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SYNOPSIS 

Attempts t o  determine t h e  concent ra t ion  of sediment i n  f lowing water  were 
n o t  succes s fu l .  The dynamic p re s su re  d i f f e r e n c e s  were s o  much g r e a t e r  than 
those  a s s o c i a t e d  d i r e c t l y  w i t h  t h e  presence of sediment i n  suspension t h a t  
t h e  i d e n t i f i c a t i o n  of sediment concent ra t ion  was seldom conclus ive .  Be- 
cause our primary o b j e c t i v e  was measuring sediment concent ra t ions  i n  flow- 
ing  water ,  t h e  development of t h e  p r e s s u r e - d i f f e r e n t i a 1  devices  was d i s -  
continued. Fur ther  i n v e s t i g a t i o n  of p o s s i b l e  adap ta t ion  t o  t h e  determina- 
t i o n  of small  p re s su re  d i f f e r e n c e s  i n  t h e  l abo ra to ry  i s  recommended t o  
those  who might have t h e  need f o r  such an ins t rument .  

Three types  of p r e s s u r e - d i f f e r e n t i a 1  equipment were t e s t e d  f o r  adap tab i l -  
i t y  t o  measuring t h e  concent ra t ion  of suspended sediment i n  a  water-sediment 
mixture : 

1. A bel lows d i f f e r e n t i a l - p r e s s u r e  gage wi th  manometer water  columns t o  
t h e  bellows was equipped wi th  a  l i n e a r - v a r i a b l e  d i f f e r e n t i a l  t r ans -  
former and e l e c t r i c  c i r c u i t  t o  determine t h e  bellows movement 
caused by d i f f e r e n t i a l  p re s su re s .  The bel lows system proved reason- 
a b l y  s a t i s f a c t o r y  t o  a  s e n s i t i v i t y  of about 300 ppm of sediment. 

2 .  A nu l l -ba lance  bubbler gage was t e s t e d  f o r  d i r e c t  record ing  of t h e  
pressure-head d i f f e r e n c e  caused by t h e  presence  of sediment i n  
suspension.  The accuracy was not  b e t t e r  than  2000 ppm of sediment. 
This was no t  considered adequate  f o r  f u r t h e r  development. 

3. A modified p r e s s u r e - d i f f e r e n t i a 1  device  combined a  manometer system 
and a  f l o a t  and d i f f e r e n t i a l  t ransformer device  f o r  determining t h e  
change i n  e l eva t ion  i n  a  manometer. This system was much more 
s e n s i t i v e  than t h e  o the r  two and f o r  low concent ra t ions  had a  
s e n s i t i v i t y  of about 2 5  ppm of sediment w i t h  a  s p e c i f i c  g r a v i t y  of 
2.65. 

The s e n s i t i v i t y  of t h e  f l o a t  d i f f e r e n t i a l - t r a n s f o r m e r  bubbler  gage ind i -  
ca t ed  p o s s i b l e  u ses  i n  t h e  l abo ra to ry ,  e s p e c i a l l y  f o r  t h e  measurement of 
small d i f f e r e n t i a l  p re s su re s  o r  water  s u r f a c e  s lopes .  The response time 
was considered t o o  slow f o r  a p p l i c a t i o n  t o  t h e  de te rmina t ion  of sediment 
concent ra t ions  i n  t h e  l abo ra to ry .  
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INVESTIGATIONS OF DIFFERENTIAL-PRESSURE GAGES 

FOR MEASURING SUSPENDED-SEDIMENT CONCENTRATIONS 

I ,  INTRODUCTION 

1. --Work on t h e  d i f f e r e n t i a l  p re s su re  
equipment i s  p a r t  of a  genera l  p r o j e c t  f o r  development of new devices  f o r  
automatic  measurement of suspended-sediment loads i n  s t reams.  I n  t h i s  
i n v e s t i g a t i o n  t h e  d i f f e r e n t i a l - p r e s s u r e  systems were used t o  measure t h e  
changes i n  p re s su re  between two e l eva t ions  i n  a  f l u i d  o r  i n  a  f l u i d  and 
suspended-sediment mixture,  when t h e  concent ra t ion  of suspended sediment 
o r  d i s so lved  s o l i d s  changed. The i n v e s t i g a t i o n  i s  an a t tempt  t o  improve 
t h e  accuracy of d i f f e r e n t i a l - p r e s s u r e  measurements and t o  evade dynamic 
p r e s s u r e  e f f e c t s  s u f f i c i e n t l y  t o  permit measurement of t he  suspended- 
sediment concent ra t ions  i n  normal stream flow. A secondary goal  i s  devel- 
opment of d i f f e r e n t i a l - p r e s s u r e  equipment f o r  labora tory  u s e  i n  t h e  de t e r -  
minat ion of sediment concent ra t ion  o r  s i z e  d i s t r i b u t i o n .  

I n  flowing water  t h e  dynamic p re s su re  d i f f e r ences  were so  much g r e a t e r  
than t h e  p re s su re  d i f f e r e n c e s  caused by changes i n  suspended-sediment 
concent ra t ion  t h a t  t h e  i d e n t i f i c a t i o n  of a  d i f f e r e n c e  i n  suspended-sediment 
concent ra t ion  was p r a c t i c a l l y  impossible ,  a t  l e a s t  f o r  normar f i e l d  con- ' 

c e n t r a t i o n s  of sediment.  Consequently t h e  development of d i f f e r e n t i a l  
p r e s s u r e  gages f o r  measuring sediment concent ra t ions  i n  flowing water  was 
d iscont inued .  

2 .  --This work i s  p a r t  of t h e  program of 
t h e  Federa l  Inter-Agency Sedimentation P r o j e c t ,  which i s  loca t ed  a t  t h e  
S t .  Anthony Fa l l s  Hydraul ic  Laboratory of t h e  Univers i ty  of Minnesota. The 
p r o j e c t  i s  under t he  superv is ion  of an Inter-Agency Technical Committee and 
i t  i s  sponsored by t h e  Subcommittee.on Sedimentation of t h e  Inter-Agency 
Committee on Water Resources. Funds a r e  con t r ibu ted  by t h e  Geological  
Survey, Corps of Engineers,  S o i l  Conservation Serv ice ,  Bureau of Reclama- 
t i o n ,  A g r i c u l t u r a l  Research Serv ice ,  Tennessee Valley Author i ty ,  and Publ ic  
Heal th  Service.  

The r e p o r t  was prepared by H.  A .  Jongedyk, who conducted t h e  t e s t i n g  and 
development program. H. H.  Stevens, J r .  a s s i s t e d  i n  design and f a b r i c a t i o n  
of t h e  equipment. B.  C .  Colby, p r o j e c t  superv isor ,  designed t h e  FDT 
manometer, supervised t h e  opera t ion ,  and reviewed t h e  r e p o r t .  

The s t a f f  of t h e  S t .  Anthony F a l l s  Hydraulic Laboratory fu rn i shed  
t e c h n i c a l  advice  and some of t h e  equipment. The nul l -ba lance  bubbler  gage 
was developed by personnel  of t h e  Columbus, Ohio, Surface Water Rebearch 



Unit of t h e  U, S. Geological Survey, 

3 ,  --The i n v e s t i g a t i o n  was i n  four  phases:  

A.  Development of equipment and techniques f o r  measuring p re s su re  
d i f f e r e n c e s ,  

B, Cal ib ra t ion  of equipment f o r  d i f f e r e n t  f l u i d  d e n s i t i e s  under 
s t a t i c  condi t ions .  

C, Test ing  of s t a b i l i t y  and dependab i l i t y ,  Evaluat ion of t h e  
e f f e c t s  of temperature,  bellows r e a c t i o n s ,  and changes i n  
techniques s f  ope ra t ion ,  

D. Test ing  adequacy of equipment f o r  eva lua t ing  changes i n  d e n s i t y  
i n  flowing water  w i th  o r  wi thout  sediment,  

The fo l lowing  equipment has been t e s t e d :  

A ,  Bellows d i f f e r e n t i a l - p r e s s u r e  gage (manoaneter water  columns t o  
bellows) 

B .  Null-balance bubbler gage 

6 ,  F l o a t  and d i f f  e r en t i a l - t r ans fo rmer  (FDT) bubbler gage 



11. BELLQWS DIFFERENTIAL-PRESSUKE GAGE 

4. --The p re s su re  sens ing  system shown i n  F i g ,  1 was s e t  up i n  
t h e  l abo ra to ry .  It fol lows a  system devised by Appel and Hubbard [151*+ x t  
was connected interchangeably by three-way stopcocks t o  p re s su re  t aps  i n  a  
r e c i r c u l a t i n g  flume conta in ing  suspended sediment, o r  t o  a  c y l i n d r i c a l  
p l e x i g l a s  tank having an  i n s i d e  diameter of 5.75 i n . ,  a  he ight  of 34 i n . ,  
and a  capac i ty  of 14 l i t e r s ,  Equipment used included:  

1. S ize  #I2 Hydron bellows, 4,5 i n .  ou t s ide  diameter .  

2 ,  Water-proofed 0,005 M-L l i n e a r - v a r i a b l e  d i f f e r e n t i a l  t ransformer .  

3. A cons tan t  vo l t age  t ransformer ,  

4. Audio-osc i l la tor  f o r  primary vof t age .  

5. Vacuum tube vol tmeter  f o r  measuring primary vo l t age .  

6 .  Vacuum tube  vol tmeter  f o r  measuring secondary v o l t a g e .  

The bellows was encased i n  a  c y l i n d r i c a l  holder  having p l e x i g l a s  w a l l s  
and b r a s s  top and bottom. The t ransformer co re  could be ad jus t ed  i n  r e -  
l a t i o n  t o  t h e  n u l l  po in t  by an arrangement i n  t he  bottom of t he  bellows 
ho lde r .  The top of t h e  holder  had connect ions f o r  tubing t o  form f l u i d  
columns f o r  t r ansmi t t i ng  pressures  from t h e  p re s su re  t a p s ,  A 115-vol t  
cons tan t -vol tage  t ransformer suppl ied  an  o s c i l l a t o r  w i th  a  primary v o l t a g e  
of 3 v o l t s  a t  a  frequency of 20 k i l o c y c l e s .  An a u x i l i a r y  vol tmeter  was 
used t o  check t h e  primary vo l t age  input  t o  t he  d i f f e r e n t i a l  t ransformer 
which was enclosed i n  g l a s s  tubing below t h e  bel lows.  The secondary v o l t a g e  
from t h e  d i f f e r e n t i a l  t ransformer was read i n  m i l l i v o l t s  (mv) on a  second 
vo l tme te r .  

The p re s su re  t aps  i n t o  t h e  p l e x i g l a s  tank were spaced 2 f t  a p a r t  v e r t i -  
c a l l y ,  The t aps  i n t o  t h e  flume were a t  va r ious  spacing 2 t o  9 i n .  a p a r t  
v e r t i c a l l y  and t h e  connections were interchanged between them dur ing  t e s t i n g .  
The stem jo in ing  t h e  bellows t o  t h e  t ransformer co re  was composed of joined 
s e c t i o n s  of n i c k e l ,  tungs ten ,  g l a s s ,  tungs ten ,  n i c k e l  and copper i n  t h a t  
o rde r  t o  minimize conductance and change of length  wi th  temperature,  and pro- 
v ide  m a t e r i a l  which could be  joined t o g e t h e r ,  Good grounding and s h i e l d i n g  
were provided t o  e l imina te  d r i f t  from e l e c t r i c a l  i n t e r f e r e n c e .  Sec t ion  29 of 
t h e  appendix conta ins  a d d i t i o n a l  information on t h e  c h a r a e t e r i s t i c s  of t h e  
d i f f e r e n t i a l  t ransformer and the  e l e c t r i c a l  c i r c u i t  used w i t h  i t .  

