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D e f i n i t i o n s  3 

DEFINITIONS 

MASS (m)--The q u a n t i t y  of m a t t e r .  A given  q u a n t i t y  of m a t t e r  does 
n o t  change when moved away from t h e  e a r t h ' s  s u r f a c e .  The u n i t  of 
mass i s  t h e  gram (cgs  system) o r  t h e  s l u g  (American u n i t s ) .  

WEIGHT (w)--The f o r c e  of a t t r a c t i o n  between a  mass and t h e  e a r t h .  
The weight  of a  g iven  mass v a r i e s  w i t h  d i s t a n c e  from t h e  e a r t h  and 
may a l s o  va ry  s l i g h t l y  over  t h e  e a r t h ' s  s u r f a c e .  The u n i t  of we igh t  
is  t h e  dyne (cgs )  o r  pound (American). Weight i s  t h e  product  of 
mass and t h e  l o c a l  a c c e l e r a t i o n  r a t e  due t o  g r a v i t y  ( i . e . ,  w = mg). 

DENSITY (@)--The mass of a  subs tance  pe r  u n i t  volume. D e n s i t y  i s  
t h e  p r o p e r t y  of a  m a t e r i a l  t h a t  d e s c r i b e s  i t s  c o n c e n t r a t i o n  of mass.  
The common s c i e n t i f i c  u n i t  i s  gram p e r  cub ic  c e n t i m e t e r ;  w h i l e  
American e n g i n e e r i n g  p r a c t i c e  commonly u s e s  bo th  t h e  pound p e r  
c u b i c  f o o t  and t h e  s l u g  p e r  c u b i c  f o o t .  

BULK DENSITY (Qb)--The mass of a  mix tu re  p e r  u n i t  volume: t h e  g r o s s  
d e n s i t y .  The d e n s i t y  of a  two-component mix tu re  w i l l  be l e s s  than  
t h a t  of t h e  most dense  component and g r e a t e r  than  t h a t  of t h e  l e a s t  
dense  component. 

SPECIFIC GRAVITY (s)--The r a t i o  of t h e  d e n s i t y  of one s u b s t a n c e  t o  
t h a t  of a n o t h e r  subs tance  t aken  a s  a  s t a n d a r d ,  u s u a l l y  pure  w a t e r  a t  
4 ' ~ .  Note t h a t  s p e c i f i c  g r a v i t y  i s  a  d imens ion less  r a t i o ,  w h i l e  
d e n s i t y  has  dimensions of mass p e r  u n i t  volume. 



4 A b s t r a c t  

ABSTRACT 

A s p e c i a l  n e u t r a l l y  buoyant c o n t a i n e r  i s  used t o  a s s e s s  t h e  f e a s i -  
b i l i t y  of  d e t e r m i n i n g  sediment  c o n c e n t r a t i o n  by measuring t h e  b u l k  
d e n s i t y  of a  sample p l a c e d  i n s i d e  a  s p e c i a l  c o n t a i n e r  and lowered i n t o  

a w a t e r  b a t h .  The d i sp lacement  of a n  i n d i c a t o r  rod  i s  measured a f t e r  
e q u i l i b r i u m  i s  r e a c h e d .  The d i sp lacement  i s  a  f u n c t i o n  of t h e  suspended 
sediment and any d i s s o l v e d  m a t t e r .  An a n a l y s i s  of e r r o r s  i s  g i v e n  a s  
w e l l  a s  a  d i s c u s s i o n  of  e m p i r i c a l l y  determined l i m i t a t i o n s .  
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A N  INVESTIGATION OF A DEVICE FOR MEASURING THE BULK DENSITY 
OF WATER-SEDIMENT MIXTURES 

I .  INTRODUCTION 

This  r e p o r t  d e s c r i b e s  a  f e a s i b i l i t y  s t u d y  of t h e  b u l k - d e n s i t y  
method of de te rmin ing  suspended-sediment c o n c e n t r a t i o n .  The d e n s i t y  
of t h e  b u l k  sample i s  d i r e c t l y  r e l a t e d  t o  t h e  d i s s o l v e d  and s o l i d  
m a t t e r  i n  t h e  sample.  O r d i n a r i l y ,  d i r e c t  weighing of t h e  b u l k  sample 
is  no t  p r a c t i c a l  a t  low c o n c e n t r a t i o n s  because  t h e  d e n s i t y  i s  s o  n e a r l y  
t h a t  of t h e  pure  l i q u i d .  The approach d e s c r i b e d  h e r e i n  i n v o l v e s  sub- 
merging t h e  sample i n  a  n e u t r a l l y  buoyant c o n t a i n e r  i n  w a t e r  and ob- 
t a i n i n g  t h e  amount of sediment d i r e c t l y ,  i n  e f f e c t  f l o a t i n g  t h e  w a t e r  
component of t h e  sample mix tu re .  A s i n g l e  weighing t h u s  de te rmines  
we igh t  d i r e c t l y  w i t h  r e a s o n a b l e  accuracy .  

The u s u a l  g r a v i m e t r i c  d e t e r m i n a t i o n  of sediment c o n c e n t r a t i o n  
r e q u i r e s  two t o  f o u r  weighings .  The t a r e  of t h e  sampling c o n t a i n e r  
i s  s u b t r a c t e d  from t h e  g r o s s  we igh t  of t h e  sample and c o n t a i n e r  t o  
o b t a i n  t h e  n e t  we igh t  of t h e  water-sediment  mix tu re .  Next, t h e  w a t e r  
and sediment a r e  s e p a r a t e d  by d e c a n t a t i o n  and e v a p o r a t i o n  o r  f i l t r a t i o n ;  
and t h e  n e t  sediment  we igh t  i s  o b t a i n e d  by s u b t r a c t i n g  t h e  t a r e  we igh t  
of t h e  s e p a r a t i o n  c o n t a i n e r  from t h e  g r o s s  we igh t .  F i n a l l y ,  sediment  
c o n c e n t r a t i o n  i s  t h e  r a t i o  of t h e  sediment we igh t  t o  t h e  n e t  we igh t  of 
t h e  m i x t u r e .  

Many l a b o r a t o r i e s  u s e  average  t a r e s  when s a t i s f i e d  t h a t  o n l y  minor 
changes occur  between check we igh ings ,  The assumpt ion of c o n s t a n t  t a r e  
we igh t s  g r e a t l y  r educes  t h e  workload,  b u t  a n  o c c a s i o n a l  chipped o r  
d i r t y  c o n t a i n e r  w i l l  c ause  e r r o r s .  Without t h e  assumpt ion of c o n s t a n t  
t a r e  w e i g h t s ,  two v e r y  a c c u r a t e  weighings  of t h e  sediment d r y i n g  d i s h  
a r e  necessa ry  i n  o r d e r  t o  o b t a i n  a  n e t  we igh t  of r e a s o n a b l e  accuracy .  

This  r e p o r t  c o n t a i n s  a n  a n a l y s i s  of p o t e n t i a l  e r r o r s  of t h e  b u l k  
d e n s i t y  d e v i c e  c o n s t r u c t e d  f o r  t h i s  s t u d y .  The t e s t s  d e s c r i b e d  i n  t h i s  
r e p o r t  were o rgan ized  i n  o r d e r  t o  v e r i f y  t h e  major s o u r c e s  of e r r o r  and 
t o  p rov ide  d a t a  on s e n s i t i v i t y  and accuracy  of t h e  d e v i c e .  Th i s  r e p o r t  
conveys t h e  r e s u l t s  of t h e s e  t e s t s  and recommendations f o r  f u r t h e r  
i n s t r u m e n t a t i o n .  
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11. PREVIOUS APPROACHES TO THE PROBLEM 

There have been many a t t e m p t s  t o  devi .se  i n s t r u m e n t a t i o n  t o  measure 
sediment  c o n c e n t r a t i o n  based on i n d i r e c t  methods. Some o f  t h e  e a r l y  
approaches  i n c l u d e  t h e  hydrometer ,  plummet, o p t i c a l ,  and manometer 
methods,  which were a l s o  used t o  de te rmine  p a r t i c l e - s i z e  d i s t r i b u t i o n .  
Another  example i s  t h e  d i sp lacement  method, which i.nvo1ves d e t e r m i n i n g  
t h e  we igh t  d i f f e r e n c e  between a  volume of pure  w a t e r  and a n  e q u a l  volume 
of  wa te r - sed iment  mix tu re  a t  t h e  same t empera tu re .  A d e s c r i p t i o n  of  t h e s e  
methods may be  found i n  Repor t  No. 4 :  "Methods of Analyzing Sediment 

Samples ,I' (Ref .  1 ) .  

Each of t h e s e  methods h a s  i t s  advan tages  over  o t h e r  approaches .  
Each method a l s o  h a s  one o r  more d i s a d v a n t a g e s .  The d i sp lacement  
method r e q u i r e s  ad jus tment  of t h e  volume t o  t h e  same p e r c e n t a g e  
a c c u r a c y  a s  t h e  we igh t  d e t e r m i n a t i o n ,  and r e q u i r e s  a n  assumpt ion of 
a n  average  s p e c i f i c  g r a v i t y  of t h e  sed iment .  The o t h e r  methods f a i l  
when c o a r s e  sediment  i s  p r e s e n t  because  t h e  a g i t a t i o n  r e q u i r e d  t o  main- 
t a i n  a n  even suspens ion  d i s t u r b s  t h e  measurement. A d d i t i o n a l l y ,  t h e  
hydrometer  and plummet t end  t o  r e a d  t o o  h i g h  because  of sediment l o d g i n g  
on t h e  s l o p i n g  s i d e s .  

