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The primary purpose o f  t h i s  i n v e s t i g a t i o n  was t o  determine t h e  ac- 

cu racy  o f  t h e  bottom withdrawal tube  method when a p p l i e d  t o  t h e  s i z e  

a n a l y s i s  of suspended sediments i n  the  range of  sand s i zes .  Tes t s  were 

confined t o  s i z e s  under 700 microns (0.7 mi.) because t h a t  e i z e  l i m i t  is 

seldom exceeded i n  suspended sediments. 

Glass beads were used a s  a sedimentation mate r i a l  i n  o rde r  t o  pro- 

v i d e  a more p r e c i s e  check on t h i s  s i z e  a n a l y s i s  method t h a n  would be 

p o s s i b l e  wi th  a ma te r i a l  composed of  i r r e g u l a r  shapes. The s p h e r i c i t y ,  

dens i ty ,  and f a l l  v e l o c i t y  of  the  beads were es tabl i shed.  

Report No. 7 of  t h i s  s e r i e s ,  "Hew Methods f o r  Size  Analysis of  Sus- 

pended Sediment Samples," presented the  bottom withdrawal tube method o f  

s i z e  a n a l y s i s .  Th i s  method was sugges ted  f o r  use  i n  t h e  a n a l y s i s  o f  

sediment samples having concentra t ions  of from 300 t o  10,000 p.p.m. and 

f o r  sediment s i z e s  up t o  1,000 microns (1 .0  m m . ) .  The method was de- 

ve loped i n  t h e  y e a r s  immedia te l r  precedind 1943 bu t ,  because  o f  t h e  

n a t i o n a l  emergency e x i s t i n g  a t  t h a t  time, it was no t  sub jec ted  t o  very 

extens ive  o r  conclusive tests f o r  accuracy, e s p e c i a l l y  f o r  t h e  ana lys i s  

o f  sediments i n  t h e  sand s i z e  range. The f u r t h e r  t e s t s  r e p o r t e d  here 

were necessa ry  t o  more c l e a r l y  eva lua te  t h e  l i m i t s  of  a p p l i c a t i o n  and 

t h e  accuracy o f  t h i s  method. 

S i x  d u p l i c a t e  samples o f  g l a s s  beads rep resen t ing  t h i r t y  combina- 

t i o n s  of s i z e  range and concentra t ion  were prepared, and a p a i r  of  each 

were analyzed f o r  s i z e  d i s t r i b u t i o n  b r  t h e  bottom withdrawal tube method 

i n  each of t h r e e  sedimenta t ion  l abora to r i e s .  The r e s u l t s  a r e  compared 
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i n  t h i s  r e p o r t  with t h e  b a s i c  0d6n cu rves  computed from t h e  known s i z e  

d i s t r i b u t i o n s  i n  t h e  samples. The r e s u l t s  a r e  a l s o  presented  i n  a form 

t o  show t h e  cons i s t ency  obta ined  by ana lyses  a t  v a r i o u s  concen t r a t ions  

and i n  d i f f e r e n t  s i z e  ranges ,  and conclus ions  a r e  drawn a s  t o  t h e  accu- 

r acy  and cons i s t ency  of r e s u l t s  ob ta ined  by t h e  bottom withdrawal  tube  

method. 
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ACCURACY OF SEDIMENT SIZE ANALYSES 

MADE BY THE BOTTOM WITHDRAWAL TUB8 METHOD 

I. INTRODUCTION 

1. Scope of the general study--The various phases of the sediment 

problem covered in the general project, "A Study of Methods Used in 

Measurement and Analysis of Sediment Loads in Streams," of which the 

present study is a part, are indicated by the following titles and brief 

abstracts of preceding reports that have been published. 

Report No. I--"Field Practice and Equipment used in Sampling 
Suspended Sedimentn is a detailed review of the equipment and 
methods used in suspended sediment sampling from the earliest 
known investigations to the present, with discussions of the ad- 
vantages and disadvantages of the various methods and instruments 
used. The requirements of a sampler which would meet all field 
conditions satisfactorily are set forth. 

Report No. 2--nE~uipment Used for Sampling Bed-Load and Bed 
Materialn deals with bed-load and bed material in a manner similar 
to that in which Report No. 1 covers suspended load. 

Report No. 3--"Analytical Study of Methods of Sampling Sus- 
pended Sedimentn covers an investigation of the accuracy of various 
methods of sampling suspended sediment in a vertical section of a 
stream based on the latest developments in the application of tur- 
bulence theories to sediment transportation. 

Report No. 4--"Methods of Analyzing Sediment Samples" de- 
scribes many methods developed for determining the size of small 
particles in sediment analyses. Detailed instructions are given 
for many of the common methods in use for determining particle 
size gradation and total concentration of sediment in samples as 
developed by agencies doing extensive work in these fields. 

Report No. 5--"Laboratorg Investigations of Suspended Sedi- 
ment Samplersn describes investigations of the effects of various 
intake conditions on the accuracy of sediment samples and the 
filling characteristics of slow filling samplers under various 
conditions. 

Report No. 8--"The Design of Improved Types of Suspended 
Sediment Samplersw describes the development of various types 
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o f  i n t e g r a t i n g  s a m p l e r s  s u i t a b l e  f o r  t a k i n g  v e r t i c a l l y  depth-  
i n t e g r a t e d  samples i n  flowing s t reams and o t h e r s  f o r  t a k i n g  time- 
i n t e g r a t e d  samples a t  a  f i x e d  po in t .  D e t a i l s  o f  t h e  adopted types  
a r e  given. 

R e p o r t  No. 7--"A S t u d y  o f  New Methods f o r  S i z e  A n a l y s i s  o f  
Suspended Sediment Samplesn g ives  an account of  a  s t u d y  t o  develop 
methods of s i z e  a n a l y s i s  s u i t a b l e  f o r  t h e  cond i t i ons  usua l ly  met i n  
suspended sediment  i n v e s t i g a t i o n s .  I t  d e s c r i b e s  a  s imple  form o f  
appa ra tus  developed and g ives  d e t a i l e d  procedures  f o r  i t s  use. 

Report No. 8--wMeasurement o f t h e  Sediment Discharge o f  Streamsw 
desc r ibes  methods and equipment t o  be used i n  making sediment meas- 
urements under v a r i o u s  c o n d i t i o n s  encountered i n  n a t u r a l  s t reams.  

Repor t  N o .  9--"Density of Sediments  Depos i ted  i n  Reservoirs"  
p re sen t s  d a t a  on t h e  apparent d e n s i t y  o f  sediment depos i ted  i n  var- - - 

i ous  e x i s t i n g  r e s e r v o i r s .  The r e s u l t s  a r e  summarized and c e r t a i n  
conc lus ions  o f  va lue  i n  engineer ing  s t u d i e s  a r e  given. 

2. Purpose of  t h e  investigation--The i n v e s t i g a t i o n  covered by t h i s  

r e p o r t  i s  an a t tempt  t o  eva lua t e  t h e  accuracy of bottom withdrawal tube 

s i z e  ana lyses  o f  suspended sediment samples i n  t h e  sand range. The ac- 

curacy  o f  t h i s  method a s  app l i ed  t o  sand s i z e s  has n o t  p r e v i o u s l y  been 

d e f i n i t e l y  e s t ab l i shed .  

Report No. 7  p r e s e n t s  t h e  development o f  t h e  bottom withdrawal tube 

method of  ana lyz ing  suspended sediment samples f o r  p a r t i c l e  s i z e .  The 

bottom withdrawal tube  method o f  s i z e  a n a l y s i s  has  subsequent ly  been i n  

use  i n  s e v e r a l  Fede ra l  sediment l a b o r a t o r i e s .  A c a r e f u l  s t u d y  o f  t h i s  

method i n  t h e s e  l a b o r a t o r i e s  i nd ica t ed  t h a t  t h e  r e s u l t s  of some analyses  

were ques t ionab le  when sand p a r t i c l e s  were inc luded  i n  t h e  samples. A 

review of t h e  suppor t ing  theory  showed t h e  bottom withdrawal tube  method 

t o  be a n a l y t i c a l l y  sound f o r  t h e  range  o f  p a r t i c l e  s i z e s  and concentra- 

t i o n s  encountered i n  normal suspended sediment samples. The p re sen t  in- 

v e s t i g a t i o n  was t h e r e f o r e  d i r e c t e d  toward checking t h i s  method of anal- 

y s i s  by t h e  use  o f  samples i n  which t h e  weights of m a t e r i a l  o f  each s i z e  
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range were known. 

3. Authori ty  and personnel--This i n v e s t i g a t i o n  was conducted under 

t h e  s p o n s o r s h i p  of t h e  Subcommittee on S e d i m e n t a t i o n  o f  t h e  F e d e r a l  

In te r -Agency R i v e r  B a s i n  Committee by t h e  a c t i v e  c o o p e r a t i o n  of t h e  

Geological  Survey, Bureau of  Reclamation, and Corps o f  Engineers .  Host 

o f  t h e  l a b o r a t o r y  work involved was conducted a t  t h e  S t .  Anthony F a l l s  

H y d r a u l i c  L a b o r a t o r y  of t h e  U n i v e r s i t y  o f  Minnesota,  a t  Minneapol i s ,  

Minnesota ,  by George M. Watts  and Clyde 0. Johnson. The r e p o r t  was 

prepared  by Byrnon C. Colby, George M. Watts, and Clyde 0. Johnson wi th  

t h e  coope ra t ion  o f  Russe l l  P. Chr i s t ensen  and under t h e  gene ra l  super- 

v i s i o n  o f  Mar t in  E. Nelson and P a u l  C. Bened ic t  who a l s o  reviewed and 

e d i t e d  t h e  r e p o r t .  S i z e  a n a l y s e s  o f  abou t  60 samples  by t h e  bot tom 

withdrawal  t ube  method were performed by t h e  Geologica l  Survey Labora- 

t o r y  a t  L incoln ,  Nebraska, and ana lyses  of  another  60 samples were made 

by t h e  Missouri River  Div is ion  Laboratory, Corps of Engineers,  a t  Omaha, 

Nebraska. 

4. Acknowledgments--Many sugges t ions  and c o n s t r u c t i v e  c r i t i c i s m s  

have been r e c e i v e d  from E. W. Lane, W. M. Bor land ,  and R.  E. Glover ,  

Bureau of Reclamation; C. S. Howard, Geologica l  Survey; R. J. Pa f fo rd ,  

J r . ,  and D. C. Bondurapt ,  Corps o f  Eng inee r s ;  and D r .  L. G. S t r a u b ,  

Di reo tor  of  t h e  S t .  Anthony F a l l s  Hydraulic Laboratory. 
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11. GLASS BEADS AS A MATERIAL FOR SEDIMENTATIOM STUDY 

5 .  Reasons f o r  use  o f  g l a s s  beads--Because t h i s  s t u d y  was p r i -  

m a r i l y  concerned wi th  t h e  accuracy o f  sed imenta t ion  methods o f  s i z e  

analyses, some b a s i s  f o r  d i r e c t l y  checking t h e  r e s u l t s  o f  the  sedimenta- 

t i o n  process  was e s s e n t i a l .  This  l ead  t o  t h e  conclus ion t h a t  spheres ,  

f o r  which t h e  s i z e s  determined by s i ev ing ,  by microscope, o r  by  sed i -  

mentation should be t h e  same, were t h e  only i d e a l  shape t o  use. Several  

substances which could be obtained i n  spher i ca l  form were considered f o r  

use a s  sedimentation t e s t  mater ia l ,  but  g las s  spheres appeared t o  b e  the  

most f e a s i b l e .  Minnesota Mining and Manufacturing Company of St .  Paul, 

Minnesota, makes g lass  spheres o f  various small diameters f o r  commercial 

purposes. Table 1 shows t h e  s i z e  c l a s s i f i c a t i o n  i n  microns (thousandths 

o f  a m i l l i m e t e r )  r e p o r t e d  by t h e  manufacturer .  Because t h e s e  s i z e s  

covered an appropr ia t e  range and the  beads were r e a d i l y  ob ta inab le ,  it 

was decided t o  adopt them f o r  t h e  purposes of t h i s  i n v e s t i g a t i o n .  

6. Spher ic i ty  of beads--A microscopic inves t iga t ion  of these  g lass  
* 

beads showed t h a t  on t h e  average approximately 5 per  cent  of t h e  p a r t i -  

c l e s  were i r r e g u l a r  i n  shape;  i n  some s i z e s  about  7 p e r  c e n t  o f  t h e  

p a r t i c l e s  were i r r e g u l a r .  This  f a c t  would probably n o t  have made any 

s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  t e s t  r e s u l t s ,  b u t  i n  o rde r  t o  reduce the  

pe rcen tage  o f  i r r e g u l a r  p a r t i c l e s  two methods o f  s e l e c t i n g  t h e  beads 

were used. 

I n  t h e  f i r s t  method, a composite sample composed of g l a s s  beads of 

a l l  des i red  s i z e s  was separa ted  i n t o  s i eve  f r a c t i o n s  by usual  methods of 

sieving. Then, each s i eve  f r a c t i o n  was ca re fu l ly  deposited on t h e  s i eve  
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TABLE 1 

PARTICLB SIZE BAEIGE OF GLSS BEAD5 

Hanuf'actts-ed by 

Mimrota Mining and hdacttaing C o m p q  

aPmticfs size for 220 and 240 are a3aaost identical  accwding l o  
a tabrrfation, 220 size was taken frm screen aperlmes , wbrsas 
the 240 s ize  was caawsted from miwon size, The pades are actla~lly 
eloss to each othgr, and P w  a%% practical petnpaaesp the 220 size 
c m  be eonsibred as m amrrae;e of tks cswsa pmtion sf the abom 
tme9 a d  240 an arverags OF -the fine paption. 
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through which it had j u s t  passed  and was g iven  a  v e r y  l i g h t  s i e v i n g  by 

hand. The m a t e r i a l  t h a t  p a s s e d  t h e  s i e v e  t h e  second t i m e  was u s e d ,  

whereas t h a t  r e t a i n e d  was d iscarded .  This  t r ea tmen t  e l imina ted  p r a c t i -  

c a l l y  a l l  of  t h e  most e r r a t i c  shapes  wi thou t  removing any a p p r e c i a b l e  

quan t i t y  of s p h e r i c a l  beads, s o  t h a t ,  not  only was t h e  percentage o f  de- 

formed beads reduced, but  t h o s e  t h a t  remained were ve ry  c l o s e  t o  spher-  

i c a l  i n  shape even i f  no t  e n t i r e l y  p e r f e c t .  The beads used i n  a l l  re- 

p o r t e d  t e s t s  were s e l e c t e d  i n  t h i s  manner, e x c e p t  when t h e  f e l l o w i n g  

more p r e c i s e  method was appl ied .  

When %he odd shaped p a r t i c l e s  l a r g e r  t h a n  150 microns were t o  be 

more completely e l imina ted ,  a  more s u c c e s s f u l ,  bu t  a l s o  more l a b o r i o u s ,  

method was used. The a p p a r a t u s  c o n s i s t e d  o f  a r e c t a n g u l a r  s t a i n l e s s  

s t e e l  p l a t e  w i th  a d j u s t a b l e  l e g s  a t  one end. %he i n c 1 i n a L i o n  o f  t h e  

p l a t e  c o u l d  be v a r i e d  t o  i m p a r t  a  s u i t a b l y  s low r o l l i n g  v e l o c i t g  t o  

beads placed on it. A t rough f o r  in t roducing  t h e  p a r t i c l e s  was a t t ached  

c e n t r a l l y  t o  t h e  upper edge of  t he  Lnclined p l a t e ,  and a  r e c e p t a b l e  was 

p l a c e d  a t  t h e  lower  edge. S p h e r i c a l  p a r t i c l e s  i n t r o d u c e d  i n t o  t h e  

t rough  would r o l l  s t r a i g h t  down t h e  p l a t e  i n t o  t h e  r e c e p t a c l e ,  whereas 

i r r e g u l a r l y  shaped p a r t i c l e s  would meander o r  cu rve  e n t i r e l y  o f f  t h e  

p l a t e  be fo re  reaching  t h e  r e c e p t a c l e .  The width of t h e  p l a t e  was made 

approximately 50 times the  diameter  o f  the  p a r t i c l e  under t e s t ,  and t h e  

l e n g t h  about 900 t imes  t h e  diameter  of t h e  p a r t i c l e .  Three p l a t e s  were 

cons t ruc ted  t o  f a c i l i t a t e  t rea tment  o f  beads i n  t h e  va r ious  s i z e  ranges.  

By mic roscop ic  i n s p e c t i o n  i t  was found t h a t  t h i s  p r o c e s s  reduced  t h e  

number of  deformed p a r t i c l e s  t o  l z s s  than  1 pe r  cen t .  This  more p r e c i s e  

method o f  s e l e c t i o n  was app l i ed  t o  a l l  m a t e r i a l  l a r g e r  t h a n  150 microns 
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which  was t o  b e  used  i n  t h e  bot tom wi thd rawa l  t u b e  a c c u r a c y  t e s t s .  

I n  B i g .  1 a r e  p r e s e n t e d  photographs o f  t h e  g l a s s  beads remaining 

i n  f o u r  d i f f e r en r t  s i z e  r a n g e s  a f t e r  t h e s e  t r e a t m e n t s .  

7. De te rmina t ion  o f  s i z e  of  beads--Glass beads which were t o  be 

used i n  any o f  t h e  t e s t s  r e p o r t e d  a s  a  p a r t  o f  t h i s  i n v e s t i g a t i o n  were 

f i r s t  s epa ra t ed  i n t o  s i e v e  f r a c t i o n s  by t h e  s t anda rd  A.S.T.M. El]* pro- 

cedure f o r  s i ev ing .  The s i e v e s  used cor respondedLothe  fol lowing s i z e s :  

70Q, 500, 350, 248, 175, 149, 125, 88, 74, 82.5 and 44.2 microns. Most 

of t h e  i r r e g u l a r l y  shaped beads were removed a s  expla ined  i n  t h e  preced- 

i n g  sec t ion .  Ind iv idua l  beads f o r  f a l l  v e l o c i t y  de te rmina t ions  were se- 

l e c t e d  and t h e  d i ame te r  o f  each  determined wi th  t h e  microscope. These 

d iameters  a r e  be l ieved  t o  be accu ra t e  t o  wi th in  3 p e r  c e n t  o r  l e s s .  The 

d i s t r i b u t i o n  of  s i z e s  was a l s o  determined f o r  each s i e v e  f r a c t i o n .  

To de termine  t h e  s i z e  grada t ions  wi th in  each s i e v e  f r a c t i o n ,  a  sam- 

p l e  o f  t h e  beads was d i s t r i b u t e d  on a  g l a s s  s l i d e ,  and the  s i z e  of e v e r y  

bead enc losed  i n  c o n s e c u t i v e  random a r e a s  o f  t h e  s l i d e  was de termined  

under  t h e  microscope and recorded.  A t  l e a s t  100 beads were s o  c l a s s i -  

f i e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  s i z e  d i s t r i b u t i o n  w i t h i n  each  s i e v e  

f r a c t i o n .  A second s i m i l a r  t e s t  was made a t  a n o t h e r  t ime and t h e  two 

compared. These r e s u l t s  a r e  shown i n  Fig. 2 ,  pages 24 and 25. I n  two 

i n s t a n c e s ,  t h e  r e s u l t s  o f  t h e  d i s t r i b u t i o n  de termina t ions  d i d  n o t  check 

s a t i s f a c t o r i l y  and a d d i t i o n a l  de te rmina t ions  were made. I n  t h o s e  cases  

t h e  two t e s t s  which seemed most r e p r e s e n t a t i v e  o f  t h e  group have been 

p l o t t e d .  

* Numbers i n  b r a c k e t s  i n d i c a t e  r e f e r e n c e s  l i s t e d  i n  t h e  b ib l iog raphy .  
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500 to 7 0 0  microns - Nominal sieve sizes - 3 5 0  t o  5 0 0  microns 

175 t o  246 microns - Nominal sieve sizes - 125 to  149 microns 

F i g .  1--Photographs of g l a  
magni f i e  

s beads o f  four size ranges 
. 19 t imes 
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The f i r s t  p l o t t i n g  o f  B i g .  2 shows t h e  d i s t r i b u t i o n  o f  s i z e s  by 

bead count .  I n  t h i s  c a s e ,  each s i e v e  f r a c t i o n  was p l o t t e d  a s  a  u n i t ,  

and t h e  number o f  beads smal le r  than  each s i z e  was expressed i n  pe r  cent  

o f  t h e  t o t a l  u n t i l  t h e  p e r c e n t a g e  was 50. Then t h e  number o f  beads  

l a r g e r  t h a n  each s i z e  was p l o t t e d  i n  per  c e n t  of t h e  t o t a l  count  u n t i l  

n o  beads were l a r g e r  t h a n  t h e  s i z e  under cons ide ra t ion .  Th i s  p l o t t i n g  

shows t h e  v a r i a t i o n s  i n  t h e  two d e t e r m i n a t i ~ n s  of s i z e  d i s t r i b u t i o n  f o r  

each  s i e v e  f r a c t i o n .  

I n  t h e  second method of p l o t t i n g ,  t h e  two de termina t ions  were com- 

b ined  and t h e  t o t a l  count o f  beads of  any g iven  s i z e  was m u l t i p l i e d  by 

t h e  cube o f  t h e  d iameter  and t h e  percentage  was t aken  from t h e s e  prod- 

u c t s  i n  o r d e r  t o  o b t a i n  t h e  d i s t r i b u t i o n  o f  t h e  s i z e s  by weight.  This  

p r o v i d e s  a r eady  means f o r  c o r r e c t i n g  t h e  d i s t r i b u t i o n  o f  s i z e s  i n  a  

composite sample made up of  var ious  s i e v e  f rac&ions ,  a s  shown by example 

i n  Sec t ion  11. 

The t h i r d  t y p e  o f  p l o t t i n g  p r e s e n t s  t h e  r e a u l t s  o f  t h e  combined 

s i z e  d i s t r i b u t i o n  de t e rmina t ions  expressed  a s  pe rcen tages  by weight of 

t h e  t o t a l  sample based on t h e  s i z e  d i s t r i b u t i o n  used f o r  t h e  t e s t  sam- 

p l e s  i n  t h e  20 t o  700 micron s i z e  range. The percentage  shown by each 

b a r  i s  t h a t  p o r t i o n  o f  t h e  sample which i s  i n c l u d e d  w i t h i n  t h e  s i z e  

r ange  covered by t h e  width o f  t h e  bar .  The change i n  wid th  s c a l e  be- 

tween pages i s  accompanied b y  a  compensating change i n  h e i g h t  s c a l e  so  

t h a t  t h e  r e l a t i v e  h e i g h t s  o f  t h e  b a r s  always r e p r e s e n t  t h e  s i z e  f r e -  

quency d i s t r i b u t i o n  by weight. 

8. Dens i ty  o f  g l a s s  beads--A p re l imina ry  i n v e s t i g a t i o n  i n d i c a t e d  

i n c o n s i s t e n t  r e s u l t s  i n  making s p e c i f i c  g r a v i t y  d e t e r m i n a t i o n s  o f  t h e  
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Fig. 2--Particle size distribution in glass 
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bead samples -- microscopic determinations 
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s t o c k  c l a s s i f i e d  g l a s s  beads; t h e r e f o r e ,  an e x t e n s i v e  s t u d y  was under- 

t a k e n  t o  e s t a b l i s h  t h e  s p e c i f i c  g r a v i t y ,  o r  a s  l a t e r  e x p r e s s e d ,  t h e  

d e n s i t y  of t h i s  ma te r i a l .  A p o r t i o n  of each s tock  c l a s s i f i c a t i o n  shown 

i n  Table  1 from No. 2 t o  and i n c l u d i n g  No. 17 ( a  much lower s p e c i f i c  

g r a v i t y  a p p l i e s  t o  Nos. 18 ,  I$, and 2 0 )  was compomded i n t o  a  mas t e r  

sample. The master  sample was s ieved  by the  s t anda rd  A . S . T s M .  [I] pro- 

cedure  f o r  s i e v i n g .  Dens i ty  d e t e r m i n a t i o n s  were made o f  t h e  m a t e r i a l  

r e t a i n e d  on each s i eve .  Determinat ions were run i n  d i s t i l l e d  water  a d  

kerosene,  u s ing  bo th  1QO m l .  pycnometers and 1,060 m l ,  f l a s k s  as vs lu-  

me t r i c  con ta ine r s .  The methods and computations were based on t h e  fo l -  

lowing o u t l i n e  o f  procedure.  

1. The t a r e  we igh t  o f  t h e  v e s s e l  t o  be used  f o r  t h e  den- 
s i t y  d e t e r m i n a t i o n  was f i r s t  ob t a ined .  The volume of  t h e  v e s s e l  
was de t e rmined  f o r  a  t empera tu re  of  20' 6 ,  by weighing t h e  ves-  
s e l  f u l l  o f  d i s t i l l e d  w a t e r  a t  v a r i o u s  t e m p e r a t u r e s ,  and co r -  
r e c t i n g  t h e s e  v a l u e s  by means o f  Table 4 3  o f  t h e  N a t i o n a l  Bureau 
o f  S t a n d a r d s  C i r c u l a r  19 [2], t o  g i v e  t h e  i n d i c a t e d  volume a t  
28' C. 

2. The volume o f  t h e  v e s s e l  a t  t h e  tempera ture  of any d e n s i t y  
de te rmina t ion  could then  be computed by  use of Table 38 o f  t h e  same 
c i r c u l a r ,  The c o r r e c t i o n  was based on a cubical. c o e f f i c i e n t  of ex- 
pansion of g l a s s  of  0.000025 pe r  degree Centigrade.  

3. The weight p e r  u n i t  v o l m e  of water  %or t h e  %emperature of  
t h e  de te rmina t ion  could be taken from Table 37 of C i r c u l a r  19. The 
we igh t  p e r  u n i t  volume o f  k e r o s e n e  was o b t a i n e d  by a  s e r i e s  of  
weidhinds o f  known v o l m e s  of  t h e  f i ~ u i d  a t  a s e r i e s  of  d i f f e r e n t  
tempera tmas .  

4 ,  The weight  o f  t h e  f l u i d ,  e i t h e r  water  o r  ke rosene ,  which 
t h e  vessel s h o u l d  ho ld  a t  t h e  t empera tu re  of  t h e  d e n s i t y  d e t e r -  
minat ion was found by mult ipfyind t h e  volume by t h e  weight pe r  u n i t  
v s l m e  f o r  t h e  given temaperature. 

