


A S t u d y  of M e t h o d s  Used i n  

MEASUREMFNT AND ANALYSIS OF SEDIMENT LOADS I N  STREAMS 

REPORT X 

A FLUID-DENSITY GAGE FOR 

PEASURING SUSPENDED-SEDIMENT CONCENTRATION 

PART A 

GAGE RESPONSE TO STEADY-STATE 

AND TRANSIENT CONDITIONS 

BY 

3 .  V. S k i n n e r  



A Study of Methods Used i n  

MEASUREMENT AND ANALYSIS OF SEDIMENT LOADS I N  STRFAMS 

A Coopera t ive  P r o j e c t  

Sponsored by t h e  

I n t e r a g e n c y  Advisory.. Committee on Water Data 

Subcommittee on Sed imenta t ion  

P a r t i c i p a t i n g  Agencies 

Geo log ica l  Survey ** Corps of  Eng ineers  

A g r i c u l t u r a l  Research Serv: ice  

S o i l  Conserva t ion  S e r v i c e  *" Tennessee  Va l l ey  A u t h o r i t y  

F e d e r a l  Highway A d m i n i s t r a t i o n  ** Bureau of Reclamat ion 

O f f i c e  of  S u r f a c e  Mining ** F o r e s t  S e r v i c e  

REPORT X 

A FLUID-DENSITY GAGE FOR 

MEASURING SUSPENDED-SEDIMENT CONCENTRATION 

P a r t  A - J. V. Sk inner  
P a r t  B - J.  P. Beverage 
P a r t  C - J.  P. Beverage and J. V. Skinner  

Prepared f o r  P u b l i c a t i o n  by t h e  P r o j e c t  S t a f f  
a t  S t .  Anthony F a l l s  Hydrau l i c  Labora to ry  

Minneapol is ,  Minnesota 

Pub l i shed  by 
U.S. Army Engineer  D i s t r i c t ,  S t .  Paul 



CONTENTS 

PART A - GAGE RESPONSE TO STEADY-STATE AND TRANSIENT 
CONDITIONS 

Theory of  o p e r a t i o n  and s o u r c e s  of  measurernent in ter ference-- - - -  4 

Equipment and arrangement  of  t e s t  apparatus--------------------- 1 4  

S t e a d y - s t a t e  and t r a n s i e n t  response----------------------------- 1 7  

S t e a d y - s t a t e  r e sponse  t o  t h e  t e m p e r a t u r e  o f  
d i s t i l l e d  Vater------------------------------------------ 1 8  

S t e a d y - s t a t e  r e sponse  t o  t h e  t e m p e r a t u r e  o f  a c l a y ,  
s i l t ,  and d i s t i l l e d  wa te r  suspension--------------------- 24 

S t e a d y - s t a t e  r e s p o n s e  t o  t h e  t e m p e r a t u r e  of  a n  
aqueous solution----------------------------------------- 24 

Regress ion  a n a l y s i s  f o r  h i g h  and low counts---------------- 3 1  

S tandard  e r r o r  of e s t i m a t e  f o r  h i g h  counts----------------- 3 1  

S tandard  e r r o r  of  e s t i m a t e  f o r  low counts------------------ 35 

Comparison o f  t h e  s t a n d a r d  e r r o r  of e s t i m a t e  
w i t h  t h e  s t a n d a r d  e r r o r  of prediction-------------------- 44 

T r a n s i e n t  r e s p o n s e  t o  t h e  t e m p e r a t u r e  of  water------------- 44 

T r a n s i e n t  r e s p o n s e  t o  t h e  c o n c e n t r a t i o n  of  
suspended sediment--------------------------------------- 46 



CONTENTS (Cont inued)  

T r a n s i e n t  response.  t o  t h e  c o n c e n t r a t i o n  of  
disso]."ed solids---------------------------------------- 50 

Data r e d u c t i o n  procedure  t o  c . o r r e c t  f o r  t empera tu re  and 
dissolved s o l i d s - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  52 

Summary of r e s p o n s e  characteristics---------------------------- 61. 

Appendix - Count and c o n c e n t r a t i o n  d a t a  f o r  suspens ions  
and solutions------------------------------------------------ 6 7 

PART B - DISSOLVEII-SOLIDS COMPENSATION 

T,ntroduction--------------------------------------------------- 97 

Conductance and dissolved solids------------------------------- 97 

Disso lved-so l ids  compensation schemes-------------------------- 99 

PART C - DESCRIPTION OF MEASURING ELECTRONICS 



CONTENTS (Continued) -- Page 



ILLUSTRATIONS 

PAR'I' A - GAGE RESPONSE TO STEADY-STATE AND TRANSIENT 
CONDITIONS 

F igure  -- Page 

A-J. V i b r a t i o n a l  c h a r a c t e r i s t i c s  of  a n  e l a s t i c  c a n t i l e v e r  
beam--------------------------------------------------- 5  

A-la V i b r a t i o n  of  a s o l i d  c a n t i l e v e r  beam----------------- 5  

A-lb V i b r a t i o n a l  damping o f  a  c a n t i l e v e r  beam------------- 5  

A-%c B a s i c  components of a  hol low U-shaped cant i lever- - - - -  5 

A-2 C h a r a c t e r i s t i c s  and components of a  U-tube des igned  
fo r  continuous operation------------------------------- 11 

A-2a E f f e c t  of  sediment  c o n c e n t r a t i o n  on v i b r a t i o n a l  
period of a ~-~~b~--------------------------------- 7.1 

A-2b B a s i c  components of  t h e  U-tube and feedback  c i r c u i t - -  11 

A-3 Technique f o r  pe r iod  measurement------------------------- 1 2  

A-3a V a r i a t i o n  of  d r i v e - c o i l  voltage---------------------- 3.2 

A-3b Timing-pulses produced by oscillator----------------- 1 2  

A-3c Connect ion o f  c o u n t e r s  used t o  measure v i b r a t i o n a l .  
period--------------------------------------------- 1 2  

A-3d E f f e c t  of sediment  on U-tube v i b r a t i o n a l  p e r i o d  
a s  measured by o s c i l l a t o r  t i m i n g  pulses------------ 1 2  

A-4 Component arrangement f o r  t e s t  of  U-tube f l u i d - d e n s i t y  
gage--------------------------------------------------- 1 5  

A-5 S t e a d y - s t a t e  r e s p o n s e  t o  t h e  t e m p e r a t u r e  o f  d i s t i l l e d  
Yater-------------------------------------------------- 1 9  

A-6 S t e a d y - s t a t e  r e s p o n s e  t o  t h e  t e m p e r a t u r e  of  a  c l a y ,  
s i l t ,  and d i s t i l l e d  w a t e r  suspension------------------- 25 

A-7 S t e a d y - s t a t e  r e sponse  t o  t h e  t e m p e r a t u r e  of  a n  
aqueous 2  6 

A-8 Envelope of r e g r e s s i o n  equat i .ons  f o r  high-count range---- 36  



11,LUSTRATIONS (Cont inued)  

F i g u r e  Page 

A-9 Response t o  low c o n c e n t r a t i o n s  of sed iments  and of 
sod ium chloride---------------------------------------- 38 

A-10 Concen t ra t ion  p r e d i c t i o n - e r r o r s  f o r  c o u n t s  of  100,  
1000 and 1 0  000--------------------------------------- 43 

A - l l  R e l a t i o n  between p a r t i c l e  d i a m e t e r  and p r e d i c t e d  
c o n c e n t r a t i o n  f o r  a  coun t  of  1,000--------------------- 45 

A-1 2 T r a n s i e n t  r e s p o n s e  t o  a  change i n  d i s s o l v e d - s o l i d s  
concentration------------------------------------------ 53 

A-13 Graph ica l  r e p r e s e n t a t i o n  of  d a t a - r e d u c t i o n  p rocedure  
t o  c o r r e c t  f o r  t e m p e r a t u r e  and d i s s o l v e d  solids-------- 54 

A::l.3a Temperature  r e s p o n s e  t o  wa te r  and t o  mixtures-------- 54 

A-13b I s o t h e r m a l  r e s p o n s e  t o  d i s s o l v e d  solids-------------- 54 

A-l3c I s o t h e r m a l  r e s p o n s e  t o  sediment---------------------- 54 

PART B - DISSOLVED-SOLIDS COMPENSATION 

B - l  E r r o r  h i s t o g r a m  f o r  Yel lowstone R i v e r  a t  B i l l i n g s ,  Mont.- 101 

B-2 E r r o r  h i s t o g r a m  f o r  M i s s o u r i  R i v e r  a t  Nebraslca C i t y ,  Neb. 101  

8-3 E r r o r  h i s togram f o r  S a l i n e  R i v e r  a t  T e s c o t t ,  Kan.-------- 102 

B-4 E r r o r  h i s t o g r a m  f o r  Arkansas  R i v e r  a t  Arkansas C i t y ,  Kan. 102 

B-5 E r r o r  h i s t o g r a m  f o r  M i s s i s s i p p i  River  a t  L u l i n g  F e r r y ,  
La 1 0 3  

B-6 E r r o r  h i s t o g r a m  f o r  Colorado R i v e r  n e a r  Wharton, Tex.---- 1 0 3  

B-7 E r r o r  h i s togram f o r  Rio Grande Conveyance Channel a t  
sari ~ ~ ~ ~ i ~ l . ,  N plex 103  

B-8 E r r o r  h i s t o g r a m  f o r  Pecos Kiver  a t  A r t e s i a ,  N .  Mex.------ 104 



ILLUSTRATIONS (Continued) 

PART C - DESCRIPTION OF MEASURING ELECTRONICS 

F i g u r e  . . . -- Page 

C - 1  Schematic drawing of  v i b r a t i n g  1 1 4  

C-2 Graph r e l a t i n g  f l u i d  d e n s i t y  and average  v i b r a t i o n  
period--------------------------------------------------- 116  

C-3 Schematic d iagram of f eedback  circuit---------------------- 117 

C-4 Schematic d iagram o f  d i g i t a l  t iming  circuit---------------- 1 2 0  

TARLES 

PART A - GAGE RESPONSE TO STEADY-STATE AND TRANSIENT 
CONDITIONS 

Tab le  -- 

A-I. Summary of  s t a t i s t i c a l  a n a l y s i s  of c o n c e n t r a t i o n  and 
coun t  d a t a - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  32 

A-2 T h e o r e t i c a l  o c c u r r e n c e  p r o b a b i l i t i e s  of sampl ing  e r r o r s  
f a.  l l i n g  ~ w i t h i n  assigned limits--------------------------- 40 

A-3 Response t o  uns teady  c o n c e n t r a t i o n s  of J o r d a n  sand--------- 48 

A-4 Response t o  uns teady  c o n c e n t r a t i o n s  of a  c l a y - s i l t  
mixture-------------------------------------------------- 49 

A-5 Response t o  d e p o s i t s  on U-tube wall------------------------ 58 

A-6 Count and measured-concentra t ion d a t a  f o r  h i g h  concen- 
t r a t i o n s  of Jo rdan  sand w i t h  a  s i z e  r a n g e  of  710-833 
uiicrometers and w i t h  a  m i x t u r e  f low-ra te  of  85 mL/s------ 68 

A-7 Count and measured-concentra t ion d a t a  f o r  h i g h  concen- 
t r a t i o n s  of J o r d a n  sand w i t h  a  s i z e  range  of  710-833 
micrometers and w i t h  a  m i x t u r e  f l o w - r a t e  of 113  &Is----- 69 

A-8 Count and measured-concen t ra t ion  d a t a  f o r  low concen- 
t r a t i o n s  of J o r d a n  sand w i t h  a s i z e  range  of  710-833 
micrometers  and w i t h  a  mixture.  f l o w - r a t e  o f  113 mL/s----- 70 



TABLES (Cont inued)  

Tab le  Page -- 

A-9 Count and measured-concen t ra t ion  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of J o r d a n  sand w i t h  a  s i z e  range  of  710-833 
micrometers  and w i t h  a  m i x t u r e  f l o w - r a t e  of  50 d/s--- 71 

A-I0 Count and measured-concentra t ion d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  Jo rdan  sand w i t h  a  s i z e  r a n g e  of  350-420 
micrometers and w i t h  a m i x t u r e  f l o w - r a t e  of 50 d/s--- 72 

A-i1 Count and measured-concen t ra t ion  d a t a  f o r  h i g h  concen- 
t r a t i o n s  o f  J o r d a n  sand w i t h  a  s i z e  r a n g e  of 350-420 
micrometers  and w i t h  a  m i x t u r e  f low-ra te  of  8 5  d/s--- 73 

A-12 Count and measured-concen t ra t ion  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  J o r d a n  sand w i t h  a  s i z e  r a n g e  of  350-420 
micrometers  and w i t h  a  m i x t u r e  f l o w - r a t e  of 113 mL/s-- 74 

A-13 Count and measured-concentra t ion d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  Jo rdan  sand w i t h  a  s i z e  r a n g e  of  297-350 
micrometers and w i t h  a  m i x t u r e  f low-ra te  of  50 mL/s--- 75 

A-14 Count and measured-concen t ra t ion  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of J o r d a n  sand w i t h  a  s i z e  range  of  297-350 
micrometers and w i t h  a  m i x t u r e  f l o w - r a t e  of  8 5  mL/s--- 7 6  

A-1.5 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of J o r d a n  sand w i t h  a  s i z e  r a n g e  of 297-350 
micrometers  and w i t h  a  m i x t u r e  f l o w - r a t e  of  113  d /s - -  77 

A-1.6 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of J o r d a n  sand wi.th a  s i z e  r a n g e  of  250-297 
micrometers  and w i t h  a m i x t u r e  f l o w - r a t e  of 50 &Is--- 78 

A-17 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  J o r d a n  sand w i t h  a s i z e  range  of  250-297 
micrometers  and w i t h  a  m i x t u r e  f low-ra te  of  113 mL/s-- 79 

A-18 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  p o l y d i s p e r s e  J o r d a n  sand (DcjO 50 microns)  
and w i t h  a m i x t u r e  f l o w - r a t e  of  50 mL/s--------------- 80 

A-19 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  J o r d a n  sand w i t h  a s i z e  r a n g e  of  104-115 
micrometers  and w i t h  a  m i x t u r e  f l o w - r a t e  of  85 mL/s--- 8 1  



TABLES ( C o i ~ t  inued)  

Page -- 

A-20 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  Jo rdan  sand w i t h  a s i z e  range  of  74-88 
micrometers  and w i t h  a m i x t u r e  f l o w - r a t e  of 50 d/s---  82 

A-21 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  Jo rdan  sand wi.th a s i z e  r a n g e  of  74-88 
micrometers  and w i t h  a m i x t u r e  f:l.ow-rate of  113 mL/s-- 8 3  

A-22 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  p o l y d i s p e r s e  J o r d a n  sand (D50 3 120 microns)  
and w i t h  a m i x t u r e  f loru-ra te  of 8 5  mL/s--------------- 84 

A-23 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of a bimodal popu1.ation w i t h  a m i x t u r e  flow- 
ra te  of 113  m~/s-------------------------------------- 85 

1i-24 Count and measured c o n c e n t r a t i o n  d a t a  f o r  'nigh concen- 
t r a t i o n s  of  Spokane, Washington c l a y  w i t h  a m i x t u r e  
flowVrate of 50 8 6 

A-25 Count and measured c o n c e n t r a t i o n  d a t a  f o r  low concen- 
t r a t i o n s  of  Spokane, Washington c l a y  w i t h  a m i x t u r e  
flow-rate of 113 d/s--------------------------------- 87 

A-26 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
tr ;r t i .ons of Sa:l.mon R i v e r  sediment  w i t h  a m i x t u r e  
fiow-rate o f  50 88 

A-27 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of Salrnon R i v e r  sediment  w i t h  a nr-ixture 
fl,ow-rate 85 l , ,~ / s  8 9 

ti-28 Count and measured concent . ra t io l l  d a t a  for- h i g h  concen- 
t r a t i o n s  of  Salmon R i v e r  sediment  w i t h  a m i x t u r e  
flow-r. a' i e  o f  1.13 ,,,Lls 9 0 

A-29 C o ~ ~ n t  and measured concen t ra t i .on  d a t a  f o r  h i g h  concen- 
t r a t i o n s  o f  Caspar Creek sediment  w i t h  a m i x t u r e  
flow-rate (,f 50 , , j ~ / ~  9 1. 

A-2-30 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of  Caspar Creelc sediment  w i t h  a m i x t u r e  
flow-rate o f  8 5  ml,/s 9 2 



TABLES (Cont inued)  

Tab1 e  Page 

A-31 Count and measured c o n c e n t r a t i o n  d a t a  f o r  hi.gh concen- 
t r a t i o n s  of Caspar Creek sediment  w i t h  a  m i x t u r e  
flow.-rate of  113 m~/s--------------------------------.- 9 3  

A-32 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of sodi.um-chloride s o l u t i o n  w i t h  a  m i x t u r e  
f],ow-rate o f  50 dls---------------------------------- 94  

A-33 Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  concen- 
t r a t i o n s  of sodium-chlor ide  s o l u t i o n  w i t h  a  m i x t u r e  
flow-rate of 113  mL/s--------------------------------- 95 

A-34 Count and measured c o n c e n t r a t i o n  d a t a  f o r  low concen- 
t r a t i o n s  of  sodium-chlor ide  s o l u t i o n  w i t h  a m i x t u r e  
flow-rate of 11.3 ni~/~--------------------------------- 96  

PART B - DISSOLVED-SOLIDS COMPENSATION 

B-L D i s s o l v e d - s o l i d s  d a t a  f o r  s e l e c t e d  s t a t i o n s  and 
water years------------------------------------------- 108 

B-2 Annual minimum sediment  c o n c e n t r a t i o n  f o r  s e l e c t e d  
stations---------------------------------------------- 110  



SYMBOLS AND DEFINITIONS 

X = The independent  v a r i a b l e  i n  a  two-var iab le  r e g r e s s i o n  a n a l y s i s .  I n  

suspended-sediment s t u d i e s ,  t h e  count  produced by t h e  sediment .  

X' = loglox 

Y = The independent  v a r i a b l e  i n  a two-var iab le  r e g r e s s i o n  a n a l y s i s .  I n  

suspended-sediment s t u d i e s ,  e i t h e r  t h e  measured o r  computed concen- 

t r a t i o n  of t e s t  m a t e r i a l .  

Se = The s t a n d a r d  e r r o r  of  e s t i m a t e .  

S  = 
2 

ZR where 

N = Number of  X-Y d a t a  p o i n t s .  

R = D i f f e r e n c e  between measured Y and p r e d i c t e d  Y.  The v a l u e  f o r  

each p r e d i c t e d  Y is from t h e  r e g r e s s i o n  of  measured Y on 

measured X. 

S  = The s t a n d a r d  e r r o r  of  p r e d i c t i o n .  
P 

Bu lk  d e n s i t y  - For a  m i x t u r e  of  sed iment  and l i q u i d ,  t h e  r a t i o  of m i x t u r e  

Inass d i v i d e d  by m i x t u r e  volume, expressed  i n  grams per  c u b i c  c e n t i m e t e r  

( g/cm3) . 
C e l l  - The cornn~ercial ly-produced u n i t  t h a t  c o n s i s t s  of  t h e  v i b r a t i n g  

s t e e l  U-tube, t h e  s e n s e  c o i l ,  t h e  d r i v e  c o i l ,  and t h e  magnets. A l l  t h e s e  

p a r t s  a r e  enc losed  i n  a  welded c a s e .  

Count - A d i m e n s i o n 1 . e ~ ~  i n t e g e r  e q u a l  t o  t h e  d i f f e r e n c e  between two - 
c u n ~ u l a t i v e  c o u n t s ,  each recorded  f o r  s p e c i f i c  t e s t  c o n d i t i o n s .  Because 

cumula t ive  count is a f f e c t e d  by s e v e r a l  f a c t o r s  such a s  t e m p e r a t u r e ,  

d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  and sediment  c o n c e n t r a t i o n ,  t h e  t e s t  c o n d i t i o n s  

were  c o n t r o l l e d  s o  t h a t  each coun t  is  a s s o c i a t e d  w i t h  a  change i n  o n l y  

one  f a c t o r .  For example, when c a l i b r a t i n g  f o r  sediment  c o n c e n t r a t i o n ,  

a l l  o t h e r  f a c t o r s  were main ta ined  c o n s t a n t .  One cumula t ive  coun t  was 



recorded  when t h e  U-tube f low c o n t a i n e d  a  measured sediment c o n c e n t r a t i o n  

and t h e  o t h e r  cumula t ive  count  was recorded  when t h e  f low was f r e e  of  

sediment 

Cumulative count  - Cumulative coun t  is  a  d i m e n s i o n l e s s  i n t e g e r  t h a t  - 

r e g i . s t e r s  t h e  number of p u l s e s  produced by a  12 .8  ldlz o s c i l l a t o r  i n  t h e  

t ime  span r e q u i r e d  f o r  t h e  U.-tube t o  complete  18 ,430  v i b r a t i o n  c y c l e s .  

When t h e  t u b e  i s  f i l l e d  w i t h  s e d i m e n t - f r e e  w a t e r ,  t h e  cumula t ive  coun t  i s  

about  2 ,000,000,  a l t h o u g h  t h e  e x a c t  v a l u e ,  which is  r e g i s t e r e d  by c o u n t e r  

n ,  depends  upon s p e c i f i c  t e s t  c o n d i t i o n s .  

Dens i ty  - For e i t h e r  a  l i q u i d  o r  s o l i d ,  t h e  r a t i o  of  mass d i v i d e d  by .. 

volume, expressed  i n  grams p e r  c u b i c  c e n t i m e t e r .  

D e t r i t u s  - B i t s  of  o r g a n i c  m a t e r i a l  such a s  l e a v e s ,  g r a s s  and twigs .  

Disso lved  --- s o l i d s  - The d i s s o l v e d  c o n s t i t u e n t s  remaining a f t e r  a  wa te r  

sample h a s  been evaporated t o  d r y n e s s .  

D i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  - The r a t i o  of  t h e  mass of d i s s o l v e d  

s o l i d s  t o  t h e  t o t a l  mass of  t h e  d i s s o l v e d  s o l i d s  and w a t e r  m i x t u r e ,  

expressed  i n  u n i t s  of  p a r t s  per  m i l l i o n  (ppm). 

- 6 
Micrometer - 1 x  1 0  meter .  

Monodisperse - The s i z e - d i s t r i b u t i o n  of a  group of  sediment  p a r t i c l e s  

having e q u a l  o r  n e a r l y  equa l  s i z e s .  

P o l y d i s p e r s e  - The s i z e  d i s t r i b u t i o n  of a  group of  sediment  p a r t i c l e s  

t h a t  i n c l u d e  a  broad r a n g e  of p a r t i c l e  s i z e .  

P r e c i s i o n  - The d i s p e r s i o n  w i t h i n  a  group of  ins t rument  r e a d i n g s  a l l  of  

which a r e  t aken  under i d e n t i c a l  t e s t  c o n d i t i o n s .  

Random e r r o r s  - Measurement f l u c t u a t i o n s  t h a t  canno t  b e  p r e d i c t e d  from 

e x i s t i n g  knowledge of t h e  measur ing sys tem o r  t e s t  c o n d i t i o n s .  

Sediment - Sol.:id p a r t i c l e s  d e r i v e d  from r o c k s .  I n  t h i s  r e p o r t  sediment  

does  n o t  i n c l u d e  o r g a n i c  m a t e r i a l .  

S e n s i . t i v 1 3  . - A measure of t h e  r e s p o n s e  of  t h e  gage when it is s u b j e c t e d  

t o  a  change i n  one s p e c i f i e d  measurement f a c t o r  such  a s  sediment  concen- 

t r a t i o n  o r  t empera tu re .  

Suspended-sediment c o n c e n t r a t i o n  -- - The r a t i o  of t h e  mass of d r y  sed iment  

t o  t h e  mass of  sed iment - l iqu id  m i x t u r e ,  expressed  i n  u n i t s  of p a r t s  p e r  

mil.li.on (ppm) . 
XVI 



%stem - The assemblage of  components t h a t  form t h e  sed iment -concen t ra t ion  - 
measur ing d e v i c e .  The components c o n s i s t  of  t h e  d e a e r a t i o n  chamber, 

v i b r a t i o n  i s o l a t o r ,  e l e c t r i c a l  f e e d b a c k  c i r c u i t ,  e . l ec t r i ca l .  t i m i n g  

c i r c u i t ,  c e l l  and pumps. 

%sternatic e r r o r s  - - - Measurement e r r o r s  t h a t  c o n s i s t e n t l y  r e a p p e a r  when 

a t e s t  i s  dupli.catc!d. 



A FLUID-DENSITY GAGE FOR 

MEASURING SUSPENDED-SEDIMENT CONCENTRATION 

PART A 

GAGE RESPONSE TO STEADY-STATE 

AND TRANSIENT CONDITIONS 

By J. V.  Skinner  

ABSTRACT 

A f l u i d - d e n s i t y  gage f o r  measur ing suspended-sediment c o n c e n t r a t i o n  

c o n s i s t s  of  a  commercial v i b r a t i n g  U-tube l i q u i d - d e n s i t y  ce l l .  coupled t o  

a  s p e c i a l  f eedback  and d i g i t a l  period-measurement c i r c u i t .  For s t e a d y  

c o n c e n t r a t i o n s  of  i n o r g a n i c  f l u v i a l - s e d i m e n t  w i t h  a nominal d e n s i t y  of 

2 .65  grams p e r  c u b i c  c e n t i m e t e r ,  t h e  random measurement-error i n c r e a s e s  

w i t h  a n  i n c r e a s e  i n  p a r t i c l e  s i z e .  For c l a y  c o n c e n t r a t i o n s  t h a t  exceed 

500 m i l l i g r a m s  p e r  l i t e r  (mg/L), t h e  s t a n d a r d  e r r o r  of  e s t i m a t e  i s  l e s s  

than  3 p e r c e n t  of  t h e  i n d i c a t e d  c o n c e n t r a t i o n ;  f o r  c o a r s e  s a n d ,  t h e  e r r o r  

i s  1 2  p e r c e n t .  For c o n c e n t r a t i o n s  less than  500 mg/L, random e r r o r s  a r e  

n e a r l y  independent  of c o n c e n t r a t i o n .  I n  t h i s  low-concen t ra t ion  r a n g e  t h e  

random e r r o r  is  1 5  mg/L f o r  c l a y  and 25 mg/L f o r  sand.  Because a  system- 

a t i c  s h i f t  i n  r e s p o n s e  o c c u r s  w i t h  a  change i n  p a r t i c l e  s i z e ,  t h e  gage 

w i l l  r e q u i r e  f i e l d  c a l i b r a t i o n .  The s e n s i t i v i t y  t o  d i s s o l v e d  s o l i d s  i s  

n e a r l y  equal  t o  t h e  s e n s i t i v i t y  t o  i n o r g a n i c  sediments .  The gage can  b e  

compensated f o r  d i s s o l v e d  s o l i d s  and t empera tu re .  T e s t s  w i t h  p l a s t i c  

beads  chosen t o  s i .mulate  t h e  d e n s i t y  of o r g a n i c  d e t r i t u s  i n d i c a t e  t h e  g a g e ' s  

s e n s i t i v i t y  t o  t h i s  m a t e r i a l  is  desirab3.y low. 

During uns teady  c o n d i t i o n s ,  t h e  i n s t r u m e n t  r e q u i r e s  approx imate ly  

9 minu tes  t o  a d j u s t  t o  a  s tep-change i n  l i q u i d  t e m p e r a t u r e ,  b u t  o n l y  

5 seconds  t o  a d j u s t  t o  a  s tep-change i n  f l u i d  d e n s i t y .  



INTRODUCTION 

The suspended-sediment t r a n s p o r t e d  by r i v e r s  h a s  a  v i t a l  impact  on 

t h e  d e s i g n  and u s e  of e n g i n e e r i n g  works such  a s  r e s e r v o i r s ,  n a v i g a t i o n  

channe l s ,  water-supply  sys tems ,  and s o i l - c o n s e r v a t i o n  p r o j e c t s .  Sediment 

p l a y s  an  i m p o r t a n t  r o l e  i n  t h e  c h a r a c t e r  and n a t u r a l  b a l a n c e  of a q u a t i c  

l i f e .  When r e l e a s e d  i n  t h e  environment ,  c e r t a i n  t o x i c  m a t e r i a l s  a r e  

adsorbed o r  absorbed by s o i l  p a r t i c l e s .  Through e r o s i o n ,  t h e s e  p a r t i c l e s  

may e v e n t u a l l y  become p a r t  of  a  r i v e r ' s  sediment  l o a d .  

The demand f o r  i n f o r m a t i o n  on t h e  movement of  sediment  h a s  prompted 

t h e  development of a  v a r i e t y  of  manual and au tomat ic  sampl-ers. However, 

w i t h  manual o r  au tomat ic  s a m p l e r s , . s e v e r a l  d a y s  t o  s e v e r a l  weeks a r e  

r e q u i r e d  t o  complete  a l l  phases  o f  l a b o r a t o r y  sample a n a l y s i s  and t o  

produce q u a n t i t a t i v e  sed iment -concen t ra t ion  d a t a .  An u r g e n t  need e x i s t s  

t o  r e d u c e  b o t h  t h e  t ime and t h e  l a b o r  r e q u i r e d  t o  c o l l e c t  and a n a l y z e  

t h e s e  samples .  To meet t h i s  need a  f i e l d  ins t rument  c a p a b l e  of  r a p i d  

sed iment -concen t ra t ion  a n a l y s i s  i s  r e q u i r e d .  

A c a n t i l e v e r  U-tube w i l l  v i b r a t e  a t  a  r a t e  t h a t  is  s e n s i t i v e  t o  t h e  

d e n s i t y  of  t h e  s u b s t a n c e  w i t h i n  t h e  t u b e .  I f  t h e  s u b s t a n c e  i s  a  water-  

sediment  mix tu re ,  t h e  r a t e  w i l l  b e  s e n s i t i v e  t o  t h e  c o n c e n t r a t i o n  o f  

sediment .  The r e l a t i o n  between v i b r a t i o n  r a t e  and sediment  c o n c e n t r a t i o n  

i n d i c a t e s  t h a t  a  U-tube d e n s i t y  c e l l  may b e  u s e f u l  f o r  con t inuous  f i e l d -  

measurements of i n o r g a n i c  suspended-sediment c o n c e n t r a t i o n  i n  r i v e r s .  



Purpose  and s c o q e  

Prel.iniinary t e s t s  of a  commercia l ly  a v a i l a b l e  U-tube d e n s i t y  c e l l  

i n d i c a t e d  t h a t  t h e  v i b r a t i o n  r a t e  was s e n s i t i v e  n o t  o n l y  t o  sediment 

c o n c e n t r a t i o n  b u t  a l s o  t o  s e v e r a l  o t h e r  f a c t o r s  t h a t  were s o u r c e s  of  

measurement i n t e r f e r e n c e .  The purposes  of  t h i s  r e p o r t  a r e  t o  (a) d e s c r i b e  

t h e  r e l a t i o n  between v i b r a t i o n a l  r a t e  and each f a c t o r ,  ( b )  e v a l u a t e  t h e  

u s e f u l n e s s  of  t h e  U-tube d e n s i t y  < : e l l  f o r  c o n t i n u o u s  f ie ld-measurements  

of i n o r g a n i c  suspended-sediment c o n c e n t r a t i o n  i n  r i v e r s ,  and (c )  e x p l a i n  

methods f o r  improving t h e  a c c u r a c y  of  t h e  c e l l .  



THEORY 01.' OI'EMTION AND SOURCES OF MEASUREMFNT INTERFERENCE 

Sediment hav ing  a  d e n s i t y  p when added t o  a  l i q u i d  hav ing  a  d e n s i t y  
s' 

p k '  
w i l l  produce a  rn ixture  w i t h  a  d e n s i t y  p a s  g iven  by t h e  r e l a t i o n s h i p :  

m '  

where 

C i s  t h e  sediment  c o n c e n t r a t i o n  i n  ppm. 

I f  p 
s '  'k' 

and p can be  measured o r  e s t i m a t e d ,  t h e  e q u a t i o n  can  b e  used 
m 

t o  c a l c u l a t e  t h e  c o n c e n t r a t i o n  o f  sediment  i n  t h e  mix tu re .  With few 

e x c e p t i o n s  t h e  d e n s i t y  of  f l u v i a l - s e d i m e n t ,  p , i s  e q u a l  o r  near1.y equa l  
S 

t o  2 . 6 5  g/c$ and t h e  va1.ue changes o n l y  s l i g h t l y  w i t h  t e m p e r a t u r e .  The 

d e n s i t y  of r i v e r - w a t e r ,  pe,  depends upon t e m p e r a t u r e  and upon b o t h  t h e  

q u a n t i t y  and composi t ion of s o l i d s  d i s s o l v e d  i n  t h e  w a t e r .  Temperature  

c a n  b e  measured a c c u r a t e l y  and can  b e  used w i t h  s t a n d a r d  t a b l e s  t o  

c o r r e c t  p A s  e x p l a i n e d  i n  P a r t  B of  t h i s  r e p o r t ,  d i s s o l v e d  s o l i d s  e '  
c o n c e n t r a t i o n  can  b e  e s t i m a t e d  from wate r  c o n d u c t i v i t y  r e a d i n g s .  

Measuring p i.s t h e  pr imary o b s t a c l e  t o  c a l c u l a t i n g  C by t h e  "bulk  
m 

d e n s i t y "  r e l a t i o n s h i p  d e s c r i b e d  by e q u a t i o n  I. 

One niethod of measur ing p is  w i t h  a  f l u i d - d e n s i t y  gage of t h e  
m 

v i b r a t i n g  U-tube t y p e .  The v i b r a t i o n a l  c h a r a c t e r i s t i c s  of  a  U-tube a r e  

s i .mi la r  t o  t h o s e  of  a n  e l a s t i c  beam. An e l a s t i c  beam a t t a c h e d  a t  one  end 

t o  a n  immovable s u p p o r t  ( f i g u r e  A-la) w i l l ,  when s t r u c k  a  blow, v i b r a t e  

w i t h  a  pe r iod  e s t a b l i s h e d  by t h e  l e n g t h ,  mass, shape ,  and e l a s t i c  

p r o p e r t i e s  o f  t h e  beam. A s  shown i n  f i g u r e  A-lb, t h e  peak displacenient  

wii.1. g r a d u a l l y  d i m i n i s h  because  energy w i l l  b e  d i s s i p a t e d  w i t h i n  t h e  

beam and t o  t h e  s u r r o u n d i n g  a i r .  The r e s p o n s e  w i l l  be  s i m i l a r  t o  t h a t  of 

a  t u n i n g  f o r k .  

F i g u r e  A-lc shows a  U-shaped t u b e  f a s t e n e d  t o  a  heavy s u p p o r t .  

I n e r t i a  r e s i s t s  a c c e l e r a t i o n ,  s o ,  when s u b j e c t e d  t o  small. v i b r a t i o n a l  

f o r c e s ,  t h e  heavy s u p p o r t  w i l l  remain  n e a r l y  m o t i o n l e s s .  The cl-osed end 



IMMOVABLE POSITIVE DIRECTION 
OF DISPLACEMENT 

Figure  A-la . - -Vibra t ion  o f  a s o l i d  c a n t i l e v e r  beam. 

F i g u r e  A-It) . --Vibrat ional  damping o f  a c a n t i l e v e r  beam. 

F igure  A-1c.--Rasi.c. components of a  Iiollow U-shaped 
c a n t i i e v e r  . 

F i g u r e  A-1 . - -Vibra t  ional .  character is ti.^^ o f  an  e l a s t i c  
c an t  il e v e r  beam. 



of t h e  t u b e  w i l l  v i b r a t e  w i t h  a  p e r i o d  e s t a b l i s h e d  by t h e  l e n g t h ,  mass, 

shape,  and e l a s t i c  p r o p e r t i e s  of  t h e  t u b e .  A f t e r  b e i n g  s t r u c k ,  t h e  t u b e  

w i l l  v i b r a t e  w i t h  a  s lowly  d i m i n i s h i n g  ampli . tude,  a s  shown i n  f i g u r e  A-lb. 

According t o  Den Har tog  (1.947, p. 4 5 8 ) ,  a  beam w i t h  a  mass a t  i t s  

f r e e  end w i l l  v i b r a t e  a t  a  n a t u r a l  a n g u l a r  f r equency  o a s  g iven  by t h e  
ri 

r e l a t i o n s h i p :  

3 E I  
where k = ,- 

P = per iod  of  v i b r a t i o n ,  

E = beam modulus of  e l a s t i c i t y ,  

I = beam c r o s s - s e c t i o n  moment of  i n e r t i a ,  

9. = beam l e n g t h ,  

M = mass a t t a c h e d  t o  t h e  f r e e  end of t h e  beam, and 

m = mass of  t h e  beam. 