The d i s a d v a n t a g e s  of t h e  hydrometer and plummet can be minimized 
o r  e l i m i n a t e d  by t u r n i n g  t h e  hydrometer o r  plummet i n s i d e  o u t .  By 
p u t t i n g  t h e  r e f e r e n c e  l i q u i d  on t h e  o u t s i d e  and t h e  mix tu re  on t h e  
i n s i d e ,  heavy p a r t i c l e s  need n o t  be main ta ined  i n  suspens ion  and 
s e t t l i n g  on t h e  i n s i d e  w a l l s  would have no e f f e c t  on t h e  we igh t  d e t e r m i -  
n a t i o n .  The top  shou ld  be  l e f t  open t o  a l l o w  any a i r  bubb les  t o  l e a v e  
t h e  c o n t a i n e r .  The problem now becomes one of p r e v e n t i n g  t h e  escape  
of f i n e  m a t e r i a l  from t h e  c o n t a i n e r .  The new problem cannot  b e  
comple te ly  s o l v e d ,  b u t  c a r e f u l  d e s i g n  can minimize l o s s  of m a t e r i a l  
i n c l u d i n g  d i s s o l v e d  s a l t s .  A c o r r e c t i o n  f a c t o r  based on c o n d u c t i v i t y  

w i l l  minimize t h e  e r r o r  due t o  d i s s o l v e d  s a l t s .  

One o t h e r  dens i ty -measur ing  d e v i c e  d e s e r v i n g  mention i s  t h e  r a d i o -  
i s o t o p e  gage (Ref.  2 ) .  The i n s t r u m e n t  compares t h e  a t t e n u a t i o n  of 
X-rays  i n  r e f e r e n c e  w a t e r  and r i v e r  w a t e r .  I t  may be  c a l i b r a t e d  i n  
terms of  sediment  c o n c e n t r a t i o n .  However, s t a t i s t i c a l  e r r o r  i n h e r e n t  
t o  t h e  r a d i o i s o t o p e  s o u r c e  becomes t o o  g r e a t  a t  low c o n c e n t r a t i o n s ,  

e s p e c i a l l y  f o r  s h o r t  coun t ing  p e r i o d s .  The i n s t r u m e n t  a l s o  i s  
s e n s i t i v e  t o  d i s s o l v e d  m a t e r i a l s  which v a r y  independen t ly  of t h e  

suspended sed iment .  



111. OPERATIONAL P R I N C I P L E S  

Archimedes '  p r i n c i p l e  of  buoyancy e q u a t e s  t h e  buoyant f o r c e  on a  
body w h o l l y  o r  p a r t l y  immersed i n  a  f l u i d  t o  t h e  we igh t  of t h e  f l u i d  
d i s p l a c e d  by t h e  body. The f o r c e  c a u s i n g  a  f l o a t i n g  o b j e c t  t o  f l o a t  
a t  a  g i v e n  p o s i t i o n ,  p r e v e n t i n g  f u r t h e r  s i n k i n g ,  i s  t h e  buoyant  f o r c e .  
An empty cup p l a c e d  i n  w a t e r  w i l l  s eek  a n  e q u i l i b r i u m  p o s i t i o n  where 
t h e  buoyant  f o r c e  b a l a n c e s  t h e  we igh t  of t h e  cup.  Adding a smal l  
pebb le  t o  t h e  cup w i l l  change t h e  e q u i l i b r i u m  p o s i t i o n  downward. The 
a d d i t i o n a l  we igh t  of t h e  pebb le  causes  t h e  cup t o  d i s p l a c e  more w a t e r .  
The e q u i l i b r i u m  p o s i t i o n  of t h e  cup i s  t h e r e f o r e  a  f u n c t i o n  of t h e  
we igh t  of t h e  cup and wha tever  i t  c o n t a i n s .  

P roceed ing  f u r t h e r ,  i f  a  wa te r - sed iment  m i x t u r e  i s  p l a c e d  i n  a  
submerged cup,  t h e  we igh t  of t h e  sediment  may be  found w i t h o u t  
f i l t e r i n g  o r  e v a p o r a t i n g  t h e  m i x t u r e .  By weighing underwate r  we 
have a l s o  reduced t h e  requ i rement  t h a t  t h e  b a l a n c e  weigh heavy 
samples q u i t e  a c c u r a t e l y .  When sediment  i s  weighed d u r i n g  t h e  u s u a l  
g r a v i m e t r i c  c o n c e n t r a t i o n  a n a l y s i s ,  g r e a t  a c c u r a c y  i s  needed over  a  
l a r g e  w e i g h t  r ange  b e c a u s e  t h e  sediment  i s  o f t e n  t h e  d i f f e r e n c e  
between two f a i r l y  l a r g e  w e i g h t s .  

The b u l k  d e n s i t y  Q~ of a  wa te r - sed iment  m i x t u r e  of volume V can 
be  e x p r e s s e d  a s  

where ms and % r e f e r  t o  t h e  sediment  and w a t e r  masses ,  r e s p e c t i v e l y ,  
i n  t h e  m i x t u r e .  The c o n c e n t r a t i o n  of t h e  m i x t u r e  i s  c u s t o m a r i l y  
d e f i n e d  a s  (Ref.  3 ,  p .  3 ) :  

c = w e i g h t  of  sediment  

volume of wa te r - sed iment  m i x t u r e  

However t o  s i m p l i f y  development of r e l a t i o n s h i p s  used i n  t h i s  r e p o r t ,  
t h e  f o l l o w i n g  d e f i n i n g  e q u a t i o n  w i l l  be  used :  



and by s u b s t i t u t i o n ,  

Because V = Vw + Vs, m, = V,Q~, and VS m ~ / € ? ~ ,  t h e n  

S u b s t i t u t i n g  eq (4)  then  ( 3 )  i n t o  eq ( I ) ,  we f i n d  

which can b e  r e a r r a n g e d  t o  

C o n c e n t r a t i o n  i s  c l e a r l y  a  f u n c t i o n  of t h e  b u l k  d e n s i t y .  The 
d e n s i t y  of sediment  normal ly  i s  t a k e n  a s  a  c o n s t a n t ,  and t h e  d e n s i t y  

of w a t e r  i s  c o n s t a n t  a t  a  g iven  t e m p e r a t u r e .  

The buoyant f o r c e  e x e r t e d  on a  f u l l y  submerged wa te r - sed iment  
mix tu re  i s  g i v e n  by Fb = gVew = g(V,, 4- Vs) g w ,  and t h e  f o r c e  due t o  

g r a v i t y  i s  F g . =  gVwQw + msg. The n e t  upward f o r c e  n e c e s s a r y  t o  
a c h i e v e  b a l a n c e  i s  Fg - F b ,  o r  

S u b s t i t u t i n g  m s / Q S  f o r  Vs, 

Measurement of Fn w i l l  e n a b l e  one t o  compute ms i f  v a l u e s  f o r  Q, 

and Q~ a r e  known o r  can b e  assumed. 



The f i r s t  t e s t  model i s  shown i n  F i g .  1. The c o n t a i n e r  was con- 
s t r u c t e d  of t h i n  b r a s s  shim s t o c k  w i t h  a  sp r ing- loaded  p l a s t i c  p lug  i n  
the  bot tom.  A diagona 1 p l a t e  was added t o  t h e  top  of t h e  c o n t a i n e r  i n  
o rder  t o  minimize l o s s  of t h e  sample from t h e  c o n t a i n e r  because  of c i r -  
c u l a t i o n .  Opera t ion  of t h e  d e v i c e  was q u i t e  s imple .  The beam b a l a n c e  
used f o r  de te rmin ing  weight  was a d j u s t e d  t o  b a l a n c e  a t  t h e  n e u t r a l  p o i n t  
a t  which t h e  empty c o n t a i n e r  was j u s t  submerged. The m a t e r i a l  t o  be  
t e s t e d  was added t o  t h e  c o n t a i n e r  and t h e  d e f l e c t i o n  of t h e  p o i n t e r  was 
measured a f t e r  t h e  c o n t a i n e r ' s  motion s topped .  

T e s t s  of t h e  f i r s t  model showed t h e  method had promise f o r  a u t o -  
mation.  The model was s imple ,  y e t  had a  mechanical  accuracy  on t h e  
o rder  of one o r  two hundred p a r t s  p e r  m i l l i o n .  The mechanical  accu- 
racy  was l i m i t e d  by t h e  k n i f e  edges of t h e  b a l a n c e ,  t h e  s h o r t  moment 
arm, and t h e  r e l a t i v e l y  l a r g e  mass of t h e  ba lance  arm and i n d i c a t o r .  
The ambient  l i q u i d  was n o t  i n s u l a t e d  from t h e  environment s o  a c c u r a t e  
c o n t r o l  was d i f f i c u l t  t o  a c h i e v e .  The w a t e r - s u r f a c e  e l e v a t i o n  had t o  
be a d j u s t e d  c a r e f u l l y  t o  a  f i x e d  p o i n t  each t ime because  t h e  measure- 
ment was a f f e c t e d  by v a r i a t i o n s  i n  t h e  displacement  of t h e  suspens ion  
w i r e .  One f i n a l  l i m i t a t i o n  of t h i s  model was t h e  l a r g e  magnitude of 
t h e  c o n t a i n e r ' s  weight  compared w i t h  t h e  sediment i n  low c o n c e n t r a t i o n  
samples.  