5 .  The weieht o f  t h e  s m p l e  i n  a thoroughly d ry  c o n d i t i o n  was 
o b t a ~ a e d .  

6 ,  The weight o f  t h e  v e s s e l  conta in ing  t h e  sample p l u s  s u f f i -  
c i e n t  f l u i d  t o  f i l l  t h e  v e s s e l  was determined by weighing. 
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7. From t h e  sum s f  t h e  we igh t s  o f  t h e  d r y  sample,  t h e  con- 
t a i n e r ,  and t h e  amount of  f l u i d  needed t o  f i l l  t h e  v e s s e l ,  was sub- 
t r a c t e d  t h e  weight of  t h e  v e s s e l  con ta in ing  t h e  sample p l u s  f l u i d  
t o  S i l k  t h e  remainder  sf %he v e s s e l .  The d i f f e r e n c e  was t hen  t h e  
weight  o f  t h e  f l u i d  d i s p l a c e d  by t h e  sample, 

8. The weight  o f  t h e  d i s p l a c e d  f l u i d  d i v i d e d  b y  t h e  weight  
p e r  u n i t  volume o f  t h e  f l u i d  t h e n  gave t h e  volume o f  f l u i d  d i s -  
p% aced. 

9. The mass o f  t h e  sample ( w e i g h t  c o r r e c t e d  f o r  a i r  f l o t a -  
t i o n ) ,  d iv ided  by the volume of d i sp l aced  f l u i d  gave t h e  d e n s i t y  o r  
mass per  u n i t  v o l m e  of t h e  sample. 

The  d e n s i t y  v a l u e s  ob ta ined  En t h e  f i n a l  s e r i e s  o f  de t e rmina t ions  

a r e  shown i n  B i g .  3. These ~ h s w  some v a r i a t i o n s  Pn t h e  i n d i v i d u a l  de- 

o Litre Flask (Water) 
a Pycnometer (Water) 
A Pycnorneter (Kerosene) 
: Same (Large sample) 

Mean size of sieve fraction-microns 

F i g ,  3--Density o f  g l a s s  beads  b y  s i e v e  f r s c $ i o n s  

% e r m i a a t i o n s .  I n  a d d i t i o n  t o  t h e  e r r o r s  i nvo lved  in weighing and i n  

the maintenance of  u i f s s m  vo%%ppass i n  t h e  e s n t s i n e s s ,  o t h e r  f ackor s  may 

exert an i n f l u e n c e  as  fo l lows  : 

1. I n c o m p l e t e  w s & t i n g  o f  $he  s o l i d s  when t h e  t e s t s  were 
made. 

2. Bubbles  w i t h i n  %he glass beads. 

3, V a r i a t i o n s  i n  denei$y because of d i f f e r e n t  r a t e s  o f  cooling 
o f  t h e  Beads dur ing  manufacture. 
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There appear t o  be two d i f f e r e n t  d e n s i t i e s  a p p l i c a b l e  t o  t h e  $ l a s s  

beads i n  t h e  s i z e  r anges  i n v e s t i g a t e d .  For s i z e s  over  175 microns t h e  

d e n s i t y  seems t o  be 2.88 grams per  m i l l i l i t e r ,  whi le  f o r  a i z e s  from 149 

down t o  l e s s  t han  44 microns t h e  average d e n s i t y  is about 2.80. For  t h e  

s i z e  r a n g e  from 149 t o  175 m i c r o n s  t h e  d e n s i t y  d e t e r m i n a t i o n s  show 

l a r g e r  d i f f e r e n c e s .  P robab ly  some o f  t h e  m a t e r i a l  c o n t a i n e d  i n  t h i s  

s i z e  range has a  d e n s i t y  o f  about 2.89 and some a  d e n s i t y  o f  about 2.80. 

The d e n s i t y  o f  t h e  g l a s s  beads  was checked by t h e  u s e  o f  t e t r a -  

bromoethane, a  heavy l i q u i d  wi th  a  d e n s i t y  of  2.950 a t  20' C. The den- 

s i t y  o f  t h i s  f l u i d  was c u t  p r o g r e s s i v e l y  by t h e  u s e  o f  ca rbon  t e t r a -  

c h l o r i d e  and t h e  a c t i o n  o f  a  sample of t h e  beads t h a t  had been mechani- 

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

f l u i d  d e n s i t i e s .  The d e n s i t y  o f  t h e  f l u i d  was c o r r e c t e d  f o r  changes i n  

t empera tu re .  The r e s u l t s  a r e  t a b u l a t e d  i n  Table  2. The o b s e r v a t i o n s  

shown a r e  s u b j e c t  t o  some e r r o r  i n  t h e  r e l a t i v e  ~ u a n t i t i e s  o f  beads t h a t  

sank and t h o s e  t h a t  f l o a t e d .  However, a  s t u d y  o f  t h e  t a b l e  i n d i c a t e s  

t h a t  f o r  t h e  l a r d e r  s i z e s  o f  beads  a  d e n s i t y  o f  e i t h e r  2.88 o r  2.89 

probably  a p p l i e s ;  and f o r  t h e  i n t e r m e d i a t e  and s m a l l e r  s i z e s  a  d e n s i t y  

o f  2.82 o r  2.83 would be appl icable .  The d e n s i t i e s  determined i n  t e t r a -  

bromoethane  a r e  c o n s i d e r e d  a  f a i r l y  good check  on t h o s e  of  F i g .  3 .  

9. F a l l  v e l o c i t y  of d l a s s  beads--From t h e  r e l a t i o n  o f  Reynolds  

number and t h e  r e s i s t a n c e  o r  drag  c o e f f i c i e n t ,  i t  i s  p o s s i b l e  t o  d e t e r -  

mine t h e  v e l o c i t y  o f  f a l l  o f  t h e  g l a s s  beads by use  o f  t h e  e q u a t i o n s  i n  

Sec t ion  14 o f  Report No. 4 o r  with t h e  nomogram prepared by D r .  H. Rouse 

[a]. However, because of t h e  s c a l e  t o  which t h e s e  r e l a t i o n s  a r e  drawn, 

t h e  a c c u r a c y  of  such  computa t ions  would n o t  be  v e r y  p r e c i s e ,  and t h e  
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TABLE 2 

DENSITY OF GLASS BEADS AS INDICATED BY TETRABROMOETHANE 

Some i n  suspension within fluid 

Very few in suspension within f lu id  

B. Size Range 149 t o  175 Microns 

Very few i n  suspension within fluid 

Some i n  suspension within f l u i d  

Sowe beads i n  a ring on meniscus 
Small ring of beads on meniscus 

Very small ring of beads on meniscus 

C. Siee  Bange about 20 t o  149 Microns 

Sam i n  suspension within f l u i d  
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v e l o c i t y  would a l s o  depend upon t h e  d e n s i t y  ass igned  t o  t h e  g l a s s  beads. 

For t h e s e  r ea sons  and a l s o  t o  check t h e  r e l a t i o n s h i p  aL moderate Rey- 

nolds  numbers, i t  was decided t o  determine t h e  f a l l  v e l o c i t y  o f  i n d i v i -  

dua l  g l a s s  beads. 

To de termine  t h e  f a l l  v e l o c i t y  o f  i n d i v i d u a l  beads, t h e  p a r t i c l e s  

were f i r s t  s e l e c t e d  and t h e  d i ame te r s  de te rmined  m i c r o s c o p i c a l l y ,  and 

then  each  bead was d r o p p e d  i n  a  v e r t i c a l  Lube i n  which d i s t i l l e d  water  

was he ld  a t  a  p r a c t i c a l l y  cons tan t  temperature o f  22' C. A few of t hese  

t e s t s  were made a t  o t h e r  t empera tu re s ,  b u t  t h e  r e s u l t s  were t h e n  cor-  

r e c t e d  t o  t h e  base  t empera tu re ,  22O C. The t u b e  used  f o r  t h e s e  f a l l  

v e l o c i t y  i n v e s t i g a t i o n s  was t r anspa ren t ,  over 200 cm. i n  l eng th ,  and 2.5 

cm. i n  i n t e r n a l  diameter .  The i n d i v i d u a l  s p h e r e s .  were r e l e a s e d  a t  t h e  

cen te r  of  t h e  water s u r f a c e  i n  t h e  tube  and a  s t o p  watch was s t a r t e d  as  

the  sphe re  f e l l  p a s t  a  po in t  1 5  cm. below t h e  water  s u r f a c e .  The watch 

was s topped  when t h e  bead reached t h e  end of  a  measured d i s t a n c e  which 

was never  l e s s  than 10 cm. from the  bottom of  t h e  tube.  A f a l l  d i s t a n c e  

of  200 cm. was used f o r  bead s i z e s  of  350 t o  850 microns; 90 cm. f o r  150 

t o  350 microns; and 22.75 cm. o r  sometimes s l i g h t l y  l e s s  f o r  s i z e s  under 

150 microns. A s h o r t e r  f a l l  d i s t ance  was used f o r  t h e  smal le r  beads be- 

cause o f  t h e  d i f f i c u l t y  of adequa te ly  l i g h t i n g  t h e  tube  t o  e n a b l e  t h e  

observer  t o  t r a c k  t h e  small  beads accura te lg .  The r a t i o  of t h e  diameter  

of t h e  tube  t o  t he  diameter  of  t he  l a r g e s t  p a r t i c l e  ( 2 5  t o  1) e l imina ted  

t h e  p o s s i b i l i t y  of  any s e r i o u s  wall  e f f e c t s  [4 ] ,  and t h e  method in su red  

t h a t  t h e  p a r t i c l e  had r eached  i t s  t e r m i n a l  f a l l  v e l o c i t y  b e f o r e  t h e  

watch was s t a r t e d  [5]. The f a l l  v e l o c i t i e s  ob ta ined  expe r imen ta l ly  a r e  

p l o t t e d  i n  F ig .  4. Experimental  f a l l  v e l o c i t i e s  were n o t  ob ta ined  f o r  
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p a r t l c l e s  sma l l e r  than about 00 microns a s  t h i s  would r e q u i r e  more elab- 

o r a t e  equipment t han  was a v a i l a b l e .  The cu rve  of  f a l l  v e l o c i t i e s  was 

extended downward on t h e  b a s i s  of  S t o k e s '  e q u a t i o n  

where v  = v e l o c i t y  of  f a l l ,  cm./sec. 

PI = 2.80, t h e  d e n s i t y  assigned t o  t h e  g l a s s  beads i n  t h e  S tokes f  
law s i z e  range,  g m .  /cm. 3 

P2 d e n s i t y  of d i s t i l l e d  water, g m . / ~ m . ~  

g = a c c e l e r a t i o n  due t o  g r a v i t y  (981  cm./sec. /sec.)  

r = r a d i u s  of  s p h e r i c a l  p a r t i c l e ,  cm. 

V = dynamic ( a b s o l u t e )  v i s c o s i t y  of  water ,  dyne-sec./cm. 2 

Data from t h e  f a l l  v e l o c i t y  curve  of F ig .  4 were used t o  compute 

t h e  va lues  p l o t t e d  i n  F ig .  5 which shows t h e  r e l a t i o n  between Reynolds 

number and t h e  r e s i s t a n c e  c o e f f i c i e n t  a s  determined from t h e  experimen- 

t a l  d a t a  on t h e  g l a s s  beads. 

I n  t h i s  r e spec t  

vd P2 - -  . . . . . . .  . . . . . . . . .  Re - IJ .Reynolds number. 2 

4 (PI - p2) gd . . . . . .  . CD = 3 - . r e s i s t a n c e  c o e f f i c i e n t  3 
P2 v2 

where d  = p a r t i c l e  d i ame te r  i n  cm., t h e  o t h e r  symbols remain ing  t h e  
same a s  above. 

Fig.  5 i s  i d e n t i c a l  w i t h  t h e  r e l a t i o n  f o r  s p h e r e s  a s  p r e s e n t e d  i n  t h e  

two r e f e r e n c e s  c i t e d  a t  t h e  beginning of t h i s  s e c t i o n ,  t h a t  is ,  i d e n t i -  

c a l  t o  t h e  d e g r e e  o f  a c c u r a c y  w i t h  which i t  i s  p o s s i b l e  t o  r e a d  t h e  

va lues  from t h e  r e l a t i o n  f o r  sphe res  a s  p re sen ted  i n  t h e s e  r e f e r e n c e s .  
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This  a l s o  means t h a t  i f  t h e  v e l o c i t i e s  from F i g .  4 had been used wi th  

t h e  g e n e r a l  r e l a t i o n  f o r  s p h e r e s  t o  compute t h e  d e n s i t y  o f  t h e  g l a s s  

beads, t h e  va lues  found would have been almost e x a c t l y  those assigned t o  

t he  g l a s s  beads on t h e  b a s i s  of d a t a  i n  F ig .  3 .  These r e l a t i o n s h i p s ,  

t o g e t h e r  wi th  t h e  f a c t  t h a t  t h e  f a l l  v e l o c i t y  curve  o f  Fig.  4 extended 

smoothly i n t o  t h e  c u r v e  de f ined  by S t o k e s i  e q u a t i o n ,  s u b s t a n t i a t e  t h e  

experimental  f a l l  v e l o c i t i e s  ob ta ined ,  and a l s o  suppor t  t h e  d e n s i t y  de- 

t e rmina t ions  made on t h e  g l a s s  beads. 

18. Time of  f a l l  t ab le - - In  o r d e r  t o  make t h e  f a l l  v e l o c i t y  d a t a  

on t h e  g l a s s  beads r e a d i l y  a v a i l a b l e  f o r  u s e  i n  s i z e  a n a l y s i s  proce- 

dures ,  Table 3 has been computed showing t h e  Lime f o r  s e l e c t e d  s i z e s  of  

g l a s s  spheres  t o  f a l l  100 cm. i n  water a t  t empera tures  sanging from 18" 

t o  35' C. The s i z e s  chosen f o r  t h e  t a b l e  are g e n e r a l l y  t h o s e  co r se -  

sponding t o  t h e  s i e v e  s i z e s  used i n  t h e  t e s t s  r e p o r t e d  i n  l a t e r  sec-  

t i o n s ,  b u t  some e x t r a  s i z e s  have a l s o  been i n c l u d e d .  

The t ime of  f a l l  v a l u e s  f o r  22' have been taken  d i r e c t l y  from t h e  

f a l l  v e l o c i t y  curve s f  Fig.  4.  The t ime of  f a l l  v a l u e s  f o r  s i z e s  l e s s  

t h a n  $2.5 mic rons  were computed by S t o k e s e  e q u a t i o n .  Time ~f f a l l  

va lues  f o r  $2.5 microns and l a r g e r  s i z e s  were based on the  curve of Fig. 

B which shows t h e  r e l a t i o n  [$I between t h e  r e s i s t a n c e  c o e f f i c i e n t  and 

the  q u a n t i t y  F p2/p2 

where 
4 

" =  3 (PI - p,) gr3 0 e * a 4 

This  cu rve  was d e f i n e d  by us ing  d a t a  from F ig .  4 .  Then F p2/p2 was 

eva lua t ed  f o r  o t h e r  tempera tures ,  and t h e  r e s i s t a n c e  c o e f f i c i e n t  de te r -  

mined from Fig.  $. The f a l l  v e l o c i t y  and t ime of f a l l  were computed by 

use s f  equat ion  3. 
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11. P r e p a r a t i o n  o f  g l a s s  bead t e s t  samples--The g l a s s  beads were 

used i n  compounding samples o f  known s i z e  d i s t r i b u t i o n  f o r  t h e  purpose 

o f  eva lua t ing  t h e  accuracy o f  s i z e  analyses .  A supply of t he  s i z e  frac-  

t i o n s  of  beads r e t a i n e d  on each of  t he  n e s t  o f  s i e v e s  was kept  on hand 

f o r  use i n  making up t e s t  samples. The main s e r i e s  of  t e s t  samples f o r  

t h i s  i n v e s t i g a t i o n  were made up i n  accordance with Table 4. Each sample 

was weighed o u t  s e p a r a t e l y .  The chosen  weight  o f  t h e  c o a r s e s t  s i z e  

f r a c t i o n  was added t o  a  d i s h  which was t a r e  weighted immediately p r i o r  

t o  t h i s  a d d i t i o n  and t h e  t o t a l  weight was r eco rded .  Then s u c c e s s i v e  

increments  o f  t h e  p r o g r e s s i v e l y  f i n e r  f r a c t i o n s  were added i n  t h e  same 

manner. 

Because t h e  s i e v e s  d i d  n o t  grade t h e  g l a s s  beads w i t h  s u f f i c i e n t  

accuracy ,  it was n e c e s s a r y  t o  c o r r e c t  t h e  d a t a  ob ta ined  from t h e  s i e v e  

grading.  For  example, t h e  microscopic a n a l y s i s  a s  p re sen ted  i n  Fig.  2 

shows t h a t  a t  t h e  149 micron s i z e ,  20.5 pe r  c e n t  of t h e  s i e v e  f r a c t i o n  

nominal ly  l a r g e r  t h a n  149 microns was a c t u a l l y  s m a l l e r  t h a n  t h a t  s i z e ,  

whi le  4.4 p e r  cen t  o f  t h e  s i e v e  f r a c t i o n  nominally sma l l e r  than  149 m i -  

crons was a c t u a l l y  l a r g e r  t han  t h a t  s i z e .  The percentage f i n e r  than  149 

microns a s  shown by s i e v e  grading was increased  by 20.5 p e r  cent  of  the  

n e x t  c o a r s e r  s i e v e  f r a c t i o n  and reduced  by 4.4 p e r  c e n t  o f  t h e  n e x t  

f i n e r  s i e v e  f r a c t i o n  i n  o rde r  t o  ob ta in  t h e  a c t u a l  percentage f i n e r  than  

149 microns. I n  t h e  same way, c o r r e c t i o n s  f o r  t h e  e r r o r s  i n  t h e  s i e v e  

r e s u l t s  were made f o r  each of t h e  s i z e  d i v i s i o n s  i n  a l l  o f  t h e  samples 

used i n  t h i s  i n v e s t i g a t i o n .  

12. Accuracy o f  t h e  g l a s s  bead samples--Because t h e s e  g l a s s  bead 

samples  were t o  be used  i n  checking  t h e  a c c u r a c y  o f  a  s e d i m e n t a t i o n  
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method f o r  de te rmining  t h e  s i z e  d i s t r i b u t i o n  w i t h i n  a  sample, t h e  ac- 

curacy  o f  t h e  sample depended on t h e  r e l a t i o n  of  s i z e  t o  f a l l  v e l o c i t y .  

The g l a s s  beads composing t h e s e  samples were s o  n e a r l y  s p h e r i c a l  i n  

shape t h a t  no e r r o r  was a n t i c i p a t e d  because of shape f a c t o r s .  The frac-  

t i o n a l  weights  o f  m a t e r i a l  i n  t h e  samples were ob ta ined  t o  0.0001 gram 

and, because o f  t h e  weighing procedure  used,  e r r o r s  i n  t h e  f r a c t i o n a l  

weights  would not  be cumulative. The accuracy of weighing should always 

b e  w i t h i n  1 . 0  p e r  c e n t  even f o r  samples  of o n l y  0 . 1  gram, and t h e  re- 

s u l t s  should be much b e t t e r  t han  t h a t  f o r  t h e  m a j o r i t y  o f  t h e  samples.  

Any e r r o r s  i nvo lved  i n  weighing t h e  samples w i l l  be n e g l e c t e d .  

The p r e c i s i o n  wi th  which t h e  s i z e s  of  g l a s s  beads i n  t h e  samples 

were determined depends d i r e c t l y  on t h e  accuracy of t h e  d a t a  i n  F ig .  2. 

Although t h e  p robab le  e r r o r  of  t h e  mic roscop ic  d e t e r m i n a t i o n  o f  s i z e  

d i s t r i b u t i o n  wi th in  a  t y p i c a l  s i z e  f r a c t i o n  is  5-1/2 p e r  cen t ,  t h e  maxi- 

mum q u a n t i t y  o f  any o f  t h e s e  f r a c t i o n s  is  only  20 pe r  cent  o f  t h e  t o t a l  

sample. For  t h e  c r i t i c a l  s i z e  f r a c t i o n ,  90 t o  124 microns,  a  g r e a t e r  

number o f  p a r t i c l e s  were counted,  and t h e  c l a s s  l i m i t s  were s m a l l e r  so  

t h a t  t h e  p robab le  e r r o r  was reduced  t o  about  3-1/2 p e r  c e n t  f o r  t h i s  

f r a c t i o n .  The maximum q u a n t i t y  o f  t h i s  f r a c t i o n  was 35 p e r  c e n t  o f  t h e  

t o t a l  sample. I n  e i t h e r  ca se ,  t h e  i n d i c a t e d  e r r o r  would be 1 p e r  cen t  

o f  t h e  t o t a l  sample f o r  any of  t h e  b a s i c  sample d i s t r i b u t i o n s  o f  Table 

4. The cons i s t ency  of  t h e  d a t a  a s  p l o t t e d  a t  the  top of  Fig. 2 a l s o  in- 

d i c a t e s  t h a t  when any normal s i z e  d i s t r i b u t i o n  i s  cons idered ,  t h e  s i z e  

g r a d a t i o n  may b e  determined wi th in  1 per  cent  on t h e  b a s i s  of  t h e  t o t a l  

weight of  t he  sample. 

The e r r o r  i n  t h e  c a l i b r a t i o n  o f  t h e  microscope is p o s s i b l y  a s  much 
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as  1 p e r  c e n t  of  t he  p a r t i c l e  diameter.  Such an e r r o r  i n  t h e  diameter  

would i n d i c a t e  a  s i m i l a r  o r  somewhat sma l l e r  e r r o r  i n  s i z e  d i s t r i b u t i o n  

i n  te rms  of  t h e  t o t a l  sample weight. A t o t a l  e r r o r  of 2  per  cent  of t h e  

t o t a l  weight might be involved i n  t h e  s i z e  de t e rmina t ion  f o r  t h e s e  t e s t  

samples. 

The s i z e  d i s t r i b u t i o n  i n  terms of f a l l  v e l o c i t y  a l s o  depends upon 

t h e  accuracy  o f  t h e  r e l a t i o n  of s i z e  and f a l l  v e l o c i t y  a s  presented  i n  

Fig. 4  and Table 3. The d e n s i t y  of  2.80 used t o  compute t h e  f a l l  veloc- 

i t y  o f  t h e  smal le r  p a r t i c l e s  a c t u a l l y  could n o t  have been more than 2.85 

o r  l e s s  than  2.75, which i n  terms o f  v e l o c i t y  o f  f a l l  i n d i c a t e s  a  range 

of p l u s  o r  minus 3 per  cent .  From Fig.  4  t h e  e r r o r  i n  t h e  de te rmina t ion  

o f  t h e  average f a l l  v e l o c i t y  f o r  a  given s i z e  of  g l a s s  beads would seem 

t o  be w i t h i n  t h e  same range o f  p lus  o r  minus 3 p e r  cen t  o f  t h e  f a l l  ve- 

l o c i t y  shown by t h e  curve. 

The e f f e c t  o f  a  3 p e r  c e n t  e r r o r  i n  f a l l  v e l o c i t i e s  may be evalu- 

a ted a t  22' C. a s  fol lows:  f o r  a  s i z e  of 149 microns the  f a l l  v e l o c i t y  

+ 
a t  22' i s  shown a s  1.808 cm. p e r  sec .  Assuming a  - 3 p e r  c e n t  e r r o r ,  

t h e  l i m i t i n g  v e l o c i t i e s  would be 1.754 and 1.882 cm. 'per  s ec .  co r r e -  

sponding t o  s i z e s  of  146.3 and 151.7 microns. The e r r o r s  involved  i n  

t h e  use  o f  t h e s e  s i z e s  i n s t e a d  o f  149 microns may be found from Fig.  2. 

For 151.7 microns t h e  percentage  f i n e r  a p p l i c a b l e  t o  149 microns would 

be i n  e r r o r  by -15 p e r  c e n t  o f  t h e  s i e v e  f r a c t i o n  nominal ly  conta ined  

between 149 and 175 microns and a l s o  by -2 pe r  c e n t  o f  t h e  s i e v e  f r ac -  

t i o n  nominal ly  between 125 and 149 microns. For  t h e  s i z e  d i s t r i b u t i o n  

f o r  t h e  range  from 20 t o  700 microns t h i s  would mean an e r r o r  i n  per- 

cen tage  f i n e r  of -15 per  cent  of 9.0 pe r  c e n t  combined wi th  -2 per  cen t  
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o f  8 . 2  p e r  c e n t ,  o r  -1.5 p e r  cent .  The percentage  f i n e r  va lue  f o r  140 

microns would be 1 .5  per  c e n t  too  low f o r  t h e  151.7 micron s i z e  and t h e  

20-700 micron s i z e  d i s t r i b u t i o n .  For t he  s i z e  d i s t r i b u t i o n  f o r  t h e  20- 

350 micron samples  t h e  p e r c e n t a g e  f i n e r  f o r  149 microns would be 1.8 

p e r  cen t  t o o  low. S i m i l a r l y  f o r  t h e  146.3 micron s i z e ,  t h e  pe rcen tage  

f i n e r  v a l u e s  f o r  t h e  149 micron s i z e  would be 1 .2  and 1.5 pe r  c e n t  t o o  

h i g h  f o r  t h e  s i z e  d i s t r i b u t i o n s  f o r  t h e  20-700 and 20-350 micron sam- 

p l e s ,  r e spec t ive ly .  

The e r r o r s  i n  per  cent  f i n e r  va lues  caused by 3  per  c e n t  e r r o r s  i n  

f a l l  v e l o c i t y ,  eva lua ted  on the  b a s i s  of t h e  s i z e  d i s t r i b u t i o n s  of  Table 

4 ,  a r e  p re sen ted  i n  Table 5. When t h e  p o s s i b l e  2 per  cent  e r r o r s  a r i s -  

i ng  i n  t h e  s i z e  d e t e r m i n a t i o n s  a r e  combined wi th  t h e  e r r o r s  shown i n  

Table 5, a maximum e r r o r  o f  5  pe r  cent  is ind ica t ed  f o r  one s i z e  d i s t r i -  

b u t i o n  and one c r i t i c a l  s i z e .  Genera l ly ,  maximum e r r o r s  o f  4 p e r  c e n t  

would cover t h e  samples involved. The average o r  probable  e r r o r s  would 

be  much l e s s  t h a n  t h i s  amount. These a r e  t h e  p o s s i b l e  e r r o r s  i n  t h e  

r e l a t i o n  of s i z e  d i s t r i b u t i o n  t o  f a l l  v e l o c i t y ,  t h e  e r r o r s  be ing  ex- 

p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  t o t a l  sample weight .  

