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ABBREVIATIONS AND CONVERSION FACTORS 

For t h e  u s e  o f  r e a d e r s  who p r e f e r  t o  use  inch-pound u n i t s ,  convers ion  

f a c t o r s  f o r  terms used i n  t h i s  r e p o r t  a r e  l i s t e d  below: 

m i l l i m e t e r  (ma) inch  ( i n )  

meter  (m) 3.281 f o o t  ( f t )  

l i t e r  (L) 

meter  p e r  second 

gram ( g )  

ki logram (kg) 

g a l l o n  ( g a l )  

f o o t  p e r  second (m/s) 

pound ( l b )  

2.205 pound ( l b )  

d e g r e e s  Ce 1s i u s  ("c) F - 1,8* C + 32 degrees  Fahrenhe i t  (OF) 

gram p e r  cub ic  0.03613 
c e n t i m e t e r  (g/cfn3 

k i l o p a s c a l  (kBa) 

pound p e r  c u b i c  
inch  ( l b /  in3 ) 

pound p e r  s q u a r e  
inch  ( l b / i n 2 )  



PROGRESS REPORT: DESCRIPTION Aknn TEST OF A STRAIGHT-TUBE 

FLUID-DENSITY GAGE FOR BE?ASURING SUSPENDED-SEDIMENT 

TION I N  STREAMS 

By Joseph  J .  Szalona 

rnSTWCT 

An i n s t r n m s n t  f o r  measuring suspended-sedimenG c o n c e n t r a t i o n  i n  s t r e a m s  

was des igned,  constructed, and t e s t e d .  The i n s t r a m e a t  i s  des igned t o  be 

suspended i n  a  s t ream w h i l e  f lowing  w a t e r  p a s s e s  through a  tube w i t h i n .  The 

tube i s  v i b r a t e d  and assumes a f requency  dependent on t h e  sediment  concen- 

t r a t i o n  i n  t h e  wa te r ,  

Sediment i n  t h e  s i l t  and f ine-sand ranges  was t e s t e d .  The i n s t r u m e n t  

had a l i n e a r  response  and a s e n s i t i v i t y  of about  740 m i l l i g r a m s  p e r  l i t e r  

p e r  microsecond change i n  p e r i o d  of v i b r a t i o n  f o r  b o t h  sed iments ,  T e s t s  

w i t h  s u g a r  w a t e r  produced s i m i l a r  r e s u l t s .  

Other  s i g n i f i c a n t  f i n d i n g s  a r e  t h a t  t h e  i n s t r u m e n t  responds n e a r l y  

l i n e a r l y  t o  t empera tu re ,  a t  t h e  r a t e  of 1.69 microsecond p e r  degrees  

Ce l s ius .  T h i s  h e l d  t r u e  over  t h e  range of 1.0 t o  40.2 degrees  Ce l s ius .  

Flow through t h e  tube  decreased  t h e  v i b r a t i o n a l  p e r i o d  10 microsecond 

p e r  m e t e r  p e r  second i n c r e a s e  i n  f l o w  v e l o c i t y  i n  t h e  range of 1 t o  2 m e t e r s  

p e r  second.  

P r e s s u r i z e d  hel ium gas  proved e f f e c t i v e  i n  t r a n s f e r r i n g  h e a t  from t h e  

i n t e r i o r  of t h e  ins t rument .  As a  r e s u l t ,  t h e  i n s t r u m e n t  can a d j u s t  t o  

t e m p e r a t u r e  changes more q u i c k l y  t h a n  b e f o r e  use  of helium. 



INTJRODUCTION 

An industrial instrument that measures fluid densities was tested for 

use in determining suspended-sediment concentration, Test results were 

presented in previous reports (Skinner and Beverage, 1982; Beverage, 1984). 

The instrument, known as a density cell, has a vibrating U-shaped tube 

through which fluid flows. The density of the fluid affects the frequency 

of vibration, Frequencies, therefore, can be converted to density values. 

After the density eel1 was calibrated for sedimentlwater mixtures, it was 

installed En a shelter next t o  a stream, Water from the stream was pumped 

through the U-shaped tabe, and saspended-sediment concentrations were 

determined, Details of this prototype installi.ation are presented by Skinner 

and others (1986). 

A straight-tube version of the density cell would have the advantage of 

being directly immersible in the stream. Because an appropriate straight- 

tabe density cell was not available, one was designed and built. An 

investigatisn was then condaeted to test the new instrment. 

This paper describes the Pnsttnment and presents the results of an 

investigation to: 

I) Determine the instrument" response to changes in fluid density and 

to changes in suspended-sediment concentration. 

2) Determine the instrument's response to factors such as water temper- 

atare, water velocity, abrupt changes in temperature, and other influential 

factors. 

