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DETERMINING TRUE DEPTH OF SAMPLERS 

SUSPENDED I N  DEEP, SWIFT RIVERS 

by Joseph P. Beverage 

ABSTRACT 

A sampler lowered i n t o  f lowing water  by cable  w i l l  be pushed 

downstream by t h e  water.  The a n a l y s i s  of t h e  cab le  p r o f i l e  and a  

computer program descr ibed  in  t h i s  s tudy were o r i g i n a l l y  devised t o  

a s s i s t  i n  t e s t i n g  sampler  design modi f ica t ions .  The program shows m e r i t  

f o r  use in  p r e d i c t i n g  t h e  loca t ion  of a  sampler  o r  sounding weight i n  

deep, s w i f t  r i v e r s ,  and f o r  quant i fy ing  t h e o r e t i c a l  suspended-sediment 

sampling e r ro r s .  

The BASIC program computes wet ted suspension-cable length,  cab le  

tens ion ,  downstream d r i f t ,  and the  v e r t i c a l  angle  of t h e  cable  a t  t h e  

surface.  The program requ i r e s  t he  t o t a l  depth, mean v e l o c i t y ,  

Manning's roughness, and t h e  wi re  drag c o e f f i c i e n t ,  CDW. The forces  of 

t h e  sampler a r e  computed and then balanced on each segment of cable  from 

t h e  sampler t o  t h e  surface.  Values of CDW of a lmost  5 were needed t o  

match f i e l d  d a t a  f o r  sounding weights towed i n  a  lake .  

The e r r o r  i n  suspended-sediment concent ra t ion  caused by n o n l i n e a r i t y  

of t h e  sampler's pa th  through t h e  v e r t i c a l  was found t o  be q u i t e  s m a l l  

f o r  a  l i m i t e d  s e t  of condi t ions .  

Measurements t h a t  r e q u i r e  accu ra t e  depth placement need t o  use 

s u i t a b l e  ins t rumenta t ion ;  depth sensors ,  heavy samplers,  and a  two- 

t ransducer  fathometer  scheme a r e  suggested. 



INTRODUCTION 

I n  the  f a l l  of 1975 the  Federal  Interagency Sedimentation P r o j e c t  

( h e r e a f t e r  c a l l e d  the  P r o j e c t )  received a  r eques t  t o  design a  suspended- 

sediment sampler  f o r  use i n  t h e  Amazon River. The sampler would have t o  

ob ta in  r e p r e s e n t a t i v e  samples t o  depths of about 260 f t  ( f ee t ) ,  and 

v e l o c i t i e s  up t o  about 10 f t / s  ( f e e t  per  second). Standard United S t a t e s  

samplers  a v a i l a b l e  a t  t h e  t ime could not  s a t i s f y  t h e  requirements.  The 

design of  a  new sampler r a i s e d  a  number of ques t ions  including those  

about t he  b e n e f i c i a l  e f f e c t  of added sampler mass, t h e  d e s i r a b i l i t y  of 

adding wings f o r  nega t ive  l i f t ,  t h e  e f f e c t  of  added f r o n t a l  drag, and t h e  

ex t en t  of downstream d r i f t  of t h e  sampler.  A computer program was 

devised t o  he lp  answer these  quest ions.  The program provides information 

on the  cable  length,  v e r t i c a l  angle  of p e n e t r a t i o n  a t  t h e  water  sur face ,  

t he  downstream d r i f t ,  and cable  t ens ion  when t h e  sampler i s  placed a t  an 

a r b i t r a r y  t r u e  depth i n  t h e  stream. A we t - l i ne  c o r r e c t i o n  t a b l e  t h a t  

uses  t h e  v e r t i c a l  angle  and cable  length  has been used by s t ream gagers 

f o r  many years  t o  a d j u s t  the  cable  length  t o  a  t r u e  sounding depth. This 

s tudy w i l l  r e s u l t  i n  d a t a  t h a t  w i l l  a l l ow t h e  t a b l e  t o  be v e r i f i e d ,  

modified, o r  improved. - 
This r e p o r t  p re sen t s  t h e  problems i n  de te rmining  t r u e  sampler depth, 

analyzes t h e  fo rces  on t h e  sampler and cable .  and p re sen t s  a  computer 

program t h a t  incorpora tes  t h e  ana lys i s .  Also given i n  t h e  r epo r t  a r e  a  

few a p p l i c a t i o n s  of t h e  computer program. The program does not  t ake  i n t o  



account t h e  e f f e c t  of drag  dur ing  the  v e r t i c a l  movement of t h e  sampler o r  

sounding weight through t h e  water  column. 

Standard suspended-sediment samplers have been used i n  deep, s w i f t  

r i v e r s  f o r  almost four  decades. The l i m i t a t i o n s  and e r r o r s  t h a t  a r i s e  

from engineering compromises i n  t h e i r  design have been documented by t h e  

Inter-Agency Committee on Water Rescources (IACWR) (1940; 1941a, b; 

1952). This s tudy does not  examine e r r o r s  a r i s i n g  from the  sampler 

design but r a t h e r  e r r o r s  caused by t h e  downstream d e f l e c t i o n  of t h e  

sampler a s  i t  i s  lowered and r a i s e d  through t h e  water  columns 

p a r t i c u l a r l y  i n  deep r i v e r s .  This s tudy f u r t h e r  assumes i d e a l  

condi t ions- - tha t  is, t h e  sampler i s  assumed t o  c o l l e c t  a t ime- 

r e p r e s e n t a t i v e  subsample of t h e  water-sediment mixture  a s  i t  t r a v e r s e s  

t h e  flow. Therefore,  t h i s  s tudy i s  sampler independent. - 
The w r i t e r  wishes t o  thank J. V. Skinner of t h e  P r o j e c t  f o r  many 

f r u i t f u l  d i scuss ions  over many years.  Discussions w i t h  Drs. H. Stefan ,  

C. Song, and J. K i l l e n  of t h e  Univers i ty  of Minnesota St. Anthony F a l l s  

Hydraulic Laboratory s t a f f  a r e  a l s o  appreciated.  D r .  Nei l  Coleman and R. 

Darden of t h e  A g r i c u l t u r a l  Research Serv ice  Sediment a t  ion Laboratory a t  

Oxford, Mis s i s s ipp i ,  helped by providing some of t h e  computer t ime 

necessary. J.C. F u t r e l l  I1 and coworkers a t  t h e  U.S. Geological Survey 

Hydrologic Ins t rumenta t  ion F a c i l i t y  a t  Bay St.  Louis, Mis s i s s ipp i ,  k ind ly  

provided t h e  submerged weight of t h e  one-eighth-inch cab le  commonly used 

f o r  sampling and d ischarge  measurements i n  deep, s w i f t  streams. 



PROBLEMS I N  DETERMINING TRUE SAMPLER DEPTH 

A sampler lowered i n t o  a  s t ream does not  t r a c e  a  s t r i c t l y  v e r t i c a l  

path. It d r i f t s  downstream, pushed by the  water's fo rce  on the  sampler  

and suspension cable.  Af t e r  t h e  sampler e n t e r s  t h e  water  i t s  p o s i t i o n  i s  

d i f f i c u l t  t o  p red ic t .  The person lowering t h e  sampler has only two 

i n d i c a t o r s  f o r  e s t i m a t i n g  the  sampler's depth: t h e  cable- length  counter  

and t h e  v e r t i c a l - a n g l e  ind ica tor .  The cable- length  counter  measures t h e  

length of cab le  unwound from the  r e e l ,  no t  t h e  t r u e  depth of t h e  sampler 

i n  f lowing water.  The v e r t i c a l - a n g l e  i n d i c a t o r  i s  used t o  measure t h e  

angle 8 shown i n  f i g u r e  1. This angle  i s  a l s o  the  cable's pene t r a t ion  

angle  i n t o  t h e  water.  A c a l c u l a t i o n  of sampler  depth wi th  t h e  cab le  

s t r a igh tened  a t  t h e  angle  of e n t r y  w i l l  p o s i t i o n  t h e  sampler too  high i n  

t h e  f low ( p o s i t i o n  A i n  f i g .  1). Ignoring t h e  angle  and assuming t h e  

cable  i s  hanging s t r a i g h t  down w i l l  p o s i t i o n  t h e  sampler t oo  deep 

( p o s i t i o n  C i n  f ig .  1). The t r u e  depth  of t h e  sampler ( p o s i t i o n  B i n  

f i g .  1) i s  between these  values and can be determined by ins t rumenta t ion .  

Sounding a  r i v e r  f o r  a  d i scharge  measurement involves zeroing the  

cable- length  meter  when t h e  sounding weight i s  j u s t  touching the  wa te r  

sur face ,  lowering t h e  weight u n t i l  it j u s t  touches t h e  s t ream bed, and 

then r a i s i n g  it  u n t i l  t h e  f u l l  weight i s  taken by the  cable.  The cab le  

length,  CL, and t h e  angle  of t h e  cab le  w i t h  the  v e r t i c a l ,  8. a r e  measured 

a t  t h a t  t ime. The cable  length w i l l  be assumed t o  o r i g i n a t e  a t  t h e  wa te r  

s u r f a c e  f o r  convenience i n  t h i s  repor t .  The ad jus tments  t o  t he  length  of  

cable  from the  meter ing po in t  t o  t h e  s u r f a c e  must be taken i n t o  

cons ide ra t ion  i n  p r a c t i c a l  cases  (see Buchanan and Somers, 1980, p. 47- 



FLOW 
___t 

F i g u r e  1.--A weight  (B) suspended from a c a b l e  i n  f lowing  wate r  a t  t r u e  
dep th  Dt.  CL i s  t h e  w e t t e d  c a b l e  l e n g t h  and t h e  d i s t a n c e  t o  p o s i t i o n  C 
( i n  calm w a t e r ) .  A i s  t h e  p o s i t i o n  i f  t h e  c a b l e  were  a  s t i f f  r o d  a t  
t h e  v e r t i c a l  a n g l e  o f  p e n e t r a t i o n  8. The downstream d r i f t  o f  t h e  
sampler  i s  AX. The w e t - l i n e  c o r r e c t i o n ,  WLC, i s  t h e  d i f f e r e n c e  between 
CL and Dt.  



53, f o r  f u r t h e r  explanation).  The cab le  length  s t i l l  does not  r ep re sen t  

t he  t r u e  depth of t h e  weight because t h e  fo rce  of t he  water  pushes t h e  

cab le  and weight downstream and upward i n t o  t h e  flow. The fo rces  a l s o  

cause t h e  cab le  t o  curve g radua l ly  from t h e  angle  a t  t h e  s u r f a c e  t o  very 

n e a r l y  v e r t i c a l  a t  t h e  sounding weight. Because t h e  cable  does no t  hang 

v e r t i c a l l y ,  more cable  i s  needed t o  a l l ow t h e  weight t o  r e s t  on t h e  

bottom than  would be t h e  case  i f  t h e  water  had been calm. This  e x t r a  

cable  r ep re sen t s  t he  e r r o r  t h a t  must be cor rec ted  t o  f i nd  t h e  t r u e  depth 

of  t h e  weight. 

The usua l  method of determining t r u e  depth i s  t o  s u b t r a c t  t h e  wet- 

l i n e  c o r r e c t  ion, WLC, obtained from a t a b l e  ( f o r  example, Shenehon. 1900; 

Stevens, 1931; Corbet t  and o thers .  1957; Buchanan and Somers, 1980; Rantz 

and o the r s ,  1982) based on CL and t h e  v e r t i c a l  angle ,  8. I n  f i g u r e  1, 

WLC i s  t h e  d i f f e r e n c e  between CL and t h e  t r u e  depth, Dt.  

Shenehon (1900, p. 5329-5330) der ived  t h e  s t a t i c  method of  sounding 

t h e  bottom by making two assumptions: 

It was found t h a t  wi th  a  proper ly  designed sounding 

weight i n  t h e  comparat ively dead water  near  t he  

bottom, P [ t he  h o r i z o n t a l  p re s su re  on t h e  weight] 

could s a f e l y  be neglected;  and t h a t  w i t h  a  heavy 

weight and a  very l i g h t  w i r e  t h e  u p l i f t  of t h e  cu r r en t  

i n  ord inary  work was small.... 

He a l s o  made t h e  observa t ion  tha t :  

The v a r i a t i o n  of v e l o c i t i e s  from s u r f a c e  t o  bottom i s  

s o  n e a r l y  t h e  same a t  d i f f e r e n t  s t a t i o n s  and a t  



d i f f e r e n t  depths t h a t  a  v e r t i c a l  curve may be p l a t t e d  

t h a t  i s  t yp ica l .  I t s  exact  form i s  no t  e s s e n t i a l  t o  

t h e  v a l i d i t y  of t he  r e s u l t s  t h a t  e n t e r  i n t o  any of t h e  

soundings on which t h e  d ischarge  of t h e  Niagara River 

depends, and no g r e a t  e r r o r  would r e s u l t  from t h e  

assumption t h a t  v e l o c i t i e s  were uniform from top  t o  

bottom. 