The n e x t  s t e p  was t o  s i m p l i f y  o p e r a t i o n  and c o n s t r u c t i o n  by e l i m i -  
n a t i n g  t h e  b a l a n c e  and improve accuracy  by p r o v i d i n g  thermal  i n s u l a t i o n  
and t empera tu re  c o n t r o l .  The a p p e a l  of a  n e u t r a l l y  buoyant c o n t a i n e r  
i s  obv ious .  

A diagram of t h i s  c o n t a i n e r  i s  shown i n  F i g ,  2 .  The c o n t a i n e r  
h e l d  a  p i n t  sample and was n e u t r a l l y  buoyant when f i l l e d  w i t h  ambient 
l i q u i d .  The d e v i c e  was made from 0 . 0 1 5 - i n c h , t i n - p l a t e d  s t e e l .  It was 
l a t e r  c o a t e d  w i t h  n i c k e l  t o  p reven t  c o r r o s i o n  a t  t h e  j o i n t s  and 

exposed edges .  The a i r  chamber was p laced  h i g h  on t h e  c o n t a i n e r  t o  
p rov ide  f l o t a t i o n  s t a b i l i t y  and was des igned  t o  g i v e  a  smal l  excess  
of buoyancy s o  t h a t  f i n a l  trimming could  be done w i t h  s o l d e r .  On t h e  
f i r s t  model F,, eq ( 8 j ,  was s u p p l i e d  by t h e  beam b a l a n c e  and s u s -  
pension w i r e .  On t h e  second model t h e  i n d i c a t o r  rod g e n e r a t e d  t h e  
b a l a n c i n g  f o r c e .  The rod was made of s t a i n l e s s  s t e e l  t u b i n g  which 
was crimped and s o l d e r e d  a t  each end.  Three  d i f f e r e n t  d iamete r s  
were used i n  o r d e r  t o  p rov ide  a  wide c o n c e n t r a t i o n  range .  The con- 
t a i n e r  was f l o a t e d  i n  a w e l l - i n s u l a t e d .  t h r e e - g a l l o n  c y l i n d e r  which 
had w i r e  gu ides  t o  keep t h e  c o n t a i n e r  from touching t h e  s i d e  w a l l .  

A d r a i n  i n  t h e  bottom of t h e  c y l i n d e r  a l lowed t h e  sample t o  be  
f l u s h e d  c o n c u r r e n t l y  w i t h  t h e  ambient  f l u i d .  Once t h e  o p e r a t i o n  had 
been v a l i d a t e d ,  f u r t h e r  samples were r e t r i e v e d  by l i f t i n g  t h e  sample 
c o n t a i n e r  from t h e  w a t e r  b a t h .  



THE RELATIONSHIP BETWEEN SEDIMENT WEIGHT AND ROD DISPLACEMENT 

Given a  n e u t r a l l y  buoyant c o n t a i n e r ,  such a s  t h e  second t e s t  
model, what i s  t h e  r e l a t i o n s h i p  b2tween t h e  sediment we igh t  and 
t h e  rod's d i sp lacement?  Le t  us  assume t h a t  t h e  wa te r  d e n s i t y  i n s i d e  
and o u t s i d e  t h e  model a r e  e q u a l .  I f  we submerge t h e  c o n t a i n e r ,  i t  

soon reaches  a n  e q u i l i b r i u m  p o s i t i o n  w i t h  t h e  w a t e r  s u r f a c e  a t  some 

p o i n t  yo on t h e  r o d ;  yo be ing  t h e  i n i t i a l  r e s t  p o i n t  p o s i t i o n .  The 
weight  of t h e  w a t e r  d i s p l a c e d  by t h e  c o n t a i n e r  and rod  e q u a l s  t h e  
weight  of t h e  c o n t a i n e r  and r o d .  Adding a  smal l  amount of sediment  
w i l l  cause  t h e  c o n t a i n e r  t o  s i n k  t o  a  lower e q u i l i b r i u m  p o s i t i o n .  
The weigh t  of t h e  w a t e r  d i s p l a c e d  by t h e  rod a f t e r  s i n k i n g  a  
d i s t a n c e  Ay equa l s  t h e  we igh t  of t h e  added sediment l e s s  t h e  
we igh t  of w a t e r  d i s p l a c e d  by t h e  sediment .  Expressed mathe- 

where Ay i s  t h e  d i s t a n c e  t h e  w a t e r  s u r f a c e  h a s  moved up t h e  rod and 
d  i s  t h e  o u t s i d e  d iamete r  of t h e  r o d .  D i r e c t  a p p l i c a t i o n  of eq (9) 
r e q u i r e s  t h a t  t h e  w a t e r  s u r f a c e  be w i t h i n  range of Segment I ,  F i g .  2 .  
The d e n s i t i e s  of w a t e r  and sediment a r e  Q and Q r e s p e c t i v e l y ,  w 

W s S 
i s  t h e  weight  of sediment ,  and g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n .  
The r i g h t  s i d e  may a l s o  be  expressed  a s  m g ( s  - l ) / s ,  where s i s  t h e  

S 
s p e c i f i c  g r a v i t y  of t h e  sed iment .  S u b s t i t u t i n g  and s o l v i n g  f o r  m s :  

For  c o n s t a n t  sediment and w a t e r  d e n s i t y ,  t h e  sediment mass i s  
determined on ly  by t h e  d i sp lacement  Ay of t h e  rod w i t h  d iamete r  d .  
Knowing t h e  we igh t  o r  mass of t h e  o r i g i n a l  sample m i x t u r e ,  t h e  
c o n c e n t r a t i o n  of t h e  sediment  may be computed i f  w  remains c o n s t a n t .  
The second e q u a t i o n  above shows t h a t  t h e  d e f l e c t i o n  f o r  a  g iven  mass 
can be i n c r e a s e d  by d e c r e a s i n g  t h e  d iamete r  of t h e  r o d .  Reducing 
t h e  rod d iamete r  t o  i n c r e a s e  s e n s i t i v i t y  makes a  f l o t a t i o n  chamber 
e s s e n t i a l .  The d e v i c e  used i n  t h i s  s t u d y  has  an  a t t a c h e d ,  e n c l o s e d  
a i r  chamber and a n  i n d i c a t o r  rod composed of t h r e e  i n c r e a s i n g l y  



l a r g e r  d iamete r  t u b e  segments.  The d e s c r i p t i v e  e q u a t i o n  i s  now of 

t h e  form, 

where by = Byl + by2 + Ay3 . . . . . , and K - Q, This  form of 

eq (10) w i l l  b e  used i n  S e c t i o n  VI,  ~ e s u l t s .  

THE EFFECT OF VARIATIONS I N  s  AND Qw 

How much e r r o r  i s  in t roduced  by assuming c o n s t a n t  sediment and 
w a t e r  d e n s i t y ?  I n  r o u t i n e  u s e  t h e  rod  d e f l e c t i o n s  would be  c a l i b r a t e d  

f o r  a s s i g n e d  v a l u e s  of b o t h  s  and gw. A converse  q u e s t i o n  might then  b e :  

what a r e  t h e  a l l o w a b l e  l i m i t s  i n  s and Qw f o r  a  g iven  t o l e r a b l e  e r r o r  i n  
t h e  sediment mass? Assuming t h a t  t h e  t empera tu re  of t h e  d e v i c e  and i t s  
c o n t e n t s  a r e  i d e n t i c a l  t o  t h a t  of t h e  ambient w a t e r ,  t h e  e r r o r ,  Am,, 
caused by p e r t u r b a t i o n s  i n  b o t h  s  and Q ~ ,  i s  d e f i n e d  a s  t h e  p a r t i a l  

d e r i v a t i v e  of eq (10) w i t h  r e s p e c t  t o  s  and Q ~ :  

The mass e r r o r  Ams r e p r e s e n t s  t h e  amount of sediment t h a t  must be added 
t o  o r  s u b t r a c t e d  from t h e  c o n t a i n e r  t o  m a i n t a i n  Ay c o n s t a n t  w i t h  r e s p e c t  
t o  smal l  changes i n  s  o r  Qw.  The r e l a t i v e  e r r o r  i s  t h e  r a t i o  of eqs (12) 
and ( 1 0 ) :  

Some v a l u e s  of r e l a t i v e  e r r o r  may now be  e s t i m a t e d .  For  example, B i r d ,  
e t  a 1  (Ref.  4 ) ,  l i s t e d  t h e  common m i n e r a l s  compris ing t h e  b u l k  of sus -  
pended s o l i d s  i n  normal s t reams  and concluded t h a t  " t h e  mean d e n s i t y  of 

suspended s o l i d s  i s  a b o u t  2.65 g/cm3 and t h a t  d e v i a t i o n s  from t h i s  v a l u e  

g r e a t e r  than _+ 0 . 0 5  g/cm3 shou ld  be r a r e . '  The d e n s i t y  of q u a r t z  i s  



