs in back seau ered pressnre ampli,
tude at the three Irequenelcs hll3 been develope d. Labc ratcry cxperinu-nts ,
measu ring mulfifr oqucney bark scat tor feom a tu rbulent eodiment -e artylng
jet , have been used to calib rate the syste m and to test thelnvcrslcn algo­
rithm . Concent rati on and sizes inverted from fi('1d and laborlliory dllla u('
comp ared with results from a prevlcusly developed algorithm bllS('d on sign1\1
ratio s. Invert ed concent ration s are also comp ared with Opl ical B1\tkscllUer
Sensor ( OBS) d ala collected duri ng th e field expe riment. This la.lesl inver .
sion scheme is less sensltlve to erro rs ari sing Irom low signai levels, lncrl'Ming
th e sizeftencen t rat ion measure ment range to r('gions of lower een eenueuen .
T he concent ratio n results agree well with the independe nt Oil S dll.tll..
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Chapter 1

Introduction

Various l1I('itUShave been used Laobtain field measurenn-nts OfSI'I1JllIl'lIl

transport in near shore environments . 111 ,~ il u and remo te technique s hav...M·

scela ted advant ages and disad\·antageo;. It is difficult to design adiroet sam-

piing system whichdoC!> not disrupt natu ral flow, has l'1'asonabtl' tl1l1lporal

resolution and is robust enough to withstand sotrll.'til.,l's violent wave action .

Moderate success has been obtain ed using pumps [Jonse n and Sorensen,

1972; Renger, 1986J, and dlver-cpeeated traps [Kan a, 19761. Other mea-

surements have been carried out using sensors whicll detect impadin g sand

grains (Soulshy d at , 19851.

Optical methods orrer minimal disruption of the arl'a under cbsnrva-

12



tkm exr ..pl vo:o ry neat the h..d, lU 1',' e11a.~ murh great l'r temporal resolution.

However, t arl'fu! talibration of these lnetruments is necessary to obtain abo

s" lut(' rneasuros. Optical at tenuation devke s, such as that reponed by

Hronuinkuu-yer [1970]. ha ve ohtaincd r<'liabl(' ver tl ca! densit y dist rlhuticn

W (' IlMlrr'IIICllls . Optic al backscatt er measuremen ts have bee-n widely used

wlth good results /Ilown ing dill., 1981; Hanes and Hun tley, 1986J, t hough

these Inst ruments gt:>nN ally monitor a single point above the seabed .

Acollstic metho ds have been frequent ly used for the detection of sus­

ponded material in the ocean over the past decade . These offer the same

ad vantage s as optical method s: fine temporal resolut ion with very litt le dis­

t urba nce of the a rea under stu dy. T he main advan tage of acoust ic over

optical system s is that , due to the speed of sound in water being much

less than that of light, range gat ing is feasible so acoustic' systems can be

lISI'd to obtain backscatter profiles with cent imeter resolut ion. Most devel-

cpment has been in active systems which survey an area with tr ansmitt ed

sound. The sl' systems can measu re attenuation or inten sity of scat tered

ene rgy. T Ilt' Ultrasonic Doppler Scauercmeter (UDS) reported by Ja nsen

119i9]a nd Schaaf sma and der Klnderen (198:i] is an example of an active sys-

1('111 which IlW MIIT(' S concent ration and veloelty simultaneously from sound

sca u ered by moving particle s. Less common are pass ive systems. such as

13



tha.t described by Th or nl' 1 19"~61 ...hirh dl'll'f't lt ,...I r.~nl'r;\ t l"d noiw . . th ..

eec usue t ner&y rtlf'a.wd whl'n par tid('S eollide AA th.., mc v.. .alon,; thl' bed,

T he RASTRA N ( R(,nlo tl' .\ rOllst ir SNl irl\..nl TR '\N~I >o rt 1,·~ t " llI l Sy ~.

rem I is a m ult i. frl'q ul'nry acoustic har ksra t tr-r IIII'a.;ur{'lIll'al sp .ll'm Ill"

t rat ing Olt I , 2.25 and !i Mllz. (I thcr earlier b;\r kM'a,Ut'f IllcM,n inl: sys­

tem s [T hor n I' ct /lL, 1901; YOllng cI al., 19"1 ; l.yneh, IOH!i; 1I;\" c5 r ! af.,

1988; Libicki and Red for d, 19~!li Lynch cI fll. , I!101) 1I]lt'falr' d a t a sin-

gil' frequen cy . SilllllltlUl!"OllS beekscener at several frl'f/urn d M nffrrs mnr<'

informat ion a bou t til l' suspen ded scaucr ers and , in princi ple, r('5oh'l'5 thf!

size-concentration amhi!.uity inheren t in l ingle fn '<jllt'nc}' har k5C'atl ..r.

IIIweve-dcmteeted anu, sediment is ew ned by bedloa d and sUltp..ndrd

Jcad [Sleat b , 19M]. Bedload ecm priees thO$(' par tirlt'S wh ich move iotl'r ·

mitt eptly alo ng tbe bed wit h t he mu.imum impulse cf t he wa~ adiO Il and

come to rest duriog each wave period. Suspe nded Inad incJud l:'l t LOS('"...rt;.

des which ha ve been IiItl'dli p from t he bottom an d can ,emaill lu5pend~ by

turbule nce for 5evt'ral wa ve cy ckol. Accu ra.te der emrl natlo n of conrentrat ion,

coupled wit h veloc ity measurement , is neeeesa ry to u tra ct suspended sedl-

ment transport . Size profile s are a significant ro nt ribn tion to IInde n ta nding

of t ranspor t , as 5ctt ling velocity is dete rmined primarily Irom part kh! di­

am eter [M urr ay, 1970). Sedim ent t rans po rt by brd! olld is larg"ly Cf'Ihfinf'd