Ye 
Numbers i n  bracke ts  i n d i c a t e  r e f e rences  l i s t e d  an pages 39 and 40. 
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5.  --Water from which most of t h e  a i r  had been 
removed was slowly added t o  f i l l  t h e  i n s i d e  of t h e  bellows, t h e  chamber 
surrounding the  bellows, and a l l  tub ing ,  whether overflow tubing  o r  tub ing  
t o  p re s su re  t a p s .  O r i g i n a l l y  t h e  bellows was operated i n  compression. 
This arrangement d id  not  work we l l  a s  i nd ica t ed  by l a c k  of l i n e a r  r e a c t i o n  
t o  small  changes of d i f f e r e n t i a l  p re s su re  i n  t h e  p l e x i g l a s  tank.  The 
bellows r eac t ed  b e t t e r  t o  small  p re s su re  increments when it  was extended 
somewhat, To extend t h e  bellows i t  was necessary  t o  add weight: t o  overcome 
t h e  buoyancy from water on t h e  o u t s i d e  of t h e  bellows. F i r s t ,  t h i s  was 
done experimental ly  by adding p r a c t i c a l l y  i n s o l u b l e  barium carbonate  o r  
small  b ra s s  cubes t o  t h e  i n s i d e  of t h e  bel lows.  La te r ,  a  more permanent 
arrangement was made by g lu ing  small  b r a s s  p l a t e s  t o  t h e  bottom of t h e  
bel lows , 

6 .  --The bellows dFff e r e n t i a l - p r e s s u r e  gage was 
c a l i b r a t e d  by adding known increments of a n a l y t i c a l  reagent  sodium c h l o r i d e  
t o  13,000 grams. of d i s t i l l e d  water  i n  t he  p l e x i g l a s  tank  under approximate- 
l y  i so thermal  condi t ions .  The sodium c h l o r i d e  was s t i r r e d  i n t o  t h e  water  
and readings  were made of secondary vo l t age  u n t i l  an  equi l ibr ium seemed t o  
be reached.  Over a  48 hour per iod  t h e  d i f f u s i o n  of sodium c h l o r i d e  i n  t h e  
0.15 cm2 c ros s  s e c t i o n  of t he  tub ing  t o  t h e  bellows was n e g l i g i b l e .  I n  
computing t h e  p re s su re  d i f f e r ences  r e s u l t i n g  from a d d i t i o n  of sodium chlo- 
r i d e  t o  t h e  water ,  cons idera t ion  was given t o  t h e  p a r t i a l  molar volume of 
sodium c h l o r i d e  i n  s o l u t i o n  and t o  t h e  e f f e c t  of temperature on t h e  s p e c i f i c  
weight of t he  s o l u t i o n ,  The d e n s i t y  of t h e  s o l u t i o n  was expressed i n  terms 
of t h e  concent ra t ion  of sediment of s p e c i f i c  g r a v i t y  2.65 t h a t  would have 
t h e  same d e n s i t y ,  

The minor i n f luence  of temperature changes on t h e  d i s t a n c e  between t a p s  
i n  t h e  p l e x i g l a s  tank and on t h e  l eng th  of t h e  p l e x i g l a s  and b ra s s  p a r t s  of 
t h e  t ransformer holder  was neglec ted .  A f t e r  an  a d d i t i o n  of sodium ch lo r ide ,  
equi l ibr ium was u s u a l l y  reached i n  t e n  minutes i f  t h e  water  was s t i r r e d . .  

Unless t h e  sodium ch lo r ide  so lu t ion ,was  mixed, uneven concent ra t ions  
r e s u l t e d ,  a t  l e a s t  temporari ly ,  and t h e r e  was a  t ime l a g  i n  t he  l i n e a r  
r e l a t i o n s h i p  between t h e  mean dens i ty  of t h e  sodium c h l o r i d e  s o l u t i o n  and 
t h e  secondary vo l t age  response,  O r i g i n a l l y  t h e  nu l l -po in t  vo l t age  was 6 
t o  9 mv 'but improved grounding, sh i e ld ing ,  and w i r e  connections reduced 
t h e  n u l l  t o  0.6 mv, 

7 .  Ca l ib ra t ion  results--When a n a l y t i c a l  reagent  sodium c h l o r i d e  i n  
water  was used f o r  c a l i b r a t i o n  t h e r e  was an  approximately l i n e a r  



r e l a t i o n s h i p  between dens i ty  of t h e  sodium c h l o r i d e  s o l u t i o n  and t h e  second- 
a r y  vo l t age  ou tpu t ,  (See F ig .  2 , )  

The f i r s t  c a l i b r a t i o n  showed a  r e l a t i o n  of about 1 mv of output  vo l t age  
f o r  a  d e n s i t y  d i f f e r e n c e  equiva len t  t o  135 ppm of sediment having a  s p e c i f i c  
g r a v i t y  of 2.65. The da ta  were c o n s i s t e n t  t o  w i t h i n  5% of an average curve 
except a t  extremely small  c m c e n t r a t i o n s .  Because i n s t a b i l i t i e s  i n  i n s t r u -  
ment ope ra t ion  were ev ident ,  t h e  bellows and e l e c t r i c a l  c i r c u i t  were r e -  
checked and improved. 

A second c a l i b r a t i o n  showed c o n s i s t e n t  r e s u l t s  t o  15,000 ppm w i t h  l mv of 
output  vo l t age  equal t o  160 ppm of sediment.  A t  h igher  concent ra t ions  the  
readings  became more e r r a t i c .  Instrument  i n s t a b i l i t y  r a t h e r  than t h e  h igh  
d i f f e r e n t i a l  p re s su re  appeared t o  be r e spons ib l e  f o r  t h e  e r r o r s ,  

Af t e r  t he  e l e c t r i c a l  c i r c u i t  was rechecked a  t h i r d  c a l i b r a t i o n  was made. 
The vo l t age  f o r  zero concent ra t ion  of sediment was reduced s l i g h t l y  so  t h a t  
the  data  was o f f s e t  about 2 mv from those  of t h e  second c a l i b r a t i o n ,  Other- 
wise  t h e  second and t h i r d  c a l i b r a t i o n s  were e s s e n t i a l l y  t h e  same, 

En l abo ra to ry  use  wi th  a  t a p  spacing of 2 f t ,  t h e  probable accuracy of 
t h e  bellows d i f f e r e n t i a l  p re s su re  gage appears  t o  be  about 4% of t he  t o t a l  
concent ra t ion  o r  2300 ppm of sediment, whichever i s  l a r g e r .  For an  o r i f i c e  
spacing of 1 .00 f t  t h e  accuracy would be about 8% of t h e  t o t a l  concent ra t ion  
o r  2600 ppm of sediment.  

8, --Fine sediment ( s i l t  and sand smal le r  
than 88 microns) was added t o  t h e  p l e x i g l a s  tank i n  increments and mixed 
thoroughly wi th  t h e  water .  Within a  s h o r t  time a f t e r  mixing was stopped 
t h e  change of p re s su re  de f l ec t ed  t h e  bellows and t h e  bellows extension was 
shown by t h e  vol tmeter  readings .  Because the  sediment s e t t l e d  be fo re  f u l l  
displacement of t h e  bellows occurred,  t h e  vol tmeter  readings of secondary 
output  versus  ppm of sediment only approximately confirmed t h e  c a l i b r a t i o n  
wi th  sodium c h l o r i d e ,  There was f i r s t  a r ap id  and l a t e r  a gradual  decrease  
of vo l tmeter  readings  a s  t h e  suspended-sediment s e t t l e d .  Unless t h e  support  
f o r  t he  bellows was a g i t a t e d  the  vo l t age  readings d id  no t  r e t u r n  t o  t h e  
o r i g i n a l  c lear -water  readings ,  
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G A G E  W I T H  S O D I U M  C H L O R i D E  SOLUTIONS 



' 111. NULL-BALANCE BUBBLER GAGE. 

9 .  -- els son"] has reviewed some of t h e  p r i n c i p l e s  of bubbler  
gages i n  a  s tudy made by t h e  I l l i n o i s  Water Survey. Bubbler gages use  t h e  
p r i n c i p l e  t h a t  t h e  gas bubbles slowly r e l eased  a t  an  o r i f i c e  have the  pres -  
su re  head of t h e  water  a t  the  o r i f i c e .  

Bubbler gages %or remote reading  o r  record ing  were developed f o r  measure- 
ment of water  l e v e l s  by personnel of t h e  Columbus, Ohio, Surface Water Re- 
search Unit of t h e  U.  S. Geological Survey. They developed a  modi f ica t ion  
of t h e  bubbler  gage t o  measure a  d i f f e r e n c e  of water  l e v e l s  a t  two p o i n t s  of 
a  stream, o r  v a r i a t i o n s  of s p e c i f i c  weight of l i q u i d  between two p o i n t s  
spaced a  known d i s t a n c e  a p a r t  v e r t i c a l l y .  For purposes of t h i s  r epo r t  t h e  
modi f ica t ion  f o r  p re s su re  d i f f e r ences  i s  c a l l e d  a  "nul l -balance bubbler 
gage." 

10. --The nul l -ba lance  bubbler gage con- 
s i s t s  of two i d e n t i c a l  gas l i n e s ,  (F ig .  3)  which t r ansmi t  t h e  p re s su res  a t  
two o r i f i c e s  back t o  t h e  manometer. One s i d e  of t h e  manometer i s  a  s t a t i o n -  
a r y  pot  conta in ing  a  f l o a t  t h a t  a c t u a t e s  a  switch con tac t  arm (Fig .  4 ) .  The 
arm i s  one p a r t  of a  system of e l e c t r i c a l  con tac t s  through which a  c i r c u i t  
i s  made when the  f l o a t  e i t h e r  r i s e s  o r  f a l l s  from t h e  n u l l  p o s i t i o n .  On t h e  
o ther  s i d e  of t h e  manometer t h e r e  i s  a  motor-driven r e s e r v o i r  pot  t h a t  moves 
up o r  down on an  i n c l i n e d  threaded s h a f t  t o  main ta in  t h e  f l o a t  i n  t h e  s t a -  
t i ona ry  pot  a t  t h e  ba lance  p o i n t .  Movement of t h e  i n c l i n e d  threaded s h a f t  
i s  t r ansmi t t ed  by gears  t o  a  d i a l  o r  t o  a  continuous recorder  o r  bo th .  
Power f o r  t h e  e l e c t r i c a l  c i r c u i t s  i s  suppl ied  by two s i x  v o l t  dry c e l l s .  

