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MEASURING THE SURFACE ARJU 

OF SEDIMENT PARTICLES 

BY 

John V. Skinner  

Light  t r a v e l i n g  through a  suspension of water  and f l u v i a l  sediment 

i s  s c a t t e r e d  and absorbed by t h e  p a r t i c l e s .  Severa l  i n v e s t i g a t o r s  have 

s tudied  t h i s  a t t e n u a t i o n  process  i n  an e f f o r t  t o  devise  o p t i c a l  t echni -  

ques f o r  measuring sediment concentrat ion.  Unfo r tumte ly r  most of t h e s e  

e f f o r t s  have not  been succes s fu l  because t h e  r e l a t i o n s h i p  between a t t e n -  

ua t ion  and concent ra t ion  i s  s t rong ly  inf luenced  by %he s i z e  d i s t r i b u t i o n  

of t h e  sediment p a r t i c l e s ,  In t h i s  P e p o r t ~  an a n a l y s i s  of exper imenta l  

da t a  shows t h a t  t h e  a t t e n u a t i o n  of i n f r a r e d  l i g h t  i s  c l o s e l y  c o r r e l a t e d  

wi th  t h e  t o t a l  geometr ic  su r f ace  a r e a  (GSA) of t h e  p a r t i c l e s  suspended 

i n  a  u n i t  volume of t h e  water. The GSA of an ind iv idua l  p a r t i c l e  i s  

defined a s  t h e  a r e a  of a  sphere having a  d iameter  equal  t o  t h e  p a r t i c l e ' s  

diameter .  The c o r r e l a t i o n  between a t t e n u a t i o n  and t o t a l  GSA holds f o r  a  

broad range of p a r t i c l e  diameters .  The lower l i m i t  i s  about 2 pm; t h e  

upper l i m i t  i s  g r e a t e r  than  115 pm, t h e  d iameter  of t h e  l a r g e s t  p a r t i c l e s  

t e s t ed .  The range i n  GSA per  u n i t  volume extends  from zero t o  more than  

0.055 square meters  per  l i t e r .  The l a t t e r  va lue  i s  equiva len t  t o  f u l l -  



s c a l e  d e f l e c t i o n  on t h e  i n f r a r e d  l i g h t  meter.  

INTRODUCTION 

The i n t e r a c t i o n  between l i g h t  and sediment p a r t i c l e s  has a t t r a c t e d  

t h e  i n t e r e s t  of many hydro log i s t s  and oceanographers involved i n  

sed iment - t ranspor t  s tud ie s .  This  i n t e r e s t  o r i g i n a t e s  from a need f o r  an 

accura te .  inexpensive ins t rument  t h a t  cont inuous ly  r e g i s t e r s  t h e  

concen t r a t ion  of sediment p a r t i c l e s  suspended i n  su r f ace  waters .  

I n v e s t i g a t o r s  have a l tempted  t o  e s t i m a t e  sediment concen t r a t ion  by 

fo l lowing  a two-step procedure. F i r s t s  they  measure t h e  i n t e n s i t y  of a 

co l l ima ted  l i g h t  beam where i t  emerges from a mix tu re  of water  and 

sediment. Then they  use  a c a l i b r a t i o n  c h a r t  t o  convert  t h e  i n t e n s i t y  

reading t o  a concent ra t ion  value,  The r a t i o n a l e  behind t h i s  procedure 

i s  based on q u a l i t a t i v e  informat  ion  obta ined  from v i s u a l  obse rva t ions  and 

on q u a n t i t a t i v e  d a t a  obta ined  from c e r t a i n  experiments.  I f  a 

t r anspa ren t  con ta ine r  f u l l  of c l e a r  wa te r  i s  i l l umina ted  w i t h  a c o l -  

l imated  beam, most of t h e  l i g h t  passes  d i r e c t l y  through t h e  water ,  I f  a 

s m a l l  q u a n t i t y  of sediment i s  now mixed w i t h  t h e  water ,  t h e  sediment 

p a r t i c l e s  s c a t t e r  and absorb some of t h e  l i g h t  and thereby lower t h e  

i n t e n s i t y  of t h e  emergent beam. Data f o r  a c a l i b r a t i o n  c h a r t  can be 

c o l l e c t e d  by r epea t ed ly  adding measured q u a n t i t i e s  of sediment and then. 

a f t e r  each add i t i on ,  record ing  t h e  i n t e n s i t y  of t h e  beam. A p l o t  of 

t hese  d a t a  forms a monotonic func t ion  tha t .  by d e f i n i t i o n ,  r e l a t e s  any 

s i n g l e  i n t e n s i t y  reading t o  only one va lue  of concent ra t ion .  I f  t h e  

e n t i r e  c a l i b r a t i o n  procedure i s  repea ted  many t imes ,  a l l  of t h e  monotonic 



func t ions  w i l l  be i d e n t i c a l  only i f  a l l  t h e  sediment specimens have t h e  same 

phys ica l  and o p t i c a l  p rope r t i e s .  These p r o p e r t i e s  inc lude  such th ings  a s  

r e f r a c t i v e  index, c o l o r o  dens i ty ,  and p a r t  i c l e - s i z e  d i s t r i b u t i o n .  