Shenehon used a  t y p i c a l  curve. however, and used t h e  v e l o c i t i e s  f o r  each 

t e n t h  of depth t o  compute the  depth-cor rec t ion  (WLC) t a b l e  s t i l l  i n  use 

a t  t h e  p re sen t  time. He d id  c o r r e c t  f o r  u p l i f t  on t h e  cable  due t o  t h e  

cu r r en t  though. His t a b l e  g ives  c o r r e c t i o n s  f o r  even angles  from 2' t o  

36' and f o r  even depths from 10 t o  100 f t .  He noted t h a t  36' "marks t h e  

l i m i t  which is  permiss ib le"  without  expla in ing  why. The 36' l i m i t i n g  

angle  was measured whi le  sounding a  depth of '*nearly 70 f ee t "  i n  a  

.. 
v e l o c i t y  of  "at l e a s t  10 mi l e s  an hour. approximately 15 f t / s  w i th  a  

600-lb (pound) weight suspended by "plow-steel  w i r e  of t h e  h ighes t  grade,  

.. 
one-tenth of an inch i n  diameter .  A t  t h i s  s i t e  i n  Niagara Gorge, h i s  

winch was on a  br idge  240 f t  above t h e  water ,  

Stevens (1931, p. 6) pointed out  t h a t  Shenehon had no t  d i sc losed  h i s  

method of computing u p l i f t  of t h e  w i r e  due t o  t h e  cur ren t .  Stevens noted 

t h a t  a t  30' and 10 f t ,  t h e  t a b u l a r  c o r r e c t i o n  was 0.03 f t  g r e a t e r  than a 

va lue  computed wi thout  u p l i f t .  Stevens s t a t e d  (p. 6) t h a t  " v e r t i c a l  

angles  g r e a t e r  than 36 degrees have been measured i n  t h e  field..." He 

mentioned t h a t  t h r e e  o f f i c e s  were using g raph ica l  ex tens ions  of  t h e  t a b l e  

f o r  angles  g r e a t e r  than 36O. 



Stevens (1931, p. 8) a l s o  d iscussed  t h e  problem of p lac ing  a  cu r r en t  

meter  a t  a  s p e c i f i c  depth. He concluded t h a t  t h e  t a b l e  i s  no t  s t r i c t l y  

a p p l i c a b l e  and g ives  too s m a l l  a  co r r ec t ion ,  but t h a t  t h e  e r r o r  i s  

.. 
probably small .  However, t h e  t a b l e  must be used a s  t h e r e  i s  no o t h e r  

.. 
known method f o r  p lac ing  t h e  meter. 

Corbet t  and o t h e r s  (1957. p. 4 4 - 5 6 1 ~ .  i n  t h e  c l a s s i c  r e f e rence  on 

stream-gaging procedure, expanded on Stevenst paper,  and discussed t h e  

co r r ec t ions  f o r  proper  depth placement of a  v e l o c i t y  meter. Two 

c o r r e c t i o n s  were given. The a i r - l i n e  c o r r e c t i o n  a d j u s t s  f o r  t h e  sheave- 

to-water  e r r o r ,  i n  e f f e c t  s h i f t i n g  t h e  sheave t o  t h e  water  surface.  The 

c o r r e c t i o n  i s  t h e  product of t h e  sheave-to-water d i s t a n c e  and t h e  

exsecant of t h e  v e r t i c a l  angle.  An exsecant i s  one l e s s  than t h e  

r e c i p r o c a l  of t he  cos ine  of t h e  angle,  ( ( l / cos  8) - 1). The a n a l y s i s  and 

t a b l e  f o r  t h e  wet - l ine  c o r r e c t i o n  used by Corbe t t  and o t h e r s  i s  

.. 
Shenehonts. The wet - l ine  c o r r e c t i o n  i s  t he  sum of t h e  products  of each 

t e n t h  of depth and t h e  exsecants  of t h e  corresponding angles  der ived  f o r  

each t e n t h  of depth by means of t h e  tangent  r e l a t i o n  of t h e  fo rces  a c t i n g  

below any point*' (Corbett  and o the r s ,  1957, p. 48). The tangent  of t h e  

angle  above any poin t  i s  taken a s  t h e  sum of t he  h o r i z o n t a l  fo rces  below 

t h e  po in t  divided by t h e  sum of t h e  v e r t i c a l  f o r c e s  below t h e  poin t .  

When t h e  sounding weight i s  j u s t  above t h e  bottom of t h e  s t ream where 

This r epo r t  has  been rev ised  and expanded (Rantz and o the r s ,  1982) 

but  t h e  t rea tment  of t h i s  p a r t i c u l a r  sub jec t  was minimal. 



t h e  v e l o c i t y  i s  presumed n e g l i g i b l e ,  t h e  h o r i z o n t a l  f o r c e  on t h e  sampler  

can be neglected.  

Most a t t e m p t s  t o  devise  an a n a l y t i c a l  s o l u t i o n  gene ra l ly  s i m p l i f y  

t h e  problem by assuming a  uniform v e l o c i t y  f i e l d .  The weight of t h e  

cab le  o f t e n  i s  assumed t o  be neg l ig ib l e .  Landweber and P r o t t e r  (1944) 

used both assumptions t o  de r ive  a  s e t  o f  d i f f e r e n t i a l  equat ions 

desc r ib ing  t h e  v a r i a t i o n  of fo rces  along t h e  cable.  The assumption of a  

uniform v e l o c i t y  f i t  t h e i r  sub jec t  (towed marine bodies) and al lowed t h e  use  

of cons tan t  drag  per  u n i t  l ength  of c a b l e  pro jec ted  normal t o  t h e  

ve loc i ty .  Pode (1948) extended t h e i r  work t o  inc lude  t h e  cab le  weight 

and a  towed body w i t h  a  l a rge  nega t ive  l i f t - t o - d r a g  r a t i o .  Pode took a s  

cons tan t  t h e  r a t i o  of u n i t  l engths  of drag p a r a l l e l  and normal t o  t h e  

stream. 

R. H. Multer  ( w r i t t e n  commun., 1983) gave a  s o l u t i o n  obtained 

independently.  He assumed a uniform v e l o c i t y  f i e l d  but included cab le  

weight.  Multer  s t a t e d  t h a t  uncorrected cab le  length  had been used 

in s t ead  of t r u e  depth i n  computing r i v e r  d i scharges  on t h e  lower 

M i s s i s s i p p i  River .  

A t  h igh  f lows,  t h e  M i s s i s s i p p i  River  i s  deep and 

s w i f t ,  and r ep resen t s  a  s i t u a t i o n  where t h e  submerged 

cab le  length  and depth of  submergence would tend t o  

d i f f e r  extremely and have t h e  maximum p o t e n t i a l  

i n f luence  on t h e  accu ra t e  de t e rmina t ion  of discharge.  

Mul te r  c a l c u l a t e d  t h a t  a  100-lb s t r eaml ined  body would d r i f t  70 f t  

downstream when t e t h e r e d  by a  100-f t  cab le  i n  15 f t / s  flow ve loc i ty .  The 



sampler  depth would be 70 percent  of t he  cab le  length. 

THEORETICAL BASIS FOR THE COMPUTER PROGRAM 

Drag i s  t h e  term given t o  f l u i d  fo rces  a c t i n g  on an ob jec t  t o  r e s i s t  

i t s  motion through a  f l u i d .  Textbooks ( f o r  example, Olson, 1968, p. 280- 

285) g ive  drag a s  t h e  product of an e m p i r i c a l  drag c o e f f i c i e n t ,  t h e  

a f f e c t e d  a rea ,  A, and t h e  dynamic pressure:  

Force = C A (pv2/2) , (1 )  

where C i s  t h e  app ropr i a t e  drag c o e f f i c i e n t  which i s  given a  s u b s c r i p t  

denot ing t h e  p a r t i c u l a r  force:  C f  f o r  sk in  f r i c t i o n  ( shear )  drag and Cd 

f o r  form (pressure)  drag. Drag i s  measured i n  pounds (of force) .  The 

c o e f f i c i e n t  i s  d imens ionless  and a r e a  i s  i n  square f e e t .  I n  t h e  l a s t  

term, p i s  t h e  f l u i d  d e n s i t y  i n  s l u g s  per  cubic  foot2/. and V i s  t he  

f l u i d  v e l o c i t y  i n  f e e t  pe r  second. 

The fo rces  a c t i n g  on a  sampler o r  sounding weight can be resolved 

i n t o  a  h o r i z o n t a l  and v e r t i c a l  force.  The h o r i z o n t a l  fo rce ,  FdS, 

c o n s i s t s  of s k i n  and form drag which a r e  computed from equat ion  1 w i t h  

app ropr i a t e  c o e f f i c i e n t s  and values.  Because s k i n  and form drag a c t  i n  

t h e  same d i r e c t i o n ,  they  can be added. A new c o e f f i c i e n t  can be defined 

which incorpora tes  t h e  cons tan t  o r  s lowly  varying terms of equat ion 1: 

Ks  = ('f Askin  + 'd A f r o n t a l )  ' 2 *  (2 )  

2/ p i s  t h e  d e n s i t y  of water  i n  pounds (mass) per  cubic  f e e t  divided by 

2 t h e  g r a v i t a t i o n a l  constant .  32.174 f t / s  . I n  t h e  slug-mass system, a  1 

s l u g  mass i s  acce l e ra t ed  1 f t / s 2  by a  jkuxe of 1 lb. 



Each a r e a  i s  cons tan t  f o r  a given device,  of course. C f  and Cd vary  

s l i g h t l y  w i t h  t h e  Reynolds number a t  normal s t ream va lues  (Olson, 1968, 

p. 160 and 240). The dens i ty ,  p, v a r i e s  s lowly  w i t h  tempera ture  (Olson, 

1968, p. 15), but i s  a cons tan t  1.94 s l u g s / f t 3  between 3 2 ' ~  and 6 0 ' ~ .  

Equation 1 may now be expressed a s  

Fds = Ks v2. (3 

The U.S. P-61 p o i n t - i n t e g r a t  ing suspended-sediment sampler i s  a 

s tandard  device  commonly used i n  t h e  United S t a t e s  f o r  sampling deep 

2 r i v e r s .  I t s  f r o n t a l  a r e a  is  0.307 f t  and i t s  ou te r  su r f ace  a r e a  is 3.55 

it2. It i s  shaped f o r  minimum drag. A nominal drag c o e f f i c i e n t  of 0.10 

was chosen f o r  t h i s  shape. The exac t  va lue  of Cd i s  no t  t o o  important  

because t h e  cable's v e r t i c a l  p r o f i l e  i n  t h e  water  is no t  very s e n s i t i v e  

t o  t h i s  value. The sk in  f r i c t i o n  c o e f f i c i e n t  is about 0.0045. 

S u b s t i t u t i n g  t h e  above va lues  i n t o  equat ion  3 g ives  Ks = 0 . 0 4 5 2 7 5 ~  f o r  

t h e  P-61 sampler. Skin f r i c t i o n  i s  r e spons ib l e  f o r  about one t h i r d  of 

t h i s  value. The drag  f o r c e  on t h e  sampler i s  thus,  

Fds = 0.045275 v2. (4 )  

A s i m i l a r  computation was made f o r  t h e  100- and 200-lb sounding weights.  

- - - - - -- - - 

Y ~ h e r e  a r e  two phi losophies  regard ing  t h e  number of s i g n i f i c a n t  f i g u r e s  

t o  show i n  such a c o e f f i c i e n t .  One i s  t o  round t h e  c o e f f i c i e n t  t o  t h e  

same number of  s i g n i f i c a n t  f i g u r e s  a s  t h e  va lue  wi th  t h e  l e a s t  number. 

The second philosophy endorses rounding of t h e  f i n a l  value. I n  t h i s  

r e p o r t ,  t h e  second philosophy w i l l  be followed and the  f i n a l  computation 

w i l l  be rounded. 



Thei r  c o e f f i c i e n t s  were 0.018872 and 0.028014, r e spec t ive ly .  

The v e r t i c a l  fo rce ,  Fys, is p r i m a r i l y  g rav i ty .  Under dynamic 

condi t ions  of r a i s i n g  o r  lowering a sampler,  t h e  v e r t i c a l  drag f o r c e  w i l l  

add t o  o r  s u b t r a c t  from t h e  v e r t i c a l  force.  The e f f e c t  has been 

neglected i n  t h e  p re sen t  a n a l y s i s  because most a p p l i c a t i o n s  a r e  amenable 

t o  a s t a t i c  t rea tment  and because t h e  r e l a t i v e  e f f e c t  should be s m a l l  a t  

t h e  high v e l o c i t i e s  being cons idered. 

F ~ s  
is t h e  weight i n  water.  The a i r  weight must be co r r ec t ed  f o r  

t h e  water  d i sp laced  by t h e  meta l  and f o r  t h e  buoyancy of any voids.  The 

P-61 weighs 100 l b  i n  a i r .  The sampler i s  c a s t  from bronze wi th  a 

s p e c i f i c  g r a v i t y  of about 8.9. The submerged weight is 

100 (8.9 - 1 )  / (8.9). 

o r  about 88.8 lb. There is a l s o  a compression chamber i n  t h e  body having 

a volume o f  2.9 L ( l i t e r ) ,  a s m a l l  c a v i t y  o f  a b o u t  0.1 L i n  t h e  head ,  and 

t h e  0.5-L o r  1.0-L volume of t h e  sample con ta ine r  i t s e l f ,  The 

compression chamber w i l l  f i l l  a s  t h e  sampler i s  lowered. The sample 

con ta ine r  w i l l  f i l l  when t h e  sampling va lve  is opened. The buoyant f o r c e  

w i l l  be between 7.7 o r  8.8 l b  when the  sampler e n t e r s  t he  water  and w i l l  

then decrease  t o  about 0.4 l b  when t h e  sample con ta ine r  i s  f u l l .  A 

buoyant fo rce  of  1.8 l b  w i l l  be assumed a s  a f i r s t  approximation. The 

v e r t i c a l  f o r c e  due t o  g r a v i t y ,  Fys, then  becomes 87.0-lb of submerged 

weight. 