14



lo t il.. near -be d l'f'j!;ion where eon rentrntjons of s('attl'Cl'U are very high, cut

nf I iiI' rl'ahn of the pr-esent type of acous t ic measu rement,

!' TN'i,m5 I'fTnrts hy ether gr oups have been almo st exclusively directed

tnw;,rd uhtaini nl: roncoetreuo n only, relyin g on ass umptio ns, grab sampling

nr in "ilu trlC'tholls Sll d l as laser difTractometry for determluat lon of size,

Both of ti,,' latter a re eounter-prodecrlve to tIll:' maln goal s of remot e scns­

ill':: " "'lllirmNl above , Lyneh a nd AgrawaJ [I!J9J] have de veloped a size in­

v('rsiou llll'l hod lH1wd 011 th(' size-dependence of pa rticle (all velocity from

I'stahlishe.1 oquilihrium boundary layer prcflles. Their p rocedure is suit­

able ror lise with both optical tra nsmissomelry or single- frequency acous-

tic hat'k~catter systems, thollgh their res ults are d ependen t on the specific

boundary layer mode l used, Multif requen cy backscatter has been used with

Snll\l' success In determlnlng size distribu lions ofoceanie zoopl anktoD popu-

lal iolls IHolliday and Piep er, 1980i Kristen sen and Dalen, 1986) and bubbles

[Medwin, 1970 and 19771.

An lnverslo a algor ithm for size and concent ra tion has been developed

for usc with the llJulti freq uency backscatter data collected using RASTRA N

System]. The extraction ofslze is bas('d on the difference be tween backseat.

tored iulellsity at 3 di fferent frequencie s . Concentration is calcula ted from

tho estlmate d Sill'. Pre vious work [Sheng, J!J90j Sheng and lIay, J99J] used



a n ('a rli('r algorithm based on lIla t ch in/t ratios or ~iF;lIal levels t e theoretiral

r atios. Th is sche me break s down at low sign lllln('ls. Thl' nr-w ,J~orit hlU I~

not pron e to thi s error anti as a r('su lt l1l(' timl'·a\'('fa!:l'd inve rte d p ro lill'!'

are mor e sta ble in Tf'jI;iolls oflu w rouec ntrat ion.

The following rontalns a description of RAST RA N In la huratory and

fielddeploymen ts. The basir t heory o f arous t !r hMksfatll' r fro lll a ro!ll'rlilJlI

of rand omly orlented p~rtjrlrs ill rlisr ussed l,rir B.v, witll ulf'lIt ion of farturs

specific to RASTR,\N . T he inversio n algorithm is de srrihed an d rmll ilarrd

to tho algori thm developed by Sheng . Re sul ts from laboratory alld field

experim en ts wi11 be presen ted, wl th further compa ris on to pr., ,,,ious results .

16



C hapter 2

Measurement with

RASTRAN System 1

1'11(' IlASTRAN sys tem has been used in both field and laboratory ex­

ll{'rimenl~. The en-land or ~dry" part of the syst-m remains largl'ly the

same in hath cases. A descriptio n of the specific un derwater or "wet" sys-

tom de ploymen t inboth caseswill be given in the following sectio ns. A more

detailed d('scrlpt ionof the system is Kiven by lIay tl al. [1988].

Transmitt e d ~iglla.ls are generated by Mesetech Model 810 immersible

arous fle solllHh 'rs OII('fM illg at t he three frequencies: 1, 2.25 and 5 MHt.

The rl' ( riv{'<!t<ig ual il< TVG (Time-Variable Gain) amplified, co rrect ing for

17



at tenuation an d spllerical sp eeadlng , and hete mdynod de wn to ·IM \IIll.

Th e system is shown in Figurt' 2.1 in diagramatir form . Anlll il,ilion of til('

da ta, as well as triy;eTing (If th(' tt a.l1 sd u('r r ~ . ls controll l'd by EX,\ n ,\C (an

Expandable Aroustlr Data A(' (IUisitioll syslrml[ llay ('I Ill.• l!lllKj. EXAIU ( '

consists of a CAMAC [Compu ter Al lIOlll atr d MI'a.~ lI rrl11 l' lIt an d Control]

craie whirh controls severalplug-ln mo dules: a IA'Croy 8r;0 1 1Iro~rammalllr

clock, a LeCroy 6810 programm able tr ansient rerunle r and a Lefjroy 8901,\

G PrB cont roller which inter faces with an ex l r rll,~1 mierc computer, Till'

acous tic signals are full-wave rr d ilied a nd jew- pass lillerI'l l in an I'nvl'lni'1'

detec tor before AID ecnveeetcn at 'l00 kll e. SOllll'av('raging is done !JI'rorl'

dat a is stored in order to reduce statis tical fluctuation s (lIa y, 19831. Ulluall)'.

a e-plng ensemble-average is perf ormed , followed by block-averaging of 3­

to--5 adjacent samples.

Lar ge amounts of acoustic da ta arc accumulated in ver y short period s or

t ime. In the field experimen ts , for example , a single 6.1; minute run wit b 4

channels pro duced 1.2 MByt es of binar y data. In ti le pMt , !I-l rAl"k map;nl'lic

tape and floppy disks have bee n used to store the data. Cu rrently, lIigit al

Audio Tape (OAT) syste ms a rc being used as a llIean s o r e fficient ly dNlJinJ!:

with th e large quan tili es orin formation .

18



Figure 2,1: Block diagram of RASTR AN System 1, including the EXADAC
system.

19



2.1 Labor atory Experiments

La hc ratct y t rials bo t h (or rali l'r ation of t he ~~'st l'lI1 and 'l."I'X lu' ri llll' lIl ~

in their own righ t have b ee n rorl dl lft f'd ill a la rg.· ta nl; rUlIt;ull illJ!:II r..etn-n.

lating sediment laden je t . A d ia~ra l1l of thr- tank and the ll AS TIl AN "wI' IM

system is shown in Figu re 2.2.