When used o u t s i d e  t h e  labora tory  i n  more pragmatic  s i t u a t i o n s ,  t h i s  

concentration-measurement procedure has an  ope ra t iona l  record dot ted  w i t h  

successes  and f a i l u r e s ,  Manufacturers of c e r t a i a  powders, such a s  cement 

and pa in t  pigment, have repor ted  many succes s fu l  app l i ca t ions .  Specimens 

of t h e s e  powders have a  h igh  degree of un i fo rmi ty  t h a t  probably sterne 

from t h e  c a r e f u l l y  con t ro l l ed  manufacturing processes ,  These succes s fu l  

a p p l i c a t i o n s  have l ed  t o  t h e  development of t h e  gurbidimeter--a s p e c i a l  

opt i c a l  ins t rument  f o r  meaeur i s g  eoncen t t a t  ion, Some tu rb ime te r s  have 

p re -ca l ib ra t ed  meters  t h a t  r e g i s t e r  d i r e c t l y  i n  concent ra t ion  u n i t s ;  

howevers t e s t s  i n d i c a t e  t h a t  cau t ion  must be exerc ised  i n  i n t e r p r e t i n g  

t h e  readings,  I n  c o n t r a s t  w i th  manufacturers ,  r e sea rche r s  i n  t h e  f i e l d s  

of hydrology and sedimentology have gene ra l ly  f a i l e d  i n  a t t e m p t s  t o  use 

the  concen t r a t ion  measurement technique, For r iver-born sediments,  t h e  

r e l a t i o n s h i p  between emergent- l ight  i n t e n s i t y  and sediment-coneenthation 

i s  inf luenced by t h e  geographic source of t h e  sediment. I n  genera l*  

samples taken from d i f f e r e n t  r i v e r s  have d i f f e r e n t  in tess i ty-concent ra -  

t i o n  r e l a t i o n s h i p s ;  fur thermorer  f o r  any given r i v e r  t h e  r e l a t i o n s h i p  i s  

l i k e l y  t o  be uns t ab le  i n  t he  sense t h a t  it s h i f t s  w i th  t h e  passage of 

t ime and wi th  v a r i a t i o n s  i n  r i v e r  s tage.  

The source of t h e  problem i n  c o r r e l a t i n g  l i g h t - i n t e n s i t y  readings  

wi th  f  luv ia l - sed iment  concentrat  ion i s  revea led  by some c l a s s i c a l  laws of 

op t i c s .  These laws i n d i c a t e  t he  i n t e n s i t y  readings  a r e  more c l o s e l y  



r e l a t e d  t o  t h e  t o t a l  s u r f a c e  a rea  of t he  sediment p a r t i c l e s  than t o  t he  

mass concent ra t ion  of t h e  p a r t i c l e s .  This  sur face-area  r e l a t i o n s h i p  i s  

not  on ly  i n t e r e s t i n g  from t h e  academic s tandpoin t  but  i t  mag a l s o  have 

some va lue  i n  s tudying t h e  adsorp t ive  p r o p e r t i e s  of f l u v i a l  sediments  and 

t h e i r  capac i ty  t o  t r a n s f e r  water-born po l lu t an t s .  

Purpose and Scope 

This  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of an  i n v e s t i g a t i o n  t o  examine t h e  

r e l a t i o n s h i p  between emergent l i g h t  i n t e n s i t y o  sediment concent ra t ion ,  

and sediment su r f ace  a rea .  The f i r s t  po r t i on  of t h i s  s tudy i s  based on 

experimental  d a t a  c o l l e c t e d  by Szalona (1984, f i g u r e  2 and t a b l e  1) who 

t e s t e d  an  o p t i c a l  ins t rument  t h a t  was unusual because it t r a n s m i t t e d  

l i g h t  i n  t h e  i n f r a r e d  range of t h e  e lec t romagnet ic  spectrum. The more 

commonly used in s t rumen t s  t r a n s m i t  l i g h t  i n  t h e  v i s i b l e  range of t h e  

spectrum. The second po r t ion  of t h i s  s tudy is  based on some u n i v e r s a l  

o p t i c a l  r e l a t i o n s h i p s  t h a t  a r e  examined i n  an e f f o r t  t o  guide f u t u r e  

development work. 



REVIEW OF BASIC TBEOBY 

An ins t rument  t h a t  responds t o  l i g h t  t r a n s m i t t e d  through a  water -  

sediment suspension i s  governed by two r e l a t i o n s h i p s .  The f i r s t  r e l a -  

t i onsh ip ,  t h e  Lambert-Beer Laws i s  u n i v e r s a l  i n  t h a t  i t  a p p l i e s  t o  any 

suspension of p a r t i c l e s  d i spe r sed  i n  f l u i d ,  The second r e l a t i o n s h i p ,  

termed t h e  c i r cu i t -pa rame te r  func t ionp  i s  r e s t r i c t i v e  i n  t h a t  i t  i s  s e t  

by e l e c t r o n i c  c h a r a c t e r i s t i c s  of t h e  p a r t i c u l a r  ins t rument  used t o  sense 

t h e  emergent beam, The two r e l a t i o n s h i p s  a r e  represented  i n  block diagram 

form on f i g u r e  1, On t h i s  diagram* I. and 1 a r e e  r e spec t ive ly ,  (a )  t h e  

i n t e n s i t y  of t h e  beam t h a t  e n t e r s  a  water-sediment suspension, and (b) 

t h e  i n t e n s i t y  of t h e  beam t h a t  emerges from t h e  suspension and s t r i k e s  a  

photodetector .  R i s  t h e  reading  on a  meter  connected t o  a c i r c u i t  t h a t  

a m p l i f i e s  t h e  photodectsr ' s  e l e c t r i c a l  output .  

The Lambert-Beer Lawe a s soc i a t ed  wi th  t h e  upper block on f i g u r e  1, i s  

I -1,e 1-1 (1 1 

where p =-n d 2 ~ k / 4  

I n  the  preceeding equat ion,  

d  = t h e  d iameter  of t h e  p a r t i c l e s  suspended i n  t h e  l i g h t  beam; 

n  = t h e  number of p a r t i c l e s  suspended i n  t h e  l i g h t  beam; 

= t h e  o p t i c a l  path- length wi th in  t h e  water-sediment mixture;  and 

K = an o p t i c a l  s c a t t e r i n g  c o e f f i c i e n t  t h a t  depends upon t h e  

diameter of t h e  p a r t i c l e s ,  t h e  r e f r a c t i v e  index of t h e  

p a r t i c l e s ,  t h e  wave-length of t he  l i g h t ,  and t h e  r e f r a c t i v e  

index of t h e  water .  