The d i s t r i b u t i o n  of  s i z e s  w i t h i n  t h e  g l a s s  bead samples  i s  n o t  a  

normal one, b u t  r a t h e r  t h e  concen t r a t ion  of beads of some s i z e s  is  r e l -  

a t i v e l y  h i g h  w h i l e  t h e r e  a r e  compara t ive ly  few beads o f  o t h e r  s i z e s .  

While t h i s  i n v o l v e s  no d i r e c t  c o r r e c t i o n s ,  t h e  l a c k  o f  u n i f o r m i t y  o f  

s i z e  d i s t r i b u t i o n  may introduce some minor i n f luences  t h a t  a r e  not  suf- 

f i c i e n t l y  obvious t o  eva lua te .  
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TABLE 5 

ERROR I N  PER CENT FINER VALUES WITH RESPECT TO 
V A R I A T I O N  I N  FALL VELOCITY 

Dividing 

Size  

Microns 

497 

345 

245 

171 

149 

124 

9 0 

77.4 

64.7 

45.6 

F a l l  

Velocity 

In Error 

+3% 

- 3% 

+3% 

- 3% 

+3% 

- 3% 

+3% 

-3% 

+3% 

-3% 

+3% 
- 3% 

+3% 

-3% 

t3% 

-3% 

+3% 
- 3% 

- 3% 

Difference i n  Per Cent Finer  F igures  

20- 14 9 

-0.61 

t0 .83 

-2.83 

4-3.14 

-1.35 

t1 .65  

-1.46 

11.92 

-0.06 

Nominal 

20-246 

-1.49 

+l. 27 

-0.73 

+o. 95 

-2.10 

+2.28 

-0.79 

+O. 95 

-0.91 

+1.20 

-0.05 

+O. 05 

Size Range 

20-350 

-0.36 

+O.  49 

-0.10 

+o. 12 

-1.76 

+I. 48 

-0.77 

to.  95 

-1.22 

+I. 29 

-0.67 

+O. 83  

-0.71 

+O. 92 

-0.05 

+0. 05 

i n  Microns 

20-500 

-0.31 

+ O .  03 

-0.46 

+O. 62 

-0 .11 

+o. 11 

-1.60 

+I. 32 

-0.67 

to .  79 

-1.00 

+1.07 

-0.46 

+O. 54 

-0.46 

to .  61  

-0.05 

+0. 05 

20-700 

-0.43 

+O. 40 

-0.35 

+O.  03 

-0.54 

+O. 66 

-0 .11 

to.  11 

-1.50 

+1.18 

-0.49 

+o. 59 

-0.78 

+ O .  84 

-0.27 

+O. 31 

-0.37 

t0 .51  

-0.06 

to.  06 
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111. USE OF GLASS SPHERES OF SAND SIZES TO CHECK THE 
ACCURACY OF BOTTOM WITHDRAWAL TUBE SIZE ANALYSES 

13. Review o f  t h e  bottom withdrawal t u b e  method o f  s i z e  ana lys i s - -  

The b o t t o m  w i t h d r a w a l  t u b e  method o f  p a r t i c l e  s i z e  a n a l y s i s  i s  b a s e d  

on  t h e  t h e o r y  o f  a  u n i f o r m l y  d i s p e r s e d  s e d i m e n t a t i o n  system.  I n  1915, 

0d6n [5J p r e s e n t e d  h i s  t h e o r y  which was t h e  f i r s t  sound a n a l y t i c a l  ap- 

p r o a c h  t o  t h e  r e d u c t i o n  o f  d i s p e r s e d  s e d i m e n t a t i o n  d a t a  t o  s i z e  grada- 

t i o n .  The t h e o r y  assumed f o u r  c o n d i t i o n s :  namely,  (1) t h a t  t h e  r a d i i  

o f  t h e  p a r t i c l e s  v a r y  by i n f i n i t e s i m a l  amounts ,  ( 2 )  t h a t  t h e  tempera-  

t u r e  o f  t h e  sys tem remain c o n s t a n t ,  ( 3) t h a t  comple te  d i s p e r s i o n  o f  t h e  

p a r t i c l e s  be  o b t a i n e d ,  and ( 4 )  t h a t  t h e  p a r t i c l e s  do n o t  i n t e r f e r e  wi th  

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

t h r o u g h o u t  t h e  s e d i m e n t a t i o n  column and t h e  s e t t l i n g  o f  p a r t i c l e s  a l -  

lowed  t o  s t a r t ,  t h e  a c c u m u l a t i o n  a t  t h e  b o t t o m  o f  t h e  column a t  any 

t i m e  4 w i l l  c o n s i s t  n o t  o n l y  o f  p a r t i c l e s  w i t h  f a l l  v e l o c i t i e s  g r e a t  

enough t o  f a l l  t h e  e n t i r e  l e n g t h  o f  t h e  column, b u t  w i l l  a l s o  c o n s i s t  

o f  s m a l l e r  p a r t i c l e s  which had a  s h o r t e r  d i s t a n c e  t o  f a l l .  An accumu- 

l a t i o n  c u r v e  c a n  be p l o t t e d  w i t h  t ime  a s  t h e  a b s c i s s a  and p e r c e n t a g e  by 

w e i g h t  o f  t h e  t o t a l  m a t e r i a l  s e t t l e d  o u t  a s  t h e  o r d i n a t e  ( t h e  0d6n 

c u r v e ) .  Whether t h e  o r d i n a t e  i s  e x p r e s s e d  a s  p e r c e n t a g e  s e t t l e d  o u t  o r  

a s  p e r c e n t a g e  l e f t  i n  s u s p e n s i o n  i s  o f  c o u r s e  i m m a t e r i a l ,  and t h e  same 

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

m a t e r i a l .  I f  t a n g e n t s  a r e  drawn t o  t h e  c u r v e  a t  any two p o i n t s  c o r r e -  

s p o n d i n g  t o  t i m e s  L1 and L2, and t h e  t a n g e n t s  a l lowed  t o  i n t e r s e c t  

t h e  o r d i n a t e  a x i s  a t  El and W2, t h e n  t h e  d i f f e r e n c e  be tween  t h e  

p e r c e n t a g e  _W2 and W1 w i l l  r e p r e s e n t  t h e  amount o f  m a t e r i a l  i n  a  s i z e  
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range wi th  l i m i t s  determined by t h e  s e t t l i n g  time tl and t2. 

\ \ y o d i n  curve 

" 0 I 2 3 4 5 6 7 8 
Time of fall (t) 

A d e t a i l e d  d e s c r i p t i o n  of  t h e  appa ra tus  and procedure  o f  t h e  bot-  

tom withdrawal  t ube  method is inc luded  i n  Report  No. 7 of t h i s  s e r i e s .  

I n  g e n e r a l ,  t h e  t u b e  i s  t r anspa ren t - ,  4 8  i n c h e s  i n  l e n g t h ,  one i n c h  i n  

i n t e r n a l  d i a m e t e r ,  open a t  one end and c o n t r a c t e d  t o  1 / 4  i n c h  a t  t h e  

o t h e r .  A s h o r t  p i e c e  o f  rubbe r  t ube  is s l i p p e d  snug ly  ove r  t h e  s m a l l  

or  lower end of  t h e  tube ,  and c losed  with a  pinch clamp. The procedure  

of  o p e r a t i o n  i n c l u d e s  t r a n s f e r r i n g  t h e  sed iment  sample t o  t h e  bot tom 

withdrawal  tube ,  f i l l i n g  t h e  tube  wi th  water  t o  t h e  100 cm. l e v e l ,  and 

then  i n v e r t i n g  the tube  end f o r  end s e v e r a l  t imes ,  allowing t h e  a i r  bub- 

b l e  t o  t r a v e l  t h e  l e n g t h  o f  t h e  tube ,  t h e r e b y  d i s p e r s i n g  t h e  sediment  

th roughout  t h e  system. The tube  is  then  p laced  i n  an u p r i g h t  p o s i t i o n ,  

t i m i n g  i s  immedia te ly  begun and wi thd rawa l s  a r e  made from t h e  lower  

end ,  wi thdrawing  a  known volume o f  s u s p e n s i o n  a t  p r e d e t e r m i n e d  t i m e  
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i n t e r v a l s .  The n e t  weight  o f  p a r t i c l e s  i n  each wi thdrawal  i s  d e t e r -  

mined and an 0d6n curve  p l o t t e d .  The cumulative s i z e  frequency d i s t r i -  

b u t i o n  is g r a p h i c a l l y  determined by t h e  i n t e r c e p t s  on t h e  o r d i n a t e  a x i s  

o f  t a n g e n t s  t o  t h e  0dkn curve.  

14. C h a r a c t e r i s t i c s  o f  t h e  0den curve--The 0d4n c u r v e  based on 

a  g i v e n  s i z e  d i s t r i b u t i o n  can  be ob ta ined  by a  combina t ion  of  graphi-  

c a l  and a n a l y t i c a l  methods a s  w i l l  be shown i n  t h i s  and t h e  fo l lowing  

s e c t i o n .  

0 I 2 3 4 5 6 7 8 
Time of fall  [t] 

The 0den cu rve  forms t h e  envelop f o r  t h e  f a m i l y  o f  t a n g e n t s  t h a t  

c u t  t h e  "y" a x i s  a t  t h e  cumulat ive pe r  c e n t  f i n e r  (El, which r e p r e s e n t s  

t h e  p o r t i o n  o f  m a t e r i a l  f i n e r  t h a n  t h e  p a r t i c l e  s i z e  which would j u s t  

s e t t l e  t h e  l e n g t h  o f  t h e  sed imenta t ion  column i n  t ime 4. The form f o r  

t h e  s l o p e  o f  t h e  cu rve  a t  any p o i n t  i s  then  t h e  s l o p e  of  a  gene ra l  tan- 

g e n t  and t h e  s l o p e  may b e  i n t e g r a t e d  t o  y i e l d  t h e  d e s i r e d  f u n c t i o n  

y  = f ( t ) .  
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For t h e  tangent :  d  Y E = - -  d t t ' y  . . . . . . . . . . . .  5 

c l e a r i n g ,  t d y - y d t = - E d t  . . . . . . . . . . . . . . .  6 

I n  gene ra l ,  E i s  a  func t ion  o f  g r a i n  s i z e  and t h u s  o f  t h e  t ime o f  

f a l l .  

E  = E ( t )  

so  t h a t  t h e  d i f f e r e n t i a l  equat ion f o r  t h e  0d6n curve i s  

. t d y  - ydt  - E ( t ) d t  . . . . . . . . . . . . . .  7 

I f  l / t2  be introduced on both s i d e s  o f  t h e  d i f f e r e n t i a l  equat ion,  

t he  l e f t  s i d e  becomes t h e  d e r i v a t i v e  of ( y / t ) .  

t d y  - ydt  E ( t )  = - -  . . . . . . . . . . .  
t 2  t 2  

d t . .  8 

i n t e g r a t i n g  

T h i s  e q u a t i o n  i s  t h e  g e n e r a l  f u n c t i o n a l  r e l a t i o n s h i p  between Y 

and t and i t  remains t o  e v a l u a t e  t h e  r i g h t  hand s i d e  o f  t h e  expres-  

s ion .  For  t h i s  bottom withdrawal tube  i n v e s t i g a t i o n ,  samples of  g l a s s  

beads were syn thes i zed  from s i e v e  f r a c t i o n s  and t h e  cumulat ive p e r  cen t  

f i n e r  f o r  e a c h  sample was c a r e f u l l y  computed. I f  t h e  p e r  c e n t  f i n e r  

( E l  be  p l o t t e d  a g a i n s t  t h e  c o r r e s p o n d i n g  t i m e  o f  f a l l  r a t h e r  t h a n  

a g a i n s t  t h e  phys i ca l  diameter ,  t he  func t ion  E ( t )  may be determined and 

t h e  i n t e g r a l  e v a l u a t e d .  A t  once it becomes a p p a r e n t  t h a t  t h e s e  t e s t  



samples y i e l d  an E ( t )  curve which breaks  s h a r p l y  a t  ko, t h e  t ime o f  

f a l l  co r r e spond ing  Lo t h e  l a r g e s t  g r a i n  s i z e  p r e s e n t  i n  t h e  mixture .  

E ( t )  must egua l  108 pe r  c e n t  from z e r o  t ime t o  t h i s  p o i n t ,  The 0d6n 

c u r v e  %ken becomes: 

showing t h a t  t h e  Od6n curve is a s t r a i g h t  l i n e  from zero time out  t o  t h e  

t ime o f  f e l l  o f  t h e  l a r g e s t  g ra in  p re sen t ,  and t h e  l i n e  has a  s lope  C q .  

I t  is  i n t e r e s t i n g  t o  no te  here  t h a t  t h e  func t ion  i s  s v a l i d  one f o r  

a m a t e r i a l  which l a c k s  a p a r t i c u l a r  s i z e  group. If E ( t )  remains con- 

s t a n t  from tl t o  t2 , 

and t h e  Oddn curve  becomes a s t r a i g h t  l i n e  o f  s l o p e  C 8  from t1 t o  

t2. " 

For  any va lue  of 2 t h e r e  i s  a  corresponding p a r t i c l e  s i z e ,  and 

whether t h i s  s i z e  is  inc luded  i n  any given sample i s  immater ia l  t o  t h e  

accuracy  o f ,  t h e  equa t ion  a s  t h e  r e l a t i o n s h i p s  between 4, dy/d t ,  and 
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E remain v a l i d .  For a  s i z e  l a r g e r  than  t h e  l a r g e s t  p a r t i c l e  i n  a  given 

sample, E i s  100 p e r  c e n t ,  dy /d t  i s  a  c o n s t a n t ,  and - y v a r i e s  di-  

r e c t l y  with 4. Whatever s i z e s  a r e  included i n  a  given sample t h e  above 

e q u a t i o n  i s  found t o  apply. It should  be remembered t h a t  i n  a l l  d i s -  

c u s s i o n s  o f  t h i s  and s i m i l a r  methods o f  de te rmining  s i z e  from f a l l  ve- 

l o c i t y  de t e rmina t ions ,  t h e  concept  of  s i z e  i s  dependent upon a  cont in-  

uous f u n c t i o n a l  r e l a t i o n  between a c t u a l  s i z e  and f a l l  v e l o c i t y .  

Although t h e  0d6n t h e o r y  assumes t h a t  t h e  r a d i i  o f  t h e  p a r t i c l e s  

vary by i n f i n i t e s i m a l  amounts, t h i s  r e s t r i c t i o n  i s  n o t  necessary  t o  t h e  

computation of  a  t r u e  curve f o r  t h e  r a t e  of s e t t l i n g  o f  sediment having 

a  known s i z e  d i s t r i b u t i o n .  This  may be seen from t h e  preceding discus-  

s i o n  and from t h a t  on samples of d i s c r e t e  s i z e s  which i s  y e t  t o  follow. 

However, t h e  0d6n curve  and tangent  method i s  u s u a l l y  used f o r  t h e  de- 

t e r m i n a t i o n  o f  s i z e  d i s t r i b u t i o n  from t h e  l a b o r a t o r y  a n a l y s i s  o f  a  

sample f o r  which t h e  d i s t r i b u t i o n  i s  n o t  known. Fo r  t h i s  u s e  t h e r e  

a r e  p r a c t i c a l  d i f f i c u l t i e s  i nvo lved  i n  t h e  a c c u r a t e  c o n s t r u c t i o n  o f  

t h e  0dkn c u r v e  and t a n g e n t s  t h e r e t o ,  u n l e s s  t h e  r equ i r emen t  t h a t  t h e  

r a d i i  o f  t h e  p a r t i c l e s  vary  by i n f i n i t e s i m a l  amounts i s  approximately 

s a t i s f i e d .  

15. Methods of computing a  bas i c  0d6n curve--The f i r s t  approach t o  

t h e  problem of  computing an 0dgn curve f o r  a  sample o f  known s i z e  d i s -  

t r i b u t i o n  w i l l  be  made on t h e  b a s i s  of  a  s t u d y  o f  samples  composed o f  

d i s c r e t e  s i z e s .  For t h i s  t ype  of sample a  r i g i d  mathematical  computa- 

t i o n  o f  t h e  Od6.n curve i s  ava i l ab l e .  (See  a l s o  "A Study o f  New Methods 

f o r  S i z e  Ana lys i s  o f  Suspended Sediment Samplesn which i s  Report  NO. 7 

of  t h i s  numbered s e r i e s . )  A s  s e t t l i n g  begins,  any given s i z e  i s  assumed 



t o  be d i s t r i b u t e d  uniformly throughout t h e  column. This  s i z e  w i l l  then  

s e t t l e  a t  a  uniform r a t e  dur ing  t h e  t ime n e c e s s a r y  f o r  one o f  i t s  

p a r t i c l e s  t o  f a l l  from t h e  water  s u r f a c e  t o  t h e  bottom. Then t h e  r a t e  

o f  accumulat ion 2 f o r  t h i s  s i z e  may be r e p r e s e n t e d  by 

where 

W = weight of  s i z e  f r a c t i o n ,  

100 = assumed f a l l  d i s t ance  i n  cm., 

v  = f a l l  v e l o c i t y  i n  cm./sec. 

The r a t e  of accumulation R of a l l  s i z e s  s e t t l i n g  a t  t ime t i s  

t h e  sum o f  t h e  i n d i v i d u a l  r a t e s  o f  accumula t ion  of a l l  s i z e s  equa l  t o  

and s m a l l e r  t han  t h a t  which f a l l s  a  f u l l  column h e i g h t  i n  t ime 4. 

So t h a t  a t  time LN t h e  quan t i t y  s e t t l e d ,  which i s  t h e  o r d i n a t e  of 

t h e  0d6n curve,  w i l l  be: 

Where YN denotes  t he  o r d i n a t e  corresponding t o  t h e  t ime of  f a l l  

f o r  s i z e  N. 

A numerical example o f  t h i s  type  o f  a n a l y s i s  f o r  a  system o f  d i s -  

c r e t e  s i z e s  i s  presented  i n  Fig. 7. The same type  o f  a n a l y s i s  based on 

d i s c r e t e  s i z e s  may be extended t o  cover  t h e  problem of  t h e  computation 

o f  t h e  0dkn curve f o r  a sample o f  cont inuous s i z e  d i s t r i b u t i o n  such a s  

shown i n  F ig .  8. To do so ,  t h e  cont inuous  d i s t r i b u t i o n  i s  broken up 

i n t o  a l a r g e  number o f  s i z e  c l a s s e s .  A s  t h e  number o f  s i z e  c l a s s e s  i s  
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SAMPLE COMPUTATIOH OF An OD& CURVE FOR HATERIAL COMPOSED OF DISCRETE SIZES 

I 2 3 --- 
Part ic le  Weight of Fal l  F a l l  Tins 'nmtn-l rn Rate of 

Size each size Velocity 100 cm. - 
microns sees. 

20.00 20.00 
34.98 14.48 
52.63 18.15 

1.01 99.01 46.38 
50 

grams 

Y.436 
1.768 
1.158 
1.197 
1.495 

grass 

4.436 
6.200 
7.358 
8.555 

I0.W)O 

Time - Seconds 

Time - Seconds 

Pig. I--Compu%a$ion sf an 0d6n curve f o r  material 
composed ~f discrete sizes 
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Pig. 8--Cumulative s i ze  distribution curve 
26-148 mf crans 

(Data  from Tabbe 4 )  
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i n c r e a s e d ,  t h e  r e s u l t s  o f  t h e  a p p r o x i m a t i o n  become more e x a c t .  To 

t r a n s f e r  t h e  s i z e  c l a s s e s  i n t o  t e r m s  o f  d i s c r e t e  s i z e s ,  t h e  g r a d e d  

m a t e r i a l  i n  each s i z e  c l a s s  i s  c o n s i d e r e d  t o  be r e p l a c e d  by an e q u a l  

weight o f  a  d i s c r e t e  s i z e  of  p a r t i c l e s  having t h e  same f a l l  v e l o c i t y  a s  

t h e  ave rage  f a l l  v e l o c i t y  of  t h e  graded m a t e r i a l .  The 0dkn cu rve  f o r  

t h e  sample  composed o f  d i s c r e t e  s i z e s  may be found from e q u a t i o n  9. 

D i v i s i o n  of a  con t inuous ly  graded sample i n t o  twenty s i z e  c l a s s e s  

o f  e q u a l  weight has  been found t o  g ive  an 0dkn curve  i n  f a i r  agreement 

wi th  t h e  c o r r e c t  curve. However, t h i s  method o f  approximation assumes 

a  c o n d i t i o n  incompatible  wi th  t h e  a c t u a l  phenomenon of  s e t t l e m e n t  o f  a  

graded m a t e r i a l .  The t ime a l l o t t e d  f o r  a  f r a c t i o n  t o  s e t t l e  completely 

i s  measured by t h e  f a l l  o f  t h e  p a r t i c l e  o f  average  f a l l  v e l o c i t y .  By 

t h e  v e r y  d e f i n i t i o n  of' average,  i t  i s  c e r t a i n  t h a t  t h e r e  i s  a  s i g n i f i -  

can t  weight o f  p a r t i c l e s  i n  t h i s  c l a s s  which has not  reached t h e  bottom. 

The method used f o r  computing t h e  b a s i c  o r  t h e o r e t i c a l  0d;n curve  

f o r  t h e  g l a s s  bead samples of  t h i s  r e p o r t  i s  based on a  d i r e c t  a n a l y s i s  

of  t h e  c u r v i l i n e a r  r e l a t i o n s h i p s  of  s i z e  d i s t r i b u t i o n  and f a l l  v e l o c i t y ,  

and i s  e q u a l l y  a p p l i c a b l e  t o  any sample f o r  which a  p e r c e n t a g e  f i n e r  

curve can  be e s t a b l i s h e d  toge the r  with t h e  f a l l  v e l o c i t i e s  o f  t h e  v a r i -  

ous s i z e s  of  sediment covered i n  t h e  s i z e  d i s t r i b u t i o n  curve. The s t e p  

by s t e p  procedure i s  a s  follows: 

1. F i r s t  assume a  s e d i m e n t a t i o n  column 100 cm. h i g h ,  i n  
which t h e  sample w i l l  b e  completely d i spe r sed  p r i o r  t o  t h e  s t a r t  o f  
s e t t l i n g .  The temperature is  t o  be cons idered  c o n s t a n t  throughout  
t h e  pe r iod  o f  s e t t l i n g ,  and t h e  d iameter  o f  t h e  tube  i s  t o  be  such 
t h a t  t h e  h e i g h t  of accumula t ion  of  sediment  a t  t h e  bottom o f  t h e  
t u b e  may be n e g l e c t e d .  The d i a m e t e r  o f  t h e  t u b e  must be g r e a t  
enough s o  t h a t  t h e  e f f e c t  o f  t h e  wa l l s  on t h e  s e t t l i n g  r a t e  o f  t h e  
p a r t i c l e s  is neg l ig ib l e .  The concen t r a t ion  of  sediment must be low 
enough s o  t h a t  t h e  p a r t i c l e s  f a l l  w i t h o u t  mutua l  i n t e r f e r e n c e .  



Twenty p o i n t s  ( a  g r e a t e r  o r  s m a l l e r  number could  be used if 
d e s i r e d )  on t h e  0d6n curve  w i l l  be determined,  and t h e  t i m e s  w i l l  
b e  t h e  minimum t i m e s  f o r  t h e  complete s e t t l i n g  o f  t h e  c o a r s e s t  5  
p e r  c e n t ,  10 pe r  c e n t ,  15  per  cen t ,  e t c . ,  of t h e  sample. Let t hese  
p o i n t s  be d e s i g n a t e d  1, 2, 3, ... 20, r e s p e c t i v e l y ,  and be r ep re -  
s en ted  by N which may des igna te  any one of  t h e  numerals depending 
on t h e  s o l u t i o n  sought.  

2. P l o t  a  pe r  c e n t  f i n e r  curve,  such a s  t h a t  o f  Pig.  8, f o r  
t h e  sample and determine t h e  twenty s i z e s  sl, s2 ,  s3, . . . s ~ ~ ,  such 
t h a t  95  p e r  c e n t  o f  t h e  sample w i l l  be  f i n e r  t han  sl, 90 p e r  cen t  
f i n e r  t han  s2, 85  per  cent  f i n e r  than  s3, e t c . ,  u n t i l  none i s  f i n e r  
t h a n  s ~ ~ .  s~~ should  be chosen a s  n e a r l y  a s  p o s s i b l e  a t  t h e  s i z e  
o f  t h e  f i n e s t  p a r t i c l e ,  a l though c o n s i d e r a b l e  e r r o r  a t  t h i s  p o i n t  
w i l l  n o t  be  s e r i o u s .  

3.  P l o t  f o r  t h e  d e s i r e d  t empera tu re ,  t h e  r e l a t i o n  between 
s i z e  and f a l l  v e l o c i t y  f o r  t h e  m a t e r i a l  of t h e  sample. For  t h e  
g l a s s  beads ,  F ig .  9, t h i s  may be p l o t t e d  a s  a  curve based on d a t a  
from Table  3. F ind  t h e  v e l o c i t y  of f a l l  vl, v Z 9  v3, ... v 2 ~ ,  cor- 
responding  t o  sl, s2, s3, . ..sZQ. 

4. The t ime tl, i n  seconds f o r  t h e  c o a r s e s t  5 pe r  c e n t  of 
t h e  sample t o  s e t t l e  ou t  may be found by d iv id ing  t h e  maximum f a l l  
d i s t a n c e  by vl, 

10 0  
o r  tl = - if v e l o c i t y  is i n  cm./sec. 

v1 

a l s o  

and 

which i s  t h e  gene ra l  equat ion  f o r  t h e  t ime i n  seconds a t  which a l l  
t h e  s ed imen t  having  a  f a l l  v e l o c i t y  g r e a t e r  t h a n  VN w i l l  have 
s e t t i e d  t o  t h e  bottom of  t h e  t u b e ,  

a l s o  

when TN equa l s  t h e  t ime i n  minutes. 

5 .  T h e r e f o r e ,  a t  t i m e  t N  t h e  t o t a l  amount o f  m a t e r i a l  
having a  f a l l  v e l o c i t y  g r e a t e r  than  vN t h a t  w i l l  have completely 
s e t t l e d  w i l l  be 





S e c t i o n  15  5  5 

5% when N = 1 
10% when N = 2 
o r  i n  genera l  5N%. 