3) Determine the relation between the stream velocity and the velocity 

of the flow through the tube. 

4 )  Improve the design of this new instrument. 



DESCRIPTION OF THE INSTRUMENT 

The straight-tube fluid-density gage (figure 1) is designed to be used 

in a stream, much as the P-61 sampler is used (Interagency Committee on 

Water Resources, 1963, p. 71). Unlike the P-61, however, samples are not col- 

lected. Instead, sediment-laden water flows through a tube in the center of 

the gage. The tube is electro-mechanically vibrated at its natural frequen- 

cy ,  which changes according to the density of the flaid within the tube. 

The tube can be considered as being a composite circular beam with both 

ends rigidly fixed. The oater shell of the beam is the tube itself; while 

the inner core is a flpsid sach as air, clear water, or sediment-laden water. 

nhe tube must be thin walled and light i l r b  weight in order t o  raaximize the 

effect of the fluid's density, A stainless-steel tube, 25.4 -a%ilPimsters in 

diameter and 0.51 millimeter thick, was selected for the prototype instrument. 

Because the tube must be constrained rigidly at both ends during 

vibration, a thick steel body encases the tube ( f i g a r e  3.). A 914-millimeter 

length sf pipe, 168-millimeters in diameter, with an 11-millimeter w a l l  

thickness, was ased, Discs, 25.4 millimeters thick, were welded to the ends 

of  the pipe. These end plates were drilled to support the tube positioned 

within the pipe. The tube was brazed to the end plates, A leak-proof hatch 

provides access to the electrs-mechanical hardware within the instrument. 

The instrament, as so far described, weighs 45 kilograms. All bnt one 

test was condscted with this configuration. The instrument% t&al weight, 

with head and fins installed, is about 77 kilograms, 

The instrument is designed to contain the batteries and the electrical 

c i r c a i t  board needed 8s vibrate the tube, An underwater e l e c % r i c a %  cable, 

connected at the aft end of the instrument, is routed along the suspension 





l i n e  t o  t h e  s u r f a c e .  The c a b l e  c a r r i e s  an o u t p u t  s i g n a l ,  and a l s o  a l l o w s  

f o r  c h a r g i n g  t h e  b a t t e r i e s .  During t h e  t e s t s ,  t h e  i n t e r n a l  b a t t e r i e s  and 

c i r c u i t  board  were n o t  i n s t a l l e d .  I n s t e a d ,  t h e  c i r c u i t  board and a  power 

supp ly  were l o c a t e d  o u t s i d e  t h e  ins t rument .  E l e c t r o n i c s  i n s i d e  t h e  i n s t r u -  

ment were  k e p t  t o  a  minimum; they  c o n s i s t e d  of t h e  two s o l e n o i d s ,  which were  

l o c a t e d  a t  t h e  c e n t e r  of t h e  i n s t r u m e n t ,  and t h e  a s s o c i a t e d  wi r ing .  The 

p l a n g e r s  of t h e  s o l e n o i d s  were r e p l a c e d  w i t h  rod-shaped magnets t h a t  a r e  

f i r m l y  a t t a c h e d  t o  t h e  tube  ( see  f i g a r e  2). The s o l e n o i d s  a r e  i n s t a l l e d  

c o n c e n t r i c  t o  t h e  magnets and a r e  secured  t o  a  b r a s s  r ing .  The s i n g ,  i n  

t u r n ,  i s  f a s t e n e d  t o  t h e  body w i t h  t h r e e  a d j n s t m e n t  b o l t s ,  

The c o i l  o f  one s o l e n o i d  c a r r i e s  a l t e r n a t i n g  e l e c t r i c a l  c u r r e n t .  Th i s  

c a u s e s  t h e  magnet w i t h i n  t h e  s o l e n o i d  t o  o s c i l l a l e  and, i n  t a r n ,  t o  v i b r a t e  

t h e  t u b e  and t h e  o t h e r  magnet. The v i b r a t i o n  s f  t h e  second magnet g e n e r a t e s  

an a l t e r n a t i n g  c u r r e n t  i n  t h e  sesond so leno id .  The induced c a r r e n t  i s  t h e n  

t r a n s m i t t e d  t o  t h e  c i r c a i t  board. 