LIGHT BEAM LEAVING 

LAMBERT- BEER 

LIGHT BEAM EMERGING 
FROM A MIXTURE AND 

CIRCUIT - PARAMETER 

F i g u r e  1.. --Diagram o f  o p t i c a l  and e l e c t r i c a l  r e l a t i o n s h i p s  t h a t  
govern  t r a n s m i s s i o n - t y p e  i n s t r u m e n t s .  



Combining t h e  preceeding equa t ion  w i t h  $(I), t h e  c i r cu i t -pa rame te r  

func t ion  a s s o c i a t e d  w i t h  t h e  lower block on f i g u r e  I, we o b t a i n  t h e  

f o  l lowing : 

The preceeding express ion  shows t h a t  s u r f a c e  a r e a  p l ays  a  major r o l e  i n  

de te rmin ing  t h e  va lue  of Re Notice t h a t  t h e  exponent i n  t h e  exp re s s ion  

con ta in s  t h e  product (n l; d2) which equa ls  t h e  g o t a l  s u r f a c e  a r e a  of -no. 

s p h e r i c a l  p a r t i c l e s  each having a d iameter  -dme When equat ion  2 i s  

app l i ed  t o  a  s p e c i f i c  ins t rument  we can e v a l u a t e  t h e  -8- f u n c t i o n  expe r i -  

menta l ly ;  a l t e r n a t i v e l y ,  w e  can bypass t h i s  s t e p  and d e a l  w i t h  another  

equa t ion  of t h e  form W - h ( ~ )  where -A- d e s i g m t e s  s u r f a c e  a r ea .  The 

func t  ion =bw, which can a l s o  be eva lua ted  expe r imen ta l l y r  i s  s imply t h e  

c a l i b r a t i o n  ca rve  t h a t  r e l a t e s  meter  r ead ings  t o  s u r f a c e  a r e a s ,  

Up t o  t h i s  po in t ,  t h e  b a s i c  approach t o  measuring sur face-area  

appears  t o  be s t r a i g h t f o r w a r d ;  howevere when we apply t h e  method t o  r i v e r  

sediments ,  some u n c e r t a i n t i e s  and compl i ca t i o se  develop, For example, 

equa t ion  1 a p p l i e s  t o  a  suspension t h a t  has  r a t h e r  unusual p r o p e r t i e s :  

a l l  t h e  p a r t i c l e s  a r e  spheres  and a l l  have t h e  same d iameter ,  I n  con- 

t r a s t ,  a  suspension of r i v e r  sediment f a i l s  t o  meet e i t h e r  of t h e s e  

requirements .  P a r t i c l e s  of r i v e r  sediment have roughs i r r e g u l a r  shapes 

and span a wide range of s i z e s ,  A s  an example of another  B i f f i cuk tg ,  

cons ider  t h e  problem of  a s s ign ing  a va lue  t o  t h e  f a c t o r  K i n  equa t ion  1. 

I f  a l l  p a r t i c l e s  i n  a  suspension have t h e  same r e f r a c t i v e  index, t h e  



assignment i s  s t r a igh t fo rward ;  un fo r tuna te lye  r ive r -bo rn  p a r t i c l e s  have 

widely d i f f e r e n t  i nd ices  of r e f r a c t i o n .  Some p a r t i c l e s  do not absorb 

l i g h t  and t h e r e f o r e  have a  K value  t h a t  i s  r e a l .  The remaining p a r t i c l e s  

absorb some l i g h t  and, according t o  o p t i c a l  theory.  have a  K va lue  t h a t  

c o n s i s t s  of a  r e a l  component and an imaginary component. 

Although some d i f f i c u l t i e s  e x i s t  i n  applying t h e  Eambert-Beer Law t o  

f l u v i a l  sedimentss  i t  i s  reasonable t o  expect t h a t  s u r f a c e  a r e a  w i l l  

have a  s t rong  in f luence  on l i g h t  readings. I n  t h i s  paperr we gage 

t h e  ex t en t  of t h i s  in f luence  by examining Szalona's (1984) exper imenta l  

da t a .  

DESCRIPTION OF THE TEST APPARATUS 

A c ros s - sec t iona l  view of t h e  exper imenta l  appara tus  i s  shown on 

f i g u r e  2. The l i g h t - e m i t t i n g  diode (LED) t r a n s m i t s  a beam of i n f r a r e d  

l i g h t  i n t o  t h e  sediment-water mixture  which i s  sh i e lded  from s t r a y  out -  

s i d e  l i g h t  by t h e  opaque-p las t ic  cover. The w a l l s  of t h e  con ta ine r ,  

which a r e  a l s o  opaque, hold a  s l i d i n g  s e a l  t h a t  a l i g n s  t h e  photodetec tor  

w i t h  t h e  LED. The tube  t h a t  passes  through t h e  s e a l  can be s h i f t e d  t o  

a d j u s t  t h e  o p t i c a l  pa th  length,  l abe led  on t h e  drawing. C i r c u i t s  

i n  an instrument  box (not shown) a l t e r n a t e l y  t u r n  t h e  LED on and o f f  a t  a  

frequency of about 50 hz; o t h e r  c i r c u i t s  supply a  meter  w i th  an a m p l i f i e d  

photodetector  s igna l .  The reading on t h i s  meter  i s  r e l a t e d  t o  t h e  

i n t e n s i t y  of t h e  l i g h t  t h a t  s t r i k e s  t h e  photodetec tor ,  however, t h e  meter  

responds i n  an unusual  fashion.  I f  t h e  l i g h t  s h i f t s  t o  a  lower i n t e n s i t y ,  





t he  meter  s h i f t s  t o  a  h igher  reading, The ins t rument  box and t h e  

appara tus  shown on f i g u r e  2 were made by Markland Spec ia l ty  Engineeringe 