I f  u n i t s  o f  p e r  c e n t  a r e  c o n s i d e r e d  e q u i v a l e n t  t o  u n i t s  o f  
weight t h e  c o a r s e r  f r a c t i o n  completely s e t t l e d  i n  t ime tN equa l s  
5N. 

6. I n  a d d i t i o n  t o  t h e  c o a r s e r  m a t e r i a l  completely withdrawn, 
some of  t h e  f i n e r  f r a c t i o n s  (having  a  f a l l  v e l o c i t y  l e s s  t han  V N )  

w i l l  have s e t t l e d  t o  t h e  bottom of  t h e  tube.  

A t  any t ime tN a  given s i z e  o f  p a r t i c l e  w i l l  have f a l l e n  a  
d i s t a n c e  equal  t o  tN t imes  i t s  f a l l  v e l o c i t y .  Then t h a t  i s  t h e  
d i s t a n c e  a t  t h e  t o p  o f  t h e  s e d i m e n t a t i o n  column which w i l l  have 
been completely c l e a r e d  of t h e  given s i z e  of  sediment. The c l ea red  
d i s t a n c e  d iv ided  by t h e  o r i g i n a l  he ight  of  column, o r  100 cm., w i l l  
be  t h e  f r a c t i o n  o f  t h e  o r i g i n a l  m a t e r i a l  o f  t h a t  s i z e  t h a t  w i l l  
have s e t t l e d  t o  t h e  bot tom o f  t hq  s e d i m e n t a t i o n  tube .  Allowing 

vN VN + t o  e q u a l  t h e  ave rage  f a l l  v e l o c i t y  o f  t h e  f r a c t i o n  2 
next  f i n e r  t han  sN, t h e  weight o f  t h a t  f r a c t i o n  s e t t l e d  o u t  w i l l  
be  

F o r  a l l  f r a c t i o n s  f i n e r  t h a n  sN t h e  t o t a l  weight  s e t t l e d  o u t  
w i l l  b e  

o r  1.5 TN Q when TN equals  t ime i n  minutes 

and 
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7. The t o t a l  weight of sediment s e t t l e d  ou t  by t h e  t ime T N  
is ,  t h e r e f o r e ,  t he  sum of t h e  two gene ra l  exp res s ions  from s t e p s  5 
and 8 :  

I f  t h i s  v a l u e  i s  s u b t r a c t e d  from 100, i t  w i l l  g ive  t h e  weight o f  
sed iment  remaining i n  suspens ion  o r  

8. The term 100 - 5 N  may be r a p i d l y  eva lua ted  fbr  t h e  va lues  
o f  N from 1 t o  20. A s  t h i s  term is  independent of t h e  s i z e  d i s -  
t r i b u t i o n  and f a l l  v e l o c i t y ,  t h e  same v a l u e s  always apply without 
r e g a r d  t o  t h e  kind of  sample involved. 

The term 1.5 TN may be computed f o r  t h e  twenty va lues  of  N 
from 

T N  = 5 t h e  r e l a t i o n  developed i n  4 above. 
3 v ~  

The twenty va lues  of  Q may be obta ined  a s  follows: 

The va lue  f o r  N = 19 i s  vl9 + V20. 
The value f o r  N = 10 is  v18 2 v 19 t v 2 ~ '  

That  i s ,  having  t h e  v a l u e  f o r  N equa ls  19 t o  g e t  t h a t  f o r  N 
equa ls  18, add t '18 V19- 

o r  having t h e  va lue  of  Q f o r  N, add t h e r e t o  

VN - 1 + VN t o  get  t h e  va lue  f o r  N - 1. 

9. Having determined t h e  sediment remaining i n  suspension a t  
t imes  tl t o  tS0, i t  i s  p o s s i b l e  t o  p l o t  t h e  0d6n curve  f o r  t h e  
sample. The b a s l c  0d6n curve of  Fi$.  10 was p l o t t e d  from t h e  com- 
p u t a t i o n s  shown i n  Table  6. The d e r i v a t i o n  and computat ions were 
made and t h e  curve p l o t t e d  i n  terms o f  sediment remaining i n  sus- 
pension because t h e  r e s u l t s  o f  t h e  l a b o r a t o r y  t e s t s  Were presented  
i n  t h i s  way. 

18. Program f o r  t e s t i n g  t h e  bottom withdrawal tube  method--The ex- 

pe r imen t s  forming t h e  b a s i s  f o r  Report  No. 7 o f  t h i s  s e r i e s  d e a l t  ex- 

t e n s i v e l y  wi th  sed iments  o f  g r a i n  s i z e s  l e s s  t h a n  €32.5 microns. Com- 

p a r i s o n  wi th  t h e  p i p e t t e  method i n d i c a t e d  t h a t ,  f o r  t h e s e  s inal l  s i z e s ,  

t h e  bot tom wi thdrawal  t u b e  y i e l d e d  a c c u r a t e  and c o n s i s t e n t  r e s u l t s .  
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However, because of t h e  n a t i o n a l  emergency, t h e  t e s t i n g  program was cur- 

t a i l e d  when on ly  a  few t e s t s  had been made t o  de te rmine  t h e  e f f e c t i v e -  

n e s s  of t h e  method i n  ana lyz ing  sands.  The accuracy o f  t h e  method was 

q u e s t i o n a b l e  when a p p l i e d  t o  s ed imen t s  i n  t h e  medium and c o a r s e  sand 

s i z e s .  It seemed neces sa ry ,  t h e r e f o r e ,  t o  make d e t a i l e d  t e s t s  t o  check 

t h e  accuracy  of  t h e  bottom withdrawal t u b e  method f o r  s i z e  a n a l y s i s  of 

samples  which a r e  composed predominantly of  p a r t i c l e s  i n  t h e  sand s izes .  

Samples c h a r a c t e r i z e d  by f i v e  d i f f e r e n t  s i z e  d i s t r i b u t i o n s ,  each 

hav ing  a  f i n e  l i m i t  o f  about  20 microns  and d i f f e r e n t  c o a r s e  l i m i t s  

v a r y i n g  from 125 t o  700 microns, were compounded from s i e v e d  f r a c t i o n s  

o f  g l a s s  beads .  Each s i z e  d i s t r i b u t i o n  was made up i n  s i x  d i f f e r e n t  

sample weights  which, on t h e  b a s i s  of a  500 m l .  suspens ion ,  correspond 

t o  c o n c e n t r a t i o n s  o f  from 200 t o  10,000 p .  p.m. by weight. S i x  s e p a r a t e  

samples  were compounded f o r  each combinat ion of  s i z e  range and concen- 

t r a t i o n  and e a c h  sample was made up i n d i v i d u a l l y  by weighing o u t  t h e  

r e q u i r e d  amounts o f  each s i e v e  f r a c t i o n .  P a i r s  of samples from each s e t  

o f  s i x  were t h e n  ana lyzed  a t  each o f  t h r e e  d i f f e r e n t  l a b o r a t o r i e s  by 

pe r sonne l  normally engaged i n  s i z e  a n a l y s i s  work, thereby  extending t h e  

exper imenta l  program t o  cover  d i f f e r e n c e s  i n  Lschniques and personal  ac- 

cu racy .  The t h r e e  l a b o r a L o r i e s  submi t ted  a complete  a n a l y s i s  o f  each  

sample showing t h e  f i n a l  cumula t ive  s i z e  d i s t r i b u t i o n .  Tabls 4 shows 

t h e  s i z e  d i s t r i b u t i o n  and t h e  concent ra t ion  of  each of  t he  bas i c  samples 

prepared  f o r  t h i s  t e s t i n g  program. 

17. Mod i f i ca t ions  of  bottom withdrawal tube  procedure--The bottom 

wi thd rawa l  t u b e  method, a s  exp la ined  i n  Report  No. 7, was fo l lowed by 

e a c h  o f  t h e  l a b o r a t o r i e s  a n a l y z i n g  samples  f o r  t h i s  i n v e s t i g a t i o n ,  
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except f o r  d i f f e r e n c e s  i n  t h e  methods o f  making and us ing  t h e  r e s u l t s  of  

t h e  f i n a l  withdrawals .  T h e o r e t i c a l l y ,  from t h e  s i z e s  of m a t e r i a l  used 

i n  t h e s e  samples, t h e r e  should have been p r a c t i c a l l y  no  m a t e r i a l  i n  t h e  

f i n a l  withdrawal .  However, when t h i s  l a s t  wi thdrawal  was made i n  t h e  

u s u a l  manner, t h a t  i s ,  completely withdrawn, t h e  m a t e r i a l  i n  t h e  f i n a l  

withdrawal was c o n s i s t e n t l y  g r e a t e r  than  t h a t  i n  t h e  p rev ious  one. Ob- 

v i o u s l y  t h e  f i n a l  withdrawal contained ma te r i a l  which had been supported 

on t h e  meniscus ,  o r  which was washed from t h e  s h o u l d e r s  o f  t h e  t u b e  

du r ing  t h e  l a s t  withdrawal .  Any m a t e r i a l  which was d r a i n e d  o r  r i n s e d  

from t h e  t u b e  a f t e r  t h e  f i n a l  withdrawal  was n o t  i nc luded  a s  a  p a r t  o f  

t h e  a n a l y s i s .  I f  m a t e r i a l  contained i n  t h e  r i n s e  o r  excess  i n  t h e  f i n a l  

w i thd rawa l  i s  e q u a l l y  r e p r e s e n t a t i v e  of  a l l  s i z e  f r a c t i o n s  i t  may be 

d is regarded  e n t i r e l y  without  chanding t h e  s i z e  d i s t r i b u t i o n  found i n  t h e  

a n a l y s i s .  I f  t h e  m a t e r i a l  i s  p r e p o n d e r a n t l y  o f  t h e  f i n e r  s i z e s ,  t h e  

omission w i l l  l ead  t o  erroneous r e s u l t s .  Microscopic i n s p e c t i o n  h a s  in-  

d i c a t e d  t h a t  t h e  excess ma te r i a l  found a t  t h e  end of  ana lyses  s i m i l a r  t o  

those  r e p o r t e d  he re  r e p r e s e n t s  a  wide range o f  s i z e s ,  b u t  t h i s  ev idence  

i s  n o t  conc lus ive  enou$h t o  s a t i s f y  comple te ly  t h e  needs  o f  t h i s  d i s -  

c u s s i o n .  See a l s o  S e c t i o n  22. 

The l abo ra to ry  d a t a  f o r  t h e  t e s t  samples were processed a s  fo l lows:  

I n  l a b o r a t o r y  " A "  t h e  procedure  o f  Repor t  No. 7  was fo l lowed  and 

t h e  f i n a l  wi thdrawal  was used i n  de t e rmin ing  t h e  0d6n c u r v e  f o r  each  

sample. However, when t h e  d a t a  from l a b o r a t o r y  were p l o t t e d  a s  a  

check a g a i n s t  t h e  b a s i c  0d6n curve ,  t h e  amount of m a t e r i a l  i n  t h e  l a s t  

withdrawal was cons idered  a  p a r t  o f  t h e  r e s i d u e  and a s  such was n o t  in-  

c luded .  The s e r i e s  of  samples i n  t h e  20-700 micron s i z e  range  was n o t  
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completed i n  l a b o r a t o r y  " A . "  The s e r i e s  was l a t e r  processed i n  labora-  

t o r y  "BW and s u b s t i t u t e d  f o r  t h e  incomplete d a t a .  

The procedure  o f  Report  No. 7 was fol lowed i n  l a b o r a t o r y  "B," ex- 

cep t  t h a t ,  based on t h e  reasoning t h a t  ma te r i a l  held on t h e  meniscus d id  

n o t  f a l l  i n  accordance with the  assumptions o f  t h e  0d6n theory,  t he  f i n a l  

wi thdrawal  was s topped  w h i l e  t h e  meniscus remained i n  t h e  neck of  t h e  

tube. The f i n a l  withdrawal made i n  t h i s  way contained very  l i t t l e  mate- 

r i a l ,  but  what t h e r e  was has been included when computing t h e  0d6n curve 

f o r  each sample, and a l s o  when comparing with t h e  b a s i c  odkn curve. 

I n  l a b o r a t o r y  "C," about twenty samples were processed according t o  

t h e  methods of Report No. 7 ,  except  t h a t  m a t e r i a l  i n  t h e  l a s t  withdrawal 

was considered a  p a r t  o f  t h e  res idue  and was not  included i n  determining 

t h e  0d6n c u r v e  f o r  e a c h  sample nor  was i t  used i n  comparing r e s u l t s  

wi th  t h e  b a s i c  0d6n curve. The remaining samples were processed i n  t h e  

same manner employed by l a b o r a t o r y  "B." 

The 0dkn c u r v e s  f o r  t h e  i n d i v i d u a l  samples  were drawn up by t h e  

personnel  o f  t h e  l a b o r a t o r y  making t h e  ana lyses  and t h e  methods used a re  

merely r e p o r t e d  here.  The bas i c  0ddn curves were computed a s  a  p a r t  of 

t h i s  r e p o r t  and a r e  t h e  curves  de f ined  by t h e  composi t ion o f  t h e  g l a s s  

bead samples  made up f o r  u s e  i n  t h e s e  ana lyses .  The r e s u l t s  from t h e  

l a b o r a t o r i e s  have been compared with the  b a s i c  0d6n curves  by t h e  meth- 

o d s  which seem t o  provide  t h e  most d i r e c t  check on t h e  accuracy o f  t h e  

l a b o r a t o r y  work. The d i f f e r e n c e s  r e s u l t i n g  from t h e  method o f  t r e a t i n g  

t h e  f i n a l  w i thd rawa l  a r e  n o t  s e r i o u s  f o r  t h e  purpose  o f  t h i s  r e p o r t .  

18. Adjus t ing  bottom withdrawal tube da t a  to a  common temperature-- 

Methods f o r  computing t h e  b a s i c  o r  t h e o r e t i c a l l y  c o r r e c t  ~ d k n  curve f o r  
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a sediment sample of known s i z e  d i s t r i b u t i o n  have been given. However, 

t h i s  c u r v e  v a r i e s  s l i g h t l y  w i th  changes i n  t e m p e r a t u r e .  I n  t h i s  i n -  

v e s t i g a t i o n  t h e  bottom withdrawal tube  ana lyses  were made i n  l a b o r a t o r y  

" A "  a t  a  t empera tu re  o f  about  30° C. ,  i n  l a b o r a t o r y  "BW a t  about  25' 

C . ,  and i n  l a b o r a t o r y  "CW a t  26' t o  29' C. I n  o r d e r  t o  make t h e  d a t a  

from t h e  l a b o r a t o r i e s  d i r e c t l y  comparable,  t h e  d a t a  from l a b o r a t o r i e s  

nA" and "Cw were c o r r e c t e d  t o  t h e  b a s i s  o f  25' C. by t h e  f o l l o w i n g  

met hod : 

1. For  a  g i v e n  s i z e  o f  p a r t i c l e  and o v e r  a  l i m i t e d  tem- 
p e r a t u r e  r ange ,  t h e  t i m e  t o  f a l l  100  cm. can  be assumed t o  be a  
l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e .  T h i s  r e l a t i o n s h i p  i s  shown i n  
F i g .  11, t h e  d a t a  f o r  which were t a k e n  from t h e  f a l l  v e l o c i t i e s  
i n  Table 3. 

2. I n  P ig .  1 2  t h e  r a t e s  of  change o f  t ime  of f a l l  w i t h  r e -  
s p e c t  t o  temperature ( t h e  s lopes  from Fig.  11) were p l o t t e d  a g a i n s t  
t ime  t o  f a l l  100 cm. a t  25' C. Two cu rves  emerge t h a t  depend upon 
t h e  s i z e  o f  p a r t i c l e .  Times o f  f a l l  computed by S tokes1  e q u a t i o n  
y i e l d  a  s t r a i g h t  l i n e  f o r  v a l u e s  o f  t i m e  from 3.9 t o  6 0  min. 
S h o r t e r  t i m e s  of  f a l l  based  on t h e  impact  fo rmula  conform t o  an  
e x p o n e n t i a l  r e l a t i o n :  

5 /4  
d t  - '25 - - - f o r  t ime from 0 t o  3.9 min. 
dTO 62 

d t  
Where - equa l s  t h e  change i n  t ime t o  f a l l  100 cm. i n  te rms  o f  

dTQ 
tempera ture  change i n  degrees  Cen t ig rade  and t25 e q u a l s  t h e  t ime 
t o  f a l l  100 cm. a t  25' C. 

3. From t h e  p h y s i c a l  a spec t s  o f  t h e  0dkn curve,  t h e  a b s c i s s a  
a t  any poin t  is  t h e  "time t o  f a l l  100 cm." of t he  s m a l l e s t  p a r t i c l e  
i n  t h e  comple te ly  sedimented f r a c t i o n  o f  t h e  sample. SO t h a t  i f ,  
f o r  t h e  same sample, t h e  tempera ture  o f  t h e  s e t t l i n g  media be de- 
c reased ,  t h i s  t ime o f  f a l l  w i l l  be increased  and every p o i n t  o f  t h e  
r e s u l t i n g  0dkn curve would be t r a n s l a t e d  i n  t ime by an amount ind i -  
c a t e d  i n  paragraph 2. The above method is n o t  e n t i r e l y  p r e c i s e ,  b u t  
i t s  a p p l i c a b i l i t y  was checked by computing a  b a s i c  Od6n curve f o r  a  
30° tempera ture  which showed t h e  same d isp lacement  a s  found by t h e  
method o u t l i n e d .  
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Time in minutes to fall 100 cm. a t  25' c. (T25) 

Fig. 12--Temperature correc t ions  app l i cab le  t o  time 
t o  f a l l  100 cm. a t  2s0 C. 
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Temperature c o r r e c t i o n s  were a p p l i e d  t o  t h e  t imes  o f  f a l l  o f  a l l  

d a t a  be fo re  comparing with t h e  bas i c  Odkn curves.  

19. Comparison of  e x p e r i m e n t a l  d a t a  w i t h  b a s i c  0dkn curve--The 

0dkn cu rves  shown i n  F igs .  13 t o  17 g ive  a  t r u e  p i c t u r e  o f  t h e  e r r o r s  

i n v o l v e d  i n  t h e  b a s i c  d a t a  de t e rmined  i n  t h e  bot tom wi thd rawa l  t u b e  

method o f  s i z e  a n a l y s i s  o f  g l a s s  bead samples .  These e r r o r s  a r e  t h e  

ones  e x i s t i n g  p r i o r  t o  t h e  usua l  g r a p h i c a l  a n a l y s i s  f o r  t h e  determina- 

t i o n  of  t h e  cumulat ive s i z e  d i s t r i b u t i o n .  

A b a s i c  0dkn curve f o r  25' C. has  been computed f o r  each s i z e  range 

o n  t h e  b a s i s  o f  t h e  s i z e  d i s t r i b u t i o n  i n  t h e  t e s t  samples.  The b a s i c  

c u r v e  i s  f l a n k e d  by two cu rves  which g ive  a  uniform e r r o r  o f  p l u s  and 

minus 5 p e r  c e n t  i n  cumula t ive  s i z e  d i s t r i b u t i o n .  Accordingly,  e v e r y  

experimental  curve having t h e  shape of  t h e  b a s i c  curve and ly ing  between 

t h e  two o u t e r  curves  must y i e l d  a  cumulative s i z e  d i s t r i b u t i o n  w i t h i n  5 

p e r  c e n t  of  t h a t  o f  t h e  t e s t  sample. Obviously,  100 p e r  c e n t  o f  t h e  

sample  s h o u l d  be i n  s u s p e n s i o n  a t  z e r o  t ime ,  and none o f  t h e  sample 

should be i n  suspension a f t e r  t he  time f o r  t h e  sma l l e s t  p a r t i c l e  p r e s e n t  

t o  f a l l  100 cm. 

One of  t h e  f i r s t  t r e n d s  appa ren t  i n  t h e  expe r imen ta l  d a t a  i s  t h e  

tendency  f o r  t h e  f i r s t  withdrawal  t o  i n c r e a s e  i n  e r r o r  a s  t h e  s i z e  o f  

beads involved  i n c r e a s e s .  When t h e  maximum s i z e  of  p a r t i c l e s  involved  

i s  149 microns, t h e  r e s u l t s  of t h e  f i r s t  withdrawal appear q u i t e  s a t i s -  

f a c t o r y  e s p e c i a l l y  those  from l abora to ry  "A"; with a  maximum s i z e  of 248 

microns t h e  r e s u l t s  of t h e  f i r s t  withdrawal become somewhat e r r a t i c ;  a t  

a  maximum s i z e  of 350 microns t h e  r e s u l t s  a r e  s o  undependable a s  t o  be 

almost  u s e l e s s ;  and when t h e  maximum s i z e  o f  beads i n  t h e  sample is 700 
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microns,  t h e  f i r s t  withdrawals  a r e  e n t i r e l y  u n s a t i s f a c t o r y ,  e s p e c i a l l y  

t h o s e  made i n  l a b o r a t o r i e s  "A" and "C." A s  t h e  0dkn c u r v e  f o r  sand  

s i z e s  cannot  c o n t a i n  a  r e v e r s a l  of c u r v a t u r e ,  whenever t h e  f i r s t  with- 

d r a w a l  cou ld  n o t  be i n c l u d e d  on a  smooth c u r v e ,  i t  was d i s r e g a r d e d .  

The procedures  i n  a l l  l a b o r a t o r i e s  were c o n s i s t e n t  i n  such c a s e s ,  and 

t h e  d a t a  from t h e  second withdrawal  were combined w i t h  a  smooth curve  

drawn t o  100 per  c e n t  i n  suspens ion  a t  z e r o  time. The impor t an t  con- 

s i d e r a t i o n  seems G o  be t h a t ,  a s  i n c r e a s i n g l y  l a r g e r  s i z e s  o f  beads a r e  

con ta ined  i n  t h e  sample, t h e  p r e s e n t  l a b o r a t o r y  technique  f a i l s  t o  ob- 

t a i n  a  s e d i m e n t a t i o n  regime c o n s i s t e n t  w i th  t h e  0d6n t h e o r y  o f  s e d i -  

mentat ion i n  a  d i spe r sed  system. The e r r o r  involved undoubtedly i s  car- 

r i e d  ove r  i n t o  t h e  remainder  of t h e  0d6n curve ,  b u t  g r a d u a l l y  becomes 

dec reas ing ly  important  a s  t h e  f i r s t  withdrawal becomes a  sma l l e r  p o r t i o n  

o f  t h e  t o t a l  accumulation o f  sedimentated ma te r i a l s .  

A second d i f f i c u l t y  appears  i n  the, r e s u l t s  f o r  samples t h a t  have a  

c o n c e n t r a t i o n  of 200 p a r t s  p e r  m i l l i o n .  A s t u d y  o f  t h e  d a t a  r e v e a l s  

t h a t  r e s u l t s  ob ta ined  a t  t h e s e  c o n c e n t r a t i o n s  a r e  no t  a s  c o n s i s t e n t  a s  

t hose  obta ined  a t  t h e  h igher  concent ra t ions .  However, probably f a r  more 

impor t an t  is t h e  f a c t  t h a t  t h e  d a t a  u s u a l l y  p l o t  h igh  above t h e  b a s i c  

0d6n cu rve ,  an i n d i c a t i o n  o f  r e p e t i t i o u s  e r r o r .  For  t h e  r e s u l t s  from 

l a b o r a t o r i e s  " A n  and "B" t h e  sum of t h e  weights  o f  t h e  wi thdrawals  ex- 

ceeded t h e  weight of t h e  o r i g i n a l  sample analyzed, and i n  some c a s e s  t h e  

e x c e s s  was a s  g r e a t  a s  60 p e r  c e n t  o f  t h e  o r i g i n a l  sample. The d a t a  

from l a b o r a t o r y  " C W  f r e q u e n t l y  showed t h e  sum of  t h e  wi thdrawals  t o  be 

much l e s s  t han  t h e  weight o f  t h e  o r i g i n a l  sample. Th i s  i n d i c a t e s  t h a t  

t h e  t echn iques  employed by t h e  l a b o r a t o r i e s  a r e  n o t  p r e c i s e  enough t o  
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g ive  a c c e p t a b l e  accuracy  t o  t h e  s i z e  a n a l y s e s  o f  samples  of low con- 

c e n t r a t i o n s .  Probably t h e  e r r o r  i n  weight i s  about  t h e  same f o r  each 

withdrawal  and, consequen t ly ,  most obvious  when t h e r e  i s  v e r y  l i t t l e  

ma te r i a l  p re sen t  i n  t he  withdrawal. These d i sc repanc ie s  s t i l l  appear a t  

c o n c e n t r a t i o n s  of 1 ,000 p.p.m., and even a t  t h i s  c o n c e n t r a t i o n  t h e  re- 

s u l t s  o b t a i n e d  a r e  of  q u e s t i o n a b l e  accuracy.  Presumably t h i s  type  o f  

e r r o r  r u n s  th rough  a l l  t h e  ana lyses ,  b u t  a t  t h e  h i g h e r  c o n c e n t r a t i o n s  

the  percentage  e r r o r  becomes small  enough t o  be unimportant,  a t  l e a s t  i n  

t h o s e  wi thd rawa l s  which c o n t a i n  a p p r e c i a b l e  we igh t s  o f  m a t e r i a l .  I n  

some o f  t h e  l a s t  withdrawals ,  even i n  t h e  samples  of h ighe r  concentra- 

t i ons ,  t h e r e  may be so l i t t l e  ma te r i a l  t h a t  t h i s  e r r o r  i n  t h e  weight may 

be a  f a c t o r  t h a t  causes  t h e  d a t a  t o  p l o t  wide o f  t h e  b a s i c  0d6n curve. 

The use o f  t h e  depth f a c t o r  i n  t he  bottom withdrawal tube method g r e a t l y  

magnifies e r r o r s  i n  t h e  f i n a l  withdrawals. 

I n  gene ra l ,  t he  comparison of t h e  exper imenta l  d a t a  wi th  t h e  bas i c  

0d6n curve l e a d s  t o  t h e  conclus ion  t h a t  t h e  r e s u l t s  of a n a l y s e s  a t  200 

p.p.m. a r e  unaccep tab le ,  a t  1,000 p.p.m. a  l a r g e  m a j o r i t y  of  t h e  re-  

s u l t s  f a i l  t o  f a l l  w i t h i n  t h e  5 p e r  c e n t  cu rves .  A t  3 ,000  t o  10,000 

p.p.m. most of t h e  r e s u l t s  come wi th in  these  l i m i t i n g  5 per  cent  curves. 