DESCRImION BP TEE TEST mPMgBJS 

The m a l t i p l e  g o a l s  of t h e  t e s t s  were t o  d e t e r m i n e  t h e  performance 

c h a r a c t e r i s t i c s  of t h e  ins t rument  and t o  f a c i l i t a t e  f u r t h e r  development of 

t h e  hardware.  The t e s t s  c o n s i s t e d  of submerging t h e  i n s t r u m e n t  and p a s s i n g  

water-based f l u i d s  through t h e  v i b r a t i o n a l  tube. The f low of w a t e r  through 

t h e  v i b r a t i n g  tube had t o  be c o n t r o l l e d  and measured, Also, t h e  f l o w  r a t e  

and t e m p e r a t u r e  of t h e  w a t e r  surrounding t h e  i n s t r a m e n t  had t o  be con- 

t r o l l e d .  P r o v i s i o n  f o r  sample c o l l e c t i o n  was n e c e s s a r y  when t h e  t e s t s  w i t h  

d i s s o l v e d  s o l i d s  and suspended sed iments  were  conducted. 
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A 2 1 0 - l i t e r  b a r r e l  se rved  a s  a  c o n s t a n t  headtank ( f i g u r e  3) .  A 25- 

m i l l i m e t e r  d i a m e t e r  f l e x i b l e  hose  connected t h e  b a r r e l  t o  t h e  i n t a k e  end of 

t h e  v i b r a t i n g  tube.  A s i m i l a r  hose connected t b e  a f t  end of t h e  v i b r a t i n g  

t n b e  t o  t h e  r e s e r v o i r .  A sump pump, l o c a t e d  i n  t h e  r e s e r v o i r ,  c i r c u l a t e d  t h e  

w a t e r  back t o  t h e  b a r r e l .  A box was c o n s t r u c t e d  t o  p r o v i d e  a w a t e r  b a t h  f o r  

t h e  i n s t r u m e n t  d a r i n g  some of t h e  t e s t s .  A second hose from t h e  b a r r e l  was 

connected t o  t h e  box, Flow of w a t e r  i n  t h e  b a t h  was c o n t r o l l e d  from a  v a l v e  

i n  t h e  b a r r e l .  A h o l e  o r  a  w e i r ,  l o c a t e d  a t  t h e  a f t  end o f  t h e  box, a l lowed  

w a t e r  t o  f low i n t o  t h e  r e s e r v o i r ,  

Manometers a t  b o t h  ends o f  t h e  v i b r a t i o n a l  t u b e  were nsed t o  measare  

t h e  average  p r e s s u r e  haad w i t h i n  t h e  t a b a  and t h e  p r e s s u r e  drop a c r o s s  t h e  

tube.  The p r e s s u r e  drop was conver ted  t o  a f l o w  r a t e ,  Subseqaen t ly ,  t h e  

head and f low v e l o c i t y  c o a l d  be r e g n l a t e d  by a d j a s t i n g  v a l v e s  l o c a t e d  

immedia te ly  upst ream and downstream from t h e  v i b r a t i n g  tnbe,  

When w a t e r  t h a t  c o n t a i n e d  d i s s o l v e d  s o l i d s  o r  suspended sed iment  was 

used,  t e s t s  were conducted a t  room tempera tu re .  Flow th rough  t h e  b a t h  was 

d i s c o n t i n a e d  i n  o r d e r  t o  i s o l a t e  t h e  t e s t  w a t e r  from t h e  b a t h  wa te r .  

To suspend sediment ,  p a d d l e s  r o t a t e d  by var iab le - speed  motors  were  

i n s t a l l e d  i n  t h e  b a r r e l  and i n  t h e  r e s a s v o i r .  

* 
The p e r i o d  of t h e  o u t p u t  s i g n a l  was d i s p l a y e d  on a Bewlet t -Packard 

5300B f requency  mete r  and was recorded  on a Hewlett-Packard 680 s t r i p - c h a r t  

r e c o r d e r .  The inpu t  and o u t p u t  s i g n a l s  were  d i s p l a y e d  s i m u l t a n e o u s l y  on a 

T e k t r o n i x  2215 6OMHz o s c i l l o s c o p e .  Temperature  measurements were  made w i t h  a  

Use of t r a d e  names i n  t h i s  paper  does n o t  c o n s t i t u t e  endorsement by t h e  

U.S. Geolog ica l  Sarvey.  
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mercury- f i l l ed  g l a s s  thermometer and w i t h  a  YSI te le- thermometer  us ing  No. 401 

probes .  

The f i n a l  t e s t  on t he  f l n id -dens i ty  gage was conducted i n  t h e  S t .  

Anthony F a l l s  Hydraulic Laboratory free-water  su r f ace  flume. The flume i s  

0 3  meter  wide and 2 meters  deep, Water from the  M i s s i s s i p p i  River  f lows  

through t h e  flume and i s  regula ted  by two l a rge  hydraul ic  valves .  Flow 

through the  tube was monitored w i t h  manometers s s  p r ev ious ly  explained,  

Stream v e l o c i t y  was measured w i t h  a  P r i c e  c a r r e n t  meter  l oca t ed  750 m i l l i -  

meters  upstream from the  f l a id -dens i ty  gage. 