Th e "dry" part of RA STll AN ill t his a l' pliral ioll is as d" srr illl't! peovl-

ously. Contro lling softwa re ense tuble -averago 1111,' d i~iti l.rd d at a [rom Iuur

backscatter profi les for ccnseeuuvc pulses ( t ra ll ~ rll i tt ('d at 10 ill S lnter valx],

and block- averaged ove r 3 adjace nt saUlI, l.. poin ts, so tha t c ar ll rorordcd

data point represents 12 samples , In this mode, the range rr ~ol ll tion is J.I

em, and the sys tem ac q u ires ave raged ba ckscatte r prc flles a t a ral(' of 6.5

Hz {Hay, 19911.

T he tr ansd ucers a re m ount ed as shown in Figure 2.2. AUt'hllation a nd

beam pattern measure m..nt s a TI' o btaine d with a. 2 m ill dia lllf'l l'r IlTOh f' IIy-

drophone at 2.25 MHz and the 4 .5 Mllz first bannonte. On ly these fCs ullll

for the fundamental freq ucncy ha ve been used here. Veloc ily in the Ft

WlUl det ermined with a Mar sb.Mdliwl'y Mod el 523 <'!l't l rnmagnrl ic eu rrcnt

mete r wil h sensor s mounted on a ~ IIII!'rical pfohl! 1.3 f ill ill d iametN .

Th e jel itselfis supp lied by I\. pu mp sys tem. Nfl1.7.le veloci t y is w ul roHI·!1

20



THROTTLE: SECTION,

FigurE' 2.2: Con6gurationoflabo ratorytanksetup,side-on (from Hay,1991J.
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bya th rottlin g section in tl)I'11050.> line. Sand suspee ded in the jet is eollc r ted

in 11 large rone at th.. bo ttom of Ihl' lank . A lip at t h<" rone (',11:1' d ('fll'r l ~

t he ex cess !lOll" due 10 r-ut raiutnent bytho jet Inward so tha t saucll11ss fWIIl

the recireulatillg S)'stl' llI ill minimized. The flowvelocity through the hOM' is

high enough tha t , except for the largest particles (<125.500 jl lll in clillm<,lw),

sett ling does not creur the re. The uceale is 2.0 em in dia lllctrr, ....ith a

typical measu red disrh argl' velocity of 93 em/ s [ll ay, 1991]. TI ll' 1t"Ylll'hl's

number in this fMC is 1.8 )( to", large enough that the flow is flllly l ll rl ll llr ni

throughout the hose and jet.

T he J-Iube shown in Figure 2.'2was need rOT sam illing s llsllrnd,'" sed-

iment concentr at ion, a n d is moved well awa.y Irom the je t whe n a.cOllslic

measu rements a re bein g made. Su ction through the t ub e is dri ven by ~rav.

ity a t typical veloci ties o f 150 cm/ s [lIay, 19911, Cric kmore an d Aked 11915J

have outlined req uirem ent s for p roper u .rnpling using this method: flow vr-

locity in th e suct ion tube greater than t he par ticle settling velocity (ab out

8 cm/ s for 500!Jm diam et er grai n!), greate r than th e jet velo ci ty (abollt 40

emls at the measuring p oi nt) . an d the intake directed into rh o flow. In the

exper iments reported he re, four ap proximately lll tr e samples we re eollec ted

far each measu re ment, an d the stan da rd deviatio n in t he conren trat iu n de.

tennin ed from t he fou r sa mples ranged betwee n 004%an d 1:1% , 5-7% IwinK
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IYllital. This gnvc a sta ndard erro r for the suetlon measu rements of conren -

tration of :l% [lIay , 19!11J.

I'rnp" rljf>sofpMlidl'sll sedintll", laboratoryexper]ments (dl.'nsit)' ,COIll-

pr ossinnal '111..1shea r wave veloelrles] are shown in Tab le 2.1. Load -glas s

1I('ads ar c a t1Sl·ful cal ibration tool, as they have been studi ed extensively

[Hny and Srhili\f';lIla, J989) and have well known propert ies. The sand used

was from three cxpc rhncnralloeat jons: Bluewater Beach, Ontario; Stanh ope

Ikarh , P rince Edward lsland; and QUef!nsland Beach, Nova Sco t ia . Sand

,;rain s from these three location s ccnsl et mos tly of qua rtz, and physleal prop -

ertles of pure qua rtz., as listed in Table 2.1, have been used in calc ulat ions.

Size fract ions were separated into I/4- phi inte rvals by sieving , acco rdi ng to

the procedu res desc ribed by Car ver (1071). On the logarit hmic phi-scale,

part icle diameter in mm is given by 2- Ph!' • Sieve size fractions, median

enameler and non-dime nsional median radius for each fraction are listed in

Tab le 2.2.

The 517.e spectral density lI(a) for natural sand has been assumed to be

log - normal (~I\l'ng and Ha.y, 1991J, i.e.

U(lna) =:_'_", ( -(lna- In a,)2 ) (2.1)
.,.t2i"1ncrg 21n2 q g

where llg is thl' g<,o11ll'tr ic mea n radius and In2 C1g is the variance of In a .

23



Tab le 2.1: Physical properties of particle s at 20°C• • From measured trllv,,1
times of cOlllprl'ssionaJ or shear waves at 2.:.15 Mllz fll ay and Sdmllr"llHl.,
1989J. .. Sound speed in water was calcula ted fur nSMinityS :::0 llpt l1"i111;
the relat ion given by Clay and Medwin [1977, " . :1).

Size Fraction d X ", k, ll
[xl 0- 6m} (x l0- SmJ J 1'.1 111 2.:.!.5 I , s I,

90.0 - 106.0 98.0 0.21 0.41 1.04
106.0 -125.0 115.5 0.24 0..5.5 1.22
125.0 - 150.0 131.5 0.29 0.60 1.46
150.0 - 180.0 16.5.0 0.35 0.19 1.75
180.0 - 212.0 196.0 0.42 0.9·1 2.08
212.0 -250.0 231.0 0.49 1.10 2.45
250.0 -300.0 275.0 0.58 1.31 2.92
300.0-355.0 327.5 0.69 1.56 3.47
355.0 -425.0 390.0 0.83 1.86 4.13
425.0 -500.0 462.5 0.98 2.21 4.90

Table 2.2: Size fractiofil at 1/4-phi intervals. Sound sp~d in wa.ter is 1-182
m/s (Tempera ture =20oe,Salin ity =0 ppt). J and 11 represent the part icle
diamete r and radius at the mid-point of the steve intervals.