When t h e  meta l  U-tube is  c o m p l e t e l y  f i l l e d  w i t h  a  sediment-water 

m i x t u r e ,  t h e  mass o f  t h e  mix tu re  w i l l  add t o  t h e  mass of t h e  meta l  t u b e ,  

in The t o t a l  mass, m ,  is g iven  by t h e  r e l a t i o n s h i p :  
t ' 

where V = volume of t h e  m i x t u r e  c o n t a i n e d  wi.thin t h e  tube .  I n  e q u a t i o n  

(1)  l e t  

then s u b s t i t u t e  p from t h e  conver ted  form of e q u a t i o n  1 i n t o  e q u a t i o n  3 
n1 

t o  o b t a i n  



S u b s t i t u t e  e q u a t i o n  4 i n t o  e q u a t i o n  2 ,  s o l v e  f o r  P and then  s i m p l i f y  t o  

o b t a i n  

Equat ion 5 may b e  w r i t t e n  a s  

where 
2 

4n (M + 0. 23mt) 
A = k and 

Equat ion 6 shows t h e  r e l a t i o n  between t h e  p e r i o d  of  v i b r a t i o n  P and 

t h e  sediment  s p a t i a l  c o n c e n t r a t i o n  C i n  ppm. A l l  terms i n  t h e  e x p r e s s i o n  

f o r  A a r e  t u b e  c h a r a c t e r i s t i c s ;  c o n s e q u e n t l y ,  t h e  v a l u e  of  A is  indepen- 

d e n t  of  m i x t u r e  c h a r a c t e r i s t i c s .  The v a l u e  o f  B is  determined by b o t h  

t u b e  c h a r a c t e r i s t i c s  and l i q u i d  d e n s i t y  b u t  i s  independent  of sediment  

c o n c e n t r a t i o n .  Both A and B a r e  p o s i t i v e  and,  f o r  a  p a r t i c u l a r  l i q u i d  

d e n s i t y ,  a r e  c o n s t a n t .  

If p > p i ,  which i:: t r u e  f o r  most f l u v i a l  sed iments ,  t h e n  S w i l l  b e  
S 

p o s i t i v e .  The f r a c t i o n a l  term i n  e q u a t i o n  6 w i l l  b e  p o s i t i v e  i f  
- 6 

1-SC x 1 0  >0. To s a t i s f y  t h i s  i n e q u a l i t y ,  C must b e  w i t h i n  t h e  r a n g e  
6 

O<C<10 I S .  I f  C f a l l s  i n  t h i s  broad r a n g e  t h e n ,  r e g a r d l e s s  of  t h e  magni- 

t u d e  o f  A,  P w i l l  b e  p o s i t i v e  and r e a l ;  f u r t h e r m o r e ,  each v a l u e  of C w i l l  

co r respond  t o  o n l y  one v a l u e  of  P. The one-to-one correspondence between. 

c o n c e n t r a t i o n  and per iod forms t h e  b a s i s  f o r  t h i s  method of  c o n c e n t r a t i o n  

measurement . 
D e t r i t u s ,  a s  d e f i n e d  i n  t h i s  r e p o r t ,  c o n s i s t s  of o r g a n i c  p l a n t  

m a t e r i a l  and t h e r e f o r e  h a s  a  d e n s i t y  e q u a l  o r  n e a r l y  equa l  t o  t h e  d e n s i t y  

o f  wa te r .  For t h i s  mathemat ica l  a n a l y s i s ,  d e t r i t u s  may b e  t r e a t e d  a s  



neu t ra l ly -buoyan t  sediment  p a r t i c l e s .  I f  ps = then  S = 0 and b o t h  

t h e  f r a c t i o n a l  term and P i n  e q u a t i o n  6 a r e  independent  of d e t r i t u s  concen- 

t r a t i o n .  Freedom from d e t r i t u s  i n t e r f e r e n c e  is a  d e s i r a b l e  p r o p e r t y  f o r  

n e a r l y  a l l  t y p e s  of  sediment measurements. 

I f  t h e  m i x t u r e  c o n t a i n s  e n t r a i n e d  a i r ,  t h e  bubb les  may, f o r  t h i s  

d i s c u s s i o n ,  be  t r e a t e d  a s  sediment  p a r t i c l e s  of  low d e n s i t y .  I f  ps<pQ, 

S i s  n e g a t i v e ;  t h e r e f o r e ,  i n  e q u a t i o n  6, b o t h  t h e  f r a c t i o n a l  term and 

v i b r a t i o n a l  per iod w i l l  d e c r e a s e  i f  t h e  a i r  c o n c e n t r a t i o n  i n c r e a s e s .  

Because a i r  bubb les  wi l l .  i n t e r f  e r e  w i t h  sediment measurements, they  must 

b e  removed from t h e  f low b e f o r e  i t  e n t e r s  t h e  U-tube. 

Mixture  d e n s i t y  depends on p and,  consequen t ly ,  on sediment compo- 
S 3 

s i t i o n .  Most f l u v i a l  sed iments  have a  d e n s i t y  of  abou t  2 . 6 5  g/cm , b u t  

a t  s i t e s  where t h e  b u l k  o f  t h e  sediment  is  c o a l  o r  o t h e r  m a t e r i a l  w i t h  

an  unusua l ly  h i g h  o r  low d e n s i t y ,  t h e  p e r i o d - c o n c e n t r a t i o n  r e l a t i o n  must 

be  c a r e f u l l y  e s t a b l i s h e d .  

Even though t e m p e r a t u r e  is  n o t  cons ide red  i n  e q u a t i o n s  I t o  6 ,  a  

change i n  t empera tu re  w i l l  change c e r t a i n  c h a r a c t e r i s t i c s  of bo th  t h e  

t u b e  and t h e  mix tu re .  A change i n  t empera tu re  w i l l  induce  a  minor change 

i n  t h e  m o d u l u s - o f - e l a s t i c i t y  of t h e  meta l  t h a t  forms t h e  t u b e .  However, 

a  more s i g n i f i c a n t  change w i l l  occur  i n  t h e  t u b e  d i a m e t e r ,  l e n g t h ,  and 

w a l l  t h i c k n e s s .  A change i n  d i a m e t e r  and w a l l  t h i c k n e s s  w i l l  change. t h e  

term I i n  e q u a t i o n  2. Another change w i l l  occur  i n  t h e  mass, m, which 

c o n s i s t s  of two components: t h e  m e t a l l i c  w a l l s  of t h e  tube and t h e  

l iqu id - sed iment  m i x t u r e  w i t h i n  t h e  tube .  An i n c r e a s e  i n  t e m p e r a t u r e  wi l l .  

expand bo th  t h e  t u b e  d iamete r  and t u b e  l e n g t h  and t h e r e b y  i n c r e a s e  V ,  t h e  

volume of  mix tu re .  A change i n  t empera tu re  w i l l  a l s o  change t h e  l i q u i d  

d e n s i t y .  Equat ions  I and 5 i n d i c a t e  t h a t  t h e  m i x t u r e  d e n s i t y  and the. 

p e r i o d  w i l l  b e  a l t e r e d  by a  change i n  l i q u i d  d e n s i t y .  Obviously ,  temper- 

a t u r e  w i l l ,  through a  complex mechanism, e x e r t  a n  i n f l u e n c e  on t h e  

v i b r a t i o n a l  p e r i o d .  

Any s u b s t a n c e  t h a t  adheres  t o  t h e  w a l l s  of  t h e  t u b e  w i l l  i n c r e a s e  m 

and t h e  p e r i o d .  I f  smal l  q u a n t i t i e s  of  t h e  s u b s t a n c e  a r e  suddenly  

d i s l o d g e d ,  t h e  p e r i o d  wi1:L immediately d e c r e a s e .  R ive r  wa te r  c o n t a i n s  



c l a y s  and d i s s o l v e d  m a t e r i a l s  t h a t  under some c o n d i t i o n s  w i l l  accumula te  

on t h e  tube  w a l l s .  Traces  of  o i l  o r  o t h e r  l u b r i c a n t s  may e x e r t  a  

d e s t a b i l i z i n g  i .nf luence on t h e  p e r i o d .  

Extraneous  v i b r a t i o n  and l i q u i d  f low r a t e  a r e  i n t e r f e r e n c e  s o u r c e s  

n o t  cons ide red  by e q u a t i o n s  1 t o  6. Ex t raneous  v i b r a t i o n  from t h e  f l o o r  

o r  t h e  e a r t h  may e x c i t e  harmonic, subharmonic,  o r  t o r s i o n a l  modes of 

U-tube v i b r a t i o n .  Even t h e  t r a n s i e n t  o c c u r r e n c e  of t h e s e  modes w i l l  

c r e a t e  e r r o r s  i n  t h e  p e r i o d  measurement. Equat ion 6 c o n t a i n s  n e i t h e r  

l i q u i d  f low v e l o c i t y  nor  p a r t i c l e - s i z e  terms;  however, t h e  e q u a t i o n  

i n d i c a t e s  t h a t  t h e  p e r i o d  is  e s t a b l i s h e d  by t h e  i n s t a n t a n e o u s  q u a n t i t y  

of sediment w i t h i n  t h e  tube .  I f  t h e  l i q u i d  f low r a t e  i s  t o o  low, r e l a -  

t i v e l y  l a r g e  sediment  p a r t i c l e s  t h a t  e n t e r  t h e  t u b e  w i l l  s e t t l e  t o  t h e  

lowes t  wall. and w i l l  remain immobile o r  w i l l  move a t  a  speed s lower  than 

t h a t  of  t h e  l i q u i d .  These p a r t i c l e s  w i l l  i n t e r f e r e  w i t h  a  d e n s i t y  mea- 

surement u n t i l  they  l e a v e  t h e  U-tube. A t  t h e  curved end of  t h e  

U-tube, p a r t i c l e  momentum and t h e  change i n  f low d i r e c t i o n  w i l l  combine 

t o  produce a  c o n c e n t r a t i o n  g r a d i e n t .  Of v a r i o u s  p o i n t s  a l o n g  t h e  t u b e ,  

uhe crlrved end v i b r a t e s  w i t h  t h e  g r e a t e s t  ampl i tude  and ,  c o n s e q u e n t l y ,  

e x e r t s  t h e  g r e a t e s t  i n f l u e n c e  on v i b r a t i o n a l  p e r i o d .  Because t h e  

g r a d i e n t  is  dependent  on bo th  p a r t i c 1 . e  s i z e  and f low v e l o c i t y ,  t h e s e  two 

f a c t o r s  will1 e x e r t  some i n f l u e n c e  on v i b r a t i o n a l  p e r i o d .  

Some e r r o r  s o u r c e s  w i l l  b e  n e g l i g i b l e  when sediment  c o n c e n t r a t i o n s  

a r e  h i g h .  When used t o  measure moderate  t o  low sediment  c o n c e n t r a t i o n s ,  

t h e  lJ-tube must d e t e c t  ex t remely  small. changes i n  m i x t u r e  d e n s i t y .  For 
3 

example, 1 . 0  gram of  sediment ( p  = 2.65 g/cm ) added t o  a  l i t e r  of w a t e r  
3 S 

a t  4 O C  ( p L  = 1 .000  g/cm ) w i l l ,  by e q u a t i o n  1, produce a  m i x t u r e  d e n s i t y  
3 

o f  1.000622 g/cm . Compared t o  t h e  d e n s i t y  of t h e  w a t e r ,  t h e  change i s  

r e l a t i v e l y  sma:lLl; however, t h e  sediment  c o n c e n t r a t i o n  o f  '399 pm i s  

modera te ly  h i g h .  I n  some s t r e a m s  t h e  sediment  c o n c e n t r a t i o n  is f r e q u e n t l y  

l e s s  t h a n  50 ppm. Every sourc-e of i n t e r f e r e n c e  w i l l  become s i g n i f i c a n t  

when measuring ].ow c o n c e n t r a t i o n s .  Then t h e  sediment  and t h e  i n t e r f e r e n c e  

s o u r c e s  e x e r t  a  n e a r l y  e q u a l  i n f l u e n c e  on t h e  i n s t r u m e n t ,  t h e  r e s o l v i n g  

power o r  " l i m i t  of d e t e c t i o n "  h a s  been  reached.  C e r t a i n  tests d e s c r i b e d  



i n  t h e  foll.owing sec t i .ons  were  dc,signed t o  p r o v i d e  d a t a  f o r  a n  e s t i m a t e  

of t h e  l i m i t - o f - d e t e c t i o n  of  t h e  d e n s i t y  gage. 

Equat ion 6 shows t h a t  i f  measurement e r r o r s  a r e  minimized by c o n t r o l  

and compensation,  t h e  U-tube can  b e  c a l i b r a t e d  t o  r ead  sediment concen- 

t r a t i o n .  F-igure A-2a shows t h e  t r e n d  of t h e  c o n c e n t r a t i o n - p e r i o d  

r e l a t i o n s h i p  t h a t  is  t h e  b a s i s  o f  t h e  c a l i b r a t i o n .  

To a d a p t  a  U-tube f o r  a c c u r a t e  and c o n t i r ~ u o u s  measurements, add i -  

t i o n a l .  p a r t s  must be  added so t h a t  t h e  t u b e  w i l l  v i b r a t t ?  s t e a d i l y .  F i g u r e  

A-2b i l l u s t r a t e s  t h e  a.mplif i .er ,  co i l . s ,  and magnets r e q u i r e d  t o  s u s t a i n  

t h e  o s c i l l a t i o n .  A s l i g h t  movement 0% t h e  tube  is  t r a n s m i t t e d  t o  t h e  

upper pernianent magnet, and t h e  r e l a t i v e  motion between t h e  magnetic 

f i e l d  and t h e  c o i l  induces  a  v o l t a g e ,  E, -in t h e  coi l . .  The a m p l i f i e d  

v o l t a g e ,  E d ,  c a u s e s  a c u r r e n t  ( I )  t o  f low th rough  t h e  d r i v e  coi l . ,  which 

i s  surrounded by t h e  magnetic f i e l d  of t h e  lower permanent magnet. T h i s  

c u r r e n t  i n t e r a c t s  w i t h  t h e  f i e l d  t o  e x e r t  a  f o r c e  on t h e  lower magnet. 

The f o r c e  is t r a n s m i t t e d  t o  t h e  end of  t h e  t u b e  and c a u s e s  it t o  a c c e l -  

e r a t e .  The f o r c e  produces  c o n t i n u o u s  v i . b r a t i o n  i f  b o t h  t h e  r e l a t i v e  

magni tude ( a m p l i f i c a t i o n )  and t h e  phase  between E  and I a r e  p r o p e r l y  

a d j u s t e d .  

Var ious  methods may be used t o  measure and d i s p l a y  t h e  pe r iod  of  

U-tube v i b r a t i o n .  F i g u r e  A-3 i l l u s t r a t e s  t h e  t echn ique  used i n  t h i s  

s t u d y .  !$hen t h e  t u b e  is v i b r a t i n g  c o n t i n u o u s l y ,  t h e  d r i v e - c o i l  v o l t a g e  

E ( i ' igure A-2b) w i l l  be a  cyc1. ica l  t ime  f u n c t i o n  ( f i g u r e  A-3a) w i t h  a  
d  

p e r i o d  equa l  t o  t h a t  of t h e  v i b r a t i n g  t u b e .  F i g u r e  A-3b shows a  s e r i e s  

of  e l e c t r i c a l  p u l s e s  produced a t  a  s t a b l e  and p r e c i s e  r a t e .  The p u l s e s  

a r e  g e n e r a t e d  c o n t i n u o u s l y  by a  s p e c i a l l y - d e s i g n e d  o s c i l l a t o r .  The 

d r i v e - c o i l  p e r i o d  is  measured hy c o u n t i n g  t h e  number of o s c i l . l a t o r  p u l s e s  

t h a t  occur  w h i l e  t h e  c o i l  v o l t a g e  completes  a  predetermined number o f  

c y c l e s .  

T'hc c o u n t i n g  p r o c e s s  i s  p e r f o r n ~ e d  w i t h  the. a i d  of two c o u n t e r s  

l a b e l e d  "Counter A" and "Counter B" i n  f i g u r e  A-3c. Counting i s  manual ly  

i n i t i ~ a t e d  by p r e s s i n g  a  c o n t r o l  s w i t c h .  A f t e r  a  s h o r t  d e l a y ,  c o u n t e r  A 

a c t i v a t e s  c o u n t e r  I3 a t  t h e  begi.nning of a  d r i v e - c o i l  v o l t a g e  c y c l e .  
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VIBRATIONAL PERIOD OF THE U-TUBE 
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Figure  A-3a. --Var:iat:ion of  d r ive -co i l .  voi t a g e .  
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Counter B c o u n t s  o s c i l l a t o r - v o l t a g e  p u l s e s  w h i l e  c o u n t e r  A advances  one 

coun t  a t  t h e  end o f  each d r i v e - c o i l  v o l t a g e  cyc1.e. When t h e  number 

s t o r e d  i n  A r e a c h e s  a  p r e s e t  v a l u e ,  A d e a c t i v a t e s  U which t h e n  d i s [ l l a y s  

t h e  t o t a l  number of  o s c i l l a t o r  p u l s e s .  T h i s  number is  termed t h e  cumu- 

l a t i v e  coun t .  F i g u r e  A-3b i l l u s t r a t e s  t h e  c o u n t i n g  p r o c e s s  f o r  f o u r  

d r i v e - c o i l  c y c l e s .  A f t e r  c o u n t e r  B h a s  been d e a c t i v a t e d ,  i t  d i s p l a y s  t h e  

cumula t ive  coun t  (24) u n t i l  manual ly  r e s e t .  The cuinula t ive  coun t  i s  

p r o p o r t i o n a l  t o  t h e  mean pe r iod  of U-tube v i b r a t i o n .  The same c o u n t i n g  

t e c h n i q u e  is used r e g a r d l e s s  of  t h e  s u b s t a n c e  i n s i d e  t h e  tube .  An i n c r e a s e  

i n  sediment c o n c e n t r a t i o n  w i l l  c a u s e  t h e  d r i v e - c o i l  p e r i o d  t o  i n c r e a s e .  

Compared t o  f i g u r e  A-3b, f i g u r e  A-3d shows a  l o n g e r  p e r i o d ,  a  l o n g e r  

a c t i v e  t ime ,  and a  l a r g e r  cumulat ive-count  ( 2 7 ) .  

To measure a  s111a11 change i n  sediment  c o n c e n t r a t i o n  by a  change i n  

U-tube p e r i o d ,  t h e  a c t i v e  t ime  must b e  measured a s  p r e c i s e l y  a s  p o s s i b l e .  

Because t h e  a c t i v e  t ime  is  r e g i s t e r e d  by t h e  cumula t ive  c o u n t ,  t h e  mea- 

surement e r r o r  cou ld  b e  a s  l a r g e  a s  t h e  t ime  i n t e r v a l  between s u c c e s s i v e  

o s c i l l a t o r  p u l s e s ;  consequen t ly ,  t h e  t ime i n t e r v a l  must b e  a s  s h o r t  a s  

e l e c t r i c a l  d e s i g n  c o n s t r a i n t s  w i l l  pe rmi t .  I n  t h e  r e p o r t e d  s t u d i e s ,  t h e  

i n t e r v a l  was 0.000078139 seconds ,  which cor responds  t o  a  nominal  o s c i l -  

l a to r -Frequency  of  1 2 . 8  kHz. The U-tube h a s  a  nominal p e r i o d  of  0.00848 

seconds  when t h e  t u b e  is  f i l l e d  w i t h  w a t e r .  While t h e  t u b e  comple tes  one  

c y c l e  of  v i b r a t i o n ,  t h e  o s c i l l a t o r  produces  abou t  109 p u l s e s .  T h i s  p u l s e  

r a t e  is much h i g h e r  than t h a t  shown on f i g u r e  A-3, which was purpose ly  

d i s t o r t e d  t o  i l l u s t r a t e  t h e  c o u n t i n g  p r o c e s s .  The a c t i v e  t i m e  f o r  c o u n t e r  

B cor responds  t o  1 8 , 4 3 0  U-tube c y c l e s  i n s t e a d  of on ly  4 c y c l e s  a s  d e p i c t e d  

on f i g u r e  A-3. Cumulat ive  c o u n t s  were  abou t  2,000,000 i n s t e a d  of 24 and 

27 as i n d i c a t e d  on t h e  f i g u r e .  Each c i r c u i t  i s  exp la ined  i n  d e t a i l .  i n  

P a r t  C of  t h i s  r e p o r t .  



EQUIPMENT AND ARRANGEMENT OF TEST APPARATUS 

The t e s t e d  c e l l  was a  Type CL-IOHT purchased froin Automation 

P r o d u c t s ,  I n c . ,  of  Houston, Texas .  ( a )  The c e l l .  was t e s t e d  a s  s u p p l i e d .  

S p e c i a l  e L e c t r o n i c  feedback and per iod-measur ing c i r c u i t s  were c o n s t r u c t e d  

f o r  u s e  w i t h  t h e  c e l l .  These c i r c u i t s  were  o p e r a t e d  c o n t i n u o u s l y  t o  

i n s u r e  t h a t  a l l  e l e c t r i c a l  components were  i n  a  s t a t e  of the rmal  and 

e l e c t r i c a l  e q u i l i b r i u m .  The per iod-measur ing c i r c u i t  was des igned  t o  

measure t h e  v i b r a t i o n a l  pe r iod  averaged over  abou t  2% minu tes .  The aver -  

a g i n g  t ime  was l o n g  enough t o  minimize  r a p i d  f l u c t u a t i o n s  i n  b o t h  t h e  r a t e  

o f  ins t rument  v ib ra t i .on  and sed iment  c o n c e n t r a t i o n ;  b u t  t h e  t ime  was s h o r t  

enough t o  document slow changes  i n  c o n c e n t r a t i o n .  The c e l l  was equipped 

w i t h  a  t e m p e r a t u r e - s e n s i t i v e  r e s i s t o r  and a  s p e c i a l  temperature-compensation 

c i r c u i t .  However, t o  a c h i e v e  a  b a s i c  understandi.ng of  t h e  thermal  r e s p o n s e  

of t h e  c e l l ,  n e i t h e r  t h e  r e s i s t o r  nor  t h e  c i r c u i t  was used.  I n s t e a d ,  t h e  

t e m p e r a t u r e  of  t h e  m i x t u r e  pumped through t h e  c e l l .  was measured t o  w i t h i n  

+ O.OS°C w i t h  a  t h e r m i s t o r  thermometer.  Temperature-response c h a r a c t e r -  - 

i s t i c s  were d e r i v e d  from t h e s e  d a t a .  

A l l  t e s t s  were  conducted w i t h  t h e  U-tube p o s i t i o n e d  h o r i z o n t a l l y ,  a s  

shown i n  f i g u r e  A-4. Compared t o  a  v e r t i c a l  o r i . e n t a t i o n ,  t h i s  p o s i t i o n  

s i m p l i f i e d  mounting and,  a c c o r d i n g  t o  f a c t o r y  p e r s o n n e l ,  produced maximum 

i s o l a t i o n  from ex t raneous  v i b r a t i o n .  Because W i l l i s  and Kennedy (1977, 

p. 62) no ted  e f f e c t s  of  even s m a l l  f l o o r  v i b r a t i o n  on U-tube r e a d i n g s ,  

each end of  t h e  c e l l  was c r a d l e d  i n  a  s t e e l  band t o  p r o v i d e  a d d i t i o n a l  

i s o l a t i o n .  Each end of  t h e  band was a t t a c h e d  t o  a n  e x t e n s i o n  s p r i n g  t h a t  

was f a s t e n e d  a t  i t s  upper end t o  t h e  c e l l - s u p p o r t  frame. The f o u r  s p r i n g s  

were  a d j u s t e d  t o  suppor t  t h e  e n t i r e  we igh t  of  t h e  c e l l .  The h o r i z o n t a l  

p o s i t i o n  h a s  a  p o t e n t i a l  d i s a d v a n t a g e  i n  t h a t  g r a v i t y  c a u s e s  sed iment  

p a r t i c l e s  t o  m i g r a t e  downward toward t h e  t u b e  w a l l  and the reby  c r e a t e  

v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t s .  P a r t i c l e s  i n  c o n t a c t  w i t h  t h e  w a l l  tend 

( a )  The u s e  of t h e  brand name i n  t h i s  r e p o r t  i s  f o r  i d e n t i f i c a t i o n  purposes  

o n l y  and does  n o t  c o n s t i t u t e  endorsement by t h e  U.S. Gro log ica l  Survey o r  

o t h e r  f e d e r a l  a g e n c i e s .  
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t o  rnovr a t  a  speed l e s s  than  t h e  mean f l u i d  speed .  Within  t h e  tube,  h i g h  

Fluid speeds  a r e  r e q u i r e d  t o  minimize  bo th  c o n c e n t r a t i o n  g r a d i e n t s  and 

d i f f e r e n c e s  between t h e  f l u i d  speed and p a r t i c l e  speed.  

I n i t i a l  t e s t s  i n d i c a t e d  t h a t  t h e  c e l l  r e sponds  t o  b o t h  t h e  t e m p e r a t u r e  

of t h e  l i q u i d  a n d ,  t o  a  l e s s e r  e x t e n t ,  t h e  t e m p e r a t u r e  of  t h e  a i r  i n  con- 

t a c t  w i t h  t h e  c a s e .  The c e l l  was wrapped w i t h  pape.r-backed, glass-wool 

i n s u l a t i o n  t o  minimize t h e  e f f e c t  of  a i r - t e m p e r a t u r e  v a r i a t i o n s .  Because 

t h e  U-tube and c e l l  c a s e  were thermal.1.y coupled through t h e  s t e e l .  p l a t e  

t h a t  se rved  a s  t h e  c a n t i l e v e r  s u p p o r t ,  t h e  t empera tu re  of a l l  cel.1. compo- 

n e n t s  g r a d u a l l y  reached  equi . l ibr ium w i t h  t h e  t e m p e r a t u r e  of t h e  l i q u i d  

f lowing  th rough  t h e  U-tube. 

To e l i m i n a t e  a i r  e n t r a i n e d  w i t h i n  t h e  t e s t  suspens ion ,  t h e  sys tem was 

equipped w i t h  a  d e a e r a t i o n  chamber which c o n s i s t e d  of  a  12-cm l e n g t h  of  

7-cm d iamete r  c l e a r - p l a s t i c  p i p e  w i t h  one end j o i n e d  t o  t h e  l a r g e  end of  

a  c l e a r - p l a s t i c  f u n n e l .  The midd le  of t h e  p i p e  was d r i l l e d  t o  f i . t  t i g h t l y  

around a  9.5-nun LU tube  t h a t  p r o j e c t e d  h o r i z o n t a l l y  i n t o  t h e  p i p e  and t h a t  

conveyed t i le  t e s t  suspens ion .  The chamber e l e v a t i o n  was a d j u s t e d  t o  main- 

t a i n  t h e  f r e e  w a t e r  s u r f a c e  above t h e  tube.  The l e n g t h  of t h e  p r o j e c t i o n  

was a d j u s t e d  t o  e l i m i n a t e  v o r t i c e s .  Flow i n  t h e  p i p e  was slow t o  p e r m i t  

e s s e n t i a l L y  a l l .  a i r  bubb les  t o  r i s e  and escape  th rough  t h e  s u r f a c e .  The 

f r e e  s u r f a c e  a l s o  s e r v e d  t o  a t t e n u a t e  f l o w - p u l s a t i o n s  produced by t h e  

pilnlps. 

The d i s c h a r g e  from t h e  srnal l  end of t h e  f u n n e l  was r o u t e d  i n t o  t h e  

U-tube which d i s c h a r g e d  through a  El .exible  t u b e  t e l e s c o p e d  over  t h e  c e l l  

d i s c h a r g e  p o r t .  The d i s c h a r g e  end of  t h e  F l e x i b l e  t u b e  was e l e v a t e d  

s l i g h t l y  t o  m a i n t a i n  a  p o s i t i v e  p r e s s u r e  i n  t h e  U-tube and t o  m a i n t a i n  

f u l l  p i p e  fJ.ow tlrrough t i le  U-tube. 

From t h e  flexi.b:Le t u b e ,  the  t e s t  m i x t u r e  flowed i n t o  t h e  r e s e r v o i r - -  

a  70-cm l e n g t h  of 9-cm d i a m e t e r  c l e a r - p l a s t i c  pipe.. The lower end of  t h e  

p i p e  was f i t t e d  t o  t h e  l a r g e  end o f  a  f u n n e l  t h a t  r o u t e d  t h e  m i x t u r e  t o  

t h e  i n t a k e s  of p e r i s t a l t i c  pumps. Each pump was d r i v e n  by a  s m a l l  d i r e c t -  

c u r r e n t  motor powered by a  v a r i a b l e - v o l t a g e  supp ly .  Flow r a t e  was regu- 

l a t e d  by a d j u s t i n g  t h e  v o l t a g e .  The t empera tu re  of  t h e  c i r c u l a t i n g  t e s t  



m i x t u r e  was s t a b i l i z e d  and c o n t r o l l e d  w i t h  t h e  a i d  of  a  c o o l i n g  l o o p  t h a t  

c o n s i s t e d  of  a  copper  t u b e  connected th rough  a  r e g u l a t i o n  v a l v e  t o  a  

l a b o r a t o r y  r e f r i g e r a t o r .  When r e q u i r e d ,  t h e  m i x t u r e  was warmed w i t h  a n  

e 1 . e ~  t r i c  h e a t e r .  

S'CEADY-STATE AND TRANSIENT IZESPONSE 

The tesL r e s u l t s  a r e  grouped i n t o  two broad c a t e g o r i e s  termed " s t e a d y  

s t a t e "  and " t r a n s i e n t . "  The s t e a d y - s t a t e  c a t e g o r y  d e s c r i b e s  s e v e r a l  t e s t s ,  

each  des igned  t o  i s o l a t e  and c h a r t  t h e  i n s t r u m e n t ' s  r e s p o n s e  t o  on ly  one  

f a c t o r .  To perform a  t e s t ,  one f a c t o r  was s e l e c t e d .  Water t e m p e r a t u r e  

wi:I.l. be  used a s  a n  example. To i s o l a t e  t h e  observed r e s p o n s e  t o  w a t e r  

te lnpera ture  changes ,  a l l .  o t h e r  f a c t o r s  such  a s  d i s so lved-so l . ids  concen t ra -  

t i o n  and suspended-sediment c o n c e n t r a t i o n  were  main ta ined  c o n s t a n t  through- 

o u t  t h e  d u r a t i o n  of  t h e  t e s t .  To c h a r t  t h e  r e s p o n s e ,  s e v e r a l  d a t a  p o i n t s  

were  recorded .  Each d a t a  p o i n t  c o n s i s t e d  o f  a  cumula t ive  coun t  r e a d i n g  

and t h e  c o r r e s p o n d i n g  wa te r  t empera tu re .  A s  t h e  term "s teady  s t a t e "  

i m p l i e s ,  t h e  wa te r  t e m p e r a t u r e  f o r  each d a t a  p o i n t  was main ta ined  a s  

s t e a d y  a s  p o s s i b l e  unti .1 t h e  cumula t ive  coun t  a l s o  s t a b i l i z e d .  The group 

of  a l l .  d a t a  p o i n t s  i s  termed " t h e  s t e a d y  s t a t e  r e s p o n s e  t o  w a t e r  tempera- 

t u r e . "  

I n  a l l  r i v e r s ,  f a c t o r s  t h a t  a f f e c t  t h e  U-tube response  w i l l  change 

w i t h  t ime.  For a  p a r t i c u l a r  f a c t o r  a t  any c l ~ o s e n  i n s t a n t  o f  t i m e ,  t h e  

ra te-of-change wi:Ll. depend upon t h e  wa te r  d i s c h a r g e  of t h e  r i v e r ,  t h e  

wea the r  c o n d i t i o n s  on t h e  wa te r shed ,  and s e v e r a l  o t h e r  c o n d i t i o n s .  Read- 

i n g s  o b t a i n e d  fro111 a  U-tube t h a t  i s  i .nstal l .ed on a  r i v e r  can  b e  i n t e r p r e t e d  

o n l y  i f  b o t h  t h e  " s t eady  s t a t e "  and " t r a n s i e n t "  r e sponse  of t h e  i n s t r u m e n t  

a r e  unders tood.  The term " t r a n s i e n t "  r e f e r s  t o  t h e  i u s t r u m e n t  r e s p o n s e  as 

a f f e c t e d  by u n s t e a d i n e s s  i n  a  t e s t  f a c t o r .  The c a t e g o r y  of  t e s t s  termed 
T ,  t r a n s i e n t "  d e s c r i b e s  severa l .  t e s t s ,  each des igned  t o  c h a r t  t h e  r e s p o n s e  

t o  one f a c t o r .  

One f a c t o r  was s e l e c t e d  t o  perforni each t e s t .  Again,  wa te r  tempera- 

t u r e  w i l l  be  used a s  a n  example. To i s o l a t e  t h e  r e s p o n s e  t o  wa te r  

t empera tu re  changes ,  a l l  o t h e r  f a c t o r s  such a s  suspended-sediment concen- 



t r a t i o n  and d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  were main ta ined  c o n s t a n t  

throughout  t h e  d u r a t i o n  of t h e  t e s t .  The n a t u r e  of  t h e  u n s t e a d i n e s s  was 

s e l e c t e d  t o  approximate  t h e  c o n d i t i o n s  known t o  e x i s t  on c e r t a i n  r i v e r s .  

For example, b e f o r e  a  r u n o f f  e v e n t  on a n  ephemeral s t r eam,  t h e  U-tube w i l l  

be  empty o r  w i l l  be  f i l l e d  w i t h  s t a g n a n t  wa te r .  I n  e i t h e r  i n s t a n c e  t h e  

U-tube t empera tu re  wi:l.l. g r a d u a l l y  e q u i l i b r a t e  under t h e  i n f l u e n c e  of a i r  

t e m p e r a t u r e  and s o l a r  r a d i a t i o n .  A t  t h e  o n s e t  of  f low,  wa te r  pumped from 

t h e  r i v e r  t o  t h e  U-tube wi l l .  b e  a t  a  t empera tu re  t h a t  is d i f f e r e n t  from 

t h a t  of  t h e  U-tube. The U-tube w i l l  b e  exposed t o  a  step-change i n  

t empera tu re .  Accordingly ,  a  s tep-change i n  t empera tu re  was used i n  t h e  

l a b o r a t o r y  t e s t s .  The n a t u r e  of  t h e  u l l s t ead iness  was v a r i e d  among t e s t  

f a c t o r s  and is  desc r ibed  i n  t h e  s e c t i o n  t h a t  d e s c r i b e s  t h e  p a r t i c u l a r  t e s t .  

S t e a d y - s t a t e  r e sponse  t o  t h e  t empera tu re  of d i s t i l l e d  B g  

The r e c i r c u l a t i o n  sys tem and i n s i d e  of t h e  U-tube were  c leaned  and 

f i l l e d  w i t h  d i s t i l l e d  w a t e r ,  t h e n  t h e  pumps were  a d j u s t e d  t o  d i s c h a r g e  

a b o u t  50 mL/s ( m i l l i l i t e r s  per  second)  through t h e  U-tube. During t h e  

f i r s t  exper iment ,  wa te r  t e m p e r a t u r e  was lowered i n  s t e p s  and t h e n  r a i s e d  

i n  s t e p s .  A t  each s t e p  t h e  t e m p e r a t u r e  was h e l d  c o n s t a n t  whi.1.e one  o r  trvo 

cumula t ive  c o u n t s  were  recorded .  On f i g u r e  A-5 t h e  p o i n t s  connected by 

a r rows  show t h e  exper imenta l  r e s u l t s .  The exper iment  was r e p e a t e d  s e v e r a l  

t i m e s .  For t empera tu res  above 9'C, r e s u l t s  from each of t h e  o t h e r  e x p e r i -  

ments fo l lowed a t r e n d  s i n ~ i l . a r  t o  t h a t  shoim on t h e  f i g u r e .  For tempera- 

t u r e s  below 9'C t h e  cumula t ive  c o u n t s  were  e r r a t i c .  The s o l i d  d a t a  p o i n t s  

on f i g u r e  A-5 a r e  a  composi te  of  r e s u l t s  from s e v e r a l e x p e r i m e n t s .  To 

i l l u s t r a t e  t h e  s c a t t e r  c l e a r l y ,  t h e  r e a d i n g  sequence  i s  shown f o r  o n l y  t h e  

f i . r s t  exper iment .  Because t h e  d a t a  e x h i b i t  a  smooth t r e n d  above 9'C and 

c o n s i d e r a b l e  s c a t t e r  below g°C, t h e  r e s p o n s e  i n  t h e s e  two t e m p e r a t u r e  

r a n g e s  is  ana lyzed  s e p a r a t e l y .  