11. --Dry a i r  o r  o i l  pumped n i t rogen  under p re s su re  i s  suppl ied  
through a  p re s su re  reducer  t h a t  r e l e a s e s  t h e  gas a t  a  p re s su re  of 20  p s i  
(Fig. 3 ) .  The gas then passes  through a second p re s su re  reducing and va lve  
c o n t r o l  system t h a t  r e l e a s e s  gas through a  s i g h t  j a r  a t  a  nea r ly  cons tan t  
r a t e .  J u s t  beyond t h e  second p re s su re  reducing u n i t  t h e  gas l i n e  branches,  
and one branch l i n e  i s  connected t o  a  manometer po t .  The main gas d ischarge  
fol lows t h e  o the r  l i n e  t o  a  bubble o r i f i c e  where p re s su re  i s  t o  b e  measured. 
The gas i n  t h e  branch l i n e  i s  s tagnant  except when temperature changes o r  

+ 
displacement of f l u i d  cause minor gas flow. A second gas l i n e ,  i d e n t i c a l  
w i t 2  t h e  f i r s t ,  i s  connected t o  t h e  o the r  manometer po t  and a second o r i f i c e .  
The o r i f i c e  w i t h  t h e  sma l l e r  p re s su re  i s  connected t o  t h e  upper o r  f l o a t  p o t .  
The gas l i n e s  merely t r ansmi t  p re s su re  from o r i f i c e  t o  manometer, 

The d i f f e r e n c e  i n  e l eva t ion  of t he  water  su r f aces  i n  t h e  manometer po t s  , i s  
a  measure of t h e  d i f f e r e n c e  i n  p re s su re  heads a t  t h e  two o r i f i c e s .  I f  t h e  
manometer f l u i d  has a d e n s i t y  near  t h a t  of water  t h e  i n c l i n a t i o n  of t h e  
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FIG. 4 - NULL- BALANCE BUBBLER GAGE MANOMETER 



Sect ion  11 17 

threaded s h a f t  can be ad jus t ed  so  t h a t  movement of t h e  s h a f t  i s  i nd ica t ed  
on a  d i a l  d i r e c t l y  i n  f e e t  of water  head. 

When t h e  instrument  i s  i n  balance w i t h  the  p re s su re  d i f f e r e n c e  between 
t h e  two o r i f i c e s  no movement occurs .  I f  t h e  p re s su re  d i f f e r e n c e  inc reases ,  
t h e  f l u i d  l e v e l  i n  t h e  f l o a t  pot  manometer r i s e s ,  t h e  switch con tac t  arm 
(Fig .  4) t i l t s  t o  t h e  r i g h t  c l o s i n g  t h e  c i r c u i t  through con tac t  A ,  and the  
motor t u r n s  t h e  threaded s h a f t  t o  lower t he  r e s e r v o i r  pot  and r e - e s t a b l i s h  
a  cond i t i on  of ba lance .  I f  t h e  p re s su re  d i f f e r e n c e  had decreased,  opera t ion  
would have been i n  t h e  oppos i te  d i r e c t i o n .  The movement of t h e  threaded 
s h a f t  would i n d i c a t e  an  inc rease  of d i f f e r e n t i a l  p re s su re  i n  t h e  f i r s t  case ,  
and a  decrease  i n  t h e  second. 

It i s  p o s s i b l e  t o  d i s p l a c e  t h e  r e s e r v o i r  po t  of t h e  manometer by manual 
ope ra t ion  of t h e  motor. A f t e r  t h e  manometer has been moved from equi l ibr ium 
t h e  r e s e r v o i r  pot  of t h e  manometer moves back toward t h e  c o r r e c t  p o s i t i o n .  
A b r i e f  s tudy  showed t h a t  t h e  time involved i n  reaching  equi l ibr ium could be 
a s  much a s  1-1/2 hours bu t  was u s u a l l y  about 20 minutes.  The time was la rge-  
l y  independent of d i s t a n c e  of displacement.  

I n  t h e  nul l -ba lance  bubbler gage (Fig.  4) t he  r e s e r v o i r  po t  i s  moved t o  
maintain equi l ibr ium w i t h  the  d i f f e r e n t i a l  p re s su re .  The motion i s  stopped 
by t h e  con tac t  arm and switches which a r e  ac tua t ed  by t h e  f l u i d  l e v e l  i n  
t h e  f l o a t  p o t .  Because of l a g  t h e  movable r e s e r v o i r  po t  ove r - t r ave l s  be fo re  
t h e  f l u i d  l e v e l  c o n t r o l  s tops  motion. The manometer becomes f u r t h e r  un- 
balanced because of f l u i d  momentum. Then t h e  motion i s  reversed  by t h e  
unbalance and comes back toward equi l ibr ium but  ove r - t r ave l s  aga in .  A con- 
d i t i o n  known a s  "hunting" o f t e n  r e s u l t s  w i th  t h e  instrument  reading  swinging 
back and f o r t h  about t h e  mean va lue .  

A time de lay  c i r c u i t  may be used t o  slow down t h e  response t o  changes i n  
t h e  f l o a t  l e v e l .  When t h e  de lay  was used the  lower pot  moved back and f o r t h  
about 0.010 t o  0.030 f t ,  f r equen t ly  i n  t h e  same range over an  almost indef-  
i n i t e  per iod .  A t  t h e  end of a  movement t h e r e  would be a pause be fo re  r e -  
v e r s a l  of d i r e c t i o n .  The pause was 10 t o  15 seconds without  t h e  de lay  c i r -  
c u i t  and 1 t o  3 minutes w i th  t h e  de lay  c i r c u i t  i n  use .  Sometimes t h e  r e s e r -  
v o i r  po t  would s t o p  s h o r t  of t h e  equi l ibr ium p o s i t i o n .  I n  t h i s  ca se  i t  
might remain t h e r e  f o r  hours ,  then  c reep  t o  t h e  t r u e  p o s i t i o n  o r  a f t e r  a  
prolonged per iod  s t a r t  hunt ing  about  equi l ibr ium p o s i t i o n  w i t h  no apparent  
cause . 

The d i a l  i n d i c a t e s  t o  0.001 f t .  The sma l l e s t  graduat ion which can con- 
ce ivably  b e  read  i s  0.0001 f t  . However, t he  ind ica t ed  d i f f e r e n t i a l  p re s su re  
head between t h e  o r i f i c e s  may be r e l i a b l e  only t o  0.002 f t  because t h e  f l o a t  



does not  n e c e s s a r i l y  a c t u a t e  t h e  swi tch  f o r  v a r i a t i o n s  a s  small a s  0.001 f t  
from t r u e  p o s i t i o n .  

12.  E f f e c t  of bubble rates--The in f luence  of gas flow r a t e  on ind ica t ed  
d i f f e r e n t i a l  p re s su re  head was s tud ied  by a d j u s t i n g  t h e  va lves  on t h e  s i g h t  
j a r s  of F i g .  3  t o  vary t h e  bubble r a t e .  I f  t h e  gas flow was increased  i n  a  
gas l i n e ,  t h e r e  was an i n c r e a s e  of p re s su re  head l o s s  and hence a  change i n  
d i f f e r e n t i a l  p re s su re  head reading.  However, t h e  nul l -ba lance  bubbler  gage 
i s  no t  s e n s i t i v e  enough t o  show s i g n i f i c a n t  d i f f e r ences  un le s s  t he  bubble 
r a t e s  a r e  v a r i e d  g r e a t l y .  

13.  --The nul l -ba lance  bubbler  
gage was c a l i b r a t e d  wi th  sodium c h l o r i d e  s o l u t i o n s .  (See Sect ion 6 . )  In- 
crements of a n a l y t i c a l  reagent  sodium c h l o r i d e  were added t o  t h e  water  i n  
t h e  p l e x i g l a s  tank.  The d i s t a n c e  between o r i f i c e s  was 0.703 f t  v e r t i c a l l y  
w i t h  a  s o l u t i o n  temperature of 79' F ,  Even neg lec t ing  a  4' F temperature 
change dur ing  t h e  c e s t s ,  t h e  observed readings agreed wi th  the  computed 
r ead ings .  Three types of observa t ions  were made f o r  each increment of 
sodium c h l o r i d e  added: 

1. Sodium c h l o r i d e  was added t o  t h e  s t i l l  water and a  reading  was 
made when equi l ibr ium was reached.  

2 .  The r e s e r v o i r  o r  lower pot  was moved up o r  down about 0.004 f t  
and a  reading  was taken a t  equi l ibr ium.  

3 .  The s o l u t i o n  was mixed w i t h  t h e  instrument  power ~ f f  and then 
t h e  power was turned on and an equi l ibr ium reading was taken .  

For t h e  f i r s t  s t e p ,  equi l ibr ium was reached i n  10  t o  90 min wi th  15 - 20 
min u s u a l .  The o ther  two s t e p s  took l e s s  t ime.  I n  t h e  l a s t  s t e p ,  t h e  t ime 
t o  reach equi l ibr ium was f r equen t ly  zero.  The bubbles con t r ibu ted  t o  mixing 
of t h e  s o l u t i o n  i n  t h e  plexigbas tank .  

P a r t  of t h e  c a l i b r a t i o n  i s  shown i n  F i g .  5, which i l l u s t r a t e s  t h e  l a c k  of 
cons is tency  i n  coming t o  equi l ibr ium.  The s o l i d  l i n e  of F i g ,  5 shows t h e  
t h e o r e t i c a l  r e l a t i o n  between concen t r a t ion  i n  ppm and head i n  f e e t  of wa te r  
f o r  an  o r i f i c e  spacing of 0 ,703 f t .  The head i n  f e e t  of water i s  t h e  d i f f e r -  
ence between t h e  p re s su re  heads wi th  and without  sediment (or  w i th  and wi th-  
out d i s so lved  s o l i d s  t o  g ive  t h e  same mixture dens i ty  a s  t he  sediment) .  An 
accuracy of 3000 ppm i s  about t h e  b e s t  t h a t  could be obtained wi th  a n  o r i -  
f i c e  spac ing  of 0.703 f t ,  which i s  equiva len t  t o  an  accuracy of 2000 pprn w i t h  
an o r i f i c e  spacing of 1 .0  f t .  
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F I G . 5 - S T A T I C  C A L I B R A T I O N  O F  N U L L - B A L A N C E  B U B B L E R  G A G E  

W I T H  S O D I U M  C H L O R I D E  S O L U T I O N S  



I V .  FLOAT AND DIFFERENTIAL-TRANSFORMER BUBBLER GAGE 

14. The FDT bubbler  gage--Because t h e  nul l -ba lance  bubbler  gage was n o t  
s u f f i c i e n t l y  a c c u r a t e  f o r  determining suspended-sediment concen t r a t ions ,  a  
new type  of d i f f e r e n t i a l  p re s su re  sens ing  device,  t h e  FDT manometer, was 
designed and b u i l t  a t  t h e  S t .  Anthony F a l l s  Hydraulic Laboratory. (See 

F igs .  6 and 7 . )  

The FDT manometer i s  s i m i l a r  t o  t h a t  of t h e  nul l -ba lance  bubbler gage and 
i t  i s  connected t o  an  i d e n t i c a l  gas l i n e  system, (See F ig .  3 . )  The manom- 
e t e r  p o t s  a r e  spaced v e r t i c a l l y  so  t h a t  they ba lance  t h e  minimum water  pres -  
su re  head from t h e  o r i f i c e s  which have a  v e r t i c a l  spacing of 0.703 f t  a t  a  
temperature of 7g0 F .  The r e s e r v o i r  po t  e l eva t ion  i s  a d j u s t a b l e .  The 

manometer f l o a t  moves i n  response t o  t h e  small  p re s su re  changes between t h e  
o r i f i c e s .  The p re s su res  a t  t h e  o r i f i c e s ,  f o r  a  given spacing of o r i f i c e s ,  
a r e  a  f u n c t i o n  of s p e c i f i c  weight of l i q u i d  t o  be  measured. 

The c o r e  of a  d i f f e r e n t i a l  t ransformer i s  mounted on a  v e r t i c a l  stem s e t  
i n t o  t h e  top  of t h e  f l o a t .  The t ransformer ope ra t e s  i n  moist a i r ,  b u t  i t  i s  
no t  immersed i n  t h e  manometer f l u i d .  An e l e c t r i c a l  system l i k e  t h a t  of t he  
bellows d i f f e r e n t i a l - p r e s s u r e  gage (F ig .  1 )  i n d i c a t e s  t h e  f l o a t  movement, 
and i n d i r e c t l y  t h e  change i n  p re s su re .  