Natu ral [unsleved] sand types from tho: three locations mentioned above

were used in the laboratory experiments. Characte rislics of these san d types

are listed in Table 2.3. d50 Is th e median diameter by weighl and dill and

dS4 are the diameters of the 16th and 84t h percent ile in the cumulative Sill!

dist ribut ion. Sets of experiments with each type 'of sand involvedjnc rl'a~i lJ g

the concentrat ion between runs by adding mere sand to the jr!t. For tllP.



Table 2.3: Sizl' dis tribution paramete rs for natu ral sand from thl' locations
list ed,

rXI'l'filll("nts !Isingnarrow(1/4-phi) sill! Irartione, measurements weremade

al a single roncentratlcn and all sand was removed from the recirculating

liystl'lIl between runs .

2.2 Fi eld Deployment and Experi m ents

The field data were collected at Sta nhope Lane Beach, Prince Edwar d

Island, d uring Octo ber and November 1989, du ring a collabora tive experi-

ment with groups from Dalhousie University and the University of Toronto.

T he deployment of the "wet" side of RASTRAN in the nearshore zone Is

shown in FiguTt"S 2.3 and 2.4. RAST RAN was positioned 200 m offshore in

a mean water dept h of approximately 2.2 m.

Raw samples incoming to the syste m were 4-ping ensemble-a veraged,

then 5 ad jacent sample points were averaged so that there were 20 sam-

plcs per s tored data point. The 4- pillg averaged profile acquieltton rate

was approximately 6.6 1ft with a range resolut ion of about l. 8 cm. Raw
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Figure 2.3: RASTRAN Dunbore field deployment: profile of th beach
topog raphy a.t Stanbope Lane Beach (from Sheng and lIay, 199IJ.
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backscatter \'olt agl' data fill's containing 2600 4- 11ing a\·('ta gl'd llrofil l'~ Wl'T1'

acquired ever app roxima tely 6..'i minu te intervals .

At Sta nhop l' Lane, four tr ansdur ers operatin g at t]lf{'(' Irequencios 11,'1"11'

mounted , along with var ious other sensors, on a franll' anchored til I!II'

seabed (Figure 2.4). Opt k al barks cat.tcr data were collected simultan eously

by six Opt ical Backscatt er Sensors, t1lr('(' at eac h end. Each array WM set

to monito r concentr atio n at nomlnalhelghts or 5, 10 and 15 em above tho

bouom . Six electr omageetlc Ilcwmeters were dl.'ployt"d as two sets of tllrff ,

one group at each end of the frame, a t I,eights of 20, 50 and 100 rm. A

pressure sensor was also ind ulled on the shoreward end of the frame. The

heigllts above bcuom of the sensors are only a pproximate due to movement

of the seabed. OBS, cu rrent meter and pressure da ta were logged by t hl'

Dalhousie University UDATS system [Hazen et al., 19871 for 1/ 2- l1our pe­

riods, usual ly overlapping 4 RASTRAN runs. ons data from &ensors 10,

II and 12 ate not availa ble du e to failure of a con nector, so concentration

level comp arisons W'emade here using the 0 85133 data, separated by 1.'1

m from the 3- ftcljuency trans ducer cluster,

Data to be presented here are taken from 5 se:1II of run s on 3 differrmt

days, as listed in Tab le 2.4. Conditions on these days were such that tile

dat a sets can be separated into categories by relat ive wave energy ; high (II ),
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inl I'TlII,.diat p (1) an d low ( L) (Slllmg, 1990J.

Table 2.4: IlASTRAN da ta files select ed for comp arison s. Run numocr ls
J ulian day followed by the consecut ive number of t he run d urin g th at day,
U1/ 3 is the sig nifica nt wave orbital velocity, and Tp Is th e wave p eriod at the
Illllinl"·akin thc('II i"flU' SPcclfllllJ.
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Chapter 3

Acoustic Backscattering

Theory

The following section contains a hrief discussion of the thoory of acoustic

scatte ring with reference to the spl!(:i!kcase of lJ.1.rkscaU,.r from a rellecfion

of parti cles. More detailed versions of thi s treatment can Ill" found in work

by Shen g [1990] and Hay 11991]. or in more genera l terms, in MOrR(' and

Ingaard [1968].

Consider a monostat ic system, in which the same transducer is used

both to transmit and receive. Such a system detects acoustic pressure which

has been backscaltlJrcd from object s in the path of the transruittcd b"a m.
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ASSIl IllI' tha t the scau ercrs M e randomly and homogeneously distributed

i\crms the main lobe of the transducer beam patter n, and that the re are

runny of them. Sri\ul' rpd Wi\Vt'S retur ned to IIII' transducer arc assumed to

be iurohl'rent. A transmltt ed pulse of durati on T will define an outwa rd

moving volume, within which scaue rers reflect some acoustic energy back

toward till' tra nsducer. The geometry of the problem is shown in Figure 3.1.