2.65 g/cm3 and suspended sediment  i.s commonly assumed t o  have t h i s  
a v e r a g e  v a l u e  (Ref .  1 ,  p .  2 7 ) .  S u b s t i t u t i n g  s  = 2 ,65  and Bs = 0 . 0 5  
i n t o  eq (13) i n d i c a t e s  a  r e l a t i v e  e r r o r  due t o  a  v a r i a t i o n  of 
+ 0 . 0 5  u n i t s  i n  s  a l o n e  i s  a b o u t  one p e r c e n t .  The assumpt ion of - 
a  c o n s t a n t  v a l u e  f o r  t h e  a v e r a g e  s p e c i f i c  g r a v i t y  of t h e  sediment  
a t  a  p a r t i c u l a r  s i t e  i s  t h u s  a c c e p t a b l e  f o r  most a n a l y s e s .  ' 

The f i r s t  term i n  eq (13) a c c o u n t s  f o r  t h e  e f f e c t  of a  v a r i a t i o n  
of t h e  d e n s i t y  of t h e  ambient  l i q u i d .  F o r  t h i s  term t o  have a  
one p e r c e n t  magnitude,  t h e  t e m p e r a t u r e  would have t o  change 
n e a r l y  f i f t y  degrees  C e l s i u s  o r  t h e  d i s s o l v e d  s o l i d s  would have 
t o  i n c r e a s e  by t e n  thousand m i l l i g r a m s  p e r  l i t e r .  N e i t h e r  e v e n t  
i s  l i k e l y  a l t h o u g h  some n a t u r a l  s t r eams  do have l a r g e  concen- 
t r a t i o n s  of d i s s o l v e d  s o l i d s  d u r i n g  low f lows .  

It shou ld  b e  recogn ized  t h a t  eq (13) assumes i d e n t i c a l  t e m p e r a t u r e s  
i n s i d e  and o u t s i d e  of t h e  c o n t a i n e r  and t h a t  t h e  t empera tu res  do  
n o t  change d u r i n g  t h e  measurement. The f i n a l  assumpt ion i s  t h a t  
t h e  i n i t i a l  r e s t  p o i n t  of t h e  c o n t a i n e r  does  n o t  change.  I n  

p r a c t i c e  t h e s e  c o n d i t i o n s  a r e  n o t  e a s i l y  s a t i s f i e d .  The sample 
i s  a n  aqueous suspens ion  u s u a l l y  a t  a  t empera tu re  d i f f e r e n t  t h a n  
t h e  ambient  w a t e r .  The sample t empera tu re  may be  a d j u s t e d  a r t i -  
f i c i a l l y  o r  be  a l lowed t o  approach t h e  ambient  t empera tu re  o v e r  
a  long  p e r i o d  of t ime.  Al lowing t h e  sample t o  remain f o r  long  
p e r i o d s  i n  a  w a t e r  b a t h  can b e  i n c o n v e n i e n t ,  and h e a t i n g  o r  
c o o l i n g  t h e  sample causes  problems of mixing,  a i r  e n t r a i n m e n t ,  

and t empera tu re  s e n s i n g .  Because t h e  a i r  chamber buoyancy i s  
a  f u n c t i o n  of w a t e r  d e n s i t i e s  i n s i d e  and o u t s i d e  t h e  c o n t a i n e r ,  
any u n c e r t a i n t y  of i n s i d e  o r  o u t s i d e  d e n s i t y  i s  r e f l e c t e d  
d i r e c t l y  a s  a n  u n c e r t a i n t y  i n  By. The f o l l o w i n g  s e c t i o n  w i l l  
d e a l  w i t h  t h e s e  s o u r c e s  of e r r o r .  



IV. ANALYSIS OF TEMPERATURE EFFECTS 

One may now c o n s i d e r  t h e  e f f e c t  o f  a  t empera tu re  v a r i a t i o n  on t h e  
r e a d i n g s  o b t a i n e d  from t h e  second t e s t  model (F ig .  2) . The answer i s  
complex. because  we a r e  d e a l i n g  w i t h  a  d e v i c e  in tended  t o  d e t e c t  minute  
d i f f e r e n c e s  i n  d e n s i t y  and a  d e v i c e  which has  a  t e m p e r a t u r e - s e n s i t i v e  
a i r  chamber. As mentioned e a r l i e r ,  t h e  d e v i c e  was f a b r i c a t e d  from 
t h i n  s h e e t  meta l  which,  i n  t u r n ,  h a s  a  thermal  expansion e f f e c t .  
T h e r e f o r e ,  t h e  c o r r e c t i o n  f o r  a  s l i g h t  i n c r e a s e  i n  t empera tu re  above 

c a l i b r a t e d  p o i n t  should  i n c l u d e  a l lowances  f o r  t h e  f o l l o w i n g :  
1 )  i n c r e a s e d  buoyancy of t h e  a i r  chamber because  o f :  

a )  i n c r e a s e d  a i r  p r e s s u r e  w i t h i n  t h e  chamber. 
b)  thermal expansion of metal  w a l l s  of a i r  chamber. 

2) decreased  buoyancy of t h e  sample c o n t a i n e r  because  of 
expansion of t h e  l i q u i d  and thus  a  r e d u c t i o n  i n  l i q u i d  
d e n s i t y .  

The f o l l o w i n g  a n a l y s i s  of t h e  e f f e c t s  of t empera tu re  v a r i a t i o n  makes 
u s e  of s e v e r a l  assumptions .  One i s  t h a t  t h e  change i n  sediment d e n s i t y  
i s  n e g l i g i b l e  over  a  smal l  t empera tu re  range .  Another assumption i s  

t h a t  c o r r e c t i o n s  c a l c u l a t e d  f o r  t h e  c o n t a i n e r  a t  i t s  ze ro  p o i n t  (no 
sediment i n  t h e  c o n t a i n e r )  a r e  a p p l i c a b l e  when t h e  rod  i s  p a r t i a l l y  
submerged. Other  assumptions  w i l l  be  s t a t e d  a s  we c o n t i n u e  t h e  
a n a l y s i s .  

The n e t  upward f o r c e  r e q u i r e d  t o  suppor t  t h e  submerged c o n t a i n e r  

w i t h  volume V, and a i r  chamber volume Va i s :  

where AQ i s  t h e  d i f f e r e n c e  i n  d e n s i t y ,  Q w c  - qw,  between l i q u i d  d e n s i -  
t i e s  i n s i d e  and o u t s i d e  t h e  c o n t a i n e r  and mc i s  t h e  c o n t a i n e r  mass. 
The change i n  f o r c e  w i t h  r e s p e c t  t o  t empera tu re  i s  o b t a i n e d  by d i f f e r -  
e n t i a  t i o n  : 

Qw d V a  - V a  
(Ti-) dT 



Because t h e  a i r  chamber i s  e l a s t i c ,  t h e  f i r s t  term on t h e  r i g h t  
s i d e  must be  expanded: 

where P i s  t h e  a i r  p r e s s u r e  i n  t h e  chamber and To r e f e r s  t o  t h e  
t empera tu re  o u t s i d e  t h e  c o n t a i n e r .  The terms w i t h i n  t h e  p a r e n t h e -  
s e s  d e s c r i b e  t h e  e f f e c t s  l i s t e d  i n  t h e  p r e v i o u s  pa ragraph .  I n  
o r d e r  t o  minimize t h e  change of buoyancy w i t h  a change i n  temper- 
a t u r e ,  we must minimize t h e  p a r e n t h e t i c a l  t e rms ,  Th is  may be 
accomplished by reduc ing  each term and by b a l a n c i n g  p o s i t i v e  
terms a g a i n s t  n e g a t i v e  terms.  I n  t h i s  r e g a r d  l e t  u s  now examine 
each term more c l o s e l y .  

The f i r s t  term,  Qw aVa dP , d e s c r i b e s  t h e  i n c r e a s e  i n  buoyancy 
aP d ~  

w i t h  a  s l i g h t  i n c r e a s e  i n  p r e s s u r e  caused by i n c r e a s e d  t empera tu re  
i n  t h e  a i r  chamber. The c o e f f i c i e n t  of expansion of a i r  between 
0' and 1 0 0 ~ ~  a t  s t a n d a r d  a tmospher ic  p r e s s u r e  i s  3.67E-3, where 
(E-3) i s  a  conven ien t  n o t a t i o n  f o r  a n  exponent t o  b a s e  t e n ;  i e ,  
(E-3) = l o e 3  = 0.001. T h e r e f o r e ,  a t  s t a n d a r d  a tmospher ic  p r e s s u r e  
of 1.013E6 dynes p e r  s q u a r e  c e n t i m e t e r ,  dP/dT = 3.72E3 d y n e s / c m 2 / 0 ~ .  
Le t  us  now assume t h a t  t h e  a i r  chamber may be d e s c r i b e d  by a  s p h e r i -  
c a l  s h e l l  of  e q u i v a l e n t  volume. Th is  i s  an  approximat ion which 
y i e l d s  a  minimum AVa l i m i t e d  by t e n s i o n  i n  t h e  s h e l l .  The 
p robab le  e r r o r  i n  u s i n g  t h i s  approximat ion shou ld  be  n e g l i g i b l e  
because  t h e  t h r e e  c o n i c a l  s u r f a c e s  d e s c r i b i n g  t h e  a i r  chamber do 
approximate  two s p h e r i c a l  s u r f a c e s .  I n c r e a s i n g  t h e  p r e s s u r e  
w i t h i n  a  s p h e r e  t ends  t o  cause  an  i n c r e a s e  i n  t h e  r a d i u s ,  a ,  
g iven (Ref .  5) by: 

where Me i s  t h e  modulus of e l a s t i c i t y ,  

h  i s  t h e  s h e l l  t h i c k n e s s ,  

v i s  P o i s s o n ' s  r a t i o  ( u n i t  t r a n s v e r s e  c o n t r a c t i o n  p e r  
u n i t  a x i a l  e l o n g a t i o n ) ,  and 
a  i s  p o s i t i v e  w i t h  outward d i sp lacement .  



