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(54)  Monitor  for  detemining  an  unknown  property  of  a  gas  or  vapor  sample. 
Monitor  apparatus  for  determining  an  unknown  proper- 

ty  of  gases  and  vaporized  liquids  which  is  capable  of  use 
both  in  the  laboratory  and  the  field.  The  primary  sensing 

device  is  a  fluidic  oscillator  (56)  through  which  a  sample  of 
gas  is  passed.  Heating  values,  density,  and  water  content  can 
be  determined. 



BACKGROUND  OF  THE  INVENTION 

This  i nven t ion   r e l a t e s   to  the  d e t e r m i n a t i o n   of  t h e  .  

c h a r a c t e r i s t i c s   of  subs tances   in  gaseous  form,  and  more  s p e c i f i -  

ca l ly   to  d e t e r m i n a t i o n   of  hea t ing   va lue ,   or  heat  of  combust ion,   d e n s i t y ,  

and  humidity  or  mo i s tu re   con ten t   of  a  gas  or  vapor ized  l i q u i d .  

HEATING  VALUE 

Fuels  in  l i q u i d   or  gaseous  form  are  burned  to  produce  h e a t  

for  a  p l e tho ra   of  a p p l i c a t i o n s .   These  fue l s   may  vary  in  c o m p o s i t i o n  

from  p r i m a r i l y   s i ng l e   carbon  hydrocarbons   to  hydrocarbons  hav ing  

many  carbon  atoms  ar ranged  in  branched  chain  or  r ing  s t r u c t u r e s   o r  

may  be  mixtures   of  many  hydrocarbons .   Often  a  fuel  c o n t a i n s  

compounds  which  are  i n e r t   with  r e s p e c t   to  normal  combustion.   It  i s  

useful  to  know  the  hea t ing   value  of  a  f u e l ,   t ha t   i s ,   the  amount  o f  

heat  which  a  c e r t a i n   q u a n t i t y   of  a  fuel  will   produce  when  i t   i s  

burned  under  a  c e r t a i n   set  of  c o n d i t i o n s .   While  the  heat ing  v a l u e s  

of  most  pure  subs tances   capable  of  being  used  as  fue ls   are  r e a d i l y  

a v a i l a b l e   in  the  l i t e r a t u r e ,  t h a t   a  myriad  number  of  mixtures   o f  

compounds  are  used  as  fue ls   r e s u l t s   in  a  c o n t i n u i n g   need  for  making 

heat ing   value  d e t e r m i n a t i o n s .   Apparatus  and  methods  for  d e t e r m i n i n g  

heat ing  values  are  used  both  i n  l a b o r a t o r i e s   and  in  i n d u s t r i a l  

o p e r a t i o n s   o u t s i d e   the  l a b o r a t o r y .   It  is  o f ten   d e s i r a b l e   to  m o n i t o r  

heat ing  value  of  a  flowing  stream  on  a  con t inuous   bas i s .   F o l l o w i n g  

are  several   exemplary  a p p l i c a t i o n s   for  hea t ing   value  m o n i t o r i n g .  

Since  the  value  of  a  fuel  depends  in  l a rge   par t   upon  t h e  

amount  of  heat  i t   is  capable   of  p roduc ing ,   i t   is  more  a p p r o p r i a t e   t o  

set   fuel  pr ice   in  accordance  with  hea t ing   va lue  and   q u a n t i t y ,   r a t h e r  

than   quan t i t y   a lone.   Natural  gas  is  a  prime  example;  in   t h e   USA  i t   i s  

almost  always  sold  on  the  bas is   of  d o l l a r s   per  thousand  BTU  i n s t e a d  



of  the  p r e v i o u s l y   used  basis   of  d o l l a r s   per  SCF.  This  is  p r i m a r i l y  

the  r e s u l t   of  the  pr ice   i nc r ea se s   of  r ecen t   years .   Imprecis ion  in  

the  number  of  BTU's  t r a n s f e r r e d   is  now  too  expensive  to  t o l e r a t e .  