The p re sen t  FDT manometer i s  made of type  R p l e x i g l a s .  The gage f l u i d  i s  
d i s t i l l e d  wa te r .  The e f f e c t i v e  s u r f a c e  a r e a s  a r e  15.6 i n a 2  ( inc ludes  
4.9 i n e 2  f o r  f l o a t )  i n  t h e  f l o a t  po t  and 23.8 i n e 2  i n  t h e  r e s e r v o i r  p o t .  
Therefore,  t h e  f l o a t  movement i s  60.4 percent  of  t h e  change i n  water  pres -  
su re  head [23 .8  (15.6 + 23.8)] 

15. --The f l o a t  pot  was s e t  so  t h a t  t h e  co re  of 
t he  d i f f e r e n t i a l  t r a n s f  ormer was above t h e  n u l l  p o i n t  w i t h  d i s t i l l e d  water  
a t  t h e  p r e s s u r e  o r i f  i c e s .  Any inc rease  i n  d i f f e r e n t i a l - p r e s s u r e  head moved 
the  f l o a t  upward and moved t h e  co re  w i t h  r e spec t  t o  t h e  n u l l  p o s i t i o n .  The 
movement changed t h e  secondary vo l t age  i n  propor t ion  t o  t h e  displacement.  

For a  given primary vo l t age  inpu t  t o  t h e  t ransformer t h e  secondary v o l t a g e  
v a r i e s  d i r e c t l y  a s  t h e  change i n  water  p re s su re  head between t h e  o r i f i c e s ;  
d i r e c t l y  a s  t h e  r a t i o  of t h e  e f f e c t i v e  water -sur face  a rea  of t h e  r e s e r v o i r  
pot  t o  t h e  t o t a l  water -sur face  a rea  of both p o t s ;  and inve r se ly  a s  t h e  spe- 
c i f i c  g r a v i t y  of t h e  manometer f l u i d .  

Because t h e  d e n s i t y  change of t h e  manometer f l u i d  i s  r e l a t i v e l y  g r e a t e r  
than t h e  expansion of t he  manometer b racke t ,  and t h e  c o e f f i c i e n t s  of thermal 



Sect ion  15 2 1 

Wiring 
Secondary to Primary to To gas supply and 

"bubble orifices 

FIG. 6 - FDT (FLOAT, DIFFERENTIAhPTRANSFBRMER) 

BUBBLER GAGE 



Secondary wires - 

to  Voltmeter Primary wires - from oscillator 

Wax seal - air t igh t  

Linear- variable 
differential transformer 

Core on threaded 
float extension 

S P A C E  

FIG. 7 - DETAIL OF T O P  OF FLON POT O F  

F D T  BUBBLER GAGE 



Sect ion  16 7 3 

expansion of t h e  f l u i d  and of t h e  s t r u c t u r a l  ma te r i a l  of t h e  f l o a t  and 
p o t s  a r e  not  t he  same a t  a l l  temperatures ,  temperature changes cause  a  
displacement of t h e  core  r e l a t i v e  t o  t h e  t ransformer.  Also t h e  d i f f e r -  
e n t i a l  p re s su re  a t  t h e  o r i f i c e s  may be modified by unequal p r e s s u r e  
l o s s e s  i n  t he  gas l i n e s .  

The FDT bubbler gage i s  extremely s e n s i t i v e .  Therefore,  a l l  i n f luences  
on t h e  accuracy must be  evaluated a s  c a r e f u l l y  a s  poss ib l e .  A t  law gas 
flow r a t e s  and a  low s e t t i n g  on t h e  vol tmeter  s c a l e s ,  t h e  breaking of 
i nd iv idua l  bubbles a t  t h e  o r i f i c e s  v a r i e s  t h e  vol tmeter  reading  of ou tput  
c u r r e n t .  

16. --Sodium c h l o r i d e  was 
used f o r  s t a t i c  c a l i b r a t i o n  t e s t s  a s  r epo r t ed  i n  Sect ion 6.  F i r s t  an  
approximate t e s t  was made a s  a  guide. Then a  thorough ca l ib . r a t i on  was 
made of t he  response ( i n  terms of ou tput  vo l t age )  of t h e  FDT bubbler  gage 
t o  changes i n  t h e  s p e c i f i c  weight of t h e  l i q u i d  i n  t h e  p l e x i g l a s  tank.  
C a l i b r a t i o n  was a s  fol lows : 

1. Temperature i n  t h e  b u i l d i n g  was con t ro l l ed  a s  completely a s  
poss ib l e .  Throughout t h e  c a l i b r a t i o n  temperatures were ob- 
served i n  t h e  tank and ad jacen t  t o  t h e  FDT manometer p o t s .  

2 .  The equipment was s t a r t e d  96 hours before  t h e  f i r s t  a d d i t i o n  
of sodium c h l o r i d e  and many observa t ions  of equipment opera- 
t i o n  were made dur ing  t h e  i n t e r v a l .  Except a t  n i g h t ,  obser-  
va t i o n s  of opera t ion  and output  vo l t age  were nea r ly  continuous 
a s  sodium c h l o r i d e  was added. 

3 .  Bubble r a t e s  were s e t  be fo re  t h e  s t a r t  of c a l i b r a t i o n  and t h e  
v a r i a t i o n s  dur ing  t h e  t e s t  were smal l .  (See a l s o  Sec t ion  19 . )  

4 .  The e l eva t ion  of t h e  r e s e r v o i r  po t  of t h e  manometer was not  
changed immediately be fo re  o r  during t h e  c a l i b r a t i o n .  

5. With one except ion no water  d r o p l e t s  were seen i n  t h e  gas 
l i n e .  (Apparently water  i n  t h e  gas l i n e  t o  t h e  lower o r i f i c e  
changed t h e  gas flow r e s i s t a n c e  a t  one po in t  on F ig .  8 . )  

6.  A 1 1  sodium c h l o r i d e  was n e a r l y  water f r e e  when weighed i n  pre-  
determined amounts on an a n a l y t i c a l  balance.  Increments of 
sodium c h l o r i d e  were c a r e f u l l y  added t o  t h e  f l u i d  i n  t h e  
p l e x i g l a s  tank .  
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7.  Output vo l t age  readings reached equi l ibr ium i n  from 10 t o  20 
min a f t e r  an a d d i t i o n  of sodium ch lo r ide .  Af t e r  t he  readings  
became reasonably s t a b l e  an  average reading was obta ined .  

8. Gent le  s t i r r i n g  d i d  not  decrease  t h e  response time appreciably.  

F i g .  8 i l l u s t r a t e s  t h e  r e s u l t s  of t h i s  c a l i b r a t i o n  s tudy ,  Af t e r  cor -  
r e c t i n g  t h e  spec! f ic  weight of t he  water  f o r  temperature changes, t he  FDT 
gage ind ica t ed  a  dens i ty  d i f f e r e n c e  equiva len t  t o  about 25 ppm of sediment 
(assumed s p e c i f i c  g r a v i t y  of 2.65) i n  suspension per  mv of output  f o r  t h e  
o r i f i c e  spacing of 0.703 f t .  The r e l a t i o n  remains approximate ly 'cons tan t  
over a  range from -300 t o  4-300 mv. The computed movement of t h e  f l o a t  and 
c o r e  of t h e  t ransformer i s  0.000079 i n .  per  mv. 

For  an o r i f i c e  spacing of 1 f t  t h e  output  would be 1 mv f o r  17 o r  18 
ppm w i t h i n  t h e  300 mv l i m i t s .  

1 7 .  --The water  i n  
t h e  p l e x i g l a s  tank was s t i r r e d  t o  produce t r a n s i e n t  p re s su re  changes a t  
t h e  o r i f i c e s .  Soon a f t e r  s t i r r i n g  t h e  vo l t age  output  of t h e  FDT gage be- 
gan t o  f l u c t u a t e .  P o s i t i v e  and nega t ive  v a r i a t i o n s  from t h e  mean cont in-  
ued f o r  perhaps h a l f  an hour a f t e r  s t i r r i n g  stopped bu t  u l t i m a t e l y  t h e  
o r i g i n a l  s t a t i c  reading  was r e s t o r e d  approximately. The FDT gage might 
read  more c o n s i s t e n t l y  i f  a  means of damping t r a n s i e n t  p re s su re  changes 
were incorpora ted  i n  t h e  system. 

18. - - I f  l i q u i d  condenses on t h e  inne r  
w a l l s  of t h e  3/16-in.  gas l i n e s  t o  t he  o r i f i c e s ,  t h e  p re s su re  l o s s e s  i n  
t h e  l i n e s  change. A much l a r g e r  chanf.e occurs  when a water meniscus forms 
i n  t h e  gas l i n e .  

Water i n  t h e  gas l i n e s  could come from t h r e e  sources:  

1. The gas supply f o r  t h e  gas flow t o  t h e  o r i f i c e s .  

2 .  The d i s t i l l e d  water  i n  t h e  s i g h t  j a r s .  

3 .  Water t h a t  backed up from t h e  o r i f i c e s  and clung t o  t h e  i n s i d e  
of t h e  tube ,  

Several  methods have been used f o r  minimizing t h e  e f f e c t  of water  i n  
t h e  gas l i n e s .  O i l  pumped, dry  n i t rogen  and a i r  t h a t  has been d r i e d  w i t h  
s i l i c a  ge l  have been t r i e d .  A glycerine-water  mixture which has a  Lower 
vapor p re s su re  than water  was used i n s t e a d  of water  i n  t he  s i g h t  j a r s .  



The l eng th  s f  t r a v e l  of t h e  bubbles through t h e  l i q u i d  i n  t h e  s i g h t  j a r s  
was shortened.  The gas l i n e s  were t i g h t l y  connected and l a i d  on a  d ra in -  
age s lope  i n  order  t o  reduce t h e  backflow of wa te r .  A continuous flow of 
gas i s  necessary f o r  optimum opera t ion  of t h e  equipment. Rapid tempera- 
t u r e  changes promote condensat ion.  

19. E --The in f luence  of gas flow r a t e s  
on t h e  p re s su re  t r ansmi t t ed  from t h e  o r i f i c e s  t o  t h e  manometer was inves-  
t i g a t e d .  Gas flow r a t e  was measured by bubble r a t e s  i n  t h e  s i g h t  j a r s .  
Because of f r i c t i o n a l  r e s i s t a n c e  t o  gas flow t h e r e  i s  a  p re s su re  l o s s  i n  
t h e  gas l i n e s  and t h e  p re s su re  l o s s  i nc reases  a s  t h e  gas flow i n c r e a s e s .  
Also a t  very  low hubble r a t e s ,  and a t  r a t e s  s o  high t h a t  bubbles no longer  
form a t  t h e  o r i f i c e s ,  t h e  e f f e c t s  of t h e  s u r f a c e  t ens ion  i n  t h e  a i r - w a t e r  
i n t e r f a c e  v a r i e s  from t h a t  a t  moderate bubble r a t e s .  Normally t h e  pres -  
su re  l o s s e s  i n  t h e  two gas l i n e s  from t h e  o r i f i c e s  t o  t h e  manometer a r e  
kept equal by us ing  t h e  same gas flow r a t e  i n  two gas l i n e s  t h a t  a r e  iden- 
t i c a l ,  I f  t h e  l o s s e s  i n  t h e  two l i n e s  and a t  t h e  o r i f i c e s  a r e  equal ,  t h e  
d i f f e r e n t i a l  p re s su re  w i l l  be  a c c u r a t e  r ega rd l e s s  of t h e  a c t u a l  magnitude 
of t h e  l o s s e s .  