TEST BSULTS AND DISCUSSION 

Af te r  the  sediment gage was assembled, i t  was % e f t  ranning overn ight  

and on weekends. A s t r i p - c h a r t  record of t he  pe r iod  of v i b r a t i o n  was made 

during t h i s  time. The change i n  v i b r a t i o n a l  pe r iod  was a s  sma l l  a s  1 micro- 

second (ps) over  a  PO-hour t ime  span, bu t  typicrnlly was more va r i ab l e .  

During t h i s  i n i t i a l  per iod  of observa t ioa ,  a i r  i n  t he  ins t rument ' s  i nne r  

chamber was evacuated t o  prevent  condensat ion from forming on t h e  v i b r a t i n g  

tube.  

A s e r i e s  of t e s t s  were performed t o  measnre instsament response t o  

va r ious  f a c t o r s ,  and a r e  d i scussed  a s  fo l lows:  

The tube and manometers were f i l l e d  w i t h  c l e a r  wa te r  a f t e r  t he  ends of 

t h e  v i b r a t i n g  tube were plugged w i t h  s toppers .  By moving the  manometer tubes 

v e r t i c a l l y ,  t he  s t a t i c  p r e s sn re  was va r i ed  w i t h i n  t he  v i b r a t i n g  tube. Figure 

4a shows r e s a l t s  of t h i s  t e s t .  F igure  4b shows p a r t  of  t h e  same d a t a  w i t h  the 
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F i g u r e  ff- . - -Instrument  rrsporise t o  s t a t i c  p r e s s u r e  (head) w i t h l r l  ifie 
v i b r a t i n g  t u b e .  ( a )  Data  shown a s  r e c o r d e d ,  ( b )  Data  shown w i t h  
d r i f t  removed. 



i n s t r u m e n t a t i o n  d r i f t  removed. The a r r o w s  i n d i c a t e  t h e  o r d e r  i n  which d a t a  

were c o l l e c t e d .  The p e r i o d  of v i b r a t i o n  changed about -1.3 microseconds p e r  

l - m e t e r  i n c r e a s e  i n  s t a t i c  p r e s s n r e  head. 

Water was c i r c u l a t e d  through t h e  v i b r a t i n g  tube  a t  v a r i o u s  r a t e s  of f low.  

When t h e  p e r i o d  o f  v i b r a t i o n  and manometer l e v e l s  s t a b i l i z e d ,  r e a d i n g s  were  

recorded.  Plow from t h e  v i b r a t i n g  tube  was t h e n  d i v e r t e d  t o  a  bucket.  

V e l o c i t i e s  were c a l c u l a t e d  based upon t h e  t i m e  r e q u i r e d  t o  c o l l e c t  

131.4 l i t e r s  of water .  F i g u r e  J a  shows a a a r v e  f o r  t h e  d i f f e r e n c e  in 

p r e s s u r e s  between t h e  manometers f o r  var ious  f l o w  v e l o o k t i e s ,  Data shown 

a r e  from two d i f f e r e n t  t e s t s  and a r e  r e p r e s e n t e d  by a s i n g l e  carve.  The 

Darcy-Weisbach e q u a t i o n  was t h e n  compared t o  t h e  da ta .  The e q u a t i o n  i s  o f  

t h e  form: 

B P I E  - ( f / ~ ) ( p ~ ~ / 2 )  
where AP = t h e  d i f f e r e n c e  i n  p r e s s a r e  between t h e  manometers, 

L - t h e  d i s t a n c e  between manometer t a p s ,  

D = t h e  i n t e r n a l  d iamete r  s f  t h e  v i b r a t i n g  tube ,  

p = t h e  d e n s i t y  of t h e  f l u i d ,  and 

V  = t h e  v e l o c i t y  of t h e  f l a i d .  

B* s* 

Taae t e rm f r  t h e  f r i c t i o n  f a c t o r ,  was assumed t o  be  0.018, based on 

handbook v a l u e s .  An "f" of 0.0191 prov ided  t h e  b e s t  f i t  f o r  t h e  h i g h e r  

v e l o c i t i e s .  The g r e a t e s t  d i sc repancy  was a  v e l o c i t y  of about f m/s ( m e t e r  

p e r  second). The Reynolds number (Be) f o r  f l o w  i n  t h e  t u b e  a t  t h i s  v e l o c i t y  

i s  2.5 x lo4. Inasmuch a s  t h e  f r i c t i o n  f a c t o r  changes w i t h  t h e  Reynolds 

number aroand t h i s  va lue ,  a  c o r r e c t i o n  was made. The f r i c t i o n  f a c t o r  can be 
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F i g u r e  5 , - - I n f l u e n c e  o f  f l o w  v e l o c i t y  on t h e  s ed imen t  gage.  (a) D i f f e r -  
ence  i n  p r e s s u r e  a c r o s s  t h e  v i b r a t i n g  t u b e  d u e  t o  v e l o c i t y .  The ( A )  
and ( 0 )  r e p r e s e n t  d a t a  f rom two s e p a r a t e  t e s t s .  (b) Change i n  p e r i o d  
due  t o  change i n  v e l o c i t y .  