Etobicoke, Ontar io ,  Canada.+ 

QUALITATIVE ANALYSIS OF DATA 

Before numer ica l ly  analyzing t h e  exper imenta l  da t a ,  l e t  u s  explore  

some p r o p e r t i e s  revea led  by t h e  gene ra l  t r e n d s  of t h e  p l o t t e d  l i n e s  on 

f i g u r e  3. The fan-shaped p a t t e r n  of t h e  p l o t  emphasizes t he  problem i n  

e s t a b l i s h i n g  a s i n g l e  c a l i b r a t i o n  curve t h a t  a p p l i e s  t o  a l l  sediment 

mixtures.  Not ice  t h a t  t h e  s lopes  of t h e  c a l i b r a t i o n  l i n e s  a r e  s e n s i t i v e  

t o  t he  s i z e  of t h e  p a r t i c l e s  i n  suspension. S h i f t s  i n  p a r t i c l e - s i z e  

produce s e r i o u s  e r r o r s  i n  measured concen t r a t ion  un le s s  t h e  instrument  i s  

promptly r e c a l i b r a t e d .  I n  some r i v e r s p  t h e  s i z e  of suspended p a r t i c l e s  

w i l l  s h i f t  f r e q u e n t l y r  so t h e  r e c a l i b r a t i o n  t a s k  ranges from burdensome 

t o  impossible .  

* Trade names a r e  included f o r  i d e n t i f i c a t i o n  purposes only and do 

not c o n s t i t u t e  endorsement by the  United S t a t e s  Government. 



SEDIMENT MASS CQNCENTRBBTION 
( MILLIGRAMS PEW b l f  ER ) 

F i g u r e  3.--The i n s t r u m e n t ' s  r e s p o n s e  t o  s e v e r a l  p a r t i c l e - s i z e  f r a c t i o n s  
of sediment  from West B i t t e r  Creek,  Okla. The s h o r t  v e r t i c a l  l i n e s  
r e p r e s e n t  a r a n g e  of r e a d i n g s  where s i n g l e  v a l u e s  could  no t  b e  
determined.  The + 's  r e p r e s e n t  datum p o i n t s  f o r  t h e  1 .4 -  t o  4-urn 
group.  The gap w a s  s e t  a t  90 mm (Sza lona ,  1934). 



On f i g u r e  3s t h e  t rend  between l i n e  s lope  and p a r t i c l e  s i z e  

r e i n f o r c e s  t h e  hypothes is  t h a t  su r f ace  a r e a  p l ays  a  key ro l e .  Af t e r  

s e l e c t i n g  any two l i n e s  on f i g u r e  3, we see  t h a t  f o r  a  given concentra-  

t i o n  the  -small  p a r t i c l e u  l i n e  i s  a s soc i a t ed  w i t h  t h e  gre ,a te r  of two 

meter readings. Because a  high reading i n d i c a t e s  a  low l i g h t  i n t e n s i t y ,  

t he  suspension conta in ing  t h e  sma l l  p a r t i c l e s  absorbs more l i g h t .  The 

r e l a t i o n  between p a r t i c l e  s i z e ,  su r f ace  a r e a o  and concent ra t ion  mag not  

be immediately obvious. Let u s  s e l e c t  a  po in t  on one of t h e  Pines and 

then move v e r t i c a l l y  upward t o  a  po in t  san t h e  ad jacent  l i ne .  These two 

poin ts  r ep re sen t  mixtures  having equal  mass concent ra t ions ;  however, t h e  

upper po in t  r e p r e s e n t s  a  mixture  wi th  a  g r e a t e r  su r f ace  area.  The f a c t  

t ha t  s u r f a c e  a r e a  inc reases  a s  p a r t i c l e  s i z e  decreases  can be v i s u a l i z e d  

from a  conceptual  experiment.  I f  we cu t  through a  p a r t i c l e  t o  c r e a t e  two 

smal le r  p a r t i c l e s ,  a d d i t i o n a l  su r f ace  becomes exposed a t  t h e  cut.  I f  

both of t h e  fragments  a r e  cu t ,  more su r f ace  a r e a  i s  exposed. I f  t he  

c u t t i n g  process  i s  continued, four  t r ends  develop: t h e  number of p a r t i -  

c l e s  increases ,  t h e  s u r f a c e  a r e a  increases ,  t h e  s i z e  of t h e  p a r t i c l e s  

decrease, and t h e  t o t a l  mass of t h e  p a r t i c l e s  remains unchanged. 

A d i scuss ion  of s u r f a c e  a r e a  i s  f a c i l i t a t e d  by co in ing  t h e  term 

.a 

surface-area concentration**. We w i l l  d e f i n e  t h i s  term a s  t h e  t o t a l  

su r f ace  a r e a  of a l l  p a r t i c l e s  i n  a  mixture  d iv ided  by the  volume of t h e  

u 

mixtnre. The term i s  analogous t o  = a s s  concent ra t ionU defined as the  

t o t a l  mass of a l l  p a r t i c l e s  i n  a  mixture  d iv ided  by t h e  volume of t he  

mixture.  



ASSUWTIONS AND BASIC AREA EQUATIONS 

A q u a n t i t a t i v e  a n a l y s i s  of Szalona's ( i b i d ,  1984) d a t a  i s  based on 

t h e  f a l l owing  t h r e e  assumptions t h a t  p e r t a i n  t o  h i s  t e s t  p a r t i c l e s  taken  

from West B i t t e r  Creek i n  Oklahoma: 

( a )  a l l  of t h e  p a r t i c l e s  were s p h e r i c a l  i n  shape. 