However, t h e  i n a c c u r a c i e s  involved i n  drawing 0ddn cu rves  and t angen t s  

f o r  i n d i v i d u a l  sample a n a l y s e s  w i l l  cause most i n d i v i d u a l  a n a l y s e s  t o  

show e r r o r s  g r e a t e r  t h a n  5 p e r  c e n t .  T h i s  i s  e s p e c i a l l y  t r u e  when 

c o a r s e r  m a t e r i a l  i s  p r e s e n t  and t h e " f i r s t  withdrawal  cannot  be used t o  

d e f i n e  t h e  0dkn curve.  Usua l ly  when t h e  c o a r s e r  sand s i z e s  of  beads 

a r e  p r e s e n t  t h e  p e r  c e n t  f i n e r  curve w i l l  show e x c e s s i v e  percentages .  

Within t h e  l i m i t s  o f  t h e s e  t e s t s  t h e  apparent  accuracy  of r e s u l t s  
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i s  n o t  adverse ly  a f f ec t ed  by inc reas ing  t h e  concent ra t ion  of  ma te r i a l  i n  

t h e  bottom wi thdrawal  t ube .  The r e s u l t s  found a t  a  c o n c e n t r a t i o n  o f  

10,000 p.p.m. a r e  a s  good a s  those  a t  any o t h e r  concent ra t ion .  The in- 

c r eased  weights  of m a t e r i a l  handled a t  t h e  h ighe r  concen t r a t ions  reduce 

t h e  percentage e r r o r  involved i n  l a b o r a t o r y  techniques.  

While t h e s e  t e s t s  i n d i c a t e  t h a t  a  concen t r a t ion  of 10,000 p.p.m. i s  

not  too  h igh  f o r  g l a s s  bead samples i n  t h e  sand s i z e  ranges, and is  per- 

haps not  t oo  high f o r  sand samples, experience has shown t h a t  f o r  sedi-  

ment samples conta in ing  s i l t s  and c l a y s  t h e  maximum concen t r a t ions  used 

i n  a  bottom withdrawal tube  a n a l y s i s  should  g e n e r a l l y  n o t  exceed 3,500 

p.p.m. For  samples  c o n t a i n i n g  s i l t s  and c l a y s ,  t h e s e  l i m i t s  a r e  i m -  

p o r t a n t  and must be recognized i n  o rde r  t o  o b t a i n  s a t i s f a c t o r y  analyses.  

20. Accuracy of  bottom withdrawal t ube  ana lyses  of g l a s s  beads-- 

I n  a d d i t i o n  t o  t h e  types  o f  e r r o r s  involved i n  t h e  l a b o r a t o r y  d a t a  dis-  

cussed  i n  t h e  previous  s e c t i o n ,  i naccu rac i e s  i n  t h e  r e s u l t s  of t h e  bot- 

tom wi thdrawal  t u b e  a n a l y s e s  may a r i s e  from t h e  d e t e r m i n a t i o n  of  t h e  

s i z e  g r a d a t i o n  by means of  t h e  0dgn curve and tangent  method. Because 

t h i s  method i s  an i n t e g r a l  p a r t  o f  t h e  a n a l y s i s ,  t h e  s i z e  g r a d a t i o n s  

were used j u s t  a s  submitted, and without  c o r r e c t i o n  o f  any kind,  a s  t h e  

b a s i s  f o r  eva lua t ing  t h e  accuracy a c t u a l l y  obta ined  by t h e  bottom with- 

d rawa l  t u b e  method i n  t h r e e  d i f f e r e n t  l a b o r a t o r i e s .  The o n l y  way o f  

de te rmining  t h e  magnitude of t h e  e r r o r s  i n t roduced  i n t o  t h i s  s e r i e s  o f  

a n a l y s e s  by t h e  curve and tangent  method i s  by a  comparison o f  t h e  er-  

r o r s  i n d i c a t e d  i n  t h e  previous s e c t i o n  with those  presented  i n  t h i s  sec- 

t i o n  which d e a l s  with t h e  t o t a l  e r r o r s  and no t  j u s t  those  based on labo- 

r a t o r y  t echn ique .  A gene ra l  d i s c u s s i o n  o f  t h e  e r r o r s  i n h e r e n t  i n  t h e  
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curve and t angen t  method may be found i n  Sec t ion  23. 

The b e s t  method o f  eva lua t ing  t h e  accuracy, o r  t h e  e x t e n t  t o  which 

t h e  r e s u l t s  o f  t h e  bottom withdrawal  t u b e  a n a l y s e s  s a t i s f y  t h e  need, 

w i l l  depend upon t h e  a p p l i c a t i o n  which i s  t o  be made of t h e  da t a .  An 

a n a l y s i s  may give the  c o r r e c t  median g ra in  s i z e  and s t i l l  be i n  e r r o r  a t  

many p o i n t s ,  i t  may give t h e  c o r r e c t  amounts of many o f  t h e  s i z e  f rac-  

t i o n s  even though t h e  pe r  c e n t  f i n e r  curve i s  s e r i o u s l y  i n  e r r o r ,  and 

t h e  average r e s u l t s  o f  s e v e r a l  ana lyses  may be q u i t e  a c c u r a t e  b u t  t h e  

i n d i v i d u a l  ana lyses  may be e r r a t i c - - t h e r e  a r e  many p o s s i b i l i t i e s  which 

could be cons idered .  

A s t u d y  of  t h e  accuracy  of  t h e  ana lyses  w i l l  f i r s t  be made on t h e  

b a s i s  o f  t h e  d i f f e r e n c e s  i n  t h e  per  cent  f i n e r  f i g u r e s  f o r  t h e  o r i g i n a l  

g l a s s  bead sample and t h e  p e r  c e n t  f i n e r  f i g u r e s  r e s u l t i n g  from t h e  

bottom withdrawal tube  a n a l y s i s  of t he  same sample. The r e s u l t s  of  a l l  

t e s t s  a r e  shown i n  F igs ,  1 8 t o 2 3 .  Each f i g u r e  shows r e s u l t s  £01- samples 

o f  t h e  same concen t r a t ion ,  wi th  t h e  r e s u l t s  p l o t t e d  s e p a r a t e l y  f o r  each 

s i z e  r ange .  A p o s i t i v e  d e v i a t i o n  a t  a  g iven  s i z e  i n d i c a t e s  t h a t  t h e  

bottom withdrawal tube  a n a l y s i s  shows a  g r e a t e r  p e r  c e n t  f i n e r  a t  t h a t  

po in t  t han  was given f o r  t h e  base sample. These f i g u r e s  provide a  means 

of s tudying not  on ly  t h e  numerical accuracy of  t h e  r e s u l t s ,  bu t  a l s o  t h e  

cons i s t ency  i n  terms of  p l u s  and minus va lues ,  l o c a t i o n s  of  maximum and 

minimum e r r o r s  with r e s p e c t  t o  s i z e  and concent ra t ion ,  e t c .  

T a b l e  7 is  p r e s e n t e d  t o  a i d  i n  i n t e r p r e t i n g  t h e  e f f e c t  o f  s i z e  

range  and c o n c e n t r a t i o n  on t h e  accuracy  of  t h e  r e s u l t s  o f  i n d i v i d u a l  

analyses .  Separa te  counts  were made of  a l l  t e s t s  which showed no var ia -  

t i o n  i n  p e r  c e n t  f i n e r  o f  more than  5 p e r  c e n t  from t h e  base  sample; 
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Size - microns 

Fig. 18--Consistency sf size analysis results for glass spheres, 
concentration 200 p.".m. 
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Fig. 19--Consistency of size analysis results for glass spheres, 
concentration 1,000 p. p.m. 
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Size - microns 

Fig. 20--Consistency of size analysis results for glass spheres, 
concentrat ion 3,000 p. p. m. 
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Fig. 21--Consistency of s i z e  ana lys i s  r e s u l t s  f o r  g l a s s  spheres,  
concent ra t ion  5,000 p.p.m. 
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S izo - microns 

Fig. 22--Consistency of size analysis results for glass spheres, 
concentration 7,000 p.p.m.  
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Fig. 23--Consistency of size analysis results for glass spheres, 
concentration 10,000 p.p.m. 
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v a r i a t i o n s  over  5 per  c e n t  bu t  no t  over 10  per  cen t ;  v a r i a t i o n s  over  10 

per  c e n t  bu t  n o t  over 15 p e r  c e n t ;  over 15 p e r  cen t  bu t  no t  over  20 per  

cen t ;  and over  20 pe r  cent .  These counts  a r e  p re sen ted  and summarized 

f o r  each concent ra t ion  and s i z e  range. This  t a b l e  shows t h e  maximum er-  

r o r  t o  be expec ted  i n  an i n d i v i d u a l  sample a n a l y s i s  i n  t e rms  o f  f r e -  

quency o f  occurrence. 

The d a t a  o f  Table 7 show t h a t  t h e  maximum e r r o r  i n  an i n d i v i d u a l  

a n a l y s i s  is g e n e r a l l y  g r e a t e r  f o r  t h e  lower concen t r a t ions  of  sediment. 

Maximum e r r o r s  o f  15  o r  20 p e r  c e n t  i n  i n d i v i d u a l  a n a l y s e s  occu r  w i t h  

about t h e  same r e g u l a r i t y  i n  a l l  t h e  s i z e s  of  sediment analyzed. There 

a r e  fewer ana lyses  wi th  maximum e r r o r s  w i th in  5  pe r  c e n t  when p a r t i c l e  

s i z e s  o f  350 microns and over a r e  involved, and somewhat fewer wi th in  10 

p e r  c e n t  when s i z e s  up t o  700 microns a r e  i nc luded .  I n  r e g a r d  t o  a l l  

a n a l y s e s ,  Tab le  7 i n d i c a t e s  t h a t  t h e  maximum e r r o r  i n  an i n d i v i d u a l  

a n a l y s i s  w i l l  seldom be l e s s  than  5  pe r  c e n t ;  w i l l  be l e s s  t h a n  10 per  

c e n t  i n  a b o u t  h a l f  o f  t h e  c a s e s ;  w i l l  b e  l e s s  t h a n  15  p e r  c e n t  f o r  

t h r e e - f o u r t h s  of a l l  a n a l y s e s ;  and w i l l  n e a r l y  always be l e s s  t han  20 

p e r  c e n t .  I t  shou ld  be remembered t h a t  t h e  p e r c e n t a g e s  d i s c u s s e d  i n  

t h i s  r e l a t i o n  a r e  t h e  d i f f e r e n c e s  i n  t h e  pe r  cen t  f i n e r  f i g u r e s  f o r  t h e  

t e s t  sample and those f o r  t h e  a n a l y s i s  of t h e  sample. If  50 p e r  cent  of  

a  given sample is f i n e r  t h a n  149 microns and t h e  a n a l y s i s  shows 00 pe r  

c e n t  f i n e r ,  t hen  t h e  e r r o r  a t  149 microns is +10 per  c e n t .  

Table  8 p r e s e n t s  t h e  accuracy of t h e  bottom withdrawal t u b e  method 

of  a n a l y s i s  on t h e  b a s i s  o f  e r r o r s  found i n  a l l  d e t e r m i n a t i o n s  o f  pe r  

c e n t  f i n e r  va lues .  By r e f e r e n c e  t o  t h e  cons i s t ency  cu rves  of  F igs .  18 

t o  23, i t  w i l l  be seen  t h a t  t h e  de te rmina t ions  of p e r  cent  f i n e r  va lues  
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were made f o r  c e r t a i n  s i z e s  of sediment r e g a r d l e s s  o f  t h e  s i z e  range in-  

vo lved  i n  t h e  sample, s o  t h a t  6 d e t e r m i n a t i o n s  were t a k e n  i n  a  sample 

wi th  s i z e  range 20-149 microns, whi le  11 d e t e r m i n a t i o n s  were used when 

t h e  s i z e  range was 20-700 microns. I n d i v i d u a l  coun t s  were made of  a l l  

de t e rmina t ions  which were w i t h i n  t h e  pe rcen tage  c l a s s e s  used f o r  Table 

7, and t h e  d a t a  a r e  p re sen ted  i n  t h a t  same form. 

Table 8 shows t h a t  t h e  e r r o r  i n  any de t e rmina t ion  may be expec ted  

t o  be g r e a t e r  f o r  t h e  lower c o n c e n t r a t i o n s  o f  s ed imen t .  There  i s  no 

d e f i n i t e  i n d i c a t i o n  o f  any change i n  a c c u r a c y  i n  t h e  r e s u l t s  a s  t h e  

s i z e s  o f  sediment i n  t h e  samples change. A de t e rmina t ion  o f  a  p e r  c e n t  

f i n e r  v a l u e  i n  a  sample may be expected t o  be w i t h i n  5 p e r  c e n t  i n  a l -  

most two- th i rds  o f  t h e  c a s e s ;  w i t h i n  10 p e r  c e n t  f o r  s even-e igh ths  o f  

t h e  d e t e r m i n a t i o n s ;  and n e a r l y  always w i t h i n  15 o r  20 p e r  c e n t .  

F ig .  24 has been prepared t o  a i d  i n  s tudying  t h e  average e r r o r  f o r  

t h e  t o t a l  sample a s  a  measure o f  t h e  soundness o f  t h e  bottom withdrawal 

t u b e  method. Average e r r o r s  a r e  shown f o r  samples having s i m i l a r  con- 

c e n t r a t i o n s  and covering l i k e  s i z e  ranges. I n  terms o f  average r e s u l t s  

t h e  a n a l y s e s  a r e  q u i t e  a c c u r a t e ,  and a r e  v e r y  a c c u r a t e  a t  t h e  h i g h e r  

concen t r a t ions .  This  accuracy s t r o n g l y  suppor t s  t h e  b a s i c  soundness o f  

t h e  t h e o r y  and o f  t h e  t e c h n i q u e s  employed. Wi th in  t h e  r ange  o f  con- 

c e n t r a t i o n s  used i n  t h e s e  t e s t s ,  t h e  s i z e  ana lyses  become more a c c u r a t e  

on a  percentage  b a s i s  a s  t h e  concen t r a t ion  i n  t h e  sample i n c r e a s e s ;  t h e  

average  e r r o r  d e c r e a s i n g  from +5.2 p e r  c e n t  a t  a  c o n c e n t r a t i o n  o f  200 

p.p.m. t o  +0.5 per  cen t  a t  a  concen t r a t ion  o f  10,000 p.p.m. There seems 

t o  be no d e f i n i t e  r e l a t i o n  between t h e  average e r r o r  o f  t h e  a n a l y s i s  and 

t h e  s i z e  of p a r t i c l e  involved i n  t h e  sample. 
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S izr - microns 

40 60 200 400 500 600 700800  

Fig. 24--Consistency of average size analysis 
results for glass spheres 
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I n  g e n e r a l ,  r e g a r d l e s s  o f  s i z e  o r  c o n c e n t r a t i o n  o f  sediment ,  t h e  

r e s u l t s  o b t a i n e d  with t h e  bottom withdrawal t u b e  method show a  s m a l l e r  

mean g r a i n  s i z e  t h a n  t h a t  o f  t h e  base  samples .  The median g r a i n  s i z e  

f o r  t h e  o r i g i n a l  g l a s s  bead samples has been shown i n  F ig .  24. A heavy 

l i n e  h a s  been  e x t e n d e d  upward and downward i n  s u c h  manner t h a t  t h e  

a b s c i s s a  i s  t h e  median g r a i n  s i z e  f o r  a  sample a n a l y s i s  w i th  t h e  e r r o r  

i n t e r c e p t  a s  t h e  ord ina te .  It i s  no t  t h e  average e r r o r  o f  a n a l y s i s ,  bu t  

t h e  e r r o r  a t  t h e  p o i n t  on t h i s  heavy l i n e  which de t e rmines  t h e  median 

g r a i n  s i z e .  

Table $3 shows the median d r a i n  s i z e s  f o r  t h e  o r i g i n a l  g l a s s  bead o r  

TABLE 9 

MEDIAN GRAIN SIZE OF SAMPLES 
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base samples, and a l s o  t h e  median g ra in  s i z e s  corresponding t o  t h e  aver- 

age a n a l y s e s  p r e s e n t e d  i n  F ig .  24.  The d i f f e r e n c e s  a r e  t h e  r e s u l t  o f  

t h e  d e v i a t i o n s  i n  t h e  a n a l y s e s .  The median g r a i n  s i z e s  a r e  shown a s  

a v e r a g e s  f o r  a l l  a n a l y s e s ,  and a s  a v e r a g e s  f o r  a l l  a n a l y s e s  e x c e p t  

t h o s e  a t  200 p.p.m. The pe rcen tages  by which t h e  averages  d i f f e r  from 

t h e  median s i z e s  f o r  t h e  base  samples a r e  a l s o  shown. The median g r a i n  

s i z e s  based on t h e  average ana lyses  a r e  s a t i s f a c t o r i l y  accu ra t e .  

The preceding  d i s c u s s i o n  of  t h e  s i z e  ana lyses  was i n  terms of  p e r  

c e n t  f i n e r  va lues  and median g ra in  s i z e ,  and, conseguently,  d i d  not  show 

t h e  d e g r e e  of  a c c u r a c y  w i t h  which t h e  a n a l y s e s  i n d i c a t e  t h e  p r o p e r  

amount o f  m a t e r i a l  i n  each s i z e  c l a s s  o r  f r a c t i o n .  E v a l u a t i o n  o f  t h e  

accuracy  of ana lyses  i n  v a r i o u s  s i z e  c l a s s e s  has  been made t h e  s u b j e c t  

o f  a  second s tudy o f  t h e  r e s u l t s  of  t h e  bottom withdrawal tube  method of 

a n a l y s i s  o f  g l a s s  bead samples. I n  o rde r  t o  s i m p l i f y  t h i s  problem, t h e  

f r a c t i o n s  s t u d i e d  a r e  d i v i d e d  a s  fo l lows :  Smal le r  t h a n  82.5 microns,  

62.5 t o  125 microns ,  125  t o  250 microns ,  250 t o  600 microns ,  and 500 

t o  700 microns. These a r e  nominal s i z e  c l a s s e s ;  t h e  a c t u a l  s i z e  ranges  

determined d i f f e r  by a  v e r y  few microns from t h e s e  va ldes ,  bu t  t h e  d i f -  

f e r e n c e s  would have no s i g n i f i c a n t  effect ,  on t h e  r e s u l t s .  The q u a n t i t y  

o f  m a t e r i a l  i n  each  o f  t h e s e  s i z e  c l a s s e s  was f i r s t  d e t e r m i n e d  a s  a  

p e r c e n t a g e  o f  t h e  t o t a l  f o r  each of  t h e  base samples.  The b a s i c  d i s -  

t r i b u t i o n  f o r  each type  o f  sample is  shown i n  Table 4. Then t h e  guan- 

t i t y  o f  m a t e r i a l  i n  each s i z e  c l a s s  was computed from t h e  b o t t ~ m  with- 

drawal tube  ana lys i s ,  The d i f f e r e n c e  between t h e  quan t i t y  c o m p a ~ d e d  i n  

t h e  sample and t h a t  shown by t h e  a n a l y s i s  was expressed a s  a percentage  

o f  t h e  q u a n t i t y  i n  t h e  o r i g i n a l  sample. These p e r c e n t a g e  e r r o r s  have 
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been used a s  t h e  b a s i s  f o r  t h e  s tudy  of  t h e  accuracy o f  a n a l y s i s  i n  each 

s i z e  c l a s s .  

A t a b u l a t i o n  of t h e  e r r o r s  i n  terms o f  concen t r a t ion  and s i z e  c l a s s  

i s  presented  i n  Table 10. E r ro r s  a r e  divided i n t o  t h e  following groups: 

0 t o  10  p e r  c e n t ,  11 t o  20 p e r  c e n t ,  2 1  t o  40 p e r  c e n t ,  4 1  t o  8 0  p e r  

cen t ,  and t h o s e  over  80 per  cent .  The accuracy of  t he  r e s u l t s  increased  

wi th  c o n c e n t r a t i o n .  For  t h e  c o n c e n t r a t i o n  of  200 p.p. m. t h e  accuracy 

was r e l a t i v e l y  poor. However, t h e  r e d u c t i o n  i n  accu racy  a t  t h e  lower 

c o n c e n t r a t i o n s  was mainly i n  t h e  s i z e  c l a s s e s  under  250 microns ,  and 

was most obvious  f o r  t h e  s i z e  c l a s s  c o n t a i n i n g  p a r t i c l e s  s m a l l e r  t han  

62.5 microns. The average percentages  shown a r e  t hose  de r ived  from t h e  

t o t a l s ,  and a r e  a l s o  t h e  averages  o f  t h e  p e r c e n t a g e s  w i t h i n  t h e  given 

l i m i t s  wi th  r e s p e c t  t o  concen t r a t ion .  The ave rages  of  t h e  pe rcen tages  

wi th  r e s p e c t  t o  s i z e  c l a s s e s  would give somewhat d i f f e r e n t  f i g u r e s ,  be- 

cause r a d i c a l l y  d i f f e r e n t  numbers of  i tems were inc luded  i n  t h e  va r ious  

s i z e  c l a s s e s .  The averages show t h a t  g e n e r a l l y  over  h a l f  o f  t h e  de t e r -  

mina t ions  of t h e  q u a n t i t i e s  i n  t h e  v a r i o u s  s i z e  c l a s s e s  were w i t h i n  20 

per  c e n t  of  t h e  base samples,  t h ree - fou r ths  o f  t h e  de t e rmina t ions  were 

w i t h i n  40 p e r  c e n t ,  and a l l  b u t  8 p e r  c e n t  were w i t h i n  80  p e r  c e n t .  

With r e s p e c t  t o  s i z e  c l a s s e s  t h e  pe rcen tages  show i n c r e a s i n g  accuracy  

with a  decrease  i n  s i z e  of t h e  p a r t i c l e  down t o  62.5 microns, but  with a  

dec rease  i n  accuracy  f o r  t h e  s m a l l e s t  s i z e  c l a s s .  A s  an i n d i c a t i o n  of  

what a c t u a l l y  happened i n  t h e s e  t e s t s ,  o r  of  what might be expected of 

t e s t s  c o v e r i n g  s i m i l a r  s i z e  d i s t r i b u t i o n s ,  t h e s e  a r e  r e p r e s e n t a t i v e  

data .  However, t h i s  t a b l e  does not  show t h e  q u a n t i t y  of t h e  sample con- 

t a i n e d  i n  t h e  v a r i o u s  s i z e  c l a s s e s  and t h a t  is a  c o n t r o l l i n g  f a c t o r  i n  
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t h e  appa ren t  accuracy  o f  an a n a l y s i s  i n  t h e  d i f f e r e n t  s i z e  f r a c t i o n s .  

The percentage e r r o r s  i n  t h e  ana lyses  o f  t h e  q u a n t i t i e s  of m a t e r i a l  

i n  t h e  s i z e  c l a s s e s  a r e  r e t a b u l a t e d  i n  Table 11. I n  t h i s  ca se ,  t h e  er-  

r o r s  a r e  l i s t e d  with r e s p e c t  t o  t h e  s i z e  range o f  beads conta ined  i n  t h e  

sample, and t h e  pe rcen tage  o f  t h e  t o t a l  sample inc luded  i n  each o f  t h e  

s i z e  c l a s s e s  i s  g iven  a t  t h e  bottom o f  t h e  t a b l e  t o  p rov ide  a  means o f  

making a  more r e v e a l i n g  comparison o f  t h e  r e l a t i o n  between e r r o r s  and 

per  c e n t  o f  m a t e r i a l  i n  t h e  s i z e  c l a s s .  A s  would be  expec ted ,  t h e  e r -  

r o r s  v a r i e d  sha rp ly  ( i n  many eases  almost i n v e r s e l y )  with t h e  percentage  

sf t h e  sample conta ined  i n  t h e  s i z e  c l a s s .  If 10 pe r  c e n t  o f  a  sample 

was c o n t a i n e d  i n  t h e  c o a r s e s t  s i z e  f r a c t i o n ,  t h e n  about  one t i m e  i n  

s i x  t h e  r e s u l t s  of t h e  a n a l y s e s  showed ove r  80 p e r  c e n t  e r r o r  i n  t h e  

c o a r s e s t  s i z e  c l a s s .  Because t h e  average e r r o r  i n  t h e  over  80 p e r  cen t  

group was around 100 p e r  c e n t ,  i t  means t h a t  i f  t h e  sample was 90 pe r  

cent  f i n e r  t han  t h i s  c o a r s e s t  s i z e ,  one Lime i n  s i x  t h e  a n a l y s i s  showed 

e i t h e r  about 100 o r  80 p e r  c e n t  f i n e r  t han  t h i s  s i z e .  I% t h e  c o a r s e s t  

f r a c t i o n  conta ined  20 p e r  c e n t  o f  t h e  t o t a l  m a t e r i a l  i n  t h e  sample t h e  

percentage e r r o r s  were reduced t o  about h a l f  sf what t hey  were whew only  

10 p e r  c e n t  was i n  t h a t  c l a s s .  For samples conta in ing  equal  percentages  

o f  m a t e r i a l ,  t h e  r e s u l t s  were b e t t e r  f o r  t h e  c l a s s e s  composed s f  t h e  

smal le r  s i z e s  o f  p a r t i c l e s .  The r e s u l t s  were a l so  r e l a t i v e l y  b e t t e r  f o r  

samples i n  t h e  narrower ranges of  p a r t i c l e  s i z e ,  
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I V .  GENERAL DISCUSSION 

21. E f f e c t  o f  o p e r a t i o n a l  t e c h n i q u e s  on a c c u r a c y  o f  a n a l y s i s - -  

The r e s u l t s  o f  t h e  t e s t s  on t h e  bottom w i t h d r a w a l  t u b e  do n o t  d i f f e r e n -  

t i a t e  between t h e  e r r o r s  i n h e r e n t  i n  t h e  a p p a r a t u s  and t h o s e  r e s u l t i n g  

f rom o p e r a t i o n a l  t e c h n i q u e .  The sum o f  t h e  e r r o r s  which  may b e  a t -  

t r i b u t e d  t o  t h e s e  two s o u r c e s  a r e  u s u a l l y  r e l a t i v e l y  s m a l l  i n  compari-  

son  t o  t h e  t o t a l  e r r o r  o f  a n a l y s i s .  However, s e r i o u s  e r r o r s  may be in-  

t r o d u c e d  i n  t h e  f i r s t  and second  w i t h d r a w a l s  due  t o  i n a d e q u a t e  opera -  

t i o n a l  t e c h n i q u e ,  e s p e c i a l l y  i f  t h e  p a r t i c l e  s i z e s  a r e  r e l a t i v e l y  

c o e r s e .  A f ew of  t h e  o p e r a t i o n a l  t e c h n i q u e s  w i l l  be  c o n s i d e r e d  i n  

t e r m s  o f  e r r o r s  which may be p r e s e n t ,  even  though t h e  magni tude  of t h e  

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

a. Dispers ion--The d e r i v a t i o n  of  t h e  Od6n c u r v e  o f  S e c t i o n s  

14 and 15 assumed t h a t  p a r t i c l e s  o f  a l l  s i z e s  were u n i f o r m l y  d i s -  
p e r s e d  a t  t h e  b e g i n n i n g  o f  s e d i m e n t a t i o n .  A s  t h i s  i s  t h e  u n i q u e  
c u r v e  t h a t  w i l l  y i e l d  t h e  known c u m u l a t i v e  s i z e  d i s t r i b u t i o n  f o r  
t h e  m a t e r i a l ,  i t  f o l l o w s  t h a t  p e r f e c t  d i s p e r s i o n  i s  fundamenta l  t o  
t h e  bottom wi thdrawal  t u b e  method. 