Another  f a c t o r   n e c e s s i t a t i n g   t r a n s f e r   of  custody  on  the  basis   o f  

heat  q u a n t i t y   is  tha t   na tu ra l   gas  hea t ing   values  tend  to  vary  more ,  

as  gases  from  d i f f e r e n t   l o c a t i o n s   are  p i p e l i n e d   around  the  c o u n t r y  

and  gas  is  i m p o r t e d .  

A  gas  stream  which  is  a  by -p roduc t   of  opera t ion   of  a 

f a c t o r y ,   or  p l a n t ,   is  often  piped  to  a  nearby  p lan t   to  be  burned  a s  

f u e l .   As  in  the  above  na tura l   gas  example,  the  payment  made  for  t h e  

gas  wi l l   p robably   be  based  on  i t s   hea t ing   value  as  well  as  t h e  

q u a n t i t y   burned.  Average  hea t ing   value  may  be  determined  by 

p e r i o d i c   l a b o r a t o r y   ana ly s i s   or  the  hea t ing   value  may  be  c o n t i n u -  

ously  measured  as  the  gas  en t e r s   the  u s e r ' s   p l an t .   Fu r the r ,   h e a t i n g  

values   of  the  by-produc t   gas  must  be  de termined ,   before  i ts   a c t u a l  

use  beg ins ,   for  reasons  other   than  p r i c i n g .   Design  and  cont ro l   o f  

the  bu rne r ,   f u rnace ,   and  o ther   equipment  involved  in  handling  and 

burning  the  gas  depends  in  par t   on  the  range  of  heat ing  values  which 

can  be  expec t ed .   Heating  value  of  a  by-produc t   gas  would  n o r m a l l y  

vary  over  a  f a i r l y   large  range,   compared  to  na tu ra l   gases,   and  t h e  

average  hea t ing   value  would  be  d i f f e r e n t   from  tha t   of  na tu ra l   g a s e s .  

In  c e r t a i n   manufac tu r ing   p r o c e s s e s ,   t empera tu re   a n d / o r  

fu rnace   atmosphere  must  be  main ta ined   in  a  r e l a t i v e l y   narrow  r a n g e  

in  order   to  assure   p r o d u c t - q u a l i t y .   Changes  in  h e a t i n g  v a l u e   o f  t h e  

fuel  supp l i ed   to  the  furnace   may  n e c e s s i t a t e   c o r r e c t i v e   ac t ion   t o  

avoid  an  excur s ion   from  the  a c c e p t a b l e   range.   An  i nc rease   i n  

hea t ing   value  of  a  fuel  i n d i c a t e s   t ha t  more   oxygen  is  r equ i red   t o  

combine  with  i t .   Where  a  fu rnace   atmosphere  is  r equ i red   to  be  r i c h  



in  oxygen,  an  i nc rea se   in  ra te   of  oxygen  dep l e t i on   in  the  f u r n a c e  

caused  by  an  i n c r e a s e d   heat ing  value  may  c r ea t e   q u a l i t y   p r o b l e m s .  

The  s o l u t i o n   is  often  to  increase   oxygen  flow  as  soon  as  an  i n c r e a s e  

in  hea t ing   value  is  de tec ted   by  a  hea t ing   value  monitor  and  t h e r e b y  

avoid  s i g n i f i c a n t   d e p l e t i o n .  

Fuel  savings  can  be  r e a l i z e d   by  using  a  hea t ing   v a l u e  

monitor   in  a  combustion  zone  cont ro l   system.  The  amount  of  a i r  

supp l i ed   to  the  combustion  zone  can  be  ad jus ted   by  r e f e r e n c e   to  t h e  

hea t ing   value  monitor   so  tha t   the  excess  air   q u a n t i t y   is  smal l ,   t h u s  

saving  f u e l  u s e d  f o r   heat ing  unneeded  air   and  so  tha t   use  of  e x t r a  

fuel  as  a  r e s u l t   of  incomplete  combustion  is  a v o i d e d .  