A s  shown by t h e  s o l i d  d a t a  p o i n t s  on f i g u r e  A-5, t h e  cumulat ive-count  

d i s t r i b u t i o n  was bimodal f o r  t e m p e r a t u r e s  below 9'C. One group was s c a t -  

t e r e d  around a  cumul.ative coun t  of  abou t  1 ,985 ,800  and t h e  o t h e r  group was 

s c a t t e r e d  around a  cumul.ativt? coun t  of abou t  1 ,985,770.  While c o l l e c t i n g  
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one  d a t a  p o i n t ,  t h e  wa te r  t empera tu re  was s t a b l e ,  b u t  s u c c e s s i v e  cumula- 

t ive-count r e a d i n g s  v a r i e d  unpredicab1.y. O c c a s i o n a l l y ,  s e v e r a l  

s u c c e s s i v e  r e a d i n g s  were  s t a b l e  b u t  t h e n ,  f o r  no a p p a r e n t  r e a s o n ,  t h e  

n e x t  r e a d i n g  would s h i f t  t o  a  h i g h e r  v a l u e .  Sometimes a  s t a b l e  s e r i e s  of 

cumuLat ive  c o u n t s  was fo l lowed by an a b r u p t  s h i f t  t o  a  lower cumula- 

t i v e  coun t .  During one  t e s t ,  t h e  wa te r  temperature .  was s t a b i l i z e d  a t  S°C. 

During t h e  f o l l o w i n g  15-minute p e r i o d ,  each cumula t ive  coun t  was l a r g e r  

t h a n  t h e  p reced ing .  The r a t e  of  cumulat ive-count  i n c r e a s e  was n e a r l y  

s t e a d y  d u r i n g  t h e  e n t i r e  p e r i o d .  The l a s t  r e a d i n g  was seven u n i t s  g r e a t e r  

t h a n  t h e  f i r s t .  A f t e r  t h e  l a s t  r e a d i n g  had been c o l l e c t e d  t h e  t e m p e r a t u r e  

was s lowly  r a i s e d  and t h e n  s t a b i l i z e d  a t  8.3'C. Another s e r i e s  of  cumula- 

t i v e  c o u n t s  were c o l l e c t e d  d u r i n g  a  15-minute i n t e r v a l .  The s e r i e s  

followed a  d e c r e a s i n g  t r e n d  w i t h  t h e  l a s t  r e a d i n g  1 5  u n i t s  s m a l l e r  t h a n  

t h e  f i r s t  r e a d i n g .  

An i n v e s t i g a t i o n  o f  t h e  c a u s e  f o r  t h e  e r r a t i c  r e s p o n s e  was hampered 

by t h e  c a s e  ( f i g u r e  A-4) t h a t  cou ld  n o t  be  opened f o r  i n s p e c t i o n .  Al.1. 

e r r a t i c  r e s p o n s e s  occur red  below t h e  c r i t i c a l .  t e m p e r a t u r e  of  abou t  g°C. 

The a u t h o r  surmised t h a t  t h i s  t e m p e r a t u r e  cor responds  t o  t h e  dew-point 

t e m p e r a t u r e  of  t h e  a i r  s e a l e d  w i t h i n  t h e  c a s e .  I f  a  d r o p  o f  condensa te  

a d h e r e s  t o  t h e  o u t s i d e  w a l l  of t h e  U-tube, i t  w i l l  s low t h e  r a t e  o f  v i b r a -  

t i o n  and i n c r e a s e  t h e  c u m u l a t i v e  coun t .  I f  t h e  d rop  f a l l s  from t h e  w a l l ,  

t h e  cuinula t ive  coun t  w i l l  a b r u p t l y  i n c r e a s e .  I f  d rops  of dew form s l o w l y ,  

t h e y  w i l l  c a u s e  a  s low i n c r e a s e  i n  cumula t ive  c o u n t .  Conversely ,  i f  t h e  

dew e v a p o r a t e s  s l o w l y ,  it w i l l  c a u s e  a  slow d e c r e a s e  i n  cumula t ive  c o u n t .  

The manufac tu re r  a g r e e s  t h a t  condensa t ion  may be  t h e  c a u s e  o f  t h e  e r r a t i c  

r e sponse .  Rep lac ing  t h e  mois t  a i r  w i t h  a  d r y  g a s  shou ld  e l i m i n a t e  t h e  

problem; b u t  t h i s  replacement  was n o t  performed. 

For t e m p e r a t u r e s  above 9 " C ,  b o t h  c u r v e s  on f i g u r e  A-5 show t h a t  t h e  

r e l . a t  ion  between cumula t ive  coun t  and t e m p e r a t u r e  i s  d i s t i n c t 1 . y  n o n l i n e a r .  

Both c u r v e s  a r e  s i m i l a r  i n  form t o  t h e  dens i ty - t empera tu re  c u r v e  f o r  w a t e r ;  

however, t h e  t empera tu re  a t  which maximum w a t e r  d e n s i t y  o c c u r s  (4'~) i s  

d i f f e r e n t  from t h e  t empera tu re  a t  which maximum cumul.ative coun t  o c c u r s  

(12°C).  The d i f f e r e n c e  is  a p p a r e n t l y  caused by t h e  e f f e c t  of  t e m p e r a t u r e  

on A and B i n  e q u a t i o n  6. Both A and B a r e  s e n s i t i v e  t o  changes i n  k t h a t ,  

i n  t u r n ,  is s e n s i t i v e  t o  changes i n  t h e  l e n g t h  and d i a m e t e r  of  t h e  U-tube. 



A change i n  t e m p e r a t u r e  w i l l .  i nduce  a  t o t a l  change i n  cumula t ive  coun t  as 

shown on f i g u r e  A-5. T h i s  t o t a l  change c o n s i s t s  of two components each  

produced by d i f f e r e n t  phenomena. One component is caused  by l i q u i d  d e n s i t y  

changes and t h e  o t h e r  component i s  caused by dimensi0na.L changes i n  t h e  

U-tube. The components, i f  p l o t t e d  a g a i n s t  t e m p e r a t u r e ,  w i l l  f o l l o w  

d i f f e r e n t  t r e n d s ;  consequen t ly ,  t h e  to ta l .  change w i l l  f o l l o w  a  t h i r d  

t r e n d  d i f f e r e n t  from e i t h e r  component t r e n d .  

On f i g u r e  A-5 t h e  descending- temperature  c u r v e  i s  d i s p l a c e d  from the. 

a scend ing- tempera tu re  curve .  T h i s  d i sp lacement  is caused by t h e  s low r a t e  

of h e a t  f low from t h e  wa te r  t o  t h e  U-tube and o t h e r  p a r t s  w i t h i n  t h e  ce l l . .  

If t h e  wa te r  and a l l  p a r t s  a r e  a t  t h e  same i n i t i a l  t empera tu re ,  a subse-  

quent  i n c r e a s e  i n  w a t e r  t e m p e r a t u r e  w i l l  cause  h e a t  t o  f low from t h e  warm 

w a t e r  t o  t h e  c o o l e r  p a r t s .  A s  t h e  p a r t s  warm, t h e  r a t e  of  h e a t  f low w i l l  

d e c r e a s e .  I f  t h e  w a t e r  is  s t a b i l i z e d  a t  a  warmer t empera tu re ,  a l l  p a r t s  

w i l l  s lowly  warm t o  a  new e q u i l i b r i u m .  Because. cumula t ive  coun t  i s  

s e n s i t i v e  t o  t h e  t empera tu re  of  t h e  p a r t s ,  t h e  cumula t ive  coun t  w i l l  d r i f t  

u n t i L  t h e  new t e m p e r a t u r e  equi l i .br ium i s  reached .  S u c c e s s i v e  r e a d i n g s  

p l o t t e d  on f i g u r e  A-5 were  c o l l e c t e d  a t  abou t  7-minute i n t e r v a l s .  Obser- 

v a t i o n s  from t h e  t r a n s i e n t - t e m p e r a t u r e  response  test ( d e s c r i b e d  l a t e r )  

i n d i c a t e  t h a t  i f  t h e  i n t e r v a l s  had been 9 minutes  o r  l o n g e r ,  t h e  d i s p l a c e -  

ment between t h e  two c u r v e s  would h a v e  been l e s s  t h a n  t h a t  shown on 

f i g u r e  A-5. 

Seven add i . t iona1  r e p l i c a t e  tests were r u n  t o  d e t e r m i n e  t h e  s t eady-  

s t a t e  r e sponse  t o  t h e  t empera tu re  o f  d i s t i l l e d  w a t e r ;  however, i n  c o n t r a s t  

t o  t h e  p reced ing  t e s t s ,  t h e s e  t e s t s  were  conducted under c o n d i t i o n s  t h a t  

s i m u l a t e d  prolonged u s e  a t  a n  una t t ended  f i e l d  s i t e .  Under t h e s e  c o n d i t i o n s ,  

t h e  mass of t h e  meta l  U-tube w i l l  s lowly  d e c r e a s e  because  of  wear produced 

by a b r a s i v e  p a r t i c l e s  i n  t h e  w a t e r .  E l e c t r i c a l  components w i l l  b e  s u b j e c t e d  

t o  d i s t u r b a n c e s  caused by power f a i l u r e s .  The i n s i d e  of t h e  U-tube w i l l  

accumuiate  a  c o a t  of  c l a y - s i z e  p a r t i c l e s .  Also,  t h e  c e l l  w i l l  b e  exposed 

t o  s low changes i n  b a r o m e t r i c  p r e s s u r e .  Ac t ing  i n  c o n c e r t ,  t h e  

e f f e c t s  of wear ,  e l e c t r i c a l  d i s t u r b a n c e s ,  c l a y  accumula t ions ,  and b a r o m e t r i c  

p r e s s u r e  changes wil.1 cause  v a r i a t i o n s  i n  cumula t ive  count .  T n i s  group 

of  r e p l i c a t e  t e s t s  was des igned  t o  e s t i m a t e  t h e  magnitude of  t h e  v a r i a t i o n s .  



Each t e s t  was d i v i d e d  i n t o  two phases.  During t h e  f i r s t  phase ,  t h e  

power was turned on and t h e  r e c i r c u l a t i o n  sys tem was f i l l . e d  w i t h  w a t e r  

t h a t  c o n t a i n e d  a n  a r b i t r a r y  c o n c e n t r a t i o n  of  c l a y - s i z e  p a r t i c l e ,  sand-s ize  

p a r t i c l e ,  sodium c h l o r i d e ,  and sodium s u l f a t e .  A t  a  f low r a t e  of  abou t  

50 mL/s, t h e  m i x t u r e  was pumped th rough  t h e  U-tube f o r  s e v e r a l  h o u r s  and 

was then d r a i n e d .  Without c l e a n i n g  o r  d i s t u r b i n g  t h e  U-tube, t h e  r e c i r -  

c u l a t i o n  sys tem was c l e a n e d  and then  f i l l e d  w i t h  d i s t i l l e d  w a t e r .  During 

t h e  second phase ,  t h e  d i s t i l l e d  wa te r  was pumped through t h e  U-tube w h i l e  

cumulative-cou~lt and wa te r - t empera tu re  r e a d i n g s  were  t aken .  The f i r s t  

cumula t ive  count  was t aken  a f t e r  t h e  d i s t i l l e d - w a t e r  t e m p e r a t u r e  had been 

s t a b i l i z e d  a t  o r  n e a r  room tempera tu re .  The wa te r  was t h e n  r e s t a b i l i z e d  

a t  a  lower t empera tu re  and a n o t h e r  cuniula t ive  coun t  was t aken .  Each 

s t a b l e  p e r i o d  l a s t e d  abou t  7 minu tes .  I n  s t e p s ,  wa te r  was coo led  t o  abou t  

9'C t h e n ,  i n  s t e p s ,  t h e  wa te r  was warmed t o  room tempera tu re .  During 

each  s t e p ,  t h e  wa te r  t empera tu re  and cumula t ive  count were t a b u l a t e d .  

A f t e r  t h e  l a s t  p a i r  o f  r e a d i n g s ,  t h e  d i s t i l - l e d  wa te r  was d r a i n e d  w i t h o u t  

d i s t u r b i n g  t h e  U-tube; t h e n  t h e  power was t u r n e d  o f f .  Each of  t h e  seven 

t e s t s  was r u n  on a  d i f f e r e n t  day t o  i n s u r e  t h a t  among tests t h e  c e l l  had 

been exposed t o  a  r ange  o f  b a r o m e t r i c  p r e s s u r e s .  

A t  t h e  c o n c l u s i o n  of  each t e s t  t h e  d a t a  were checked f o r  u n u s u a l l y  

h i g h  o r  u n u s u a l l y  low "cumula t ive  c o u n t s . "  Data  co l . l ec ted  from t h e  f i r s t  

s i x  t e s t s  i n d i c a t e d  v a r i a t i o n s  from one  t e s t  t o  a n o t h e r  were  random o r  

n e a r l y  random. Cumulative c o u n t s  from t h e  s e v e n t h  t e s t  were  s e v e r a l  

hundred u n i t s  l a r g e r  than  t h o s e  from t h e  s i x  p reced ing  t e s t s .  I n  a n  e f f o r t  

t o  l o c a t e  t h e  c a u s e  of  t h e  unusua l  r e s p o n s e ,  t h e  e n t i r e  t e s t  a p p a r a t u s  was 

th0roughl.y i n s p e c t e d .  A s l imy  d e p o s i t  had formed on t h e  U-tube w a l l s  and 

t h i s  d e p o s i t  was removed w i t h  a  t e s t - t u b e  b r u s h  c o a t e d  w i t h  a  household  

c l e a n s e r .  Then t h e  r e c i r c u l a t i o n  sys tem was c leaned  and f i l l . e d  w i t h  

f r e s h  d i s t i l l e d  wa te r .  When t h e  t empera tu re  t e s t  was r e p e a t e d ,  cumula t ive  

c o u n t s  ag reed  w i t h  t h o s e  c o l l e c t e d  ill t h e  First s i x  tests. 

Each t empera tu re  r e a d i n g  i n  t h e  f i r s t  s i x  t e s t s  and i n  t h e  r e p e a t e d  

s e v e n t h  t e s t  was rounded t o  t h e  n e a r e s t  degree.  c e n t i g r a d e ;  t h e n  a l l  cumu- 

l a t i v e  c o u n t s  r ecorded  a t  a  common rounded t empera tu re  were c o l l e c t e d  i n t o  



a  subgroup.  For cumula t ive  c o u n t s  w i t h i n  each subgroup,  t h e  mean and 

s t a n d a r d  d e v i a t i o n  were  computed. From t h e s e  pa ramete r s  t h r e e  new d a t a  

s e t s  were  formed. The f i r s t  d a t a  s e t  c o n s i s t e d  of s e v e r a l  p a i r s ,  each o f  

which was composed of  a  rounded t empera tu re  and t h e  cor respond ing  mean 

cumula t ive  count minus one  s t a n d a r d  d e v i a t i o n .  The second d a t a  s e t  

c o n s i s t e d  of  s e v e r a l  p a i r s ,  each of  which was composed of  a  rounded 

t empera tu re  and cor respond ing  mean cumula t ive  c o u n t .  The t h i r d  d a t a  s e t  

a l s o  c o n s i s t e d  of  s e v e r a l  p a i r s ,  each of which was composed of a  rounded 

t empera tu re  and t h e  cor respond ing  mean cumula t ive  coun t  p l u s  one s t a n d a r d  

d e v i a t i o n .  By a  l e a s t - s q u a r e s  p r o c e d u r e ,  a  f o u r t h  o r d e r  polynominal  was 

c a l c u l a t e d  f o r  each of t h e  t h r e e  sets. I n  a l l  c a l c u l a t i o n s  t e m p e r a t u r e  

was t a k e n  a s  t h e  independent  v a r i a b l e .  The t h r e e  e q u a t i o n s  a r e  g iven  

below: 

LI = mean of  t h e  c u m u l a t i v e  c o u n t ,  

a = s t a n d a r d  d e v i a t i o n  o f  t h e  cumula t ive  c o u n t ,  

T  = wate r  t e m p e r a t u r e  i n  "C. 

The t r e n d  of  t h e  t h r e e  e q u a t i o n s  i s  shown by t h e  curved l i n e s  on 

f i g u r e  A-6.  The v e r t i c a l  d i s t a n c e  (measured a l o n g  t h e  cumula t ive  coun t  

a x i s )  between t h e  t o p  c u r v e  and midd le  c u r v e  is  a ,  a  measure of t h e  

v a r i a t i o n  i n  cumulat:i.ve c o u n t .  The s t a n d a r d  devia t : ion is  abou t  t e n  un i . t s  f o r  any 

t empera tu re .  Because r e a d i n g s  were t aken  a t  about  7-minute i n t e r v a l s ,  a  

p o r t i o n  of t h e  v a r i a t i o n  i s  caused by thermal  l a g  whicli a l s o  caused t h e  

v e r t i c a l  s e p a r a t i o n  between t h e c u r v e s  on f i g u r e  A - 5 .  Comparison of t h e  



s e p a r a t i o n  between t h e  c u r v e s  on f i g u r e  A-5 w i t h  t h e  s e p a r a t i o n  between 

t h e  upper and lower  c u r v e s  on f i g u r e  A-6 shows t h a t  t h e  combined e f f e c t s  

of  wear, e l e c t r i c a l  d i s t u r b a n c e s ,  c l a y  accumula t ions ,  and b a r o m e t r i c  

p r e s s u r e  changes se rved  t o  i n c r e a s e  t h e  cumula t ive  count v a r i a n c e  by o n l y  

a  few u n i t s .  However, t h e  c o n c l u s i o n  r e g a r d i n g  t h e  e f f e c t  of c l a y  accumu- 

l a t i o n  must be  tempered by r e s u l t s  of  t h e  s e v e n t h  test .  T h i s  t e s t  i n d i -  

c a t e d  c l a y  accumula t ion  w i l l ,  under u n p r e d i c t a b l e  c i rcumstances ,  c a u s e  

l a r g e  changes i cumulative. c o u n t .  

S t e a d y - s t a t e  r e s p o n s e  t o  the-erature - of  a  cl.ay, 

s i l t ,  and d i s t i l l e d  wa te r  s u s p e n s i o n  -- -. - 

P l o t t e d  p o i n t s  on f i g u r e  A-6 show cumula t ive  count  and t empera tu re  d a t a  

f o r  a s u s p e n s i o n  of  d i s t i l l e d  wa te r  inixed w i t h  sed iment  froin a  s t reambank.  

A s  i n  t h e  d i s t i l l e d - w a t e r  tests, t h e  s u s p e n s i o n  was pumped through t h e  

U-tube a t  a  r a t e  of abou t  50 n i L / s .  The t h r e e  c u r v e s  were o b t a i n e d  by 

e v a l u a t i n g  e q u a t i o n s  ( 6 ) ,  ( 7 ) ,  and (8)  and t h e n  add ing  1 ,115  c o u n t s  t o  

each computed cumula t ive  coun t .  The a d d i t i o n  p r o c e s s  t r a n s l a t e s  c u r v e s  

from t h e  e q u a t i o n s  up t h e  cumulat ive-count  s c a l e  wi thou t  a l t e r i n g  t h e  

shape  of t h e  c u r v e s .  The t r a n s l a t e d  c u r v e s ,  which a r e  based on d i s t i l l e d -  

wa te r  t e s t s ,  match t h e  d a t a  p o i n t s  f o r  t h e  s u s p e n s i o n .  T h e r e f o r e ,  i t  i s  

concluded t h a t  t h e  v a r i a t i o n  i n  cumula t ive  coun t  w i t h  t empera tu re  i s  

independent  o.f t h e  sediment  c o n c e n t r a t i o n .  

Steady-s t a t e  r e s p o n s e  t o  t h e  t e m p e r a t u r e  of  a n  aqueous s o l u t i o n  

A 10,000 ppm m i x t u r e  of  sodium s u l f a t e  i n  d i s t i l l e d  wa te r  was used 

t o  test t h e  i n s t r u m e n t ' s  r e s p o n s e  t o  a  s o l u t i o n .  The s o l u t i o n  was pumped 

through t h e  U-tube a t  approx imate ly  40 mL/s. A t  each of s e v e r a l  tempera- 

t u r e s  between 8 .4  'C and 25.6 " C ,  t h e  t e m p e r a t u r e  was s t a b i l i z e d  w h i l e  

one  o r  more cumula t ive  c o u n t s  were  c o l l e c t e d .  F i g u r e  A-7 shows p l o t t e d  

d a t a  p o i n t s  o b t a i n e d  from t h e  t e s t  and a l s o  shows t h r e e  c u r v e s  o b t a i n e d  

by f i r s t  e v a l u a t i n g  e q u a t i o n s  ( 6 ) ,  ( 7 ) ,  and (8)  a t  each o f  s e v e r a l  temper- 

a t u r e s ,  and then  performing a  t r a n s l a t i o n  by add ing  1 ,600  t o  each computed 
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CUMULATIVE COUNT MINUS 1,987,000 
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1:igurc A-7.--Steady-state resporise to the temperature of an 
aqueous solution. 



cumu:l.ative count .  The f i g u r e  shows t h a t  f o r  t e m p e r a t u r e s  warmer than  

16"C, t h e  t r e n d  of  t h e  t r a n s l a t e d  'urves matches t h e  t r e n d  of  t h e  d a t a  

f o r  t h e  sodium s u l f a t e  s o l ~ i t i o n .  T h e r e f o r e  i t  is t e n t a t i v e l y  concluded 

t h a t  f o r  t h e  warmer t e m p e r a t u r e s ,  t h e  v a r i a t i o n  i n  cumula t ive  count  w i t h  

t e m p e r a t u r e  is independent  o f  d i s s o l v e d  s o l i d s  c o n c e n t r a t i o n .  The 

a v e r a g e  o  i s e v e r a l  rep1.i .cate t e s t s  may have i n d i c a t e d  the t e n t a t i v e  

assumpt ion was a p p l i c a b l e  f o r  t e m p e r a t u r e s  s e v e r a l  d e g r e e s  c o l d e r  t h a n  

lG°C. R e s u l t s  of  t h i s  s i n g l  t e s t  were p robab ly  n o t  r e p r e s e n t a t i v e  

because  of  t h e  l a r g e  cumula t  ive-count  v a r i a t i o n  a t  low tempera tu res .  For 

example, f i g u r e  A-6 shows one  sediment-suspension t e s t  produced cunlul.ative 

c o u n t s  c o n s i d e r a b l y  ']larger t h a n  t h o s e  f o r  t h e  t r a n s : l a t e d  d i s t i l l e d - w a t e r  

c u r v e ,  b u t  i n  t h e  o t h e r  t e s t ,  cumula t ive  c o u n t s  ag reed  Inore c l o s 4 . y  w i t h  

t h e  t r a n s l a t e d  c u r v e s ,  

Exper imenta l  p rocedure  

'resix were conducted t o  c a l i b r a t e  t h e  gage f o r  sediment c o n c e n t r a t i o n  

and t o  d e t e r m i n e  t h e  e f f e c t s  o f  sed iment  p a r t i c l e  s i z e  and s u s p e n s i o n  

pumping r a t e .  E r r o r s  caused by t e m p e r a t u r e ,  w a l l  d e p o s i t s ,  and d i s s o l v e d  

s o l i d s  were minimized by c a r e f u l  c o n t r o l  o f  t e s t  c o n d i t i o n s .  To minimize  

t e m p e r a t u r e  e r r o r s ,  a l l .  t e s t s  were  r u n  w i t h  t h e  wa te r  and c e l l  t e m p e r a t u r e  

s t a b i l i z e d  a t  20.g°C. To minimize  w a l l - d e p o s i t  e r r o r s ,  t h e  i n s i d e  of t h e  

U-tube was brush-cleaned d a i l y .  To minimize d i s s o l v e d - s o l i d s  e r r o r s ,  

a  s p e c i a l  procedure  was fo l lowed .  Each morning a  s t o r a g e  c o n t a i n e r  was 

f i l l e d  w i t h  enough c l e a n  wa te r  t o  supp ly  t h e  needs  f o r  t h e  t e s t s  t o  be  

r u n  t h a t  day. The U-tube and t h e  r e c i r c u l a t i o n  sys tem were i n i t i a l . : l y  

f i L l e d  from t h e  c o n t a i n e r  and ,  when n e c e s s a r y ,  a d d i t i o n a l  wa te r  was added 

from t h e  c o n t a i n e r .  During any s i n g l e  t e s t ,  a l l  wa te r  was added from t h e  

same c o n t a i n e r ;  s o ,  w i t h i n  t h e  U-tube and r e c i r c u l a t i o n  sys tem t h e  concen- 

t r a t i o n  of d i s s o l v e d  s o l i d s  was s t a b l e .  D i s t i l l e d  wa te r  was used f o r  

most of t h e  t e s t s  and t a p  wa te r  was used f o r  t h e  remainder .  



Batches  o f  monodisperse sed iments  were prepared by d r y  s i e v i n g  c l e a n  

Jo rdan  sand i n t o  s e v e r a l  d i f f e r e n t  s i z e  r a n g e s .  Jo rdan  sand is composed 

p r i m a r i l y  of well-rounded q u a r t z  g r a i n s .  The d e n s i t y  of t h e  p a r e n t  

Jo rdan  sand and o f  each monodisperse  b a t c h  was measured by t h e  pycnometer 
3 

method. With o n l y  minor v a r i a t i o n s ,  a l l  d e n s i t i e s  were 2 .64  g/cm . 
Sediments t r a n s p o r t e d  i n  r i v e r s  span a  r e l a t i v e l y  wide r a n g e  of s i z e s ,  

s o  p o l y d i s p e r s e  b a t c h e s  of sed iments  were  p repared  by b l e n d i n g  sediment  

from s e v e r a l  of t h e  monodisperse b a t c h e s .  A b a t c h  w i t h  a  bimodal d i s t r i -  

b u t i o n  was p r e p a r e d  by mixing c o a r s e  Jo rdan  sand w i t h  a n  equal. mass of  

m a t e r i a l  r e f e r r e d  t o  a s  "Spokane sed iment , "  which c o n s i s t e d  of sediment  

from t h e  banks of a  s t r e a m  n e a r  Spokane, Washington. The m a t e r i a l  had a  

mean p a r t i c l e - d i a m e t e r  of 1 2 . 5  micrometers  and was a  m i x t u r e  of c l a y - s i z e  

and s i l t - s i z e  p a r t i c l e s .  Two o t h e r  sed iments  were  t e s t e d ,  one b a t c h  from 

t h e  banks  of t h e  Salmon River  and t h e  o t h e r  from t h e  banks  of  Caspar 

Creek.  The SaLmon River  sed iment  was c o l l e c t e d  from a  s i t e  on t h e  Klamath 

N a t i o n a l  F o r e s t  n e a r  Sawyers Bar ,  C a l i f o r n i a .  The Caspar Creek s i t e  was 

a  few m i l e s  from t h e  P a c i f i c  c o a s t  n e a r  F o r t  Bragg,  C a l i f o r n i a .  

The Jordan sand had been washed b u t  t h e  o t h e r  sed iments  c o n t a i n e d  

b i t s  of g r a s s ,  l e a v e s  and t w i g s ,  and some s o l u b l e  s a l t s .  These sed iments  

were processed t o  remove a l l  o r g a n i c  d e t r i t u s  and s o l u b l e  s a l t s .  L a r g e  

p i e c e s  of  l e a v e s ,  g r a s s  and t w i g s  were  removed by wet s i e v i n g .  A1.l 

remaining o r g a n i c  d e t r i t u s  was removed by s o a k i n g  each sediment  i n  a  hydro- 

gen p e r o x i d e  s o l u t i o n  which was l a t e r  removed by d e c a n t a t i o n .  S o l u b l e  

s a l t s  were  removed by mixing each sediment w i t h  d i . s t i l l e d  w a t e r ,  a l l o w i n g  

t h e  sediment  t o  s e t t l e ,  and t h e n  d e c a n t i n g  t h e  w a t e r .  For each sed iment  

t h e  p r o c e s s  o f  mixing,  s e t t l i n g ,  and d e c a n t i n g  was r e p e a t e d  two o r  t h r e e  

t imes  . 
Before  each t e s t ,  a l l  components i n  t h e  r e c i r c u l a t i o n  sys tem and 

bo th  s t r a i g h t  s e c t i o n s  of  t h e  U-tube were  scrubbed w i t h  a  t e s t - t u b e  

b r u s h .  A l l  p a r t s  were  r i n s e d ,  t h e n  t h e  r e c i r c u l a t i o n  sys tem was f i l l e d  

w i t h  abou t  5  l i t e r s  of  sed iment - f ree  w a t e r .  The r e c i r c u l a t i o n  pumps were  

s t a r t e d  and t h e  w a t e r  t e m p e r a t u r e  was a d j u s t e d .  A f t e r  t h e  U-tube reached  

the rmal  e q u i l i b r i u m ,  s e v e r a l  cumula t ive  c o u n t s  were recorded .  The 



cumulative-count mean, which i s  termed t h e  "background," was p r o p o r t i o n a l  

t o  t h e  U-tube p e r i o d  a s  e s t a b l i s h e d  by t h e  wa te r  and any d i s s o l v e d  s o l i d s  

i n  t h e  w a t e r .  A f t e r  t h e  background had been measured, a n  a r b i t r a r y  quan- 

t i t y  o f  sediment  from one b a t c h  was added t o  t h e  w a t e r .  The s u s p e n s i o n  

was pumped through t h e  r e c i r c u l a t i o n  sys tem and t h e  U-tube u n t i l  t h e  

c o n c e n t r a t i o n  was s t e a d y .  A s t e a d y  c o n c e n t r a t i o n  was i n d i c a t e d  by s t e a d -  

i n e s s  ( l a c k  of  temporal. t r e n d s )  i n  s u c c e s s i v e  cumula t ive  c o u n t s .  F i v e  t o  

1 0  minutes  of pumping was a d e q u a t e  t o  produce s t e a d y  r e a d i n g s .  When v a r i -  

a t i o n s  i n  s u c c a s s i v e  cumula t ive  c o u n t s  became random, two and sometimes 

t h r e e  cumula t ive  c o u n t s  were  recorded  and averaged.  The d i f f e r e n c e  between 

t h i s  a v e r a g e  and t h e  background was e n t e r e d  i n  t h e  "X" coluinn on t h e  appro-  

p r i a t e  t a b l e  i n  t h e  appendix .  T h i s  d i f f e r e n c e ,  termed t h e  "coun t , "  is  

p r o p o r t i o n a l  t o  t h e  change i n  peri.od caused by t h e  c o n c e n t r a t i o n  of s e d i -  

ment w i t h i n  t h e  U-tube. To o b t a i n  a  sample f o r  c o n c e n t r a t i o n  a n a l y s i . ~ ,  

about  700 mL of t h e  s u s p e n s i o n  was c o l l e c t e d  a t  t h e  sampl ing p o i n t  

( f i g u r e  A - 4 ) .  To minimize e r r o r s  caused by c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  

f low c r o s s  s e c t i o n  a t  t h e  sampl ing p o i n t ,  t h e  e n t i r e  f low c r o s s  s e c t i o n  

was sampled. To a v e r a g e  s h o r t - t e r m  temporal  v a r i a t i o n s  i n  c o n c e n t r a t i o n ,  

t h e  sample was co l . l ec ted  i n t e r m i t t e n t l y  d u r i n g  a  1-minute i n t e r v a l .  The 

sample was p r e s e r v e d  f o r  c o n c e n t r a t i o n  a n a l y s i s ;  t h e n  w a t e r  from t h e  

s t o r a g e  c o n t a i n e r  was added t o  r e p l e n i s h  t h e  supp1.y i n  t h e  rec i rcul .a t i .on  

sys tem.  A f t e r  5 t o  1 0  minutes  t h e  c o n c e n t r a t i o n  and c u m u l a t i v e  c o u n t s  

were  a g a i n  recorded  and averaged ,  then  t h e  s a m p l e - c o l l e c t i o n  p rocedure  

was r e p e a t e d .  

Wall d e p o s i t s  were  a  s o u r c e  o f  e r r o r  r e l a t e d  t o  a n t e c e d e n t  f low 

c o n d i t i o n s  i n s i d e  t h e  U-tube. I f  o n l y  sed iment - f ree  w a t e r  had been added 

t o  r e p l e n i s h  t h a t  e x t r a c t e d  from t h e  r e c i r c u l a t i o n  sys tem,  t h e  sediment  

c o n c e n t r a t i o n  i n  t h e  U-tube would have  dec reased  each t ime  w a t e r  was 

added.  This  d e c r e a s i n g  t r e n d  would have c r e a t e d  a  p a t t e r n  i n  t h e  a n t e -  

c e d e n t  fLow c o n d i t i o n s .  During some c a l i b r a t i o n  t e s t s  t h a t  l a s t e d  s e v e r a l  

hours ,  t h e  p a t t e r n  was d e l i b e r a t e l y  d i s r u p t e d  by o c c a s i o n a l l y  add ing  s e d i -  

ment k i t h  t h e  w a t e r .  

While conduc t ing  a  ca l . i .bra t ion t e s t ,  s e v e r a l  m i x t u r e  c o n c e n t r a t i o n s  

were? pumped through t h e  11-tube and each c o n c e n t r a t i o n  was sampled.  Each 



sample a l o n g  w i t h  i t s  c o n t a i n e r  was weighed t o  t h e  n e a r e s t  gram then  t h e  

c o n t a i n e r  t a r e  was s u b t r a c t e d  t o  o b t a i n  t h e  mass of t h e  sample. The s e d i -  

ment was s e p a r a t e d  from t h e  sample  wa te r  by e i t h e r  s e t t l i n g  and d e c a n t i n g  

o r  by f i l t e r i n g .  A f t e r  s e t t l i n g  and d e c a n t a t i o n ,  t h e  sediment was washed 

i n t o  t a r e d  aluminum d i s h e s .  The c o n t e n t s  were  evapora ted  t o  d r y n e s s  and 

t h e n  weighed. When f i l t r a t i o n  was used ,  wa te r  i n  t h e  sample was drawn 

th rough  a  t a r e d  f i l t e r  w i t h  0.45-micrometer 0pen ings ; then  t h e  f i l t e r  a l o n g  

w i t h  t h e  d e p o s i t e d  sediment  was d r i e d  and weighed. The sediment  mass i n  

each sample was measured t o  t h e  n e a r e s t  0.1. m i l l i g r a m .  Sediment mass was 

d i v i d e d  by sample mass t o  o b t a i n  c o n c e n t r a t i o n  and t h e  r e s u l t  i s  t a b u l a t e d  

i n  t h e  column "Measured Y" on t h e  a p p r o p r i a t e  t a b l e  i n  t h e  Appendix. The 

n e a r l y  e x c l u s i v e  use  of d i s t i l l e d  wa te r  r endered  d i s s o l v e d - s o l i d s  c o r r e c -  

t i o n s  n e g l i g i b l e  f o r  most samples .  The e x c e p t i o n s  were a  few samples  

t h a t  c o n t a i n e d  ex t remely  small  amounts o f  sed iment .  

Pumping r a t e  

S e v e r a l  sediment  c a l i b r a t i o n  tests were  performed w i t h  t h e  f low r a t e  

through t h e  U-tube r e g u l a t e d  a t  50 mI,/s. The sed iments  were  r e t e s t e d  a t  

f low r a t e s  of 8 5  d / s  and 113 mL/s t o  t e s t  t h e  h y p o t h e s i s  t h a t  t h e  i n s t r u -  

ment was s e n s i t i v e  t o  t h e  pumping r a t e .  A n a l y s i s  of c o u n t - c o n c e n t r a t i o n  

d a t a  i n d i c a t e d  a s i g n i f i c a n t  d i f f e r e n c e  i n  gage r e s p o n s e  between t h e  50 

mL/s t e s t s  and t h e  8 5  uL/s t e s t s .  For a  g iven  c o n c e n t r a t i o n ,  t h e  coun t  a t  

50 mL/s was h i g h e r  t h a n  t h e  c o u n t  a t  85 mI,/s. A s  measured by t h e  s t a n d a r d  

e r r o r - o f - e s t i m a t e ,  
S e '  

t h e  magni tude of  d a t a - s c a t t e r  was h i g h e r  a t  50 mL/s 

than  a t  8 5  mL/s. For a  g iven  c o n c e n t r a t i o n ,  t h e  c o u n t s  f o r  8 5  mL/s and 

113 d / s  were n e a r l y  e q u a l .  For b o t h  of t h e s e  pumping r a t e s ,  S  was e 
s m a l l e r  than t h a t  f o r  50 nlL/s. A l l  coun t -concen t ra t ion  d a t a  c o l l e c t e d  a t  

50 mL/s a r e  shown i n  t h e  Appendix, b u t  t h e s e  d a t a  were  n o t  p rocessed  

s t a t i s t i c a l l y .  The d a t a  c o l l e c t e d  a t  85 and 113  mL/s were composited t o  

compute t h e  r e g r e s s i o n  of  c o n c e n t r a t i o n  on coun t .  A t  a  f i e l d  s i t e , s o m e  

v a r i a t i o n  i n  pumping r a t e  w i l l  l i k e l y  o c c u r .  Because t h e  d a t a  wprc 

composi ted ,  t h e  p r e d i c t i o n  e r r o r s  ( t o  b e  d i s c u s s e d  l a t e r )  i n c l u d e  t h e  

e f f e c t  of  minor pumping-rate v a r i a t i o n s .  