3 (b) a l l  of t h e  p a r t i c l e s  had a  d e n s i t y  of 2650 kg/m , t h e  d e n s i t y  of 

qua r t  z  . 
(c )  a l l  of t h e  p a r t i c l e s  w i t h i n  a  s i z e - c l a s s  i n t e r v a l  were t h e  same 

s i z e ,  This  s i z e  corresponded t o  t h e  midpoint of t h e  i n t e r v a l .  For 

example, f i g u r e  3 i n d i c a t e s  one group of p a r t i c l e s  i n  t h e  s i z e - c l a s s  

i n t e r v a l  from 4-20 micrometers  (pm). I n  t h e  fo l l owing  a n a l y s i s ,  t h e s e  

p a r t i c l e s  w i l l  be  ass igned  a  d iameter  of 12 pmr t h e  a r i t h m e t i c  mean of  

t h e  s i z e - c l a s s  boundaries.  

An equa t ion  r e l a t i n g  s u r f a c e  a rea .  mass concen t r a t i on  and p a r t i c l e  

d i ame te r  can now be der ived  from t h e  t h r e e  assumptions.  Consider a  mix tu re  

" - 
having a  volume of -Q-- l i ters  and conta in ing  n  p a r t i c l e s  a l l  w i t h  a  

d i ame te r  of -dn v m .  

The sur face-area  concen t r a t i on  of t h e  mixture  i s  

2  where A i s  expressed i n  square  meters  per  l i t e r  (M / L ) .  g  

The mass concen t r a t i on ,  C, of t h e  mix ture  i s  p r o p o r t i o n a l  t o  nVp where V 

i s  t h e  volume of a  s i n g l e  p a r t i c l e  and p i s  i t s  d e n s i t y  (2650 kg/m3). 

A f t e r  de r iv ing  a  p r o p o r t i o n a l i t y  cons tan t  t o  account f o r  t h e  d e s i r e d  



units. we can write 

C = (0.442 r l~-')(nn d3/q) ( 4) 

where C is expressed in milligrams per liter ( m g / ~ ) .  

After substituting equation 4 into equation 3s we obtain 

*g = 2.26 x los3 (,/dl ( 5  1 

Equation 5p which will be used repeatedly in the following sectionsb 

shows that for a given mass concentration the surface-area concentration 

is inversely proport isnal to particle diameter, 

MONODISPFXSE MIXTURES 

This section pertains exclusively to the data plotted on figure 3. 

Hypothetically, each meter reading on the graph is closely correlated 

with the surface area of the particles in suspension. To test this 

hypothesisr a few data points will be used to establish a regression 

equation that relates surface areasp A, to meter readingss B. This 

regression equation will establish the functional relationship R = h(A) 

that in turn will be applied to the remaining data on the graph. let Ag 

designate the area computed from equation 5r and let A designate the 
R 

area computed from the regression equation, If the area hypothesis is 

correct, all data on figure 3 should reduce to a group of points that 

plot along a single line in an A - A coordinate system. 
g R 

Coefficients for the regression equation can be computed from data 

for any 1in.e on figure 3. Since the line marked "62-88 vmw lies near the 

center of the radial pattern. data for this line will be used, On 



t a b l e  Is t h e  f i r s t  and second columns show C and R r e spec t ive ly .  both 

being exper imenta l  da t a  from f i g u r e  3, The t h i r d  column shows t h e  p a r t i -  

c l e  d iameter ,  75 pme t he  midpoint of t h e  62-88 v m  c l a s s  i n t e r v a l .  The 

fou r th  column shows A computed from equat ion 5. g 

Table I.-- 

C e  concen t r a t ion  R e  meter dr  p a r t i c l e  Agr su r f ace  
i n  mg/L reading diameter  i n  a r e a  concentra-  

v m  t i o n  i n  M ~ / L  

Taking t h e  leas t - squares  l i n e a r  r eg re s s ion  of Ag on B we ob ta in  

t h e  d e s i r e d  r eg re s s ion ,  

A t  t h i s  s tage.  it may be h e l p f u l  t o  reexamine t h e  s i g n i f i c a n c e  of A i n  
R 

equat ion 6. I d e a l l y ,  a  d i scuss ion  of su r f ace  a r e a  must be supported by 

e. 

da ta  on t h e  a rea ' s  t rue" value. Because t rue -va lue  d a t a  a r e  not  a v a i l -  

ab le ,  we must compute approximate va lues ,  based on an assumed shape o r  

as 

geometryw of t h e  p a r t i c l e s .  I n t e r p r e t i n g  Ag a s  a quas i - t rue  value. we 

now compare it t o  A an a r e a  computed from a  l i gh t -me te r  reading 
R 

denoted Re To develop t h e  r eg re s s ion  equat ion t h a t  r e l a t e s  A and R, we R 

use A va lues ;  howeverr t o  prevent  t h e  a r ea  comparison from becoming 
g 

completely c i r c u i t o u s r  we use only a  sma l l  po r t ion  of t he  Ag da ta -  

s e t .  



Having e s t a b l i s h e d  t h e  r eg re s s ion  formula (equat ion 6 ) r  we now apply 

i t  t o  a l l  t h e  d a t a  on f i g u r e  3. Resu l t s  of t h e  computations a r e  shown i n  

t a b l e  2. The f i r s t  column shows p a r t i c l e - d i a m e t e r s  followed i n  parenthe-  

s i s  by s i z e - c l a s s  i n t e r v a l s .  The second and t h i r d  columns shows respec-  

t i v e l y ,  t h e  measured va lues  f o r  R, and the  measured va lues  f o r  C, The 

f o u r t h  column shows A va lues  computed from equat ion  5. The f i f t h  column 
8  

shows A Q  values  computed from equat ion  6. F igure  4 g r a p h i c a l l y  compares 

t h e  A and AQ va lues  l i s t e d  i n  t a b l e  2, 
g 

Figure 4 p l o t  i n d i c a t e s  a high degree of c o r r e l a t i o n  (r = 0.99) between 

Ag and A ; however, t he  p l o t  does not inc lude  da t a  f o r  t h e  0.7 y m  p a r t i -  
2 

c l e s .  These da ta ,  which a r e  l i s t e d  on the  f i r s t  Pour l i n e s  of t a b l e  % @  

f a i l  t o  fo l low the  e s t ab l i shed  t rend.  I n  a l a t e r  s ec t ion*  we examine 

some poss ib l e  reasons f o r  t h i s  d i s p a r i t y .  