3  D i f f e r e n t i a t i n g  t h e  e q u a t i o n  f o r  t h e  volume of a  s p h e r e ,  V = 4/3na , 
we f i n d  t h a t  

which becomes, a f t e r  s u b s t i t u t i n g  eq (16) and r e a r r a n g i n g :  

The a i r  chamber volume was 187 c u b i c  c e n t i m e t e r s ,  s o  t h a t  an  e q u i v a l -  
e n t  s p h e r e ' s  r a d i u s  would be  3.55 cm. S u b s t i t u t i n g  a  = 3.55 cm, 
Me = 2.07312 dynesIcm2, h  = 0.0381 crn (0.015 i n ) ,  and v = 0 . 3  i n t o  
eq (17) we o b t a i n  AV,/AP 4.083-8 cm3/dyne/cm2. Combining t h i s  w i t h  
t h e  p r e v i o u s l y  determined v a l u e  f o r  dP/dT, we a r r i v e  a t  an  e s t i m a t e  
of t h e  f i r s t  term: 

The second term of eq ( 1 5 ) ,  QwdVa/dT, d e s c r i b e s  t h e  i n c r e a s e  i n  
buoyancy caused by a  s l i g h t  i n c r e a s e  i n  t empera tu re  which expands t h e  
metal  w a l l s .  Two f u r t h e r  assumptions  a r e  n e c e s s a r y  f o r  t h i s  c a l c u -  
l a t i o n .  The f i r s t  i s  t h a t  t h e  c o n t a i n e r  s h e l l  may be t r e a t e d  a s  a  
s o l i d  volume, and any expansion expands t h e  whole volume. The second 
assumption i s  t h a t  t h e  i n t e r n a l  s t r e s s e s  i n  t h e  s h e l l  induced by a  
t empera tu re  change a r e  n e g l i g i b l e ,  s o  t h a t  t h e  volume change i s  g iven  

by AVa z VvVa AT. The volume thermal  c o e f f i c i e n t ,  q v ,  i s  abou t  t h r e e  
t imes  t h e  l i n e a r  c o e f f i c i e n t  o r  36 E - 6  pe r  OC f o r  t h e  metal  s h e l l  (Ref .  6 ) .  
The second term may b e  w r i t t e n :  

The t h i r d  term of eq (15) ,  Va d ~ ~ / d T ,  d e s c r i b e s  t h e  change i n  
buoyancy caused by expansion of t h e  l i q u i d .  The change i n  d e n s i t y  pe r  
degree  i s  p l o t t e d  i n  F i g .  3B.  A t  ~ O C ,  d ~ ~ / d T  i s  ze ro  b u t  i n c r e a s e s  t o  
about  - 2.OE-4 a t  20°c. The t h i r d  term,  t h e n ,  v a r i e s  w i t h  t empera tu re .  
Typ ica l  v a l u e s  f o r  t h e  p roduc t  Va d ~ ~ / d T  a r e  -0.0168, -0 .0374,  and 
-0.0561 g m / O ~  f o r  t empera tu res  of 10,  20,  and 30°c, r e s p e c t i v e l y .  



The term VcdAg/dT i s  a l s o  t empera tu re  dependent and 
A ~ ~ V C / ~ T = A ~ V C ~ ) ~ .  For  now we w i l l  assume t h a t  t h e  t empera tu res  
i n s i d e  and o u t s i d e  t h e  c o n t a i n e r  a r e  i d e n t i c a l ,  s o  t h a t  AQ= 0 .  
The f o u r t h  and f i f t h  terms t h e n  v a n i s h .  

S u b s t i t u t i n g  a l l  of t h e  above e q u i v a l e n t  terms i n t o  eq ( 1 5 ) ,  
we a r r i v e  a t  t h e  f o l l o w i n g :  

3 . 7 2 ~ 9 ~  2  n a 4  (1-v) + PwqvVa + Va dQw 

d  T  
(20)  

'eh 

For  t h e  d e v i c e  used i n  our  s t u d i e s ,  eq (20) becomes 

C o l l e c t i n g  terms and n o t i n g  t h a t  Qw v a r i e s  l e s s  than  a  q u a r t e r  of a  
0 0 

p e r c e n t  from 0.998 between 4  and 30 C ,  we f i n d  

Obviously AF w i l l  v a n i s h  when t h e  two terms w i t h i n  t h e  p a r e n t h e s e s  
a r e  of equal  magnitude.  With t h e  given a i r  chamber, t h e  b a l a n c e  

p o i n t  i s  reached a t  a  t empera tu re  such t h a t  Va dQw/dT = 6.88E-3, 
o r  when d ~ / d T  = 36.7E-6. T h i s  occurs  a t  a  t empera tu re  of a b o u t  

6 . 4 ' ~ .  

I t  i s  p o s s i b l e  t o  d e s i g n  t h e  a p p a r a t u s  f o r  o t h e r  t empera tu re -  
i n s e n s i t i v e  ba lance  p o i n t s ,  where &?/AT i s  z e r o .  Each b a l a n c e  p o i n t  
i s  a  compromise between t h e  volume of t h e  a i r  chamber, t h e  mechanical  

and thermal  p r o p e r t i e s  of t h e  m a t e r i a l  used ,  and t h e  t empera tu re -  
d e n s i t y  r e l a t i o n  of t h e  ambient  l i q u i d .  

Eq (22) may be used t o  e s t i m a t e  c o r r e c t i o n s  f o r  t h e  i n s t r u m e n t  
when t h e  ambient t empera tu re  h a s  d r i f t e d  s l i g h t l y  from t h e  c a l i b r a t e d  
v a l u e .  For  e a s e  i n  a p p l i c a t i o n  t h e  c o r r e c t i o n  i n  P  can be conver ted  
t o  e q u i v a l e n t  sediment mass by n o t i n g  t h a t  hF i n  eq ( 2 2 ) ,  i s  
e q u i v a l e n t  t o  4Fn o b t a i n e d  from eq (81 ,  



Making a p p r o p r i a t e  s u b s t i t u t i o n s ,  eq (22) becomes 

F i g .  3  shows d Q w / d ~  i s  -21OE-6 and bm,/A~ i s  0.052 f o r  a n  ambient 
0 t empera tu re  of 20 C .  I n  o t h e r  words,  i f  t h e  i n i t i a l  r e s t  p o i n t ,  yo ,  

had been o b t a i n e d  when t h e  ambient l i q u i d  was 2 0 ' ~  and i f  t h e  
ambient t empera tu re  had d r i f t e d ,  s a y ,  t o  20 .  ~ O C ,  t h e n  abou t  
26 m i l l i g r a m s  (52 m g / O C  t imes  0 . 5 ' ~ )  would have t o  be  s u b t r a c t e d  
from t h e  c a l c u l a t e d  mass. Another way of i n t e r p r e t i n g  t h e  c o r r e c t i o n  
v a l u e  i s  t h a t  a t  t h i s  t empera tu re  t h e r e  i s  a n  e r r o r  of 3 .05 mg p e r  

t e n t h  of a  d e g r e e .  A t  low sediment c o n c e n t r a t i o n s ,  a n  u n c o r r e c t e d  

3 mg e r r o r  would have  a  l a r g e  e f f e c t  on t h e  c a l c u l a t e d  c o n c e n t r a t i o n .  
Empi r i ca l  r e s u l t s  p l o t t e d  i n  F i g .  5  show a  s h i f t  from -0 .29 t o  - 0 . 4  
when t h e  t e m p e r a t u r e  changed from 20°C t o  22OC. Th i s  co r responds  

t o  0 .055  g m / O ~  which w i t h i n  t h e  l i m i t s  of exper imenta l  e r r o r  v e r i f i e s  
r e s u l t s  from eq ( 2 3 ) .  

Con t inu ing  t h e  a n a l y s i s ,  l e t  u s  now suppose  t h a t  t h e  d e v i c e  i s  
f i l l e d  w i t h  w a t e r  a t  a  t empera tu re  Ti which i s  s l i g h t l y  c o l d e r  
(more dense )  than  t h e  ambient  w a t e r  a t  t empera tu re  To. The dense r  
w a t e r  must be  i n , s i d e  t o  p reven t  c i r c u l a t i o n  c u r r e n t s .  We w i l l  f u r t h e r  
assume t h a t  t h e  c o n t a i n e r  i s  a l s o  a t  t empera tu re  To. If on ly  T i  i s  
a l lowed t o  v a r y ,  eq  (14) becomes 

w i t h  Qwc t h e  on ly  t empera tu re  dependent v a r i a b l e .  Eq (24) becomes, 
a f t e r  d i f f e r e n t i a t i o n ,  

Again employing eq (8) t o  c o n v e r t  AF t o  a n  e q u i v a l e n t  dms we o b t a i n  

a ~ w c  
A m s  - V c F  - -  (26) 
ATi 1 - Q W  

P 

Q s  



S u b s t i t u t i n g  nominal v a l u e s  f o r  Vc, &, and Qs ,  we o b t a i n  

Eq (26) y i e l d s  c o r r e c t i o n s  of -0 .067,  -0 .15,  and -0 .224  g m / o ~  a t  

ambient  t empera tu res  of l o 0 ,  20O, and 30°c, r e s p e c t i v e l y .  Th i s  

t r a n s l a t e s  i n t o  a  c o r r e c t i o n  of 15  mg p e r  t e n t h  of a  d e g r e e  
d i f f e r e n c e  a t  20°c, f o r  i n s t a n c e .  Again,  a t  low sediment  concen- 
t r a t i o n s  t h i s  l a r g e  a n  u n c o r r e c t e d  e r r o r  would l e a d  t o  l a r g e  
e r r o r s  i n  c a l c u l a t e d  c o n c e n t r a t i o n s .  However, t h e  samples cou ld  
b e  l e f t  i n  t h e  ambient l i q u i d  a  s u i t a b l e  l e n g t h  of t ime f o r  
w a t e r  i n s i d e  t h e  c o n t a i n e r  t o  warm up  t o  ambient .  No o p e r a t o r  
t i m e  i s  r e q u i r e d  f o r  t h i s  p rocedure  and i t  shou ld  n o t  add too  much 
complex i ty  t o  a n  automated a p p a r a t u s  . 