Nl'gll'rting multi ple scatt ering and assuming a freely moving, elastic,

sJlIINiralsratterer, lhe intident pressure amplltude Is given by

Pi =7DI!XP ([i( k~r- wt )J- aor-.6.) (3.1)

where f is the rallial distance from the cente r of the t ransducer face and

r > r t • Pr is a reference level for the on-axis pressure at distance ft. D

is the directivity of the t ransducer. Th e att enuat ion due to the ambient

Ouid t 0'0' is considered to be constant over the range f, and depends on the

salinity and tem perat ure of the water (Clay and Medwin, 1977). .6. is the

integrated scatte ring atten uat ion,gi ven by

(3.2)

where n. is th(! scatte ring atte nuatio n eoeflldent, which will be discussed

further in a la ter S('CtiOIl , k. is the compressional wave nu mber in the amblent
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Figure 3.1: 8acb c&lte rin&seome try for a monash,tic If l tern (from Shens,
1990].
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nlllll, and w is t ill' angular Irequenry, The factor exp(i(k~T -wt)J will be

where X == .1.:<(1. Here, T is from the center of the scaucre r. f"",(X) is the

Inr-field hackscaltcriuG form factor. Tilc aecueue far- field, in this case, is

till' r'ii:ion surrounding the scatterer wherok<r);> I and T > a.

At the transdu cer, the backscatter from a collection of scaue rers is the

slim of the beekseaue r from each particle found in th e detected volume. For

a rcctangular pulse of du ration T , the detected volume at range Tois given

by

Vd '" j r
o
+

Sf r: fO...T2sin{3d/3d6dr (3.4)
' a- Sf 10 10

where{3",is the angle to the first zeroofD. There is virt ually no contribution

from the ~it! e lobes which are below - 12 dB from the main lobe maximum

[Sheng, 1990). Beam pa.Uern characteristics for the trans ducers used are

listed in Table 3.t. Assuming uniform size and const ant concentr ation for

tbe scat terersin Vd, the mean square pressure barkscattered detected by the

transdllcerls given by
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Table :J.I: P roper rlee of t ill' trandurr- rs. r = 1·IB2 Ill! ", for T = :lOoC.
S = 0 ppt . {Jo is tlll!.:J dU widt h of the h('lIlll pattern. II" ill the tMill s " f
the tran sducer face and 4; is the cDcclil.'Cradius, d<'tNminpd by Iittiu~ a
thecrerleal beam pat te rn to m..asurod values. R~ = 1tn:!), ill til.. fnr -Ill,hl
critical range.

The atte nuation coefficlent 0- includP5 attenuation due to l!lt' amhient Buill

and eeau cting auenuatlon c-.

A
0 = not-;- (:1.6)

The rmal att e nuat ion [llay and n urling, 19821and ViSC01IS r fj'pcts (ll ay and

Merr.er, 1985] can be neglected for quartz par ticles in the sand size rangl' in

laboratory and field experiments. If the number density of sceu erere, N, ill

independen t of (J and 8, a nd To " T' Equation 3.5 can be written lUi [lIay,

1991]

where a..., ll.., and N(r.) refer to values at range r•. Su bst it ut ing

(:I.H)



and

(3.9)

1 ~ 11/...11111 [1 ( Om D4 . PdP]exp[- 4a.r. ]CT N( ) _Asinh B
< I' :>= p.r.-, - '11"1

0
sm - -'l-2" r .. r. - 0 - ·

(3. 10)

Nol l' that t his appiir-s to the cas e where N is on ifor m over th e detec ted

volume . Thi s may not alw ays be valid, as will be disc usse d la ter.

Th e volta ge outpu t fro m t he t ra nsduc er (v) for a give n inp ut mean

squared pressure depends on a system sensluv lty consta nt, SN -

Th is rcns ta nt factor is det er mined empirically. Not e t hat t he fac t or c- 4"'or·lr~

has been dro pped from the ex pression - the volta ge ou tpu t from the tr an s-

durers in t his application is corr ected for this att enuation and spreadi ng loss

far tor by T tmc-verlable Gain (T VG) amplific at ion in the rece iver.

As~t1ming spherical scattorer s with dens ity ';" , t hen

(3.12)

where AI is th e mass ronrent ration of see t te rers. Using this rela tion, Eqaa,
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tioD3.II (ilD ~I't''' riU t'n ll.5

•....here the relation SL = 3Sk/4~ has bN."D IIII'd. A lI5l1l11plioll l llll uJ(' in thl'

derivation of Equation 3.13 art' not limitinr; In rnOlt c;\.~. Sh"ng and lIay

(19S8Jdl' lerlllined that thc6 ing!('sc:aUcr;ng llSsIIIIlIJ tioll is Yalid for sraUl'rl'r

concentrations typically found In laborat ory amI most fil'll! I'xpl'Tirnl'llb.

This is supported by more rigorous tr eatment by Varallan d ill. 11[183].

Hay (1991] found that labora tory meas ured scat tering AUl'nuali on i ~ linear

with ceeeeei rancn up to 30 gfl, vl'rifying thAt multiple aca ttl!ring is hot

significant over this range of COhCl'Dt, a t ioDl. As willbe seen, inhomogl"ncity

cf seenerer diatrib utioll within the dehdPdvolumecab be a factor in It'r;ionl

of higb concellt riltion gradient .

Equ tion 3.1311 the basic equation rd ...tinJ; the sllt' ilIld ooncentrat ion

of scatt erera to measu red volta ge. Estimatl'll of cOllcentrat ion and slze Cotll

be obta.inPd from < tI' > only after the calibration fact or SM has been

determined ...nd the frequency/ size dependence of lhl' backscatt l'ring form

fa.ctor is known. Th e calib ration procedure hM been described by lIay

11991]. and il limll.'\Tto the gl'nerallabo ratory techniques llescribed in See­

tion 2.1. Bac!tscat!.er meas urements arc made from g1Il.1iShl'lUb of Yariou ~
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~ ill'll 5 11 IlP~ lI d t'd in the jet. For concentr atfc ns of scaue rers small enough

that A, n .... 0, Equation 3.13 can be writ ten as

(3.14)

where X = ken, MQ is the measured centerline concentrat ion, 1/0091 is the

baekscaue rlng form Iartor for load- glass beads in wa ter and

1 [ 2i1.1' ~I.:= s;:;r.er (3.15)

Previous work (llay and Schaa fsma. 1989) has shown lhat the theoretical

form Iactc r, 1/00111, lits experi menta l data for the total scatt ering cross sec-

lion, and glass beads in suspension as standard targets have been used to

obtain system sensitivity const an ts , SM. Everything in Equation 3.14 is

known except SM. Result s of cal ibrat ion experiments performed by Hay

[1991] are listed in Table 3.2. Su is dete rmined by least-squares fit of th e

values determined from Equ ations 3.14 and 3.15.