POLYDISPERSE MIXTURES 

I n  t h i s  s ec t ion ,  we aga in  t e s t  t h e  a r ea  hypothesis  by applying t h e  a r e a  

equat ions  t o  polydisperse  mixtures  t h a t  conta in  two* th ree*  o r  four  

d i f f e r e n t  p a r t i c l e  s i z e s ,  The va lue  of A f o r  a polydisperse  mix tu re  
g  

U I - _ 
t h a t  con ta ins  k s i z e s  of p a r t i c l e s  i s  t h e  sum of b su r f ace  a r e a s ,  

S t a t ed  i n  equat ion  form, 
k 

Data f o r  17 po lydisperse  mixtures  a r e  l i s t e d  i n  t a b l e  3. Column % 

shows sample numbers ass igned  f o r  i d e n t i f i c a t i o n  purposes. Columns 2, 3, 

4@ and 5 show t h e  concent ra t ion  of t h e  p a r t i c l e s  i n  t he  four  p a r t i c l e -  

s i z e  i n t e r v a l s  i nd ica t ed  ac ros s  t h e  top  row of t h e  tab le .  Column 6 shows 

meter  readings ,  R I  obtained i n  t h e  experiment ( i b i d ,  Szalona, t a b l e  1). 



Table 2.--A and A, values for monodisperse mixtures. 
8 

d 9 R, Cs 
particle meter eoncen- 

Ag * surface area 
*R 

surface area 
diameter reading trst ion concen rat ion 5 concent at ion 
in urn in mg/% in M /L 3 in M /L 
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Column 7 shows A va lues  computed from equat ion  7 and column 8  shows A 
g  R 

values  computed from equat ion 6. 

F igure  5. a  p l o t  of va lues  l i s t e d  i n  t a b l e  3s i n d i c a t e s  a  high 

degree of c o r r e l a t i o n  ( r  = 0.99) between A and Ak.  For each mixture  
g  

t he  instrument  r e g i s t e r s  t h e  t o t a l  sur face-area  concent ra t ion  of a l l  s i z e  

f r a c t i o n s  p r e s e n t .  

THE SCATTERING COEFFICIENT 

I n  de r iv ing  equat ions  f o r  A and A r we t a c i t l y  assumed t h a t  K ,  
g  R 

t he  s c a t t e r i n g  c o e f f i c i e n t  i n  equat ion 1, was independent of p a r t i c l e  

diameter ,  I n  t h i s  s e c t i o n r  we examine t h e  v a l i d i t y  of t h i s  assumption. 

The s c a t t e r i n g  c o e f f i c i e n t  i s  equal  t o  a  p a r t i c l e ' s  l i g h t - s c a t t e r i n g  

c ros s - sec t iona l  a r e a  d iv ided  by t h e  p a r t i c l e ' s  geometr ic  c ros s - sec t iona l  

2 area ;  t h e  l a t t e r  va lue  being ~d  / 4  f o r  a  sphere. It may seem t h a t  t h e s e  

two c r o s s - s e c t i o n a l  a r e a s  should be equal;  however. O r r  (1959, p. 104- 

105) i n d i c a t e s  t h a t  e q u a l i t y  i s  more t h e  except ion  than  t h e  ru l e .  Os te r  

(1948, p. 332) shows t h a t  K v a r i e s  w i t h  p a r t i c l e  s i z e  and ranges from 

zero t o  a  maximum of from 3 t o  5. 

S i n c l a i r  (1950s p. 941, who worked p r i m a r i l y  w i th  ae roso l s ,  

- w 

developed a p l o t  known a s  t h e  Universal  S c a t t e r i n g  Curve. Orr and 

DallaValle  (1959s p. 119) presented a  s l i g h t l y  modif ied ve r s ion  of t h i s  

p l o t  which i s  reproduced on f i g u r e  6. As f i g u r e  6 shows, K i s  a  func t ion  

of t h e  d imens ionless  v a r i a b l e  X given by: 

x = ( d / ~  > ~ ( m ~ - 1 ) / ( m ~ + 2 > 3  (8) 
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I n  t h i s  equat ion:  

d  = diameter  of t h e  p a r t i c l e s  suspended i n  a  f l u i d  

X = wavelength of t h e  l i g h t  impinging on t h e  p a r t i c l e s ,  and 

m = t h e  r e f r a c t i v e  index of t h e  p a r t i c l e s  d iv ided  by t h e  

r e f r a c t i v e  index of t h e  f l u i d  ( i n  our  eases  water )  

Because t h e  K v a l u e s  on f i g u r e  6 a r e  r e a l  ( a s  opposed t o  va lues  t b a t  a r e  

complex), t h e  curve  a p p l i e s  on ly  t o  nonabsorbing p a r t i c l e s ,  Pur%hermore, 

because t h e  curve i s  an approximation, t h e  i nd i ca t ed  K va lues  may d i f f e r  con- 

s i d e r a b l y  from expe r imen ta l l y  measured va lues .  