Regrt+ssion -. a n a l y s i s  f o r  h i g h  and low c o u n t s  

For each of  t h e  t e s t e d  sed iments ,  t h e  coun t  (X) and c o n c e n t r a t i o n  (Y) 

v a l u e s  were  p l o t t e d  t o  d e t e r m i n e  a n  a p p r o p r i a t e  t r a n s f o r m  t h a t  would 

produce ( a )  a  l i n e a r  r e g r e s s i o n  o f  c o n c e n t r a t i o n  on coun t  and (b)  a  un i fo rm 

c o n c e n t r a t i o n  v a r i a n c e  abou t  t h e  r e g r e s s i o n  l i n e .  Trends i n  v a r i a n c e  were  

e s t i m a t e d  by i n s p e c t i n g  t h e  s c a t t e r  i n  t h e  p l o t t e d  d a t a .  For h i g h  concen- 

t r a t i o n s ,  a  l o g a r i t h m i c  t r a n s f o r m  of  b o t h  X and Y produced t h e  two d e s i r e d  

f e a t u r e s ;  b u t  f o r  low c o n c e n t r a t i o n s ,  t h e  l o g a r i t h m i c  t r a n s f o r m  caused t h e  

v a r i a n c e  o f  Y t o  i n c r e a s e  a s  X approached z e r o .  

For low c o n c e n t r a t i o n s ,  t h e  untransformed v a l u e s  of X and Y formed a  

l i n e a r  r e g r e s s i o n  w i t h  a  n e a r l y  un i fo rm v a r i a n c e  i n  Y.  The d i v i s i o n  

between low c o n c e n t r a t i o n s  and h i g h  c o n c e n t r a t i o n s  was d i f f i c u l t  t o  e s t a b -  

Z i sh .  U l t i m a t e l y ,  t h e  d i v i s i o n  was based on X i n s t e a d  of  Y.  A p a r t i c u l a r  

( X )  - (Y) d a t a  p a i r  was c l a s s i f i e d  a s  low c o n c e n t r a t i o n  i f  X was 50 o r  

l e s s .  A count  of 50 is  e q u a l  t o  a sediment c o n c e n t r a t i o n  of abou t  500 ppln. 

A d d i t i o n a l  c o r r o b o r a t i o n  of  t h e  u s e  o f  500 ppm a s  a  demarca t ion  l i m i t  can  

be  found i n  1qi:Ll.i~ and Kennedy (1.977, f i g .  8) .  T h e i r  c a l i b r a t i o n  p o i n t s ,  

which a r e  p l o t t e d  on log- log  c o o r d i n a t e s ,  e x h i b i t  i n c r e a s e d  s c a t t e r  f o r  

c o n c e n t r a t i o n s  l e s s  than  500 ppm. 

For h i g h  c o n c e n t r a t i o n s ,  t h e  uniform v a r i a n c e  o b t a i n e d  w i t h  t h e  loga-  

r i t h m i c  t r a n s f o r m  impl.ies a  c o n s t a n t  p e r c e n t - e r r o r  i n  c o n c e n t r a t i o n  e s t i -  

mates.  For low c o n c e n t r a t i o n s ,  t h e  p e r c e n t - e r r o r  g r a d u a l l y  i n c r e a s e s  and 

approaches  i n f i n i t y  as X approaches  z e r o .  The low-concen t ra t ion  e r r o r  

t r e n d  i s  c o n s i s t e n t  w i t h  e r r o r  t r e n d s  of  many o t h e r  t y p e s  of  i n s t r u m e n t s  

such a s  v o l t m e t e r s  and s c a l e s .  With t h e s e  i n s t r u m e n t s ,  c e r t a i n  a b s o l u t e  

e r r o r s  a r e  n e a r l y  c o n s t a n t  th roughout  t h e  e n t i r e  measurement r ange .  Com- 

pared t o  t h e  measured pa ramete r ,  s u c h  a s  v o l t a g e  o r  mass, t h e  a b s o l u t e  e r r o r s  

become i n c r e a s i n g l y  dominant a s  t h e  measured parameter  approaches  z e r o .  

S tandard  e r r o r  of e s t i m a t e  f o r  h i g h  c o u n t s  

Tab le  A-1 shows, f o r  each m a t e r i a l  t e s t e d ,  t h e  r e g r e s s i o n  e q u a t i o n  

f o r  c o n c e n t r a t i o n  on coun t  and t h e  s t a n d a r d  e r r o r  o f  e s t i m a t e ,  S  . A l l  e  
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m a t e r i a l s  l i s t e d  on t h e  t a b l e  a r e  sed iments  excep t  f o r  t h e  l ~ a s t  e n t r y  

which i s  sodium c h l o r i d e .  

For t h e  high-count r a n g e ,  each  S  was computed from a  modi f i ed  form 
e  

of t h e  equa t ion  f o r  S  g iven  under  "Symbols and D e f i n i t i o n s . "  The modi- 
e  

f i c a t i o n  c o n s i s t s  of s u b s t i t u t i n g  X '  f o r  X and Y' f o r  Y.  Each S  computed 
e  

from X' and Y '  v a l u e s  i s  shown i n  p a r e n t h e s i s  on t a b l r  A - 1 .  For t h e  mono- 

d i s p e r s e  sed iments  ( r e s u l t s  shown on t h e  f i r s t  page of tab1.e A-I), S  t e n d s  
e 

t o  i n c r e a s e  w i t h  an  i n c r e a s e  i n  p a r t i c l e  d iamete r .  A n o t a b l e  e x c e p t i o n  t o  

t h e  t r e n d  is t h e  J o r d a n  sand i n  t h e  710- 833-micrometer p a r t i c l e  d i a m e t e r  

r ange .  The mean S  f o r  t h e  t h r e e  l a r g e s t  p a r t i c l e  s i z e  f r a c t i o n s  is 
e  

0.049400. T h i s  S  which i s  i n  l o g  u n i t s ,  is  equival .ent  t o  an  e r r o r  of  
e '  

abou t  -. + 1 2  p e r c e n t .  T h i s  e r r o r  a p p l i e s  throughout  t h e  sediment concen t ra -  

t i o n  r a n g e  from abou t  500 ppm t o  a t  l e a s t  t h e  upper t e s t  l i m i t ,  which was 

abou t  50,000 ppin. 

For t h e  t h r e e  s m a l l e s t  p a r t i c l e  s i z e  f r a c t i o n s  of Jo rdan  s a n d ,  t h e  

mean S  was 0.01.0077 l o g  u n i t s ,  which cor responds  t o  a  c o n c e n t r a t i o n  e r r o r  
e  

of abou t  - + 3  p e r c e n t .  Th i s  e r r o r  a p p l i e s  from 500 ppm t o  a t  l e a s t  t h e  

upper t e s t  l i m i t  o f  abou t  30,000 ppm. For t h e  Salmon River  and Caspar  

Creek samples ,  t h e  mean S  was 0.040097 l o g  u n i t s  whi.ch is e q u i v a l e n t  t o  
e 

a n  e r r o r  of  abou t  - + 1 0  p e r c e n t .  

None of  t h e  t e s t e d  sediment  b a t c h e s  were  composed e n t i r e l y  o f  c l a y - s i z e  

p a r t i c l e s  which a r e  s m a l l e r  t h a n  a  few micrometers .  Sodium c h l o r i d e  was 

used t o  c a l i b r a t e  t h e  gage f o r  a  m i x t u r e  c o n t a i n i n g  o n l y  s m a l l  p a r t i c l e s .  

T e s t s  of  a  s p e c i a l  bu lk -dens i ty  measur ing d e v i c e  (Beverage and S k i n n e r ,  

1974) i n d i c a t e d  t h a t  t h e  r e l a t i o n  between mi.xture d e n s i t y  and c o n c e n t r a t i o n  

i s  e s s e n t i a l l y  t h e  same f o r  a n  aqueous  s o l u t i o n  of sodium c h l o r i d e  a s  i t  
3 

i s  f o r  an  aqueous suspens ion  of  sed iment  w i t h  a  d e n s i t y  of  2.65 glcm . 
Because sodium c h l o r i d e  i s  s o l u b l e ,  i t  s i m u l a t e s  sediment  p a r t i c l e s  

of molecu la r  s i z e .  The l h s t  row of tab1.e A-1 shows r e s u l t s  of  

t h e  sodium c h l o r i d e  t e s t .  For t h e  s o l u t i o n ,  S  i s  .009725 l o g  u n i t s  which e  
i s  e q u i v a l e n t  t o  a  c o n c e n t r a t i o n  e r r o r  of abou t  + 2 . 3  p e r c e n t .  

The r e g r e s s i o n  e q u a t i o n s  shown on t a b l e  A-1 d i f f e r  among t h e  t e s t e d  

m a t e r i a l s .  The magnitude of t h e  d i f f e r e n c e s  i s  d i f f i c u l t  t o  a s s e s s  by 



i n s p e c t i o n  of  t h e  e q u a t i o n s .  A s i n g l e  page-sized p l o t  of  a l l  e r juat ions  

is  a l s o  d i f f i c u l t  t o  i n t e r p r e t  because  many of  t h e  r e g r e s s i o n  l i n e s  a r e  

c l o s e l y  spaced ,  and because  some L i n e s  c r o s s .  To h e l p  t h e  r e a d e r  v i s u -  

a1.ize t h e  g e n e r a l  c o u n t - c o n c e n t r a t i o n  re :Lat ion and t h e  magnitude o f  t h e  

d i f f e r e n c e s ,  ( f i g u r e  A-8) was p r e p a r e d .  The graph was formed by f i r s t  

p l o t t i n g  each o f  t h e  11 r e g r e s s i o n  e q u a t i o n s  f o r  t h e  high-count r ange  

and then shad ing  t h e  envelope which i s  t h e  s m a l l e s t  a r e a  t h a t  i n c l u d e s  

a l l  r e g r e s s i o n  l i n e s .  

Each val.ue of S  and S shown on t a b l e  A - l  i s  a  s t a t i s t i c  of concen- 
e  P  

t r a t i o n  ineasureinent e r r o r s  which, on d e t a i l e d  p l o t s  ( n o t  shown), appear  

t o  b e  randomly d i s t r i b u t e d  abou t  t h e i r  co r respond ing  r e g r e s s i o n  l i n e .  I f  

t h e  c o n c e n t r a t i o n  i n  t h e  U-tube is s t e a d y ,  t h e  c o n c e n t r a t i o n  measurement 

e r r o r  can  b e  reduced by a v e r a g i n g  many c o n c e n t r a t i o n s ,  each computed 

from a  d i f f e r e n t  o b s e r v a t i o n  of  c u m u l a t i v e  coun t .  The p e r c e n t - e r r o r s  

c i t e d  e a r l . i e r  i n  t h i s  s e c t i o n  were  d e r i v e d  from d a t a  on t a b l e  A-1. These  

d a t a  were  computed from observed-count  and measured-concentra t ion d a t a  

p o i n t s  1.i.sted i n  t h e  Appendix. Each count  r ecorded  i n  t h e  Appendix was 

coniputed from e i t h e r  a s i n g l e - c u m u l a t i v e  count  o r  t h e  a v e r a g e  of two and 

sometimes t h r e e  cumula t ive  c o u n t s  t aken  s u c c e s s i v e l y  w h i l e  t h e  concen t ra -  

t i o n  was mainta ined a s  s t e a d y  a s  p o s s i b l e .  A s i g n i f i c a n t  r e d u c t i o n  i n  

e r r o r  cou1.d be  ach ieved  by c o l l e c t i n g  s i x  o r  more cumula t ive  c o u n t s ,  and 

then  a v e r a g i n g  t h e  computed c o n c e n t r a t i o n s .  A t  a  f i e l d  s i t e  where t h e  

c o n c e n t r a t i o n  changes v e r y  s l o w l y ,  a  moving a v e r a g e  composed of  s i x  

c o n c e n t r a t  i o n  v a l u e s  wi:l.i smooth t h e  f l u c t u a t i o n s  caused by t h e  random 

nieasurement e r r o r s .  S i x  c o n s e c u t i v e  r e a d i n g s  c a n  be  o b t a i n e d  i n  abou t  

1 5  minutes .  

Standard e r r o r  of  e s t i m a t e  Tor Low-counts 

Wi th in  t h e  low-count (low c o n c e n t r a t i o n )  r a n g e ,  Spokane sediment  and 

71.0- 833-micrometer Jo rdan  sand were  s e l c c t e d  t o  t e s t  t h e  r e s p o n s e  t o  

p a r t i c l e s  w i t h  sand.-size d imens ions .  Again, sodium c h l o r i d e  was used t o  

t e s t  t h e  response  t o  p a r t i c l e s  i n  t h e  molecuLar s i z e  range.  R e s u l t s  

o b t a i n e d  w i t h  t h e s e  s u b s t a n c e s  a r e  suminarized on t a b l e  A-1.. Addi t iona l . ly ,  



' igure A-8.--Envelope of r e g r e s s i o n  e q u a t i o n s  f o r  h igh -coun t  
r a n g e .  



a  p o l y d i s p e r s e  m i x t u r e  of  Jo rdan  sand ,  sedi.ment from t h e  Salmon R i v e r ,  

and sediment  from Caspar Creek were  used t o  t e s t  t h e  U-tube r e s p o n s e  t o  

materia1.s  typ ica l .  of  t h o s e  found a t  some f i e l d  s i t e s .  F i g u r e  A-9 shows 

f o r  each of t h e  s i x  m a t e r i a l s  a p l o t  of t h e  r e l a t i o n s h i p  between coun t  

and measured c o n c e n t r a t i o n .  The t r e n d  i n  tab1.e A-1. shows t h a t  S 
e  

d e c r e a s e s  w i t h  a  d e c r e a s e  i n  p a r t i c l e  s i z e .  S  i s  25  ppm f o r  J o r d a n  
e  

sand (710-8331, 1.5 ppm f o r  "Spokane sediment"  and 9  pprn f o r  sodium 

c h l o r i d e .  T h i s  t r e n d  is  c o n s i s t e n t  w i t h  t h a t  i n  t h e  h igh-count  r ange .  

F i g u r e  A-9 shows a  c o n s i d e r a b l e  s c a t t e r  among t h e  d a t a  p o i n t s  f o r  

any p a r t i c u l a r  m a t e r i a l .  Some of t h e  s c a t t e r  i s  p robab l~y  caused by t r u n -  

c a t i o n  o f  t h e  c u m u l a t i v e  coun t .  Counter  B ( f i g u r e  A-3c), which r e g i s t e r s  

cumula t ive  c o u n t ,  t r u n c a t e s  a l l  v a l u e s  t o  t h e  n e a r e s t  i n t e g e r .  T r u n c a t i o n  

e r r o r s  can  be  d e c r e a s e d  by modifying t h e  e l e c t r o n i c s ;  b u t ,  f o r  fie1.d 

a p p l i c a t i o n s ,  t h i s  m o d i f i c a t i o n  would b e  o f  1 i t t I . e  v a l u e  u n l e s s  tempera-. 

t u r e  and d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  can  b e  de te rmined  t o  w i t h i n  

+ 0.005'C and + I pprn, r e s p e c t i v e l y .  Other  s o u r c e s  of  s c a t t e r  a r e  - - 
sampl ing e r r o r s  t h a t  a r e  d i s c u s s e d  i n  t h e  fo1l.owing s e c t i o n .  

To r e l a t e  t h e  sediment  c o n c e n t r a t i o n  t o  c o u n t ,  samples  c o l l e c t e d  a t  

t h e  sampl ing p o i n t  were  ana lyzed  f o r  c o n c e n t r a t i o n .  and then  t h e  r e g r e s s i o n  

of  measured concen t ra t i -on  on coun t  was computed. R e s i d u a l  e r r o r s ,  t h e  

d i - f f e r e n c e  between measured c o n c e n t r a t i o n  and p r e d i c t e d  c o n c e n t r a t i o n  

(computed from t h e  r e g r e s s i o n  e q u a t i o n )  appear  a s  s c a t t e r  on f i g u r e  A-9. 

A component of  t h e  r e s i d u a l  e r r o r s  a r e  produced by e r r o r s  i n  c o n c e n t r a t i o n  

a n a l y s i s .  For low c o n c e n t r a t i o n s ,  weighi.ng e r r o r s  were  e q u i v a l e n t  t o  a  

measured c o n c e n t r a t i o n  e r r o r  of  less than  + 0 . 5  ppm; however, a d d i t i o n a l  

e r r o r s  were in t roduced  by i m p e r f e c t i o n s  i n  o t h e r  c o n c e n t r a t i o n - a n a l y s i s  

s t e p s .  S e p a r a t i n g  sediment  from t h e  sample w a t e r ,  t r a n s f e r r i n g  t h e  

sediment  from one c o n t a i n e r  t o  a n o t h e r ,  and measur ing t h e  t a r e  we igh t  of  

t h e  c o n t a i n e r s  were  o p e r a t i o n s  t h a t  in t roduced  a d d i t i o n a l  e r r o r s .  For 

c o n c e n t r a t i o n s  t h a t  exceeded a  few thousand ppm, a n a l y s i s  e r r o r s  were  

p robab ly  l e s s  than  abou t  -. + 1 p e r c e n t  of t h e  t r u e  c o n c e n t r a t i o n .  For 

c o n c e n t r a t i o n s  l e s s  than  500 ppm, a n a l y s i s  e r r o r s  were p robab ly  l e s s  t h a n  

abou t  5 ppm. 
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sodium c h l o r i d e .  



S t a t i s t i c a l  sampl ing e r r o r s  were ,  f o r  low c o n c e n t r a t i o n s ,  p robab ly  

more s i g n i f i c a n t  than  t h e  a n a l y s i s  e r r o r s .  For low c o n c e n t r a t i o n s  of  

l a r g e  sediment  p a r t i c l e s ,  t h e  number o f  p a r t i c l e s  w i t h i n  t h e  5 - l i t e r  

r e c i r c u l a t i o n  sys tem l i m i t s  t h e  p r o b a b i l i t y  of  a c c u r a t e l y  sampl ing t h e  

sys tem.  The p r o b a b i l i t y  of  c o l l e c t i n g  a  s p e c i f i e d  number of  p a r t i c l e s  

i n  a  sample can b e  c a l c u l a t e d  from t h e  t h e o r y  of  B e r n o u l l i  t r i a l s .  

According t o  t h i s  t h e o r y ,  t h e  p r o b a b i l i t y  of col . le .c t ing k p a r t i c l e s  i n  

a  sample  is:  

where 0 = number of  p a r t i c l e s  i n  t h e  r e c i r c u l a t i o n  system 

lc = number of  p a r t i c l e s  c o l l e c t e d  i n  t h e  sample 

f =  volume of sample 
volume of  1-iquid i n  t h e  r e c i r c u l a t i o n  sys tem 

The l e f t  column of t a b l e  A-2 l is ts  s i x  assumed v a l u e s  f o r  t h e  sed iment  

c o n c e n t r a t i o n  i n  t h e  r e c i r c u l a t i o n  sys tem.  For each  assumed c o n c e n t r a t i o n ,  

t h e  number of p a r t i c l e s  ( 0 )  i n  t h e  sys tem was computed. A l l  p a r t i c l e s  

were  assumed t o  b e  s p h e r e s ,  each w i t h  a  d i a m e t e r  of  800 micrometers  and ?. 
3 

a  d e n s i t y  of 2.65 g/cm . The t o p  row of t a b l e  A-2 shows f o u r  sample 

c o n c e n t r a t i o n  e r r o r  l i m i t s .  I f  a  sample c o n c e n t r a t i o n  i s  t o  d i f f e r  from 

t h e  sys tem c o n c e n t r a t i o n  by a n  amount e q u a l  t o  o r  less than  a  g iven  e r r o r  

l i m i t ,  lc must b e  between two numbers k and k These  two numbers were  
1 2' 

computed f o r  each combinat ion of  sed iment  c o n c e n t r a t i o n  and e r r o r  l i m i t .  

The p r o b a b i l i t y  (P) t h a t  k w i l l  b e  between kl and k was computed a s :  2 

Tab le  A - 2  shows t h e  p r o b a b i l i t y  f o r  each combinat ion.  



T a b l e  A-2.--Theoretical  o c c u r r e n c e  p r o b a b i l i t i e s  of  sampl ing e r r o r s  
f a l l i n g  w i t h i n  a s s i g n e d  l i m i t s .  P r o b a b i l i t i e s  a r e  f o r  a  700-mL 
sample e x t r a c t e d  from a 5 - l i t e r  r e c i r c u l a t i o n  sys tem.  The sediment  
p a r t i c l e s  a r e  assumed t o  be  800-micrometer s p h e r e s  w i t h  a  d e n s i t y  of  
2.65 g/cm3. 

R e c i r c u l a t i o n -  
sys tem 
sediment  
c o n c e n t r a t  ion  
i n  p a r t s  per  
m i l l i o n  

P r o b a b i l i t y  t h a t  sample c o n c e n t r a t i o n  e r r o r  
w i l l  be e q u a l  t o  o r  l e s s  than  e r r o r  l i m i t  

Sample-concentra t ion e r r o r  l i m i t s  i n  p e r c e n t  



For a  sediment  c o n c e n t r a t i o n  o f  1 0  ppm and an e r r o r  l i m i t  of  

+ 1 p e r c e n t ,  a  p r o b a b i l i t y  of  z e r o  was a s s i g n e d  because  t h e  c o n d i t i o n s  - 

r e q u i r e  s u b d i v i s i o n  of  a  p a r t i c l e .  For a  l a r g e  number of p a r t i c l e s ,  a  

B e r n o u l l i  d i s t r i b u t i o n  approaches  a normal d i s t r i b u t i o n  s o  t h e  v a l u e  o f  P 

was approximated by u s i n g  t h e  DeMoivre-Laplace L i m i t  Theorem ( F e l l e r ,  

1957,  p .  68).  

Data i n  tabl.e A-2 show t h a t  f o r  any chosen e r r o r  l i m i t ,  p r o b a b i l i t i e s  

d e c r e a s e  w i t h  a  d e c r e a s e  i n  sys tem c o n c e n t r a t i o n .  I n  t h e  e x p e r i m e n t a l  

tests, t h e  sediment  c o n c e n t r a t i o n  i n  t h e  sample was assumed equal  t o  t h e  

c o n c e n t r a t i o n  i n  t h e  U-tube. Both c o n c e n t r a t i o n s  were  assuiued t o  be  

equal  o r  n e a r l y  e q u a l  t o  t h e  c o n c e n t r a t i o n  i n  t h e  r e c i r c u l a t i o n  sys tem.  

Data i n  t a b l e  A-2 show t h a t  a sample c o n c e n t r a t i o n  can  d i f f e r  from t h e  

r e c i r c u l a t i o n - s y s t e m  c o n c e n t r a t i o n ;  by ana logy ,  a  sample c o n c e n t r a t i o n  

may a l s o  d i f f e r  from t h e  U-tube c o n c e n t r a t i o n .  I f  t h e  r e c i r c u l a t i o n  

sys tem c o n c e n t r a t i o n  i s  100 ppm, a samp1.e c o n c e n t r a t i o n  w i l l  b e  a c c u r a t e  

t o  w i t h i n  - + 5 p e r c e n t  w i t h  a  0.44 p r o b a b i l i t y .  I f  t h e  sys tem concen t ra -  

t i o n  is 1 0  ppm, a l l  computed p r o b a b i l i t i e s  a r e  v e r y  s m a l l ;  c o n s e q u e n t l y ,  

t h e  sampl ing e r r o r  w i l l  a lmos t  c e r t a i n l y  exceed + 7 . 5  p e r c e n t .  

I f  any p r o b a b i l i t y  i n  t a b l e  A-2 is  recomputed f o r  a  s m a l l e r  p a r t i c l e  

d i a m e t e r ,  t h e  recomputed v a l u e  w i l l  b e  g r e a t e r  than  t h a t  shown i n  t h e  t a b l e .  

For 62-micrometer p a r t i c l e s ,  a l l  p r o b a b i l i t i e s  a r e  o n l y  s l i g h t l y  l e s s  than  

one.  The s m a l l e s t  p r o b a b i l i t y  is  0.88 f o r  a  sys tem c o n c e n t r a t i o n  of  

L O  ppm and an e r r o r  l i m i t  o f  - + 1 p e r c e n t .  For a  p a r t i c u l a r  r e c i r c u l a t i o n -  

sys tem c o n c e n t r a t i o n ,  a  s u s p e n s i o n  o f  s m a l l  p a r t i c l e s  can  be  sampled more 

a c c u r a t e l y  than a  suspens ion  of  l a r g e  p a r t i c l e s .  The sampl.i.ng e r r o r  

d e c r e a s e s  w i t h  a  d e c r e a s e  i n  p a r t i c l e  d i a m e t e r  and t h e  t r e n d  i s  c o n s i s t e n t  

w i t h  t h e  t r e n d  shown on f i g u r e  A-9. P a r t i c l e s  of  Spokane sed iment  a r e  

smal:Ler than  t h o s e  of  t h e  710- 833-micrometer Jo rdan  sand .  The f i g u r e  

shows t h a t  w i t h i n  t h e  Spokane sed iment  d a t a ,  t h e  s c a t t e r  i s  l e s s  t h a n  t h e  

s c a t t e r  w i t h i n  t h e  Jo rdan  sand d a t a .  Sodium c h l o r i d e  i o n s  have t h e  

s m a l l e s t  p a r t i c l e  d i a m e t e r .  The s c a t t e r  w i t h i n  t h i s  d a t a  group i s  l e s s  

than  t h a t  w i t h i n  any o t h e r  d a t a  group.  
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Equation 5 i n d i c a t e s  t h e  p e r i o d  ( o r  coun t )  w i l l  b e  s e n s i t i v e  t o  

sediment  c o n c e n t r a t i o n  b u t  w i l l  n o t  be  s e n s i t i v e  t o  sediment  p a r t i c l e  

s i z e ;  however, t h e  equa t ion  i s  approx imate  and d o e s  n o t  i n c l u d e  t h e  

e f f e c t  of  s l i . p  between t h e  f l u i d  and t h e  p a r t i c l e s .  The ins t rument  

r e sponds  t o  t h e  s p a t i a l  c o n c e n t r a t i o n  of  sediment  w i t h i n  t h e  t u b e ;  b u t  

t h e  s p a t i a l  c o n c e n t r a t i o n  may d i f f e r  from t h e  discharge-weighted concen- 

t r a t i o n  which was determined from t h e  samples .  The d i f f e r e n c e  is caused 

by s l i p ,  which i s  t h e  d i f f e r e n c e  between ].%quid v e l o c i t y  and p a r t i c l e  

v e l o c i t y .  Both v e l o c i t i e s  d i r e c t e d  p a r a l l e l  t o  t h e  U-tube a x i s .  Gener- 

a l l y ,  t h e  v e l o c i t y  d i f f e r e n c e  i n c r e a s e s  w i t h  an  i n c r e a s e  i n  p a r t i c l e  

d i a m e t e r .  

Another p a r t i c l e - s i z e  e f f e c t  t h a t  may be  s i g n i f i c a n t  is t h e  uns teady  

motion caused by t h e  v i b r a t i o n  of  t h e  t u b e .  T h i s  v i b r a t i o n ,  which is 

t r a n s v e r s e  t o  t h e  a x i s  of  t h e  t u b e ,  c a u s e s  t h e  body of l i q u i d  t o  o s c i l l a t e  

a t  a n  ampl i tude  d i f f e r e n t  from t h a t  of  t h e  p a r t i c l e s .  The d i f f e r e n c e  i n  

ampl.itude w i l l  i n c r e a s e  w i t h  a n  i n c r e a s e  i n  p a r t i c l e  s i z e .  l J i l l i s  and 

Kennedy (1977, p .  60) mentioned t h i s  phenomenon which is caused by p a r t i c l e -  

f l u i d  s l i p  measured t r a n s v e r s e  t o  t u b e  a x i s .  They s t a t e ,  " In  t h e o r y ,  t h e  

o u t p u t  of t h e  d e n s i t y  c e l l  should  b e  dependent on sediment  p a r t i c l e  s i z e .  

Heav ie r  p a r t i c l e s  should  l a g  t h e  f l u i d  mass i n  r e s p o n s e  t o  t h e  v i b r a t i o n s  

s i n c e  t h e y  a r e  coupled t o  t h e  t u b e  by on ly  d r a g  f o r c e s  o r  irnpacts on t h e  

s i d e s  of t h e  t u b e .  Suspens ions  o f  f i n e r  p a r t i c l e s  should  behave more 

n e a r l y  l i k e  a homogeneous f l u i d . "  An a d d i t i o n a l  e f f e c t  probably  o c c u r s  a t  

t h e  curved end of t h e  t u b e  where p a r t i c l e s  s e p a r a t e  from t h e  s t r e a m l i n e s  

of  t h e  f l u i d .  

To de te rmine  t h e  p a r t i c l e - s i z e  e f f e c t s  f o r  t h e  h igh  coun t  r a n g e ,  t h e  

predi .cted c o n c e n t r a t i o n  (based on d i scharge-weigh ted  samples)  and t h e  

a s s o c i a t e d  p r e d i c t i o n  e r r o r  were  c a l c u l a t e d  f o r  each t e s t e d  sediment  a t  

c o u n t s  of  100 ,  1000,  and 10 ,000 .  F i g u r e  A-10 shows a  p l o t  o f  t h e  r e s u l t s .  

Eac:h con~puted c o n c e n t r a t i o n ,  Y ,  is p l o t t e d  a s  a  b a r  w i t h  t h e  midpoi-nt s i t u -  

a t e d  o p p o s i t e  t h e  c o n c e n t r a t i o n  a s  c a l c u l a t e d  from t h e  a p p r o p r i a t e  r e g r e s -  

s i o n  e q u a t i o n  ( t a b l e  A-1) . The l e n g t h  of each b a r  is  25 and i n d i c a t e s  
P  
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t h e  magnitude of  t h e  p red i . c t ion  e r r o r .  A t  X = 1 , 0 0 0 ,  where most p red ic -  

t i o n  e r r o r s  a r e  s m a l l e s t ,  c e r t a i n  t r e n d s  a r e  e v i d e n t .  The monodisperse  

sed iments  show a  d e c r e a s e  i n  Y w i t h  a  d e c r c a s e  i n  p a r t i c l e  s i z e .  For t h e  

p o l y d i s p e r s e  sed iments ,  t h e  p r e d i c t e d  Y f a l l s  between t h e  v a l u e s  f o r  t h e  

c o a r s e s t  sand and t h e  f i n e s t  sand .  The Y v a l u e s  f o r  t h e  two f i n e s t  s a n d s  

(code 5 and 6) and t h e  sodium c h l o r i d e  (code 11)  a r e  n e a r l y  i d e n t i c a l .  

Although ' l e s s  w e l l  d e f i n e d ,  similar t r e n d s  a r e  e v i d e n t  i n  t h e  b a r  g raphs  

p l o t t e d  f o r  c o u n t s  of 1 0 0  and 1.0,000. F i g u r e  A-11 i s  p l o t t e d  f o r  

X = 1 ,000 ,  and shows d a t a  f o r  t h e  sodium ch l .o r ide  and on ly  t h e  monodisperse  

sed iments .  Although t h e  d a t a  a r e  s c a t t e r e d ,  t h e  p o i n t s  and t h e  l e a s t - s q u a r e s  

e q u a t i o n  i n d i c a t e  t h a t  p r e d i c t e d  c o n c e n t r a t i o n  i n c r e a s e s  w i t h  an  i n c r e a s e  

i n  p a r t i c l e  d iamete r .  

Comparison - of t h e  s t a n d a r d  e r r o r  of  e s t i m a t e  

w i t h  t h e  s t a n d a r d  - e r r o r  of p r e d i c t i o n  -- 

Table  A - l  t a b u l a t e s  t h e  s t a n d a r d  e r r o r  of p r e d i c t i o n ,  f o r  each 

m a t e r i a l  t e s t e d  and f o r  each of s e v e r a l  X v a l u e s .  For any mate r i a l . ,  S 
P  

i s  l a r g e r  than  S because  of t h e  f i n i t e  number of p a i r e d  v a l u e s  and t h e  
e  

f i n i t e  t e s t e d - r a n g e  of  c o n c e n t r a t i o n s .  For a  s p e c i f i c  f i e l d  a p p l i c a t i o n ,  

S c a n  be  reduced by c a l i b r a t i n g  t h e  ins t rument  a s  o f t e n  a s  p o s s i b l e  and 
P 

by performing each c a l i b r a t i o n  through a  c o n c e n t r a t i o n  r a n g e  t h a t  is a s  

wide a s  p o s s i b l e .  With e x t e n s i v e  f i e l d  c a l i b r a t i o n ,  S w i l l  approach b u t  
P 

w i l l  never  b e  l e s s  t h a n  S . S is e s t a b l i s h e d  by t h e  random v a r i a t i o n s  
e  e  

w i t h i n  t h e  i n s t r u m e n t  i t s e l f .  

T r a n s i e n t  r e s p o n s e  t o  t h e  t empera tu re  of w a t e r  

The i n s t r u m e n t ' s  r e s p o n s e  t o  a  sudden,  o r  "s tep-change,"  d e c r e a s e  i n  

wa te r  t e m p e r a t u r e  was measured.  The t empera tu re  o f  t h e  c e l l  and wa te r  

were s t a b i l i z e d  a t  29.2-C. A f t e r  t h e  cumula t ive  coun t  s t a b i l - i z e d ,  t h e  

h e a t  exchanger i n  t h e  r e c i r c u l a t i o n  sys tem and a n  a d d i t i o n a l  h e a t  exchanger 

i n  t h e  U-tube supp ly  l i n e  were  ac . t iva ted  t o  r a p i d l y  c o o l  and t h e n  s t a b i l . i z e  

t h e  l i q u i d  t empera tu re  a t  20.8'C. The c o o l i n g  p r o c e s s  r e q u i r e d  abou t  I minute .  
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F i g u r e  A-11.--Re.Lation be tween p a r t i c l e  d i a m e t e r  and p r e d i c t e d  
c o n c e i l t r a t i o n  f o r  a  c o u n t  of 1000.  Numbers i n  p a r e n t h e s i s  
i n d i c a t e  r a n g e  o f  p a r t  ic1.e d i a m e t e r s  i n  m i c r o m e t e r s .  



Cumulative c o u n t s  were c o l l e c t e d  s u c c e s s i v e l y  d u r i n g  the. c o o l i n g  p r o c e s s  

and d u r i n g  a  l o n g  per iod a f t e r  t h e  t e m p e r a t u r e  s t a b i l i z e d .  A p l o t  showed 

t h a t  cumula t ive  c o u n t s  i n c r e a s e d  a f t e r  t h e  c o o l i n g  p r o c e s s  s t a r t e d .  The 

r a t e  o f  i n c r e a s e  slowed and a f t e r  a b o u t  9 minu tes  t h e  cumula t ive  coun t  

s t a b i l - i z e d  a t  a new and h i g h e r  v a l u e .  

The r e s p o n s e  t o  a  step-change i n c r e a s e  was measured by a  p rocedure  

simi:Lar t o  t h a t  used i n  t h e  s tep-change d e c r e a s e  t e s t .  The wa te r  and c e l l  

t empera tu re  were  s t a b i l i z e d  a t  16'C, t h e n  a n  e l e c t r i c  h e a t e r  was a c t i v a t e d  

t o  warm t h e  wa te r  r a p i d l y  t o  2Z°C.  The warming p r o c e s s  r e q u i r e d  abou t  

1% minutes .  A p l o t  showed t h a t  a f t e r  warming s t a r t e d ,  t h e  cumulat:i.ve 

count  dec reased  f o r  abou t  7 minu tes .  A f t e r  7 minutes  t h e  cumula t ive  

c o u n t s  were  s t a b l e .  