P re s su re  changes a t  the  o r i f i c e s ,  condensation of moisture i n  t h e  gas 
l i n e s ,  and condensation o r  s u r f a c e  t ens ion  e f f e c t s  i n  the manometer may 
upset  t h e  manometer equi l ibr ium,  u s u a l l y  f o r  10 t o  30 minutes,  bu t  some- 
times f o r  much longer .  Meanwhile temporary and minor changes i n  gas flow 
r a t e s  occur a s  gas i s  d i v e r t e d  from one l i n e  o r  manometer pot  t o  t h e  o the r .  
The v a r i a t i o n  i n  p re s su re  l o s s  from t h e  change i n  gas flow r a t e  would be  
very small i n  r e l a t i o n  t o  t h e  p re s su re  d i f f e r e n c e  t h a t  caused the  change 
i n  flow r a t e .  

A s e r i e s  of gas flow r a t e  t e s t s  were made i n  which t h e  flow r a t e  i n  one 
l i n e  was va r i ed  a t  t he  s i g h t  j a r  wh i l e  t he  o t h e r  was kept  cons t an t ,  As 
the  v a r i a b l e  flow r a t e  increased  from near  zero,  an inc reas ing  p re s su re  
l o s s  and a  c o n s i s t e n t  movement of t h e  f l o a t  of FDT manometer were expected. 
Some of t h e  o v e r a l l  t r ends  v e r i f i e d  these  expec ta t ions ,  bu t  t h e r e  was a  
cons iderable  s c a t t e r  and dev ia t ion  of t e s t  po in t s .  

TQe bubble r a t e s  i n  t h e  s i g h t  j a r  i n d i c a t e  t h a t  t h e  gas flow r a t e s  vary 
s l i g h t l y  w i t h  t ime and temperature.  However, any e r r o r s  i n  FDT gage read- 
ings from changes i n  flow r a t e s  would be minor. 

20.  --The e f f e c t s  of minor temperature 
v a r i a t i o n s  were eva lua ted  and used t o  c o r r e c t  t h e  c a l i b r a t i o n  of t h e  FDT 
manometer. The computations may be expanded t o  cover wider ranges of tem- 
pe ra tu re .  



Temperature a f f e c t s  t h e  p re s su re  a t  the  o r i f i c e s  i n  t he  p l e x i g l a s  tank 
o r  i n  o the r  types of con ta ine r  a s  fo l lows:  (1) The dens i ty  of t he  f l u i d  
o r  f l u i d  mixture v a r i e s  w i t h  temperature,  and f o r  water  o r  s a l t  s o l u t i o n s  
the  change i n  dens i ty  can be obtained from t a b l e s  o r  i t  can be computed. 
(2) The ma te r i a l  of t h e  con ta ine r  w a l l s  expands o r  c o n t r a c t s  w i t h  tempera- 
t u r e ,  and f o r  p l ex ig l a s  and some o the r  m a t e r i a l s  i t  expands wi th  an  in -  
c r e a s e  i n  water  conten t  w i t h i n  the  m a t e r i a l .  The water  conten t  v a r i e s  
w i t h  temperature and r e l a t i v e  humidity bu t  may l a g  such changes by seve ra l  
days.  No c o r r e c t i o n  has been made f o r  expansion of t h e  p l ex ig l a s  w a l l s  of 
t h e  tank  due t o  water  con ten t .  Because t h e  p l e x i g l a s  length  extends from 
o r i f i c e  t o  o r i f i c e  and because tank  temperature t e s t s  were continued over 
s eve ra l  days t h e  e f f e c t  of water  absorp t ion  i s  not  n e c e s s a r i l y  smal l .  

The manometer was designed s o  t h a t  t h e  e f f e c t  of thermal expansion i n  
r a i s i n g  o r  lowering the  f l u i d  l e v e l  i n  t he  manometer i s  counteracted by an  
equiva len t  lowering o r  r a i s i n g  of t h e  f l o a t  i n  t he  f l u i d .  The two may be 
temporar i ly  unequal when temperature l a g  between the  upper and lower pots 
o r  between t h e  p l e x i g l a s  and t h e  water  becomes s i g n i f i c a n t  because of rap-  
i d l y  changing ambient temperature.  Correc t ions  f o r  t h e  changes i n  p l ex i -  
g l a s  dimensions w i t h  t h e  change i n  water  conten t  were not made f o r  t h e  
manometer. Because t h e  lengths  of p l e x i g l a s  were s h o r t  i n  r e l a t i o n  t o  t h e  
wate-r column and t h e  t e s t s  were of s h o r t  du ra t ion ,  t he  e f f e c t s  of water  
abso rp t ion  would be very  minor. 

I f  t h e  temperature change i s  assumed t o  be very  s low, the  change i n  
v o l t a g e  output  of t h e  FDT gage can be computed f o r  temperature v a r i a t i o n s  
i n  e i t h e r  t h e  manometer o r  t h e  tank ,  I n  t he  examples t h a t  follow t h e  
manometer f l u i d  i s  wa te r .  

With a  s t a b l e  condi t ion  output  v o l t a g e  of 12 mv a t  64' tank temperature 
a s  t h e  s t a r t i n g  p o i n t ,  t h e  output  vo l t age  was computed f o r  o the r  tank tem- 
p e r a t u r e s .  (See F i g .  9 . )  The tank  temperature was assumed t o  be t h e  same 
throughout bo th  f l u i d  and con ta ine r ;  t h e  manometer temperature was assumed 
t o  be cons tan t  a t  70°'F; and t h e  o r i f i c e  spacing was 0.703 f t ,  A sample 
computation fol lows : 

The r e l a t i v e  d e n s i t y  of t he  water  drops from 0.99866 a t  64O F t o  
0.99800 a t  70' F and t o  0.99748 a t  74' F,  and the  c o e f f i c i e n t  of thermal 
expansion of t h e  p l e x i g l a s  tank i s  0.000040 i n  i n . / i n .  per  degree F .  I n  
t h e  temperature range of 64" - 74O F t h e  change i n  p re s su re  head between 
t h e  two o r i f i c e s  i n  f e e t  of water  a t  90' F i s  t he re fo re :  

- r0'99866 - 0'99748 - 10 x 0.000041 0.703 - 0.0005497 f t .  
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From Sect ions  14 and 16 the  f l o a t  movement i s  60.4% of a  p re s su re  head 
change and 0.000079 i n .  of f l o a t  movement = 1 mv of output .  Therefore,  
t h e  change i n  vo l t age  output  from 64' t o  70° F would be: 

- 0.0005497 
0.604 x  12 = -50.4 mv. 
0.000079 

The output  reading  of 12 mv a t  a  tank temperature of 64' F would become 
12 - 50.4 o r  -38.4 mv a t  74' F. 

Computations of the  change of output  vo l t age  wi th  changes i n  manometer 
temperature were made and the r e l a t i o n  was p l o t t e d  i n  F ig .  10. ( S t a r t i n g  

0 
po in t  was -102 mv a t  70 F manometer temperature.)  The p re s su re  t o  t h e  
manometer was assumed cons tan t  w i th  an  o r i f i c e  spacing of 0.703 f t  and a  
water  d e n s i t y  of 0.99748. Temperature was assumed t h e  same throughout a l l  
p a r t s  of t he  manometer. The bracke t  which suppor ts  t h e  two po t s  was com- 
posed of about 7 .9 i n .  of b r a s s  and 0.5 i n .  of p l e x i g l a s  (between water  
s u r f a c e s ) .  Coe f f i c i en t s  of expansion of b ra s s  and p l e x i g l a s  a r e  about 
0.0000106 and 0.0000395 i n . / i n .  per  degree F .  

I f  t h e  manometer temperature f a l l s  from 70' t o  64' F t he  change i n  
p re s su re  head i n  inches of water  i s  : 

= - 0.004964 inches change i n  head. 

.604 - 0.004964 x  = -38.00 mv change i n  output  vo l t age  from -102 mv 
'000079 a t  70' F  t o  -140 mv a t  64' F. 

A s tudy of thermal expansion shows t h a t :  (1) The manometer b racke t  
could be designed s o  t h a t  over a  moderate range i n  manometer temperature 
t h e  only change i n  output  reading would be  f o r  t h e  change i n  dens i ty  of 
t he  water  (or  o the r  manometer f l u i d )  ; ( 2 )  i f  t h e  m a t e r i a l  of t h e  manometer 
bracke t  (from manometer f l u i d  su r f ace  i n  the  lower pot  t o  t h a t  i n  the  
upper po t )  i s  she same a s  t h a t  of t h e  wa l l  i n  which t h e  o r i f i c e s  a r e  
mounted, any temperature change t h a t  a f f e c t s  t h e  whole system ( t h a t  i s ,  
manometer, b r a c k e t ,  o r i f i c e  p l a t e ,  l i q u i d  be ing  measured, and manometer 
l i q u i d )  w i l l  no t  a l t e r  t h e  vo l t age  ou tpu t ;  and (3) temperature e f f e c t s  i n  
t h e  present  system a r e  r e l a t i v e l y  l a r g e  because expansion a p p l i e s  over a  
water  column t h a t  i s  long i n  r e l a t i o n  t o  t he  d i f f e r e n t i a l  p re s su re  t h a t  i s  
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measured. For o t h e r  u ses ,  i . e . ,  measuring a  water  su r f ace  s lope ,  i t  would 
be  p o s s i b l e  t o  p l ace  t h e  two o r s f i c e s  (and t h e  two manometer po t s )  a t  ap- 
proximately t h e  same e l eva t ion  and e l i m i n a t e  most of t h e  e f f e c t s  of thermal 
expansion. 

21. --During t h e  
per iod  February 21 t o  March 1, 1959 a  s e r i e s  of readings  of tank tempera- 
t u r e  and output  vo l t age  of t h e  PDT gage were made. D i s t i l l e d  water  was 
t h e  f l u i d  i n  both  tank and manometer. The temperature of t h e  manometer 
was he ld  a s  n e a r l y  cons tan t  a t  70' F  a s  p o s s i b l e  and when minor dev ia t ions  
occurred t h e  output  vo l t age  was co r r ec t ed  us ing  c o r r e c t i o n s  of about 7 mv 
per  degree, a s  shown i n  F i g .  10, f o r  dev ia t ions  from 70' F. 

The o r i f i c e  spacing i n  t h e  p l e x i g l a s  tank was 0.703 f t  a t  79' F  and t h e  
water  was 1 .9  t o  2.8 f t  deep i n  t h e  tank.  The p l e x i g l a s  tank was placed 
i n  a  box and surrounded by 3  i n .  of ve rmicu l i t e  f o r  temperature i n s u l a t i o n .  
Water was removed from t h e  tank and d i s t i l l e d - w a t e r  i c e ,  cold d i s t i l l e d  
water ,  o r  ho t  d i s t i l l e d  water  was added a s  needed t o  vary  t h e  tank  temper- 
a t u r e .  The tank  temperature was measured above t h e  top o r i f i c e ,  below t h e  
bottom o r i f i c e ,  and sometimes a t  t he  middle i f  an a d d i t i o n a l  reading  seem- 
ed necessary ,  

I n  F ig .  9 ,  t h e  f i r s t  readings  f o r  each day were those  found a f t e r  t he  
equipment had been undisturbed overn ight .  So l id  l i n e s  connect readings  
under adjustment  from t h e  a d d i t i o n  of ho t  o r  co ld  d i s t i l l e d  water  o r  
d i s t i l l e d - w a t e r  i c e .  Dotted l i n e s  i n d i c a t e  t h e  e f f e c t  of ambient tempera- 
t u r e  only .  Numerals and arrowheads i n d i c a t e  t ime i n  minutes between read- 
ings  and t h e  d i r e c t i o n  i n  which time i s  changing. 