The submerged weights  of t h e  100- and 200-lb sounding weights  a r e  

about 90.8 and 181.6 lb ,  respec t ive ly .  

Next, t h e  f o r c e s  Fds and Fys a c t i n g  on t h e  sampler  a r e  t r a n s l a t e d  



i n t o  vec to r  coordinates:  a d i r e c t i o n  and a t ens ion  fo rce  magnitude. The 

d i r e c t i o n ,  el. of t h e  sampler's fo rce  from t h e  v e r t i c a l  i s  t h e  a rc tangent  

of Fys/Fds. The tens ion  f o r c e  on t h e  bottom of t h e  f i r s t  cab le  segment 

is  : 

Imagine a s h o r t  segment of c a b l e  suspended i n  f lowing water. The 

fo rces  on such a cab le  segment a r e  shown i n  f i g u r e  2. The fo rces  a c t i n g  

on t h e  ends of t h e  segment a r e  t h e  t ens ions  due t o  ad jacent  segments. 

These a r e  vec to r  fo rces  d i r e c t e d  away from t h e  cab le  segment. The o t h e r  

f o r c e s  which a r e  shown a r e  assumed t o  a c t  a t  t h e  c e n t e r  of t h e  segment. 

These fo rces  include t h e  weight of t h e  cable  segment, form drag,  and sk in  

drag .  

Some of t h e  f o r c e s  a r e  c a l c u l a b l e  d i r e c t l y .  The weight and drag 

f o r c e s  a r e  known o r  computable. The lower t ens ion  fo rce  i s  known i f  t h e  

fo rces  on t h e  sampler a r e  equated t o  t h e  tens ion  on t h e  lower end of t h e  

segment. Knowing t h e s e  fo rces ,  t h e  upper t ens ion  fo rce  and d i r e c t  ion 

then may be ca l cu la t ed  because t h e  upper t ens ion  vec to r  must balance a l l  

f o rces  and moments below it .  

This  a n a l y t i c a l  approach r equ i r e s  t h a t  t h e  sampler pos i t  ion be 

assumed f i r s t  and then t h e  c a l c u l a t i o n s  a r e  c a r r i e d  out f o r  each segment 

upwards towards t h e  water  surface.  

A t  t h i s  po in t ,  a dec i s ion  i s  requi red  whether t o  t a k e  f ixed  

increments  of  cab le  segment length  o r  f i xed  increments of depth. Taking 

t h e  l a t t e r  approach ensures  t h a t  a l l  depth increments w i l l  be  equal. 

Taking f ixed  cab le  segment lengths  w i l l  r e s u l t  i n  t h e  f i n a l  segment being 



F i g u r e  2.--Cable segment showing f o r c e s  a c t i n g  on t h e  segment. Also 
shown a r e  d e f i n i t i o n s  of a n g l e s ,  p a r t i t i o n e d  f o r c e s ,  dimensions,  and 
d i r e c t i o n  o f  summing moments. The s u b s c r i p t  i r e f e r s  t o  t h e  p r e s e n t  
c a b l e  segment, i-1 i n d i c a t e s  t h e  p r e v i o u s  lower  segment, and i + l  r e f e r s  
t o  t h e  n e x t  segment upward. The s u b s c r i p t  n  r e f e r s  t o  t h e  normal 
( p e r p e n d i c u l a r )  v e l o c i t y  o r  f o r c e  component. Dimension s i s  t h e  
segment l e n g t h .  The sum of a l l  segment l e n g t h s  i s  t h e  w e t t e d  c a b l e  
l e n g t h ,  CL. Dimension Axi i s  t h e  downstream d r i f t  f o r  t h e  segment, 
w h i l e  Ayi i s  t h e  e l e v a t i o n  increment f o r  t h e  segment. I n  t h i s  s t u d y ,  
Ayi i s  t a k e n  a s  a  f i x e d  d i f f e r e n c e :  1 f t  i n  e a r l y  computat ions  and one- 
hundredth  of t h e  t o t a l  dep th  i n  l a t e r  computat ions .  



s h o r t e r  than t h e  o thers .  The approach used i n  t h e  p re sen t  s tudy  is based 

upon equal  depth increments.  

As an approximation, each cab le  segment w i l l  be taken a s  a  s t r a i g h t  

l i ne .  I f  t he  sampler i s  a t  t h e  bottom of a  100-f t  s t ream,  t h e  cable  

shape can be descr ibed by 100 s t r a i g h t - l i n e  segments. As t h e  sampler 

nea r s  t h e  sur face ,  t h e  number of segments per  computation decreases*  but  

t h e  v e l o c i t y  p r o f i l e  a l s o  tends t o  become more uniform. One-foot changes 

i n  sampler e l e v a t i o n  were used i n  t h i s  s tudy (although l a t e r  vers ions  of 

t h e  program use  100 segments r ega rd l e s s  of t h e  depth). Choosing a  va lue  

s m a l l e r  than  1 - f t  w i l l  i nc rease  computer t ime. A 1 - f t  e l e v a t i o n  change 

usua l ly  i s  so sma l l  t h a t  t h e  change i n  v e l o c i t y  from one end of t h e  cable  

segment t o  t h e  o t h e r  i s  n e g l i g i b l e  except near  t h e  streambed. The 

v e l o c i t y  a t  t h e  mid-segment e l eva t ion  i s  taken from t h e  von Karman log- 

d e f e c t  law (IACWR* 1941a. P. 28): 

vi = V ( 1  + (9.521 n / ~ l / ~ )  ( 1  + loge ( Y ~ / D ) ) ) ,  (6 

where V i s  t h e  mean v e l o c i t y  i n  t he  v e r t i c a l ,  i n  f e e t  per  second; 

n  i s  Manning's roughness c o e f f i c i e n t  , 

D i s  t o t a l  s t ream depths i n  f e e t ;  and 

Y i  i s  t h e  mid-segment e l e v a t i o n ,  i n  f e e t .  

The cab le  normally used wi th  t h e  P-61 i s  a  1/8-inch diameter ,  

s t randed  s t e e l ,  a i r c r a f t  cab le  w i t h  a  submerged weight of  about 0.0223 

l b / f t .  While t h e  drag c o e f f i c i e n t  of a  smooth cy l inde r  normal t o  t h e  

f low is nominal ly 1.2s a s t randed  cable's Cd i s  lower,  about 1.04 

(Hoerner ,  1958, p. 4-5). However, P e a r c e  (1986, p. 26) s t a t e d :  

I n  p r a c t i c e  t h e  drag c o e f f i c i e n t  of a cab le  i s  h ighe r  



than 1.2 because it  v i b r a t e s  o r  s t rums a s  i t  i s  towed 

through t h e  water  w i th  an ampl i tude  of  about 2 cable  

diameters .  This  is dr iven  by a mechanism known a s  

vo r t ex  shedding and drag c o e f f i c i e n t s  have been 

measured a s  h igh  a s  3. The drag f o r c e s  t h e  cab le  and 

t h e  payload backwards and upwards reducing t h e  

t ransducer  depth.  

No source was given f o r  t he  high Cd value.  

The drag f o r c e  a c t i n g  perpendicular  t o  t h e  cable  is used: 

Fd ' Cd ~ P ( v ~ C O S ~ ~ ) ~ / ~ . S  (7 

where A, i s  t h e  a r e a  of t he  segment perpendicular  t o  t he  v e l o c i t y  

component, t h a t  i s s  A, = sid, where s i  i s  t h e  segment length  and d i s  

cab le  d iameter ;  and where Vni = VicosBi i s  t h e  v e l o c i t y  component 

perpendicular  t o  t h e  segment. The cab le  s k i n  f r i c t i o n ,  which a c t s  along 

t h e  cable ,  w i l l  be ignored because i t  i s  so  smal l .  For examples t he  s k i n  

drag per  foo t  of  cab le  i n  15 f t / s  water  a t  an angle  of  35' is l e s s  than 

0.003 l b  wh i l e  t h e  form drag under t h e  same condi t ions  i s  about 1.3 lb. 

Two cond i t i ons  must be s a t  i s f  ied f o r  t h e  cab le  segment t o  remain i n  

s t a t i c  equi l ibr ium.  The sum of t h e  vec to r  f o r c e s  on t h e  segment must be 

zero. and t h e  sum of  moments must be zero. I f  FXi ( see  f ig .  2) i s  t h e  

h o r i z o n t a l  component of t h e  upper t ens ion  f o r c e ,  

2 FXi = C d ( ~ i d ) ( p / 2 ) ( ~ i ~ ~ ~ e i )  (cosei)  + Ti,l(sinOi,l), (8)  

where Ti-1 is t h e  lower cab le  t ens ion  force ,  and ei-l i s  t he  angle  of 

t h a t  t ens ion  a s  shown on f i g u r e  2. The second te rm i n  equat ion  8 i s  t h e  

h o r i z o n t a l  component of t h e  lower t ens ion  force.  For t he  f i r s t  cab le  



segment, Ti-l and O i m l  de sc r ibe  t h e  t ens ion  vec to r  of t h e  sampler. 

I n  l i k e  manner. f o r  Fyi, t h e  v e r t i c a l  component of t h e  upper t ens ion  

fo rce ,  

2  Fyi = - c ~ ( s ~ ~ ) ( ~ / ~ ) ( v ~ c o s ~ ~ )  ( s ine i )  + T i - l ( ~ ~ ~ 6 i . l )  + WCsi, ( 9 )  

where Wcsi i s  t h e  submerged cable  weight.  

Next, t h e  moments about t he  upper end of t h e  cab le  segment a r e  

summed counterclockwise. A moment i s  t h e  product of  a  f o r c e  t imes  t h e  

d i s t a n c e  ( the  moment arm) through which i t  ac t s .  The moments produced by 

the  upper cab le  t e n s i o n  components (which a r e  no t  known ye t )  become zero 

w i t h  r e spec t  t o  t h e  upper end because they  a c t  a t  zero d i s t a n c e  from t h e  

r e f e rence  point .  Both t h e  cab le  drag and cab le  weight a r e  a t  a  d i s t a n c e  

of 1/2 s i ,  and t h e  lower segment t ens ion  i s  a t  d i s t a n c e  s i  from t h e  upper 

end. Summing , 

(si/2)c,-,(sid) (p/2)  ( ~ ~ c o s 6 ~ ) ~  - (si/2)wCsi(sinBi) 

- s i (~ i - l ) s in (e i -6 i -1 )  = 0. 

This  equat ion can be s imp l i f i ed  by not ing  t h a t  

s i  = Ayi/cosBi, 

where Ayi is the  increment of cab le  segment e l eva t ion ,  taken i n  t h i s  

s tudy  t o  be 1 f t .  Thus, 

- 1 s i  = ( C O S ~ ~ )  , (11) 

where s i is i n  f e e t .  



S u b s t i t u t i n g  (11) i n t o  ( 8 ) s  ( 9 1 ,  and (10) g ives :  

Fxi  = ~ ~ ( d ) ( p / 2 ) ( ~ ~ c o s e ~ ) ~  + Ti-l(s inei- l ) ,  (12) 

F~~ = + T ~ - ~ ( c o s o ~ - ~ )  +wC/cosei. and (13) 

( ~ ~ 1 2 )  ( d l  (p/2)vi2 - ( ~ ~ 1 2 )  tanei /cosei  

- T ~ - ~ ( C O S ~ ~ ) - ' S ~ ~ ( B ~  - ei-l)  = 0. (14) 

The above t h r e e  equat ions  conta in  t h r e e  unknown parameters:  

Fxi, Fyi,  and ei. Taking ei-l a s  a  f i r s t  e s t i m a t e  of €Ii and s u b s t i t u t i n g  

t h i s  i n t o  equat ions  12 and 13, a  second e s t i m a t e  of ei can be obtained 

from: 

ei = a r c t a n  ( F ~ ~ / F , ~ ) .  (15) 

The new e s t i m a t e  of ei i s  used a s  an i n i t i a l  e s t i m a t e  t o  so lve  equat ion  

14 by i t e r a t i o n .  The i t e r a t i o n  proceeds u n t i l  t h e  r a t i o  of t h e  

d i f f e r e n c e  between success ive  e s t i m a t e s  of ei becomes l e s s  than 0.000001. 

The f i n a l  va lue  of  ei i s  used t o  compute Fxi, Fyis and t h e  upper t ens ion  

force:  

The next  s t e p  i s  t o  compute t h e  segment length  from equat ion 11 and add 

it t o  previous va lues  t o  o b t a i n  computed cab le  length  (CL =I: si). The 

downstream d r i f t  ( i n  f e e t )  o r  displacement  f o r  t h i s  cable  segment i s :  

Axi = ( s ine i ) - lS  (17) 

and t h i s  va lue  l ikewise  i s  added t o  previous va lues  (AX =I: Axi). 

The computat ional  process  i s  then repea ted  f o r  t he  next  cab le  segment. The 

process  cont inues  u n t i l  t h e  su r f ace  i s  reached. This completes t h e  computa- 

t i o n  of t h e  cab le  shape, o r  p r o f i l e ,  f o r  t h e  sampler a t  one pos i t i on .  