There  are  many  a p p l i c a t i o n s ,   such  as  m e n t i o n e d  a b o v e ,  

where  a n  a p p a r a t u s   and  method  for  de te rmin ing   hea t ing   value  on  an 

i n s t a n t a n e o u s   and  cont inuous   basis   is  r e q u i r e d .   The  most  u s u a l  

method  of  de te rmin ing   heat ing  value  in  a  l a b o r a t o r y   is  by  use  of  a  

c a l o r i m e t e r   in  which  the  fuel  is  burned  under  p r e c i s e l y   c o n t r o l l e d  

c o n d i t i o n s   and  r i s e   in  t empera tu re   of  a  water  bath  heated  by  t h e  

burned  fuel   is  measured.  While  a c c u r a t e ,   t h i s   method  is  t i m e -  

consuming  and  cannot  be  adapted  to  provide   a  cont inuous   r e ad -ou t   o f  

hea t ing   value  for  a  cont inuous  flow  of  sample  to  the  c a l o r i m e t e r .  

Also,  as  ment ioned  above,  there   are  many  a p p l i c a t i o n s   where  a  s e r i e s  

of  l a b o r a t o r y   d e t e r m i n a t i o n s   of  hea t ing   value  need  to  be  made 

qu ick ly   and  n o t  n e c e s s a r i l y   with  the  accuracy   of  a  primary  s t a n d a r d .  

The  i n s t a n t   inven t ion   is  expected  to  be  s i g n i f i c a n t   in  meeting  t h e s e  

a p p l i c a t i o n s .  

For  purposes  of  comparison  to  the  p resen t   i n v e n t i o n ,   a 

con t inous   reading   on - l ine   c a l o r i m e t e r   device   a v a i l a b l e   from  F l u i d  

Data,  Inc.  of  Merrick,   New  York  is  d e s c r i b e d .   In  t h i s   i n s t r u m e n t ,  



v a r i a t i o n s   in  heat  produced  by  a  t e s t   burner  are  o f f s e t   by 

ad ju s tmen t   of  air   flow  to  the  burner ,   in  a  null  ba lance   f a s h i o n ,  

and  a i r   flow  ra te   is  r e l a t e d   to  hea t ing   value.   A  sample  of  gas  i s  

piped  from  a  stream  to  be  t e s t e d   to  the  t e s t   burner  and  gas  f l o w  

ra t e   is  held  c o n s t a n t .   The  flame  heats  a  thermal  expansion  e l emen t  

whose  movement  ad jus t s   air   flow  to  the  burner  through  a  m e c h a n i c a l  

and  pneumatic   l inkage .   Air  flow  is  i ndependen t ly   measured  by  means 

of  an  o r i f i c e   meter  and  d i sp l ayed   on  a  sca le   which  is  marked  i n  

terms  of  hea t ing   v a l u e .  

Several  r e c e n t l y   i s sued   pa ten t s   show  the  i n t e r e s t   i n  

methods  for   de te rmining   hea t ing   va lue .   In  U.S.  Pa ten t   4 ,337 ,654 ,   a  

f i xed   amount  of  gas  is  burned  with  a  measured  q u a n t i t y   of  air   and 

hydrogen  or  oxygen  suppl ied   by  an  e l e c t r o l y t i c   c e l l .   The  amount  o f  

hydrogen  or  oxygen  added  is  c o n t r o l l e d   by  an  oxygen  sensor   and 

r e l a t e d   to  the  hea t ing   value  of  the  gas  burned.  U.S.  P a t e n t  

4 ,355 ,533   d e s c r i b e s   a  method  of  de te rmining   hea t ing   value  where  

i n f o r m a t i o n   developed  by  use  of  a  gas  chromatograph  is  c o r r e l a t e d  

with  hea t i ng   value.   U.S.  Pa ten t   Nos.  4 ,329,873  and  4 , 3 2 9 , 8 7 4  

d e s c r i b e   another   c a l o r i m e t e r   in  which  gas  is  o x i d i z e d .  

A  recen t   a r t i c l e   by  Van  Rossum  which  points   up  the  need 

for   the  p r e sen t   inven t ion   can  be  found  in  Oi l   and  Gas  Journal   o f  

January   3,  1983  (p.  71,  Part  1)  and  January  10,  1983  (p.  85,  Part  2 ) .  