approximated by d i v i d i n g  0.316 by ~ e ~ ~ ~ ~ ~  ' f i e  Darcy-Weisbash eqxsation can  

t h e n  be  redaced t o  t h e  form AP = A , Y ' ~ ~ ' ,  where k i s  some c o n s t a n t .  The 

v a l u e  o f  k can be  de te rmined  by s e l e c t i n g  v a l u e s  f o r  AP and V f o r  a p o i n t  on 

t h e  c a r v e  i n  f i g u r e  5a. The modi f ied  eqaatiom i s  i n  c l o s e  agreement w i t h  

t h e  e m p i r i c a l  curve,  

P i g n r e  5b shows t h e  e f f e c t  of v e l o c i t y  change on t h e  p e r i o d  o f  

v i b r a t i o n .  The c a r v e  r e p r e s e n t s  t h e  c o r r e c t e d  r e l a t i o n  a f t e r  t h e  e f f e c t  of 

s t a t i c  head was removed, The e f f e c t  on t h e  v i b r a t i o n a l  p e r i o d  i s  

-18 ps/(m/sB (microseconds p e r  m e t e r  p e r  second) i n c r e a s e  i n  v e l o c i t y  f o r  t h e  

v e l o c i t y  range from 12 t o  2,2 m/s. 

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

was c i r c u l a t e d  n n t i l  t h e  sys tem s t a b i l i z e d ,  The p e r i o d  of v i b r a t i o n  and t h e  

w a t e r  t e m p e r a t u r e  were recorded.  The t e m p e r a t u r e  was t h e n  i n c r e a s e d  by 

h e a t i n g  t h e  w a t e r  w i t h  e l e c t r i c a l  h e a t e r s  and By r e p l a c i n g  some sf t h e  w a t e r  

w i t &  h o t  wa te r .  Water t e m p e r a t u r e  was r a i s e d  i n c r e m e n t a l l y .  The system was 

a l l o w e d  t o  s t a b i l i z e  and d a t a  were recorded  a f t e r  each i n c r e a s e  i n  tempera-  

t u r e ,  F i g a r e  6 shows a  c a r v e  f o r  a  t e s t  which was s t a r t e d  a t  1.0' C and 

completed a t  40,2O C. The c a r v e  i s  n e a r l y  l i n e a r ,  w i t h  a  s l o p e  of 

1.69 ps/O C (microseconds p e r  degree  C e l s a i s ) .  

A t e s t  was conducted t o  d e t e r m i n e  t h e  e f f e c t  of f l a i d  d e n s i t y  on t h e  

sed iment  gage, Sugar w a t e r  was a s e d  a s  t h e  medium, and was h e l d  a t  c o n s t a n t  
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F i g u r e  6 . - - I n s t r u m e n t  r e s n o n s e  t o  c h a n g e s  i n  w a t e r  t e m n e r a t u r e .  



t e m p e r a t u r e  throughout  t h e  t e s t .  Nine k i l o g r a m s  of  g r a n u l a r  s u g a r  were  

d i s s o l v e d  i n  8 L ( l i t e r s )  of w a t e r  t o  make a b o a t  13.3 L o f  s t o c k  s o l u t i o n .  

C l e a r  w a t e r  was c i r c u l a t e d  i n  t h e  sys tem f o r  s e v e r a l  minu tes  b e f o r e  f l o w  t o  

t h e  b a t h  was stopped. The p e r i o d  of v i b r a t i o n  was recorded  and a sample o f  

t h e  c l e a r  w a t e r  was c o l l e c t e d .  b e  l i t e r  of s t o c k  s s l a t i o n  was t h e n  added 

t o  t h e  sys tem and mixed i n t o  tlae c l e a r  water .  The p e r i o d  was recorded  a f t e r  

t h e  f l u i d  became homogeneoas: a f l u i d  sample was t h e n  c o l l e c t e d ,  T h i s  

p rocedure  was r e p e a t e d  u n t i l  t h e  c i r c u l a t e d  w a t e r  c o n t a i n e d  13 l i t e r s  s f  

s t o c k  s o l u t i o n ,  The d e n s i t i e s  o f  t h e  samples  were de te rmined  w i t h  a  pyc- 

nometer  and an  e l e c t r o n i c  ba lance ,  

R e s a l t s  a r e  shown i n  f i g u r e  7. The c a r v e  i n d i c a t e s  t h e  p e ~ i o d  i n c r e a s e s  