Rais ing t h e  sampler  1 f t  ( l a t e r ,  one-hundredth of t h e  depth)  and 



repea t ing  t h e  computat ional  process  w i l l  lead t o  a l a rge  t a b l e  of 

computed values.  The f i n a l  values of AX f o r  each i n i t i a l  sampler 

e l eva t ion ,  yo, can be used t o  p l o t  t he  equ i l i b r ium pa th  of t he  sampler  o r  

sounding weight through t h e  v e r t i c a l .  This pa th  i s  t h e  same whether t h e  

weight i s  lowered o r  ra i sed .  I n  r e a l  l i f e ,  t h e  pa th  of the  weight w i l l  

be f u r t h e r  downstream dur ing  lowering and w i l l  be upstream of t he  

predic ted  pa th  dur ing  r a i s ing .  This occurs  because t h e  program n e g l e c t s  

t he  l i f t i n g  o r  depress ing  e f f e c t  of t h e  weight's v e r t i c a l  progress.  

The a n a l y s i s  given i n  t he  theory  s e c t i o n  has been t r a n s l a t e d  i n t o  a 

BASIC-language computer program which i s  descr ibed  i n  Appendix I. Figure  

3 i s  an example of  t he  computation f o r  an 87.0-lb (submerged) sampler  i n  

a 100-ft  s t ream w i t h  a mean v e l o c i t y  of 15 f t / s  and a Manning's n of 

0.040. The 'path' of t h e  sampler i s  t h e  p l o t  of downstream d r i f t ,  AX vs. 

e leva t ion .  This  curve has t he  most pronounced hook a t  t h e  bottom w i t h  a 

maximum d r i f t  which i s  4.6 f t  g r e a t e r  than when t h e  sampler i s  on t h e  

bottom. The pa th  has a d i s t i n c t  'sf shape compared t o  a s t r a i g h t  l i n e  

from t h e  s u r f a c e  t o  t h e  bottom point .  A s  t h e  CL curve nears  t h e  s u r f a c e  

it a sympto t i ca l ly  approaches a l i n e  drawn from t h e  s u r f a c e  t o  100 f t  a t  

t h e  bot tom.  The hook i n  t h e  CL c u r v e  i s  o n l y  0.7 f t ,  b u t  t h e  CL a t  t h e  

maximum po in t  is 34 percent  g r e a t e r  than t h e  depth. The 8 curve hooks 

only l o  but  has a va lue  of 65' when t h e  sampler  i s  near  t h e  streambed. 



0 20 4 0  6 0  80 100 120 140 
DOWNSTREAM DRIFT (ax) AND CABLE LENGTH (CL) IN FEET ; 

VERTICAL ANGLE (8) IN DEGREES 

F i g u r e  3 .  - -Re la t ions  between sampler  e l e v a t i o n  above t h e  st  reambed and 
downstream d r i f t ,  AX, v e r t i c a l  a n g l e  a t  t h e  s u r f a c e ,  8, and c a b l e  
l e n g t h  a t  t h e  s u r f a c e ,  CL. The sampler  weighs 87.0 l b  (submerged) a s  
i t  i s  r a i s e d  i n  a 100-f t  deep r i v e r  w i t h  a mean v e l o c i t y  of 1 5  f t / s .  
Manning's roughness  c o e f f i c i e n t  i s  assumed t o  b e  0.040. The AX c u r v e  
can b e  r e a d  a s  t h e  ' p a t h '  of  t h e  sampler  a s  i t  moves v e r t i c a l l y .  I n  
r e a l i t y ,  however, i t  i s  a s e r i e s  of s t a t i c  e q u i l i b r i u m  p o s i t i o n s  
n e g l e c t i n g  t h e  dynamic e f f e c t s  of v e r t i c a l  l i f t  and d r a g  a s  t h e  sampler  
t r a v e l s  th rough  t h e  w a t e r  column. The dashed l i n e s  a r e  t o  a s s i s t  t h e  
e y e  i n  e s t i m a t i n g  d ivergence  from a s t r a i g h t  l i n e :  t h e  shor t -dash  l i n e  
i s  f o r  t h e  AX c u r v e ,  and t h e  long-dash l i n e  i s  t h e  asymptote  f o r  t h e  CL 
curve .  



CORROBORATION OF COMPUTER ANALYSES BY FIELD DATA 

There a r e  few f i e l d  d a t a  a v a i l a b l e  f o r  checking the  program, One 

source i s  Shenehon (1900), who gave two v e l o c i t y  p r o f i l e s  ( s t a t i o n s  6 and 

8). Using t h e s e  wi th  an assumed va lue  of 3.0 f o r  t h e  wire's drag 

c o e f f i c i e n t ,  t h e  computed wet - l i n e  c o r r e c t  ion  agrees  w i t h i n  0.02 f e e t  o f  

t h e  publ ished va lues  (see t a b l e  1). However, t h e  t e s t  condi t ions  d i d  n o t  

cover a wide range. Depths a t  t h e  two s t a t i o n s  were 33.6 and 34.0 f t ,  

and v e l o c i t i e s  were about 6.13 and 5.74 f t / s ,  r e spec t ive ly .  The maximum 

angle  was only  9.8' and t h e  maximum WLC was only  0.16 f t .  

1 - Table 1. -on of S s  
values. 

True Cable Angle Shenehon 's Computed Dif fe rence  
Depth Length WLC WLC WLC 
( f e e t )  ( f e e t )  (degrees)  ( f e e t )  ( f e e t )  ( f e e t  1 

COLUMBUS SOUNDING l+lEUEC 

STATION 6 VELOCITY DATA 

STATION 8 VELOCITY DATA 

STATION 6 VELOCITY DATA 



Another s e t  of t e s t  d a t a  is found i n  a  r ecen t  s tudy (Coon and 

F u t r e l l ,  1986) which was obtained by towing weights  i n  a  deep lake. I n  

t h i s  case,  a  uniform cons tan t  v e l o c i t y  is assumed. The range of  

condi t ions ,  though, i s  wide enough t o  g ive  a  good t e s t  of t h e  program's 

c a p a b i l i t i e s .  The maximum cab le  angle  was 52.5' and the  maximum v e l o c i t y  

was 14.76 f t / s .  Two weights  (100 and 200 l b )  were lowered t o  depths up 

t o  97 f t .  Table 2 summarizes t h e  t e s t  d a t a  and computed va lues  f o r  

depths of 20 f t  and g r e a t e r .  The f i r s t  f i v e  columns a r e  abs t r ac t ed  from 

Coon and F u t r e l l  ( t a b l e s  1 and 2, p. 6-9). Apparent depth, v e l o c i t y ,  and 

v e r t i c a l  angle  (cols.  1, 2, and 5) were assumed t o  be a c c u r a t e  a s  given 

f o r  use i n  t h e  computations. Because t h e  wire's d rag  c o e f f i c i e n t ,  CDW, 

was unknown, a  graphic  i n t e r p o l a t i o n  scheme was used t o  de te rmine  t h e  

t r u e  depth and CDW given t h e  cab le  length  and v e r t i c a l  angle. 

F i r s t ,  though, a  s e r i e s  of c a l c u l a t i o n s  were performed a t t empt ing  t o  

c l o s e  on t h e  approximate t r u e  depth and CDW. Then a  f u r t h e r  a r r a y  of 

computat ions was made t o  bracke t  t h e  so lu t ion .  F i n a l l y ,  a c c u r a t e  values 

were obtained by graphic  i n t e rpo la t ion .  
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A s  an example, consider  the  measurement by Coon and F u t r e l l  using 

t h e  100-lb sounding weight with CL = 97.0 f t ,  ve loc i ty  equal t o  5.78 

f t / s ,  and 8 = 35.0'. Rough approximations of the  des i red  values were 

computed a s  shown i n  t a b l e  3. The parameters Dt and CDW were adjusted 

u n t i l  the  computed values of CE and 8 were reasonably c lose  t o  the  values 

i n  t a b l e  2. A bracketing a r ray  of computations a l s o  could have been used 

i n  t h i s  c-ase. 

Table 3.-- 

[CL = 97.0 f t ,  V = 5.78 f t / s ,  and 8 = 35.0O.1 

---- - 

Run Estimated Estimated Computed Computed 

No. True Depth CDW Cable Length 8 

( f e e t  1 ( f e e t  1 (degrees 1 



On t h e  b a s i s  of t hese  computations,  16 more computations were made 

a t t empt ing  t o  bracke t  and r e f i n e  t h e  b e s t  va lue  more c lose ly .  These 

r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  4. Each of t h e  computations used a  

d i f f e r e n t  combination of CDW and Dt ,  and was p l o t t e d  on f i g u r e  4 w i t h  t h e  

computed cable  length  and angle  f o r  t h e  combination. Lines were drawn 

connect ing computations w i t h  t h e  same D t  o r  CDW. Then t h e  cab le  length  

and angle  given i n  t a b l e  2 were p l o t t e d  on t h e  graph. The f i n a l  va lues  

were i n t e r p o l a t e d  g r a p h i c a l l y  f o r  t h e  i n t e r s e c t i o n  of CL = 97.0 f t  and 

8 = 35.0' : D t  = 90.19 f t  and CDW = 3.95. More accu ra t e  de t e rmina t ions  

a r e  n o t  warranted cons ider ing  inaccurac ies  i n  measuring t h e  v e r t i c a l  

angle.  This  same procedure was used f o r  computing each of t h e  va lues  

shown i n  columns 6 and 7 of t a b l e  2. 

One t e s t  of t h e  program i s  t o  compare t h e  computed t r u e  depths (col.  

6  i n  t a b l e  2) w i t h  those  given by Coon and F u t r e l l  (col. 3). Figure 5 

shows t h i s  comparison. Both t h e  100- and 200-lb sounding weight d a t a  

ag ree  very  wel l ,  a l though t h e  100-lb d a t a  were low a t  depths g r e a t e r  than  

80 f t .  The c o e f f i c i e n t  of de t e rmina t ion  ( r2 )  i s  0.9991. 

Another t e s t  of t h e  program's competence i s  obtained by comparing 

t h e  computed wet - l i n e  c o r r e c t  ion wi th  those  given by Shenehon's t ab l e .  

The d i f f e r e n c e  between CL and Dt  i s  t h e  computed wet - l ine  co r r ec t ion ,  

WLC,. Table 2 (col. 9) a l s o  l i s t s  Shenehon's WLCs f o r  comparison. 

F igure  6 shows WLCc p l o t t e d  a g a i n s t  Shenehon's co r r ec t ion ,  WLC,. The 

agreement i s  exce l len t .  The leas t - squares  r eg re s s ion  equat ion  i s :  

WLCC = 0.01784 + 1.0604 WLC, ( 1  8)  

w i t h  r2 = 0.9995. This  means t h a t  t h e  computed WLC i s  s i x  percent  h igher  



34 35 36 
COMPUTED ANGLE IN DEGREES 

F i g u r e  4.--Computed a r r a y  f o r  91.8-lb (submerged) sounding weight  w i t h  a  
c a b l e  l e n g t h  of 97 .0  ft, v e r t i c a l  a n g l e  o f  35', and towed v e l o c i t y  o f  
5.78 f t / s .  The l i n e s  of c o n s t a n t  t r u e  d e p t h ,  D t ,  and w i r e  d r a g  
c o e f f i c i e n t ,  CDW, a r e  drawn through computed d a t a .  The d o t  a t  97.0 f t  
of c a b l e  l e n g t h  and a t  35' i s  used t o  i n t e r p o l a t e  an a c c u r a t e  s o l u t i o n :  
Dt = 90.19 f t  and CDW = 3.95. 



0 100-LB WEIGHT 
200 -LB WEIGHT 

LINE OF EQUALITY 

TRUE DEPTH IN FEET 

F i g u r e  5.--Computed d e p t h  compared t o  t r u e  d e p t h  g i v e n  by Coon and 
F u t r e l l  (1986).  
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COMPUTED WLC VALUE 
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WLCc= 0.017835 + 1.06043 WLCS-W 
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F i g u r e  6.--Relation between Shenehon's t a b u l a r  w e t - l i n e  c o r r e c t i o n ,  WLC,, 
and g r a p h i c a l l y  computed w e t - l i n e  c o r r e c t i o n ,  WLC,, f o r  d a t a  from Coon 
and F u t r e l l  ( 1986). The l e a s t - s q u a r e s  r e g r e s s  i o n  (dashed l i n e )  th rough  
t h i s  d a t a  h a s  an  r2 = 0.9995. The c i r c l e d  p o i n t s  a r e  t h o s e  a s  g iven 
by Coon and F u t r e l l  and were  n o t  inc luded  i n  t h e  r e g r e s s i o n  
computat i o n .  



than  t h e  t a b l e  va lues  (except f o r  a  0.02-ft o f f s e t )  over  t h e  range t h e  

t a b l e  va lues  could be compared. The s ix-percent  d i f f e r e n c e  is  poss ib ly  

t h e  r e s u l t  of us ing  100 segments t o  compute t h e  fo rces  on t h e  cable  

ins tead  of Shenehon's 10 segments. 