For  background  i n fo rma t ion   on  d i f f e r e n t   gases  and  l i q u i d s  

used  as  fue l s   and  on  combust ion,   r e f e r e n c e   may  be  made  to  the  F u e l s  

s e c t i o n   of  Pe r ry ' s   Chemical  Engineers   Handbook,  pub l i shed   by  McGraw- 

H i l l ,   and  in  p a r t i c u l a r   to  pages  9-1  to  9-33  of  the  f o u r t h   e d i t i o n .  



DENSITY 

It  is  impor tan t   to  know  the  d e n s i t y   of  a  gas  in  many 

i n d u s t r i e s ,   in  p a r t i c u l a r ,   in  the  area  of  pe t ro leum  and  p e t r o c h e m i c a l  

p r o c e s s i n g .   A  t y p i c a l   a p p l i c a t i o n   is  a  mass  flow  meter ,   where  v o l u -  

met r ic   flow  ra te   is  combined  with  the  d e n s i t y   of  the  f lowing  s t r e a m  

to  produce  mass  flow  r a t e .   One  seeking  to  measure  d e n s i t y ,   p a r t i c u -  

l a r l y   on  a  cont inuous   o n - l i n e   ba s i s ,   has  a  l i m i t e d   choice  of  a p p a r a t u s .  

One  commercial ly  a v a i l a b l e   dens i ty   meter  u t i l i z e s   an  o s c i l l a t i n g  

element  in  the  f l u i d   whose  dens i t y   is  measured.   O s c i l l a t i o n   is  c a u s e d  

by an  e l e c t r o m a g n e t i c   f i e l d .   The  f requency   of  o s c i l l a t i o n   depends  

on  the  dens i ty   of  the  f l u i d .   The  sensing  e lement   is  con ta ined   in  a 

housing  having  one- inch  f l anges   for  i n s t a l l a t i o n   in  a  p i p e l i n e .   A 

s t anda rd   r e f e r e n c e ,   Process   Ins t ruments   and  Cont ro l s   Handbook,  2nd 

ed . ,   1974,  ed i ted   by  Cons id ine ,   l i s t s   only  t h r ee   t echn iques   for  m e a s u r -  

ing  d e n s i t y ,   none  of  which  are  well  su i t ed   for  use  ou t s ide   t h e  

l a b o r a t o r y .   The  l i s t e d   methods  (p.  6-152)  are  as  f o l l o w s .  

In  a  gas  s p e c i f i c   g r a v i t y   ba l ance ,   a  t a l l   column  of  gas  i s  

measured  by  a  f l o a t i n g   bottom  f i t t e d   to  the  gas  conta inment   v e s s e l .  

A  mechanical   l inkage   d i s p l a y s   movement  of  the  bottom  on  a  s ca l e .   A 

buoyancy  gas  balance  c o n s i s t s   of  a  vessel   c o n t a i n i n g   a  d i s p l a c e r  

mounted on  a  balance  beam  and  wi th  a   manometer  connected  to  i t .  

D i sp l ace r   balance  is  e s t a b l i s h e d   with  the  vesse l   f i l l e d   with  air   and 

then  f i l l e d   with  gas,  the  p r e s su re   r e q u i r e d   to  do  so  being  n o t e d  

from  the  manometer  in  both  cases .   The  p r e s s u r e   r a t i o   is  the  d e n s i t y  



of  the  gas  r e l a t i v e   to  a i r .   In  a  v iscous   drag  dens i ty   i n s t r u m e n t ,  

an  a i r   s t ream  and  a  stream  of  the  gas  under  t e s t   are  passed  t h r o u g h  

s e p a r a t e   i d e n t i c a l   chambers,   each  c o n t a i n i n g   a  r o t a t i n g   i m p e l l e r .  

The  two  s t reams  are  acted  upon  by  the  r o t a t i n g   impel le rs   and  in  t u r n  

each  ac ts   upon  a  n o n - r o t a t i n g   i m p e l l e r   mounted  in  the  oppos i t e   end 

of  the  chamber.  The  n o n - r o t a t i n g   i m p e l l e r s   are  coupled  t o g e t h e r   by 

a  l inkage  and   measure  the  r e l a t i v e   drag  shown  by  the  tendency  of  t h e  

impe l l e r s   to  r o t a t e ,   which  is  a  f u n c t i o n   of  r e l a t i v e   d e n s i t y .  