To measure t h e  response  t ime  o f  t h e  gage under i d e a l  t e s t  c o n d i t i o n s ,  

t h e  s t e p  change must occur  d u r i n g  a n  i n t e r v a l  t h a t  i s  s h o r t  compared t o  

t h e  i n t e r v a l  r e q u i r e d  f o r  t h e  v i b r a t i o n a l  p e r i o d  t o  s t a b i l . i z e .  Also ,  t h e  

v i b r a t i o n a l  p e r i o d  must be recorded  c o n t i n u o u s l y  s o  t h a t  t h e  e x a c t  moment 

of s t a b i l i z a t i o n  can  be determined.  I n  t h e  exper iment ,  b o t h  r e q u i r e m e n t s  

were  compromised. The l a r g e  volume of  wa te r  i n  t h e  r e c i r c u l a t i o n  sys tem 

and t h e  l i m i t e d  c a p a c i t y  of t h e  h e a t  exchangers  l eng thened  t h e  s tep-change 

in te rva l . .  Also ,  because  of  t h e  l o n g  a c t i v e  t i m e  f o r  t h e  e l e c t r o n i c  

c o u n t e r s ,  cumula t ive  count  was d i s p l a y e d  a t  2%-minute i n t e r v a l s .  Because 

o f  t h e s e  compromises, t h e  t r u e  r e s p o n s e  t ime  is es t ima ted  t o  b e  abou t  

9 minutes  - + 1 minute .  

T r a n s i e n t  r e s p o n s e  t o  t h e  c o ~ l c f n t r a t i o n  

of suspended sed iment  

I n  a  r i v e r ,  t u r b u l e n t  e d d i e s  t h a t  b u r s t  a g a i n s t  t h e  bed w i l l  l a u n c h  

sediment i n t o  suspens ion .  Some of  t h e  sediment  w i l l  d i s p e r s e  i n  t h e  f low 

and some, under t h e  i n f l u e n c e  of g r a v i t y ,  w i l l  r e t u r n  t o  t h e  bed. A t  any 

p o i n t  i n  t h e  f low,  t h e  sediment c o n c e n t r a t i o n  w i l l  be uns teady ,  s o  w a t e r  

pumped t o  t h e  U-tube wi.l:l. c o n t a i n  f l u c t u a t i n g  amounts of suspended 

sed iment .  



Two t e s t s  were performed t o  measure t h e  gage r e s p o n s e  t o  u n s t e a d i n e s s  

i n  sediment  c o n c e n t r a t i o n .  To de te rmine  p a r t i c l e - s i z e  e f f e c t s ,  one  t e s t  

( t a b l e  A-3) was r u n  w i t h  Jo rdan  sand (297- 350-micrometer s i z e  r a n g e ) ,  a  

moderate ly  c o a r s e  m a t e r i a l ,  and t h e  o t h e r  t e s t  ( t a b l e  A l l )  was r u n  w i t h  

Spokane sed iment ,  a  f i n e  m a t e r i a l .  Each t e s t  c o n s i s t e d  of  exposing t h e  

U-tube t o  t h r e e  d i f f e r e n t  temporal  p a t t e r n s  of  f l u c t u a t i n g  sediment  concen- 

t r a t i o n .  Each p a t t e r n ,  termed a  s u b t e s t ,  was completed d u r i n g  one coun t  

i n t e r v a l  o f  155 seconds .  Within  a  t e s t ,  t h e  p a t t e r n  v a r i e d  among t h e  

t h r e e  s u b t e s t s .  Among as.% s i x  s u b t e s t s ,  t h e  same q u a n t i t y  of  sediment  was 

d i scharged  th rough  t h e  U-tube. Arnong a l l  s i x  s u b t e s t s ,  t h e  pumping r a t e  

was s t a b l c ,  s o  t h e  same q u a n t i t y  o f  wa te r  was di .scharged through t h e  

U-tube. 

C e r t a i n  p rocedures  were t h e  same among a l l .  s u b t e s t s .  Water from a  

c o n t a i n e r ,  termed t h e  s o u r c e ,  was pumped th rough  t h e  U-tube. The d i s c h a r g e  

was c o l l e c t e d  i n  a n o t h e r  c o n t a i n e r ,  termed t h e  s i n k .  P r i o r  t o  a  s u b t e s t  

t h e  s o u r c e  was f i l l e d  w i t h  c l e a n  t a p  w a t e r ,  t h e n  t h e  wa te r  was pumped 

through t h e  U-tube f o r  abou t  20 mi.nutes t o  a l l o w  t h e  wa te r  t empera tu re  

and c e l l  t e m p e r a t u r e  t o  s t a b i l i z e  a t  23'C. S e v e r a l  cumula t ive  c o u n t s  were  

taken f o r  t h e  c l e a n  w a t e r .  During a l l  s u b t e s t s  t h e  pumping r a t e  was 1nai.n- 

t a i n e d  a t  50 d / s .  

For s u b t e s t  1, ( t a b l e  A-3) t h e  e l e c t r o n i c  c o u n t e r  was s t a r t e d  t h e n  

75 s e c o ~ r d s  l a t e r  20 grams of p rewet ted  J o r d a n  sand were i n j  e c t c d  i n t o  t h e  

d e a e r a t i o n  chamber. To s i m u l a t e  a n  a b r u p t  c o n c e n t r a t i o n  change,  a l l  t h e  

sand was i n j e c t e d  d u r i n g  a  p e r i o d  of  o n l y  1.0 seconds .  On t a b l e  A-3 t h e  

i n j e c t i o n  t ime  of  112 i n d i c a t e s  t h e  sediment  was i n j e c t e d  when t h e  cumu- 

L a t i v e  count  i n t e r v a l  was h a l f  complete .  A t  t h e  end of t h e  i n t e r v a l ,  t h e  

cumula t ive  coun t  was recorded  on t a b l e  8-3 i n  t h e  col.umn l a b e l e d  "cumulat ive  

count  f o r  suspens ion .  " 
For s u b t e s t  2, t h e  r e c i r c u l . a t i o n  sys tem was c l e a n e d  and f i l l . e d  w i t h  

f r e s h  t a p  w a t e r .  Water t e m p e r a t u r e  and c e l l  t e m p e r a t u r e  were  a g a i n  

s t a b i l i z e d ,  t h e n  cumulat ive-counts  were  c o l l e c t e d  f o r  t h e  c l e a r  w a t e r .  

The e l e c t r o n i c  c o u n t e r  was s t a r t e d ;  t h e n  50 seconds  l a t e r ,  when t h e  coun t  

i n t e r v a l  was approx imate ly  1 1 3  c.omplete, 1 0  grams of p r e r ~ e t t e d  J o r d a n  sand 



T a b l e  A-3.--Response t o  uns teady  c o n c e n t r a t i o n s  of  J o r d a n  sand .  

L i q u i d  t e m p e r a t u r e  23'C 
Pump r a t e  50 mL/s 

Nominal c o u n t  i n t e r v a l  155 s 
Computed discharge-weighted c o n c e n t r a t i o n  
f o r  155-s coun t  i n t e r v a l  =2,574 ppm ( I ) .  

Tes t  m a t e r i a l  - J o r d a n  sand,  297-350 micrometers  

Cumula- Dry mass 
t i v e  count  of m a t e r i a l  I n j e c t i o n  t ime,  Cumula- 
f o r  c l e a r  i n j e c t e d ,  f r a c t i o n  of  coun t  f o r  Count 

w a t e r  gram coun t  i n t e r v a l  s u s p e n s i o n  

S u b t e s t  1 

1985241 20 1. / 2  1985765 524 

S u b t e s t  2  

113  
213 

S u b t e s t  3  

a  x 1 0  
6  

( 1 )  Discharge-weighted c o n c e n t r a t i o n  i n  ppm =2,574 = a f b c  ' 

a  = 20 g  = mass of sediment  d i s c h a r g e d  through U-tube, i n  grams. 

b  = 1 5 5  = nominal coun t  i n t e r v a l  i n  seconds .  

c  = 50 = pump r a t e  i n  g / s .  



Table  A-4.--Response t o  uns teady  c o n c e n t r a t i o n s  o f  a  c l a y - s i l t  m i x t u r e .  

L i q u i d  t e m p e r a t u r e  23'C 
Pump r a t e  50 mL/s 

Nominal coun t  i n t e r v a l  2 .5  m 
Computed discharge-weighted c o n c e n t r a t i o n  
f o r  155-s coun t  i n t e r v a l  = 2,574 ppm ( I ) .  

Tes t  m a t e r i a l  - Spokane, Washington sediment 

-- 

Cumula- Dry mass 
t i v e  count  of m a t e r i a l  I n j e c t i o n  t ime ,  Cumula- 
f o r  c l e a r  i n j e c t e d ,  f r a c t i o n  of count  f o r  Count 

w a t e r  gram c o u n t  i n t e r v a l  suspens ion  

S u b t e s t  1 

1985256 2 0  112 19855505 249 

S u b t e s t  2  

113  
213 

S u b t e s t  3  

5  115 
5  215 
5  315 
5  415 1985499 24 5 

a  x 1 0  
6 

(1.) Discharge-weighted c o n c e n t r a t i o n  i n  ppm = 2,574 = ---- 
a + b c  ' 

a  = 20 g  = mass of  sed iment  d i s c h a r g e d  through U-tube, i n  grams. 

b = 155 = nominal coun t  i n t e r v a l  i n  seconds .  

c  = 50 = pump r a t e  i n  g l s .  



were i n j e c t e d  i n t o  t h e  d e a e r a t i o n  chamber. About 50 seconds  l a t e r ,  when 

t h e  coun t  i n t e r v a l  was 213 complete ,  a n  a d d i t i o n a l  1 0  grams of  prewet ted  

sand were i n j e c t e d .  A t  t h e  comple t ion  o f  t h e  cumul.ative coun t  i n t e r v a l ,  

t h e  cumula t ive  coun t  was r e c o r d e d .  S u b t e s t  3 was conducted i n  t h e  samt: 

manner a s  s u b t e s t  1 and s u b t e s t  2 ,  excep t  t h a t  f o u r  i n j e c t i o n s  ( 5  grams 

each) were made a t  e q u a l l y  spaced t ime  i n t e r v a l s .  

Among s u b t e s t s  1, 2 ,  and 3, e q u a l  q u a n t i t i e s  of wa te r  and e q u a l  quan- 

t i t i es  o f  sediment  passed th rough  t h e  U-tube; consequen t ly ,  t h e  d i s c h a r g e -  

weighted sediment  c o n c e n t r a t i o n  among al.1 s u b t e s t s  was e q u a l .  The o n l y  

d i f f e r e n c e  between s u b t e s t s  1, 2 ,  and 3 was t h e  degree  of u n s t e a d i n e s s  i n  

sediment c o n c e n t r a t i o n .  S u b t e s t  1 r e p r e s e n t e d  t h e  g r e a t e s t  u n s t e a d i n e s s ,  

and s u b t e s t  2 and s u b t e s t  3 r e p r e s e n t e d  p r o g r e s s i v e l y  l e s s e r  d e g r e e s  of  

u n s t e a d i n e s s .  The t r e n d  r e p r e s e n t s  a n  a s y m p t o t i c  approach t o  s t e a d y  con- 

c e n t r a t i o n s .  Tab le  A-3 shows t h a t  f o r  Jo rdan  sand ,  t h e  count  p r o g r e s s i v e l y  

dec reased  a s  t h e  d e g r e e  of  u n s t e a d i n e s s  d e c r e a s e d .  

Except f o r  a  d i f f e r e n t  sed iment ,  t h e  second t e s t  ( t a b l e  A-4) was 

conducted i n  t h e  same manner a s  t h e  f i r s t  t e s t .  T a b l e  A-4 shows t h a t  f o r  

Spokane. sed iment ,  t h e  count  dec reased  a s  u n s t e a d i n e s s  d e c r e a s e d ;  b u t ,  

compared t o  t h e  Jo rdan  sand t e s t s ,  t h e  d e c r e a s e  was s m a l l .  Obviously 

p a r t i c l e  s i z e  a f f e c t s  t h e  r e s p o n s e .  The e f f e c t  i s  probably  r e l a t e d  t o  

t h e  r e s i d e n c e  t i n e  of t h e  sediment  w i t h i n  t h e  U-tube. The f i n e  sediment  

from Spokane, iJashington was r e a d i l y  t r a n s p o r t e d  i n  suspens ion ,  b u t  t h e  

c o a r s e  J o r d a n  sand probab1.y migra ted  t o  t h e  bot tom of t h e  t u b e  and moved 

a t  a  v e l o c i t y  c o n s i d e r a b l y  s lower  than  t h e  w a t e r  v e l o c i t y .  For c o a r s e  

sediment ,  pumping r a t e s  h i g h e r  t h a n  50 mL/s r~i .1. l  minimize t h e  r e s i d e n c e  

t ime.  

T r a n s i e n t  r e s p o n s e  t o  t h e  c o n c e n t r a t i o n  

of dissol .ved s o l i d s  

I n  a  r i v e r ,  a  change i n  w a t e r  d i s c h a r g e  i s  u s u a l l y  accompanied by a  

change i n  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n .  The r a t e  of  t h c  c o n c e n t r a t i o n  

change may b e  compara t ive ly  l a r g e  d u r i n g  t h e  o n s e t  of f low i n  a n  

ephemeral  s t r e a m .  



To t e s t  t h e  response  of  t h e  U-tube t o  an  a b r u p t  change i n  d i s s o l v e d -  

s o l i d s  conc .en t ra t ion ,  t h e  U-tube i n l e t  was connected th rough  a  s h o r t  

s e c t i o n  of  t u b e  t o  one  l e g  of a  "Tee" t u b i n g  c o n n e c t o r .  Another l e g  was 

connected t o  t h e  d i s c h a r g e  p o r t  of  t h e  r e c i r c u l a t i o n  pump, and t h e  

remaining l e g  was connected t o  an  e l e v a t e d  c o n t a i n e r  f i l l e d  w i t h  a  

potass ium c h l o r i d e  (KC1) s o l u t i o n  premixed t o  a  c o n c e n t r a t i o n  o f  21,334 ppm. 

The h i g h  c o n c e n t r a t i o n  produced a  s o l u t i o n  w i t h  a  d e n s i t y  c o n s i d e r a b l y  

h igher  t h a n  t h a t  of t a p  w a t e r .  P inch  clamps were  a r r a n g e d  s o  t h a t  e i t h e r  

c l e a r  t a p  w a t e r  o r  t h e  K C 1  soLut ion  could  b e  r o u t e d  th rough  t h e  U-tube. 

To monitor t h e  U-tube v i b r a t i o n ,  a  s p e c i a l  i n s t r u m e n t  was used t o  measure 

and p r i n t  t h e  t ime  r e q u i r e d  f o r  t h e  U-tube t o  complete  1 0 0  c y c l e s .  The 

ins t rument  o p e r a t e d  c o n t i n u o u s l y  and r e q u i r e d  o n l y  a b o u t  1 second t o  

measure 1 0 0  v i b r a t i o n a l  c y c l e s  and p r i n t  t h e  t ime.  

To s t a r t  t h e  t e s t ,  c l e a r  t a p  wa te r  was pumped th rough  t h e  i n s t r u m e n t  

un t i l .  t h e  t e m p e r a t u r e s  of  t h e  w a t e r ,  c e l l ,  and KC1 s o l u t i o n  were equa l .  

A f t e r  t h e  cumula t ive  count  s t a b i l i z e d ,  t h e  p r i n t e r  was s t a r t e d ,  t h e n  a  

few seconds  l a t e r  t h e  clamps were  swi tched t o  s t o p  t h e  f low of  t a p  w a t e r  

and s t a r t  t h e  f low of K C 1  s o l u t i o n .  F i g u r e  A-12 shows n i n e  p e r i o d  meas- 

urements c o l l e c t e d  p r i o r  t o  t h e  v a l v e  swi tch- t ime,  which was p l o t t e d  a s  

ze ro  on t h e  e lapsed- t ime  s c a l e .  A f t e r  t h e  v a l v e  was swi tched ,  t h e  t h r e e  

subsequent  r e a d i n g s  remained s t e a d y  b u t  t h e  f o u r t h  r e a d i n g  ( p l o t t e d  a t  

8 seconds)  s h i f t e d  t o  a  new v a l u e .  Except f o r  minor v a r i a t i o n s ,  a l l  

remaining p e r i o d  r e a d i n g s  were s t e a d y .  

To measure a c c u r a t e l y  t h e  s y s t e m  r e s p o n s e  t o  a  s t e p  change i n  

d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  and  t h e  a s s o c i a t e d  s t e p  change i n  d e n s i t y ,  

t h e  l i q u i d  change t ime  must be  s h o r t  compared t o  t h e  i n s t r u m e n t  r e s p o n s e  

t ime.  The t o t a l  s t o r a g e  volume between t h e  v a l v e s  and t h e  d i s c h a r g e  end 

of  t h e  U-tube was 150  mL. The measured f low r a t e  of  t h e  K C 1  sol .u t ion was 

4.5.6 mL/s, s o  a b o u t  3 . 3  seconds  were  r e q u i r e d  t o  complete  t h e  l i q u i d  

change. The t ime  i s  approximate  because  of  t h e  manner i n  which t h e  K C 1  

s o l u t i o n  purged t h e  t a p  wa te r  from t h e  U-tube. Most o f  t h e  w a t e r  was 

fo rced  ahead of  t h e  s o l u t i o n  a s  i t  advanced i n t o  t h e  U-tube. The remainder 

of t h e  w a t e r  was e j e c t e d  more s l o w l y  by t u r b u l e n t  mixing a t  t h e  h o r i z o n t a l  



i n t e r f a c e  between t h e  two f l u i d s  and a t  t h e  t u b e  w a l l .  A s  f i g u r e  A-12 

shows, t h e  p e r i o d  r e s t a b i l i z e d  abou t  8 seconds  a f t e r  t h e  v a l v e s  had been 

swi tched .  A f t e r  d e d u c t i n g  3 . 3  seconds  f o r  t h e  replacement  t ime ,  a b o u t  

4 . 7  seconds  were r e q u i r e d  f o r  t h e  ins t rument  t o  r e s t a b i l i z e .  T h i s  

r e s p o n s e  t ime  i s  a  f u n c t i o n  o f  b o t h  t h e  mechanical  and e l e c t r i c . a l  cha rac -  

t e r i s t i c s  of  t h e  U-tube and a l s o  of t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t h e  

custom-made feedback l o o p .  

I n  a  s i m i l a r  t e s t ,  Mahmood and o t h e r s  (1979, p. 44) observed t h a t  

f o r  a  s t e p  i n c r e a s e  i n  NaCl c o n c e n t r a t i o n ,  t h e  i n s t r u m e n t  o u t p u t  completed 

96.13 p e r c e n t  o f  i t s  u l t i m a t e  change i n  37.5  seconds .  T h i s  l o n g e r  r e s p o n s e  

t ime  may have been caused by damping w i t h i n  t h e  e l e c t r i c a l  c o n v e r t e r  which 

Mahmood used w i t h  t h e  c e l l .  

DATA REDUCTION PROCEDURE TO CORRECT 

FOR TEMPEMTURE AND DISSOLVED SOLIDS 

F i g u r e  A-13 i l l u s t r a t e s  t h e  d a t a - r e d u c t i o n  p rocedure  t o  o b t a i n  

suspended-sediment c o n c e n t r a t i o n  by c o r r e c t i n g  t h e  count  f o r  b o t h  wa te r  

t e m p e r a t u r e  and d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n .  

I f  wa te r  t e m p e r a t u r e  i s  s t e a d y  o r  n e a r l y  s t e a d y ,  t e m p e r a t u r e  h y s t e r -  

e s i s  e f f e c t s  w i l l  b e  minimal. The two c u r v e s  on f i g u r e  A-5 can  b e  approx- 

imated a s  a  s i n g l e  c u r v e  s i m i l a r  t o  t h e  one l a b e l e d  " t empera tu re  r e s p o n s e  

c u r v e  f o r  wa te r"  on f i g u r e  A-13a. I f  t h e  m a t e r i a l  i n  t h e  U-tube i s  w a t e r  

mixed w i t h  d i s s o l v e d  s o l i d s ,  t h e  t e m p e r a t u r e  r e s p o n s e  c u r v e  f o r  t h e  mix- 

t u r e  w i l l  be t h e  " t empera tu re - response  c u r v e  f o r  water"  s h i f t e d  up t h e  

coun t  a x i s .  The s h i f t  depends upon t h e  t o t a l  c o n c e n t r a t i o n  of  a l l  sub- 

s t a n c e s  i n  t h e  w a t e r .  I f  sed iment  is added t o  t h e  m i x t u r e ,  t h e  t o t a l  

c o n c e n t r a t i o n  will .  i n c r e a s e .  The new r e s p o n s e  c u r v e  is  shown on t h e  t o p  

of  f i g u r e  A-13a. To minimize  the. e f f e c t s  of d r i f t  caused by d e p o s i t s  

on t h e  U-tube w a l l s ,  coun t  i n s t e a d  of cumulative-count i s  p l o t t e d  on t h e  

v e r t i c a l  a x i s  of  f i g u r e  A-13a. For a  p a r t i c u l a r  mix tu re ,  t h e  coun t  is 

t h e  d i f f e r e n c e  between t h e  cumulat ive-count  f o r  t h e  m i x t u r e  and t h e  

cuniulat ive-count f o r  t h e  w a t e r .  Both cumula t ive  c o u n t s  must b e  measured 

a t  equa l  t empera tu res .  
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TEMPERATURE RESPONSE CURVE FOR 
WATER THAT CONTAINS BOTH 
DlSSOLVED.SOLIDS AND SUSPENDED- 
SEDIMENT. THE CURVE IS FOR A 
PARTICULAR CONCENTRATION 

TEMPERATURE RESPONSE CURVE FOR \. 

TEMPERATURE RESPONSE CURVE FOR WATER c 
THAT CONTAINS ONLY DISSOLVED-SOLIDS. 
THE CURVE IS FOR A PARTICULAR -- . 
CONCENTRATION \ 

WATER 

I 

\ '\ TEMPERATURE 

I \  \ 
REFERENCE TEMPERATURE 20.9'CELSlUS 

F i g u r e  A-13a. --Temperature r e s p o n s e  t o  w a t e r  and 
t o  mi.xtures.  

0 
U 

I 

DISSOLVED-SOLIDS CONCENTRATION, IN PARTS PER MILLION 

F i g u r e  A-13b.--Isothermal r e s p o n s e  t o  d i s s o l v e d  s o l i d s .  

5 2 
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C m 

I? 
n m 
$ 2  
S z 
n 
z I 
W 
h 
U) 

COUNT 
3 
U) 

F i g u r e  A-13c.--Isothermal r e s p o n s e  t o  sed imen t .  

F i g u r e  A-13. --Graphical r e p r e s e n t a t i o n  o f  d a t a - r e d u c t i o n  
p rocedure  t o  c o r r e c t  For t e m p e r a t u r e  and d i s s o l v e d  s o l i d s .  



Suppose t h a t  a  coun t  of  C ( f i g u r e  A-13a) i s  observed a t  a  temper- 
1 

a t u r e  of -T measured r e l a t i v e  t o  a  r e f e r e n c e  t e m p e r a t u r e  of  20.g0C. 
1' 

I f  t h e  m i x t u r e  i s  s lowly  warmed t o  t h e  r e f e r e n c e  t e m p e r a t u r e ,  t h e  count  

c is o b t a i n e d .  The change,  - C 2 ,  i s  e q u a l  t o  C which is  
2 T  

read  from t h e  t empera tu re - response  c u r v e  f o r  w a t e r .  C i s  t h e  sum 
2 

of C which i s  produced by t h e  d i s s o l v e d - s o l i d s ,  and C which i s  
D ' S '  

produced by t h e  sed iment .  I f  f o r  t h e  d i s s o l v e d  s o l i d s ,  b o t h  t h e  concen- 

t r a t i o n  and t h e  chemical. composi t ion a r e  lcnorun, t h e n  a s  shown on f i g u r e  

A-13b, C can  b e  o b t a i n e d  from a  r e g r e s s i o n  o f  coun t  on dissolved-so:Lids 
D 

c o n c e n t r a t i o n .  On f i g u r e  A-13b t h r e e  regress i .on  l i n e s  a r e  shown t o  

emphasize t h e  f a c t  t h a t  t h e  r e g r e s s i o n  depends upon t h e  chemical  composi- 

t i o n  of t h e  d i s s o l v e d  s o l i d s .  A s  shown on f i g u r e  A-:L3c, C can  b e  con- 
s 

v e r t e d  t o  suspended-sediment c o n c e n t r a t i o n  by u s i n g  a  r e g r e s s i o n  of  s e d i -  

ment c o n c e n t r a t i o n  on c o u n t .  Two r e g r e s s i o n  l i n e s  a r e  shown t o  emphasize 

t h a t  t h e  r e g r e s s i o n  w i l l  depend upon bo th  sediment  p a r t i c l e  s i z e  and 

sediment d e n s i t y .  

An a l t e r n a t e  method of  c o r r e c t i n g  f o r  bo th  t e m p e r a t u r e  and d i s s o l v e d  

s o l i d s  is t o  measure pe r iod ica l . ly  t h e  cumula t ive  coun t  t a k e n  on a  r e f e r e n c e  

sample. I d e a l l y ,  t h e  r e f e r e n c e  sample must c o n s i s t  of w a t e r  t h a t  i s  f r e e  

o f  sediment  and t h a t  c o n t a i n s  d i s s o l v e d  s o l i d s  a t  a  c o n c e n t r a t i o n  e q u a l  

t o  t h a t  i n  t h e  r i v e r  w a t e r .  A t  s i t e s  where d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  

i s  s t e a d y  o r  n e a r l y  s t e a d y ,  r e f e r e n c e  samples  can  b e  p repared  from t h e  

r i v e r  w a t e r .  A t h e o r e t i c a l  s t u d y  i n d i c a t e s  t h a t  i n  a  s h a l l o w  16-cni diam- 

e t e r  c o n t a i n e r ,  a  r e f e r e n c e  sample can  b e  a u t o m a t i c a l l y  prepared i n  

3 hours .  The sediment  w i l l  be  removed by s e t t l i n g .  The r e f e r e n c e  samp1.e 

would be  f r e e  of  al.:L p a r t i c l e s  and f l o c s  wi.th f a l l  v e l o c i t i e s  g r e a t  t h a n  

0.00046 cm/s. T h i s  f a l l  v e l o c i t y  cor responds  t o  a  p a r t i c l e  f a l l  d i a m e t e r  

of  abou t  2  micrometers .  A f r e s h  r e f e r e n c e  sample c a n  b e  p repared  e v e r y  

3  hours ,  then  cumula t ive  coun t s  t a k e n  on each r e f e r e n c e  sample  c a n  b e  

merged w i t h  c u m u l a t i v e  c o u n t s  talcen on u n t r e a t e d  r i v e r  w a t e r .  The 

complete  p r o c e s s  would c o n s i s t  of two superi i i~posed c y c l i c a l  o p e r a t i o n s .  

The f i r s t  o p e r a t i o n  would c o n s i s t  of  r e a d i n g  and s t o r i n g  cumula t ive  c o u n t s  

t a k e n  on u n t r e a t e d  r i v e r  wa te r  t h a t  would b e  pumped th rough  t h e  d e n s i t y  



gage.  A " r i v e r - r ~ a t e r "  cumula t ive  coun t  would be r .oLlected every  3 minu tes .  

The second o p e r a t i o n  would c o n s i s t  of  d i v e r t i n g  a  sample o f  u n t r e a t e d  

r i v e r  wa te r  t o  t h e  s e t t l i n g  c o n t a i n e r .  Three  h o u r s  l a t e r ,  t h e  r e f e r e n c e  

sample would be  pumped from t h e  c o n t a i n e r ,  then  c i r c u l a t e d  th rough  t h e  

(1-tube whi le  a  cumula t ive  count  was read  and s t o r e d .  A f t e r  t h e  cumulative.  

coun t  h a s  been s t o r e d ,  t h e  r e f e r e n c e  sample would be purged from t h e  

U-tube. Then a f r e s h  r i v e r - w a t e r  sample would be pumped t o  t h e  s e t t l i n g  

chamber t o  s t a r t  t h e  n e x t  c y c l e .  

A t  conven ien t  t imes  a l l .  s t o r e d  cumula t ive  c o u n t s  would b e  r e t r i e v e d  

and t a b u l a t e d  i n  o r d e r  of  c o l l e c t i o n .  Each cumula t ive  count  would b e  

c l a s s i f i e d  a s  e i t h e r  a  r e f e r e n c e  r e a d i n g  o r  a  r i v e r - w a t e r  r e a d i n g  t h e n ,  

t h e  t a b u l a t i o n  would be  subd iv ided  i n t o  groups .  Each group would c o n s i s t  

of  one  r e f e r e n c e  r e a d i n g  and a l l  r i v e r  wa te r  r e a d i n g s  t h a t  were c o l l e c t e d  

d u r i n g  a n  i n t e r v a l  s t a r t i n g  1% h o u r s  b e f o r e  t h e  r e f e r e n c e  was pumped and 

end ing  1% hours  a f t e r  t h e  r e f e r e n c e  was pumped. Within  each group,  t h e  

coun t  would be  o b t a i n e d  by s u b t r a c t i n g  t h e  r e f e r e n c e  r e a d i n g  from each 

r i v e r  wa te r  r e a d i n g .  Sf w i t h i n  a group b o t h  r i v e r  t e m p e r a t u r e  and 

d i s s o l v e d - s o l i d  c o n c e n t r a t i o n  were  s t e a d y ,  each count  i n  t h e  group could  

be  conver ted  d i r e c t l y  t o  sediment  c o n c e n t r a t i o n .  Conversion would b e  

th rough  t h e  r e g r e s s i o n  r e l a t i o n  d e p i c t e d  on f i g u r e  A-8 o r  th rough  a n  

a p p r o p r i a t e  r e g r e s s i o n  e q u a t i o n  from t a b l e  A-l . 
The reference-sample  method h a s  s e v e r a l  advan tages .  A l l  r e q u i r e d  

d a t a  w i l l  be  genera ted  by t h e  d e n s i t y  c e l l .  Temperature  and c o n d u c t i v i t y  

wi l l .  n o t  b e  r e q u i r e d .  The e f f e c t  of wall. d e p o s i t s  w i l l  b e  i n c l u d e d  i n  

a l l  cumula t ive  c o u n t s ;  c o n s e q u e n t l y ,  each count  w i l l  b e  i n s e n s i t i v e  t o  

t h e s e  d e p o s i t s .  

The method has  c e r t a i n  d i s a d v a n t a g e s .  Both a  s t o r a g e  c o n t a i n e r  and 

s e v e r a l  e l e c t r i c a l l y - o p e r a t e d  v a l v e s  w i l l  b e  r e q u i r e d .  A p r o c e s s - c o n t r o l  

c , i r c u i t  of moderate  complexi ty  w i l l  be  r e q u i r e d .  The sediment  suspended 

i n  t h e  r i v e r  wa te r  must c o n t a i n  o n l y  a  s m a l l  q u a n t i t y  of p a r t i c l e s  smal.ler 

t h a n  2 micrometers .  

Another method o f  compensat ing f o r  d i s s o l v e d  s o l i d s  is  t o  e s t i m a t e  

t h e  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  from w a t e r - c o n d u c t i v i t y  r e a d i n g s .  'This 

method i s  d i s c u s s e d  i n  P a r t  B of t h i s  r e p o r t .  

56 



INSTRUMENT PRECISION 

Four t e s t s  were conducted t o  measure t h e  d e n s i t y - c e l l  p r e c i s i o n  

( v a r i a t i o n  among cumula t ive  c o u n t s )  a s  a f f e c t e d  by c l a y  d e p o s i t e d  on t h e  

U-tube w a l l s .  T e s t s  1, 2 ,  and 3 ( t a b l e  A-5) were  run on d i f f e r e n t  days .  

For a few days  p reced ing  each o f  t h e  f i r s t  t h r e e  t e s t s ,  t h e  U-tube was 

exposed t o  wa te r  t h a t  c o n t a i n e d  c o h e s i v e  c l a y s  and d i s s o l v e d  s o l i d s .  T h i s  

m i x t u r e  formed a  t h i n  d e p o s i t  on  t h e  w a l l s  of  t h e  tube .  P r i o r  t o  each t e s t  

t h e  tube  was f l u s h e d  w i t h  c l e a r  w a t e r ,  b u t  no e f f o r t  was made t o  remove 

t h e  d e p o s i t .  The r e c i r c u l a t i o n  sys tem was d r a i n e d  and then  f i l l e d  w i t h  

d i s t i l l . e d  wa te r .  Plow through t h e  U-tube was r e g u l a t e d  a t  50 mL/s. A s  

t h e  c e l l  approached thermal  e q u i l i b r i u m ,  cumula t ive  coun t s  s lowly  d r i f t e d .  

The wa te r  t e m p e r a t u r e  was s t a b i l i z e d  a t  20.9 - + .05'C. A f t e r  t h e  c e l l  

t e m p e r a t u r e  s t a b i . l i z e d ,  t h e  v a r i a t i o n  among cumula t ive  c o u n t s  became 

e s s e n t i a l l y  random. Each t e s t  c o n s i s t e d  of c o l l e c t i n g  and a n a l y z i n g  a  

s e r i e s  of  cumula t ive  c o u n t s  t o  d e t e r m i n e  t h e  magni tude of  t h e  random v a r i -  

a t i o n .  Tab le  A-5 shows f o r  each t e s t  t h e  s t a n d a r d  d e v i a t i o n  of  c u m u l a t i v e  

c o u n t .  The s m a l l e r  t h e  s t a n d a r d  d e v i a t i o n  t h e  g r e a t e r  t h e  p r e c i s i o n .  

Among t e s t s  1, 2,  and 3 t h e  s t a n d a r d  d e v i a t i o n  d i f f e r e d  b u t  s l i g h t l y .  The 

l a r g e s t  v a l u e  was 1 .72  f o r  test 3. A t  t h e  c o n c l u s i o n  of  t e s t  3 t h e  

d i s t i l l e d - w a t e r  t empera tu re  was lowered t o  14'C, t h e  c e l l  t e m p e r a t u r e  was 

r e s t a b i l i z e d ,  then  a n o t h e r  s e r i e s  of  cumula t ive  coun t s  were  c o l l e c t e d  and 

a n a l y z e d .  Tab le  A-5 ( t e s t  4 )  shows t h e  s t a n d a r d  d e v i a t i o n  was n o t  s i g n i -  

c a n t l y  d i f f e r e n t  from t h o s e  measured a t  20.9"C. 

Wi th in  a t e s t ,  random v a r i a t i o n s  i n  cumula t ive  coun t  were  caused by 

s l i g h t  t empera tu re  changes ,  t h e  l e a s t - c o u n t  r e s o l u t i o n  of  t h e  c o u n t e r ,  

changes  i n  t h e  w a l l  d e p o s i t ,  and unknown changes i n  t h e  c e l l  components. 

F i g u r e  A-5 shows t h a t  a t  room tempera tu re ,  a  lot change i n  w a t e r  temper- 

a t u r e  w i l l  c a u s e  a n  18-un i t  change i n  c u m u l a t i v e  coun t .  Based on t h i s  

r e l a t i o n ,  t h e  + -. 0.05OC v a r i a t i o n  w i t h i n  t h e s e  t e s t s  caused a  + 0 .9 -un i t  

v a r i a t i o n  i n  cumula t ive  c o u n t .  The Least-count r e s o l u t i o n  o f  o n e  u n i t  

caused a  random v a r i a t i o n  of  + 0 . 5 - u n i t s .  The s l i g h t  t e m p e r a t u r e  v a r i -  

a t i o n s  combined w i t h  t h e  l e a s t - c o u n t  reso1.ut ion w i l l  accoun t  f o r  n e a r l y  

a l l  o f  t h e  observed random v a r i a t i o n  i n  cumul.ative count .  During any t e s t ,  

bo th  wal'l. d e p o s i t s  and c e l l  components were  q u i t e  s t a b l e .  



Table  A-5.--Response t o  d e p o s i t s  on U-tube w a l l .  

Tube was n o t  c l e a n e d  between o r  d u r i n g  tests. 
A l l  t e s t s  conducted w i t h  an  a i r  t e m p e r a t u r e  of  abou t  20°C. 
Flow r a t e  th rough  t h e  U-tube - 50 mL/s. 