F o l l o w i n g  t h e  " D e t a i l e d  T e s t  P r o c e d u r e  f o r  t h e  Bottom With- 
d r a w a l  Tube" o f  Appendix A,  R e p o r t  No. 7,  i t  is  n e c e s s a r y  t o  d i s -  
t r i b u t e  t h e  c o a r s e r  p a r t i c l e s  a long  t h e  t u b e  b e f o r e  b e g i n n i n g  t h e  
t u b e  i n v e r s i o n s .  T h i s  i s  accompl i shed  by h o l d i n g  t h e  t u b e  n e a r l y  
h o r i z o n t a l  b u t  wi th  t h e  n o z z l e  end s l i g h t l y  r a i s e d ,  and shak ing  t h e  
p a r t i c l e s  o u t  a l o n g  t h e  t u b e  u n t i l  t h e i r  d i s t r i b u t i o n  i s  f a i r l y  
good. When t h i s  p r o c e s s  i s  comple te ,  t h e  t u b e  s h o u l d  s t i l l  be i n  
a n  i n c l i n e d  p o s i t i o n  w i t h  t h e  b u b b l e  a t  t h e  n o z z l e  end.  The t u b e  
i s  t h e n  p l a c e d  i n  t h e  u p r i g h t  p o s i t i o n  a t  t h e  s t a r t  o f  t h e  r e p e a t e d  
i n v e r s i o n s  by which t h e  s e d i m e n t  i s  t o  b e  d i s p e r s e d  i n  t h e  t u b e .  
A s  s o o n  a s  t h e  b u b b l e  r e a c h e s  t h e  e n d  o f  t h e  t u b e ,  t h e  t u b e  i s  
a g a i n  i n v e r t e d ,  and t h e  p r o c e s s  c o n t i n u e d  u n t i l  d i s p e r s i o n  i s  con- 
s i d e r e d  t o  be complete .  Then w i t h  t h e  b u b b l e  a t  t h e  bot tom o f  t h e  
t u b e ,  t i m i n g  is begun, and t h e  t u b e  i s  f i x e d  i n  an  u p r i g h t  p o s i t i o n  
f o r  t h e  s t a r t  o f  t h e  s e t t l i n g  p r o c e s s .  

The p e r i o d  o f  t i m e  between t u b e  i n v e r s i o n s  i s  d e p e n d e n t  o n l y  
on  t h e  speed o f  t h e  bubble  which must t r a v e l  t h e  ful l .  l e n g t h  o f  t h e  
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t u b e  t o  i n s u r e  a g i t a t i o n  o f  a l l  t h e  m a t e r i a l .  T h i s  r e q u i r e s  abou t  

5 s e c .  F o r  t h e  moment, n e g l e c t  t h e  t r a n s p o r t i n g  and d i s p e r s i n g  
e f f e c t s  o f  t h e  b u b b l e  and c o n s i d e r  o n l y  t h e  motion o f  t h e  p a r t i c l e s  
d u e  t o  t h e i r  w e i g h t .  Then a  s i m p l e  a n a l y s i s  o f  t h e  m e c h a n i c s  o f  
t h e  d i s p e r s i o n  may b e  made t o  show one  a v o i d a b l e  c a u s e  o f  p o o r  
i n i t i a l  d i s t r i b u t i o n .  

P a r t i c l e s  of a  c e r t a i n  s i z e  f a l l  wi th  a  v e l o c i t y  o f  1 0 0 / t o  cm. 
p e r  s e c .  when to is  t h e  t ime i n  seconds  f o r  t h a t  s i z e  o f  p a r t i c l e  

t o  f a l l  100 cm. A s  t h e  t u b e  i s  r i g h t e d  p r i o r  t o  t h e  r e p e a t e d  in -  
v e r s i o n s ,  5 / t o  o f  t h i s  s i z e  s e t t l e s  o u t  o f  s u s p e n s i o n  i n  t h e  5  
s e c .  r e q u i r e d  f o r  t h e  bubble  t o  t r a v e l  t h e  100 cm. l e n g t h  o f  wa te r  

column i n  t h e  tube .  A f t e r  t h e  f i r s t  i n v e r s i o n ,  t h e  s e t t l e d  p o r t i o n  
f a l l s  a  d i s t a n c e  5 0 0 / t o  away from t h e  n o z z l e ,  and when t h e  t u b e  
i s  r i g h t e d  a f t e r  any f u t u r e  i n v e r s i o n  t h i s  p o r t i o n ,  5 / t o  o f  t h e  
g i v e n  s i z e ,  w i l l  s t a r t  f a l l i n g  from a  p o i n t  5 0 0 / t o  cm. above t h e  
n o z z l e .  S e e  C o n d i t i o n  I o f  F i g .  25. I f  t h e  t i m e  f o r  t h e  f i r s t  
w i t h d r a w a l  i s  l o n g e r  t h a n  t h e  5 s e c .  o f  b u b b l e  t r a v e l ,  t h e  con- 
c e n t r a t i o n s  of  5 / t  of each s i z e  w i l l  d r o p  i n t o  t h e  f i r s t  wi th -  
d r a w a l .  F o r  example ,  i f  a  t i m e  o f  7 s e c .  i s  u s e d  f o r  t h e  f i r s t  
wi thdrawal ,  a l l  m a t e r i a l  having a  f a l l  v e l o c i t y  o f  t and s t a r t i n g  
from any p o i n t  l e s s  t h a n  ? O O / t o  above t h e  t o p  o f  t h e  f i r s t  wi th-  
d rawal  w i l l  b e  i n c l u d e d  i n  t h a t  wi thdrawal .  A f t e r  t h e  f i r s t  wi th-  
d r a w a l ,  t h e  m a t e r i a l  r e m a i n i n g  i n  s u s p e n s i o n  w i l l  be d i s t r i b u t e d  
w i t h  t h e  same i n t e n s i t y  and a t  t h e  same p o s i t i o n  a s  i t  would occupy 
w i t h  p e r f e c t  d i s p e r s i o n .  T h e r e f o r e ,  f o r  t h e  bottom wi thdrawal  t u b e  
a n a l y s i s ,  t h i s  t y p e  o f  d i s p e r s i o n  s h o u l d  g i v e  t h e  same r e s u l t s  a s  
p e r f e c t  d i s p e r s i o n ,  and s o  s h o u l d  b e  c o m p l e t e l y  s a t i s f a c t o r y .  

On t h e  o t h e r  hand,  i f  t h e  o p e r a t o r  were t o  s t a r t  t h e  i n v e r -  
s i o n s  by t u r n i n g  t h e  n o z z l e  e n d  o f  t h e  t u b e  upward i m m e d i a t e l y  
a f t e r  d i s t r i b u t i n g  t h e  c o a r s e r  p a r t i c l e s  by e y e ,  c o n d i t i o n s  i n  t h e  
s u s p e n s i o n  would be e n t i r e l y  d i f f e r e n t .  Now, t h e  5 / t 0  p o r t i o n  o f  
e a c h  s i z e  w i l l  s e t t l e  o u t  a t  t h e  wide mouth end o f  t h e  t u b e ,  and 
e a c h  s u c c e e d i n g  t i m e  t h a t  t h e  t u b e  i s  r i g h t e d  t h i s  m a t e r i a l  w i l l  
s t a r t  f a l l i n g  from t h e  t o p  o f  t h e  t u b e .  See  C o n d i t i o n  I1 o f  F i g .  
25. I t  i s  o b v i o u s  t h a t  t h e s e  c o n c e n t r a t i o n s  o f  m a t e r i a l  c a n n o t  
r e a c h  t h e  bot tom o f  t h e  t u b e  i n  t h e  same t i m e  a s  i n  a  p e r f e c t  d i s -  
p e r s i o n  i n  which t h e  s i z e s  would be d i s t r i b u t e d  u n i f o r m l y  upward 
f rom t h e  n o z z l e  t o  t h e  t o p  o f  t h e  tube .  Those p a r t i c l e s  bunched 
n e a r  t h e  t o p  o f  t h e  t u b e  s h o u l d  be  d i s t r i b u t e d  t h r o u g h  t h e  l o w e r  
5 0 0 / t 0  cm. o f  t h e  s u s p e n s i o n .  

To i n d i c a t e  t h e  e r r o r s  p o s s i b l e  from t h e  assumed C o n d i t i o n  11, 
a  few p o i n t s  o f  t h e  r e s u l t i n g  Od6n c u r v e  a r e  shown i n  F i g .  26 and 
compared w i t h  t h e  c u r v e  f o r  uniform d i s p e r s i o n .  The c o m p u t a t i o n s  
were based on samples  w i t h  t h e  20 t o  700 micron s i z e  range  a s  shown 
i n  T a b l e  4. The s i z e  d i s t r i b u t i o n  d e t e r m i n e d  by t h e  e r r a n t  c u r v e  
would show t o o  f i n e  a  m a t e r i a l .  

The a c t u a l  d i s p e r s i o n  i n  t h e  bottom wi thdrawal  t u b e  would n o t  
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be as  e r roneous  because t h e  d i s p e r s i n g  and t r a n s p o r t i n g  a c t i o n s  of  
t he  a i r  bubble have been neglected i n  t h i s  a n a l y s i s ,  which has been 
made o n l y  t o  emphasize t h e  p o s s i b l e  e f f e c t s  of  a  s m a l l  change i n  
t e c h n i q u e  of  d i s p e r s i o n .  

b. Bubble travel--For 5 sec .  a f t e r  s ed imen ta t ion  has s t a r t e d  
i n  t h e  bot tom wi thd rawa l  t u b e ,  a  l a r g e  a i r  bubble  moves upward 
through t h e  suspens ion  almost e n t i r e l y  f i l l i n g  t h e  c r o s s  s e c t i o n ,  
ex tending  over  n e a r l y  1/5 of  t h e  he igh t  of  t h e  water  column, with 
a  wake o f  s t r o n g  e d d i e s  and f i n e  bubbles  t r a i l i n g  behind i t .  I n  
t h i s  g l a s s  bead i n v e s t i g a t i o n  t h e  f i r s t  w i thd rawa l  was u s u a l l y  
made o n l y  2 sec .  a f t e r  t h e  bubble broke a t  t h e  t o p  o f  t h e  column 
and, t h e r e f o r e ,  i t  would no t  be reasonable t o  expect t h e  sedimented 
m a t e r i a l  t o  have f a l l e n  i n  complete accord wi th  t h e  f a l l  t imes  f o r  
d i s p e r s e d  m a t e r i a l  i n  s t i l l  water .  I n  g e n e r a l ,  one might expec t  
s e t t l i n g  t o  be hindered a t  l e a s t  during t h e  f i r s t  7 sec .  P a r t i c l e s  
may be c a r r i e d  upward by t h e  s u r f a c e  t e n s i o n  o f  t h e  a i r  wa te r  
boundar ies  of  t h e  bubbles  and by t h e  water  moving upward i n t o  t h e  
a r e a  o f  d e c r e a s e d  p r e s s u r e  j u s t  below t h e  l a r g e  b u b b l e .  The 
v e r t i c a l  components o f  t h e  t u r b u l e n t  v e l o c i t i e s  i nduced  by t h e  
repea ted  inve r s ions  may have a  minor e f f e c t  on s e t t l i n g  v e l o c i t i e s .  
I f  t h e r e  a r e  s i g n i f i c a n t  f l u c t u a t i o n s  c o n t i n u i n g  f o r  some t ime 
a f t e r  t h e  t u b e  i s  r i g h t e d ,  t h e i r  n e t  e f f e c t  w i l l  be t o  t r a n s p o r t  
m a t e r i a l  upward from regions  o f  h igher  c o n c e n t r a t i o n  t o  r eg ions  o f  
lower concen t r a t ions ,  t h u s  de lay ing  se t t l emen t .  

c .  P a r t i c l e s  s l i d i n g  along walls--Because o f  t h e  method o f  
d i s p e r s i o n  i n  t h e  tube ,  t h e  c o a r s e s t  g r a i n s  t e n d  t o  c o l l e c t  along 
one s i d e  o f  t h e  tube .  These p a r t i c l e s  have a  t endency  t o  s l i d e  
along t h e  s i d e  during and immediately a f t e r  t h e  d i s p e r s i o n  process.  
The e f f e c t  on t h e  f a l l  v e l o c i t y  o f  t h e  c o a r s e  p a r t i c l e s  i s  ob- 
v ious .  Even though t h e  passage  o f  t h e  bubble may throw them i n t o  
t h e  i n t e r i o r  of  t h e  suspension,  s e t t l i n g  has  been i n  p rog res s  a t  a  
reduced r a t e  f o r  some time. I f  t h e  time of  t h e  f i r s t  withdrawal i s  
g r e a t  enough t h e  c o a r s e s t  p a r t i c l e s  may be e n t i r e l y  inc luded ,  a l -  
though t h e i r  f a l l  v e l o c i t i e s  have been s l i g h t l y  reduced. 

d. Time o f  withdrawal--According t o  t h e  i n s t r u c t i o n s  i n  Re- 
p o r t  No. ?, time of  s e t t l i n g  is t o  begin a t  t h e  moment t h e  tube  is 
up r igh ted  f o r  t h e  l a s t  t ime, t h e  bubble being a t  t h e  bottom o f  t h e  
tube .  For  uni formi ty  o f  procedure and t o  conform wi th  t h e o r e t i c a l  
c o n c e p t s  o f  d i s p e r s e d  s e d i m e n t a t i o n ,  i t  i s  s t r o n g l y  recommended 
t h a t  t h i s  p r a c t i c e  be continued. Some ope ra to r s  have t r i e d  t o  com- 
p e n s a t e  f o r  t h e  p o s s i b l e  reduced  r a t e  o f  f a l l  o f  t h e  p a r t i c l e s  
during t h e  first moments o f  sedimentat ion by s t a r k i n g  t h e  timing a t  
some i n s t a n t  a f t e r  t h e  b u b b l e  s t a r t s  upward.  The r e s u l t s  a s  
p l o t t e d  i n  F i g s .  13 t o  17 i n d i c a t e  t h a t  a  r e d u c t i o n  i n  t ime  o f  4 
s ec .  f o r  t h e  f i r s t  wi thdrawal ,  and perhaps  2 sec .  f o r  t h e  second 
would check t h e  b a s i c  0dkn curves  b e t t e r .  That  i s  t o  say ,  t h a t  i f  
t h e  t iming o f  s e t t l i n g  had been a r b i t r a r i l y  s t a r t e d  when t h e  bubble 
reached t h e  halfway mark i n  i t s  f i n a l  upward t r i p ,  t h i s  c o r r e c t i o n  
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would have g iven  g e n e r a l l y  improved r e s u l t s .  Such a  c o r r e c t i o n  
would be both a r b i t r a r y  and approximate,  and presumably no t  t r u l y  
r e p r e s e n t a t i v e  o f  any s p e c i f i c  withdrawal o r  sample. I n c i d e n t a l l y  
from F igs .  1 3  t o  17 ,  a  c o r r e c t i o n  of 4 s ec .  seems d e f i n i t e l y  too 
g r e a t  except  f o r  t h e  f i r s t  wi thdrawals .  

I f  a  t ime c o r r e c t i o n  i s  t o  be made t o  e a r l y  withdrawals--and 
a  s m a l l  c o r r e c t i o n  i s  p o s s i b l y  j u s t i f i e d - - i t  s h o u l d  be  made t o  
t h o s e  t imes  de termined  by s t a n d a r d  p rocedure ,  and made i n  such a  
way a s  t o  be c l e a r l y  obvious  and r e a d i l y  s u b j e c t  t o  l a t e r  rev iew 
and r e v i s i o n  i f  neces sa ry .  

C a r e f u l  t iming  i s  mandatory, p a r t i c u l a r l y  du r ing  t h e  f i r s t  
wi thdrawals  o f  a  coa r se  sample, when a  sma l l  l e n g t h  o f  t ime means 
a  l a r g e  change i n  t h e  amount o f  m a t e r i a l  remaining i n  suspension.  
This  e a r l y  p o r t i o n  of  t h e  0d6n curve i s  s u b j e c t  t o  l a r g e  e r r o r s  i n  
g r a p h i c a l  a n a l y s i s  because o f  t h e  sma l l  ang le  between t h e  t angen t  
t o  t h e  curve and the  p e r  cent  i n  suspension ax is .  Any small  change 
i n  shape  o f  t h e  curve  i n  t h i s  r e g i o n  r e s u l t s  i n  a  magni f ied  d i f -  
f e r e n c e  i n  s i z e  d i s t r i b u t i o n .  The o p e r a t o r  can improve t h e  def-  
i n i t i o n  of  t h e  shape o f  t h e  s e t t l i n g  curve by jud ic ious  spacing o f  
withdrawals  with r e s p e c t  t o  time. 

I t  should be emphasized t h a t  t h e  t ime o f  withdrawal  is t aken  
a t  t h e  end of  each withdrawal.  The o b j e c t i v e  of t h e  exper imenta l  
p r o c e d u r e  i s  t o  de t e rmine  t h e  p e r  c e n t  of  m a t e r i a l  remain ing  i n  
suspens ion  a t  a  given time. Only a t  t h e  i n s t a n t  t h a t  t h e  va lve  i s  
c losed  can the  o p e r a t o r  be c e r t a i n  t h a t  a l l  p a r t i c l e s  s t i l l  i n  t h e  
t u b e  a r e  i n  suspens ion ,  b u t  i f  c a r e  h a s  been e x e r c i s e d  t o  t a k e  a  
f a s t  enough withdrawal  t o  i n s u r e  a  complete  f l u s h i n g  o f  m a t e r i a l  
from t h e  lower end o f  t h e  tube ,  t hen  t h e  remaining p a r t i c l e s  must 
be  i n  suspens ion  a t  t h a t  i n s t a n t .  

22. E f f e c t  o f  a p p a r a t u s  on accuracy  o f  analysis--The sum o f  t h e  

e r r o r s  which may be a t t r i b u t e d  t o  t h e  i n f l u e n c e  o f  o p e r a t i o n a l  tech-  

n i q u e s  p l u s  l i m i t a t i o n s  o f  a p p a r a t u s  a r e  i n  g e n e r a l  r e 1  a t i v e l y  sma l l .  

They may reach  s e r i o u s  propor t ions  f o r  t h e  f i r s t  and second withdrawals,  

and throughout  t h e  a n a l y s i s  o f  samples o f  low concen t r a t ions ,  and these  

more c r i t i c a l  e r r o r s  may be de r ived  i n  p a r t  from inadequate  appara tus .  

Some of t h e  sou rces  o f  i n a c c u r a c i e s  w i l l  be  d i scussed  al though t h e  e r -  

r o r s  cannot  be eva lua t ed  q u a n t i t a t i v e l y .  

a.  Wall e f f ec t s - -The  i d e a l  c o n d i t i o n  f o r  d e t e r m i n i n g  t h e  
f a l l  v e l o c i t i e s  o f  p a r t i c l e s ,  e i t h e r  i n d i v i d u a l l y  o r  i n  mass,  



98 Sec t ion  22 

would be wi th in  a  f l u i d  o f  l i m i t l e s s  ex t en t .  The proximi ty  o f  t h e  
w a l l s  forming t h e  boundary of  t h e  suspens ion  have a  s lowing e f f e c t  
on  t h e  f a l l  v e l o c i t i e s  o f  a d j a c e n t  p a r t i c l e s ,  Prom geometry, i t  
can  be shown t h a t  one-half o f  t h e  a r e a  of  a  c i r c u l a r  c r o s s  s e c t i o n  
l i e s  wi th in  3/10 of  t h e  r a d i u s  from t h e  wall .  For t h e  case  o f  uni- 
form d i s p e r s i o n  i n  t h e  25 mm. t u b e ,  o n e - h a l f  o f  a l l  p a r t i c l e s  
c o a r s e r  t han  350 microns  f a l l  i n s i d e  o f  a r e g i o n  w i t h i n  10-gra in  
d i a m e t e r s  from t h e  wa l l ,  which i m p l i e s  t h e  p o s s i b i l i t y  o f  reduc- 
t i o n s  i n  f a l l  v e l o c i t y  because o f  w a l l  e f f e c t s  [4] .  

The nozz le  a t  t h e  base o f  t h e  bottom withdrawal tube  has  only  
e i g h t  pe r  c e n t  o f  t h e  a r e a  0% t h e  main t u b e  s o  t h a t  n e a r l y  a l l  
p a r t i c l e s  s e t t l i n g  out  of a  wel l  d i spe r sed  suspens ion  w i l l  l a n d  on 
t h e  s l o p i n g  w a l l s  of  t h e  c o n t r a c t i o n .  Consequently,  t h e  o p e r a t o r  
must o b t a i n  a  p o s i t i v e  f l u s h i n g  a c t i o n  wi th  each  w i t h d r a w a l  s o  
eve ry  p a r t i c l e  which has s e t t l e d  on t h e  shoulders  o r  i n  t h e  bottom 
of t h e  tube  w i l l  be  withdrawn. If t h i s  i s  done t h e  con t r ac t ed  sec- 
t i o n  should have no e f f e c t  on t h e  quan t i t y  of m a t e r i a l  s e t t l e d  out.  

b e  F a l l  v e l o c i t y  o f  p a r t i c l e s  i n  a d i spersed  system--The f a l l  
t imes  o f  Table 3, determined by t iming t h e  f a l l  o f  i n d i v i d u a l  par- 
t i c l e s  i n  s t i l l  water ,  a r e  app l i ed  wi thout  c o r r e c t i o n  t o  t h e  s e t -  
t l i n g  o f  p a r t i c l e s  i n  a  d i s p e r s e d  system. The bottom wi thdrawal  
t u b e  t h e o r y  assumes a  s u s p e n s i o n  s o  d i l u t e  t h a t  p a r t i c l e s  f a l l  
w i t h o u t  mutual  i n t e r f e r e n c e .  The h i g h e s t  c o n c e n t r a t i o n  used  i n  
t h i s  i n v e s t i g a t i o n ,  40,000 pepem, by weight,  means on ly  1 p e r  cen t  
by weight o r  0,355 per  c e n t  by volume. 

The e f f e c t i v e  f l u i d  c r o s s  s e c t i o n  o f  t h e  tube  i s  reduced  by 
t h e  volume of  t h e  s o l i d  p a r t i c l e s .  The d e n s i t y  i s  i n c r e a s e d  be- 
cause  of t h e  weight of t h e  p a r t i c l e s  which a r e  heav ie r  t h a n  water ,  
The v i s c o s i t y  i s  inc reased  by t h e  a d d i t i o n  of t h e  p a r l i c l e s .  How- 
e v e r ,  i n  t h e  d i l u t e  suspens ion  cons idered  he re ,  t he  changes would 
be n e g l i g i b l e  f o r  t h e  s i z e  s f  p a r t i c l e  involved.  I f  c l a y  and f i n e  
s i l t  p a r t i c l e s  had been p r e s e n t  i n  l a r g e  q u a n t i t i e s ,  t h e  e f f e c t  on 
v i s c o s i t y  might be s i g n i f i c a n t  [73. 

The a v a i l a b l e  r e s u l t s  of  fundamental r e sea rch  on t h i s  problem 
a r e  from twa s o u r c e s .  Medical p h y s i c i s t s  have i n v e s t i g a t e d  t h e  
f a l l  v e l o c i t i e s  o f  p a r t i c l e s  sma l l e r  than  8 microns and found t h a t  
an inc rease  i n  t h e  concent ra t ion  i n  a d i spersed  suspension r e s u l t e d  
i n  r e d u c e d  v e l o c i t i e s  o f  f a l l ,  C h e m i s t s  i n t e r e s t e d  i n  s i z e s  
c o a r s e r  than  f i n e  s i l t  and i n  concent ra t ions  over  10 p e r  c e n t  found 
t h a t  f o r  h igh  c o n c e n t r a t i o n s  o f  t h e s e  s i z e s ,  t h e  e f f e c t  o f  con- 
c e n t r a t i o n  was t o  d e c r e a s e  t h e  f a l l  v e l o c i t y  of  t h e  p a r t i c l e s  i n  
suspens ion  [$I, 

Previous  d i s c u s s i o n  o f  t h e  i n f l u e n c e  of  a p p a r a t u s  and opera- 
t i o n a l  t e c h n i q u e s  has  t r e a t e d  e x c l u s i v e l y  s f  t h o s e  f a c t o r s  which 
would i n d i c a t e  t h a t  t h e  f a l l  v e l o c i t i e s  o f  t h e  p a r t i c l e s  as  ob- 
t a i n e d  by t h e  bottom withdrawal tube method would b e  t o o  low, I f  
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however, i t  i s  assumed t h a t  t h e  d i s p e r s i o n  of  p a r t i c l e s  i s  no t  mi- 
form throughout  t h e  tube ,  t h e r e  is  a  p o s s i b i l i t y  t h a t  d e n s i t y  cur- 
r e n t s  may form i n  t h e  suspens ion .  Because t h e  h i g h e r  concentsa-  
t i o n s  w i l l  t end  t o  produce t h e  h ighe r  d e n s i t i e s ,  t h e s e  r eg ions  of  
h i g h e r  c o n c e n t r a t i o n s  w i l l  be i nc luded  i n  t h e  downward c u r r e n t s ,  
whi le  t h e  upward c u r r e n t s  w i l l  be a r e a s  o f  l i g h t e r  c o n c e n t r a t i o n s  
which have been d i s p l a c e d  upward. The n e t  e f f e c t  w i l l  be t o  ac- 
c e l e r a t e  t h e  ave rage  f a l l  v e l o c i t y  o f  t h e  m a t e r i a l .  