I n  general. t h e  da ta  s u b s t a n t i a t e  t h e  computed curve.  Changes from 
reading  t o  reading  gene ra l ly  p l o t t e d  p a r a l l e l  t o  t h e  curve except f o r  l a g  
when t h e  tank temperature va r i ed  r a p i d l y .  Data of February 21, 24, 25, 
28, and March 1 c l e a r l y  show t h e  l a g  i n  output  vo l t age  when tank tempera- 
t u r e  was changing r a p i d l y .  Although t h e r e  may be de lays  i n  temperature 
adjustment  of t h e  tank f l u i d  and w a l l s  t h e  e f f e c t s  of such de lays  a r e  r e l -  
a t i v e l y  smal l .    he main de lay  i s  i n  t h e  manometer response which i s  slow 
because of t h e  small  s i z e  of t h e  tube connect ing the  two manometer p o t s .  
The tube could be  made l a r g e r  t o  has ten  t h e  response t o  p re s su re  changes. 

I f  t he  l a g  i n  v o l t a g e  response i s  d i s regarded  some of t h e  more general  
r e l a t i o n s  of temperature and vo l t age  output  can be seen.  Data f o r  
February 21 and p a r t  of February 22 seem t o  fol low t h e  computed curve 
seasonably w e l l .  (The morning reading  on February 22 i s  probably high be- 
cause t h e  room temperature was r i s i n g  r ap id ly  and t h e  manometer c o r r e c t i o n  



may n o t  be  a c c u r a t e . )  When t h e  tank was cooled below t h e  maximum d e n s i t y  
poin t  of 39' F  t h e r e  was some tendency f o r  t h e  top  of t he  tank t o  be cool-  
e r  than t h e  bottom. Probably some mois ture  condensed i n  the  top gas l i n e  
where i t  passed through the  i n s u l a t e d  a rea  near  the  tank and gave low out-  
put r ead ings .  Overnight, and on February 23, t h e  temperature i n  t h e  tank  
became more uniform. Ear ly  on February 23 t h e  output  readings began t o  
r i s e  r a p i d l y  and in spec t ion  showed t h a t  water  had condensed i n  both gas 
l i n e s  b u t  t h e r e  was more i n  t h e  lower one. The tank temperature was 
r a i s e d  and most of t h e  water  i n  t he  gas l i n e s  disappeared.  Following a  
per iod of adjustment on February 23 t h e  output  readings  p l o t  below, bu t  
p a r a l l e l  t o ,  the  computed curve.  

The r ap id  changes i n  temperature on Feb. 25 developed a  loop of ou tput  
l a g ,  (See F ig .  9  .) Above a  tank temperature of 5O0 P i t  i s  normal f o r  
t he  output  vo l tage  t o  decrease  a s  t h e  tank temperature i nc reases .  On 
Peb. 25  t h e  decrease was slower than t h e  computed va lue  a s  t h e  tank tem- 
p e r a t u r e  r o s e  r a p i d l y  from $3' t o  112' F .  However, t h e  output  v o l t a g e  
~ ~ n t i n u e d  t o  decrease a s  t h e  tank temperature s t a r t e d  t o  f a l l ,  which 
shows t h a t  normal equi l ibr ium between tank  temperature and output  v o l t a g e  
had no t  been reached.  A t  100' P t h e  tank temperature was decreas ing  more 
r a p i d l y  than the  output  vo l t age  could inc rease ,  bu t  a t  98' and 97' F  t h e  
r a t e  of  decrease i n  temperature became smal le r  and t h e  r e l a t i o n  between 
tank temperature and output  vo l t age  aga in  approached t h e  computed r a t e  of 
change. There may have been a  slow change i n  t h e  water conten t  of t h e  
p l e x i g l a s  i n  t h e  tank w a l l .  As temperatures  i n s i d e  t h e  tank i n s u l a t i o n  
rose  t h e  r e l a t i v e  humidity on t h e  o u t s i d e  of t he  tank wal l  decreased and 
a s  temperatures  f e l l  t h e  process  was reversed .  The magnitude of t h e  
change and t h e  degree of l a g  a r e  gene ra l ly  reasonable f o r  such an  e f -  
f e c t ,  [ I Q 1  However, t h e  da ta  i n d i c a t e  some unexplained d i scon t  i n u i t y  f o r  
t he  per iod  when tank temperatures were below 40' P .  

22. - - In 
Apr i l  1959 the  appara tus  descr ibed  i n  t h e  preceding sec t ion  was moved t o  

o  
an un insu la t ed  a t t i c  where temperatures v a r i e d  widely (45" t o  117 F) . 
Although o the r  ope ra t ing  c h a r a c t e r i s t i c s  of t h e  FBT gage were noted dur ing  
these  temperature v a r i a t i o n  t e s t s  (Sec t ion  23) ,  t h e  main s tudy was of t h e  
e f f e c t s  of v a r i a t i o n s  i n  manometer temperature on output  vo l t age ,  Because 
t h e  tank  was heav i ly  i n s u l a t e d  and because of t h e  volume of p l e x i g l a s  and 
water  t h e  tank temperature va r i ed  r e l a t i v e l y  s lowly.  The manometer was 
l i g h t l y  i n s u l a t e d  bu t  i t s  temperature va r i ed  much more r a p i d l y ,  

A median tank temperature was chosen f o r  each s e t  of t e s t s .  Correc- 
t i o n s  t o  output  vo l tages  of t h e  manometer were made f o r  dev ia t ions  from 
the  median, Correct ions per  degree F  were taken from P i g .  9 ,  i . e . ,  about  
7  mv a t  88" P and 5 mv a t  70" P o  
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"MAnometer" temperatures  were taken a t  var ious  p o i n t s .  For some s e r i e s  
of t e s t s  t h e  room temperature was taken;  f o r  some s e r i e s  temperature was 
taken next  t o  t h e  manometer b racke t ;  and f o r  a l l  s e r i e s  temperatures  were 
taken a t  t h e  o u t s i d e  su r f ace  of t h e  manometer p o t s ,  

Af t e r  t he  output  vo l t ages  had been cor rec ted  f o r  v a r i a t i o n s  i n  tank 
temperature t h e  June  19, 1959 da ta  f o r  t h e  r e l a t i o n  of room temperature 
(ou t s ide  t h e  i n s u l a t i o n )  t o  t h e  vo l t age  output  was p l o t t e d  an F i g .  10. 
The approximate r e l a t i o n  of time s f  day t o  readings i s  shown. A t y p i c a l  
l a g  loop was obtained and the  l a g  was l a r g e  because t h e  manometer wa,s i n -  
s u l a t e d ,  Room temperatures f l u c t u a t e d  r a p i d l y  dur ing  p a r t  of t he  a f t e r -  
noon. 

The data  of June 19, 1959 were a l s o  p l o t t e d  a g a i n s t  t h e  temperature of 
t h e  f l o a t  pot of t h e  manometer. Rising teanprekures  were ind ica t ed  by an 
' I ~ ~ I  and f a l l i n g  temperatures by a  "+", The e f f e c t  sf thermal expansion i s  

mainly i n  t h e  water  column i n  t h e  small  tube connecting t h e  manometer po t s ,  
The temperature of t h e  po t s  i s  r e l a t i v e l y  i n s i g n i f i c a n t ,  Because no tem- 
p e r a t u r e  was taken near  t he  tube t h e  b e s t  approximation i s  t h a t  a t  t h e  
f l o a t  pot  a t  t he  top of t h e  tube.  I n  t h e  e a r l y  morning, vo l t ages  were 
lower than f o r  t h e  computed curve but  they increased  r a p i d l y  and i n  t h e  
a f te rhoon they were h igher  than t h e  curve.  The v o l t a g e  response appeared 
t o  lead  the  temperature.  Actua l ly  t h e  f l o a t - p o t  temperature lagged t h e  
room temperature by an amount g r e a t e r  than t h a t  by which the  manometer 
lagged t h e  room temperature.  Although t h e  room temperature receded from 
t h e  peak and t h e  f l o a t - p o t  temperature and vo l t age  output  a l s o  s t a r t e d  
downward, t he  vo l t age  readings  d i d  no t  c ros s  t h e  computed curve ,  The max- 
imum room temperature was about 109' F a t  l : 30  pm; t h e  maximum "e f f ec t ive"  

o manometer temperature was about 101 F a t  5:30 gm; t h e  maximum f l o a t - p o t  
temperature was probably about 96' F sometime between 5 and 7 pm (because 
t h e  f l o a t  po t  temperature may be a t  a  po in t  on a  temperature g rad ien t  it 

o 
could s t a r t  t o  f a l l  s l i g h t l y  be fo re  t he  room temperature dropped t o  96 
I f  t h e  s se f f ec%ive f r  manometer temperature i s  def ined a s  t h e  manometer tem- 
p e r a t u r e  t h a t  would giGe t h e  vo l t age  outpvt  under s teady  temperature con- 
d i t i o n s ,  t h e  e f f e c t i v e  temperature w i l l  f a l l  more r a p i d l y  from 101' F then 
t h e  f l o a t - p o t  temperature f a l l s  from 9fjQ F and the  two w i l l  be  equal a t  
perhaps 10 pm. S i m i l a r l y  t h e  e a r l y  morning vol tages  p l o t t e d  low because 
t h e  e f f e c t i v e  temperature,  a l though r i s i n g  f a s t e r ,  was s t i l l  below t h e  
f l oa t -po t  t emgeracure, 

The observed temperatures i n  degrees F va r i ed  a s  fol lows on June 19 ,  
l959: room 76 t o  169, f l o a t - p o t  67 t o  96, tank 74 to 80. 

The t e s t  da ta  shew t h e  genera l  co r r ec tnes s  of t h e  computed curve sf 



Fig .  10. The da ta  i s  c o n s i s t e n t  b u t  because the  e f f e c t i v e  temperature was 
not b e t t e r  determined the  t e s t  r e l a t i o n  of temperature and output v o l t a g e  
i s  r a t h e r  i n d i r e c t .  

23 .  Other c h a r a c t e r i s t i c s  of FDT b --Variable  amounts of t h e  
manometer f l u i d  condensed on .the top s u r f a c e  of t h e  manometer po ts  when 
the  p l e x i g l a s  su r f aces  cooled more r a p i d l y  than t h e  water .  During t h e  
t e s t s  t h e  condensation was somewhat d i f f i c u l t  t o  observe without  d i s t u r b -  
ing t h e  i .nsulat ion about t h e  manometer. With water  a s  t h e  manometer f l u i d  
minor e r r o r s  of FDT gage reading a r e  t o  be expected when t h e  temperatures 
a r e  changing a t  t h e  manometer. 

The FDT gage and o the r  equipment were mounted on an  uns t ab le  f l o o r ,  On 
success ive  days ( l a t t e r  p a r t  of June)  uneven s e t t l i n g  changed t h e  v e r t i c a l  
alignment of t he  manometer and readings  lagged, because of added f r i c t i o n  
on t h e  f l o a t  stem. (The f l o a t  po t  must be bevel f o r  smooth opera t ion  and 
maximum accuracy.  ) 

Surface  tens ion  o f t en  caused e r r o r s  when a t tempts  were made t o  measure 
very small  d i f f e r e n t i a l  p re s su re s .  Trans ien t  e r r o r s  from su r face  t ens ion  
were a l s o  caused by l a g  i n  we t t i ng  of su r f aces  i n  t h e  manmeter .  