Table 3.2: System sensitivity const ants for the three t ransducers, labelled
hy frequency in Mllzand ident ifica tion lett e r.

37



3.1 The Acoustic Backscattering Form Factor-

Ifro(X )1

The baekseat wr form factor for nat ura l sand has hor-n ~ l llll il'd in detnll

by oth ers (Hay and Mercer, 1985; Sheng, Hl86j lIay and Sr haa fsum, 1 !l~9 1,

and results of these studies have been used in t his work. The lIcllttl' fed

pressure from a solid d ast ic sphere can be writt en

p. =~ [_,2.f: (2fl+1)(- iA..)P,,(COS 9)] exp[jk~ rJ
2r ',,=0

=~/",,(8,a)exP(jk~"1 (3.16)

so tha t

2 ~

1".,(8,a) = - k;i ,?;<2n + l) iA"P,,(cos8) (3.17)

The P,,(cos 8) are Legendre polynomia ls and 8 is the scatt ering ang le. Thl!

quantity 1/",,1 = (f".,/~)1/2, where" denot es the complex conjuga te , relat es

the amplitudes of the incident and scatt ered pressure waves. For t he CIISI!

or backscatte ring, 9 =:11' , The complex amplitude coefficients, A.., a re of~en

writte n in term s of fI.., the phase shirt of th e nth partial wave Ilia y and

Merce r,1985J , suchthat

iA.. = sin17.. exp[- i'lnJ = 1 ~~:':' '/.. (:1.18 )
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TIJ.. pllasr sllifts an' given by fFll.ran, 19!)I ]

where

lall41.. ", (3.20)

T ill' terms tann" , tan {J"and tan 6" ar e rat ios of spherical Bessel functions.

XI =k:a , II' =k~a and X =kea, where k: and k~ a re the compressional and

shear wavc numbers in the scau erer. Physical properli es of the scen erers

enter Equanon 3.17 through the tan +" term in Equation 3.19.

Sheng [1990J proposed that the theore tical result for spherical quartz

particles cou ld be modified to fit experim ental form factor data for natural

sand Krains. Figllre 3.2 shows measured values for 1f"",1 for sand, taken from

experiment s perform ed in the suspended sediment jet IHay, 1991). Th e

short- das hed line in Figure 3.2 is the theo ret ical form factor for a rigid,

movableeceucrer, while the medlum-dashed line is Sheng' s semi-em pirical

result . The semi-e mpirical form factor which has been in troduced is based

on the theore tical result, with smoothing and st retching -
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Figure 3.2: Backscatter form (actor, If""l.tor nat ural sand ll:nUD. in water.
Short -duhed line is tbeor)' (or rigid, mobile Icalt ererll, medium-das hed line
it smoothed a.nd lolid line I. smootbed and It~tch('d. Data (0) are from
laboratory measurements.
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whom' tl(a) is the distr ibution fun ction for size. In this case, Sheng assumed

It log-nor mal d istribution for n. with (19 '" 1.2. The term In square brac kets

smooths t ill' form factor (as shown by the solid line in the Figu re), while the

[pal/iug te rm is a vert ical st retching coefficient. The oscillations evide nt in

th e purely theo retical form factor for spJlericai particles are not seen in the

experimental da ta, which were collected from backscatte r expe riments using

irwgula rly sha ped natural sand particles. lJoo.1 is smooth and, for X > 1,

till' stret ching term has cor recte d the offset between the measu red data and

lhro ry.

Shl'ug's scml- empl rlcal form factor does not, in Iaet, fit the measured

data very well for X > 0.75. An alternative approach is to obtain a bet.

ter fit to the expe rimental dat a by using a rat ional fraction lit [Hornbeck.

19751, as suggested by Lewis [personal communicat ion from Dr. J. Lewis,

Memcrlal Univers ity of Nfld.J. After some experimen tation, a reasonable tit

was accomplished using the approximation

_ O.6+ t.33[Arf O 0.4X+ ,~)3 1+0.91[lJr s

lfoo.(X)I- I +[dire :x 1+[tir x 1+ [frr (3.22)

This is shown in Figure 3.3, plotted with the same experimental data as

in Figure 3.2, and the semi-e mpirical form factor (dashed line). The error

assoriater l with the cxperhneutal values shown in Figu re3.3 is approxim ately
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±5% so that both curves fallwithin the error limits of the data . The rational

Irar tion fit follows the data much more rlosoly in the X .... I r~ion . The

percentage dlfferenee between till' two approximations to the measured form

facto r is shown in Figure 3.4. TIlt' most notable difference is in t ilt' region

0.5 < X < 2. Referring to Table 2.2, it can be seen that this range of X

values inclu des sizes larger than about 230 IIIll for I Mlh, between about

100 and 400 pm for 2.25 MHz, and up to 190 l U ll for 5 Mllz - l.e. this

difference will have an effect on determining aize over much of the slze rangr

of interest. The large difference in the range X < O.Jeffctb slacs below

about 140 pm in the I MHz case only. Calculauo u using both expressions

for the form factor are presented later. Also shown in Figur e 3.3 is the small

X limit depend ence of the form {actor. If the acoust ic wavelength is much

greater than th e particle radius, i.e. in the Raleigh scattering limit, pressure

sca t tered from a compressible sphere which is free to move can be written

[ego Hay, 1983J

where

(3.")
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Figure 3.3: Rational fraction fit (solid line) to experimental backscattering
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limit dep endence , given by the inset equation .
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311. -p.)
"Tp = 21o+pQ (3.2.')