Cumulative-count s t a t i s t i c s  

Mean 
Cumula- T o t a l  cumula- S tandard  
t i v e  number of t i v e  d e v i a t i o n  

T e s t  d a t e  D i s t i l l e d  coun t  Frequency cumula t ive  coun t  o f  
and wa te r  minus o f  c o u n t s  minus c u m u l a t i v e  

number temp,"C 1 ,985 ,000  o c c u r r e n c e  observed 1 ,985 ,000  coun t  



The mean cumula t ive  count  of t e s t  4 d i f f e r e d  from t h o s e  of  t e s t s  1, 

2, and 3 because  of t h e  d i . f f e rence  i n  wa te r  t empera tu re .  The d i f f e r e n c e s  

among mean cumulat ive  c o u n t s  f o r  t e s t s  1, 2,  and 3 a r e  s t a t i s t i c a l l y  

s i g n i f i c a n t .  The d i f f e r e n c e  between t e s t  2  and t e s t  3 is high1.y s i g n i f i -  

c a n t  and was p robab ly  caused by a  change i n  t h e  mass of  t h e  c l a y  d e p o s i t .  

Th i s  change o c c u r r e d  between t h e  two t e s t s .  

A f t e r  t h e  f o u r t h  test t h e  i n s t r u m e n t  was s u b j e c t e d  t o  a  s p e c k 1  t e s t  

t h a t  was conducted w i t h  t h e  wa te r  and c e l l  t e m p e r a t u r e  a t  20.g°C. For 

about  s i x  h o u r s ,  a  water-sediment m i x t u r e  was pumped th rough  t h e  U-tube. 

Then t h e  r e c i r c u l a t i o n  sys tem was f l u s h e d  and,  more i m p o r t a n t l y ,  t h e  

s t r a i g h t  s e c t i o n  of  each l e g  of t h e  U-tube was scrubbed w i t h  a b o t t l e  

b rush  coa ted  w i t h  a n  a b r a s i v e  c l e a n s e r .  The r e c i r c u l a t i o n  sys tem was 

f i l l e d  w i t h  w a t e r ,  and a  s e r i e s  o f  cumula t ive  c o u n t s  were  c o l l e c t e d  a f t e r  

t h e  t e m p e r a t u r e  s t a b i l i z e d .  The mean cumula t ive  coun t  dec reased  t o  

1,985,220.  Compared t o  t h e  means f o r  t e s t s  1, 2,  and 3 ,  t h e  change was 

h i g h l y  s i g n i f i c a n t  and was caused by removal of t h e  c l a y  d e p o s i t .  During 

t h e  f o l l o w i n g  t e n  weeks, t h e  s p e c i a l  t e s t  was r e p l i c a t e d  many t imes .  

R e s u l t s  of t h e s e  t e s t s  showed a d r a m a t i c  improvement i n  cumulat ive-count  

s t a b i l i t y .  Sudden unexpected changes  i n  cumula t ive  coun t  never  o c c u r r e d  

among t h e  t e s t s .  

To a t t a i n  h i g h  p r e c i s i o n  and long- term s t a b i l i t y ,  t h e  U-tube must 

be c leaned  d a i l y .  More f r e q u e n t  c l e a n i n g  w i l l  b e  n e c e s s a r y  i f  a  w a l l  

d e p o s i t  accumula tes  r a p i d l y .  



RESPONSE TO SEDIMENT DENSITY 

Equat ion 5 i n d i c a t e s  t h e  p e r i o d  i s  s e n s i t i v e  t o  t h e  SC produc t .  For 

n e u t r a l l y  buoyant p a r t i c l e s ,  S  i s  z e r o  ( o r  v e r y  s m a l l ) ;  c o n s e q u e n t l y ,  

t h e s e  p a r t i c l e s  should  a f f e c t  t h e  p e r i o d  o n l y  s l i g h t l y .  To o b t a i n  empir- 

i c a l  conEirmat ion,  a  s u s p e n s i o n  of s t y r e n e  beads w i t h  a  d e n s i t y  o f  
3 

1 . 0 4  g/cm was t e s t e d .  S t y r e n e  was s e l e c t e d  because  i ts  d e n s i t y  i s  much 

lower than  t h e  d e n s i t y  of  J o r d a n  sand and of t h e  o t h e r  n a t u r a l  sed iments  

t e s t e d .  Also,  because  i t  is  a lmos t  n e u t r a l l y  buoyant ,  s t y r e n e  i s  s i m i l a r  

t o  many forms of o r g a n i c  d e t r i t u s  p r e s e n t  i n  r i v e r  w a t e r .  

To measure t h e  gage r e s p o n s e ,  t h e  r e c i r c u l a t i o n  system was f i l l e d  

w i t h  d i s t i l l e d  w a t e r ,  t h e  pump r a t e  and t empera tu re  were s t a b i l i z e d ,  and 

t h e n  a  few cumula t ive  c o u n t s  were  averaged.  When s t y r e n e  was added t o  

t h e  r e c i r c u l a t i o n  sys tem,  t h e  cumula t ive  coun t  i n c r e a s e d  335 u n i t s .  

A n a l y s i s  of  a  sample i n d i c a t e d  t h e  s t y r e n e  c o n c e n t r a t i o n  was 40,800 ppm; 

t h e r e f o r e ,  t h e  gage s e n s i t i v i t y  (change i n  cumula t ive  coun t / change  i n  

c o n c e n t r a t i o n )  was 0.008211 counts/ppm. For  comparison,  f i g u r e  A-8 shows 

t h e  a v e r a g e  s e n s i t i v i t y  t o  t h e  J o r d a n  sand and t o  t h e  o t h e r  n a t u r a l .  

sed iments  i s  much l a r g e r ,  abou t  0 . 1  counts/ppm. 

RESPONSE TO A MAGNETIC SEDIMEN'I 

The U-tube is made of  a s t a i n l e s s - s t e e l  a l l o y  w i t h  a  low magnet ic  

p e r m e a b i l i t y ;  b u t  t h e  c a s e ,  which e n c l o s e s  t h e  U-tube, i s  made of  s t r u c -  

t u r a l  s t e e l  w i t h  a  h i g h  magnetic. p e r m e a b i l i t y .  The s e n s e  c o i l  and d r i v e  

c o i l  c o n t a i n  unknown t y p e s  of  magne t i c  m a t e r i a l s .  

The ins t rument  was t e s t e d  t o  d e t e r m i n e  i f  magnet ic  sed iment  p a r t i c l e s  

a r e  a t t r a c t e d  and r e t a i n e d  by t h e  tube .  T a c o n i t e ,  a  magnet ic  sed iment ,  

was wet-s ieved through a  s c r e e n  w i t h  44-micrometer open ings ;  t h e n  t h e  

p a r t i c l e s  r e t a i n e d  by t h e  s c r e e n  were  emptied i n t o  t h e  r e c i r c u l a t i o n  

sys tem.  Pump r a t e  and wa te r  t e m p e r a t u r e  were  h e l d  s t e a d y  a t  50 mL/s and 

20.9'C r e s p e c t i v e l y .  The p a r t i c l e s  i n c r e a s e d  t h e  cumula t ive  coun t  by 

abou t  140  u n i t s .  A f t e r  t h e  c u m u l a t i v e  coun t  d a t a  had been c o l l e c t e d ,  t h e  



s c r e e n  was p o s i t i o n e d  t o  f i l t e r  t h e  U-tube d i s c h a r g e .  A f t e r  two m i n u t e s  

t h e  s c r e e n  had removed a l l  p a r t i c l e s .  With t h e  wa te r  f r e e  o f  t a c o n i t e  

t h e  cumuZative count  r e t u r n e d  t o  t h e  v a l u e  o r i g i n a l l y  o b t a i n e d  w i t h  

sed iment - f ree  w a t e r .  The t e s t ,  which was r e p e a t e d  s e v e r a l  t i m e s ,  i n d i c a -  

t e d  t h a t  magnetic f o r c e s  were t o o  weak t o  a d v e r s e l y  a f f e c t  ins t rument  

o p e r a t i o n .  F o r c e s  genera ted  by t h e  50-mL/s f low r a t e  were s u f f i c i e n t  t o  

overcome a l l  magnetic f o r c e s  between t h e  p a r t i c l e s  and t h e  magnet ic  

comuonents i n  t h e  c e l l .  

SUMNARY OF RESPONSE CHARACTERISTICS 

The pr imary g o a l  of t h i s  s t u d y  was t o  de te rmine  t h e  response  of  t h e  

gage t o  v a r i o u s  c o n c e n t r a t i o n s  of  sediment .  However, t h e  r e s p o n s e  t o  

s e v e r a l  o t h e r  f a c t o r s  was measured and each r e s p o n s e  i s  summarized i n  

t h i s  s e c t i o n .  

Sediment - A log- log  p l o t  of  sed iment  c o n c e n t r a t i o n  v e r s u s  i n s t r u m e n t  

r e s p o n s e  (coun t )  is  l i n e a r  f o r  c o n c e n t r a t i o n s  t h a t  exceed 500 ppm. The 

l i n e a r  r e l a t i o n  a p p l i e s  f o r  a  wide  r a n g e  of  c o n c e n t r a t i o n s .  The h i g h e s t  

c o n c e n t r a t i o n  t e s t e d  was 97,000 ppm. For sediment  c o n c e n t r a t i o n s  l e s s  

than  500 ppm, a  p l o t  of c o n c e n t r a t i o n  v e r s u s  coun t  is l i n e a r .  The r a t i o  

of  coun t  t o  c o n c e n t r a t i o n  depends  t o  a  minor d e g r e e  upon c o n c e n t r a t i o n ,  

h u t  i s  abou t  1 / 1 0  through t h e  e n t i r e  r ange  from 0  ppm t o  97,000 ppm. I n  

approx imate  t e rms ,  a  coun t  change of  one  u n i t  co r responds  t o  a  sed iment  

c o n c e n t r a t i o n  change of abou t  1 0  ppm. 

When t h e  U-tube is exposed t o  a  s t e a d y  c o n c e n t r a t i o n  o f  sed iment ,  

i n d i v i d u a l  c o u n t s  w i l l  s c a t t e r  abou t  a  mean v a l u e .  The s c a t t e r ,  a s  gaged 

by t h e  s t a n d a r d  e r r o r - o f - e s t i m a t e ,  co r responds  t o  a random e r r o r  o f  a b o u t  

+ 1 2  p e r c e n t  of t h e  c o n c e n t r a t i o n  t h a t  i s  i n d i c a t e d  by t h e  mean c o u n t .  - 
T h i s  random e r r o r  a p p l i e s  when t h e  sediment  i s  c o a r s e  sand.  For f i n e  

sand ,  t h e  e r r o r  i s  about  - + 3 p e r c e n t .  Both e r r o r s  a p p l y  t o  sediment  

c o n c e n t r a t i o n s  i n  t h e  range  from 500 t o  50,000 ppm. For c o n c e n t r a t i o n s  

l e s s  than  500 ppm, t h e  s c a t t e r  i s  n e a r l y  independent  of  sediment  concen- 

t r a t i o n .  The random e r r o r  is a b o u t  2 25 pprn f o r  sand s u s p m s i o n s  and 

+ -. 1 0  ppm t o  .- + 1 5  ppm f o r  c l a y  s u s p e n s i o n s .  



The i n s t r u m e n t  is  s e n s i t i v e  t o  sediment  p a r t i c l e  s i z e .  I n  g e n e r a l ,  

t h e  i n s t r u m e n t  i s  l e s s  s e n s i t i v e  t o  c o a r s e  sand t h a n  t o  f i n e  s a n d ,  s i l t ,  

and c l a y .  I n t e r m e d i a t e  p a r t i c l e  s i z e s  f o l l o w  t h e  t r e n d .  To c r e a t e  t h e  

same coun t  w i t h  c o a r s e  sand a s  w i t h  a  c lay-s i1 . t  mix tu re ,  t h e  sand concen- 

t r a t i o n  must be  about  2.5 p e r c e n t  h i g h e r .  

For equal  d ischarge-weighted c o n c e n t r a t i o n s ,  an  unsteady sed iment  

c o n c e n t r a t i o n  wi l l .  r e g i s t e r  a s  a  count  t h a t  is  l a r g e r  t h a n  t h e  coun t  

r e g i s t e r e d  by a  s t e a d y  c o n c e n t r a t i o n .  The d i f f e r e n c e  between t h e  two 

coun t s  w i l l  d e c r e a s e  w i t h  a  d e c r e a s e  i n  p a r t i c l e  s i z e .  

Water t e m p e r a t u r e  - A l l  t e s t s  were  conducted w i t h o u t  t h e  a u t o m a t i c  temper- . - - - 
a t u r e  compensator t h a t  is s u p p l i e d  w i t h  t h e  ce1.L. For t empera tu res  n e a r  

20°C t h e  change i n  cumula t ive  coun t  i s  p r o p o r t i o n a l  t o  t h e  change i n  

t empera tu re .  A t e m p e r a t u r e  change of  l ° C  c a u s e s  t h e  cumula t ive  coun t  t o  

change 1 6  u n i t s .  T h i s  cumulat ive-count  change is  e q u i v a l e n t  t o  a  sediment  

c o n c e n t r a t i o n  change of 1 6 0  ppm. For t e m p e r a t u r e s  c o l d e r  t h a n  9°C t h e  

ins t rument  r e s p o n d s  i n  a n  e r r a t i c  f a s h i o n .  The problem is b e l i e v e d  t o  b e  

caused by m o i s t u r e  condensing on t h e  o u t s i d e  of  t h e  U-tube. 

Magnetic sed iments  - The i n s t r u m e n t  c o n t a i n s  magnet ic  components, b u t  t h e y  

do n o t  r e a c t  w i t h  magnet ic  sediment  p a r t i c l e s  t o  r e t a r d  o r  i . n t e r f e r e  w i t h  

t h e i r  motion th rough  t h e  U-tube. 

En t ra ined  a i r  - The ins t rument  w i l l  respond t o  a i r  e n t r a i n e d  i n  t h e  wa te r  

t h a t  f l o w s  th rough  t h e  U-tube. The a i r  c a n  b e  n e a r l y  e l i m i n a t e d  by 

p r o p e r l y  d e s i g n i n g  t h e  h 7 d r a u l . i ~  components connected t o  t h e  i n l e t  p o r t  of 

t h e  U-tube. 

E x t e r n a l  v i b r a t i o n  - Floor  v i b r a t i o n  t r a n s m i t t e d  t o  t h e  c e l l  w i l l  p robab ly  

a f f e c t  t h e  r e s p o n s e .  A v i b r a t i o n  i s o l a t o r  composed of  f o u r  s p r i n g s  and a  

s imple  s u p p o r t  frame w i l l  e l i m i n a t e  t h e  p o t e n t i a l  problem. 

Dissolved s o l i d s  - S o l i d s  d i s s o l v e d  i n  t h e  w a t e r  w i l l  b e  r e g i s t e r e d  by 

t h e  i n s t r u m e n t .  The e x a c t  magni tude of  t h e  r e s p o n s e  depends upon t h e  

chemical  compos i t ion .  I n  approx imate  t e rms ,  e q u a l  c o n c e n t r a t i o n s  o f  
3 

d i s s o l v e d  s o l i d s  and suspended s o l i d s  ( d e n s i t y  2.65 g/cm ) w i l l  p roduce  

t h e  same r e s p o n s e .  

Flow r a t e  - Flow r a t e  a f f e c t s  t h e  gage i n  a n  i n d i r e c t  f a s h i o n .  The gage 

responds  p r i m a r i l y  t o  t h e  s p a t i a l  c o n c e n t r a t i o n  of t h e  m i x t u r e  w i t h i n  t h e  



U-tube. The s p a t i a l  c o n c e n t r a t i o n  and t h e  d i s c h a r g e  weighted-concentra-  

t i o n  d i f f e r  when, w i t h i n  t h e  U-tube, t h e  sediment  p a r t i c l e s  and t h e  wa te r  

move a t  d i f f e r e n t  s p e e d s .  When t h e  wa te r  f low r a t e  is low, some p a r t i c l e s  

w i l l  s e t t l e  t o  t h e  bottom of t h e  tube  and move slow.ly o r  i n t e r m i t t e n t l y .  

P a r t i c l e s  t h a t  move i n  t h i s  f a s h i o n  c a u s e  t h e  gage r e a d i n g s  t o  b e  e r r a t i c .  

The minimum rtcomnended wa te r  d i s c h a r g e  is 85 mL/s. The maximum t e s t e d  

d i s c h a r g e  was 113  d / s .  Higher d i s c h a r g e s  may be  b e n e f i c i a l .  

Dens i ty  of p a r t i c u l a t e  m a t t e r  - Both t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  -. 

i n d i c a t e  t h e  i n s t r u m e n t  i s  s e n s i t i v e  t o  t h e  d e n s i t y  of  p a r t i c u l a t e  m a t t e r  

suspended i n  t h e  w a t e r .  Most f l u v i a l  sed iments  have a d e n s i t y  of abou t  
3 

2 .65  g/cm . A t  most sites, v a r i a t i o n s  from t h i s  v a l u e  w i l l  b e  too s m a l l  

t o  cause  s i g n i f i c a n t  e r r o r s .  M a t e r i a l  such a s  o r g a n i c  d e t r i t u s ,  which h a s  

a  d e n s i t y  n e a r l y  e q u a l  t o  t h a t  of w a t e r ,  w i l l  r e g i s t e r  b u t  o n l y  i f  t h e  

c o n c e n t r a t i o n  i s  ex t remely  h i g h .  Dense sed iments ,  such  a s  t a c o n i t e ,  w i l l  

cause  t h e  gage t o  o v e r - r e g i s t e r .  

Tube c l e a n l i n e s s  - - D e p o s i t s  t h a t  a d h e r e  t o  t h e  w a l l s  of  t h e  U-tube w i l l  

n o t  move w i t h  t h e  w a t e r ;  c o n s e q u e n t l y ,  they  w i l l  c a u s e  a  d i f f e r e n c e  

between t h e  s t a t i c  c o n c e n t r a t i o n  and t h e  d ischarge-weighted c o n c e n t r a t i o n .  

Observa t ions  i n d i c a t e  t h e  count  w i l l  i n c r e a s e  a s  t h e  d e p o s i t  accumula tes .  

P e r i o d i c  c l e a n i n g  w i t h  a  t u b e  b r u s h  and mild  a b r a s i v e  is e s s e n t i a l  i n  

o r d e r  t o  minimize g r a d u a l  s h i f t s  i n  t h e  r e a d i n g s .  

CONCLUSIONS 

The v i b r a t i n g  U-tube f l u i d - d e n s i t y  gage,  combined w i t h  t h e  p r e c i s i o n  

feedback and t i m i n g  c i r c u i t ,  r e sponds  t o  a  wide  range  o f  sediment  concen- 

t r a t i o n s .  Clay c o n c e n t r a t i o n s  a s  h i g h  a s  97,000 ppm were  i n c l u d e d  i n  t h e  

t e s t s .  

The p r i n c i p a l  s o u r c e s  of measurement i n t e r f e r e n c e  a r e  wa te r  temper- 

a t u r e ,  s o l i d s  d i s s o l v e d  i n  t h e  w a t e r ,  and d e p o s i t s  t h a t  a d h e r e  t o  t h e  

i n s i d e  w a l l s  of t h e  U-tube. 

The gage i s  s e n s i t i v e  t o  t h e  d e n s i t y  of t h e  sediment  suspended i n  

t h e  w a t e r .  The gage i s  i n s e n s i t i v e  t o  o r g a n i c  d e t r i t u s  and s u b s t a n c e s  

w i t h  a  d e n s i t y  n e a r l y  e q u a l  t o  t h a t  of w a t e r .  



The gage i s  s e n s i t i v e  t o  sediment  p a r t i c l e  s i z e .  The gage is  more 

s e n s i t i v e  t o  c l a y  and s i l t  than  t o  c o a r s e  sand.  

The d i s c h a r g e  through t h e  U-tube should  exceed 85 mL/s t o  minimize 

b o t h  t h e  e f f e c t  of p a r t i c l e  s i z e  on s e n s i t i v i t y  and t h e  random measure- 

ment e r r o r s .  To minimize d r i f t  i n  t h e  gage r e a d i n g ,  t h e  i n s i d e  w a l l s  o f  

t h e  U-tube must b e  c leaned r e g u l a r l y .  

When t h e  sediment  c o n c e n t r a t i o n  exceeds 500 ppm, i n d i v i d u a l  gage 

r e a d i n g s  f l ~ ~ c t u a t e  randomly a b o u t  a mean. The magnitude of  t h e  f l u c t u -  

a t i o n  is  r e l a t e d  t o  b o t h  t h e  sed iment  p a r t i c l e  s i z e  and sediment  concen- 

t r a t i o n .  For monodisperse s u s p e n s i o n s  of c o a r s e  sand,  t h e  s t a n d a r d  

e r r o r - o f - e s t i m a t e  i s  - -t 12 p e r c e n t  of t h e  i n d i c a t e d  c o n c e n t r a t i o n .  The 

i n d i c a t e d  c o n c e n t r a t i o n  is t h e  v a l u e  t h a t  co r responds  t o  t h e  mean r e a d i n g .  

For monodisperse  s u s p e n s i o n s  of f i n e  sand and c l a y ,  t h e  s t a n d a r d  e r r o r - o f -  

e s t i m a t e  i s  abou t  + 3 p e r c e n t  of  t h e  i n d i c a t e d  c o n c e n t r a t i o n .  For poly- 

d i s p e r s e  s u s p e n s i o n s  which a r e  t y p i c a l  of n a t u r a l  s t r e a m s ,  t h e  s t a n d a r d  

e r r o r - o f - e s t i m a t e  i s  l e s s  t h a n  + 1 2  p e r c e n t ,  b u t  g r e a t e r  than  2 3 p e r c e n t .  

For sediment c o n c e n t r a t i o n s  l e s s  t h a n  500 ppm, random f l u c t u a t i o n s  

i n  gage r e a d i n g s  i n c r e a s e  i n  p a r t i c l e - s i z e  b u t  t h e  f l u c t u a t i o n s  a r e  

near1.y independent  of c o n c e n t r a t i o n .  For c l a y  and s i l t ,  t h e  s t a n d a r d  

e r r o r - o f - e s t i m a t e  i s  L5 ppm. For sand t h e  e r r o r  of  e s t i m a t e  is 25 ppm. 

Sodium chl .or ide  i.s a  c o n v e n i e n t  s u b s t a n c e  t o  u s e  f o r  i n s t r u m e n t  

c a l i b r a t i o n .  

The gage i s  r u g g e d ,  t h e  o p e r a t i n g  p r i n c i p l e  is  simp1.e and o p e r a t i n g  

v o l t a g e s  a r e  low. Compared t o  gamma-type sediment  gages ,  t h e  f l u i d  

d e n s i t y  gage c o n t a i n s  no haza rdous  r a d i a t i o n  s o u r c e s  o r  f r a g i l e  r a d i a t i o n  

d e t e c t o r s .  

FUTURE RESEARCH AND DEVELOPMEXT 

T e s t  r e s u l t s  d e s c r i b e d  i n  t h i s  r e p o r t  show t h a t  t h e  gage h a s  many 

d e s i r a b l e  f e a t u r e s ,  b u t  they a l s o  show t h a t  c e r t a i n  d e f i c i e n c i e s  must  be  

c o r r e c t e d .  The f o l l o w i n g  t o p i c s  should  be  i n v e s t i g a t e d :  

The c a u s e  of anomalous r e a d i n g s  a t  low t e m p e r a t u r e s  must b e  d e t e r -  

mined. The v a l u e  of f i l l i n g  t h e  i n s i d e .  of  t h e  c a s e  w i t h  a  d r y  g a s  should  

b e  s t u d i e d .  
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Ce1.l o r i e n t a t i o n  and i t s  i n f l u e n c e  on b o t h  random measurement e r r o r s  

and s y s t e m a t i c  p a r t i c l e - s i z e  e f f e c t s  shou ld  be  s t u d i e d .  The v e r t i c a l  

o r i e n t a t i o n  may be  advantageous .  If t h e  U-tube is  mounted w i t h  t h e  curved 

s e c t i o n  below t h e  tube  ends ,  g r a v i t y  w i l l  t end  t o  c o n c e n t r a t e  sediment  

i n  t h e  t u b e .  I f  t h e  pump i s  sudden ly  s topped  w h i l e  t h e  t u b e  is  f u l l ,  

sediment  w i l l  slow:Ly s e t t l e  i n t o  t h e  curved s e c t i o n .  A s  t h e  p a r t i c l e s  

s e t t l e ,  t h e  change i n  p e r i o d  may y i e l d  u s e f u l  i n f o r m a t i o n  r e g a r d i n g  

p a r t i c l e - s i z e  d i s t r i b u t i o n .  h l s o ,  t he  s e t t l i . n g  p r o c e s s  may s e r v e  t o  

improve t h e  s e n s i t i v i t y  t o  low sediment  c o n c e n t r a t i o n s .  

A mathemat ica l  model of t h e  sys tem should  b e  c o n s t r u c t e d  and v e r i f i e d .  

A model. t h a t  i n c l u d e s  n o t  on ly  t h e  mechanical  e lements  of  t h e  t u b e  b u t  

al.so t h e  f low of  wa te r  and sediment  th rongh  t h e  t u b e  w i l l  servti  a s  a  va lu -  

a b l e  t o o l  t o  e x p l a i n  t h e  observed p a r t i c l e - s i z e  e f f e c t s .  

Equipment f o r  reference-samp1.e p r e p a r a t i o n  should  be  developed and 

e v a l u a t e d .  

A f 1 . o ~  even t  i n  a  s e l e c t e d  r i v e r  shou ld  be  s i m u l a t e d  and t h e n  com- 

b ined  w i t h  bo th  ins t rument  c h a r a c t e r i s t i c s  and pumping-intake c h a r a c t e r -  

i s t i c s  t o  a n a l y t i c a l l y  perform a n  e r r o r  a n a l y s i s  f o r  t h e  system. The 

a n a l y s i s  would provide. c r i t e r i a  f o r  s e l e c t i o n  of  f i e l d  i n s t a l l a t i o n  s i t e s  

and s e l e c t i o n  of t h e  optimum procedure  f o r  gage o p e r a t i o n .  

The method o u t l i n e d  under "Data r e d u c t i o n  p rocedure  t o  c o r r e c t  f o r  

t empera tu re  and d i s s o l v e d  s o l i d s "  should  be  l a b o r a t o r y - t e s t e d  and 

v e r i f i e d  . 
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A P P E N D I X  

COUNT AND CONCENTRATION DATA 

FOR S U S P E N S I O N S  AND S O L U T I O N S  



Table  A-6.--Count and measured-concen t ra t ion  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of  Jo rdan  sand w i t h  a  s i z e  r a n g e  of 710-833 mic.rometers and w i t h  a  
m i x t u r e  f low-ra te  of  8 5  mL/s. 

T e s t  m a t e r i a l :  J o r d a n  -- sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Flow r a t e  i n  mI,/s: 8 5  . P a r t i c l e  d i a m e t e r  i n  micrometers :  71.0-833. - 
Method of s i z e  s e g r e g a t i o n :  =s iev ing .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighinp.  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm 

( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.128339 + 0.959866 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  on ly  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  coun t  g r e a t e r  than  50. 

Data  pooled from 8 5  mL/s and 113  m L / s  ( t a b l e  A-7) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

* Val id  r e a d i n g  b u t  because  X was l e s s  t h a n  50,  t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-7.--Count and measured-concen t ra t ion  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of J o r d a n  sand w i t h  a  s i z e  r a n g e  of  710-833 micrometers  and w i t h  a  
m i x t u r e  f l o w - r a t e  of  113  m ~ / s .  

T e s t  m a t e r i a l :  Jordan sand.  Temp. i.n d e g r e e s  C e l s i u s :  20.9. 
Flow r a t e  i n  m ~ / s :  113  . P a r t i c l e  d i a m e t e r  i n  micrometers :  710-833. 
Method of s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  
Method of  c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  -- 

Comments: U-tube c leaned  p r i o r  t o  test_. 

X, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.128339 + 0.959866 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  coun t  g r e a t e r  than  50. 

Data pooled from 85 mL/s and 113 mL/s ( t a b l e  A-6) £:Low r a t e s  t o  
compute t h e  e q u a t i o n .  

* TJalid r e a d i n g  b u t  because  X was l e s s  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-8.--Count and measured-concentra t ion d a t a  f o r  low c o n c e n t r a t i o n s  
o f  Jo rdan  sand w i t h  a  s i z e  r a n g e  of 710-833 micrometers  and w i t h  a  
m i x t u r e  f l o w - r a t e  of  113  m ~ / s . .  

T e s t  m a t e r i a l :  Jordan sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Flow r a t e  i n  mL/s: 1 1 3  . P a r t i c l e  d i a m e t e r  i n  micrometers :  710-833. 
Method of s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  decantationL* 

weighing.  
Comments: l i n e a r  r e g r e s s i o n  on untransformed v a r i a b l e s .  

U-tube c l e a n e d  p r i k r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

(a) P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
Y = 55.73259 + 10.060116 X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  low c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  count  of 50 o r  less. 



Table  A-9.--Count and measured-concentra t ion d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  Jo rdan  sand w i t h  a  s i z e  r a n g e  of  710-833 m i c r o ~ n e t e r s  and w i t h  a  
m i x t u r e  f low-ra te  of  50 mL/s. 

T e s t  m a t e r i a l :  Jo rdan  ~- sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Flow r a t e  i n  mL/s: 50 . P a r t i c l e  d iamete r  i n  micrometers :  420-833. 
Method of  s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n , &  

weighing.  
Comments: U-tube c l e a n e d  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were n o t  computed because  of  
low f low-ra te .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than  50. 



Table  A-10.--Count and measured-concentra t ion d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of J o r d a n  sand w i t h  a  s i z e  r a n g e  of  350-420 mic.rometers and w i t h  a  
m i x t u r e  f low-ra te  o f  50 f i l s .  

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Fl.ow r a t e  i n  fils= 50 . P a r t i c l e  d i a m e t e r  i n  micrometers :  350-420. 
Method of s i z e  s e g r e g a t i o n :  *sieving. 
Method of  c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: =be c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppln 

( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were n o t  computed b e c a u s e  of  
low f low-ra te .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than  50. 



Table  A-11.--Count and measured-concen t ra t ion  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of Jo rdan  sand w i t h  a  s i z e  r a n g e  of  350-420 micrometers  and w i t h  a  
m i x t u r e  f low-ra te  o f  8 5  mL/s. 

T e s t  m a t e r i a l :  . Jordan  - - sand.  -. Temp. i n  d e g r e e s  C e l s i u s :  -. 20.9. 
Plow r a t e  i n  rnL/s: 8 5  . P a r t i c l e  d i a m e t e r  i n  micrometers :  350-420. 
Method of s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  
Method o f  c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weigh i&. 
Comments: U-tube c l e a n e d  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm 

( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
Log Y = 0.984428 + 1.012223 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  count  g r e a t e r  t h a n  50. 

Data pooled from 85 mL/s and i 1 3  m ~ / s  ( t a b l e  A-12) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

:: Valid  r e a d i n g  b u t  because  X was l e s s  t h a n  50,  t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-12.--Count and measured-concentra t ion d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of Jo rdan  sand w i t h  a  s i z e  r a n g e  of  350-420 micrometers  and w i t h  a  
m i x t u r e  f low-ra te  of  113  d / s . '  

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  3. 
Flow r a t e  i n  mI./s: 1.13 . P a r t i c l e  d i a m e t e r  i n  micrometers :  350-420. -- -- 
Method o f  s i z e  s e g r e g a t i o n :  dry s i e v i n g .  - 
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  --- 
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 0.984428 + 1.012223 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a coun t  g r e a t e r  than  50. 

Data pooled from 8 5  mL/s and 113  mL/s ( t a b l e  A-11) f l o w  r a t e s  t o  
compute t h e  e q u a t i o n .  

* Val id  r e a d i n g  b u t  because  X was l e s s  than  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



T a b l e  A-13.--Count and measured-concen t ra t ion  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of  Jordan sand w i t h  a  s i z e  r a n g e  of  297-350 micrometers  and w i t h  a  
m i x t u r e  f low-ra te  of  50 m ~ / s .  

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  -- 20.9 .  .- 

Flow r a t e  i n  mL/s: 50 . P a r t i c l e  d iamete r  i n  micrometers :  297-350. -- -- 
Method of  s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  
Method of  c o n c e n t r a t i o n  measurement: - g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  a n d  

weighing.  
Comments: None _. 

x, Measured Y ,  P r e d i c t e d  Y ,  
count c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were  n o t  computed because  of  
low f l o w - r a t e .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than 50. 



Table  A-14.--Count and measured-concentra t ion d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  Jo rdan  sand w i t h  a  s i z e  r a n g e  of  297-350 micrometers  and w i t h  a  
m i x t u r e  f low-ra te  of  8 5  &Is.  

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  Cel.sius:  20.9. 
Flow r a t e  i n  &Is: 8 5  . P a r t i c l e  d i a m e t e r  i n  micrometers :  297-350. 
Method of s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  
Method of c o n c e n t r a t i o n  measurement : g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

~p 

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.007182 + 0.988662 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  on ly  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  coun t  g r e a t e r  than  50. 

Data pooled from 8 5  mL/s and 113  mL/s ( t a b l e  A-15) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

Va l id  r e a d i n g  b u t  because  X was l ~ e s s  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-15.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of Jo rdan  sand  w i t h  a  s i z e  r a n g e  of  297-350 micrometers  and w i t h  a 
m i x t u r e  f l o w - r a t e  of  113 mI,/s. 

T e s t  m a t e r i a l :  Jo rdan  sand .  Temp. i n  d e g r e e s  C e l s i u s :  - 20.9. 
Flow r a t e  i n  mL/s: 113 . P a r t i c l e  d i a m e t e r  i n  micrometers :  297-350. 
Method of s i z e  s e g r e g a t i o n :  d r ~ s i e v i n g .  . 

Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  -- d e c a n t a t i o n ,  and 
w e i g m .  

Comments: U-tube cl.eaned p r i o r  t o  t e s t .  

x, 
coun t  

Measured Y ,  
c o n c e n t r a t i o n  i n  ppm 

P r e d i c t e d  Y ,  
c o n c e n t r a t i o n  i n  ppm ( a )  

(a) P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.007182 + 0.988622 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  on ly  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  c o u n t  g r e a t e r  than  50. 

Data pooled from 8 5  mL/s and 113  m ~ / s  ( t a b l e  A-14) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

* Valid  r e a d i n g  h u t  because  X was S.ess than  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



T a b l e  A-16.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  Jo rdan  sand w i t h  a  s i z e  r a n g e  o f  250-297 micrometers  and w i t h  a  
m i x t u r e  f low-ra te  of  50 mL/s. 

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  - 20.9. 
Flow r a t e  i n  mL/s: 50 . P a r t i c l e  d i a m e t e r  i n  micrometers :  250-297. 
Method of s i z e  s e g r e g a t i o n :  d r y s i e v i n g .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and - 

weighing.  
Comments : None. -. 

x, Measured Y ,  P r e d i c t e d  Y ,  
count c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

(a) P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were  n o t  computed b e c a u s e  of  
low f low-ra te .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than  50. 



T a b l e  A-17.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of  Jo rdan  sand w i t h  a  s i z e  r a n g e  of  250-297 micrometers  and w i t h  a  
m i x t u r e  f low-ra te  of  113 mL/s. 

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Fl.ow r a t e  i n  d / s :  113  _. P a r t i c l e  d i a m e t e r  i n  micrometers :  250-297. 
Nethod of  s i z e  s e g r e g a t i o n :  d g  s i e v i s .  
Method of  c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: U-tube c l e a n e d  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
count c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.064291 + 0.975160 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  count  g r e a t e r  than  50. 

* Valid  re.ading b u t  because  X was l e s s  than  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-18.--Count and measured c o n ~ e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of p o l y d i s p e r s e  Jo rdan  sand (D = SO microns)  and w i t h  a  m i x t u r e  
f l o w - r a t e  of 50 mL/s. 

5 0 

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Florv r a t e  i n  ml . / s :  50 . 
P a r t i c l e  d i a m e t e r  i n  micrometers :  

D50 
= 1.35 by v i sua l .  accumulat ion t u b e .  

-. -- -. 
Method of  s e g r e g a t i o n :  E. 
Method of c o n c e n t r a t i o n  measurement: g r a v i t ~  s e t t l i n g ,  d e c a n t a t i o n ,  a s  

weighing.  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were  n o t  computed bec.ause of  
low f low-ra te . .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than 50. 



Table  A-19.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of  Jo rdan  sand w i t h  a  s i z e  r a n g e  of  104-115 micrometers  and w i t h  a  
m i x t u r e  f l o w - r a t e  of  85 d / s .  

T e s t  m a t e r i a l :  Jo rdan  sand.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. .- 
Fl.ow r a t e  i n  mI./s: 8 5  . P a r t i c l e  d iamete r  i n  micrometers :  104-115. 
Method of s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  -- 
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: - U-tube c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm concen t ra t i .on  i n  ppln ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 0.959322 4- 0.982884 l o g  X. 