Prolonged h igh  temperatures a f f e c t  t he  d i f f e r e n t i a l  t ransformer and such 
instruments  a s  t h e  audio o s c i l b a t o r  and vol tmeter  used i n  t h e  FDT gage. 
Minor v a r i a t i o n s  i n  t h e  primary vo l t ages  t o  t h e  t ransformer a l s o  caused 
e r r o r s .  (See Sec t ion  29 . )  The p r o p e r t i e s  of t h e  p l e x i g l a s  in t roduce  ad- 
d i t i o n a l  e r r o r s  when t h e  temperatrzre v a r i e s ,  P l e x i g l a s  can,expand o r  con- 
t r a c t  a s  i t  ga ins  o r  l o s e s  water  because of a  mois ture  g rad ien t .  I n  addi -  
t i o n ,  w i t h  a  humidity o r  temperature g rad ien t  ac ros s  a  p l ex ig l a s  pane l ,  
bowing can t ake  p l ace  s o  t h a t  t h e  geometry of t h e  manmeter  p a r t s  i s  
changed. 
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V.  BEHAVIOR OF DIFFERENTIAL-PRESSURE GAGES 
MEASURING PRESSURES I N  FLOWING WATER 

24. Bellows d i f f  - -After  c a l i b r a t i o n  under s t a t i c  
condi t ions  the  bellows was l l s o  connected by way of -3-way stopcocks t o  
p r e s s u r e  taps  i n  t h e  s i d e  of a  con t r ac t ed  s e c t i o n  of a  12-in.  r e c i r c u l a t -  
i ng  flume. F ine  sand was on t h e  flume bed. A number of t e s t s  were made 
by vary ing  v e r t i c a l  and h o r i z o n t a l  t a p  spacings,  speed and geometry of t h e  
flow, and bed cond i t i ons .  I n  almost a l l  cases  t h e  p re s su re  d i f f e r e n c e s  
from o the r  causes were g r e a t e r  than those  caused by a  change of sediment 
concen t r a t ion .  I f  one of t he  water  columns was disconnected from t h e  
flume and exposed t o  t h e  atmosphere, t h e  o the r  t a p  t r ansmi t t ed  p re s su re  
changes caused by changes i n  water  e l eva t ion .  

Sand waves on t h e  bottom, su r f ace  waves, o r  an  obs t ruc t ion  on e i t h e r  
s u r f a c e  o r  bottom a f f e c t e d  t h e  p re s su re  a t  t h e  p re s su re  t a p s .  P re s su re  
e f f e c t s  v a r i e d  wi th  v e l o c i t y ,  s i z e  of obs t ruc t ion ,  and d i s t a n c e  from ob- 
s t r u c t i o n  t o  p re s su re  t a p .  The bellows r eac t ed  quickly t o  l a r g e  p re s su re  
changes, bu t  t he  i n i t i a l  r e a c t i o n  was only approximate. 

When t h e  connections were switched from t h e  flume t aps  t o  t h e  p l e x i g l a s  
t ank  t aps ,  t h e  output  v o l t a g e  readings were not  cons i s t en t  w i t h i n  5 t o  10 
mv. With a  t a p  spac ing  s f  0 - 5  f t ,  10 mv represented  a  p re s su re  equal  t o  
about  6000 ppm of sediment,  which was f a r  more than t h e  sediment concen- 
t r a t i o n  i n  t h e  flume. 

Over a  d i s t a n c e  of 5 f t  i n  t he  uniformly cont rac ted  s e c t i o n  a  horizon- 
t a l  s e r i e s  of 5 p re s su re  t aps  was i n s t a l l e d .  A second h o r i z o n t a l  s e r i e s  
was i n s t a l l e d  5 i n .  lower w i t h  t aps  v e r t i c a l l y  a l igned  w i t h  those  of t h e  
upper s e r i e s .  A l l  5 of t h e  lower t a p s  were connected through a  manifold 
t o  t h e  bellows and a l l  5 of t h e  upper t a p s  were connected through another  
manifold t o  t h e  ou te r  chamber around t h e  bel lows.  The v e l o c i t y  i n  t h e  
flume was l , 9  f t / s e c ,  As sand dunes o r  water -sur face  waves passed i n d i -  
v idua l  t aps  o r  i f  a  l a r g e  obs t ruc t ion  was placed near  one of t h e  t a p s ,  t h e  
in f luence  of t r a n s i e n t  p re s su re  f l u c t u a t i o n s  was much l e s s  than f o r  a  
s i n g l e  t ap  a t  each e l eva t ion ,  because t h e  ind ica t ed  p re s su re  was a n  aver -  
age  over 5 po in t s  a long  t h e  flume, Over a  per iod  of 4  t o  5 hours output  
v o l t a g e  readings va r i ed  widely b u t  an average of t h e  readings over  t h a t  
t ime compared t o  readings a t  t h e  beginning when ma te r i a l  was n o t  i n  sus-  
pension showed t h e  approximate reading  f o r  t he  p a r t i c u l a r  sediment concen- 
t r a t i o n ,  

25 .  --The nul l -ba lance  bubbler gage was a l s o  
connected t o  t h e  r e c i r c u l a t i n g  flume, The sediment conten t  was n e g l i g i b l e  



throughout t hese  t e s t s .  As i n  o the r  s i t u a t i o n s  t h e  nul l -ba lance  bubbler 
gage r equ i r ed  an excess amount of t ime (usua l ly  about 20 minutes,  occa- 
s i o n a l l y  i n  excess of one hour) t o  come t o  equi l ibr ium a f t e r  a  change of 
d i f f e r e n t i a l  p re s su re  between t a p s .  

Under s t a t i c  conditiorls t h e  nul l -ba lance  bubbler gage i s  accu ra t e  t o  
0.002 f t  of water  head. A v e l o c i t y  s f  about 2  ft per  second through t h e  
cont rac ted  s e c t i o n  gave n m  equi l ibr ium readings  up t o  0.005 f t  d i f f e r e n t  
from those  i n  s t i l l  wa te r .  

When obs t ruc t ions  2  t o  4 inches h igh  were placed i n  flume flow 1 f t  
deep ( t a p  spacing 8 i n . )  t h e  readings v a r i e d  no more than 8.005 f t  from 
s t a t i c  cond i t i ons .  I f  t h e  turbulence was made more uniform and i s o t r o p i c  
by p l ac ing  l / 2  t o  l i n ,  mesh screens  upstream from t h e  taps  t h e  p re s su re  
d i f f e r e n c e  between the  t aps  approached t h a t  f o r  s t i l l  wa te r .  

I n  an  extreme s i t u a t i o n  i n  which a  metal block 2  i n .  high and 4 i n .  
long was placed d i r e c t l y  under t h e  low p res su re  t a p  t h e r e  was a  reduct ion  
of 0.02 f t  of d i f f e r e n t i a l - p r e s s u r e  head a t  a  v e l o c i t y  of about 1 .9  f t  per  
sec and a t o t a l  flow depth of l f t ,  As t h e  v e l o c i t y  was reduced the  pres -  
su re  d i f f e r e n c e  quickly approached t h a t  f o r  s t i  11 wa te r ,  

Compared w i t h  t h e  bellows gage t h e  nul l -ba lance  bubbler  gage r eac t ed  
more r a p i d l y  but  took longer  t o  reach equi l ibr ium a f t e r  a  p re s su re  change, 
Because t h e  nul l -ba lance  gage t akes  a long time t o  reach equi l ibr ium i t  
does no t  a c c u r a t e l y  show p r e s s m e  changes i n  flowing wa te r ,  

26. --The PDT gage was no t  t e s t e d  wi th  flowing wa te r .  
It was thought t h a t  t h e  r e a c t i o n  of t h i s  gage t o  t r a n s i e n t  p re s su re  v a r i a -  
t i o n s  would be analogous t o  t h a t  of t h e  o the r  d i f f e r e n t i a l - p r e s s u r e  gages.  
(See Sec t ion  19 . )  
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VI, CONCLUSIONS AND RECOWNDATIONS 

27, Evaluations--At p re sen t  t h e  d i f f e r e n t i a l - p r e s s u r e  gages descr ibed  
i n  t h i s  r e p o r t  do n o t  appear t o  be  adap tab le  t o  measuring suspended s e d i -  
ment i n  s t reams,  They may be usab le  f o r  determining sediment codcentra-  
t i o n  and s i z e  d i s t r i b u t i o n  under l abo ra to ry  condi t ions  t h a t  a r e  c a r e f u l l y  
c o n t r o l l e d .  The d i f f e r e n t i a l - p r e s s u r e  nul l -ba lance  bubbler gage was de- 
veloped t o  determine s t ream s lopes .  I t s  accuracy i s  probably adequate  f o r  
such de termina t ions ,  

Bubbler gages somewhat s i m i l a r  t o  t h e  d i f f e r e n t i a l - p r e s s u r e  nu l l -ba l ance  
gages a r e  widely used f o r  determining water  su r f ace  e l e v a t i o n s .  

To determine sediment concent ra t ions  i n  moving water  d f f f e r e n t i a l -  
p r e s s u r e  t ransducers  would have t o  determine very accu ra t e  average p re s -  
s u r e  d i f f e r ences  between two e l eva t ions  i n  the  moving wa te r ,  Spec ia l  and 
t r a n s i e n t  v a r i a t i o n s  of pressures  from turbulence ,  bed roughness and s u r -  
f a c e  i r r e g u l a r i t i e s  would have t o  be damped out  o r  compensated, For meas- 
u r i n g  suspended sediments i n  e i t h e r  moving o r  s t a t i o n a r y  l i q u i d  t h e  r e -  
sponse time of t he  p re s su re  t ransducers  should be reduced. An impr~vement  
i n  t h e  s t a b i l i t y  and cons is tency  of d i f f e r e n t i a l - p r e s s u r e  t ransducer  read-  
i ngs  would be d e s i r a b l e ,  e s p e c i a l l y  f o r  t h e  bellows d i f f e r e n t i a l - p r e s s u r e  
gage. Fur ther  i n v e s t i g a t i o n  of p o s s i b l e  adap ta t ion  t o  t h e  determina t i s n  
of smal l  p re s su re  d i f f e r e n c e s  i n  the l abo ra to ry  i s  recommended t o  t hose  
who might have t h e  need f o r  such an  ins t rument .  

2 8 .  - -Several  s p e c i f i c  modi f ica t ions  i n  
t h e  p r e s s u r e - d i f f e r e n t i a l  gages might improve t h e  equipment. 

A ,  General 

1, I n  flowing water  t h e  average d i f f e r e n t i a l  p re s su re  between 
two e l eva t ions  i s  d i f f i c u l t  t o  determine,  Pressures  be- 
tween s i n g l e  t aps  vary r a p i d l y .  F ive  in te r -connected  t a p s ,  
h o r i z o n t a l l y  d i s t r i b u t e d ,  a t  each e l eva t ion  gave b e t t e r  
average readings ,  Perhaps a  narrow hor i zon ta l  s t r i p  of 
porous ma te r i a l  a t  each e l eva t ion  would average and damp 
out  t h e  v a r i a b l e  p re s su re s  t o  even b e t t e r  advantage.  

2 .  Ma te r i a l s  f o r  d i f f e r e n t i a l - p r e s s u r e  t ransducers  should be 
s e l e c t e d  and the  p a r t s  designed t o  minimize temperature 
and humidity e f f e c t s ,  The reduct ion  of temperature and 
humidity ef f e c t s  i s  probably the  g r e a t e s t  oppor tuni ty  f o r  
improving t h e  accuracy of t h e  p re s su re  t r ansduce r s .  
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B .  Bellows d i f f  e r e n t i a l - p r e s s u r e  gage 

1. The water-proofing of t h e  t ransformer was not  e n t i r e l y  s a t -  
i s f a c t o r y  and should be improved i f  p o s s i b l e .  