The Universa l  S c a t t e r i n g  Curve i n d i c a t e s  t h a t  K equals  2.0 i f  X 

exceeds a  c r i t i c a l  va lue  of about 0,6. This  c r i t i c a l  va lue  i s  r e l a t e d  t o  tn 

c r i t i c a l  p a r t i c l e  d iameter ,  dc, For q u a r t z  p a r t i c l e s  suspended i n  water ,  

t a b l e  4 shows c r i t i c a l  p a r t i c l e  d i ame te r s  f o r  two wavelengths: 0.2 u m  

( r a d i a t i o n  i n  t h e  u l t r a - v i o l e t  range) and 0.90 um ( r a d i a t i o n  used i n  

Szalona" t e s t s ) .  Host of  t h e  d a t a  i n  t a b l e  2 and a l l  of t h e  d a t a  i n  

t a b l e  3 p e r t a i n  t o  p a r t i c l e s  l a r g e r  than 9.1 pm; consequent lyr  i t  i s  not  

s u r p r i s i n g  t h a t  t h e  a r e a  computat ions compare f avo rab ly  when K i s  assumed 

t o  be  independent of p a r t i c l e  d iameter .  What i s  s u r p r i s i n g  i s  t h e  f a c t  

t h a t  d a t a  f o r  t h e  2-7 urn p a r t i c l e s r  which a r e  s u b c r i t i c a l  i n  s i z e ,  ( s e e  

t a b l e  2 and f i g u r e  4) agrees  c l o s e l y  w i t h  d a t a  f o r  t h e  l a r g e r  p a r t i c l e s s  

which a r e  s u p e r c r i t i c a l  i n  s i z e .  

The d isc repancy  between A and At f o r  t h e  0.7 ym p a r t i c l e s  can be 
g  

expla ined  w i t h  t h e  a i d  of f i g u r e  6 .  Using r e f r a c t i v e  index va lues  f o r  

q u a r t z  and water ,  we o b t a i n  0.046 and 0.4 r e s p e c t i v e l y  f o r  X and K. Let 
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us  now compare t h i s  K va lue  wi th  2.0, t h e  va lue  f o r  s u p e r c r i t i c a l  

p a r t i c l e s .  The q u o t i e n t  of t hese  two K va lues  (0.4/2) i n d i c a t e s  

t h e  t h e o r e t i c a l  v a l u e  f o r  t he  quo t i en t  A /A f o r  t h e  0.7 u m  p a r t i c l e s  i s  
R g 

0.2. This  t h e o r e t i c a l  va lue  compares favorably  wi th  0.21 obtained by 

averaging fou r  $/Ag q u o t i e n t s  computed from da ta  on t h e  f i r s t  four  l i n e s  

of  t a b l e  2. 

Data from t h e  Universal  S c a t t e r i n g  Curve agrees  c l o s e l y  wi th  expe r i -  

menta l  d a t a  f o r  t h e  0.7 pm p a r t i c l e s ,  However# d a t a  from t h e  Universal  

Curve d i f f e r s  cons ide rab ly  from exper imenta l  d a t a  f o r  t h e  2,7 urn p a r t i -  

c l e s .  The exac t  cause of t h i s  discrepancy i s  unknown: i t  may be r e l a t e d  

t o  exper imenta l  d i f f i c u l t i e s  t h a t  Szalona ( i b i d e  19841 encountered i n  

s epa ra t ing  p a r t i c l e s  w i t h i n  t h e  two s m a l l e s t  s i z e  f r a c t i o n s .  The s m a l l  

s i z e  of t h e  LED i s  ano the r  poss ib l e  cause of t h e  discrepancy. Idea l ly ,  

t h e  l i g h t  source  should have a  l a r g e  d iameter  and should t r a n s m i t  a  beam 

of uniform i n t e n s i t y ,  The c l o s e  proximity between t h e  p a r t i c l e s  and t h e  

photodetec tor  may be another  cause of t h e  discrepancy. I d e a l l y ,  t h e  

d i s t a n c e  between t h e  p a r t i c l e s  and t h e  d e t e c t o r  should be seve ra l  meters .  

S i n c l a i r  (1950, p, 90) found t h a t  t h e  d i s t a n c e  from t h e  p a r t i c l e s  t o  t h e  

photodetec tor  must be g r e a t e r  than 5.5 meters  i n  o rde r  t o  o b t a i n  a K 

va lue  of 2.0 f o r  l a r g e  p a r t  i c l e s ,  

S i g n i f i c a n t  d i f f e r e n c e s  e x i s t  between an i d e a l  system and the  18 

ins t rument  on f i g u r e  2. Addi t iona l  t e s t s  w i l l  be r equ i r ed  t o  accu ra t e ly  

cha r t  t h e  IR system's response t o  p a r t i c l e s  s m a l l e r  than about 2 urn i n  

diameter .  



CONCLUSIONS AND SUGGESTIONS FOR FUTURE INSTRUMENT DEVELOPMENT 

Tes t  da t a  f o r  monodisperse and polydisperse  mixtures  of r i ve rbo rn  

p a r t i c l e s  i n d i c a t e  t h a t  t h e  i n f r a r e d  tu rb id ime te r  may be c a l i b r a t e d  t o  

r e g i s t e r  geometr ic  sur face-area  concent ra t ion  i f  t h e  p a r t i c l e s  a r e  l a r g e r  

than  about 2  pm i n  d iameter  and s m a l l e r  than about 115 Um, This  second 

va lue  was s e t  by l i m i t s  i n  t h e  d a t a - c o l l e c t i o n  program: p a r t i c l e s  l a r g e r  

t han  115 Um were not  t e s t ed .  

With a d d i t i o n a l  development work* it  may be p o s s i b l e  t o  enhance t h e  

IR instrument 's c h a r a c t e r i s t i c s  and t o  adapt t h e  ins t rument  f o r  f i e l d  

use. The fo l lowing  paragraphs o u t l i n e  t h r e e  t o p i c s  t h a t  warran t  p a r t i -  

c u l a r  a t t e n t  i on .  