Prom t h e  f o r e g o i n g  a n a l y s i s ,  i t  i s  e v i d e n t  t h a t  t e m p e r a t u r e  
cons tancy  i s  of u tmost  impor tance .  A s h i f t  i n  t h e  o v e r a l l  o p e r a t i n g  
t e m p e r a t u r e  w i l l  produce e r r o r s  of abou t  52 mg/Oc. A mismatch 
between t empera tu res  i n s i d e  and o u t s i d e  t h e  c o n t a i n e r  i s  more 
s e r i o u s  and w i l l  produce e r r o r s  i n  t h e  o r d e r  of 150 rngl0c. The 
r a t i o  of t h e s e  e r r o r s  i s  of t h e  same o r d e r  of magnitude a s  t h e  
r a t i o  between volume of t h e  a i r  chamber and t h e  volume of t h e  
sample chamber. T h i s  r e l a t i o n s h i p  e x i s t s  because  a  change i n  t h e  
o v e r a l l  o p e r a t i n g  t empera tu re  produces  a  change i n  buoyant f o r c e  
produced by t h e  a i r  chamber. A change i n  d i f f e r e n t i a l  t empera tu re  

from i n s i d e  t o  o u t s i d e  a f f e c t s  t h e  g r a v i t a t i o n a l  f o r c e  e x e r t e d  on 
t h e  c o n t e n t s  of t h e  e n t i r e  sample chamber. 

V. TEST PROGRAM 

The purpose  of t h e  t e s t  program was t o  v e r i f y  t h e  mathemat ica l  
model d e r i v e d  i n  t h e  p r e v i o u s  s e c t i o n s .  

Mechanica 1 Opera t i o n  

The f i r s t  p a r t  of t h e  t e s t  program on t h e  f i n a l  t e s t  model 
was conducted a t  c o n s t a n t  ambient  t e m p e r a t u r e .  The g o a l  was t o  
d e t e r m i n e  t h e  l i m i t a t i o n s  of t h e  method w i t h o u t  t h e  i n f l u e n c e  
of changing t empera tu re .  



The i n s u l a t e d  s u p p o r t  c o n t a i n e r  was f i l l e d  w i t h  t a p  w a t e r  mixed 
s l i g h t l y  warmer than  room t e m p e r a t u r e ,  A h e a t e r  and c o n t r o l l e r  assembly 

main ta ined  t h e  s l i g h t l y  e l e v a t e d  t e m p e r a t u r e .  A mechanica 1 mixer 
d i s t r i b u t e d  t h e  h e a t  even ly ,  b u t  was t u r n e d  o f f  d u r i n g  a  measurement. 
Samples were  poured i n t o  t h e  cup a f t e r  p r e p a r a t i o n  and t h e  cup p l a c e d  
c a r e f u l l y  i n t o  t h e  ambient l i q u i d .  

The d i s t a n c e  from t h e  w a t e r  s u r f a c e  t o  t h e  top  of t h e  rod  was 
measured t o  t h e  n e a r e s t  hundred th  of a n  i n c h .  The a c c u r a c y  was on 
t h e  o r d e r  of two o r  t h r e e  h u n d r e d t h s .  L a t e r  measurements were  r e a d  
t o  t h e  n e a r e s t  h a l f  t e n t h  (0 .05  i n ) .  The h a l f - t e n t h  r e a d i n g  gave 
c o n s i s t e n c y  between o b s e r v e r s  and r e p r e s e n t e d  a n  economical ly  
o b t a i n a b l e  r e a d o u t  increment  f o r  a u t o m a t i c  measuring equipment.  

Temperature V a r i a t i o n  

The e f f e c t  of t empera tu re  was cons ide red  i n  two p a r t s .  F i r s t  
was t h e  e f f e c t  due t o  a  t e m p e r a t u r e  d i f f e r e n c e  between t h e  sample and 
ambient  f l u i d .  The second was t h e  p a r t i c u l a r  t empera tu re  range  f o r  
t h e  ambien t :  would a  h i g h  o r  low range  g i v e  op t imal  r e s u l t s ?  

The f i r s t  p a r t  of t h e  problem was a t t a c k e d  from two d i r e c t i o n s .  
The r a t e  of t empera tu re  change w i t h  t ime  was o b t a i n e d  f o r  t h e  c a s e  
where t h e  i n s i d e  w a t e r  was i n i t i a l l y  a  few degrees  c o o l e r  than  t h e  
ambient  w a t e r .  The t ime r e q u i r e d  t o  r e a c h  a  n e a r  e q u i l i b r i u m  temper- 
a t u r e  was o f t e n  h a l f  a n  hour  o r  more. P l e a s e  n o t e  a l s o  t h a t  t h e  
sample w i l l .  a lmos t  always b e  l e s s e r  volume t h a n  t h e  c o n t a i n e r  volume, 
and w i l l  b e  b rough t  up t o  f u l l  c o n t a i n e r  volume w i t h  ambient  w a t e r .  
The a d m i x t u r e  of ambient  w a t e r  w i t h  t h e  sample w i l l  r educe  t h e  t ime  
r e q u i r e d  t o  r e a c h  ambient t e m p e r a t u r e  . 

The second p a r t  of t h e  problem was l a r g e l y  a  m a t t e r  of d e f i n i n g  
optimum c o n d i t i o n s .  O p e r a t i o n  w i t h  t h e  ambient l i q u i d  n e a r  f r e e z i n g  
i n t u i t i v e l y  was i n d i c a t e d ,  b u t  would i t  be  d i f f i c u l t  t o  m a i n t a i n  a  
t e m p e r a t u r e  n e a r  f r e e z i n g ?  Would t h e  a n a l y t i c a  1 procedure  be  more 
d i f f i c u l t  o r  l e s s  a c c u r a t e ?  

T e s t s  were  made w i t h  t h e  ambient  l i q u i d  a t  two t e m p e r a t u r e s :  
n e a r  room tempera tu re  and n e a r  f r e e z i n g .  A t  b o t h  t e m p e r a t u r e s ,  t h e  
w a t e r  i n  t h e  c o n t a i n e r  was a t  t h e  su r round ing  l i q u i d ' s  t e m p e r a t u r e .  
The c o l d  ambient  t empera tu re  was e a s i l y  main ta ined  w i t h  snow and i c e .  
There  was no p a r t i c u l a r  d i f f i c u l t y  i n  m a i n t a i n i n g  t h e  c h i l l e d  temper- 
a t u r e  and t h e  a n a l y t i c a l  p rocedure  was unchanged excep t  f o r  t h e  t ime  
a l lowed  f o r  t h e  sample w a t e r  t o  c o o l  t o  ambien t ,  



V I  . RESULTS 

This  s e c t i o n  of t h e  r e p o r t  d e a l s  w i t h  t h e  r e s u l t s  of  t e s t s  on 
t h e  second model, shown i n  F i g .  2 .  The f i r s t  t e s t  model was 
c o n s i d e r e d  u s e f u l  o n l y  f o r  o r i e n t a t i o n  and problem d e f i n i t i o n .  

The r e s u l t s  of t h e  i n i t i a l  t e s t s  on t h e  second model a r e  summa- 
r i z e d  i n  F i g .  4 .  The p l o t t e d  p o i n t s  i n c l u d e  d a t a  o b t a i n e d  a t  two 
d i f f e r e n t  t imes  and t empera tu res  . A s t a n d a r d  e r r o r  of e s t i m a t e  
of a b o u t  75 mg!L was o b t a i n e d  from e m p i r i c a l  d a t a  p l o t t e d  i n  F i g .  4 .  
The e r r o r s  appeared  t o  b e  s p r e a d  un i fo rmly  over  t h e  e n t i r e  r ange  
of c o n c e n t r a t i o n s ;  t h a t  i s  t h e  e r r o r s  d i d  n o t  seem t o  change w i t h  
c o n c e n t r a t i o n .  