The c i r c l e d  p o i n t s  p l o t t e d  on t h e  f i g u r e  a r e  values given by Coon 

and F u t r e l l .  The s c a t t e r  i n  t h e  c i r c l e d  p o i n t s  is bel ieved t o  be t h e  

r e s u l t  of inaccurac ies  i n  determining t h e  depth of t h e  sounding weight,  

The authors  repor ted  t h e  accuracy of t h e  t r u e  depth readings,  by 

fathometer ,  t o  be -t 0.1 f t .  However, t h e r e  w i l l  be an e r r o r  due t o  t h e  

geometry of t h e  measurement un le s s  t h e  fa thometer  i s  d i r e c t l y  above t h e  

weight. F igure  7 diagrams t h e  problem. Thei r  d a t a  were co l l ec t ed  from a 

16- f t  boat,, but computed downstream d r i f t  i n  t a b l e  2 i s  a s  g r e a t  a s  49 

f t .  Therefore,  t h e  t ransducer  A could no t  poss ib ly  be d i r e c t l y  above t h e  

weight when t h e  d r i f t  was g r e a t e r  than  16- f t ,  A second9 pass ive  

tsansduees B t r a i l i n g  t ransducer  A by a f i xed ,  known d i s t a n c e  would have 

allowed t h e  accu ra t e  de te rmina t ion  of t r u e  depths Dtp and downstream 

d r i f t ,  Ax. Appendix I1 gives  a  d e s c r i p t i o n  and t h e  d e r i v a t i o n  of t h i s  

computation. 

In spec t ion  of t a b l e  2 r evea l s  a  r e l a t i o n  between CDW and ve loc i ty .  

F igure  8 shows t h e  gene ra l  r e l a t i o n  between t h e  two parameters.  The 

values of CDW g e n e r a l l y  decrease  wi th  inc reas ing  ve loc i ty .  The p l o t  

shows t h e  l e a s t  squares  r eg re s s ion  l i n e s  f o r  t he  100- and 200-lb weight 

d a t a  s e p a r a t e l y  and a s  an t h e  aggregate.  The equat ions  are:  

100-lb weight: CDW = 4.6700 - 0.16245V9 (19) 

200-lb weight : CDW = 5.7484 - 0.22707VS and (20)  



F i g u r e  7.--Measurement arrangement i n  l a k e  s tudy .  Apparent d e p t h ,  Da, 
i s  shown a s  t h e  r e f l e c t i o n  d i s t a n c e  and a s  t h e  apparen t  v e r t i c a l  
depth .  The g r e a t e r  t h e  downstream d r i f t ,  AX, t h e  g r e a t e r  w i l l  b e  t h e  
d i f f e r e n c e  between Da and t r u e  d e p t h ,  Dt. The d i s t a n c e  between t h e  
t r a n s d u c e r  and t h e  p o i n t  a t  which t h e  c a b l e  p e n e t r a t e s  t h e  wa te r  i s  

AXadj. T h i s  drawing i s  n o t  t o  s c a l e .  
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F i g u r e  8.--Relation between computed w i r e  d r a g  c o e f f i c i e n t ,  CDbT, and 
v e l o c i t y  f o r  computat ions  based on d a t a  given by Coon and F u t r e l l  (1986 



a l l  da ta :  CDW = 5.2489 - 0.20208V. (21)  

The r2 va lues  a r e  0.609, 0.906, and 0.652, respec t ive ly .  

A f i n a l  po in t  regarding t a b l e  2. The l a r g e s t  CDW va lue  was 4.9 and 

a l l  but  6  of t h e  29 va lues  i n  t he  t a b l e  exceed even t h e  va lue  of 3.0 

mentioned by Pearce (1986, p. 26). Coon and F u t r e l l  (p. 6-9) l i s t e d  

measured s t rum ampli tude f o r  each run. A few of  t hese  values exceed 

t h r e e  t imes  t h e  d iameter  of t h e  cable ,  so  t h e  l a r g e  CDW va lues  obtained 

e m p i r i c a l l y  i n  t h e  present  s tudy do no t  seem out  of l ine .  The reason f o r  

t h e  abnormally l a r g e  CDW values a t  low v e l o c i t i e s  and t h e  f a c t  they 

appear t o  decrease  wi th  increas ing  v e l o c i t y  ( f i g .  8) i s  unknown. 

APPLICATIONS OF PROCEDURE 

s o u W  we- m t h e  v e r W  

The h i s t o r i c  need f o r  l oca t ing  sounding weights  and, l a t e r ,  samplers 

i n  t he  v e r t i c a l  has a t t r a c t e d  many people t o  a  s tudy of t h e  problem. 

I n t e r e s t i n g l y ,  no one has looked a t  t h e  case  where no we t - l i ne  c o r r e c t i o n  

i s  necessary. The t r u e  depth of t he  sounding weight i s  between CL 

and CL cos 8. This  s ta tement  fo l lows  from an examination of f i g u r e  1. 

The t r u e  depth is always equal  t o  o r  l e s s  than t h e  wetted length  of 

cable ,  CL. This  would be t h e  case  where t h e  weight i s  hanging s t r a i g h t  

down, a s  i n  s l a c k  water.  Also. t h e  t r u e  depth i s  always equal  t o  o r  

g r e a t e r  than t h e  product of t h e  cable  length  and t h e  cos ine  of 8, CL cos  

9. This  i s  t he  case  where t h e  cable  a c t s  a s  a r i g i d  rod pene t r a t ing  t h e  

water  a t  t h e  angle  9. I f  t h e  d i f f e r e n c e  between CL and CL cos 8 i s  

s u f f i c i e n t l y  sma l l ,  then no c o r r e c t i o n  t o  CL i s  necessary. I f  one needs 

t o  know t h e  depth t o  t he  nea re s t  0.1 f o o t  i n  a  s t ream which i s  about 100 



f e e t  deep ,  t h e n  (CL - CL c o s  8 )  = CL(1 - c o s  8 )  must  be  l e s s  t h a n  0.1. 

Dividing by CL, t h i s  reduces t o  (1 - cos 8 )  < 0.001, which i s  s a t i s f i e d  

when 8 i s  l e s s  than  2.6 degrees.  An angle  of l e s s  than 5.7 degrees 

s a t i s f i e s  t h e  0.1-ft condi t ion  when t h e  depth i s  about 20 it. Figure  9  i s  

a  p l o t  of t he  C L ( ~  - cos 8 )  func t ion  mapped onto  t h e  CL-8 plane. 

One might ask  i f  WLC i s  r e l a t e d  t o  t h e  d i f f e r e n c e  between CL and CL 

cos 8. For va lues  computed by t h e  cab le  program from Coon and F u t r e l l l s  

d a t a  and from Shenehon's two v e l o c i t y  p r o f i l e s ,  WLC r e l a t e s  very w e l l  

w i t h  CL(1 - cos 8)  a s  shown i n  f i g u r e  10. The d a t a  r ep re sen t  a  wide 

range of va lues  f o r  t h e  drag c o e f f i c i e n t  of t h e  wi re  (1.9 t o  4.9), 

uniform v e l o c i t i e s  t o  14.76 f e e t  per  second, depths t o  97 f e e t ,  and 

v e r t i c a l  angles  t o  52.5 degrees. The d a t a  c l o s e l y  fo l low a  fourth-order  

4  polynomial of t h e  form: y  = a0 + a l x  + a2x2 + a3x3 + aqx , where y  = WLCc 

and x = CL(1 - cos 8). The c o e f f i c i e n t s  of t h e  polynomial are: 

B O  = 1.223 776 x  lo -* ,  

a1 = 3.883 869 x 1 0 - I S  

- -8.331 002 x  l o e 4 ,  a2 - 
83 = 6.321 678 x  and 

8 4  = 1.491 841 x  

I f  t h e  f i v e  uppermost d a t a  po in t s  a r e  ignored, t h e  remaining d a t a  a r e  

r e l a t e d  l i nea r ly .  F igure  11 shows a leas t - squares  r eg re s s ion  l i n e  ( r 2  = 

0.9940) drawn through t h e  remaining data .  The equat ion f o r  t he  l i n e  is: 

WLCc = 0.40268 C L ( ~  - cos 8 )  - 0.079716. (22) 
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F i g u r e  9.--The f u n c t i o n  CL(1 - cos  0 ) .  The f u n c t i o n  r e p r e s e n t s  t h e  
d i f f e r e n c e  i n  e l e v a t i o n  between t h e  c a b l e  hang ing  v e r t i c a l l y  and ang led  
s t i f f l y  a t  a n g l e  8. 
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F i g u r e  10.--Relation between CL(l - cos  8 )  and computed wet - l ine  
c o r r e c t i o n  f o r  a l l  d a t a  i n  t a b l e  2 .  The l i n e  r e p r e s e n t s  a  f i t t e d  
f o u r t h - o r d e r  polynomial.  



WLCc = 0.40268 CL( I - COS 8) - 0.079716 
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F i g u r e  11. - -Rela t ion between CL(1 - cos  8 )  and computed w e t - l i n e  
cor . rec t ion ,  WLCc, f o r  CL(1 - cosQ) l e s s  t h a n  20. The l e a s t - s q u a r e s  
r e g r e s s i o n  l i n e  shown h a s  an r2 = 0.9940.  



i n  w e d  - 8-t co- 

The de termina t ion  of t h e o r e t i c a l  sampling e r r o r s  r equ i r e s  t he  use  of 

t h e  t a b l e  of  CL and AX f o r  i n i t i a l  sampler p o s i t i o n s ,  yo. This t a b l e  o r  

t h e  r e l a t i o n s  yo = f l  (CL) and AX = f2(yo) a r e  requi red  f o r  de te rmining  

t h e  midpoint coord ina tes  of each 1 - f t  segment of cab le  beginning a t  t h e  

su r f ace .  

These coord ina tes  a r e  then  used t o  compute ve loc i ty ,  concent ra t ion ,  

" .. 
and then t h e i r  product f o r  summation i n t o  samples. A broader 

d i scuss  ion of  sampling p r a c t i c e  should c l e a r  up any misunderstandings. 

Let us  assume t h a t  a P-61 is being used t o  c o l l e c t  a depth- 

i n t e g r a t e d  sample from a s t ream 100-f t  deep. In  normal p r a c t i c e  t h e  

sampler  w i l l  be operated such t h a t  perhaps f i v e  subsamples w i l l  be 

c o l l e c t e d  i n  t h e  v e r t i c a l .  each subsample r ep re sen t ing  20-ft  increments  

of  depth. For our  purposes t h e  composite of  t h e  group of subsamples w i l l  

be considered t h e  sample. I n  our  i d e a l  s t ream, t h e  concent ra t ion  does 

no t  vary wi th  t ime,  on ly  w i t h  depth. 

Let u s  make some a d d i t i o n a l  assumptions. F i r s t ,  t h a t  t h e  sampler  is 

being lowered v e r t i c a l l y  a t  a r a t e  of 1 f t / s .  This  i s  p r i m a r i l y  f o r  

convenience, but  it i s  a l s o  a t y p i c a l  v e r t i c a l  t r a n s i t  r a t e .  Secondly, 

l e t  us assume t h a t  each con ta ine r  i s  f i l l e d  wi th  a s e r i e s  of **snapshot" 

subsamples c o l l e c t e d  a t  t h e  mid-point of each cable  segment r a t h e r  than  a 

cont inuously c o l l e c t e d  sample. We d e f i n e  a "snapshot" a s  a subsample 

which i s  t h e  product of l o c a l  v e l o c i t y  and concent ra t ion  c o l l e c t e d  f o r  

one u n i t  of t ime,  say  one second. The sampler i s  motionless  whi le  

c o l l e c t i n g  t h e  sample. We w i l l  f u r t h e r  assume t h a t  a snapshot sample i s  



i d e n t i c a l  t o  a  cont inuously c o l l e c t e d  sample through a  1 - f t  range i n  

depth. This  l a s t  assumption i s  reasonable because of t h e  l a rge  number of 

snapshots ,  about 100, which w i l l  be i n t eg ra t ed  i n t o  our  sample, and 

because t h e  v e l o c i t y  and concent ra t ion  a r e  uniform over  a  s m a l l  range i n  

depth.  4.l 

The sum of mass of t h e  "snapshot" subsamples i s  taken a s  t h e  

t o t a l  mass of an equiva len t  depth- in tegra ted  sample. The sum of a l l  t h e  

v e l o c i t i e s  i s  p ropor t iona l  t o  t h e  volume of such a  sample because each 

snapshot i s  taken f o r  one u n i t  of time. 

Because t h e  v e l o c i t y  v a r i e s  w i t h  depth i n  a  s t ream,  t h e  e f f e c t  of 

drag  on t h e  cable  and sampler  a l s o  v a r i e s  w i t h  depth. This  combination 

leads  t o  a  non-l inear  sampling pa th  a s  shown i n  f i g u r e  3, f o r  example. A 

non-l inear  sampling pa th  w i l l  cause sampling e r r o r s .  Any dev ia t ion  of 

t h e  sampler's pa th  from a s t r a i g h t  l i n e  w i l l  cause an e r r o r  i n  t h e  

sample. The l i n e  does no t  have t o  be v e r t i c a l  t o  minimize e r r o r ,  j u s t  

s t r a i g h t .  