I t  i s  g e n e r a l l y  repor ted  by those experienced i n  s i z e  a n a l y s i s  
work t h a t  t h e  presence  of coarse p a r t i c l e s  wi th in  a suspension w i l l  
t end  t o  i n c r e a s e  t h e  f a l l  v e l o c i t i e s  of f i n e r  p a r t i c l e s  included i n  
t h e  same s e t t l i n g  process ,  

When a  sediment o f  t h e  coarse  s i l t  o r  sand s i z e s  i s  introduced 
a t  t h e  t o p  of  a column of water ,  t h e  m a t e r i a l  f a l l s  c o n s i d e r a b l y  
f a s t e r  t h a n  would be  expected from t h e  f a l l  v e l o c i t i e s  o f  t h e  in-  
d i v i d u a l  component p a r t i c l e s .  Th i s  has  been proven b y  e x t e n s i v e  
t e s t s  w i t h  g l a s s  beads  i n  c o n n e c t i o n  w i t h  t h e  development  o f  a  
v i s u a l  s e t t l i n g  t u b e  method o f  s i z e  a n a l y s i s  whish i s  now under 
s t u d y .  T h i s  c o n d i t i o n  i s  n o t  ana logous  t o  t h a t  o f  a  d i s p e r s e d  
system, b u t  i s  mentioned only  f o r  i t s  v a l u e  a s  a comparison which 
p o s s i b l y  b e a r s  on t h e  f a l l  v e l o c i t y  problem under  c o n s i d e r a t i o n .  

c .  ----In t h i s  s e r i e s  o f  bottom withdrawal 
t ube  t e s t s  wi th  g l a s s  beads, t h e  weight of  t h e  o r i g i n a l  sample was 
known. For  samples  w i th  concentsaLions  ef 200 p.g.m. t h e  sum o f  
t h e  w e i g h t s  o f  t h e  wi thd rawa l s  g e n e r a l l y  exceeded t h e  weight  of  
t h e  sample by a  c o n s i d e r a b l e  pe rcen tage ,  Table 18 shows t h a t  t h e  
d e c r e a s e  i n  accuracy  accompanying the  dec rease  i n  c o n c e n t r a t i o n  i s  
a lmost  e n t i r e l y  i n  t h e  f i n e s  s i z e s  sf m a t e r i a l .  That i s ,  t h e  e r -  
r o r s  i n c r e a s e d  i n  t h a t  p o r t i o n  of  t h e  0dgn curve which i s  based on 
withdrawals  c o n t a i n i n g  minute q u a n t i t i e s  o f  m a t e r i a l  and where any 
e r r o r s  would be  magni f ied  by t h e  dep th  f a c t o r .  I t  has been con- 
cluded t h a t  erroneous weights of  t h e  m a t e r i a l  i n  t h e  Githdrawals i s  
t h e  l a r g e s t  f a c t o r  i n  c r e a t i n g  the  e r ro rs  which a r e  s o  prominent a t  
c o n c e n t r a t i o n s  o f  200 p.p.m. and whish s t i l l  show up somewhat a t  
h i g h e r  c o n c e n t r a t i o n s .  

The e r r o r s  i n  weights  of t h e  withdrawals cannot  be a t t r i b u t e d  
t o  t h e  ba l ances  used, except  poss ib ly  t o  a  minor degree.  I n  labo- 
r a t o r y  nBlr t h e  d u s t y ,  and. sometimes extserneEy dus tyy ,  c o n d i t i o n  o f  
t h e  a i r  i s  b e l i e v e d  t o  have contaminated t h e  withdrawals  t o  a  con- 
s i d e r a b l e  e x t e n t ,  There  i s  some evidence  t h a t  a t  t imes  t h e  d i s -  
t i l l e d  w a t e r  c o n t a i n e d  s u f f i c i e n t  d i s s o l v e d  s o l i d s  t o  i n t r o d u c e  
s l i g h t  e r r o r s .  The extremely high humidity of' t h e  a i r  i n  t h e  l a b s -  
r a t s r y  was perhaps t h e  most s e r i o u s  c o n t r i b u t o r y  f a c t o r  i n  t h e  ex- 
c e s s i v e  weights  o f  withdrawals.  

cl.  Method of  c l ean ing  t h e  bottom withdrawal-tube--Glass bead 
samples  Nos. 48 t o  52 and 56 t o  8 3 ,  made up a s  l i s t e d  i n  Table 4,  
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were analyzed by l a b o r a t o r y  "A" b u t  complete r e s u l t s  were n o t  ob- 
t a i n e d .  S u b s t i t u t e  samples were compounded and ana lyzed  i n  labo- 
r a t o r y  "BV and t h e  r e s u l t s  used i n  l i e u  o f  t h e  incomplete  s e r i e s .  
I n  making these  l a t e r  t e s t s  a  more e f f e c t i v e  method o f  c leaning  t h e  
bottom withdrawal tube was used. 

The bottom withdrawal tube  [s] was c leaned  j u s t  p r i o r  t o  t h e  
p r o c e s s i n g  o f  each sample, and t h e  t ime o f  c l e a n i n g  appears  t o  be 
impor t an t .  A c l e a n i n g  agent  was compounded by adding 1 l i t e r  of  
concent ra ted  su lphur i c  ac id  t o  a  35 m l .  s a t u r a t e d  sodium dichromate 
( t e c h n i c a l )  s o l u t i o n .  A sma l l  q u a n t i t y  o f  t h i s  c l e a n i n g  s o l u t i o n  
was r i n s e d  around i n  t h e  tube u n t i l  a l l  o f  t h e  a r e a  was covered by 
a  f i l m  o f  c l eane r .  The c l e a n e r  was t h e n  d ra ined  ou t  and t h e  tube  
was f l u s h e d  w i t h  t a p  water  and a g a i n  w i t h  d i s t i l l e d  w a t e r .  The 
c l e a n e r  may be  r eused .  T h i s  c l e a n e r  i s  f o r  g l a s sware  o n l y ,  and 
c o n t a c t  with the  sk in  o r  c lo th ing  should be avoided. 

Genera l ly  when g l a s s  bead samples were analyzed i n  t h e  bottom 
withdrawal  t ube ,  it was n o t i c e d  t h a t  r i n g s  o f  beads o r  i n d i v i d u a l  
beads  remained adhering t o  t h e  s i d e s  o f  t h e  tube .  A f t e r  t h e  l a s t  
withdrawal had been made, t h e  tube was r i n s e d  o u t  and t h e  r i n s e  was 
d r i e d  t o  o b t a i n  t h e  weight  o f  t h e  beads which had been l e f t  a s  a  
r e s i d u e  i n  t h e  tube. Comparative f i g u r e s  on t h e  weight o f  beads i n  
t h e  r i n s e  a r e  shown i n  Table 12 f o r  t h e  s e r i e s  of  samples i n  which 

TABLE 12 

WEIGHT OF GLASS BEAD RESIDUE REMAINING I N  TUBE 
- 

Sample 
weight 

grams 

0.1 

0.1 

0.5 

0.5 

1.5 

1.5 

2. 5 

2.5 

3.5 

3.5 

5.0 

5.0 

Residue 

S p e c i a l  c leaning  Laboratory B Laboratory C 

grams 

0.0016 

.0010 

0003 

.0011 

0036 

.OO21 

.001!5 

.0049 

0058 

* 0032 

-0041 

0043 

grams 

0.0035 

.0002 

-0043 

.0188 

.0078 

e0136 

-0187 

e0133 

-0 192 

0156 

-0113 

-0151 

grams 

0.0030 

0038 

. 0104 

.8087 

0003 

.0100 

.0210 

-0320 

-0379 

0176 

SO217 

. (3218 

pe r  cen t  

1.6 

1.0 

0.1 

0.2 

0.2 

0.1 

0.1 

0.2 

0.2 

0.1 

0.1 

0.1 

per  cent  

3.5 

Q. 2 

0.9 

3.7 

0.5 

0.9 

0.7 

0.5 

0.5 

0.4 

0.2 

0.3 

pe r  cent  

3.0 

3.8 

2.1 

1.3 

0.4 

0.7 

0.8 

1.3 

1.1 

0.5 

0.4 

0.4 
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a  d i r e c t  comparison between t h e  v a r i o u s  tube  c l e a n i n g  methods i s  
a v a i l a b l e .  Obviously,  t h e  r e s i d u e  was g r e a t l y  d e c r e a s e d  by more 
e f f e c t i v e  c l e a n i n g  o f  t h e  tube .  

The m a t e r i a l  t a b u l a t e d  under " res idue"  i n  t h e  " s p e c i a l  c lean-  
i ng"  column i n c l u d e s  t h e  beads which f l o a t e d  on t h e  meniscus,  b u t  
s i n c e  t h e  t o t a l  v a l u e s  a r e  smal l  t h e  q u a n t i t i e s  held on t h e  menis- 
c u s  a r e  be l i eved  t o  have been i n s i g n i f i c a n t .  

I n  a t  l e a s t  95 pe r  c e n t  of  t h e  ana lyses ,  t h e  r e s i d u e  d i d  n o t  
exceed 6 p e r  c e n t  of t h e  t o t a l  weight of  beads i n  t h e  sample, and 
g e n e r a l l y  t h e  r e s i d u e  was about 2 per  cent  o r  l e s s .  For sample No. 
20, analyzed by l a b o r a t o r y  "C," a  microscopic s i z e  a n a l y s i s  of the  
r e s i d u e  was made. The change i n  p e r c e n t a g e  f i n e r  v a l u e s  which 
would r e s u l t  i f  6 p e r  c e n t  o f  t h i s  r e s i d u e  had been o m i t t e d  from 
t h e  a n a l y s i s  o f  sample No. 20 has  been computed with t h e  r e s u l t s  
shown i n  Table 13. This  sample computation imp l i e s  t h a t  no method 

TABLE 13 

CHANGE I N  PER CENT FINER VALUES CAUSED BY 
OMITTING S I X  PER CENT RESIDUE 

T o t a l s  11 94.00 1 100.0 1 
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o f  c leaning  t h e  tube could reduce t h e  r e s i d u e  s u f f i c i e n t l y  t o  cause 
a  s i g n i f i c a n t  change i n  t h e  a n a l y s i s  o f  t h e  sample--the r e s i d u e  i s  
n o t  t h a t  important .  

Other e r r o r s  included i n  t h e  r e s u l t s  o f  t h e s e  t e s t s  a r e  l a r g e  
enough s o  t h a t  t h e  e f f e c t  o f  t h e  c l ean ing  method cannot  be evalu-  
a t e d  q u a n t i t a t i v e l y  wi th in  t h e  scope o f  t h e s e  t e s t s .  Sand g r a i n s  
show l e s s  tendency t o  adhere t o  t h e  s i d e s  of  t h e  bottom withdrawal 
t u b e ,  and, t h e r e f o r e ,  a n a l y s e s  of  sand samples  would p r o b a b l y  be 
l e s s  s e n s i t i v e  t o  d i f f e r e n c e s  i n  c l e a n i n g  methods. 

23. Accuracy o f  t h e  0d6n curve and t a n g e n t  method--In an a t t empt  

t o  e v a l u a t e  t h e  accuracy o f  t h e  Od6n curve and t angen t  de te rmina t ions  of  

s i z e  d i s t r i b u t i o n ,  t h r e e  a r t i f i c i a l  s e t s  o f  Od6n curve  coord ina t e s  were 

prepared f o r  g raph ica l  ana lys i s .  A p a r t i c u l a r  schedule  of  t imes of  f a l l  

f o r  t h e  v a r i o u s  s i z e s  o f  p a r t i c l e s  was assumed. With t h e s e  d a t a ,  s i m -  

i l a r  t o  a c t u a l  l a b o r a t o r y  r e s u l t s  b u t  f r e e  from t h e  v a r i a t i o n s  a r i s i n g  

from l a b o r a t o r y  d a t a ,  repea ted  ana lyses  were made t o  determine t h e  csn- 

s i s t e n c y  of  r e s u l t s  o b t a i n e d  by a  s i n g l e  o p e r a t o r  a s  we l l  a s  t h e  d i f -  

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

i n d i c a t e d  i n  F ig .  27. 

The f i r s t  s e t  o f  d a t a ,  Case I ,  d e f i n e s  t h e  b a s i c  0d6n c u r v e  o f  

Pig.. 18. This  is a  s imple  case  of  a  smooth curve cover ing  a  s i z e  range 

of' 20 t o  388 microns. No i n a c c u r a c i e s  0% l a b o r a t o r y  procedure  a r e  in-  

volved,  The r e s u l t s  should  show maximum accuracy  o f  ana lyses .  

The second s e t  o f  d a t a ,  Case P I ,  i s  composed o f  a  t y p i c a l  s e t  o f  

poin$s such a s  might be obta ined  from t h e  l a b o r a t o r y  f o r  t h e  sample cor- 

responding  t o  t h e  b a s i c  curve  o f  Case I. I n  t h i s  i n s t a n c e  t h e  p o i n t s  

check t h e  b a s i c  curve  a s  we l l  a s  g e n e r a l l y  found f o r  t h i s  t ype  o f  d a t a  

a s  may b e  seen by comparing t h e  p o i n t s  o f  Case 11 w i t h  t h e  s c a t t e r  o f  

d a t a  i n  P i g ,  15. The accuracy  of a n a l y s i s  a s  sho rn  by comparison wi th  
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$he s i z e  d i s t r i b u t i o n  from which t h e  b a s i c  0dkn curve was computed, w i l l  

r e f l e c t  t h e  e f f e c t  of t h e  s c a t t e r  o f  t h e  p o i n t s  about  t h e  b a s i c  curve.  

The t h i r d  s e t  o f  d a t a ,  Case 111, co inc ides  with t h e  b a s i c  curve o f  

Fig.  16,  excep t  f o r  one p o i n t  i n  t h e  r a p i d l y  cu rv ing  p o r t i o n .  A t  1.2 

minutes ,  on t h e  t ime a x i s ,  t h e  t e s t  d a t a  show 20 p e r  c e n t  remaining i n  

suspension--3 pe r  c e n t  more than  shown by t h e  b a s i c  curve.  I t  i s  pos- 

s i b l e  f o r  t h i s  problem t o  a r i s e  i n  t h e  l a b o r a t o r y  a s  a r e s u l t  o f  one of  

two c o n d i t i o n s .  E i t h e r  a  c e r t a i n  narrow s i z e  f r a c t i o n  i s  absen t  from 

t h e  sed imen t  sample,  o r  an e r r o r  i n  l a b o r a t o r y  t e c h n i q u e  c a u s e s  t h e  

p a r t i c u l a r  w i thd rawa l  t o  appea r  l i g h t .  

a.  Comparison o f  i n d i v i d u a l  a n a l y s e s  w i t h  ave rage  r e s u l t s  

(1) A s i n g l e  o p e r a t o r ,  having above average knowledge o f  
t h e  c h a r a c t e r  of t h e  0dkn curve and of  t h e  d i f f i c u l t i e s  of  t h e  
p r e s e n t  method of  g r a p h i c a l  a n a l y s i s ,  was a b l e  t o  r e p e a t  
a n a l y s e s  o f  t h e  t y p i c a l  s e t  o f  c o o r d i n a t e s  o f  Case I1 t e n  
t i m e s  wi th  a  maximum d e v i a t i o n  o f  +5 p e r  c e n t ,  t h e  g r e a t e s t  
d e v i a t i o n  o therwise  being 23 pe r  cent .  "Per  c e n t n  a s  used i n  
t h i s  r e l a t i o n  r e f e r s  t o  t h e  d i f f e r e n c e  between t h e  p e r  c e n t  
f i n e r  v a l u e  o f  t h e  i n d i v i d u a l  a n a l y s i s  and t h a t  o f  t h e  aver-  
age.  The v a r i a t i o n s  i n  p e r  c e n t  f i n e r  v a l u e s  based  on t h e  
average of  a l l  t e n  ana lyses  a r e  shown i n  F ig .  28a. The anal- 
y s e s  were more c o n s i s t e n t  f o r  t h e  f i n e r  o n e - h a l f  o f  t h e  
sample. 

( 2 )  Nine o p e r a t o r s  r e p r e s e n t i n g  t h r e e  d i f f e r e n t  l abo -  
r a t o r i e s  independent ly analyzed t h r e e  s e t s  o f  0dkn curve d a t a  
by t h e  curve  and tangent  procedure. 

The s t u d y  o f  Case I ( F i g .  28c )  showed a  v a r i a t i o n  o f  '3 
pe r  c e n t  from t h e  average va lues  o f  a l l  ana lyses ,  i f  a few o f  
t h e  most e r r a t i c  p o i n t s  a r e  e l i m i n a t e d  from c o n s i d e r a t i o n .  
The b u l k  o f  t h e  v a r i a t i o n s  a r e  w i t h i n  '1 p e r  c e n t  f o r  t h e  
f i n e r  h a l f  o f  t h e  sample.  

Case I1 i s  t y p i c a l  of  t h e  l a b o r a t o r y  d a t a  o f  t h i s  i nves t i -  
ga t ion .  A s  expla ined  i n  Sec t ion  19, t h e  r e s u l t s  o f  t h e  f i r s t  
withdrawal a r e  sometimes s o  undependable a s  t o  be almost u s l -  
l e s s .  Therefore ,  i n  drawing t h e  0dkn curve ,  t h e  f i r s t  with- 
d rawa l  p o i n t  may have  t o  b e  d i s r e g a r d e d  w i t h  co r r e spond ing  
l o s s  o f  d e f i n i t i o n  o f  t h e  cu rve .  F i g .  28b shows t h a t  t h e  
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personnel  involved handled t h i s  d i f f i c u l t  problem i n  much t h e  
same manner. Here,  a s  i n  t h e  p r e v i o u s  c a s e s ,  t h e  s p r e a d  i s  
most pronounced a s  t h e  s h a r p l y  breaking  p a r t  o f  t h e  curve  is 
en te red ,  and reduces t o  '1 per  c e n t  a s  t h e  s l o p e  o f  t h e  curve 
approaches  ze ro .  An o v e r - a l l  v a r i a t i o n  of  f 3  p e r  c e n t  de- 
s c r i b e s  t h e  a c c u r a c y  o f  t h e  g r a p h i c a l  a n a l y s i s ,  a l t h o u g h  
s e v e r a l  p o i n t s  a r e  o u t s i d e  t h e s e  v a l u e s .  

An example which may wel l  be more normal t han  extreme i s  
t h e  c o n d i t i o n  o f  Case I11 i n  which one w i t h d r a w a l  may be 
l i g h t e r  o r  heavier  than expected f o r  a  smooth curve, r e s u l t i n g  
i n  a  p a i r  o f  coo rd ina t e s  no t  c o n s i s t e n t  with t h e  remainder of 
t h e  curve. I f  f o r  ins tance ,  a  c e r t a i n  s i z e  f r a c t i o n  i s  n e a r l y  
l a c k i n g  i n  an  o the rwi se  well-graded m a t e r i a l ,  t h e  Odkn curve  
w i l l  c o n t a i n  a  s t r a i g h t  l i n e  segment i n  t h e  neighborhood o f  
t h e  t ime f o r  t h i s  p a r t i c u l a r  s i z e  t o  f a l l  100 cm. An addi- 
t i o n a l  problem has  been in t roduced  i n  Case 111, f o r  t h e  maxi- 
m u m  s i z e  o f  p a r t i c l e  i n  t h e  sample has  been inc reased  t o  500 
mic rons  and t h e  b a s i c  c u r v e  a s  shown i n  F ig .  27 i s  s t e e p e r  
t han  i n  t h e  previous  cases.  

The ana lyses  a r e  p l o t t e d  i n  F ig .  28d and show a  v a r i a t i o n  
o f  4 pe r  c e n t  from t h e  average. I n  h o n t r a s t  t o  c a s e s  prev i -  
o u s l y  s t u d i e d ,  t h e  sp read  remains f a i r l y  c o n s t a n t  th roughout  
t h e  s i z e  d i s t r i b u t i o n ,  showing t h a t  t h e  d i sp l aced  po in t  had a  
d e f i n i t e  e f f e c t  upon t h e  i n t e r p r e t a t i o n  o f  t h e  shape o f  t h e  
e n t i r e  curve.  

b. I n d i v i d u a l  d e v i a t i o n s  from t h e  b a s i c  d i s t r i b u t i o n - - T h e  
d a t a  o f  Case I def ine  t h e  bas i c  0d6n curve f ~ r  s i z e  range 20 t o  350 
microns, f o r  which t h e  s i z e  frequency d i s t r i b u t i o n  is shown i n  Table 
4 .  The a n a l y s i s  by t h e  curve and t angen t  method can be c a r r i e d  a  
s t e p  f u r t h e r  i n  t h i s  i n s t a n c e  t o  p o i n t  up t h e  d e v i a t i o n s  from t h e  
known s i z e  d i s t r i b u t i o n ,  a s  d i s t i n g u i s h e d  from previous  deduct ions  
which have been confined t o  t h e  s c a t t e r  about t h e  average cumulative 
s i z e  d i s t r i b u t i o n  a s  found by g r a p h i c a l  a n a l y s i s .  These d a t a  a r e  
shown i n  F ig .  28e. While most o f  t h e  d e t e r m i n a t i o n s  by t h e  curve  
and tangent  method a r e  wi th in  4 pe r  cen t ,  some p o i n t s  determined by 
exper ienced  o p e r a t o r s  a r e  i n  e r r o r  by 7 and 8 p e r  cent .  E r r o r s  o f  
a t  l e a s t  7 per  c e n t  must be expected i n  t h e  curve and tangent  meth- 
od even under t h e  optimum c o n d i t i o n s  o f  t h i s  t e s t  o f  exper ienced  
a n a l y s t s ,  we l l  de f ined  0d6n cu rve ,  and uniform s i z e  d i s t r i b u t i o n .  

c. Comparison o f  average ana lyses  wi th  b a s i c  s i z e  d i s t r i b u -  
tion--Although t h e  Oddn curve information employed i n  t h e  graphica l  
i n v e s t i g a t i o n  was n o t  t h e  product  of an  a c t u a l  s i z e  a n a l y s i s  wi th  
t h e  bot tom wi thdrawal  t u b e ,  y e t  t h e  t h r e e  c a s e s  c l o s e l y  r e f l e c t  
t h e  accuracy  o f  l a b o r a t o r y  technique .  The v a r i a t i o n s  between t h e  
a v e r a g e  r e s u l t s  o b t a i n e d  by t h e  s e v e r a l  o p e r a t o r s  and t h e  b a s i c  
d i s t r i b u t i o n s  i n d i c a t e  t h e  e f f e c t  of t h e  shape of  t h e  s e t t l e m e n t  
c u r v e  on s i z e  d i s t r i b u t i o n .  
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Several.  o p e r a t o r s  ana lyz ing  Case I, which i s  i d e n t i c a l  w i th  
t h e  b a s i c  curve o f  Fig.  15, determined an average d i s t r i b u t i o n  only 
s l i g h t l y  d i f f e r e n t  from t h e  base d i s t r i b u t i o n .  Fig.  29a shows t h a t  
t h e  d i f f e r e n c e s  r e a c h  3.5 p e r  c e n t ,  a l t h o u g h  t h e y  a r e  g e n e r a l l y  
much sma l l e r .  The tendency i s  t o  show some m a t e r i a l  c o a r s e r  t h a n  
a c t u a l l y  conta ined  i n  t h e  base sample, b u t  t h e  q u a n t i t i e s  involved  
a r e  r a t h e r  small .  

One ope ra to r ,  r epea t ing  h i s  own a n a l y s i s  of  Case I1 t e n  times, 
a r r i v e d  a t  an average d i s t r i b u t i o n  wi th  a  s l i g h t l y  l a r g e r  maximum 
e r r o r  t han  t h a t  o f  t h e  s e v e r a l  ope ra to r s .  Both average cu rves  a r e  
compared with t h e  b a s i c  curve i n  Fig.  29b. The shape o f  t h e  aver- 
age  Odkn c u r v e  i s  s u f f i c i e n t l y  d i f f e r e n t  from t h a t  o f  t h e  b a s i c  
cu rve  t o  cause  a  d i f f e r e n c e  o f  n e a r l y  20 pe r  c e n t  a t  175 microns. 
Then, t o o ,  many o p e r a t o r s  i n d i c a t e d  one p e r  c e n t  o r  l e s s  o f  ma- 
t e r i a l  c o a r s e r  t h a n  350 microns i n  t h e  sample b u t  t h i s  amount i s  
c o n s i d e r e d  i n s i g n i f i c a n t .  

I n  t h e  t h i r d  i n s t a n c e ,  wh i l e  t h e  a r t i f i c i a l  0d6n cu rve  con- 
t a i n s  a  d i s p l a c e d  p o i n t  w i t h i n  t h e  s h a r p l y  b reak ing  p o r t i o n ,  t h e  
ave rage  d i s t r i b u t i o n  d i f f e r s  l e s s  t h a n  5  p e r  c e n t  ( F i g .  29a )  from 
t h a t  given by t h e  b a s i c  curve. Assuming t h a t  t h i s  d i s p l a c e d  p o i n t  
i s  i n  e r r o r  by t h e  amount of  t h e  d isp lacement  from t h e  curve ,  t h e  
d i f f e r e n c e s  ob ta ined  by t h e  ana lyses  a r e  a v a l i d  exp res s ion  o f  e r -  
r o r s ,  I f  t h e  displacement  of  t h e  p o i n t  i s  t h e  r e s u l t  o f  a  l a c k  o f  
a  g iven  s i z e  range i n  t h e  sample, t hen  t h e  magnitude of  t h e  e r r o r s  
a t  149 and 125 microns i s  unknown and t h a t  a t  175 microns i s  o n l y  
approximate.  

The ana lyses  f a i l  t o  d e f i n e  t h e  upper l i m i t s  o f  s i z e  p r e s e n t  
i n  t h e  samples .  For  Case 111, t h e  a v e r a g e  d i s t r i b u t i o n  showed 
t h a t  over  2 p e r  c e n t  o f  t h e  sample was c o a r s e r  t h a n  500 microns.  
The d i f f e r e n t  l a b o r a t o r i e s  a r e  i d e n t i f i e d  with d i f f e r e n t  t y p e s  o f  
i n t e r p r e t a t i o n  o f  t h e  c o a r s e r  p o r t i o n s  o f  t h e  0d6n curve. 