S e n s i t i v i t y  

The s l o p e  of each l i n e  segment i n  F i g .  4 i s  p r o p o r t i o n a l  t o  
t h e  s e n s i t i v i t y  of t h e  ins t rument  when t h e  w a t e r  s u r f a c e  i s  a t  
t h a t  segment. The l a r g e s t  d iamete r  rod  segment i s  t h e  l e a s t  
s e n s i t i v e ,  and t h e  s m a l l e s t  rod  segment i s  t h e  most s e n s i t i v e .  
S e n s i t i v i t y  w i l l  be  d e f i n e d  a s  t h e  d i sp lacement  p e r  u n i t  mass.  
S e n s i t i v i t y  may b e  c a l c u l a t e d  from eq ( 9 ) :  

I n  t h e  cgs  sys tem of u n i t s ,  Qs = 2.65 gm/cc and Qw r 0 .998  gm/cc 

n e a r  room t e m p e r a t u r e .  S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  eq ( 2 7 ) :  

where t h e  d i a m e t e r ,  d ,  i s  expressed  i n  c e n t i m e t e r s .  For  t h e  t h r e e  
rod segments used i n  t h i s  model, t h e  f o l l o w i n g  s e n s i t i v i t i e s  were  
computed : 

TABLE I 

Diameter 

0.059 i n  (0.150 cm) 13 .9  in/gm (35.2 cm/gm) 
-083  ( .211) 7  - 0 1  (17 .8 )  
. I 4 8  ( .376) 2.21 (5 .61)  



Obviously,  any r e a s o n a b l e  s e n s i t i v i t y  may be o b t a i n e d  by s e l e c t i n g  
the  proper  r o d  d iamete r .  The rod d i a m e t e r s  used on t h i s  model were 
chosen w i t h i n  p h y s i c a l  r e s t r a i n t s  s e t  by a v a i l a b l e  rod d iamete r s  t o  
give  abou t  t h e  same r e s o l u t i o n  w i t h i n  each weight  range when measuring 

displacement  t o  t h e  n e a r e s t  0 .05 i n  (0.127 cm). The t h e o r e t i c a l  v a l u e s  
i n  Table  I were  used t o  compute q u a n t i t i e s  of sediment and e q u i v a l e n t  
c o n c e n t r a t i o n s  shown i n  F i g .  2 .  Empi r ica l  d a t a  shown i n  F i g .  4 showed 
c l o s e  agreement .  

The computat ion of sediment mass becomes more d i f f i c u l t  when t h e  
second o r  t h i r d  rod  i s  immersed. The mass i s  no l o n g e r  t h e  s imple  
product  of a  c o n s t a n t  c o e f f i c i e n t  and t h e  n e t  d i sp lacement ,  Ay. Th is  
s t i l l  s u f f i c e s  f o r  mass i n  t h e  range of segment I b u t  w i l l  n o t  work f o r  
masses i n  t h e  range  of segments I1 and 111. T h e r e f o r e ,  l e t  us  now 
exchange o u r  n e t  d isplacement  pa ramete r ,  Ay, f o r  n e t  p r o t r u s i o n  d i s t a n c e ,  
Ah, which we s h a l l  d e f i n e  a s  ho - h ,  which i s  t h e  change i n  p r o t r u s i o n  
l e n g t h  b e f o r e  and a f t e r  sediment has  been added. F i g .  2  shows t h e s e  
terms g r a p h i c a l l y .  The change i n  d i sp lacement ,  Ay, i s  i d e n t i c a l  t o  t h e  
change i n  p r o t r u s i o n  d i s t a n c e ,  Ah, b u t  we a r e  a b l e  t o  measure more e a s i l y  
t h e  p r o t r u s i o n  d i s t a n c e  t h a n  d i sp lacement ,  t h e  d i s t a n c e  below t h e  w a t e r  
s u r f a c e .  The i n i t i a l  r e s t  p o i n t  w i t h  no sediment p r e s e n t ,  h o ,  must be  
ob ta ined  because  i t  w i l l  va ry  w i t h  t h e  d e n s i t y  of t h e  ambient f l u i d  
which i n  t u r n  v a r i e s  w i t h  t empera tu re  and t o  a  s l i g h t  degree  w i t h  d i s -  
solved s o l i d s  a s  w e l l  a s  f i n e  suspended m a t t e r  p o s s i b l y  l o s t  t o  t h e  
wa te r  from p r i o r  samples.  

The c a l c u l a t i o n  of sediment mass i s  t h e r e f o r e  a  f u n c t i o n  of h  and 
ho : 

Rod Segment h ;  inches  

I t  i s  p o s s i b l e  t o  use  t h e  above e q u a t i o n s  t o  compute t h e  e r r o r  i n  
t h e  mass owing t o  t h e  increment of h  chosen:  0 . 0 5  i n ,  a s  p r e v i o u s l y  
mentioned. Assuming h  i s  i n  e r r o r  by h a l f  t h i s  amount o r  _+ .025 i n  

and t h a t  t h e  w a t e r  s u r f a c e  i s  i n  t h e  mid-range of each segment,  t h e  



a b s o l u t e  e r r o r  and t h e  r e l a t i v e  e r r o r ,  assuming a  0.400 l i t e r  sample 
suspens ion ,  a r e  shown below : 

E r r o r  owing t o  2 .025 i n .  e r r o r  i n  h  

Abso lu te  
0.0018 gm 

.0035 

.0113 

R e l a t i v e  
2 .2  p e r  c e n t  

. 9  

. 9  

The r e l a t i v e  e r r o r  i n  t h i s  c a s e  was d e f i n e d  a s  t h e  r a t i o  of t h e  
a b s o l u t e  e r r o r  t o  t h e  c a l c u l a t e d  mass a t  t h e  mid-range of t h a t  
p a r t i c u l a r  segment. 

Of course ,  a l o n g  w i t h  t h e  h i g h  accuracy  (low e r r o r )  of t h e  
s m a l l e s t  d iamete r  rod goes t h e  l i m i t a t i o n  on range .  That i s ,  i n  
o r d e r  t o  measure a  conven ien t  r ange  of c o n c e n t r a t i o n ,  t h e  s m a l l e s t  
rod  d iamete r  would have t o  be  q u i t e  long  and t h e r e f o r e  unwieldy.  
F o r  example, i f  one wished t o  measure up t o  5,000 mg/L (2 .0  gm i n  
0 . 4  l i t e r )  u s i n g  a  s i n g l e  rod  of 0 .059- in  d iamete r ,  t h e  rod  would 
have t o  be  over  two f e e t  l o n g .  The maximum amounts of sediment  
measurable  ,by t h e  t h r e e  r o d s  of t h e  second t e s t  model a r e  140, 553, 
1950 mg, r e s p e c t i v e l y .  

E f f e c t  of Temperature 

The c o n t r o l  of sample and ambient f l u i d  t empera tu res  i s  
obv ious ly  e s s e n t i a l  t o  t h i s  method. Unless t h e  a i r  chamber i s  a t  
t h e  c a l i b r a t i o n  t empera tu re ,  t h e  chamber w i l l  expand o r  c o n t r a c t ,  
and t h e  r e s t  p o i n t  o f  t h e  c o n t a i n e r  w i l l  be modif ied s l i g h t l y .  
F i g .  5 shows t h e  t empera tu re  e f f e c t  on t h e  r e s t  p o i n t ,  conver ted  
t o  a n  e q u i v a l e n t  weight  of sediment ,  w i t h  equa l  t empera tu res  i n  
and o u t  of t h e  c o n t a i n e r .  The curve  i s  s i m i l a r  t o  t h e  v a r i a t i o n  
of w a t e r  d e n s i t y  w i t h  t empera tu re  a s  shown i n  F i g ,  3 .  An impor tan t  
d i f f e r e n c e ,  however, i s  t h e  broadened hump which h a s  been s h i f t e d  
t o  t h e  r i g h t  about  3 . 3 ' ~ .  The t h e o r e t i c a l  p o i n t  of ze ro  s l o p e ,  
F i g .  5 ,  a g r e e s  w i t h  t h a t  o b t a i n e d  e m p i r i c a l l y ,  I n  p h y s i c a l  terms 
t h e  s h i f t  i n  t h e  i n f l e c t i o n  p o i n t  i s  caused by a  combination of 
two f a c t o r s .  A s  t h e  t empera tu re  drops  t h e  l i q u i d  d e n s i t y  i n c r e a s e s ,  

0 r e a c h e s  a  maximum a t  4  C ,  t hen  b e g i n s  t o  d e c r e a s e  a s  t empera tu re  



approaches  t h e  f r e e z i n g  p o i n t .  I f  t h e  a i r  chamber volume had remained 
c o n s t a n t ,  F i g .  5 would have d u p l i c a t e d  F i g .  3a .  Lowering t h e  temper- 
a t u r e  from 20' t o  OOC would have caused t h e  c o n t a i n e r  t o  f i r s t  r i s e ,  
r each  a  peak a t  ~ O C ,  t hen  s e t t l e  s l i g h t l y  a s  t h e  t empera tu re  approached 
f r e e z i n g .  Opera t ing  i n  c o n j u n c t i o n  w i t h  d e n s i t y  changes i s  t h e  s t e a d y  
c o n t r a c t i o n  of t h e  a i r  chamber a s  t h e  t empera tu re  d r o p s .  I f  f l u i d  
d e n s i t y  had remained c o n s t a n t  t h e  displacement  would have s t e a d i l y  
decreased  w i t h  a  lowering i n  t empera tu re ,  and a s  a  r e s u l t  t h e  c o n t a i n e r  
would have s e t t l e d  deeper  i n t o  t h e  l i q u i d .  