,. is the bulk r-ompres sibillty, which for II solid, is given by,,~ =I A' + 2~ '/31 - 1

where >,' anfl/l are the Lam(1constants. For quartz in wa te r, "/. =-0.93

and "Tp = 0.77. In the Raleigh limit , individual features of the scattcrer,

which a re necessarily sma ller tha n the radius, become insignificant 50 that

irregularly sha ped part icles app ear as spheres (Raleigh, 1945J. Comparing

Equations 3~1 and ;1.23, the small X behavior of 1/ 001can be seen to be given

by

(3.26)

Doth approximat ions to the form factor data follow this dependence closely

for X < 0.5, however, bo th fall slightly above th is limiting function. The

rational fraction fit has nearly linear dependenc e on X in this region, as seen

in Equation 3.22.

3.2 Scatter ing Attenuation Correction

Particles suspended in 8uid contribute to the atten uation of acoustic

('UNgy. This e!Tecl obviously depends on the concentration of «e uerers,

but also depends nil the lIi: - of the individual part icles,



The total K att l'ri nz: cross secrioe is ginn b)' ),IorM'and In! ard [ 19G.'~. p.

427Jas

( :1.2;)

For a collection of enlfonnly -s laed . pherk aJ parl if1{'l1, thl' Ilfl'lllll.rl' a t teeu -

eucn ecefficlent due to sr a.t lc'ring is then given by

n,= N
2E

.

It is lo!ical that th e sca tt ering attenuation dep('nc!a on 111(' sca ll l'rillJ!'; ronn

Iactor. Sheng and lI ay [1988J, however , dete rmined tha t a medlfled form

of the simp!", "high-pa.ss model " for badcsca lleri ng intp.IIsi ly Ptol'O!'iMl hy

Joh nson [19n Jlead s to a 5Uita ble approximation for K att er in !!:attrn ua tion.

Usin! tllil idea,

where

GO. ", .. X4

--;-= 11 + !I>oX4+(X' j
(3.29)

(3.30)

and f = MIt!.is the volume concentra tion ofsc at ter('u. { is an adj us table

consta nt , set to 1 in t his application, and for quar t z in water, 1':" =0 .111.

Measur ement s or sca u(' ring attenuation were olJlainr.d using a pfohl!

hyd rop hone located oppcshc th e jet from the 2.2.'j Mlh t r.ansduce r u nit al
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ra il!,;" rn (shown in Ftgo re 2.2). Volta gc output from the hydrophone is

p;ivl'nby

(;).;)1)

wh..re Uo i. a cOIl.tant, M e is the m easured centreline sand concen t ration

lind AI2 is th l.' att enuation due to pa rticles acro ss the full widt h of the jet .

A I'J.is det ermined by comparing UH with the jet off (VI/ (O» and with th e

j<>tonandrarry ing .and -

~ ~ In [ V:(~~) ] (3 .32 )

Conillari son of measured and ealculated va lues of AI2 wiD be prese nted

later.

3 .3 The Geometric Correction Factor - F

Equation 3.10 ca rried t he disclai mer that in SOllie cases the mean ccn­

ccutration of ece u erees may not be u ni form ac ross the detected volume . In

Ruch eases, a correction rac t c e F lO U It be applied. F has not be e n included

in calculation s p resented he re - it has been assumed tbat F .... 1. A more

dl'tal1l'd dpscrlption or F for the jet scat tering experlmenta Is gi ven by Hay

{19911·
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Refer ring to Equ ation 3.7, the departures Ircm homogeneity in thl"mea n

N between r,,+ cTI4 and To -CT/ 4 can be acecunted for by lIlulti plying hy

t he ratio

F = J.~~«:f44 f;~ If- N D4r - 2{'xp[_4o"T - 46.)sin fJdfJd8dT

211" lIt" D4sin tldP ]T;2{'X p [_4o"Tol!fN(T,,)c-A~
(:J.3:J)

When N is Independent of T , (Jand fJ within the t1l"trctl"dvolume , then ti ll"

numerator becomes equal to tlte denominato r. Noll> that Equation 3.33 has

been formulated to app ly to a grad ien t in the 1/1«1 11 number density profile,

not including concentration fluctuations super hnposed 0 11 that mean. T ill"

effect of these fluctuations on F has not been examined, An analy tica l

expression for F at the cent reline of the jet has been t1cvelolletl lind computed

(Hay, 1991). The value of F in this ease varies from about 0.8 for M" '" 0

gIl to a bout 1.3 for M" ..... 30 gIl, crossing I at about 10 g/ I.
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Chapt er 4

Inversion Algorithm

The bas is of t his inversio n app roa ch is th~ difTel'l'n« betM"ftl b ad tsca t­

te r iUllplih de &l different o~ratiDZ freq u....cies . A pre viollsJy d ev eloped

a1g01'it.m (SMa ll:119901, Shf!'n g ...... Ha y 11991]) U_ latla. uf.i gn allevds.

Bo t h rnet hod .lnvo!Ye d('~m\lnation o f all average Ka tl@rerliu, a nd the n

usc"this ...t lmAI!!In caJC'llIl.t ing IImean concent ratio n. Some prf-pro cus lllg

o f th e raw voltagl' d a ta l. ""Iuir~.

Ra....RASTRAN dat a are IIto reil in bin ary dat a fill'llora standa rd format .

Hea der infor mation lncludee t t l(' numbe r of recor ds, cha nnels and r a n ge bins

I' r-r r('conl, as well ;u . )'atelll co nligura t ion inform at ion . ~n t rie. l n t he data

ii i...represent. prco-a.vt'Tllged rec t.lfier out p ut volta ge In mV . Each reco r-d In t he

4'



bi nary file ecatalns a tnnltlfr eq uency p rofile, called a Irf whirh rep resents the

(Onsembl(O-awra ge or lI\e backsca tter profiles from a numbe r or eonsceuuve

p ings. A set is divided into ch annels for each trrmsducr-runit (Ol'(ml ti n~ at

t h e individual Ircqnonrios} , a nd furt her subdivided into t he sing '£' l'nlr il's

(bins) repr esentl ng ra ngeinc reme ets.