Th i s  e q u a t i o n  a p p l i e s  o n l y  t o  h igh  c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  count  g r e a t e r  t h a n  50. 

" Val id  r e a d i n g  b u t  b e c a u s e  X w a s  l e s s  than  50,  t h i s  datum was n o t  
use.d i n  t h e  r e g r e s s i o n  a n a l y s i s .  



T a b l e  A-20.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of  J o r d a n  sand w i t h  a  s i z e  r a n g e  of  74-88 micrometers  and w i t h  a  
m i x t u r e  f l o w - r a t e  o f  50 d / s .  

T e s t  iriaterial.:  Jo rdan  sand .  Temp. i n  d e g r e e s  C e l s i u s :  20 .9 .  
Flow r a t e  i n  mL/s: 50 . P a r t i c l e  d iamete r  i n  micrometers :  74-88. 
Method of s i z e  s e g r e g a t i o n :  .- d r ~ s i e v i n g .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  -. 

x, Measured Y ,  P r e d i c t e d  Y ,  
count  eonc e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm. ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were n o t  computed b e c a u s e  o f  
low f low-ra te .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than  50. 



T a b l e  A-21..--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  Jordan sand w i t h  a  s i z e  r a n g e  o f  74-88 micrometers  and w i t h  a  
m i x t u r e  f l o w - r a t e  of  113  mL/s. 

T e s t  material . :  Jo rdan  sand-. Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Flow r a t e  i n  mL/s: 113 .. . P a r t i c l e  d iamete r  i n  micrometers :  74-88. 
Method of  s i z e  s e g r e g a t i o n :  d r y  s i e v i n g .  -- 
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

x, 
count  

Measured Y , 
c o n c e n t r a t i o n  i n  ppm 

P r e d i c t e d  Y ,  
c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 0.966424 + 0.982756 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  count  g r e a t e r  t h a n  50. 

* Val id  r e a d i n g  b u t  because  X was l e s s  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-22.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of p o l y d i s p e r s e  Jo rdan  sand ( D  2 120  microns)  and w i t h  a  m i x t u r e  
f low-ra te  of  8 5  mI,/s. 

50 

T e s t  m a t e r i a l :  J o r d a n  .. sand . - -- m i x t u r e .  . -- Temp. i n  d e g r e e s  C e l s i u s :  20.9.  
Flow r a t e  i n  inL/s: -- 8 5  - 
P a r t i c l e  d i a m e t e r  i n  micrometers :  350 250 175 1 2 5  88 62 

p e r c e n t  f i n f r :  98 7 8  67 56 28 5 
Method of  s f g r e g a t i o n :  -- None. 
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  --- and 

weighing.  
Comments: .. U-tube c leaned  p r i o r  t o  t e s t .  -- 

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.013554 + 0.971425 l o g  X. 

Th i s  e q u a t i o n  a p p l i e s  on ly  t o  h i g h  c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  coun t  g r e a t e r  t h a n  50.  

Val id  r e a d i n g  b u t  b e c a u s e  X was l e s s  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



T a b l e  A-23.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  a  bin~odal .  popul .a t ion  w i t h  a  m i x t u r e  f l o w - r a t e  o f  1 1 3  mI./s. 

T e s t  mater ia l . :  - e lua l .  p a r t s  J o r d a n  sand Temp. i n  d e g r e e s  C e l s i u s :  G?. 
71.0-833 and Spokane,  Bash.  - .- 
cl.ay. -- - 

Flow r a t e  i n  mL/s: 1 1 3  
P a r t i c l e  d i a m e t e r  i n  mic romete r s :  b imodal .  
Method o f  s i z e  s e g r e g a t i o n :  None. 
Method of c o n c e n t r a t i o n  measurement: - g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and -- - 

weighing.  - 
Comments: U-tube c l eaned  p r i o r  t o  t e s t .  

~ .- -. --- 

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  f rom t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 0.984089 + 0.997562 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce  a count  g r e a t e r  t h a n  50. 

V a l i d  r e a d i n g  b u t  b e c a u s e  X was l e s s  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-24.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h igh c o n c e n t r a t i o n s  
o f  Spoliane, Washington c l a y  w i t h  a  m i x t u r e  f l o w - r a t e  of  50 mL/s. 

T e s t  m a t e r i a l :  Spokane,  Wash. c l a y .  Temp. i n  d e g r e e s  Cel.sius:  20.9. 
Flow r a t e  i n  n i ~ / s :  5 0  
P a r t i c l e  d iamete r  i n  micrometers  : 

D50 
= 1 2  ( p i p e t t e  a n a l y s i s )  . 

- 
Method of  s i z e  s e g r e g a t i o n :  f e s t e d  a s  r e c e i v e d .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g  d e c a n t a t i o n ,  and 

weighing.  
Comments: s e d i m e ~ ~ t  t r e a t e d  w i & h y d r o g e n p e r o x i d e  and wash&; 

U-tube c leaned  p r i o r  t o  t e s t .  ---- 

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were  n o t  computed b e c a u s e  of  
low f  low-ra te .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  coun t  
g r e a t e r  than  50. 



T a b l e  A-25.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  low c o n c e n t r a t i o n s  
of  Spokane, Washington c l a y  w i t h  a  m i x t u r e  f l o w - r a t e  of 113 mL/s. 

T e s t  m a t e r i a l :  Spokane, ---- Wash. -. c l a y .  Temp. i n  d e g r e e s  C e l s i u s :  20.9.  
Flow r a t e  i n  mL/s: 113  
P a r t i c l e  d i a m e t e r  i n  micrometers :  D5,, = 12 ( p i p e t t e  a n a l y s i s ) .  

< - 
Method of  s i z e  s e g r e g a t i o n :  t e s t e d - a s  r e c e i v e d .  
Method o f  c o n c e n t r a t i o n  measurement: vacuum f i l t r a t i o n  a t  0.54 micron --- 

and weighing.  
Comments: - sediment t r e a t e d  w i t h  hydrogen p e r o x i d e  and washed; 

U-tube c leaned  p r i o r  t o  test.  -- 

u ,  Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
Y = 13.40787 + 8.540827 X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  low c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  count  o f  50 o r  l e s s .  

?: Valid  r e a d i n g  b u t  b e c a u s e  X was g r e a t e r  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-26.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of Salmon River  sediment  w i t h  a m i x t u r e  f l o w - r a t e  of  50 mL/s. 

T e s t  m a t e r i a l :  L i t t l e  N.F. Salmon R .  Temp. i n  d e g r e e s  C e l s i u s :  20 .9 .  -. -- 
Flow r a t e  i n  mL/s: 50 
P a r t i c l e d i a m e t e r  i n m i c r o m e t e r s :  700 500 350 250 175 1 2 5  

p e r c r n t f i n e r :  97 7 5  35 35 10 4 
Method of s i z e  s e g r e g a t i o n :  -- t e s t c d  a s  r e c e i v e d .  
Method of c o n c e n t r a t i o n  measurement : g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  - 
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y, 
count  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were  n o t  computed because  of  
low f low-ra te .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  a s  t h o s e  t h a t  produce a  count  
g r e a t e r  t h a n  50. 



Table  A-27.--Count and measured conc.ent ra t ion d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of Salmon River  sediment  w i t h  a  m i x t u r e  f l o w - r a t e  of 85 mI./s. 

T e s t  m a t e r i a l :  L i t t l e  N.F. Salmon - R. .. Temp. i n  d e g r e e s  C e l s i u s :  -. 20 .9 .  
Flow r a t e  i n  d / s :  .- 8 5  - 
P a r t i c l e  d i a m e t e r  i n  micrometers :  700 500 350 250 175 1 2 5  

p e r c e n t  f i n e r :  97 75 3.5 35 1.0 4 
blethod of s i z e  s e g r e g a t i o n :  t e e d  a s  r e c e i v e d .  
Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and .- 

weighing.  
Coimnents: U-tube c l e a n e d  p r i o r  t o  t e s t .  

X, 
count 

Measured Y ,  P r e d i c t e d  Y ,  
c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.069671 + 0.963915 l.og X. 

T h i s  e q u a t i o n  a p p l i e s  on1.y t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  coun t  g r e a t e r  than 50. 

Data pooled from 85 iL/s and 113 mL/s ( t a b l e  A-28) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

* V a l i d  r e a d i n g  b u t  b e c a u s e  X was l e s s  than  5 0 ,  th i . s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-28.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of Salmon River  sediment  w i t h  a  m i x t u r e  f l o w - r a t e  of 113 mL/s. 

T e s t  m a t e r i a l :  L i t t l e  N.F. Salmon R.  Temp. i n  d e g r e e s  C e l s i u s :  20.9. -- 
Flow r a t e  i n  mL/s: 113  
Y a r t i c l e d i a m e t e r  i n m i c r o m e t e r s :  700 .SO0 350 250 17.5 1 2 5  

p e r c e n t  f i n e r :  97 75 35 35 1.0 4 
Method of s i z e  s e g r e g a t i o n :  t e s t e d  a s  r e c e i v e d .  
Method of  c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

X, Measured Y, P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  f rom t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1.069671 + 0.963915 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  on1.y t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  c o u n t  g r e a t e r  than  50. 

Data pooled from 85 mI./s and 113  mL/s ( t a b l e  A-27) f low r a t e s  t o  
coinpute t h e  e q u a t i o n .  

* Valid  r e a d i n g  b u t  because  X was less than  50,  t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-29.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  high c o n c e n t r a t i o n s  
of Caspar Creek sediment  w i t h  a m i x t u r e  f low-ra te  of  50 mL/s. 

T e s t  m a t e r i a l :  - Caspar - -. Creek. - - Temp. i n  d e g r e e s  C e l s i u s :  20.9. -- 
Flow r a t e  i n  ml,/s: 50 .- .. 

P a r t i c l e d i a m e t e r  i n m i c r o m e t e r s :  500 350 250 175 125 88 62 
p e r c e n t  f i n e r :  98 86 72 55 36 22 14 

Method o f  s i z e  s e g r e g a t i o n :  t e s t e d  a s  r e c e i v e d .  
Method of  c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 

weighing.  -. 
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y and r e g r e s s i o n  e q u a t i o n  were  n o t  computed b e c a u s e  of 
low f l o w - r a t e .  

High c o n c e n t r a t i o n s  a r e  d e f i n e d  as t h o s e  t h a t  produce a  coun t  
g r e a t e r  t h a n  50. 



Table  A-30.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h igh  c o n c e n t r a t i o n s  
of  Caspar Creek sediment  w i t h  a  m i x t u r e  f l o w - r a t e  of  8 5  mI,/s. 

T e s t  ma te r i a l . :  Caspar Creek. Temp. i n  d e g r e e s  C e l s i u s :  -- 20.9.  
Flow r a t e  i n  mL/s: 85 
P a r t i c l e  d iamete r  i n  micrometers :  500 350 250 1 7 5  1 2 5  88 62 

p e r c e n t  f i n e r :  98 86 72 55 36 22 1 4  
Method of s i z e  s e g r e g a t i o n :  t e s t e d  a s  r e c e i v e d .  - - 

Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g .  -. 

Comments: None. 

x, Measured Y ,  P r e d i c t e d  Y ,  
count c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 1,054544 + 0.969316 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  c o u n t  g r e a t e r  t h a n  50. 

Data pooled from 8 5  mT,/s and 1 1 3  ml,/s ( t a b l e  A-31.) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

* Val id  r e a d i n g  b u t  b e c a u s e  X was l e s s  t h a n  50,  t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l - y s i s .  



T a b l e  A-31.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  Caspar Creek sediment  w i t h  a m i x t u r e  f low-ra te  of  113 mL/s. 

T e s t  m a t e r i a l :  Caspar Creek. Temp. i n  d e g r e e s  C e l s i u s :  -- 20.9. 
Fiow r a t e  i n  mnL/s: 113  -- 
P a r t i c 1 . e d i a m e t e r i n m i c r o m e t e r s :  500 350 250 175 1 2 5  88 62 

p e r c e n t f i n e r :  98 8 6  72 55 36 22 14 
Method of  s i z e  s e g r e g a t i o n :  - t e s t e d  a s  r e c e i v e d .  -. 

Method of c o n c e n t r a t i o n  measurement: g r a v i t y  s e t t l i n g ,  d e c a n t a t i o n ,  and 
weighing.  

Comments: p a r t i c l e  s i z e  d e g r a d a t i o n  occur red  d u r i n g  t e s t .  

X, Measured Y ,  P r e d i c t e d  Y ,  
c o u ~ l t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  from t h e  r e g r e s s i o n  e q u a t i o n  
1-02 Y = 1.054544 + 0.969316 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  on ly  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  coun t  g r e a t e r  than  50. 

Data pooled from 8 5  mT,/s and 113  mL/s ( t a b l e  A-30) f low r a t e s  t o  
compute t h e  e q u a t i o n .  

* Valid  r e a d i n g  b u t  b e c a u s e  X was l e s s  t h a n  50, t h i s  datum was n o t  
used i n  t h e  r e g r e s s i o n  a n a l y s i s .  



Table  A-32.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
o f  sodium-chlor ide  s o l u t i o n  w i t h  a  m i x t u r e  f low-ra te  o f  50 mL/s. 

T e s t  mater ia l .  : -. sodium c h l o r i d e .  Temp. i n  d e g r e e s  C e l s i u s :  20.9. 
Flow r a t e  i n  mL/s: 50 
P a r t i c l e  d iamete r  i n - i i c r o m e t e r s :  ( s o l u t i o n )  . 
Method o f  s i z e  s e g r e g a t i o n :  n o t  a p p l i c a b l e .  
Method of  c o n c e n t r a t i o n  measurement: computed from q u a n t i t y  added t o  

r e c i r c u l a t i o n  l o o p .  
Comments: U-tube c leaned  p r i o r  t o  t e s t .  

X, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  f rom t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 0.916974 + 0.995786 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  on ly  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  c o u n t  g r e a t e r  t h a n  50. 

Data pooled from 50 mL/s and 113  iL/s ( t a b l e  A-33) f low r a t e s  t o  
compute t h e  equa t ion .  



Table  A-33.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  h i g h  c o n c e n t r a t i o n s  
of  sodium-chlor ide  s o l u t i o n  w i t h  a  m i x t u r e  f l o w - r a t e  of  113  mL/s. 

T e s t  m a t e r i a l :  sodium c h l o r i d e .  Temp. i n  d e g r e e s  C e l s i u s :  20.9. .- - -- -- 
Flow r a t e  i n  mL/s: 1 1 3  
P a r t i c l e  d iamete r  i n  micrometers :  ( soJ .u t ion) .  

~ 

Method of  s i z e  s e g r e g a t i o n :  n o t  a p p l i c a b l e .  
~ 

Method of  c o n c e n t r a t i o n  measurement: computed from q u a n t i t y  added t o  
r e c i r c u l a t i o n  l o o p .  

Comments: U-tube c leaned  p r i o r  t o  tes t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
coun t  c o n c e n t r a t i o n  i n  ppm c o n c e n t r a t i o n  i n  ppm ( a )  

( a )  P r e d i c t e d  Y ca1cul.ated from t h e  r e g r e s s i o n  e q u a t i o n  
l o g  Y = 0.916974 + 0.995786 l o g  X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  h i g h  c o n c e n t r a t i o n s  d e f i n e d  a s  t h o s e  
r e q u i r e d  t o  produce a  coun t  g r e a t e r  than  50. 

Data pooled from 85  mL/s and 113  mL/s ( t a b l e  A-32) f low r a t e s  t o  
compute t h e  e q u a t i o n .  



Table  A-34.--Count and measured c o n c e n t r a t i o n  d a t a  f o r  low c o n c e n t r a t i o n s  
of  sodium-chlor ide  s o l u t i o n  and f o r  a  m i x t u r e  f l .ow-rate of 11.3 mL/s. 

T e s t  m a t e r i a l :  sodium c h l o r i d e .  
Flow r a t e  i n  mL/s: -- 1 1 3  - 
P a r t i c l e  d iamete r  i n  micrometers :  ( s o l u t i o n ) .  
Method of  s i z e  s e g r e g a t i o n :  n o t  a p p l i c a b l e .  
Method of c o n c e n t r a t i o n  measurement: - computed from q u a n t i t y  added t o  

r e c i r c u l a t i o n  l o o p .  
Comments: - U-tube c l e a n e d  p r i o r  t o  t e s t .  

x, Measured Y ,  P r e d i c t e d  Y ,  
count  c o n c e n t r a t  i o n  i n  ppm c o n c e n t r a t i o n  i n  ppln ( a )  

( a )  P r e d i c t e d  Y c a l c u l a t e d  f rom t h e  r e g r e s s i o n  e q u a t i o n  
Y = 3.921632 + 8.182860 X. 

T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  low c o n c e n t r a t i o n s ,  d e f i n e d  a s  t h o s e  
t h a t  produce a  coun t  of  50 o r  l e s s .  



PART B 

DISSOLVED-SOLIDS COMPENSATION 

J. P. Beverage 

INTRODUCTION 

The a c t i o n  of t h e  v i b r a t i n g  U-tube, l i q u i d - d e n s i t y  gage d e s c r i b e d  

i n  P a r t  A i s  s i m i l a r  t o  t h a t  o f  a  pendulum: t h e  p e r i o d  of v i b r a t i o n  i s  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  mass of t h e  t u b e  and t h e  mass d e n s i t y  of  

t h e  l i q u i d  w i t h i n  t h e  t u b e .  The t u b e ' s  mass is c o n s t a n t ,  b u t  t h e  mass of  

t h e  l i q u i d  v a r i e s  w i t h  t h e  q u a n t i t i e s  of t h e  e n t r a i n e d  sed iments ,  d : i ssolved 

m a t e r i a l s ,  and t h e  t e m p e r a t u r e  of t h e  l i q u i d .  The raw i n s t r u m e n t  r e a d i n g  

( c o u n t )  can  be  used t o  g i v e  a  f i r s t  e s t i m a t e  of  t h e  sediment  c o n c e n t r a t i o n .  

T h i s  e s t i m a t e  can  h e  r e f i n e d  i f  t h e  wa te r  t e m p e r a t u r e  and t h e  concen t ra -  

t i o n  of  d i s s o l v e d  s o l i d s  (CDS) a r e  known. The need t o  c o r r e c t  f o r  changes  

i n  CDS i s  r e l a t e d  t o  t h e  d e s i r e d  a c c u r a c y  of  t h e  suspended-sediment nieas- 

urement. I f  changes i n  CDS a r e  much more t h a n  a s m a l l  f r a c t i o n  of  t h e  

sediment  c o n c e n t r a t i o n ,  t h e  mass-densi ty  measurement must b e  c o r r e c t e d  o r  

compensated.  T h i s  p a r t  of  t h e  r e p o r t  w i l l  d e s c r i b e  some of  t h e  approaches  

f o r  e s t i m a t i n g  o r  compensat ing f o r  d i s s o l v e d  s o l i d s ;  t h e  e r r o r s  i n h e r e n t  

i n  each approach w i l l  b e  d i s c u s s e d .  

CONDUCTANCE AND DISSOLVED SOLIDS 

Conductance,  a  measure of  w a t e r ' s  a b i l i t y  t o  t r a n s m i t  a n  e l e c t r i c a l  

c u r r e n t ,  v a r i e s  w i t h  t e m p e r a t u r e  and d i s s o l v e d  s a l t s .  Because d i s s o l v e d  

s a l t s  become i o n i z e d  i n  w a t e r  and b e c a u s e  i o n s  s u p p o r t  e :Lec t r i ca l  c u r r e n t ,  

c o n d u c t i v i t y  shou ld  be  a n  index  of t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  s o l i d s .  

A s  t h e  t empera tu re  i n c r e a s e s ,  t h e  a c t i v i t y  of t h e  i o n i z e d  s a l t s  i n c r e a s e s ,  

which i n c r e a s e s  t h e  c o n d u c t i v i t y .  Because of  t h e  t e m p e r a t u r e  depend- 

ence ,  c o n d u c t i v i t y  is  u s u a l l y  expressed  i n  terms of  s p e c i f i c  conductance  

i n  micromhos per  c e n t i m e t e r  (uml~o/cm) a t  25' C e l s i u s .  (See  Ilem, 1970,  p. 96,  



f o r  a  d e s c r i p t i o n  of  u n i t s . )  The terms conductance  and c o n d u c t i v i t y  

w i l l  b e  used i n t e r c h a n g e a b l y  w i t h  s p e c i f i c  conductance  th rough  t h e  remain- 

d e r  of t h i s  r e p o r t  and w i l l  be  symbolized by K .  

Hem (1970, pp. 96-103) d i s c u s s e s  s p e c i f i c  'onductance and i t s  r e l a -  

t i o n  t o  d i s s o l v e d  s o l i d s .  He s t a t e s  ( p .  99) :  "Na tu ra l  w a t e r s  a r e  n o t  

s imple  s o l u t i o n s .  They c o n t a i n  a v a r i e t y  of  b o t h  i o n i c  and u n d i s s o c i a t e d  

s p e c i e s ,  and t h e  amounts and p r o p o r t i o n s  of  each may range  wide ly .  When 

a p p l i e d  t o  n a t u r a l  w a t e r ,  t h e r e f o r e ,  t h e  conduc tance  d e t e r m i n a t i o n  canno t  

be expec ted  t o  be  s imply r e l a t e d  t o  i o n  c o n c e n t r a t i o n s  o r  t o  t o t a l  d i s -  

soLved s o l i d s ,  and a  r i g o r o u s  t h e o r e t i c a l  development of t h e  meaning of  

c o n d u c t i v i t y  v a l u e s  is r a r e l y  j u s t i f i a b l e .  The d e t e r m i n a t i o n  i s  easi1.y 

made, however, and g i v e s  r e s u l t s  which a r e  v e r y  u s e f u l  i n  a  p r a c t i c a l  

way a s  g e n e r a l  i n d i c a t i o n s  of  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  o r  a s  a  

b a s e  f o r  e x t r a p o l a t i n g  o t h e r  a n a l y t i c a l  d a t a  when t h e  g e n e r a l  c h a r a c t e r -  

i s t i c s  of  t h e  s o l u t i o n  a l r e a d y  a r e  lcnown from p r e v i o u s  work." 

Having s t a t e d  h i s  c a v e a t ,  H e m  shows t h e  K-CDS r e l a t i o n  f o r  composi te  

samples of  t h e  G i l a  R i v e r  a t  B y l a s ,  Ar izona f o r  t h e  1944 wa te r  y e a r .  He 

s t a t e s  (p .  99) t h a t ,  "A r e a s o n a b l y  we]-1-defined r e l a t i o n s h i p  is i n d i c a t e d  

f o r  t h e  r a n g e  ( i n  c o n c e n t r a t i o n ) , "  which v a r i e d  from abou t  300 t o  3300 

m i l l i g r a m s  per  l i t e r  (mg/L). 

I n  t h i s  example, h e  conc ludes  t h e  CDS v a l u e  can b e  o b t a i n e d  from a  

K v a l u e ,  "wi th  an  u n c e r t a i n t y  of on ly  abou t  - + 100 mg/L." Because Hem's 

v a l u e  was approximate ,  t h i s  w r i t e r  computed a  S  ( s t a n d a r d  e r r o r  of  
e 

e s t i m a t e )  of  28 mg/L from t h e  p u b l i s h e d  d a t a .  A l l  of  t h e  publ.ished CDS 

v a l u e s  were  w i t h i n  - + 70 mg/L of t h e  r e g r e s s i o n  l i n e .  These r e s u l t s  

c e r t a i n l y  encourage f u r t h e r  s t u d y .  

To a s s e s s  t h e  a c c u r a c y  of  a l a b o r a t o r y  c o n d u c t i v i t y  m e t e r ,  t h e  

conduc tance  of  1,000-umho/cm c o n d u c t i v i t y  w a t e r  was measured every  5' 

from O0 t o  30' C .  The v a l u e  of  t h e  s t a n d a r d  e r r o r  of p r e d i c t i o n ,  S was 
P' 

5.24 umhos/cm, which was e q u i v a l e n t  t o  a b o u t  2 . 7  mg/L of  d i s s o l v e d  s o l i d s .  

Automatic f i e l d  measurements g e n e r a l l y  c a n n o t  match t h i s  l e v e l  of  

accuracy .  



DISSOLVED-SOLIDS COMPENSATION SCHEMES 

When s e l e c t i n g  a  d i s s o l v e d - s o l i d s  compensation scheme, f o u r  obvi.ous 

o p t i o n s  come t o  mind: 

a )  I g n o r e  t h e  c o r r e c t i o n .  T h i s  approach i s  a c c e p t a b l e  when t h e  d i s -  

s o l v e d - s o l i d s  c o n c e n t r a t i o n  is  much less than  t h e  sediment  c o n c e n t r a t i o n .  

b)  Use a  c o n d u c t i v i t y  measurement t o  e s t i m a t e  CDS w i t h  a  c o n s t a n t  CDS/K 

r a t i o  o r  a n  e m p i r i c a l l y  de te rmined  l i n e a r  (CDS = a  + bK) o r  m u l t i v a r i a t e  

(CDS = a  + bK + cQ.. . .) e q u a t i o n ,  o r  even a  s e a s o n a l l y  a d j u s t e d  r e l a t i o n .  

c )  Use p e r i o d i c  samples t o  a d j u s t  t h e  I<-C1)S r e l a t i o n  and es t i .mate  i n t e r -  

ven ing  CDS from t h e  K measurements. C o l l e c t i o n  p e r i o d  f o r  t h e  samples 

might v a r y  between once d a i l y  and once each maintenance v i s i t .  

d )  I letermine a  CDS c o r r e c t i o n  each t ime  t h e  sediment c o n c e n t r a t i o n  is 

determined.  T h i s  i s  t h e  i d e a l  approach ,  e s p e c i a l l y  i f  t h e  ins t rument  

can  b e  c o n f i g u r e d  t o  d e t e r m i n e  CDS and t o  compensate a u t o m a t i c a l l y  f o r  i t .  

The b e s t  scheme a t  a  g iven  s i t e  might well. b e  a  combinat ion of some 

of t h e s e  o p t i o n s .  For example, an e a r l y  c o n f i g u r a t i o n  of  t h e  i n s t r u m e n t  

determined d i s s o l v e d  s o l i d s  once  e v e r y  t h r e e  hours .  I n t e r m e d i a t e  d e n s i t y  

measurements cou ld  b e  c o r r e c t e d  by means of s p e c i f i c  c o n d u c t i v i t y  measure- 

ments and a n  updated K-CDS r e l a t i o n .  

O f  t h e  f o u r  d i s s o l v e d - s o l i d s  compensation schemes c o n s i d e r e d ,  t h e  

f i r s t  ( i g n o r i n g  t h e  c o r r e c t i o n )  is t h e  s i m p l e s t  and h a s  t h e  most poten- 

t i a l  f o r  e r r o r .  However, t h e  e r r o r  i s  b i a s e d  b e c a u s e  some. d i s s o l v e d  

s a 1 . t ~  a r e  a lways  p r e s e n t .  By n o t  c o r r e c t i n g ,  t h e  a p p a r e n t  sediment  

c o n c e n t r a t i o n  w i l l  b e  t o o  h igh .  A s  s t a t e d  e a r l i e r ,  t h i s  approach w i l l .  

succeed o n l y  i f  t h e  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  i s  much l e s s  than  t h e  

suspended-sediment c o n c e n t r a t i o n  (CSED) and i s  r e i . a t i v e l y  c o n s t a n t .  

The second scheme i n v o l v e s  severa l .  c h o i c e s .  The f i r s t  of  t h e s e  u s e s  

a  c o n s t a n t  CDS/R r a t i o .  The mean r a t i o  of  a l l  1.355 a n a l y s e s  examined i n  

Tab le  B-1 was 0.6455,  t h e  same v a l u e  (0 .65 2 0 , l )  g iven  by Rainwater  and 

Tha tcher  (1960,  p. 8 4 ) .  However, i f  t h i s  v a l u e  i s  used a t  a  s i t e  w i t h  a  

v e r y  h i g h  r a t i o  ( such  a s  t h e  0.96 g iven  by Hem,  1970,  p. 99) ,  computed 



v a l u e s  of CDS cou ld  b e  a lmos t  50 p e r c e n t  t o o  low. A sample computat ion 

w i l l  h e l p  t o  i l l u s t r a t e .  t h e  p o s s i b l e  e r r o r s .  ' e t ' s  assume a  K v a l u e  of  

700 iintho/cm i n  a  s t r e a m  c a r r y i n g  50 mg/L suspended sediment .  I f  

CDS/K = 0.65, t h e  e s t i m a t e  o f  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  i s  455 mg/T.. 

I f  t h e  s t r e a m  i n  t r u t h  had a  CDSIK = 0 .96 ,  t h e  b e s t  e s t i m a t e  would b e  

672 mg/l, f o r  CDS. The. d i f f e r e n c e  i n  t h e  two e s t i m a t e s  of  CDS is 217 mg/L, 

o r  f o u r  t imes  t h e  assumed sed iment  c o n c e n t r a t i o n  v a l u e  a t t r i b u t a b l e  t o  

t h e  CDS compensation scheme. The sediment  concentrat:i.on shou ld  b e  

more than  1 0  t imes  t h e  p o t e n t i a l  e r r o r  i n  CDS i n  o r d e r  t o  minimize  t h a t  

e r r o r .  That  i s ,  CSED shou ld  be  g r e a t e r  than  2 ,200  mg/T, i n  t h i s  i n s t a n c e .  

Obviously ,  i f  a s t r e a m ' s  CDS/K r a t i o  was known t o  be  e q u a l  t o  0.96,  t h a t  

v a l u e  should  b e  used.  W e  s e e k  h e r e  o n l y  t o  e s t i m a t e  t h e  poss ib l . e  e r r o r  

when assuming a  wrong CDS/K r a t i o .  

Another p o s s i b i l i t y  w i t h i n  t h e  second scheme, t h a t  of  u s i n g  a  s i m p l e  

l i n e a r  r e g r e s s i o n ,  h o l d s  much promise  f o r  many s t r e a m s .  T a b l e  B - 1  summa- 

r i z e s  p e r t i n e n t  d a t a  f o r  43 s t a t i o n  y e a r s  o f  pub l i shed  r e c o r d s  f o r  26 

s t a t i o n s  throughout  t h e  c e n t r a l  and w e s t e r n  United S t a t e s  from 1944 

through 1970. Most of  t h e  a n a l y s e s  are f o r  compos i t e s  of 1 0  o r  1.1 d a i l y  

samples .  Some of t h e  compos i t e s  a r e  f o r  s h o r t e r  p e r i o d s ,  e s p e c i a l l y  

d u r i n g  p e r i o d s  of v a r y i n g  d i s c h a r g e .  A gl.ance a t  t h e  t a b l e  shows t h e  

magni tude of t h e  s t a t i o n - t o - s t a t i o n  v a r i a t i o n s .  Mean a n n u a l  d i s s o l v e d -  

s o l i d s  c o n c e n t r a t i o n s  r a n g e  from 203 t o  13 ,320  mg/L, f o r  i n s t a n c e .  Of 

more immediate impor tancs ,  however, a r e  t h e  year- to-year  v a r i a t i o n s  a t  

s t a t i o n s  wi.th s e v e r a l  y e a r s  o f  d a t a .  

The concep t  o f  t empora l  c o n s i s t e n c y  a t  a  s i t e  was t e s t e d  a t  e i g h t  

of  t h e  mul t i -yea r  s i t e s .  The f i r s t  y e a r ' s  l i n e a r  K-CDS r e g r e s s i o n  

e q u a t i o n  was used t o  compute t h e  d i s so lved-so l . ids  c o n c e n t r a t i o n ,  CDSc, of 

each  a n a l y s i s  i n  subsequent  y e a r s .  For each s i t e ,  a n  e r r o r  h i s t o g r a m  

was prepared f o r  ACDS = CDS - CDS. These h i s tograms  a r e  g iven  i n  
C 

f i g u r e s  B - l  through B-8. The z e r o  of t h e  a b s c i s s a  i n  each f i g u r e  i s  a t  
-. 

t h e  composi te  CDS v a l u e  f o r  t h e  e s t i m a t e d  y e a r s .  I n  f i g u r e  B-1 ,  f o r  

example, t h e  z e r o  on t h e  a b s c i s s a  r e p r e s e n t s  t h e  mean of  a l l  t h e  p u b l i s h e d  

CDS v a l u e s  i n  1965 and 1967. I n  f i g u r e  B-6, t h e  computed val.ues a r e  a l l  



ACDS, INTERVAL IN INCREMENTS OF 4.88 MILLIGRAMS PER LITER 

Figure  U-1.--Error histograin f o r  Ye1lowstone River  a t  Ui.l.l.i.~igs, f.1011~. , 
f o r  water  y e a r s  I965 and 1967 computed from 1955 K-CDS r e l a t i o n .  

ACDS, INTERVAL IN INCREMENTS OF 3.21 MILLIGRAMS PER LITER 

I7igure  B-2.--Error h is togram f o r  Missouri. l i iver  a t  Nebraska C i t y ,  
N e b r . ,  f o r  water y e a r s  1963 and 1965 computed f r o m  1.955 K-CDS 
r e l a t i o n .  
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ACDS, IN INCREMENTS OF 5.67 MILLIGRAMS PER LITER 

F i g u r e  U-3.--Error h i s t o g r a i n  f o r  'he Snl i n e  R i v e r  a t  T e s c o t  t ,  K a n s . ,  
f o r  w a t e r  y e a r s  1965 and  1969  coin11uti:ci f rom 1963  I<-CDS r e l a c i o n .  

ACDS, IN INCREMENTS OF 9.99 MILLIGRAMS PER LITER 

F i g u r e  B-4. - -E r ro r  h i s i -ogram i'or t i l e  A r k a n s a s  R i v e r  a t  A r k a n s a s  
C i t y ,  Kans.  , f o r  w a t e r  y e a r s  1.969 a n d  1 9 7 0  computed from 1.967 
K-CDS r e l a t i o n .  
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COMPOSITE MEAN 1969. 1970 
I 

ACDS. IN INCREMENTS OF 1.62 MILLIGRAMS PER LITER 

F i g u r e  B-5.--Error h i s t o g r a m  f o r  t h e  M i s s i s s i p p i .  R ive r  a t  L ~ i l i ~ i g  l J e r ry ,  
L a . ,  f o r  w a t e r  y e a r s  1969 and 1.970 computed from 1967 K-CDS r e l a t i o n .  
2 
5 
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3 ACDS, IN INCREMENTS OF 1.21 MILLIGRAMS PER LITER 
Z 

F i g u r e  B-6.--Error  h i s t o g r a m  f o r  t h e  Co lo rado  R i v e r  n e a r  Wharton,  Tex . ,  
f o r  w a t e r  y e a r s  1965  and 1.967 computed from t h e  1.944 K-CDS r e l a t i o n .  
Note  t h a t  t h e  compos i t e  mean CDS f o r  1965 and 1967 was l e s s  t h a n  t h e  
l e f t  margin  and i s  n o t  shown. 

6 C 1967 MEAN 

ACDS, IN INCREMENTS OF 13.92 MILLIORAMS PER LITER 

F i g u r e  B-7.--Error h i s t o g r a m  f o r  t h e  Rio Grande Conveyance Ctlnnnel a t  
San M a r c i a l ,  N .  Mex., f o r  t h e  1.967 w a t e r  y e a r  computed f rom t h e  
1.965 K-CDS re1.at i .on.  
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ACDS, I N  INCREMENTS OF 51.29 MlLlGRAMS PER LITER 

Figure B-8.--Error histogram for Pecos River at Artesia, 
N. Mex., for water years 1965 and 1967 computed from the 
1944 K-CDS relation. 



- 
g r e a t e r  t h a n  t h e  compos i t e  CDS, and t h u s  a l l  v a l u e s  p l o t  t o  t h e  r i g h t  o f  

t h e  z e r o  which i s n ' t  shown. 