The f i r s t  t o p i c  p e r t a i n s  t o  extending t h e  instrument 's  range i n  

p a r t i c l e  s i ze .  S i n c l a i r ' s  Universa l  S c a t t e r i n g  Curve i n d i c a t e s  t h e  in -  

s t rument ' s  upper l i m i t  on p a r t i c l e  s i z e  i s  probably g r e a t e r  than 115 pm. 

Addi t iona l  t e s t s  should be performed t o  cha r t  t h e  instrument 's  response 

through t h e  s i z e  range from 115 pm t o  250 pm. P a r t i c l e s  w i t h  d iameters  

l a r g e r  than  250 u m  a r e  r a r e l y  found i n  suspended-sediment samples. I f  

t h e  p a r t i c l e s  a r e  p re sen t ,  they  u s u a l l y  account f o r  only a s m a l l  f r a c t i o n  

of t h e  t o t a l  s u r f a c e  a r e a  r ep re sen ted  by a l l  of t he  p a r t i c l e s  i n  t h e  

sample. A problem of more s i g n i f i c a n t  propor t ions  i s  t h e  instrument 's  

lower l i m i t  on p a r t i c l e  s i ze .  S i n c l a i r ' s  (1950) Universa l  S c a t t e r i n g  

Curve and Szalonats (1984) exper imenta l  da t a  both i n d i c a t e  t h a t  t h e  

r e l a t i o n s h i p  between sur face-area  concen t r a t ion  and ins t rument  readings  

is very complicated f o r  p a r t i c l e s  s m a l l e r  than  about 2  um. I n  many 



samples, a  s i g n i f i c a n t  propor t ion  of t h e  p a r t i c l e s  a r e  i n  t h e  c l ay - s i ze  

range. Table 4 shows t h a t  i t  may be p o s s i b l e  t o  decrease  t h e  lower s i z e  

l i m i t  by us ing  l i g h t  wi th  a  wavelength s h o r t e r  than in f r a red .  The l a s t  

l i n e  i n  t h i s  t a b l e  i n d i c a t e s  t h a t  t he  c r i t i c a l  p a r t i c l e  d iameter  drops 

from 9.1 u m  down t o  1.2 urn i f  t h e  wavelength i s  s h i f t e d  from 0.9 y m  down 

t o  0 2  um,  The 0 2  p m  wavelength Pies  i n  t h e  u l t r a v i o l e t  range, and can 

be generated and de t ec t ed  by sma l l  devices  t h a t  a r e  commercially a v a i l -  

ab le ,  Because t h e  Universal  S c a t t e r i n g  Curve i s  an approximation, t h i s  

expected s h i f t  i n  c r i t i c a l  d iameter  must be confirmed by labora tory  

t e s t s  , 

Table 4 . - -Cr i t i ca l  p a r t i c l e  diameters  f o r  two wavelengths.  

Light wavelength, A, i n  ym 0.2 (U l t r a -  0.9 ( f n f r a r e d )  
v i o l e t )  

Re f rac t ive  index of qua r t z  1,56 1.45 

Ref rac t ive  index of water 1.35 1 .+a3 

m, r e l a t i v e  r e f r a c t i v e  index of 
qua r t z  i n  water  1 ,16 

d,, c r i t i c a l  diameter  
i n  v m  f o r  X = 0.6 

The second t o p i c  p e r t a i n s  t o  improving t h e  sur face-area  c a l i b r a t i o n  

procedure. I f  a  f i s s u r e  extends from the  s u r f a c e  of a  p a r t i c l e  down i n t o  

t h e  i n t e r i o r ,  t h e  w a l l s  of t h e  f i s s u r e  can become an a c t i v e  chemical 

adsorber.  I f  t h e  p a r t i c l e  i s  placed i n  a  l i g h t  beam, t h e  f i s s u r e  may be 



p a r t i a l l y  i l l umina ted  o r  i t  may be completely shadowed. I n  e i t h e r  

i n s t anceB  the  su r f ace  comprised by t h e  f i s s u r e  w a l l s  w i l l  probably under- 

r e g i s t e r  on a  l i g h t - t r a n s m i s s i o n  measurement. Es t imat ing  t h e  s i z e  of 

such hidden a r e a s  can undoubtedly be improved by e s t a b l i s h i n g  t h e  i n s t r u -  

ment's c a l i b r a t i o n  on a  c a r e f u l l y  designed chemical o r  gas  adso rp t ion  

t e s t  i n s t ead  of on a  computation based on assumed p a r t i c l e  shape. 

The t h i r d  t o p i c  p e r t a i n s  t o  modifying t h e  instrument  f o r  f low-  

through measurements a t  a  f i e l d  s i t e .  For t hese  measurements, t h e  l i g h t  

e m i t t e r  and l i g h t - d e t e c t o r  must be mounted i n  a  s t r a i g h t ,  open-ended 

conduit  t h a t  completely blocks a l l  sun l igh t  and f r e e l y  admi t s  f l owing  

water.  Because t h e  e m i t t e r  and d e t e c t o r  w i l l  probably be submerged f o r  

long per iods  of t ime,  methods of au toma t i ca l ly  c leaning  t h e  o p t i c a l  

s u r f a c e s  must be developed. 

I n  summary, t h e  I R  ins t rument  shows cons iderable  promise f o r  

measuring t h e  su r f ace  a r e a  of p a r t i c l e s  i n  t h e  s i z e  range from medium 

c l a y  t o  very- f ine  sand. The I R  appara tus  has s e v e r a l  advantages: It i s  

s imple  t o  operate ,  i t  con ta ins  no moving p a r t s ,  and i t  consumes l i t t l e  

power. The l a s t  f e a t u r e  i s  p a r t i c u l a r l y  important  a t  f i e l d  s i t e s  where 

b a t t e r i e s  a r e  t h e  only saurce  of power. 
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