These raw data m ust go t hr ongh severa l pre-processing steps before use

in t he inversion algorithm. In eases where the tran sducers have ber n de -

played at different levels abov e the bottom, th e height discr cpane-y bl't we<'11

ch annels must be correct ed. Op timall y, the t ra nsducers moni tor the S;ll n c

detected volume. In practice , this is not possible . Channels corres pondin g

to transd ucers located fMthe r from o r closer to t he bot tom, or to tile cen­

te r of the jet , are numericall y shifted by an integral number of r a nge bins.

When Tim e-Variable Gain correction s are later applied to t llis shifted data

(see below), this range adju stment is t aken into account.

Backg round volt age levels are de termln ed from "quiet" periods in the

r un , iden t ified by visual examination of t11e raw dat a dlep layed u si ng imag ­

ing eoftware previously developed for use with RASTRAN data.. Once a.

per iod of low suspcn sate conc entrat ion has been iden tif1l'd, a backgroun d

level profi le is compiled by averaging the sets in this umo range. The hack ­

g round val ue for eac h bin is su h traet ed tlireetly froUl the raw voltage before
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any other calcula tion is done.

Out put from the Ml'sot~h 810 tra nsdu cers has alr eady be en T VG (T ime -

variable Gai n) rorr~tl'd for at te nuatio n in water an d spher ical ep rea dln r-

(t ill' c-~"aTaIT~ term in Equation 3.10). However , t he atte nuatio n and sound

spee d used in rhls ccerecilcn arc factory set . In most cases, thc a mble m val-

lies dllfer from these seuillgs, an d tIll.' out put volta ge must be recor reeted .

Sys tem dependent factors, such as the rec tifier th reshold and gain settings,

must also 01'appli«l.

Equati on 3.13 relat es rhe me an concen t ra tion and size for a pa r t icular

range bin to < 11' >. On ce the ra w volt age has be en corrected, it is squared ,

th en aVl'ragl'd over a specific,1 num ber o f sets. Averaging is an imp ortant

asller t of the signal processing , an d will be discussed In relation to th is

applica tion later .

A flow chart of the inv....rslo n algorithm is shown in Figure 4.1. The

following is /I. descript ion of the reasoning behind this scheme.

Equation 3.13 can be rearra nged to form

(4. 1)

where A, B ....0 for small ron een reauo ns ol scatt erers. Since the concen -

t ration and size of par tleles de tec ted in a particul ar ra nge bin sho uld be
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Figure 4.1: Flow cha rt of the inversion algorithm.



tll'IIroximat ..ly th.. sanll' for eath channel, then the differ"nc" betw een th e

l"rt -han d sid.. or Equa tion 4.1 for differe nt Ireque-xy pai rs should be smaU.

That Is,

where e",,, is small. and lilt ", denote a flair or tilt' t hree channels. m, n ""

I , 'l and 3 correspond to operatin g frcqucucl..s of I, 2,2.'; and 5 Mll z, re-

sllectiv('ly. The left side of Equation 4.2 is only dependent on (1 through

Wh('n f..... .... O.

< V~,> ...., <v~>

( SM)1" lf~m ( Xm)I' (SM)W~(X.JI' ·
(4 .3)

The value of a for whith this is tr ue is an estima te of the mean size in that

range bin. In practice , the final size estima te is an average of two zero-

crossing locatinna, so that J(",,,(o 1001)1> O. The difference in size estimates

from the pain of channels is due to sta t istical fluctuations or systematic error

I('ading to discrepan cies between the "size" seen by different channel s. It has

been assumed here that th e size distribution or the particle s in suspension

hns a slngle donnnant slee, lfthepcak in the distribution is iJI-defined,or the

dis tribution is bimodal , this inversion technique cannot return meaningful

es t imates . The naturally occu rring distr ibuti ons at the three loca tions of
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field dl'plOYllll'lIt iI.~ IIl1imodal jShl'ng. 19901. i\.lI ia ro mmo nly tht C'Mo(' with

la nd,.. bl'u h Sl'dinu' IIU IKoma r. 1976J.

FigUll' ·1.2IbO\Oo·!t ('lamplt'S o( (... VN I III diaml'l l'r (rom jl't r xpr rillJf'ntS.

Aver age C'l'nt 1'('linl' volt :lUJ (O\'(>C' all 200 set s in eaeh of t l,r iaboratoC'y C'1I11S)

(or the three rhannds lilting 116 /1111 a nd 390 IIIIl tliatne b r sand wert' inpul

to Equ ation 4.2 to ealrulate (m" with D = '111 a.lI an inll('I'('IUI('lIt variable,

lI.S shown in Figures 4.2a and b. Observ etlcn o f manysuc h ...l(lt~ have shown

tha t a good nrJl t'lttimate of l izl! 1&g1Vl'1Iby (31 = o. AC'C'oTllinK \ 0 whr-ther

th is estim ated diame ter i. ab ove or below 280 Illn, tilt' zero val UI!II o( In

or fZ It respec tively, il re used, Figlll't'l 4 .2a an d b illust ra te thl'!\('t wo C'1\5f'5.

W ith innea.sing stee , t he ze ro crossing o( ( 21 (ollOWJ t he real size of thl'

sca tterers to u IIpper limit of D ... 300 pm . Above this liu, the zero

crossing o( ( 23 i. a better est imate. ne lIIultiv~ut'd beha viurol' ( 23 (or D <

280 pm lea ds to ambigu ity in the locatio n of thl' root , U ~ll ill Fi~re 4.2a,

T he average of the t wo result ing size est ima tes is canil'd for ward a& t he mean

size of .ratlerefl in tb at ran ge bill.

Once a mean size har. been determine d for a pa rt it ular rallr;e bin , ecneen­

t ration is calculated using Equ at ion 3.13 for each of th o'! thr ee Irequeneies,

T hE'average of these three es timates is th e mea n concent ra tion far that bin.
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