2.1 ps f o r  a  d e n s i t y  i n c r e a s e  of 0.001 grams p e r  c u b i c  c e n t i m e t e r ,  A t  t h e  

end of t h e  t e s t ,  t h e  c i r c u l a t e d  f l u i d  was abont 138 l i t e r s  i n  volnme and 

c o n t a i n e d  about  8.85 k i l o g r a m s  of sugar ,  Because t h e  p e r i o d  i n c r e a s e d  

83.7 ys d u r i n g  t h i s  t e s t ,  t h e  ins t rument"  reponse was 770 Qmg/%)/ys 

( m i l l i g r a m s  p e r  l i t e r  p e r  microsecond).  

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

des igned  t o  measure saspended-sediment c o n c e n t r a t i o n .  T e s t s  were  conducted,  

t h e r e f o r e ,  t o  d e t e r m i n e  t h e  ins t rument"  response  t o  v a r i o u s  c o n c e n t r a t i o n s  

of sediment .  I n  a d d i t i o n ,  two d i f f e r e n t  p a r t i c l e - s i z e  ranges  were  t e s t e d  t o  

i n v e s t i g a t e  t h e  p o s s i b l e  e f f e c t  of p a r t i c l e  s i z e  on t h e  response,  Com- 

m e r c i a l l y  c rushed  s i l i c a  i n  t h e  s i l t - s i z e  range and i n  t h e  f ine-sand range 

was used d a r i n g  t h e s e  t e s t s .  

The motor-dr iven padd le  was i n s t a l l e d  i n  t h e  b a r r e l  f o r  t h e s e  t e s t s .  
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F i g u r e  7 , - - In s t rumen t  r e s p o n s e  t o  c h a n g e s  i n  f l u i d  d e n s i t y ,  



The t e s t s  s t a r t e d  w i t h  c l e a r  w a t e r  c i r c u l a t e d  a t  room t e m p e r a t u r e ,  Flow 

th rough  t h e  b a t h  was t h e n  d i s c o n t i n u e d  and sed iment  was added t o  t h e  r e s e r -  

v o i r .  The sediment-water  m i x t u r e  was c i r c u l a t e d  u n t i l  t h e  p e r i o d  o f  

v i b r a t i o n  f o r  t h e  t u b e  s t a b i l i z e d .  The p e r i o d  was t h e n  recorded  and a  f l u i d  

sample was c o l l e c t e d .  

Sediment was a g a i n  added t o  t h e  r e s e r v o i r ,  and t h e  p rocedure  repea ted .  

Bar ing t h e  P a t t e r  p a r t  of t h e  t e s t ,  sediment  began t o  accumulate  i n  t h e  

r e s e r v o i r .  A s m a l l  motor-driven padd le  was t h e n  i n s t a l l e d  n e x t  t o  t h e  sump 

p m p  t o  resuspend t h e  sediment .  

F i g a r e  8 shows .curves f o r  b o t h  sed iments .  The c u r v e s  are l i n e a r  and a r e  

c l o s e  t o  one ano ther .  The i n v e r s e  s l o p e s  of t h e  two c u r v e s  a r e  7 9 5  (mg/L)/ps 

( m i l l i g r a m s  p e r  l i t e r  p e r  microsecond) f o r  t h e  f i n e  sand and 763 (mg/L)/ys 

f o r  t h e  s i l t .  T h i s  a g r e e s  w e l l  w i t h  t h e  770 (mg/k)/ps e s t a b l i s h e d  i n  t h e  

s u g a r - s o l u t i o n  t e s t .  

Flame T e s t s  

A f t e r  a l l  o t h e r  t e s t s  were completed,  t h e  i n s t r u m e n t  was moved t o  t h e  

f lume t o  measare  t h e  f low th rough  t h e  tube  a t  v a r i o u s  s t r e a m  v e l o c i t i e s .  

The bronze head was a t t a c h e d  t o  t h e  i n s t r u m e n t  a t  t h i s  t i m e  t o  make t h e  

ins t rument"  f r o n t  end more s t r e a m l i n e d ,  

The i n s t r u m e n t  was h e l d  i n  a  f i x e d  p o s i t i o n  w i t h  a  r i g i d  s t e e l  frame, 

I n i t i a l l y ,  t h e  t u b e  was 0.7 m e t e r s  below t h e  w a t e r  s u r f a c e ;  however, a s  t h e  

s t r e a m  v e l o c i t y  was inc reased ,  t h e  w a t e r  s u r f a c e  lowered. 

Manometers were a t t a c h e d  t o  t h e  i n s t r u m e n t  a s  p r e v i o u s l y  desc r ibed .  