HUMIDITY 

This  i n v e n t i o n   also  r e l a t e s   to  d e t e r m i n a t i o n   of  humidi ty ,   o r  

mois tu re   c o n t e n t ,   of  a  gas  or  vapor ized   l i q u i d .   I t   is  p r i m a r i l y  

useful   for  a n a l y z i n g   gases  where  the  mo i s tu re   con ten t   is  l a rge   and 

there   is  a  small  d i f f e r e n c e   between  the  molecu la r   weight  of  w a t e r  

and  the  average   mo lecu la r   weight  of  the  o ther   components  of  the  gas  

or  where  t he re   is  a  l a rge   d i f f e r e n c e   between  the  molecular   weight  o f  

water  and  the  average   molecu la r   weight   of  the  o ther   components .  

There  are  a  v a r i e t y   of  methods  for  measuring  water  c o n -  

t e n t ,   each  of  which  involves   at  l e a s t   one  s i g n i f i c a n t   d i s a d v a n t a g e  

which  d i s q u a l i f i e s   i t   for  use  in  c e r t a i n   a p p l i c a t i o n s .   Thus  t h e  

choice  of  a  method  must  be  made  in  l i g h t   of  the  a p p l i c a t i o n .   A  s u r -  

vey  of  methods  and  appara tus   can be  found  in  Process  Ins t ruments   and  

Contro ls   Handbook,  ed i t ed   by  Cons id ine ,   2nd  ed . ,   McGraw-Hill,   1974 ,  

p.  10-3  and  f o l l o w i n g .   The  a p p l i c a t i o n s   for  which  the  i n s t a n t   i n v e n -  

t ion  is  s u i t e d   will   become  apparen t   upon  reading  th i s   s p e c i f i c a t i o n ,  

as  will  the  gap  in  the  area  of  humidi ty   measurement  which  is  f i l l e d  

by  the  i n s t a n t   i n v e n t i o n .  



STATEMENT  OF  ART 

In  an  a r t i c l e   in  Oil  and  Gas  Journal   of  April  5,  1 9 8 2  

e n t i t l e d   "Acoust ic   Measurement  for  Gas  BTU  Content" ,   Watson  and  Whi te  

suggest   a  method  and  appara tus   which  u t i l i z e   the  dependence  of  sound  

speed  and  BTU  con ten t   on  molecular   weight  and  which  u t i l i z e   some  o f  

the  same  bas ic   s c i e n t i f i c   p r i n c i p l e s   as  t h i s   i n v e n t i o n .   LeRoy  and 

Gorland  have  explored   the  use  of  a  f l u i d i c   o s c i l l a t o r   as  a  m o l e c u l a r  

weight  sensor  of  gases  and  r epor t ed   t h e i r   work  in  an  a r t i c l e   e n t i t l e d  

"Molecular  Weight  Sensor"  publ ished  in  Ins t rument s   and  Control  Sys tems 

of  January,   1971 ,  and   in  National   Aeronau t i c s   and  Space  A d m i n i s t r a t i o n  

Technical   Memoranda  TMX-52780  ( c i r ca   1970)  and  TMX-1939 

(January  1970).  In  Foss i l   Energy  I  &  C  B r i e f s ,   Nov.  1981,  p r e p a r e d  

for  the  U.S.  Dept.  of  Energy  by  Jet  P ropu l s ion   Labora tory   of  C a l i f o r n i a  

I n s t i t u t e   of  Technology,   Sutton  of  The  G a r r e t t   Corp.,   r e f e r r e d   t o  

the  use  of  a  f l u i d i c   o s c i l l a t o r   to  measure  gas  compos i t i ons ,   mass  f l o w  

and  the  hea t ing   value  of  na tura l   g a s .  