There i s .  however, one a d d i t i o n a l  source of e r ro r .  As t h e  sampler 

is  pushed downstream by t h e  p re s su re  of t h e  s t ream, t h e r e  is a  s m a l l  p a r t  

P l ease  no te  t h a t  t h e  concept of a  snapshot sampling scheme i s  f o r  

i l l u s t r a t i v e  purpose only. Such a  scheme would no t  c o l l e c t  s a t i s f a c t o r y  

samples. When a nozz le  and va lve  system i s  opened f o r  on ly  one second 

per  snapshot.  t h e  f low i n  t h e  nozz le  i s  changing dynamical ly dur ing  a  

r e l a t i v e l y  l a r g e  po r t ion  of t h a t  t ime,  and r e p r e s e n t a t i v e  sampling w i l l  

be  i n  e r r o r .  



of t h e  f low no t  sampled ( fo r  downward sampling). Imagine t h e  snapshot 

subsamp l e  a s  being a  h o r i z o n t a l  c y l i n d e r  of water-sediment mixture.  I f  

t h e  sampling t ime is one second and i f  t h e  l o c a l  v e l o c i t y  i s  t e n  f e e t  pe r  

second, then  t h e  subsample would seem t o  c o n s i s t  of a  cy l inde r  t e n  f e e t  

long and having a  d iameter  equal  t o  t h a t  of t h e  nozzle.  This is  n o t  t h e  

case. The sampler  d r i f t e d  downstream a d i s t a n c e  of Axi during t h a t  one 

second. Therefore t h e  cy l inde r  length  i s  Axi s h o r t e r  than 10 f t  i n  

length  (10 - Axi). I f  we had been sampling i n  an upward d i r e c t i o n ,  t h e  

subsample c y l i n d e r  would have been Axi longer  than 10 f t  (10 + Ax;). We 

can de termine  t h e  magnitude of t h i s  e r r o r  w i t h  our  c a l c u l a t i o n  procedure. 

An equat ion  used t o  e s t i m a t e  suspended-sediment concent ra t ion  was 

developed by Rouse ( see  Vanoni, 1975, p. 76): 

Cy= Ca[((~-~)/Y)(a/(~-a))lZ* (23)  

where Cy i s  t h e  concent ra t ion  a t  e l e v a t i o n  Y. 

Ca i s  t h e  concent ra t ion  a t  r e f e rence  e l e v a t i o n  a @  and 

D i s  t o t a l  depth.  

The exponent z  i s  t h e  r a t i o  of t h e  f a l l  v e l o c i t y  of t h e  sediment.  w. t o  

t h e  shear  v e l o c i t y .  U*, and t h e  von Karman cons t an t ,  k: 

z = w/(kU,), (24) 

where k = 0.40 and U, =F A t y p i c a l  s i z e  d i s t r i b u t i o n  was chosen and 

d iv ided  i n t o  f i v e  subclasses .  A r e f e rence  concent ra t ion  was es t imated  

and an exponent determined f o r  each subclass .  The concent ra t ion  a t  each 

e l eva t ion  was t h e  sum of t h e  concent ra t ions  of t h e  subclasses  a t  t h a t  

e l e v a t i o n .  

The weight of sediment m u l t i p l i e d  by t h e  l o c a l  v e l o c i t y  and a  



c o e f f i c i e n t  and t h e  volume of each snapshot subsample were summed 

sepa ra t e ly ,  a s  were t h e  sediment weight and subsample volume owing t o  

downstream d r i f t .  

F i n a l l y ,  a s i m i l a r  computation was made assuming t h e  sampler was 

lowered o r  r a i s e d  v e r t i c a l l y  i n  e l e v a t o r  fash ion ,  i.e., without  any 

downstream d r i f t .  This concent ra t ion  i s  taken a s  t h e  t r u e  va lue  f o r  

comparison purposes.  

Table 4 summarizes t h e  computations descr ibed  i n  t h i s  s e c t i o n .  

The most s t r i k i n g  observa t ion  regarding the  t a b l e  i s  t h e  very low 

percentage e r r o r  computed. We may conclude t h a t  t h i s  poss ib l e  e r r o r  

mechanism may be d is regarded .  

- Table 4.--Suumuy of a sqmuled  sedixnmt c o m  

- 

Sampler 
Sampler Mean Sampler Eleva tor  Concent r a t  ion 
Type Veloci ty Concentrat ion Concentrat ion Error  

( f t / s )  (mg/L) (mg/L) ( % I  

NOTES: 1)  Buoyancy and dynamic l i f t  of t he  sampler  and cab le  s k i n  
f r i c t i o n  fo rces  were ignored. 

2)  Sampler concent ra t ion  ad jus ted  f o r  e f f e c t  of downstream 
d r i f t .  E f f e c t  changed concent ra t ion  0.01 t o  0.07 percent .  

3 )  Stream depth was 100 f t  and Manning's roughness was 0.035. 
except  f o r  t h e  l a s t  l i n e  where t h e  roughness was 0.085. 

4) Submerged weights  used were, r e spec t ive ly :  P-61 (88.5-lb), 
P-63 (177-lb) ,  and P-50 (266-lb).  

5 )  Sampler concent ra t ion  e r r o r  i s  t h e  e l e v a t o r  concent ra t ion  
l e s s  t h e  sampler concent ra t ion  d iv ided  by t h e  e l e v a t o r  
concent ra t ion  times 100. 



This  is not  t o  say t h a t  a c l o s e l y  a l l i e d  e r r o r  mechanism i s  a l s o  t o  

be disregarded.  The e x t r a  downstream d r i f t  of t h e  sampler due t o  l i f t  

wh i l e  i t  i s  being lowered and t h e  decreased d r i f t  due t o  drag  wh i l e  it i s  

being r a i s e d  w i l l  a l s o  cause e r r o r s  i n  concent ra t ion  i n  a s i m i l a r  f a sh ion  

t o  those  computed f o r  t h e  tab le .  However, a s  s t a t e d  i n  t h e  in t roduc t ion ,  

t h i s  a n a l y s i s  d id  not  incorpora te  t h e  dynamic a spec t s  of sampling. 

There i s  reason t o  be l i eve  t h a t  e r r o r s  due t o  dynamic motion could 

be apprec iab le .  As noted i n  t h e  IACWR r e p o r t  on sampler t e s t s  i n  t h e  

Grand Canyon (1951, p. 25-26), when t h e  sampler  is suspended from a 

b r idge  o r  cab le  c a r ,  t h e  t o t a l  downstream d r i f t  should be measured from 

t h e  p o i n t  a t  which t h e  sampler  e n t e r s  t h e  water.  That po in t  is  d i r e c t l y  

below t h e  sheave. The d i s t a n c e  from t h i s  po in t  t o  t he  poin t  where t h e  

cab le  p e n e t r a t e s  t h e  water  must be added t o  t h e  downstream d r i f t  computed 

i n  t h e  p re sen t  study. Only po in t - in t eg ra t ed  samples a r e  immune t o  t h i s  

e r r o r ,  Use of very  heavy samplers  can minimize t h i s  e r r o r  f o r  depth- 

i n t eg ra t ed  samples. 

The computer program used i n  t h e  present  s tudy should be modified 

t o  provide e s t i m a t e s  of t h e  magnitude of  concent ra t ion  e r r o r s  due t o  

dynamic mot ion of t h e  sampler.  E r ro r s  due t o  t h e  suspension p o i n t  being 

w e l l  above t h e  water  s u r f a c e  can only  be minimized by educat ing f i e l d  

personnel  and by providing s u i t a b l e  equipment. 

The o r i g i n a l  purpose of t he  a n a l y s i s  given i n  t h i s  r e p o r t  was t o  a i d  

i n  sampler  design. The computer program based on t h i s  a n a l y s i s  a l lowed 

p re l imina ry  inexpensive t e s t i n g  of t h e  e f f e c t s  of adding e x t r a  mass, 



n e g a t i v e - l i f t  wings, and o t h e r  design opt ions.  Pearce (1986) used a  

s i m i l a r  approach in  developing an oceanographic towed body f o r  

i n s t rumta t ion .  He inves t iga t ed  t h e  b e n e f i t s  o f  a  n e g a t i v e - l i f t  wing and 

f a i r e d  cab le  t o  achieve maximum depression of t h e  towed body. 

The Amazon River sampler  mentioned i n  t h e  in t roduc t ion  had t o  

perform a t  such a  g r e a t  depth t h a t  t he  compression chambers of s tandard 

samplers  were too  small .  A f t e r  reviewing s e v e r a l  a l t e r n a t i v e  schemes, an 

e x t e r n a l  compression chamber was chosen t o  supply t h e  e x t r a  a i r  volume 

required.  F r o n t a l  a rea ,  su r f ace  a rea ,  and submerged weight of t h i s  

chamber were computed once t h e  phys i ca l  dimensions were f ixed.  The 

computer program then was used t o  cons t ruc t  a  ' f l i g h t 1  pa th  through t h e  

sampling v e r t i c a l  and t o  t e s t  t h e  e f f e c t  of  added mass and of nega t ive-  

l i f t  wings i n  s t r a i g h t e n i n g  t h e  path. The program was ad jus ted  t o  p r i n t  

out  cable  t ens ion  and t h e  f o r c e  on t h e  sampler a t  each sampler  p o s i t i o n  

i n  t h e  v e r t i c a l .  The maximum fo rce  on t h e  sampler could be compared t o  

t h e  es t imated  s t r e n g t h  of f i t t i n g s  and connectors.  

CONCLUDING REMARKS 

Computations based on t h e  a n a l y s i s  presented i n  t h i s  r epo r t  compare 

favorably  wi th  t h e  h i s t o r i c  va lues  of Shenehon (1900), wh i l e  providing an 

extension t o  t h e  range of app l i ca t ion .  The p re sen t  a n a l y s i s  i s ,  i n  f a c t ,  

j u s t  a  more s o p h i s t i c a t e d  extens ion of Shenehonls ana lys i s :  t he  

progress ive  summation and balancing of fo rces  from t h e  sampler  o r  

sounding weight upward t o  t h e  surface.  Lacking a  f u l l  s c a l e  t e s t ,  t h e  

program does seem t o  be corroborated by t h e  d a t a  of Coon and F u t r e l l  

(1986). Thei r  conclusion t h a t  Shenehon's t a b l e  of  we t - l i ne  c o r r e c t  ions 



g ives  va lues  which '*may be i n  e r ro r "  i s  i n  agreement w i th  computations 

g i v e n  i n  t a b l e  2 .  

The graph of t h e  sampler's pa th  through t h e  s t ream v e r t i c a l  ( f ig .  3 )  

has a hook shape near  t h e  bed a s  a r e s u l t  of lower v e l o c i t y  on t h e  cab le  

and sampler i n  t h a t  region. Such a non l inea r  r e l a t i o n  must cause e r r o r s  

i n  sampling. The n o n l i n e a r i t y  is i n  t h e  reg ion  wi th  the  h ighes t  

concent ra t ion  and t h e  h ighes t  rate-of-change of concentrat ion.  The 

r e s u l t s  of  t h e  suspended-sediment-concentration e r r o r  computations t h a t  

were summarized i n  t a b l e  4, a r e  sma l l ,  The e r r o r  increases  w i t h  

inc reas ing  v e l o c i t y  and w i t h  inc reas ing  roughness. Downstream d r i f t  and 

non l inea r  sampling pa th  do not  produce t h e  expected l a r g e  e r r o r ,  a t  l e a s t  

f o r  t h e  cond i t i ons  s tud ied  here in .  However, a s t ream wi th  coa r se r  

sediment i n  high concent ra t  ions would s u r e l y  y i e l d  l a r g e r  sampling 

e r r o r s .  The e f f e c t  of l i f t i n g  f o r c e  on t h e  sampler during t h e  v e r t i c a l  

t r a v e r s e  was not  s tudied.  Thisr and a t r a v e r s e  wi th  varying buoyancy 

f o r c e r  a r e  good s u b j e c t s  f o r  f u r t h e r  study. Another p o s s i b i l e  

mod i f i ca t ion  t o  t h e  program is adjustment  of sampler and wire  drag 

c o e f f i c i e n t s  based on the  l o c a l  Reynolds number. 

The a b i l i t y  t o  compute a cab le  p r o f i l e  r a i s e s  an i n t e r e s t i n g  

quest ion.  I s  it  poss ib l e  t o  de te rmine  t h e  exact  depth of  a sampler  o r  

sounding weight from t h e  two measurable parameters ,  cab le  l eng th  and 

v e r t i c a l  angle?  No, no t  p rec i se ly .  The sampler depth i s  a l s o  dependent 

on t h e  v e l o c i t y ,  i t s  v e r t i c a l  d i s t r i b u t i o n ,  and t h e  drag on t h e  sampler 

and cable.  Refer aga in  t o  f i g u r e  1. The s t r a igh t - ang le  depth i s  shown 

a s  p o s i t i o n  A and the  cable- length  depth i s  shown a s  p o s i t i o n  C. The 



t r u e  depth, p o s i t i o n  B, i s  between p o s i t i o n s  A and C. The d i f f e r e n c e  in  

depth between A and C i s  a  func t ion  only  of cab le  length  and v e r t i c a l  

angle. The p l o t  of l i n e s  of cons tan t  d i f f e r e n c e  CL - CL cos 8 ( f i g .  9 )  

provides a  means t o  determine whether a  c o r r e c t i o n  i s  needed under 

s p e c i f i c  condit ions.  For example, i f  a  sampler  o r  sounding weight were 

suspended i n  a  s t ream and the  cable  length  from t h e  su r f ace  was 65 f t  a t  

an angle of 10' wi th  t h e  v e r t i c a l ,  t h e  t r u e  depth would be between 64 and 

65 f t .  The 1.0 f t  d i f f e r e n c e  l i n e  passes  through t h e  65 f t  and 10' 

coordinates .  A c o r r e c t i o n  might be needed i n  t h i s  case  i f  t h e  s t ream 

depth  were being determined;  but  poss ib ly  no c o r r e c t i o n  would be needed 

in  o the r  circumstances.  Figure 9 a l s o  might be used t o  determine r u l e s -  

.. 
of-thumb f o r  f i e l d  personnel.  No c o r r e c t i o n  i s  necessary  i f  t he  

v e r t i c a l  angle  i s  l e s s  than e igh t  degrees--regardless  of t h e  cable  

length" i s  one p o s s i b i l i t y  f o r  a  s i t e - s p e c i f i c  ru l e .  