Before  each manometer read ing  was made, t h e  s t r e a m  f l o w  was i n c r e a s e d ,  

a l lowed  t o  s t a b i l i z e ,  and measured w i t h  a  P r i c e  c u r r e n t  m e t e r  l o c a t e d  
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Figure 8.--Instrument response to changes in sediment concentration. 



750 millimeters upstream from the instrument. 

After this test was completed, flow rates through the tube were 

determined from the curve in figure 5.a. of this report. The data are 

presented in figure 9. The curve shown is in the form y = a x b, where 

a = 0.555 and b = 1.75. Ideally, the flow through the tube should be the same 

as the stream velocity. The actual relation, however, when approximated 

by a straight line, is about two-thirds of the ideal relation. 

Engineering-Development Tests 

In addition to the 'herformance" types of tests, engineering-development 

tests also were condacted. The straight-tube gage was designed to be operated 

under a vacuum. Leaks, however, allowed water to enter the encasement. As an 

alternative method for eliminating moisture, the vacuum was replaced with 

pressurized dry gas. Figure 10 shows the change in period resulting from 

changes in pressure for nitrogen and helium. The slope of the curve for 

nitrogen is steeper than the slope for helium. Helium, therefore, causes a 

smaller change in period for a unit change in pressure. 

Another desirable property of helium is that it conducts heat much 

better than air or nitrogen. Heat is generated by the solenoids and is 

conducted to the brass ring that holds them. In a vacuum, heat is trans- 

ferred from the ring by means of conduction through the three adjustment 

bolts. 

A series of tests were condacted to investigate ways to improve heat 

transfer from the ring. The effectiveness of a woven wire-fabric 

electrical-grounding strap bolted to the ring and to the instrument's 

body was tested. In addition, the effect of copper fins attached to the 
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F i g u r e  9 , - -Comnarison o f  t t i e  f l o w  v e l o c i t y  t t i roug l i  t t i e  t u b e  a n d  t h e  
s t r e a m  v e l o c i t y .  
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GAS PRESSURE WITHIN INSTRUMENT, IN KILOPASCALS 

k ' igure  10. - -Var ia t ion i n  v i b r a t i o n a l  p e r i o d  w i t h  changes of p r e s s u r e  
w i t h i n  t h e  ins t rument  c a s e .  P r e s s u r e  v a l u e s  a r e  above a t m o s ~ h e r i c  
n r e s s u r e .  



r i n g  were measured. There  were e i g h t  f i n s  on each s i d e  of t h e  r i n g ,  

approx imate ly  300 m i l l i m e t e r s  long, 40 m i l l i m e t e r s  wide, and 1 m i l l i m e t e r  

t h i c k .  

The fo l lowing  arrangements  were t e s t e d :  

1) chamber under vacuum, no added conduc tor  

2) chamber under vacuum, w i t h  t h e  s t r a p  

3 )  chamber p r e s s u r i z e d  w i t h  helium, no added conductor  

4 )  chamber p r e s s u r i z e d  w i t h  helium, w i t h  t h e  s t r a p  

5 )  chamber p r e s s u r i z e d  w i t h  helium, w i t h  t h e  copper  f i n s  

For  each t e s t ,  t h e  i n s t r u m e n t  was s t a b i l i z e d  a t  about 20.5' C and t h e n  

r a p i d l y  coo led  t o  about  15' G. F i g u r e  11 shows graphs  w i t h  t h e  w o r s t  and 

b e s t  r e s u l t s .  The vacuum, w i t h o u t  added hardware,  had t h e  l o n g e s t  r esponse  

t ime ,  w h i l e  t h e  combinat ion of he l ium and t h e  copper  f i n s  d i s s i p a t e d  h e a t  t h e  

f a s t e s t .  

The t h r e e  t e m p e r a t u r e s  moni tored d u r i n g  t h e  t e s t  were measured w i t h  

t h e r m i s t o r s  l o c a t e d  on t h e  b r a s s  r i n g ,  on t h e  i n s i d e  w a l l  of t h e  c a s e ,  and 

i n  t h e  hose  l e a d i n g  t o  t h e  i n t a k e  of t h e  v i b r a t i n g  tube. 