In  a  paper  e n t i t l e d   "Thermal  Energy  Measu remen t s " ,  

p resen ted   at  the  55th  I n t e r n a t i o n a l   School  of  Hydrocarbon  Measurement  

in  1980  at  the  U n i v e r s i t y   of  Oklahoma,  W. A.  Fox  of  Conso l ida t ed   Gas 

Supply  Corp.  of  C la rksburg ,   West  V i r g i n i a ,   sugges ts   tha t   s p e c i f i c  

g rav i ty   methods  may  be  used  for  de te rmin ing   heat ing  va lues .   The  u se  

of  a  f l u i d i c   o s c i l l a t o r   in  measuring  composi t ion   in  a  m e t h a n o l - w a t e r  

system  is  d i scussed   in  an  a r t i c l e   on  page  407  of  Ind.  Eng.  Chem. 

Fundam.,  Vol.  11,  No.  3,   1972.  U.S.  Pa tent   No.  3 ,273,377  ( T e s t e r m a n )  

shows  the  use  of  two  f l u i d i c   o s c i l l a t o r s   in  analyzing  f l u i d   s t r e a m s .  

A  f l u i d i c   device  for  measuring  the  r a t i o   by  volume  of  two  known  g a s e s  

is  d i sc losed   in  U.S.  Patent   No.  '3 ,554,004  (Rauch  et  a l . ) .   In  U.S.  

Patent   No.  4 ,150 ,561 ,   Zupanick  claims  a  method  of  de te rmin ing   t h e  



c o n s t i t u e n t   gas  p r o p o r t i o n s   of  a  gas  mixture   which  u t i l i z e s   a  

f l u i d i c   o s c i l l a t o r .  

In  National   Aeronau t i c s   and  Space  A d m i n i s t r a t i o n   T e c h n i c a l  

Memorandum  TMX-1269  (August  1966),  Prokopius  r e p o r t s   on  the  use  of  a 

f l u i d i c   o s c i l l a t o r   in  a  humidi ty   sensor  developed  for  s tudying  a 

hydrogen-oxygen   fuel  ce l l   s y s t e m .   In  NASA  TMX-3068  (June  1 9 7 4 ) ,  

Riddlebaugh  d e s c r i b e s   i n v e s t i g a t i o n s   into  the  use  of  a  f l u i d i c  

o s c i l l a t o r   in  measuring  f u e l - a i r   r a t i o s   in  hydrocarbon  combus t ion  

p r o c e s s e s .   NASA  Report  No.  L0341  (April   16,  1976),  w r i t t e n   by  Roe 

and  Wright  of  McDonnell  Douglas  under  Cont rac t   No.  NAS  10-8764  a t  

the  Kennedy  Space  Center ,   r e p o r t s   on  work  done  to  develop  a  f l u i d i c  

o s c i l l a t o r   as  a  d e t e c t o r   for  hydrogen  leaks  from  l i qu id   hydrogen  

t r a n s f e r   sys tems.   U.S.  Pa ten t   No.  3 ,756,068  ( V i l l a r r o e l   et  a l . )  

deals   with  a  device  using  two  f l u i d i c   o s c i l l a t o r s   to  de termine   t h e  

p e r c e n t   c o n c e n t r a t i o n   of  a  p a r t i c u l a r   gas  r e l a t i v e   to  a  c a r r i e r   g a s .  

P r e v i o u s l y   c i t ed   U.S.  Pa ten t   Nos.  4 ,337,654  (Austin  e t  

a l . ) ,   4 ,329 ,873   (Maeda),  4 ,329,874  (Maeda),  and  4 ,355,533  (Muldoon) ,  

d i s c l o s e   methods  of  de t e rmin ing   hea t ing   va lue .   The  p r e v i o u s l y   c i t e d  

a r t i c l e   in  the  Oil  and  Gas  Journal   ( January   3  and  10,  1983)  p r e sen t s   a  

survey  of  methods  used  in  Europe .  