The c o r r e c t i o n  needed t o  a d j u s t  t h e  cable  length  va lue  t o  ob ta in  t h e  

depth of a  sampler o r  sounding weight i s  u s u a l l y  obtained from Shenehon's 

wet - l ine  c o r r e c t i o n  t a b l e  (Corbett and o thers .  1957, p. 50-52). Stream 

depth values computed f o r  t h i s  s tudy compared reasonably w e l l  wi th  t a b l e  

va lues .  I n t e r p o l a t i n g  f o r  a  v e r t i c a l  angle  of 35' g ives  a  wet - l ine  

c o r r e c t i o n  of 6.59 f t  a t  an ind ica t ed  100-ft  cab le  length. This i s  very 

c l o s e  t o  t he  35.33 degrees and 6.5-ft c o r r e c t i o n  computed f o r  a  P-61 i n  

a  mean v e l o c i t y  of 10 f t / s .  The c loseness  of t h e s e  values may be only  a  

coincidence, however. A s i m i l a r  comparison f o r  a  P-63 and a  P-50 showed 

d i f f e rences  of 0.6 and 0.8 f t ,  respec t ive ly .  The t a b l e ,  t he re fo re ,  i s  

not completely accurate .  



The we t - l i ne  c o r r e c t  ion t a b l e  was devised f o r  de te rmining  t h e  s t ream 

depth  during a  d ischarge  measurement. The t a b l e  a l s o  i s  used t o  l o c a t e  

t h e  cu r r en t  meter  i n  t h e  f low,  and occas iona l ly  t o  l o c a t e  a  po in t  sampler 

i n  t h e  flow. In  t h i s  case,  t he  fo rces  on the  meter  and sounding weight,  

o r  on t h e  sampler cannot be ignored. The we t - l i ne  c o r r e c t i o n  t a b l e  was 

compared wi th  values computed f o r  var ious  samplers  suspended t e n  o r  more 

f e e t  above t h e  s t ream bottom: t a b l e  va lues  averaged 25 percent  lower 

t han  t h e  d i f f e r e n c e  between computed va lues  of depth and cab le  length,  

A requirement f o r  accu ra t e  depth such a s  po in t  samplingp t h e r e f o r e ,  

makes t h e  use of a  depth-measuring device  necessary. A pressure  meter  o r  

an u l t r a s o n i c  meter aimed upwards from t h e  sampler would s a t i s f y  t h e  

need. Another poss ib ly  i s  t h e  use of a  two-transducer scheme such a s  

descr ibed  i n  Appendix 11. The only o t h e r  a l t e r n a t i v e  i s  t o  use a  very  

heavy sampler such a s  t h e  P-63 (200-lb a i r  weight)  o r  P-50 (300 lb)  t o  

ensure  s m a l l  downstream d r i f t  and minimal depth e r ro r .  Of course,  

heav ie r  samplers  r e q u i r e  i nc reas ing ly  heavier ,  stronger, and more 

powerful l i f t i n g  and support equipment a s  we l l .  

CONCLUSIONS 

The p o s i t i o n  of a  sampler o r  sounding weight i n  t h e  water  cannot be 

determined s o l e l y  and exac t ly  from cab le  length  and v e r t i c a l  angle.  The 

drag  on t h e  body and on t h e  cab le  a r e  important  a l so .  These. i n  t u rn ,  

a r e  dependent on drag  c o e f f i c i e n t s  and on the  v e l o c i t y  along t h e  cable .  

The BASIC program p r e d i c t s  q u i t e  w e l l  t h e  t r u e  depth of weights  

towed i n  a  lake. I n  t h i s  case,  t h e  program computes we t - l i ne  c o r r e c t i o n s  

t h a t  a r e  about s ix-percent  h igher  than t h e  h i s t o r i c  va lues  given by 



Shenehon (1900) which a r e  i n  d a i l y  use around t h e  world. 

Other conclusions reached during t h e  course  of t h i s  s tudy  a r e  based 

on t h e  computations made poss ib l e  by t h e  program: 

1. For samplers  o r  weights  suspended in  t h e  f low (above t h e  bottom) 

of a  deep, s w i f t  r i v e r ,  s tandard  we t - l i ne  t a b l e  values can be 

25 percent  too  small .  

2 ,  The wet - l ine  c o r r e c t i o n  i s  r e l a t e d  t o  t h e  func t ion  CL(1 - cos 8). 

3. Lumped wi re  drag  c o e f f i c i e n t s  of a lmost  5 were computed based on 

da t a  provided by the  lake s tudy  of Coon and F u t r e l l .  

4. Any measurement which must be made a t  a  p a r t i c u l a r  depth i.n 

f lowing water.  such a s  a  po in t  v e l o c i t y  o r  a  po in t  sample. 

should be pos i t ioned  wi th  s u i t a b l e  ins t rumenta t ion  o r  e l s e  a  

very heavy weight o r  sampler should be used. 

5. Use of t he  a n a l y s i s  i n  t he  p re sen t  r e p o r t  provides a  means t o  

quan t i fy  p o s s i b l e  sampling e r r o r s  t h a t  were i n t u i t i v e  

previous ly  . 
6. Depth-integrated sediment sampling e r r o r s  were r e l a t i v e l y  s m a l l  

f o r  t he  l i m i t e d  case  s tudied.  However, o t h e r  a spec t s  of 

sampling which can lead t o  l a rge  e r r o r s  were d iscussed .  

7. F i e ld  d a t a  a r e  no t  p re sen t ly  a v a i l a b l e  t o  adequately t e s t  t h e  

assumptions and c o e f f i c i e n t s  used i n  t h i s  repor t .  
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APPENDIX I. BASIC program wi th  out  l i n e  schematic and modi f ica t ions  

The program begins by computing t h e  fo rces  a c t i n g  on t h e  sampler o r  

sounding weight,  then  r e so lves  t h e s e  forces  i n t o  a  t ens ion  vec to r  which 

a c t s  on t h e  bottom of t h e  f i r s t  cab le  segment. Next, t h e  program 

computes t h e  f i r s t  e s t i m a t e  of t he  angle of t h e  f i r s t  cab le  segment. 

This  f i r s t  e s t i m a t e  i s  used a s  t h e  s t a r t i n g  po in t  i n  a  success ive  

approximat ion i t e r a t i o n  which computes t h e  angle  of t h e  cab le  segment 

such t h a t  t h e  f o r c e s  on t h e  segment balance. Once t h e  angle  i s  

determined, t h e  f o r c e s  on t h a t  segment a r e  resolved i n t o  a  tens ion  vec to r  

f o r  t h e  next  segment upward. The length  of cab le  segment and downstream 

d r i f t  a r e  computed f o r  summation wi th  succeeding segmental  values.  The 

program then loops back t o  computing t h e  angle  of t h e  next  upward segment 

us ing  t h e  angle  of t h e  p re sen t  segment a s  i t %  f i r s t  e s t i m a t e  and t h e  

upper t ens ion  vec to r  a s  i t P s  lower t ens ion  force.  The program cont inues 

u n t i l  t h e  s u r f a c e  i s  reached. 

Note t h a t  t h i s  program computes t h e  s t a t i c  o r  equ i l i b r ium p o s i t i o n  

of t h e  cable ,  That i s ,  t h e  program does not  account f o r  t h e  l i f t i n g  

e f f e c t  on t h e  sampler o r  sounding weight when it i s  being lowered, nor  

does it account f o r  t h e  dragging e f f e c t  when i t  i s  being r a i s e d  through 

t h e  water  column. 

I n  t h e  ve r s ion  shown i n  t a b l e  I, l i n e  1120 asks  t h e  ope ra to r  f o r  

d a t a  desc r ib ing  t h e  hydrau l i c  condi t ions  i n  t h e  s t ream. A f t e r  asking f o r  

t h e  d a t a  f i l e  name i n  l i n e  1140, t h e  next  s e v e r a l  l i n e s  s e t  cons t an t s  and 

i n i t i a l  values of parameters  and va r i ab l e s .  The depth and Manning's n  

a r e  incorporated i n t o  a  lumped v e l o c i t y  coeff icient :  a t  l i n e  1300. The 



depth  i s  t e s t e d  next  because i n  t h i s  ve r s ion  of t he  program t h e  v e l o c i t y  

i s  l i n e a r  below an e l e v a t i o n  of one foot .  Using compound curves i s  

sometimes necessary  because t h e  s tandard log-defect  equat ion w i l l  y i e l d  

nega t ive  v e l o c i t i e s  nea r  t h e  streambed. A f t e r  computing t h e  v e l o c i t y  i n  

l i n e  1320 ( l i n e a r )  o r  1360 ( log-defectIr  t h e  f o r c e  of t h e  water  on t h e  

sampler ( l i n e  1370) and then t h e  magnitude of t h e  t ens ion  vec to r  ( l i n e  

1380) i s  computed. Next t h e  angle  of  t h i s  v e c t o r  i s  determined ( l i n e  

1390). These va lues  then  a r e  pr in ted .  

The i n i t i a l  va lues  f o r  e l eva t ion  a r e  r e s e t :  t h e  samplergs t o  zero 

and t h e  f i r s t  cab le  segment's t o  one-half foo t ,  The l a t t e r  i s  so  t h e  

v e l o c i t y  and f o r c e s  on t h e  cable  segment a r e  computed f o r  i t ' s  midpoint. 

These computat ions  occur on l i n e s  1490-1540. 

The moments on t h e  cable  have no t  been balanced, however. They 

a r e  balanced by r epea t ing  the  secant  method succes s ive ly  u n t i l  t h e  r a t i o  

of t h e  most r e c e n t  e s t i m a t e  of t h e  angle  t o  t h e  d i f f e r e n c e  between angles  

computed on two success ive  t r i e s  is l e s s  than  0.000001. Three passes  

normally s u f f i c e  t o  converge on t h i s  value. Lines 1560-1670 con ta in  t h e  

a p p l i c a t i o n  of t h e  secan t  method, a l s o  c a l l e d  Newton" method. 

Once t h e  ang le  of t he  cab le  segment i s  known t h e  f i n a l  va lues  f o r  

t h a t  segment may be ca l cu la t ed  ( l i n e s  1680-1730). The t ens ion  f o r  t h e  

segment i s  t e s t e d  t o  s e e  i f  t h e  previous maximum has been exceeded ( l i n e  

1740) and. i f  so,  t h e  new values f o r  maximum tens ion  and t h e  segment and 

sampler e l e v a t i o n s  a r e  s to red  ( l i n e s  1750-1770). 



T a b l e  I.--BASIC program f o r  computing P-61 s u s p e n s i o n - l i n e  p r o f i l e .  

1000 ................................................................. 
1010 ' PROGRAM : CABLE 
1020 ' 
1030 ' MBASIC VERSION 8 NOV 84 
1040 ' 
1050 ' P-61 SUSPENSION LINE PROFILE CALCULATION W/ REMARKS 
1060 ' 
1070 'NOTE: THIS VERSION USES LINEAR VELOCITY PROFILE BELOW Om FOOT 
1080 ' 
1090 ................................................................. 
1100 ' 
11 10 PRINT CHRS (27 ) "*- l CLEARS SCREEN 
1120 PRINT "TYPE DEPTH. MANNING'S N s  AND MEAN VELOCITY" 
1130 INPUT D,MN9 VBAR : PRINT DsMN,VBAR 
1140 PRINT "WHAT I S  THE DATA FILE NAME?" 
1150 INPUT DS : PRINT D$ 
1160 DIM ~ 0 ( 1 0 0 ) ~ ~ 0 ( 1 0 0 ) , ~ ~ ( 1 0 0 ) ~ ~ ~ ( ~ o o ) ~ A ~ ~ )  
1170 ' SET INITIAL VALUES 
1180 P6 = 10-6 ROUNDOFF CONSTANT 
1190 I = 0 INDEX 
1200 Y o  = .05 SAME'LER DEPTHs I N  FEET 
1210 KS = .045275 ' LUMPED P-61 DRAG COEFF. 
1220 KW = .01519 v LUMPED WIRE DRAG COEFF D 