24. Maximum c o n c e n t r a t i o n  f o r  bottom wi thdrawal  t ube  analyses--  

None o f  t h e  g l a s s  bead samples used i n  t h e  exper iments  an t h e  accuracy  

of t h e  bottom withdrawal t ube  method conta ined  more than  22 per  c e n t  o f  

s i l t  s i z e s ,  and t h e s e  were a lmost  a l l  i n  t h e  c o a r s e  s i l t  r ange .  For 

samples of  t h i s  t y p e  and s i z e  range,  t h e r e  is no i n d i c a t i o n  t h a t  10,808 

g,p.m. is Loo h igh  a  concen t r a t ion  f o r  a c c u r a t e  s i z e  a n a l y s i s .  

There  i s  an inhe ren t  d i f f i c u l t y  i n  t h e  a n a l y s i s  o f  samples conta in-  

ing  n a t u r a l  sediments  i n  t h e  c l a y  and s i l t  s i z e s ,  and t h i s  n e c e s s i t a t e s  



Section 24 109 

Size - microns 

Fig. 29--Comparison of average analyses with basic distributions 



110 S e c t i o n  24 

l i m i t i n g  t h e  maximum c o n c e n t r a t i o n s  t o  v a l u e s  f a r  below 10 ,000 p.p.m. 

F l o c c u l a t i o n ,  t he  combining of i n d i v i d u a l  p a r t i c l e s  i n  suspens ion  i n t o  

l a r g e r  b o d i e s  of  l o o s e l y  compacted g r a i n s ,  c r e a t e s  masses o f  sediment  

which f a l l  f a s t e r  t han  i n d i c a t e d  by t h e  f a l l  v e l o c i t i e s  o f  t h e  ind iv id-  

u a l  component p a r t i c l e s ,  and d i s t o r t s  t h e  n a t u r a l  shape o f  t h e  v e l o c i t y  

d i s t r i b u t i o n  cu rve .  F l o c c u l a t i o n  may be r educed  by u s i n g  d i s t i l l e d  

water  a s  a  suspens ion  medium, o r  by t h e  a d d i t i o n  o f  a  chemical d i spe r s -  

ing  agen t ,  b u t  i n  any even t  t h e  ana lyses  must be made wi th  how concen- 

t r a t i o n s  o f  sediment. Undoubtedly t h e  maximum c o n c e n t r a t i o n  f o r  s a t i s -  

f a c t o r y  a n a l y s i s  v a r i e s  g r e a t l y  from sample t o  sample. However, ex- 

pe r i ence  i n  f i e l d  l a b o r a t o r i e s  has i nd ica t ed  t h a t  t h e  concen t r a t ion  i n  a  

d i s p e r s e d  suspens ion  should not  exceed 3,580 g.p.m., wi thout  i nves t iga -  

t i o n  o f  t h e  probable e r r o r s  introduced by use  of  a  h ighe r  concent ra t ion .  

For example, a  sample o f  10 ,000  pap.m. could  be s p l i t  and one a n a l y s i s  

made on a  c o n c e n t r a t i o n  of 5 ,000  y.p.m. and ano the r  on a  c o n c e n t r a t i o n  

of  2,500 g.p.m. and t h e  r e s u l t s  compared t o  s e e  whether ,  f o r  t h e  given 

type o f  sample, t h e  5,000 p.p.m. i s  excess ive  o r  no t .  
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V. CONCLUSIONS 

25. Conclusions--The i n v e s t i g a t i o n  o f  t h e  accuracy o f  t h e  bottom 

wi thd rawa l  t u b e  method o f  s i z e  a n a l y s i s ,  on t h e  b a s i s  o f  a n a l y s e s  o f  

g l a s s  bead samples, i n  t he  range of  sand s i z e s  up t o  700 microns has l e d  

t o  t h e  fol lowing conclusions:  

a.  G l a s s  bead samples--The g l a s s  bead samples  p r o v i d e  a  
v a l u a b l e  means o f  checking  p h y s i c a l  s i z e  a g a i n s t  f a l l  v e l o c i t y .  
E r r o r s  o f  4 o r  5 pe r  cen t  may be p o s s i b l e  i n  t h e  base samples com- 
posed of  t hese  g l a s s  spheres ,  bu t  t h e  average e r r o r  i s  undoubtedly 
much l e s s  t h a n  t h e s e  amounts. These e r r o r s  a r e  cons idered  i n s i g -  
n i f i c a n t  i n  terms of a p p l i c a t i o n  t o  f i n a l  r e s u l t s .  

b. Accuracy o f  t h e  0dkn curve  and t a n g e n t  method--The ac- 
curacy wi th  which the  l a b o r a t o r y  d a t a  checked the  bas i c  0dkn curves  
o f  F i g s .  13 t o  17, i n d i c a t e s  t h a t  f o r  c o n c e n t r a t i o n s  o f  3 , 0 0 0  
p.p.m. t o  10,000 p.p.m. t h e  a n a l y s e s  should  be w e l l  w i t h i n  5 p e r  
c e n t ,  w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  r e s u l t s  f o r  t h e  c o a r s e s t  
s i z e s .  However, t h e  f i n a l  r e s u l t s  o f  t h e  a n a l y s e s  a s  p l o t t e d  i n  
F i g s .  18 t o  23  show many v a r i a t i o n s  g r e a t e r  t han  10 p e r  c e n t  and 
s e v e r a l  over  20 p e r  c e n t .  The p e r  c e n t  f i g u r e s  used he re  a r e  t h e  
d i f f e r e n c e s  between t h e  p e r  c e n t  f i n e r  v a l u e s  f o r  t h e  base sample 
and those  o f  t h e  a n a l y s i s .  This  i n c r e a s e  i n  e r r o r s  i s  t h e  r e s u l t  
o f  t h e  use  o f  t h e  curve and t a n g e n t  method. 

By t h e  n a t u r e  o f  t h e  cu rve  and t a n g e n t  method, one would ex- 
pec t  t h a t  t h e  e r r o r s  developed t h e r e i n  would be sometimes p o s i t i v e ,  
and sometimes n e g a t i v e ,  and would t e n d  t o  c o u n t e r b a l a n c e  ove r  a  
group o f  s e v e r a l  analyses .  The average e r r o r  f o r  a  group o f  anal- 
y s e s  might be cons idered  f a i r l y  independent  of t h e  durve and tan-  
gen t  e r r o r s ,  which sugges t s  t h a t  t h e  average e r r o r s  o f  a  group o f  
a n a l y s e s  i n d i c a t e  t h e  accu racy  o f  t h e  d a t a  a s  o b t a i n e d  from t h e  

. l a b o r a t o r y .  Th i s  i m p l i e s  t h a t  t h e  average  e r r o r s  o f  P ig .  24 re-  
f l e c t  t h e  accuracy o f  t h e  l a b o r a t o r y  d a t a ,  while  t h e  more e r r a t i c  
n a t u r e  o f  th,e i n d i v i d u a l  a n a l y s e s  a s  shown by Tables  7 and 8, re -  
s u l t s  from t h e  curve and t a n g e n t  i n t e r p r e t a t i o n  o f  t h e  l a b o r a t o r y  
d a t a .  

The independent  s t u d y  o f  t h e  curve  and t a n g e n t  method, pre-  
s en ted  i n  S e c t i o n  23, a l s o  i l l u s t r a t e s  t h e  magnitude o f  t h e  e r r o r s  
and t h e  r e l a t i v e  cons i s t ency  o f  t h e  r e s u l t s  o f  t h e  t angen t  method. 
Under t h e  most favorable  c o n d i t i o n s  t o  be found i n  samples o f  sand 
s i z e s :  uniform s i z e  d i s t r i b u t i o n ,  no coa r se  sand p a r t i c l e s ,  and a  
w e l l  d e f i n e d  0dkn curve ,  and cons ide r ing  t h a t  a l l  p o i n t s  d e f i n i n g  
t h e  cu rve  a r e  p e r f e c t l y  de te rmined ,  one must s t i l l  expec t  e r r o r s  
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o f  7  p e r  c e n t  t o  o c c u r  f r e q u e n t l y  a t  p o i n t s  i n  an  a n a l y s i s .  When 
t h e  e r r o r s  commonly found i n  t h e  l a b o r a t o r y  d a t a  a r e  combined w i t h  
t h o s e  i n h e r e n t  i n  t h e  t a n g e n t  method, t h e  combinat ion p roduces  f r e -  
quen t  e r r o r s  o f  1 0  p e r  c e n t  and some e r r o r s  o f  a b o u t  20 p e r  c e n t .  
A s  l o n g  a s  t h e  c u r v e  and t a n g e n t  method i s  u s e d  a s  a  p a r t  o f  t h e  
bottom withdrawal  t u b e  a n a l y s i s ,  t h e  r e s u l t s  o f  i n d i v i d u a l  a n a l y s e s  
can  never  be  p r e c i s e ,  and e r r o r s  o f  t h e  magnitude o f  t h o s e  shown i n  
T a b l e s  7,  8, 10,  and 11 must be expected.  

Presumably t h e  s k i l l  o f  t h e  a n a l y s t  i s  an  i m p o r t a n t  f a c t o r  i n  
t h e  r e s u l t s  o f  t h e  c u r v e  and t a n g e n t  method;  however,  t h e  t e s t s  
were  n o t  s u f f i c i e n t l y  d e t a i l e d  t o  d e f i n e  t h a t  p o i n t .  Only  ex- 
p e r i e n c e d  o p e r a t o r s  p e r f o r m e d  t h e s e  t e s t s .  

c .  Accuracy o f  l a b o r a t o r y  technique--These t e s t s  showed t h a t  
t h e r e  a r e  t h r e e  weaknesses  i n  t h e  l a b o r a t o r y  method o r  t e c h n i q u e :  
(1) A t  c o n c e n t r a t i o n s  o f  200 p.p.m. t h e  a n a l y s e s  a r e  much l e s s  ac- 
c u r a t e  t h a n  a t  t h e  h i g h e r  c o n c e n t r a t i o n s ,  and  a s  i n d i c a t e d  i n  
T a b l e  10, t h e  e f f e c t  o f  t h e  low c o n c e n t r a t i o n s  i s  m a i n l y  t o  i n -  
c r e a s e  t h e  e r r o r s  i n  t h e  s m a l l e r  p a r t i c l e  s i z e s .  E x t r e m e l y  s m a l l  
q u a n t i t i e s  o f  s e d i m e n t e d  m a t e r i a l  were f o u n d  i n  t h e  w i t h d r a w a l s  
which d e t e r m i n e  t h e  p a r t  o f  t h e  0dkn c u r v e  u s e d  f o r  t h e  s m a l l e r  
p a r t i c l e  s i z e s  and from t h e s e  p o r t i o n s  o f  t h e  c u r v e  t h e  l a r g e s t  e r -  
r o r s  were d e r i v e d .  A s  p o i n t e d  o u t  i n  S e c t i o n  1 9 ,  t h e  sum o f  t h e  
w e i g h t s  o f  t h e  wi thdrawals  was f r e q u e n t l y  g r e a t e r  t h a n  t h a t  o f  t h e  
o r i g i n a l  s a m p l e .  E r r o r s  i n  w e i g h i n g ,  o r  c o n t a m i n a t i o n  o f  t h e s e  
v e r y  s m a l l  w i t h d r a w a l s ,  deve loped  most o f  t h e  t 5 . 2  p e r  c e n t  e r r o r  
i n  t h e  p e r  c e n t  f i n e r  v a l u e s  shown by t h e  a v e r a g e  r e s u l t s  f o r  sam- 
p l e s  w i t h  a  c o n c e n t r a t i o n  o f  200 p.p.m. ( 2 )  The r e s u l t s  o f  t h e  
f i r s t  w i t h d r a w a l  t e n d e d  t o  be e r r a t i c ,  and t h e  l a r g e r  t h e  s i z e  o f  
p a r t i c l e s  c o n t a i n e d  i n  a  sample ,  t h e  l e s s  d e p e n d a b l e  were t h e  r e -  
s u l t s  o f  t h e  f i r s t  w i t h d r a w a l .  When p a r t i c l e s  o v e r  246 m i c r o n s  
( 1 / 4  m m . )  a r e  c o n t a i n e d  i n  t h e  sample ,  t h e  p r e s e n t  t e c h n i q u e  f a i l s  
t o  p r o v i d e  a d e q u a t e  d a t a  t o  d e f i n e  t h a t  p o r t i o n  o f  t h e  0defn c u r v e  
o n  which t h e  a n a l y s i s  o f  t h e  c o a r s e r  m a t e r i a l  i s  based.  ( 3 )  There  
was some t e n d e n c y  f o r  t h e  g l a s s  b e a d s  t o  a d h e r e  t o  t h e  s i d e s  and 
s h o u l d e r s  o f  t h e  bottom wi thdrawal  t u b e ,  and some b e a d s  f l o a t e d  on 
t h e  meniscus .  Most o f  t h i s  d i f f i c u l t y  may be e l i m i n a t e d  by u s i n g  
t h e  t y p e  o f  c l e a n i n g  o f  t h e  t u b e  which i s  d e s c r i b e d  i n  S e c t i o n  22. 
F o r  t h e  s a m p l e s  i n  t h e  s i z e  r a n g e  20 t o  700  m i c r o n s ,  t h e r e  i s  a  
d i r e c t  comparison o f  o s e  s e t  o f  a n a l y s e s  made w i t h  t h e  more e f f e c -  
t i v e  t y p e  o f  c l e a n i n g ,  one made w i t h  " u s u a l "  t y p e s  o f  c l e a n i n g ,  and 
one  made w i t h  a  c o m b i n a t i o n  o f  methods .  I n  t h i s  s i z e  g roup  t h e  
maximum amount o f  m a t e r i a l  which adhered  t o  t h e  t u b e  was a b o u t  4  
p e r  c e n t ,  and t h e  amount was g e n e r a l l y  l e s s  t h a n  1 p e r  c e n t  o f  t h e  
t o t a l  sample .  I n  samples  c o v e r i n g  a  s m a l l e r  s i z e  r a n g e ,  t h e  p e r -  
c e n t a g e  o f  m a t e r i a l  a d h e r i n g  t o  t h e  t u b e  was somet imes  a round  6 
p e r  c e n t  b u t  was g e n e r a l l y  much l e s s .  Even w i t h  6 p e r  c e n t ,  t h e  
e f f e c t  o f  o m i t t i n g  t h i s  r e s i d u e  a s  shown b y  a  computed example i n  
S e c t i o n  2 2 ,  i s  s t i l l  l e s s  t h a n  1 p e r  c e n t  o n  t h e  b a s i s  o f  t h e  
t o t a l  sample .  The e f f e c t  o f  t h e  method o f  c l e a n i n g  i s  a p p a r e n t l y  
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t o o  s m a l l  t o  d e f i n e  by t h i s  s e r i e s  of  t e s t s .  When ana lyz ing  sand 
samples ,  t h e  e f f e c t  o f  t h e  method o f  c l e a n i n g  would p r o b a b l y  be 
even  l e s s  i m p o r t a n t .  

For  c o n c e n t r a t i o n s  of  3 ,000  p.p.m. and over ,  t h e  l a b o r a t o r y  
d a t a  check t h e  computed 0dkn cu rves  o f  F igs .  13  t o  17  w i t h i n  f i v e  

p e r  c e n t  excep t  f o r  some of t he  f i r s t  and second withdrawals .  I f  
t h e  average e r r o r s  of  a n a l y s i s  a s  shown i n  t h e  t a b l e  i n  Fig.  24 a r e  
a l s o  c o n s i d e r e d  r e p r e s e n t a t i v e  o f  t h e  accuracy  o f  t h e  l a b o r a t o r y  
d a t a ,  t hen  f o r  a l l  of t h e  higher  concen t r a t ions  t h e  l abo ra to ry  d a t a  
a r e  f a i r l y  s a t i s f a c t o r y .  These c o n s i d e r a t i o n s  suppor t  t h e  theo- 
r e t i c a l  soundness  o f  t h e  method o f  a n a l y s i s .  They a l s o  i n d i c a t e  
t h a t  l a b o r a t o r y  t e c h n i q u e s  such a s  d i s p e r s i o n  o f  m a t e r i a l  i n  t h e  
t u b e ,  t iming  o f  wi thdrawals ,  and weighing and handl ing procedures  
a r e  i n  gene ra l  r e l a t i v e l y  s a t i s f a c t o r y .  Unfor tuna te ly  s e r i o u s  d i f -  
f i c u l t i e s  a r e  encountered a t  l a r g e r  g r a i n  s i z e s ,  a t  low concentra-  
t i o n s ,  and wi th  v a r i a t i o n s  from sample t o  sample and from p o i n t  t o  
p o i n t  w i t h i n  a  sample. 

d .  E f f e c t  of c o n c e n t r a t i o n  on a n a l y t i c a l  r e su l t s - -At  con- 
c e n t r a t i o n s  o f  200 p.p.m., t h e  r e s u l t s  o f  t h e  bottom wi thdrawal  
t u b e  a n a l y s e s  a r e  n o t  v e r y  s a t i s f a c t o r y ,  a l though t h e  average e r -  
r o r  i s  o n l y  approximate ly  5  per  c e n t .  A t  c o n c e n t r a t i o n s  of  1 , 0 0 0  
and 3,000 p.p.m., t h e  average e r r o r  is 2.5 t o  2 .9  per  cen t ,  and t h e  
maximum e r r o r  i n  an i n d i v i d u a l  a n a l y s i s  i s  under 10 per  cen t  about 
h a l f  o f  t he  t ime. A t  concent ra t ions  o f  5 ,000 t o  10,000 p.p.m., t he  
average  e r r o r  i s  about 1 pe r  c e n t ,  and t h e  maximum e r r o r  i n  an in- 
d i v i d u a l  a n a l y s i s  i s  l e s s  than  10 pe r  cen t  f o r  about 70 per  cent  of  
t h e  samples. For t he  sand s i z e s  of  t h e s e  t e s t s  t h e r e  i s  a  d e f i n i t e  
t r e n d  toward i n c r e a s i n g  accuracy a s  t h e  c o n c e n t r a t i o n  i n  t h e  sam- 
p l e  i n c r e a s e s .  See T a b l e s  7 ,  8, 1 0 ,  and 11, and F i g .  24. The 
average e r r o r s  shown here  i n  "per  c e n t "  a r e  t he  average d i f f e r e n c e s  
between t h e  per  cent  f i n e r  va lues  f o r  t h e  base sample and those  f o r  
t h e  a n a l y s i s  of  t h e  sample. 

e .  E f f e c t  o f  p a r t i c l e  s i z e  on a n a l y t i c a l  r e s u l t s - - T a b l e  8 
and F ig .  24 i n d i c a t e  no d e f i n i t e  change i n  accuracy of a n a l y s i s  a s  
t h e  s i z e  o f  sediment  involved  changes. Tables  7 and 11 show t h a t  
t h e  r e s u l t s  o f  t h e  ana lyses  o f  i n d i v i d u a l  samples and o f  p o r t i o n s  
o f  s amples  become somewhat more e r r a t i c  a s  t h e  s i z e  o f  sed iment  
c o n t a i n e d  i n  t h e  sample  i n c r e a s e s .  The i n i t i a l  w i t h d r a w a l  a s  
found i n  F i g s .  1 3  t o  17 ,  i s  never  v e r y  a c c u r a t e  and becomes in-  
c r e a s i n g l y  i n a c c u r a t e  a s  t h e  maximum s i z e  o f  sed iment  i n c r e a s e s  
from 350 microns upward. Even t h e  second withdrawal is  sometimes 
undependab le .  Because t h e  f i r s t  w i thd rawa l  was l a r g e l y  d i s r e -  
garded  i n  samples  of  350 microns maximum s i z e  and l a r g e r ,  t h e  in-  
d i v i d u a l  r e s u l t s  i n  t h e  l a r g e r  sand s i z e s  were r e l a t i v e l y  more er-  
r a t i c ,  b u t  i n  s p i t e  of  t h e  l ack  o f  d e f i n i t i o n  of  t he  0d6n curve a t  
t h i s  p o i n t ,  t h e  r e s u l t s  a s  shown by average e r r o r s  a r e  s t i l l  about 
a s  a c c u r a t e  a s  f o r  t h e  s m a l l e r  s i z e s .  These t e s t s  were made on 
samples having smooth and r e g u l a r  s i z e  d i s t r i b u t i o n s .  For samples 
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h a v i n g  i r r e g u l a r  d i s t r i b u t i o n s  o f  c o a r s e  s i z e s ,  t h e  l a c k  o f  de f -  
i n i t i o n  o f  t h e  0d6n c u r v e  migh t  c a u s e  more s e r i o u s  e r r o r s .  

f .  E v a l u a t i o n  o f  t h e  bot tom w i t h d r a w a l  t u b e  method--The de- 
g r e e  w i t h  which t h e  a c c u r a c y  o f  t h e  bo t tom w i t h d r a w a l  t u b e  method 
s a t i s f i e s  t h e  needs  o f  any  s i z e  a n a l y s i s  program, depends  upon t h e  
r e q u i r e m e n t s  o f  t h e  program.  The b e s t  e v a l u a t i o n  o f  t h e  method 
would u s u a l l y  r e q u i r e  a n  i n d i v i d u a l  s t u d y  o f  t h e s e  t e s t s  i n  t e r m s  
o f  t h e  e s s e n t i a l  n e e d s  o f  a  g iven  s i z e  a n a l y s i s  problem. However, 
i t  i s  p o s s i b l e  t o  c o n s i d e r  t h e  a c c u r a c y  o f  t h e  t e s t  r e s u l t s  from 
t h r e e  g e n e r a l  v i e w p o i n t s :  (1)  T h e r e  a r e  i n s t a n c e s  i n  which  t h e  
q u a n t i t y  o f  sand o f  a  g i v e n  s i z e  must be known f o r  u s e  i n  problems 
o f  t r a n s p o r t  o r  d e p o s i t i o n .  T a b l e s  1 0  and 11 s h o u l d  b e  s t u d i e d  i n  
t h i s  c o n n e c t i o n .  I n  v e r y  g e n e r a l  t e r m s ,  a n  i n d i v i d u a l  a n a l y s i s  
showed t h e  p r o p e r  q u a n t i t y  o f  a s a n d  f r a c t i o n ,  o r  s i z e  c l a s s ,  w i t h i n  
1 0  p e r  c e n t  f o r  a  t h i r d  of t h e  t ime ,  w i t h i n  20 p e r  c e n t  h a l f  o f  t h e  
t i m e ,  w i t h i n  40 p e r  c e n t  t h r e e  q u a r t e r s  o f  t h e  t i m e ,  and w i t h i n  8 0  
p e r  c e n t  a l l  b u t  o n e - s i x t e e n t h  o f  t h e  t i m e .  But  i f  t h e  c o a r s e s t  
f r a c t i o n  c o n t a i n e d  1 0  p e r  c e n t  o f  t h e  t o t a l  sample ,  t h e  d e t e r m i n a -  
t i o n  o f  t h a t  sand f r a c t i o n  was 100 p e r  c e n t  i n  e r r o r  about  one t ime 
i n  s i x .  T h i s  a c c u r a c y  i s  g e n e r a l l y  u n s a t i s f a c t o r y  f o r  t h e  d e t e r -  
m i n a t i o n  o f  m a t e r i a l  w i t h i n  i n d i v i d u a l  s i z e  c l a s s e s .  The a c c u r a c y  
cou ld  be improved by making s e v e r a l  a n a l y s e s  and u s i n g  t h e  a v e r a g e  
v a l u e s .  ( 2 )  F o r  some p u r p o s e s ,  s u c h  a s  d e t e r m i n a t i o n  o f  median  
g r a i n  s i z e ,  t h e  p e r  c e n t  f i n e r  curve  f o r  t h e  sample i s  needed. The 
d i f f e r e n c e s  between t h e  p e r  c e n t  f i n e r  d i s t r i b u t i o n s  f o r  t h e  sample 
and t h o s e  f o r  t h e  ind iv idua .1  a n a l y s e s  a r e  shown i n  F i g s .  18 t o  23, 
and average r e s u l t s  i n  F i g .  24. The r e s u l t s  o f  i n d i v i d u a l  a n a l y s e s  
a r e  q u i t e  e r r a t i c ,  a s  may b e  s e e n  i n  T a b l e  8, and t h e  maximum e r -  
r o r s  found i n  t h e  s a m p l e s  a r e  f r e q u e n t l y  l a r g e .  F o r  most o f  t h e  
r e s u l t s  o f  F i g s .  18 t o  2 3  t h e  e r r o r s  v a r y  from p l u s  t o  minus ,  s o  
t h a t  t h e  p e r  c e n t  f i n e r  c u r v e s  viewed a s  a  whole a r e  much more con- 
s i s t e n t  t h a n  t h e  e r r o r s  c o n t a i n e d  i n  i n d i v i d u a l  p a r t s  o f  t h e  c u r v e s  
would i n d i c a t e .  S i n g l e  p e r  c e n t  f i n e r  d i s t r i b u t i o n s  cannot  b e  con- 
s i d e r e d  p r e c i s e .  Whether t h e  a c c u r a c y  i s  s a t i s f a c t o r y  would depend 
upon  t h e  p u r p o s e  f o r  which  t h e  c u r v e s  a r e  t o  be  u s e d .  ( 3 )  F o r  
e v a l u a t i n g  t h e  r e s u l t s  o f  a  g e n e r a l  s i z e  program,  t h e  a c c u r a c y  o f  
t h e  a v e r a g e  r e s u l t s  o b t a i n e d  by t h e  bot tom w i t h d r a w a l  t u b e  method 
might be t h e  c o n t r o l l i n g  c o n s i d e r a t i o n .  I f  a  program i s  comprehen- 
s i v e  enough i n  t i m e  o r  i n  thoroughness  o f  coverage  w i t h  s i z e  ana l -  
y s e s ,  s o  t h a t  t h e  r e s u l t s  depend upon t h e  a v e r a g e  o f  many bo t tom 
w i t h d r a w a l  t u b e  a n a l y s e s ,  t h e n  t h e r e  i s  e v e r y  e x p e c t a t i o n  t h a t  t h e  
o v e r - a l l  r e s u l t s  w i l l  be h i g h l y  a c c u r a t e .  Due t o  t h e  e r r o r s  i n  t h e  
c u r v e  and t a n g e n t  method i n d i v i d u a l  a n a l y s e s  a r e  e r r a t i c ,  b u t  aver-  
age r e s u l t s  l a r g e l y  e l i m i n a t e  t h e s e  e r r o r s .  
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