BRIEF  SUMMARY  OF  THE  INVENTION 

It  is  an  ob jec t   of  t h i s   i n v e n t i o n   to  provide  methods  and  

a p p a r a t u s   for  de te rmin ing   unknown  p r o p e r t i e s   of  gases  and  l i q u i d s ,   which 

are  capab le   of  use  both  in  the  l a b o r a t o r y   and  in  the  f i e l d .   A l s o ,  

i t   is  an  o b j e c t   tha t   such  appara tus   be  r e l a t i v e l y   i n e x p e n s i v e ,   have 

a  minimum  of  moving  mechanical   p a r t s ,   and  be  compact,  so  as  t o  

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



of  this   invent ion  that   such  methods  and  appara tus   have  high  a c c u r a c y  

and  r e l i a b i l i t y   while  p rovid ing   r e s u l t s   e s s e n t i a l l y   i n s t a n t a n e o u s l y .  

In  one  of  i t s   broad  embodiments,  the  i nven t ion   c o m p r i s e s  

(a)  a  f l u i d i c   o s c i l l a t o r ;   (b)  means  for  e s t a b l i s h i n g   flow  of  t h e  

sample  through  said  o s c i l l a t o r '   (c)  means  for  measuring  or  c o n t r o l l -  

ing  the  pressure   at  which  the  sample  passes  through  said  o s c i l l a t o r  

and  for  providing  a  s ignal   r e p r e s e n t a t i v e   of  the  p r e s su re   when  p re s su re   is  n o t  

c o n t r o l l e d   in  a  p rev ious ly   e s t a b l i s h e d   range;  (d)  means  for  measu r ing  

the  tempera ture   of  the  sample  at  said  o s c i l l a t o r   and  for  p r o v i d i n g  

a  s ignal   r e p r e s e n t a t i v e   of  the  t empera tu re ;   (e)  means  for  m e a s u r i n g  

the  frequency  of  o s c i l l a t i o n   at  said  o s c i l l a t o r   and  for   p rov id ing   a 

signal  r e p r e s e n t a t i v e   of  the  f requency;   (f)  computing  means  for  r e a d -  

ing  said  s ignals   and  for  c a l c u l a t i n g   the  unknown  p roper ty   of  the  sample  

using  equations  and  data  s to red   in  said  computing  means  and  data  s u p p l i e d  

by  said  means  for  providing  a  p re s su re   signal  when  p r e s su re   is  not  con-  

t r o l l e d   in  a  p rev ious ly   e s t a b l i s h e d   range;  and,  (g)  means  fo r   communicat ing  

in format ion   contained  in  said  computing  means.  



BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

The  i n v e n t i o n   w i l l   now  be  f u r t h e r   d e s c r i b e d ,   b y  

way  of   e x a m p l e ,   w i t h   r e f e r e n c e   to   t h e   a c c o m p a n y i n g   d r a w -  

Lngs,   i n   w h i c h :  

F i g u r e   1  i s   a  s c h e m a t i c   d i a g r a m   of   a  f l u i d i c   o s c i l l -  

a t o r ,  

F i g u r e   2  i s   a  s c h e m a t i c   d i a g r a m   of   an  e m b o d i m e n t  

of  t h e   i n v e n t i o n   c o m p r i s i n g   a  h e a t i n g   v a l u e   m o n i t o r   w h e r e -  

Ln  t h e   h e a t i n g   v a l u e   of  gas   f l o w i n g   i n   a  p i p e l i n e   i s  

n e a s u r e d   on  a  c o n t i n u o u s   b a s i s   and  d i s p l a y e d   i n   a  r e m o t e  

L o c a t i o n ,  

F i g u r e   3  i s   a  s c h e m a t i c   d i a g r a m   of   an  e m b o d i m e n t  

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

the  d e n s i t y   of   gas   f l o w i n g   i n   a  p i p e l i n e   i s   m e a s u r e d  

In  a  c o n t i n u o u s   b a s i s   and  d i s p l a y e d   i n   a  r e m o t e   l o c a t i o n ,  

F i g u r e   4  i s   a  s c h e m a t i c   d i a g r a m   of   an  e m b o d i m e n t  

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

two  o s c i l l a t o r s   i n   p a r a l l e l   w h e r e i n   t h e   m o i s t u r e   c o n t e n t  

of  gas   f l o w i n g   i n   a  p i p e l i n e   i s   m e a s u r e d   on  a  c o n t i n u o u s  

b a s i s   and  d i s p l a y e d   i n   a  r e m o t e   l o c a t i o n ,   a n d  