2 .  A g e n t l e  high frequency v i b r a t i o n  might be app l i ed  t o  t he  
d i f f e r e n t i a l - p r e s s u r e  bellows and/or  t ransformer t o  elim- 
i n a t e  mechanical h y s t e r e s i s .  This  could be done, f o r  ex- 
ample, by a t t a c h i n g  a  small  motor w i t h  an  eccen t r i c  s h a f t  
t o  a water  ba th  tank  surrounding t h e  be l lows . [20]  

C .  Null-balance bubbler  gage 

1. Refinements i n  t h e  swi tch  and i n  t h e  record ing  mechanism 
could be made t o  improve t h e  accuracy somewhat. 

D ,  FDT bubbler  gage 

Because t h e  FDT gage i s  i nhe ren t ly  more s e n s i t i v e  than the  
o t h e r s  g r e a t e r  refinement i n  cons t ruc t ion  and opera t ion  i s  
r equ i r ed  t o  ob ta in  optimum r e s u l t s .  

1. The u s e  of a  dry  gas i s  e s s e n t i a l  t o  avoid condensation 
d i f f i c u l t i e s .  When t h e  f l u i d  i n  t h e  s i g h t  j a r s  and 
manometer has a  low vapor p re s su re  condensation i n  t h e  
gas l i n e s  i s  reduced. 

2. I f  manometer po t s  l a r g e r  than those  t e s t e d  were used some 
s u r f a c e  t ens ion  e f f e c t s  might be avoided.  

3 .  A l a r g e r  tube  connect ing t h e  manometer po ts  would speed up 
t h e  r e a c t i o n  t o  p re s su re  changes. 

4.  F r i c t i o n a l  r e s i s t a n c e  t o  movement i n  t h e  f l o a t  stem should 
be reduced i f  p o s s i b l e .  

5. B e t t e r  c o n t r o l  of gas flow r a t e s  would he lp  avoid some 
minor e r r o r s ,  

6 .  Regardless  of p o s s i b l e  improvements i n  t h e  FBT gage system, 
precaut ions  a r e  necessary  i f  h igh  accuracy i s  t o  be  ob- 
t a i n e d :  The t ransformer and e l e c t r i c a l  system must be 
water-proofed and maintained i n  top  condi t ion ;  gas l eaks  
must be  avoided;  and t h e  temperature of t h e  manometer and 
e l e c t r i c a l  system must be he ld  f a i r l y  cons t an t ,  
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V I I .  APPENDIX A 

CHARACTERISTICS OF EQUIPMENT 

29.  C h a r a c t e r i s t i c s  of t h e  d i f f e r e n t i a l  t ransformer and e l e c t r i c a l  
- -Cal ibra t ion  of t h e  d i f f e r e n t i a l  t ransformer i n  terms of d i sp l ace -  

ment by a  screw at tachment  f o r  t h e  t ransformer  core  was no t  a s  s a t i s f a c -  
t o r y  a s  c a l i b r a t i o n  w i t h  t h e  t ransformer i n  t h e  equipment. 

A cons t an t  vo l t age  t ransformer was necessary  t o  l i m i t  t h e  d r i f t  i n  t h e  
primary vo l t age .  Without t h i s  vo l t age  c o n t r o l  and adequate  s h i e l d i n g  f o r  
t h e  wi re s  t h e r e  was excess ive  d r i f t  i n  primary vol tage ,  and t h e  secondary 
v o l t a g e  a t  t h e  n u l l  po in t  was too  h igh .  The capac i tance  of switches o r  of 
plugs t h a t  brought primary and secondary wi r ing  c l o s e  toge the r  a l s o  caused 
d r i f t  and h igh  n u l l  vo l t ages .  

The approximately l i n e a r  r e l a t i o n  of primary and secondary vo l t ages  i s  
shown by Table 1. 

TABLE 1 

VARIATION OF SECONDARY VOLTAGE AS PRIMARY VOLTAGE CHANGES 

The vol tmeter  used t o  record secondary vo l t age  was accu ra t e  t o  2 2% of 
t h e  f u l l  s c a l e  reading  bu t  i t  was c o n s i s t e n t  t o  f i n e r  accuracy wi th  i t s e l f .  
Table 2 shows t h e  reading accuracy on each vol tmeter  s c a l e  i n  t e r n s  of t h e  
concen t r a t ion  of suspended sediment of s p e c i f i c  g r a v i t y  2.65 t h a t  would 
correspond t o  t he  p re s su re  accuracy wi th  a  t a p  spacing of 1 f t .  
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TABLE 2  

ACCURACY OF READINGS OF SECONDARY VOLTAGE 

The 0.005 M-L l i n e a r - v a r i a b l e  d i f f e r e n t i a l  t ransformer had t h e  follow- 
ing  c h a r a c t e r i s t i c s  : 

Reading 
s c a l e  

3  mv 

10 mv 

30 mv 

100 mv 

300 mv 

1,000 mv 

Exc i t a t ion  v o l t a g e  - 3 v o l t s  
Exc i t a t ion  frequency - 20,000 cycles  pe r  sec 
Output load - 0.5  milliobms 
Linear  range - - 0.005 i n .  
Null vo l t age  - 1 mv 
Maximum output  vo l t age  - 70 mv 

I n  t h e  v i c i n i t y  of t h e  n u l l  po in t  t h e  output  vo l t age  va r i ed  about 1 mv 
f o r  each 0,000079 i n .  of core  displacement.  

+ 2% of - 
s c a l e  

(mv) 

0.06 

0.20 

0.60 

2.0 

6.0 

2  0  

Temperature may change t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  t ransformer 
s u f f i c i e n t l y  t o  vary t h e  output  vo l t age  s i g n i f i c a n t l y .  

30. The bellows gage--Manufacturer's s p e c i f i c a t i o n s  of  t h e  bellows a r e :  

Reading 
accuracy 

(mv) 

0 .1  

0.2 

0 .5  

2 , O  

5  . O  

2  0  

Diameter - 4.5  i n .  
Movement - 1.29 i n .  f o r  each l b  per  sq  i n .  
Convolutions - 10 
E f f e c t i v e  a rea  - 10.45 sq  i n .  
Rated pressure  - 15 l b s  pe r  sq  i n .  
F ree  length  per  convolut ion - 0.298 i n .  

Bellows 

gage 
( P P ~ )  

3  0  

60 

150 

600 

1,500 

6,000 

FDT 

gage 
( P P ~ )  

1.7 

3.5 

8.7 

3  5  

8  7  

350 
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The output  vo l t age  a t  t h e  n u l l  po in t  v a r i e d  from 0.06 mv t o  0.60 mv 
a f t e r  a  s a t i s f a c t o r y  wi r ing  c i r c u i t  was e s t ab l i shed .  

The bellows gage equipped w i t h  t h e  l i n e a r - v a r i a b l e  t ransformer and c a l -  
i b r a t e d  w i t h  a  2 f t  o r i f i c e  spac ing  showed an approximate r e l a t i o n s h i p  of 
160 ppm pe r  mv f o r  a  2 f t  spacing of t h e  o r i f i c e s  o r  about 320 ppm per  mv 
f o r  a  1 f t  o r i f i c e  spacing.  The concent ra t ions  given i n  ppm a r e  t h e  con- 
c e n t r a t i o n s  of sediment of s p e c i f i c  g r a v i t y  2.65 t h a t  would correspond t o  
t h e  p re s su re  d i f f e r e n c e s  i n  t h e  tank .  

The bellows d e f l e c t i o n  was about  1 .15 i n .  per  p s i  i n s t e a d  of t h e  1 .29  
i n .  per  p s i  of p re s su re  d i f f e r e n c e  suggested by t h e  manufacturer .  
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OTHER TYPES OF PRESSURE GAGES 

31. Introduction--Two p res su re  sens ing  devices  of d i f f e r e n t  types t h a t  
have been r epor t ed  a r e  summarized i n  t h e  fol lowing s e c t i o n s .  Devices were 
s e l e c t e d  t h a t  a r e  unique and i n t e r e s t i n g  even though t h e i r  accuracy o r  
a d a p t a b i l i t y  do not  make them immediately usab le  on p r o j e c t  problems. 

32. --An i n t e r e s t i n g  bellows p re s su re  r eco rde r  
was r e  o r t e d  by T. O'Donnel, D.  H ,  Edwards, N .  Collis-George, and E .  G .  

f 9  1 Youngs They used a  bel lows i n s t a l l e d  i n  a  b ra s s  chamber and sepa ra t ed  
from e x t e r n a l  water  by a  s i n t e r e d  g l a s s  f i l t e r  (Fig.  11 ) .  The i n t e r i o r  of 
the  bellows was subjec ted  t o  vary ing  a i r  p re s su re  t h a t  was recorded e l s e -  
where, When t h e  a i r  p re s su re  i n s i d e  t h e  bellows was equal t o  o r  l e s s  than 
t h e  l i q u i d  p re s su re ,  plat inum-ir idium con tac t s  completed an  e l e c t r i c a l  c i r -  
c u i t .  When t h e  a i r  p re s su re  exceeded ex te rna l  water  p re s su re  by a  small  
given amount, t he  con tac t s  separa ted  and t h e  corresponding t ime and p re s -  
su re  were recorded on a  moving c h a r t .  

NOTES : W a t e r  on o u t s i d e  o f  b e l l o w s .  
Air  on inside o f  b e l l o w s .  
E l e c t r o d e  on b e l l o w s  i s  

E l e c t r i c a l  l e a d  g rounded  on b e l l o w s  c a s e .  

T h r e a d s  f o r  
a d j u s t m e n t  of 
e l e c t r o d e  s p a c i n g  

S i n t e r e d  g l a s s  
f i l t e r  

FIG. l l  - -  B E L L O W S  P R E S S U R E  R E C O R D E R  
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The device  permit-s remote record ing  of water  p re s su re s  i n  s o i l s .  It i s  
a c c u r a t e  t o  perhaps 0.5 cm of water  head. 

3 3 .  --An extremely s e n s i t i v e  
mi r ro r  device  f o r  determining small p re s su re  d i f f e r e n c e s  was developed by 
R .  Eichorn and T. F. I r v i n e ,  J r .  F31 of t h e  Mechanical Engineering ~ e k r t -  
ment of t h e  Univers i ty  of Minnesota. The instrument  was s e n s i t i v e  t o  
d i f f e r e n t i a l  p re s su re s  a s  low a s  0.000032 i n .  of water  head.  Concentric 
g l a s s  tubes formed t h e  f l u i d  columns of a manometer. The water  l e v e l  i n  
t h e  c e n t r a l  tube  could be  determined accu ra t e ly  by means of a  mi r ro r  
mounted on a  f l o a t ,  a d i r e c t i o n a l  mi r ro r ,  a  t e l e scope ,  and a  s c a l e .  (See 
schematic ske t ch ,  P ig .  12 . )  

S i g n i f i c a n t  i tems i n  cons t ruc t ion  and opera t ion  of t h e  micromanometer 
a r e :  

l .  Temperature c o n t r o l  i s  very  important .  

2 .  The f l o a t  i s  s e n s i t i v e  t o  v i b r a t i o n s .  

3 .  Large l i q u i d  s u r f a c e  a r e a s  a r e  requi red  t o  minimize s u r f a c e  tens ion  
e f f  e c t s .  

4 ,  A s p e c i a l  hydrau l i c  o i l  was requi red  f o r  t h e  manometer l i q u i d .  

5 ,  P re s su re  f l u c t u a t i o n s  were reduced by p l ac ing  a  Length of c a p i l l a r y  
tub ing  i n  t h e  a i r  p re s su re  l i n e s .  
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NOTES:  
Glass cyl inders 
Brass top and 

bottom p la tes  
"0" ring s e a l s  
Bross f l o a t  
Mill imeter s c a l e  