When t h e  sample t empera tu re  d i f f e r s  from ambient a  c o r r e c t i o n  must 
be a p p l i e d  t o  t h e  computed mass. The c o r r e c t i o n  c h a r t  would be 
determined i n d i v i d u a l l y  f o r  each ins t rument  because  o f  v a r i a t i o n s  
i n  a i r  chamber volume, w e i g h t ,  and l e n g t h  of i n d i c a t o r  r o d ,  There i s  
a l s o  some d i f f i c u l t y  caused by convec t ion  c u r r e n t s  and thermal  
g r a d i e n t s  which makes t h e  u s e  of a  c h a r t  d i f f i c u l t  i f  t empera tu re  
d i f f e r e n c e s  exceed more t h a n  one-half  d e g r e e .  

The r e s u l t s  of t h e  s t u d y  of t empera tu re  e f f e c t s  t h e r e f o r e  p o i n t  
t o  o p e r a t i o n  of t h e  d e v i c e  i n  t h e  t empera tu re  range  from s i x  t o  e i g h t  
degrees  C e l s i u s ,  p r i m a r i l y  because  of t h e  s imple  c o n t r o l  r equ i rements  
needed t o  m a i n t a i n  t h e  ambient f l u i d  i n  t h i s  r ange .  Adequate temper- 
a t u r e  c o n t r o l  e l i m i n a t e s  t h e  need f o r  a  t empera tu re  c o r r e c t i o n .  

Other  Sources  of E r r o r  

A i r  bubbles  c l i n g i n g  t o  t h e  c o n t a i n e r  below w a t e r  and w a t e r  d r o p l e t s  
c l i n g i n g  t o  t h e  rod a r e  t h e  nex t  two most important  s o u r c e s  of e r r o r .  

Both a r e  reduced by u s i n g  c l e a n ,  degassed w a t e r  f o r  t h e  ambient f l u i d .  
A s m a l l  amount of s u r f a c t a n t  w i l l  reduce s u r f a c e  t e n s i o n ;  and t a p p i n g  
t h e  c o n t a i n e r  l i g h t l y  w i l l  p r e v e n t  c l i n g i n g  by d r o p l e t s  o r  bubbles .  

Loss of sample through t h e  top  of t h e  c o n t a i n e r  i s  minimized by 
d e s i g n i n g  a  narrow opening i n  t h e  top  and by m a i n t a i n i n g  t h e  sample 
and ambient f l u i d s  a t  n e a r l y  t h e  same tempera tu re .  The i n s i d e  temper- 
a t u r e  shou ld  be s l i g h t l y  c o o l e r  than ambient .  

Minor e r r o r s  due t o  non-uniform i n d i c a t o r  rod d iamete r  o r  changes 
i n  volume of t h e  c o n t a i n e r  a r e  e l i m i n a t e d  by c a l i b r a t i o n  of t h e  i n d i v -  
idua 1 ins t rument  . 

F i n a l l y ,  d i s t u r b a n c e s  of t h e  c o n t a i n e r  p reced ing  and d u r i n g  t h e  



disp lacement  measurement w i l l  c o n t r i b u t e  e r r o r s .  A long  r e s t  p e r i o d  
would e l i m i n a t e  t h i s  t y p e  of e r r o r  b u t  c o n f l i c t s  w i t h  t h e  need f o r  a  
s h o r t  r e s t  p e r i o d  t o  minimize convec t ion  l o s s e s  and e x p e d i t e  sample 
measurements . 

The o p e r a t i o n a l  u s e  of t h e  i n s t r u m e n t  w i t h o u t  a  c o r r e c t i o n  c h a r t  
was t e s t e d  w i t h  p repared  samples of sands ,  c l a y s ,  and d i s s o l v e d  s a l t ,  
Measurements were  made o n l y  a f t e r  sample t empera tu res  reached ambient .  
The r e s u l t s  of t h e  t e s t  a r e  g iven  i n  P i g .  6 ,  Of t h e  35 samples ,  abou t  
a  q u a r t e r  of t h e  computed w e i g h t s  were more t h a n  f i v e  p e r c e n t  i n  
e r r o r .  F i v e  of t h e  computed w e i g h t s  were  more than  t e n  p e r c e n t  i n  
e r r o r .  The r e s u l t s  a r e  a c c e p t a b l e  c o n s i d e r i n g  t h a t  most of t h e  
samples were  v a r i a t i o n s  of w o r s t - c a s e  samples ;  t h a t  i s ,  t h e y  were  
samples of  m a t e r i a l  f i n e  enough t o  b e  c a r r i e d  o u t  of t h e  c o n t a i n e r  
by s m a l l  c o n v e c t i o n  c u r r e n t s .  

V I I .  CONCLUSIONS 

The t e s t  model was a  n e u t r a l l y  buoyant c o n t a i n e r  w i t h  a n  i n d i c a t o r  
rod  on t o p .  The t e s t s  were  a r r a n g e d  t o  de te rmine  t h e  f e a s i b i l i t y  of 
t h i s  approach  f o r  manual o p e r a t i o n  and f o r  p o s s i b l e  au tomat ion .  Measure- 
ment of t h e ' h e i g h t  of t h e  i n d i c a t o r  rod was e a s i e r  t e c h n i c a l l y  and l e s s  
expens ive  than  d i r e c t  weighing of t h e  c o n t a i n e r  under w a t e r .  

Wi th in  t h e  l i m i t a t i o n s  of t h e  i n v e s t i g a t i o n ,  t h e  f o l l o w i n g  con- 
c l u s i o n s  were  o b t a i n e d :  

1. Of t h e  v a r i o u s  s o u r c e s  of e r r o r ,  t empera tu re  v a r i a t i o n s  a r e  
t h e  l a r g e s t .  V a r i a t i o n s  must n o t  exceed approx imate ly  
+ O . ~ ~ C .  I f  t empera tu re  c o n s t r a i n t s  can be  met ,  t h e  b u l k  - 
d e n s i t y  measuring system i.s s u f f i c i e n t l y  a c c u r a t e  f o r  

r o u t i n e  r a p i d  sediment c o n c e n t r a t i o n  measurements,  p rov ided  
t h a t  t h e  c o n c e n t r a t i o n s  exceed 1000 m g / l i t e r  and t h a t  t h e  
volume of suspens ion  exceeds 0 . 4  l i t e r .  

2 .  Temperature c o n t r o l  can b e  r e l a x e d  s l i g h t l y  i f  t h e  sys tem 
i s  o p e r a t e d  between 4OC and 1 o 0 C .  O p e r a t i o n  a t  low temper- 
a t u r e  improves a c c u r a c y  and i s  p o s s i b l e  w i t h  commercial 
r e f r i g e r a t i o n  equipment.  

3 .  C a r e f u l  d e s i g n  and o p e r a t i o n  can minimize t h e  e f f e c t s  of  
a i r  b u b b l e s ,  s u r f a c e  t e n s i o n ,  and w a t e r  d r o p l e t s  (on t h e  
i n d i c a  t o r  rod)  . 



4 .  E m p i r i c a l  r e s u l t s  v e r i f i e d  t h e  mathemat ica l  model w i t h i n  t h e  
l i m i t s  of exper imenta l  e r r o r .  

The measurement was termed r a p i d  i n  r e f e r e n c e  t o  t h e  s h o r t  t ime needed 
t o  make t h e  measurement. The t ime n e c e s s a r y  t o  e q u a l i z e  sample and 
ambient t empera tu res  i s  n o t  coun ted ,  because  even w i t h  a  manual measure- 
ment, t e m p e r a t u r e  e q u a l i z a t i o n  does  n o t  r e q u i r e  a n  o p e r a t o r ' s  a t t e n t i o n .  

A n  expec ted  p robab le  e r r o r  on t h e  o r d e r  of 50 m g l l i t e r  was found 
w i t h  t h e  r e l a t i v e l y  c rude  a p p a r a t u s  used i n  t h i s  s t u d y .  F u r t h e r  
mechanical  r e f i n e m e n t s  and c l o s e r  t e m p e r a t u r e  c o n t r o l  shou ld  reduce  
t h i s  f i g u r e .  

Any f u t u r e  i n v e s t i g a t i o n s  of t h i s  approach shou ld  c o n s i d e r :  a  low 
d e n s i t y  d e v i c e  t o  e l i m i n a t e  o r  r educe  t h e  volume of t h e  a i r  chamber, and 

a  un i fo rmly  t a p e r e d  rod  t o  e l i m i n a t e  s u r f a c e  t e n s i o n  e f f e c t s  a t  t h e  
segment j u n c t i o n s .  The mathemat ica l  model and e r r o r  a n a l y s i s  shou ld  
prove h e l p f u l  i n  e v a l u a t i n g  m o d i f i c a t i o n s  . Where t h e  accuracy  of 
t h e  p r e s e n t  model i s  a d e q u a t e ,  f u t u r e  s t u d y  shou ld  b e  toward a u t o -  
mating o r  r e f i n i n g  t h e  r e a d o u t  sys tem,  t h e  a p p l i c a t i o n  of a u t o m a t i c  
d i r e c t  we igh ing  of t h e  c o n t a i n e r ,  and a n  a u t o m a t i c  sample t r a n s p o r t  
system. F u r t h e r  means of e l i m i n a t i n g  a i r  bubbles  shou ld  a l s o  be  

cons ide red  a t  t h a t  t ime.  
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