CONCLUSIONS 

1) The s t r a i g h t - t u b e  sed iment  gage responds t o  a  wide range o f  sed iment  

c o n c e n t r a t i o n s .  T e s t s  were  conducted w i t h  c o n c e n t r a t i o n s  rang ing  from n e a r  

z e r o  up t o  65,700 m i l l i g r a m s  p e r  l i t e r .  The ins t rument ' s  r esponse  was 

l i n e a r  when f a c t o r s  such a s  t e m p e r a t u r e  and f l u i d  v e l o c i t y  were  k e p t  
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F i g u r e  11.--Temperature r e s p o n s e  t o  a  r a p i d  change  i n  w a t e r  t e m n e r a t u r e .  
( a )  Vacuum, w i t h o u t  s t r a p .  ( b )  Helium, w i t h  coppe r  f i n s .  The t h r e e  
symbols r e p r e s e n t  t e m p e r a t u r e - n r o b e  l o c a t i o n s :  ( 0 )  on t h e  b r a s s  r i n g ,  
( A )  on t h e  i n n e r  w a l l  o f  t h e  c a s e ,  and  (0)  i n  t h e  v i b r a t i n g - t u b e  
i n t a k e .  



c o n s t a n t .  

The ins t rument ' s  s e n s i t i v i t y  t o  d i s s o l v e d  s o l i d s  and t o  sed iment  i n  t h e  

s i l t  and fine-sand s i z e  ranges  was s i m i l a r  and was about  770 (mg/L)/ps. 

2) The p e r i o d  o f  v i b r a t i o n  changed -1.3 microsecond p e r  m e t e r  of w a t e r  

i n c r e a s e  i n  s t a t i c  p r e s s u r e  w i t h i n  t h e  tube .  

3) The p e r i o d  o f  v i b r a t i o n  changed -10 ps w i t h  each 1-m/s ( m e t e r  p e r  

second) i n c r e a s e  i n  f low v e l o c i t y  through t h e  v i b r a t i n g  tube  ( f o r  v e l o c i t i e s  

from 1 l o  2 m / s ) .  

4)  The p e r i o d  of v i b r a t i o n  changed 1.69 psIo  C o v e r  t h e  range of 1.0' C 

t o  40.2' C.. 

5 )  The ins t rument ' s  a d j u s t m e n t  t o  r a p i d  t e m p e r a t u r e  changes  was 

improved by u s i n g  p r e s s u r i z e d  he l ium and i n t e r n a l  copper  f i n s .  

6) Flow through t h e  v i b r a t i n g  tube  i s  about two- th i rds  of t h e  s t r e a m  

v e l o c i t y ,  a s  de te rmined  i n  a  t e s t  f lume. 
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APPENDIX 

Additional details for conditions during selected tests are given below: 

Effect of water pressure within the vibrating tube 

Date of test: 1/28/85 

The itnstrnment was under a vacuum of -685 mm of mercury. 

The ambient temperature was about 18' C. 

The instrwent was ander a vacum. 

Date of test: 2/8/85 

Data in figare 5a. (01 

Temperature of the air: $7' C 

Temperature sf the water: 8 1/2O G 

Date of test: 2/11/85 

Data in fignre 5a. (XI 

Air temperature: 20' @ 

Water temperatuse: 19 1/2O C 

Date sf test: 4/26/85 

Copper fins were in place. 

Helium pressare was at 207 kilopascals above atmospheric pressure. 

Hanometers were a t  421 and 393 millimeters of water. 

The instsment was on a rnbbesized hair mat in the bath. 



Effect of water densitv 

Date of test: 4/25/85 

Air and water temperatare: 20 1/2O C 

Manometers were at 229 and 164 millimeters of water, 

Copper fins were in place. 

The instrment was set on a rnbberized hair mat inside of the bath. 

Copper fins were in place ,  

Pabberized hair mat supported the instrment.  

Pine sand: 

Date of test: 4/30/85 

Manometers at: 381 and 289 millimeters of water, 

Vater temperatare: 18" @ 

Air temperature: 22" G 

S i l t :  

Date of test: 5/9/85 

Manometers at: 378 and 296 millimeters of water, 

Water temperagurs: 21" C 

Air temperatare: 19' C 

P l m e  test 

Date of test: 12/4/85 

Water tempseratare: 8.3' C! 



Engineering-develo~ment tests 

Difference in manometers was about 37 millimeters of water. 

Flow in bath was about 60 mm/s. 

Date of test: 3/28/85 

Vacaum was at 685 millimeters of mercury. 

Helium was at 120 kilopascals above atmospheric pressure. 

Date of test: 3/29/85 

A ground strap was connected from the brass ring to the case, 

Pressures for the helium and vacuum remained the same. 

Date of test: 4/5/85 

Copper fins were installed and the strap was removed. Other 

parameters remained the same. 

Date of test: 4/18/85 

(gas  peessgre test) 

Copper fins were in place. 

Manometers were at 430 and 445 mil%imeters of water. 

The instrument was pressarized first with helium at 

185 %ilopasca%s above atmospheric pressure. 

After the first test was completed, She instrument was placed 

nnder a vacuum and then recharged with nitrogen at 190 

kilopascals above atmospheric pressare. 