The e r r o r  h i s tograms  document a  r emarkab le  temporal  c o n s i s t e n c y ,  

a l t h o u g h  more than  twenty  y e a r s  s e p a r a t e s  t h e  b a s e  y e a r ' s  K-CDS r e l a t i o n  

from t h e  es t ima ted  d a t a  i n  two c a s e s  ( f i g s .  B-6 and B-8). The sp read  

f rom minimum t o  maximum ACDS v a l u e s  r a n g e s  from abou t  5  t o  abou t  25 per- 
-- 

c e n t  o f  t h e  mean annual. d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n ,  CDS. The modal 

ACDS v a l u r s  a t  a l l  e i g h t  s t a t i o n s  a r e  w i t h i n  5  p e r c e n t  of t h e  compos i t e  
- 
CDS f o r  t h e  es t ima ted  y e a r s ,  and t h r e e  of  t h e  modes a r e  w i t h i n  0 .25  

p e r c e n t  o f  t h e  composi te  CDS. The Pecos River  s t a t i o n  ( f i g .  B-8) is t h e  

w o r s t  of t h e  group; i t s  modal ACDS v a l u e  of  250 mg/L is j u s t  under 
- 

5  p e r c e n t  of  t h e  compos i t e  CDS. The Missour i  River  s t a t i o n  ( f i g .  R--2) is 

t h e  most stab1.e of t h e  group;  51 of  t h e  52 CDSc v a l u e s  a r e  w i t h i n  5  per-  

c e n t  o f  t h e  measured v a l u e ,  and t h e  ACDS mode i s  o n l y  0 .17 p e r c e n t  of  t h e  

compos i t e  CDS. I n  o t h e r  words ,  u s i n g  t h e  K-CDS r e l a t i o n  f o r  1955 gave 

an e r r o r  l a r g e r  t h a n  1 5  m g / ~  o n l y  once  i n  t h e  two y e a r s  (1963,  1965) o f  

e s t i m a t e d  r e c o r d .  Dur ing t h i s  p e r i o d ,  CDS v a l u e s  ranged from 258 t o  

579 mg/L. The i n v a r i a b i l i t y  w i t h  t ime  a t  t h i s  s i t e  i s  p robab ly  t h e  r e s u l t  

of  t h e  l a r g e ,  f a i r l y  un i fo rm d r a i n a g e  w i t h  s e v e r a l  l a r g e  r e s e r v o i r s .  The 

Colorado River  a t  Wharton, Texas ( f i g .  B-6) is a n  example of  a  s t r e a m  

showing a  s l i g h t  s h i f t  i n  t h e  K-CDS r e l a t i o n .  A l l  of  t h e  e s t i m a t e s  were  

t o o  h i g h ,  by amounts f rom 1 2  t o  41 mg/L; b u t  31 of 36 e s t i m a t e s  were  

w i t h i n  t h e  range  from 1 2  t o  27 mg/L g r e a t e r  than  t h e  measured CDS. I n  

t h i s  i n s t a n c e ,  adding 20 mg/L t o  t h e  e s t i m a t e d  CIIS would b r i n g  86 p e r c e n t  

o f  t h e  e s t i m a t e s  t o  w i t h i n  8  mg/L of  t h e  measured CDS. More than  twenty  

y e a r s  e l a p s e d  between t h e  b a s e  y e a r  and t h e  t e s t  y e a r s .  



The fo.Ll.owing t a b l e  q u a n t i f i e s  t h e  d i f f e r e n c e  between e s t i m a t e d  and 
- 

actual .  composi te  CDS v a l u e s  f o r  t h e  e i g h t  s t a t i o n s  i n  f i g u r e s  B-1 

through B-8: 

E s t i m a t e  Actual  
composi te  composi te  

..... -- 
CIIS CDS P e r c e n t a g e  

River  S i t  e  S t a t e  (mg/L) Fig .  ~? .Ld i f f e re_nce  

Yellowstone 

M i s s o u r i  

S a l i n e  

Arkansas  

M i s s i s s i p p i  

Colorado 

Rio Grande 

Pecos 

B i l l i n g s  

Nebraska C i t y  

T e s c o t t  

Arkansas  C i t y  

L u l i n g  F e r r y  

Wharton 

San Marcia1 

A r t  e s  i a  

Mont . 
Neb. 

Kan. 

Kan . 
La. 

Tex. 

N .  Mex. 

N .  Mex. 

Except ing t h e  Colorado River  s t a t i o n  ( f i g .  B-61, t h e s e  d i f f e r e n c e s  a r e  

l e s s  t h a n  4 p e r c e n t .  A s  no ted  i n  t h e  p r e c e d i n g  pa ragraph ,  t h e  Colorado 

River  s t a t i o n  would b e  improved by a d d i n g  20 mg/L t o  t h e  e s t i m a t e d  CDS 

v a l u e s .  I n  t h i s  manner t h e  d i f f e r e n c e  between composi te  means would b e  

l e s s  than  one-half  p e r c e n t .  The c a u s e  of t h i s  s h i f t  of  t h e  K-CDS r e l a t i o n  

i s  n o t  known; nor  is i t  known whether  t h e  s h i f t  is permanent. 

A n a t u r a l  s t r e a m  c o n t a i n s  a m i x t u r e  of s a l t s .  The r e l a t i v e  m i x t u r e  

depends on t h e  geology and geography of  t h e  upst ream wate r shed ,  on t h e  

d i s t r i b u t i o n  and i n t e n s i t y  of  p r e c i p i t a t i o n ,  on t h e  c o n t r i b u t i o n  from 

ground water, and on man's a c t i v i t i e s .  Uniform geology and geography 

upst ream from a  s i t e  w i l l  normal ly  g i v e  a  s t a b i l i t y  t o  t h e  K-CDS r e l a t i o n  

f o r  t h e  r u n o f f  a t  t h e  s i t e .  A t  such s i t e s ,  a  s i n g l e  r e l a t i o n  should  

s u f f i c e  f o r  s e v e r a l  y e a r s .  Other  s t r e a m s  might r equ i . r e  a  s e a s o n a l  I<-CDS 

r e l a t i o n ,  o r  p o s s i b l y  a  complex melding of r e l a t i o n s  depending on t h e  

r e l a t i v e  c o n t r i b u t i o n  of  upst ream t r i b u t a r i e s .  

The t h i r d  and f o u r t h  d i s s o l v e d - s o l i d s  compensation schemes ( u s i n g  a  

p e r i o d i c  sample w i t h  a  K-CDS r e l a t i o n  and d e t e r m i n i n g  a  CDS c o r r e c t i o n  



f o r  each a n a l y s i s )  a r e  most s imply  t e s t e d  i n  t h e  f i e l d .  A s  t h e s e  schemes 
- 

a r e  more expens ive ,  they  w i l l  f i n d  use  a t  s i t e s  where t h e  CDS/K r a t i o  o r  

t h e  K-CDS r e l a t i o n  i s  i n  doub t ,  o r  n o t  s u f f i c i e n t l y  a c c u r a t e .  

E r r o r s  due  t o  d i s s o l v e d  s o l i d s  can b e  s e p a r a t e d  i n t o  random and 

s y s t e m a t i c  t y p e s .  Random e r r o r s  can  be  minimized by a v e r a g i n g  many meas- 

urements a t  s i m i l a r  d i s s o l v e d - s o l i d s  and sediment  c o n c e n t r a t i o n s .  System- 

a t i c  e r r o r s  b i a s  measurements i n  one  d i r e c t i o n  o n l y ,  a l t h o u g h  a t  t imes  

one  may p a r t i a l l y  c a n c e l  a n o t h e r .  S y s t e m a t i c  e r r o r s  a r e  g e n e r a l l y  

reduced by s u p p r e s s i o n  a t  t h e  s o u r c e .  A s y s t e m a t i c  b i a s  i n  d i s s o l v e d -  

s o l i d s  c o n c e n t r a t i o n s  can  a r i s e  i n  t h e  I<-CDS r e l a t i o n ,  t h e  d e t e r m i n a t i o n  

of  CDS, o r  t h e  c o n d u c t i v i t y  mete r .  We have d i s c u s s e d  t h e  f i r s t ;  and t h e  

l a t t e r  two a r e  a  m a t t e r  of  l a b o r a t o r y  t echn ique .  The a c c u r a c y  o f  t h e  

c o n d u c t i v i t y  measurement is dependent on t h e  q u a l i t y  o f  t h e  i n s t r u m e n t ,  

t h e  c a r e  talcen i n  i t s  u s e ,  and i n  t h e  f requency  of  r e c a l i b r a t i o n .  T y p i c a l  

a c c u r a c i e s  f o r  c o n d u c t i v i t y  m e t e r s  a r e  on t h e  o r d e r  of o n e  t o  t h r e e  

p e r c e n t .  These  a c c u r a c i e s  can b e  main ta ined  o n l y  w i t h  a  r e g u l a r  s c h e d u l e  

of probe c l e a n i n g  and r e c a l i b r a t i o n .  

Tab le  U-2 l i s t s  minimum d a i l y  sediment  c o n c e n t r a t i o n s  and t h e  approx- 

imate  concomitant  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  f o r  some o f  t h e  s t a t i o n s  

l i s t e d  i n  T a b l e  B - 1 .  The t y p i c a l  p a t t e r n  i s  f o r  d i s s o l v e d - s o l i d s  concen- 

t r a t i o n s  t o  be  hi.gh when sediment c o n c e n t r a t i o n s  a r e  low. U n f o r t u n a t e l y ,  

t h e  l e a s t  a c c u r a t e  e s t i m a t e s  of  d i s s o l v e d - s o l i d s  c o r r e c t i o n  may occur  

a t  low sediment  c o n c e n t r a t i o n  where  t h e  e r r o r  i n  t h e  c o r r e c t i o n  can 

easi1.y exceed t h e  sediment  concen t ra t i .on  i t s e l f .  For t h e  d a t a  shown, 

t h e  s t a n d a r d  e r r o r  of  p r e d i c t i o n  o f  CDS v a r i e s  from abou t  1 . 2  t o  38 t i m e s  

t h e  minimum sediment  c o n c e n t r a t i o n ,  CSEDmin. Two-thirds of t h e  S  v a l u e s  
P  

were l e s s  t h a n  2 . 1  t imes  CSED . . For t h e s e  lower  r a t i o s ,  a n  i n c r e a s e  i n  
m m  

t h e  number of  maintenance and i n s p e c t i o n  v i s i t s ,  and t h e r e f o r e  i n  t h e  

number of  check samples can p r o v i d e  t h e  i n c r e a s e d  a c c u r a c y  needed t o  

compute a n  a c c e p t a b l y  a c c u r a t e  d i s s o l v e d - s o l i d s  c o r r e c t i o n  f o r  i n s t a n c e s  

where CSED i s  low and CDS is h i g h .  For h i g h  S  /CSED r a t i o s ,  a  scheme 
P  

t o  compensate f o r  t h e  d i s s o l v e d  s o l i d s  i n  e a c h  measurement should  b e  

adopted.  
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CONCLUSIONS 

1 )  A t  some s i t e s ,  t h e  K-CDS r e l a t i o n  demons t ra tes  a  remarlcable temporal  

c o n s i s t e n c y ,  of t e n  remaining c o n s t a n t  f o r  decades .  

2) The a c c u r a c y  of c o n d u c t i v i t y - d e r i v e d  d i s s o l v e d - s o l i d s  c o r r e c t i o n s  

depends upon t h e  r e l . a t i v e  magni tude of  CSED and CDS. When CSED i s  h i g h  

and CDS is low, t h e  c o n d i t i o n  o c c u r s  d u r i n g  t h e  most s i g n i f i c a n t  s to rm 

e v e n t s ,  u s i n g  a reasonab ly  a c c u r a t e  K-CDS r e l a t i o n  can  g i v e  a n  a c c u r a t e  

compensated sediment  c o n c e n t r a t i o n .  

3) Even though a  K-CDS r e l a t i o n  i s  g e n e r a l l y  a c c u r a t e ,  when low sediment  

c o n c e n t r a t i o n s  c o i n c i d e  w i t h  h i g h  d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n s ,  t h e  

e r r o r  i n  t h e  d i s s o l v e d - s o l i d s  c o r r e c t i o n  e a s i l y  can  exceed s e v e r a l  m u l t i -  

p l e s  of t h e  sediment  c o n c e n t r a t i o n .  When t h i s  i s  t h e  c a s e ,  t h e  u s u a l  

p e r s i s t e n c e  of  t h e  low sediment c o n c e n t r a t i o n  p e r i o d  a l l o w s  c o l l e c t i o n  of  

s e v e r a l  manual samples  which w i . l l  improve t h e  e s t i m a t e  o f  a v e r a g e  sediment  

c o n c e n t r a t i o n .  

4 )  The p r e c i s e  d e t e r m i n a t i o n  of  i n d i v i d u a l  sediment  c o n c e n t r a t i o n s  f o r  

t h e  h i g h  CDS - low CSED c a s e  c a n  b e  ach ieved  o n l y  when b o t h  a r e  measured 

s imul taneous ly .  
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PART C 

DESCRIPTION OF MEASURING ELECTRONICS 

J.  P.  Beverage and J .  V. Slcinner 

The dens i ty -gage  purchased from t h e  manufac tu re r  inc luded  a n  e l e c -  

t r o n i c s  u n i t  t h a t  c o n t a i n e d  an analog-meter o u t p u t  d i s p l a y .  The mete r  

had a  0  t o  100  s c a l e ,  w i t h  f u l l  s c a l e  c o r r e s p o n d i n g  t o  a sediment  concen- 

t r a t i o n  of about  50,000 mg/L. The s p e c i a l  measur ing e l e c t r o n i c s  d e s i g n e d  

by t h e  a u t h o r s  h a s  a  much g r e a t e r  c o n c e n t r a t i o n  range  and m a i n t a i n s  good 

r e s o l u t i o n  th roughout  t h e  r a n g e .  It i s  p o s s i b l e  t o  c o n v e r t  t h e  a n a l o g  

o u t p u t  t o  a  d i g i t a l  o u t p u t ,  b u t  t h e  d i r e c t  d i g i t a l  measurement e l i m i n a t e s  

c o n v e r s i o n  e r r o r s .  The o t h e r  major  r e a s o n  f o r  d e s i g n i n g  s p e c i a l  c - i r c u i t s  

w a s  t h e  concern  f o r  e x c i t i n g  t h e  d r i v e  c o i l  o n l y  a t  t h e  r e s o n a n t  r e q -  

quency. A d e s c r i p t i o n  o f  t h e  i n s t r u m e n t  should  h e l p  t h e  r e a d e r  unders tand  

t h e  concep t .  

The c l o s e d  end of  t h e  U-tube is  mechan ica l ly  coupled t o  t h e  c e n t e r  

of a  rod ( f i g .  C-1). Each end of  t h e  rod s u p p o r t s  a n  a r m a t u r e  f o r  a  f i x e d  

e l e c t r o m a g n e t i c  coi l . .  An e l e c t r i c  c u r r e n t  s u p p l i e d  t o  one c o i l ,  t h e  

d r i v e  co:i.l, i nduces  motion i n  t h e  a r m a t u r e  and t h i s  motion is t r a n s m i t t e d  

t o  t h e  O-tube and t h e  s e n s e - c o i l  a r m a t u r e .  Movement of t h e  s e n s e - c o i l  

a r m a t u r e  induces  a  vo l - t age  i n  i t s  c o i l .  T h i s  v o l t a g e  is a  f u n c t i o n  o f  

t h e  v e l o c i t y  of t h e  tube .  A s i n u s o i d a l  c u r r e n t  i n  t h e  d r i v e  c o i l  w i l l  

e x e r t  a  s i n u s o i d a l  f o r c e  on t h e  t u b e  and t h e r e b y  induce  a  s i n u s o i d a l  

v o l t a g e  i n  t h e  s e n s e  c o i l .  Once s e t  i n t o  v i b r a t i o n  t h e  t u b e  s t a b i l i z e s  

a t  i t s  n a t u r a l  f r equency .  The f a c t o r y  e l e c t r o n i c  u n i t  s u p p l i e s  a  2 0 - v o l t ,  

square-wave vol- tage  s i g n a l  a t  t h e  r e s o n a n t  f requency.  A s q u a r e  wave 

c o n t a i n s  a  fundamental. f r equency  and a l l  odd muLt ip les  of  t h a t  fundamental .  

The d r i v e - c o i l  f o r c e  i s  p r o p o r t i o n a l  t o  d r i v e - c o i l  c u r r e n t .  C u r r e n t  ha r -  

monics a r e  suppressed  (bu t  n o t  e l i m i n a t e d )  by t h e  s e l f - i n d u c t a n c e  of  t h e  

d r i v e - c o i l  . To minimize p o s s i b l e  mechanical  harmonic v i b r a t i o n s ,  t h e  
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Figure! C - l  .---Sctleii~aiic d r a w i n g  o f  v : i b r a t i n g  U-tube. 



a u t h o r s  d e s i g n e d  t h e  s p e c i a l  e l e c t r i c a l  feedback l o o p  which suppressed  

harmonics by g e n e r a t i n g  a  s i n u s o i d a l  d r i v e - c o i l  vol - tage .  To minimize! 

t h e  e f f e c t  of  a l l  e l e c t r i c a l  and mechanical  non l inea r ' t i e s  i n  t h e  r e l a -  

t i o n s  between c u r r e n t ,  v o l t a g e ,  f o r c e ,  and d i s p l a c e m e n t ,  t h e  d r i v e - c o i l  

v o l t a g e  was r e g d a t e d  a t  a  ].ow a m p l i t u d e  of o n l y  a  few v o l t s .  

The r a n g e  of  d e n s i t i e s ,  which can  b e  measured w i t h  one s e t  of  

e l e c t r i c a l  components i n  t h e  feedback  l o o p  is  i l l u s t r a t e d  i n  f i g u r e  C-2. 

Water and o t h e r  d e n s e r  f l u i d s  were  used.  The upper p o i n t  r e p r e s e n t s  a n  

e q u i v a l e n t  sediment  c o n c e n t r a t  i o n  of 683,000 mg/L, which is beyond t h e  

c o n c e n t r a t i o n  o f  most s t r e a m s  (Beverage and C u l b e r t s o n ,  1964) .  The 

a v e r a g e  p e r i o d  of  v i b r a t i o n  was measured by a  s e p a r a t e  e l e c t r o n i c  

i n s t r u m e n t .  

To summarize, t h e  s p e c i a l  e l e c t r o n i c s  c i r c u i t s  were  des igned  t o  

improve t h e  i n s t r u m e n t  i n  t h r e e  a r e a s :  (1)  extend t h e  c o n c e n t r a t i o n  

range  ( w i t h o u t  s w i t c h i n g  e l e c t r i c a l  components) ,  (2)  change t h e  d i s p l a y  

from a n a l o g  t o  d i g i t a l ,  and (3)  r e d u c e  t h e  p o s s i b i l i t y  of  h i g h e r  o r d e r  

mechanical  harmonics .  These e l e c t r o n i c s  c i r c u i t s  a l l o w  t h e  i n s t r u m e n t  t o  

measure e q u i v a l e n t  sediment  c o n c e n t r a t i o n  from 0 t o  more t h a n  600,000 mg/L. 

Th i s  r e p o r t  d e s c r i b e s  t h e  s p e c i a l  c i r c u i t s  developed t o  make t h e  

d e s i r e d  improvements i n  t h e  i n s t r u m e n t .  

FEEDBACK CIRCUIT 

The feedback  c i r c u i t  ( f i g .  C-3) a m p l i f i e s  and f i l t e r s  t h e  s e n s e - c o i l  

v o l t a g e .  The c o n d i t i o n e d  s i g n a l  i s  impressed a c r o s s  t h e  d r i v e  c o i l  and 

c a u s e s  t h e  U-tube t o  v i b r a t e  a t  i t s  r e s o n a n t  f r equency .  

The p r imary  feedback l o o p  c o n s i s t s  of  a m p l i f i e r s  I., 2,  and 3. Ampli- 

f i e r  1 i n c r e a s e s  t h e  s e n s e - c o i l  v o l t a g e  1 0 0  t i m e s ,  and a l s o  a t t e n u a t e s  

( f i l t e r s )  s p u r i o u s ,  h igh-frequency v a r i a t i o n s  i n  t h e  s e n s e - c o i l  v o l t a g e .  

Ampl i f i e r  2 is  connected t o  t h e  o u t p u t  of  a n  a n a l o g  m u l t i p l i e r  which 

combines t h e  s i g n a l  from a m p l i f i e r  1 and t h e  o u t p u t  from t h e  au tomat ic -  

g a i n  c o n t r o l  (AGC) l o o p  ( d i s c u s s e d  below).  The o u t p u t  of  a m p l i f i e r  2  

p a s s e s  th rough  a high-pass  (DC-blocking) f i l t e r  t o  a m p l i f i e r  3, 

which i s  a  u n i t y - g a i n  b u f f e r .  



AVERAGE VIBRATION PERIOD, IN MILLISECONDS 

F i g u r e  C-2.--Graph r e l a t i n g  f l . u id  d e n s i t y  and  a v e r a g e  v i b r a t i o n  
p e r i o d .  
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o s c i l l a t i o n s .  T h i s  t echn ique  al.lows d i r e c t  d i . g i t a l  measurement of  t h e  

average  U-tube v i b r a t i o n a l  p e r i o d .  The o b j e c t i v e  i s  accomplished i n  t h e  

f o l l o w i n g  manner. 

The p o s i t i v e  square-wave s i g n a l  from a m p l f i e r  4  ( f i g .  C-3) i s  

f u r t h e r  sharpened by two i n v e r t i n g  NAND g a t e s ,  6DC and 6DD ( f i g .  C-4). 

The square-wave p u l s e s  p a s s  i n t o  t h e  1.2-stage b i n a r y  c o u n t e r ,  I D .  The 

two c o u n t e r s ,  l D  and 2D, and t h e  two f l i p - f l o p s ,  3DA and 3DB, c o n s t i t u t e  

t h e  g a t e - c o n t r o l  c i r c u i t .  The t i m i n g  cycle: b e g i n s  when t h e  r e s e t  l i n e  

goes t o  z e r o  v o l t s .  Counter I D  b e g i n s  coun t ing .  When i t s  second o u t p u t  

goes h i g h  a f t e r  two c o u n t s ,  f l i p - f l o p  3DB t u r n s  on NAND g a t e  4DC which 

then a c t i v a t e s  g a t e s  4DH and 4DA. A f t e r  b e i n g  swi tched ,  g a t e  4DA t r a n s -  

m i t s  p u l s e s  from t h e  r e f e r e n c e  o s c i l l a t o r  t o  t h e  o u t p u t - d i s p l a y  c o u n t e r .  

A f t e r  18 ,430  c o u n t s ,  t h e  "5" o u t p u t  of  c o u n t e r  2D goes  h i g h  and t o g g 1 . e ~  

f l i p - f l o p  3DA, which t u r n s  o f f  g a t e s  4DC, 4DB,  and 4DA. When g a t e  4DA 

c l o s e s ,  t h e  o u t p u t - d i s p l a y  c o u n t e r  h o l d s  t h e  f i n a l  coun t  u n t i l  r e s e t .  

The t i m i n g  cyc1.e i s  i n i t i a t e d  by a  p o s i t i v e - v o l t a g e  p u l s e  t o  t h e  

photo-coupler 7D. \ h e n  t h i s  o c c u r s ,  a  p u l s e  i s  passed th rough  g a t e s  6DA 

and 6DH t o  t h e  t i m e r ,  5D. The t i m e r ' s  o u t p u t ,  t h e  r e s e t  l i n e ,  goes  h igh  

f o r  a  p r e - s e t  p e r i o d ;  then  i t  goes  back  t o  z e r o  v o l t s .  While t h e  r e s e t  

l i n e  is h i g h ,  b o t h  c o u n t e r s  a r e  set t o  z e r o  c o u n t s ,  and each f l i p - f l o p  

"Q" o u t p u t  i s  s e t  low w h i l e  t h e  "Q" o u t p u t  i s  s e t  h igh .  Also,  t h e  o u t p u t -  

d i s p l a y  c o u n t e r  is  r e s e t  t o  z e r o  c o u n t s .  The t imer  i s  set f o r  a  l o n g  

i n t e r v a l ,  more than  20 seconds ,  t o  e n a b l e  t h e  pumped f low t o  approach a n  

e q u i l i b r i u m .  

REFERENCE OSCILLATOR 

The per iod-measur ing scheme r e q u i r e s  an  o s c i l l a t o r  w i t h  a  s t a b l e  

f r equency ;  however, t h e  f requency  need n o t  be  t h e  same f o r  a l l  gages .  

Each ins t rument  must be  c a l i b r a t e d  f o r  t h e  p a r t i c u l a r  r e f e r e n c e  f requency  

chosen;  f u r t h e r m o r e ,  t h e  f requency  must h e  chosen s o  t h a t  t h e  a v e r a g e  

p e r i o d  of U-tube v i b r a t i o n  is subd iv ided  i n t o  enough p a r t s  t o  o b t a i n  

s u f f i c i e n t  a c c u r a c y  i n  t h e  p e r i o d  measurement. The r e f e r e n c e  f requency  

chosen f o r  t h i s  gage was 1 2 . 8  kHz. With t h e  U-tube f i l l e d  w i t h  

13.9 
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d i s t i l l e d  wa te r  t h e  o s c i l l a t o r  compl.etes abou t  108 c y c l e s  whi1.e t h e  U-tube 

comple tes  one  c y c l e .  The a c c u r a c y  of t h e  p e r i o d  measurement was enhanced 

by t i m i n g  a  l a r g e  number (18,430) of  U-tube cycltes i n s t e a d  of  on ly  one 

c y c l e .  A t  c o ~ n p l e t i o n  of a  t i m i n g  c y c l e ,  t h e  t ime r e q u i r e d  f o r  t h e  U-tube 

t o  comp:lete 18 ,430  c y c l e s  was measured w i t h  a n  e r r o r  equa l  t o  o r  l e s s  t h a n  

one p a r t  i n  1 , 9 9 0 , 4 4 0  p a r t s  (108 x 18 ,430) ;  however, t h e  e r r o r  w i l l  be 

l a r g e r  i f  t h e  o s c i l l a t o r  f r equency  i s  u n s t a b l e .  

Changes i n  t h e  r e f e r e n c e - o s c i l l a t o r  f r equency  w i l l ,  i f  u n c o r r e c t e d ,  

r e s u l t  i n  e r r o r s  i n  t h e  p r e d i c t e d  sediment  c o n c e n t r a t i o n .  The f requency  

w i l l  s h i f t  w i t h  changes i n  t e m p e r a t u r e .  A h i g h - q u a l i t y ,  c r y s t a l - t y p e  

r e f e r e n c e  o s c i l l a t o r  was used.  Temperature  v a r i a t i o n s  were  minimized by 

p l a c i n g  t h e  osc i l . : l a to r  i n  a  s m a l l ,  t h e r m o s t a t i c a l l y - c o n t r o l l e d  chamber 

(oven) s e t  For 65' -. + 1°C. T e s t s  r u n  a t  a n  ambient a i r  t e m p e r a t u r e  of 2 2 ' ~  

i.ndi.cated t h e  o s c i l l . a t o r  r e q u i r e d  abou t  1.5 minutes  t o  r e a c h  a  q u a s i - s t a b l e  

s t a t e  a f t e r  power had been a p p l i e d  t o  t h e  o s c i l l a t o r  and oven. The 

o s c i l l a t o r  f r equency  d r i f t  r a t i o ,  R f ,  i n  p a r t s  p e r  n i i l l i o n  (ppm) i s  

where A €  - magnitude o f  o s c i l l a t o r - f r e q u e n c y  s h i f t  i n  H e r t z  (Hz), 

and f  = nominal o s c i . l l a t o r  f r equency  i n  H z .  

A s  e x p l a i n e d  i n  p a r t  A o f  t h L s  r e p o r t ,  t h e  gage was c a l i b r a t e d  by 

e x p e r i m e n t a l l y  d e t e r m i n i n g  a  r e l a t i o n  between sediment  c o l l c e n t r a t i o n  and 

coun t  which is d e f i n e d  a s  t h e  d i f f e r e n c e  between two cumula t ive  c o u n t s ,  

o n e  t a k e n  w i t h  sediment- laden w a t e r  i n  t h e  U-tube and one  t a k e n  w i t h  

sed iment - f ree  wa te r  i n  t h e  tube .  To a s s e s s  t h e  c o n c e n t r a t i o n  e r r o r  

caused by a  f r equency  s h i f t ,  assume t h a t  two cumula t ive  c o u n t s  a r e  t a k e n  

on sed iment - f ree  w a t e r .  Fur thermore ,  between t h e  two t e s t s  assume t h a t  

t h e  o s c i l l a t o r  f r equency  s h i f t s  by a n  amount i i f ,  b u t  t h a t  a l l .  o t h e r  test 

f a c t o r s  such a s  wa te r  t e m p e r a t u r e  and d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  a r e  

s t a b l e .  Assume t h e  U-tube v i b r a t e s  a t  a n  e q u a l  r a t e  d u r i n g  t h e  two t e s t s .  

The two c u m u l . a t i ~ ~ e  c o u n t s  r.iou:Ld b e  c o l l e c t e d  d u r i n g  equal. t i m e  i n t e r v a l s ,  

each o f  T seconds  d u r a t i o n .  C ,  t h e  d i f f e r e n c e  between t h e  two c.umulati.ve 



c o u n t s ,  would be  

c = T(Af) 

S u b s t i t u t i o n  o f  Af from e q u a t i o n  (1) y i e l d s  

Nominal v a l u e s  f o r  T  and f a r e  1 5 5  seconds  and 1 2 , 8 0 0  Hz, r e spec-  

t i -ve ly .  For t h e s e  v a l u e s  and an. o s c i l l a t o r  f r equency  d r i f t  r a t i o  of 

1 ppm, e q u a t i o n  2  y i e l d s  C = 1 . 9 8  u n i t s .  The a v e r a g e  of a l l  sediment-  

c a l i b r a t i o n  t e s t s  r e p o r t e d  i n  p a r t  A i n d i c a t e s  a  sediment  c o n c e n t r a t i o n  

of about  1 0  mg/L cor responds  t o  a  C of one  u n i t .  Equat ion 2  shows t h e  

concen t ra t i .on  e r r o r  w i l l  b e  p r o p o r t i o n a l  t o  R and t h e  e r r o r  w i l l  b e  
f  

about  20 mg/L f o r  each ppm of  o s c i l l a t o r - f r e q u e n c y  s h i f t .  

Both long- term and s h o r t - t e r m  f requency  s h i f t s  were  obse rved .  The 

shor t - t e rm s h i f t  was determined from s e v e r a l  p e r i o d  measurements t aken  

d u r i n g  a n  i n t e r v a l  of  s e v e r a l  minutes .  The o s c i l l a t o r  had a  mean p e r i o d  

o f  78.139 259 psec  (12,797.664 H z )  w i t h  a  s t a n d a r d  d e v i a t i o n  of  

0.000 032 usec  (0.0052 B z ) .  Based on f r e q u e n c y ,  t h e  s t a n d a r d  d e v i a t i o n  

i s  0 . 4 1  p a r t s  p e r  m i l l i o n  which cor responds  t o  a  sed iment -concen t ra t io i l  

e r r o r  of a b o u t  8  ppm. 

I n  long- term d r i f t  t e s t s ,  a s low,  s i n u s o i d a l  change i n  t h e  o s c i 1 L a t o r  

peri.od was observed over  s e v e r a l  hours .  The per:i.od v a r i e d  from a  minimum 

of 78.1.39 21  t o  a  maximum of 78.1.39 3% usec  over  an  a v e r a g e  i n t e r v a l  of  

41.6  seconds .  Based on f requency ,  t h e  v a r i a t i o n  amounted t o  abou t  

f0 .64 ppln which i s  e q u i v a l e n t  t o  a  sediment  c o n c e n t r a t i o n  e r r o r  of 

+12 ppm. When t h e  oven was chi ] - led  sudden ly  w i t h  a  Freon g a s  t h e  42-sec - 

v a r i a t i o n  conti.nued und i s tu rbed  a l t h o u g h  t h e  c r y s t a l  f r equency  changed. 



FUTURE DEVELOPMENTS 

Constant s u b t r a c t o r  c i r c u i t  

I n  the  present  conf igura t ion ,  t h e  output-display counter  shows a l l  

cumulative counts gated during t h e  timing period. Cumulative counts of 

1,985,520 or  more a r e  cornion. The l a r g e  cumulative count makes i t  d i f f i -  

c u l t  t o  read d i f f e r e n c e s  quickly. Another g a t e  and counter  c i r c u i t  can 

be  added t o  t h e  output  count l i n e  t o  minimize d a t a  s to rage  complexity. 

This  f i n a l  ga t e  w i l l  wai t  1,982,464 counts before  t r ansmi t t ing  t h e  

remaining counts t o  t h e  output-display counter .  I n  e f f e c t ,  t h i s  s u b c i r c u i t  

w i l l  s u b t r a c t  t h e  cons tant  from t h e  f i n a l  value. 

Data manipulation 

The raw output  d isp lay ,  even with t h e  suh t r ac to r  c i r c u i t ,  i s  not  t h e  

sediment concent ra t ion .  The concent ra t ion  i s  more nea r ly  r e l a t e d  t o  t h e  

d i f f e r e n c e  between t h e  count obtained wi th  t h e  sediment-laden water and 

t h e  count obtained with sediment-free water a t  t h e  same temperature. The 

sediment-free water  must have t h e  same d isso lved-sol ids  concent ra t ion  a s  

t h e  sediment-l.aden water .  I f  a  cumulative count i s  made of t h e  sediment- 

f r e e  water,  t h a t  cumulative count can be s tored  and used wi th  success ive  

counts of sediment-laden water i f  t h e  temperatures remain wi th in  a  narrow 

range and i f  t h e  d isso lved-sol ids  concent ra t ion  a l s o  remains within a  

narrow range. Automatic per iodic  measurements of stream water temperature 

and s p e c i f i c  conductance allow v e r i f i c a t i o n  of t h e  constancy of t hese  

parameters and a l s o  a t  l e a s t  s l i g h t  adjustment t o  t h e  sediment-free count 

when t h e  parameters move o u t s i d e  t h e  defined limits. There a r e  pre- 

progranrmab1.e in t eg ra t ed  c i r c u i t s  p re sen t ly  a v a i l a b l e  which can perform 

t h e  necessary d a t a  manipulation and computation. The f i n a l  output  could 

be  sediment concent ra t ion  i n  mg/L. The adapta t ion  of such a  device  t o  

t h e  present  instrument would g r e a t l y  increase  i t s  usefu lness .  



Data t r a n s m i ~ s i o n  and s t o r a g e  

The t r a n s m i s s i o n  and s t o r a g e  o f  t h e  computed sed iment -concen t ra t ion  

d a t a  a r e  n o t  s e r i o u s  problems. Commercial equipment t o  accompl ish  t h e s e  

o b j e c t i v e s  i s  r e a d i l y  a v a i l a b l e  i n  a  v a r i e t y  of forms.  Data are 

r o u t i n e l y  t r a n s m i t t e d  by means of  t e l ephone  and r a d i o ,  b o t h  d i r e c t l y  and 

by r e b r o a d c a s t  through s a t e l l i t e s .  Local  s t o r a g e  of  d a t a  is  p o s s i b l e  i n  

a  v a r i e t y  o f  ways: 

1. D i r e c t  p r i n t i n g  of  t h e  d a t a ;  

2 .  Graphical. r e c o r d i n g s  on fi1.m and paper ;  

3 .  Magnetic r e c o r d i n g s  on t a p e ,  d i s c ,  o r  t h e  newer "magnetic bubble" 

d e v i c e s ;  

4 .  Semiconductor memories, b o t h  temporary and permanent;  and 

5. Punched paper  t a p e  o r  c a r d s .  

The p a r t i c u l a r  means chosen must u l t i m a t e l y  b e  decided on t h e  b a s i s  

of r e l i a b i l i t y ,  c o s t ,  convenience ,  sys tem c a p a c i t y ,  e a s e  of maintenance,  

and p o s s i b l y  o t h e r  f a c t o r s .  The b a s i c  sed iment -concen t ra t ion  i n s t r u m e n t  

should  b e  provided w i t h  a n  o p t i o n ,  a t  l e a s t ,  of s t o r i n g  d a t a  w i t h i n  t h e  

i n s t r u m e n t  and a  means of  c o u p l i n g  t o  a d a t a - t r a n s m i s s i o n  sys tem.  



CONCLUSIONS 

The measuring c i r c u i t s  d e s c r i b e d  i n  t h i s  r e p o r t  s a t i s f y  t h e  r e q u i r e -  

ments s e t  For th :  

(I) t h e  c a p a b i l i t y  of  measur ing  t h e  a v e r a g e  v i b r a t i o n a l  p e r i o d  over  

a  v e r y  wide range  of sediment  c o n c e n t r a t i o n .  

( 2 )  p rov ides  t h e  d r i v e  c o i l  w i t h  a  low, b u t  cons tan t -ampl i tude ,  

s i n u s o i d a l l y  v a r y i n g  v o l t a g e ,  which i s  a t  t h e  r e s o n a n t  f r equency  and 

"c lean"  ( f r e e  of  harmonic n o i s e ) ,  and 

( 3 )  measures t h e  mean r e s o n a n t  pe r iod  d i g i t a l l y .  

D i r e c t  d i g i t a l  measurement f a c i l i t a t e s  d i g i t a l  di.sp1a.y and d a t a  manipula- 

t i o n ,  t r a n s m i s s i o n ,  and s t o r a g e .  
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