1230 WS = 87 1 ' p-61 WT. (SUBMERGED) LBS 
1240 WC = .0223 ' SUB. WT. OF WIRE9 LBS/FT 
1250 KM = -0057594 ' LUMPED COEFF. I N  FORCE EQU. 
1260 DX = 01 DOWNSTREAM DRIFT, I N  FEET 
1270 CL = O! CABLE LENGTH, I N  FEET 
1280 Y = YO 
1290 TWX = 01 CABLE TENSIONs LBS 
1300 VK = 9 .~z%*MN*(D-- .166667) LUMPED VELOCITY COEFF. 
1310 I F  YO > 11 THEN 1360 TEST FOR SAMPLER ABOVE 1 FT 
13  26 V0 = YO*VBAR*(~+~M*(~+LOG(I/D))) W V E L I T Y  AT SAMPLER 
1330 RATIO (1/D) SETS VELOCITY AT 1 FT DEPTH, BUT MULTIPLYING 
1340 ' BY YO LINEARIZES VELOCITY CURVE BELOW ONE FOOT 
1350 GOT0 1370 ' JUMP NEXT STEP 
1360 vo = VBAR*(~+VK*(I+LOG(Y/D) 1) VELOCITY ABOVE 1 FT 
1370 FS = KS*VO*VO HORIZONTAL FORCE ON SAMPLER 
1380 TS = SQR(FS*FS+WS*WS) TENSION FORCE DUE TO SAMPLER 
1390 A0 = ATN(FS/WS) ANGLE OF TENSION FORCE 
1400 A 1  = A 0  : TEN = TS AZ = A0*57.2958 
1410 PRINT .. .a 1. .. .. .. .. .. .. ' PRINT INITIAL VALUES 
1420 PRINT"YO= ;YO; FS= ;FS; TS= ;TS; AO= ;AZ; V= ;VO 
1430 I F  YO > .05 THEN 1450 ' RESET SAMPLER ELEVATION 
1440 YO =O! 
1450 I F  Y > .5 THEN 1480 SET CABLE SEG. ELEV.TO MIDPT. 
1460 Y = .5 
1470 GOT0 1490 
1480 Y = Y + 1 INCREMENT ELEVATION BY 1 FT 
1490 v = VBAR*(~+VK*(~+LOG(Y/D))) I MIDPOINT VELOCITY 
1500 VSQ=V*V SQUARE VELOCITY 
1510 CA = COS(A1) 



FX = KW*VSQ*CA*CA+TEN*SIN(AO) HORIZ. FORCE ON WIRE SEGMENT 
FY = -KW*VSQ*CA*SIN ( ~ 1  ) +TEN*COS (AO) +WC/CA VERT. FORCE 
~l = ATN(FX/FY l FIRST ESTIMATE OF SEG. ANGLE 

1 SECANT METHOD OF ESTIMATING ROOTS 
Dl = .99995 * A1 TWO ANGLES VERY NEAR THE 
D2 = 1.00005 * A1 1 FIRST ESTIMATE 
F1 = KM*VSQ*COS(D~)-.~*wc*sIN(D~)-TEN*SIN(D~-A ' Dl FORCE 
F2 = KM*VSQ*COS(D~)-.~*wc*sIN(D~)-TEN*SIN(D~- ' D2 FORCE 
F3 = ~2*(~1-~2)/(~1-~2) l ESTIMATE OF SEGMENT ANGLE 
A2 = A1 - F3 DIFFERENCE 
TR = F3 / A2 TEST RATIO 
TR = INT(TR*P6+.5)/P6 l ROUND TO NEAREST 0.000001 
IF TR = 01 THEN 1680 TEST FOR ZERO 
Dl = D2 : D2 = A2 SET FOR NEXT ITERATION 
A1 = A2 : F1 = F2 

GOT0 1590 
A0 = A2 : CA = COS(A1) RECOMPUTE FINAL SEG. VALUES 
FX = KW*VSQ*CA*CA+TEN*SIN ( AO ) 
FY = -KW*VSQ*CA*SIN(A~  T TEN*^ (AO )+w~/cA 
CL = (~/cos(A~)) + CL ACCUMULATE CABLE LENGTH 
DX = TAN(A2 )+  DX V A M E  FOR DOWNSTREAM DRIFT 
TEN= SQR(FX*FX+FY*FY) 
IF TENCTMAX GOTO 1780 TEST FOR NEW MAXIMUP4 TENSION 

TMAX = TEN 
EY =Y 
SE=YO 

Y = Y+l INCREMENT Y 
IF Y > D THEN 1810 ' TEST FOR CABLE AT SURFACE 
GOT0 1490 .. .. .. a. 

IF NOT, REPEAT COMPUTATION 
PRINT'*Y= 1 ; CL= ;CL; DX= ";Dx;" THETA= **;~2*57.2958 
PRINT 
I = 1+1 ' INCREMENT INDEX, STORE VALUES 
YO(I) = YO : vO(1) = v0 : CL(I) = CL : DX(I) = DX 
AN(1) = A2*57.2958 'STORES ANGLE IN DEGREES 
DX = 01 : CL = 01 RESET VARIABLES 
YO = Y0+1 RAISE SAMPLER ONE FOOT 

IF YO = D THEN 1910 TEST FOR SAMPLER AT SURFACE 
P = YO RESET Y TO SAMPLER 
GOT0 1310 

PRINT CHR$ (7 ) CLEAR SCREEN 
OPEN**O**, 1 ,D$ .. .. .. OPEN DISK FILE 
 WRITE#^, ,I , ",D$ 
PRINT 

FOR N = 1 TO I 
 PRINT#^ ,USING"#####. ##### **;Yo(N) ;VO(N) ;CL(N) ;DX(N) ;AN(N) 

NEXT N 
CLOSE#l 
PRINT : PRINT "*MAX. CABLE TENSION IS ";TMAX .. .. 
PRINT TAB ( 10 ) ;"THE CABLE SEGMENT ELEVATION WAS ;EY ;" FEET, .. 
PRINT TAB( 10 ) ;"AND THE SAMPLER WAS AT ; SE ; ** FEET" 
PRINT : PRINT 
END 



The segment e l e v a t i o n  i s  incremented one f o o t  and t h e  new 

e l e v a t i o n  is t e s t e d .  I f  t h e  segment i s  no t  above t h e  water  sur face ,  then  

t h e  process  r epea t s  f o r  t h e  next  segment above s t a r t i n g  a t  l i n e  1490. I f  

t h e  segment is above t h e  su r f ace ,  t h e  va lues  a r e  p r in t ed  ( l i n e  1810) and 

s t o r e d  ( l i n e s  1830-1850). The downstream d r i f t  and cab le  length  a r e  

r e s e t  t o  zero, and t h e  sampler  e l e v a t i o n  i s  incremented by one foot .  The 

new e l eva t ion  i s  t e s t e d  t o  s e e  i f  t h e  sampler i s  a t  t h e  water  s u r f a c e  

and, i f  no t ,  t h e  process  r e p e a t s  beginning a t  l i n e  1310. I f  t h e  sampler  

is  a t  t h e  su r f ace ,  t h e  e n t i r e  d a t a  a r r a y  is t r a n s f e r r e d  t o  t h e  d i s k  f i l e .  

The program has been modified ex tens ive ly  over  t h e  years. Most a l l  

o f  t h e  modi f ica t ions  were t o  t h e  output  format.  However, t h e  p a r t  o f  t h e  

program dea l ing  w i t h  t h e  v e l o c i t y  a t  t h e  sampler,  sounding weight,  o r  

mid-point of a  cab le  segment has been changed i n  s e v e r a l  ways. The e a r l y  

work used t h e  'universal '  logar i thmic  d e f e c t  equat ion  (Vanoni, ed., 1975, 

p. 75) which r e q u i r e s  an e s t i m a t e  of Manning's n  and t h e  mean ve loc i ty .  

I n  t e s t i n g  Shenehon's we t - l i ne  c o r r e c t i o n  t a b l e ,  a  f i l e  of  t h e  depth and 

v e l o c i t i e s  was made up f o r  both s t a t i o n s  so  t h a t  po in t  v e l o c i t i e s  could 

be in t e rpo la t ed .  Tes t ing  t h e  tow d a t a  g iven  by Coon and F u t r e l l  (1986) 

only  requi red  i n s e r t i n g  a  cons tan t  ve loc i ty .  



APPENDIX 11. Determinat ion of  t r u e  depth and downstream d r i f t  by means 

of two t r ansduce r s  

The d i f f i c u l t i e s  of measuring t h e  depth  of a  sounding weight w i t h  a  

fa thometer  wh i l e  under way was descr ibed  e a r l i e r  i n  t h i s  r epo r t ,  Coon 

and F u t r e l l  (1986) a l luded  t o  some of t h e  problems. The scheme d i scussed  

he re  was discovered whi le  s tudying  methods of  c o l l e c t i n g  f i e l d  d a t a  t o  

co r robora t e  t h e  p re sen t  a n a l y s i s .  

Figure I I a  i l l u s t r a t e s  t h e  l o c a t i o n  of dev ices  and def ines  some 

terms, Transducer A is  a c t i v e ;  t h a t  is, it t r a n s m i t s  and r ece ives  t h e  

s igna l .  The d i s t a n c e  from t ransducer  A t o  t h e  weight,  We i s  dl. Time t l  

is  t h e  t ime  requi red  f o r  t h e  s i g n a l  t o  t r a v e l  from A t o  W and r e tu rn .  

Half of t h i s  t ime  i s  needed t o  t r a v e l  one way. So t h e  t r a v e l  t ime  from A 

t o  W i s :  

tAW = t l  / 2. (11-1) 

Transducer B i s  passive;  t h a t  is, it on ly  r ece ives  a  s igna l .  A 

s m a l l  r e f l e c t o r  below A r e f l e c t s  a  p o r t i o n  of  t h e  t r a n s m i t t e d  s i g n a l  

d i r e c t l y  t o  B, which i s  he ld  a  f ixed ,  known d i s t ance ,  d f ,  behind 8. The 

t ransmiss ion  t ime  from A t o  B is  des igna ted  tf. B a l s o  r ece ives  t h e  

s i g n a l  r e f l e c t e d  from t h e  sounding weight. The t o t a l  t r a v e l  t ime  from A 

t o  W t o  B i s  t2. The t i m e  f o r  j u s t  t h e  d i s t a n c e  d 2  f rom (W t o  B) i s :  

tWB = t, - ( t 1 /2 )*  (11-21 

Each o f  t h e  d i s t a n c e s  i s  t h e  product of  t h e  v e l o c i t y  of  sound i n  

water  and t h e  t r a v e l  t ime  f o r  t h e  d is tance .  The v e l o c i t y  i s  known 

because t h e  d i s t a n c e  df  i s  known. A l l  o f  t h e  t imes  a r e  known because 

they  a r e  measured d i r e c t l y .  Therefore,  t h e  angles  may be computed 



F i g u r e  1Ia.--A two-t ransducer  scheme f o r  d e t e r m i n i n g  t r u e  d e p t h ,  D t ,  and 
downstream d r i f t ,  AX, from t h e  t h r e e  t i m e  i n t e r v a l s :  t f ,  tl, and t2. 
Transducer  B i s  p a s s i v e  and i s  a f i x e d ,  known d i s t a n c e  behind A. Two 
s m a l l  r e f l e c t o r s  t r a n s m i t  a s m a l l  p o r t i o n  o f  t h e  energy d i r e c t l y  from A 
t o  B,  a r r i v i n g  a f t e r  i n t e r v a l  t f .  Time t l  is  t h e  i n t e r v a l  from i n i t i a l  
t r a n s m i s s i o n  u n t i l  r e c e i p t  a t  A of t h e  s i g n a l  r e f l e c t e d  from t h e  
weight .  Time t 2  i s  t h e  i n t e r v a l  from i n i t i a l  t r a n s m i s s i o n  u n t i l  
r e c e i p t  a t  B of t h e  s i g n a l  r e f l e c t e d  from t h e  weight .  



because a l l  t h r e e  s i d e s  of t h e  t r i a n g l e  a r e  known: 

8 = 90' - a rccos ( (d f  + d: - d?)  / (2 dl d f ) ) ,  

which expands t o  

2 2 2 2 8 = 90' - a r c c o s ( ( ( ~ , t ~ / 4 )  + vWtf - v$(t2 - (t1/2))2) / 

(2 Vw(t l/2)vw t f ) ) .  ( I 1  -4) 

and which reduces t o  

0 = 90' - a r c c o s ( ( t $  - t$ + t l  t 2 )  / ( t l  t f ) ) .  (11-5) 

Notice t h a t  on ly  measured t imes  a r e  needed t o  compute 8. True depth  and 

downstream d r i f t  r e q u i r e  t h e  d i s t a n c e  d l ,  

dl  = Vw ( t l  / 2)s  (11-6) 

which conver t s ,  a f t e r  s u b s t i t u t i n g  Vw = d f / t f ,  t o  

dl  = df t1 / 2 t f -  (11-7) 

Once we have d l ,  

Dt = d l  cos  8, and (11-8) 

Ax = dl s i n  8. (11-9) 

Only two assumptions a r e  needed t o  make t h i s  scheme work. The f i r s t  

is t h a t  t h e  speed of  sound i n  t h e  s t r eam i s  equal  i n  a l l  d i r e c t i o n s .  

This imp l i e s  a uniform tempera ture  and conduc t iv i ty  (uniform dens i ty) .  

The second assumption i s  t h a t  t h e  speed of  e l e c t r i c a l  t r ansmis s ion  may be 

neglected.  This  assumption is f o r  convenience only, because an 

adjustment  i s  p o s s i b l e  i f  needed. The speed of e l e c t r i c a l  t r ansmis s ion  

i n  w i re  is  about 200,000 t imes  f a s t e r  than  t h e  speed of sound i n  water.  

The l o c a t i o n  (depth and downstream d r i f t )  of t h e  sampler o r  sounding 

weight is  thus  uniquely determined when t h e  d i s t a n c e  df  i s  known and t h e  

t h r e e  t imes ( t f , t  1, and t 2 )  a r e  measured. 