F i g u r e   5  i s   an  e x p a n s i o n ,   i n   b l o c k   d i a g r a m   f o r m ,  

of  t h e   p o r t i o n s   of   F i g u r e s   2,  3  and  4  l a b e l l e d   " F i e l d  

E l e c t r o n i c s "   and   " C o n t r o l   Room  E l e c t r o n i c s " .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

A  device  known  as  a  f l u i d i c   o s c i l l a t o r   is  used  in  t h i s  

i n v e n t i o n .   This  is  one  of  a  c lass   of  devices   which  are  u t i l i z e d   i n  



the  f i e l d   of  f l u i d i c s .   A  f l u i d i c   o s c i l l a t o r   may  have  any  of  a 

number  of  d i f f e r e n t   c o n f i g u r a t i o n s   in  add i t ion   to  tha t   dep ic ted   i n  

FIGURE  1.  The  p u b l i c a t i o n s   mentioned  under  the  heading  " S t a t e m e n t  

of  Art"  de sc r ibe   f l u i d i c   o s c i l l a t o r s   and  t h e i r   governing  p r i n c i p l e s  

in  d e t a i l   and  t h e r e f o r e   it   is  unnecessary   to  p re sen t   herein  more 

than  the  fo l lowing   simple  d e s c r i p t i o n .  

A  f l u i d i c  o s c i l l a t o r   may  be  descr ibed   as  a  set  o f  

passageways ,   in  a  so l i d   block  of  m a t e r i a l ,   which  are  conf igured   in  a 

p a r t i c u l a r   manner.  If  the  passageways  are  cen tered   in  the  block  and 

the  block  is  cut  in  ha l f   in  the  a p p r o p r i a t e   p lace ,   a  view  of  the  c u t  

s u r f a c e   would  appear  as  the  schematic   diagram  of  FIGURE  1 .  

Re fe r r ing   to  FIGURE  1,  a  gas  stream  en ters   the  i n l e t ,   flows  t h r o u g h  

nozzle   109,  and  " a t t a c h e s "   i t s e l f   to  one  of  two  stream  a t t a c h m e n t  

walls   105  and  106  in  accordance   with  the  p r i n c i p l e   known  as  t h e  

Coanda  e f f e c t .   Gas  flows  through  e i t h e r   exi t   passage  107  or  e x i t  

passage  108,  depending  on  whether  the  stream  is  a t t ached   to  wall  105 

or  wall  106.  Exit  passages   107  and  108  can  be  cons ide red   as  

ex tending   to  the  ou t s ide   of  the  block  of  ma te r i a l   in  a  d i r e c t i o n  

p e r p e n d i c u l a r   to  the  plane  in  which  the  other  passages   l i e .  

Consider  a  gas  stream  which  a t t a c h e s   to  wall  105  and  flows  t h r o u g h  

e x i t   passage  107.  A  p r e s s u r e   pulse  is  produced  tha t   passes  t h r o u g h  

delay  l ine   104.  The  p r e s s u r e   pulse  impinges  on  the  gas  stream  a t  

the  o u t l e t   of  nozzle  109,  f o r c i n g   it   to  "a t t ach"   to  wall  106  and 

flow  through  ex i t   passage  108.  A  pulse  passing  through  delay  l i n e  

103  then  causes  the  stream  to  switch  back  to  wall  105.  It  is  i n  

t h i s   manner  tha t   an  o s c i l l a t i o n   is  e s t a b l i s h e d .   The  f requency  o f  

the  o s c i l l a t i o n   is  a  f u n c t i o n   of  the  p ressure   p ropaga t ion   t i m e  

through  the  delay  l ine   and  time  lag  involved  in  the  stream  s w i t c h i n g  



from  one  a t t achmen t   wall  to  the  o t h e r .   For  a  delay  l ine   of  g i v e n  

l eng th ,   the  p r e s s u r e   p r o p a g a t i o n   time  is  a  f unc t i on   of  t h e  

c h a r a c t e r i s t i c s   of  the  gas,  as  shown  in  the  above  m e n t i o n e d  

p u b l i c a t i o n s   and  also  by  the  equa t i ons   which  are  p r e sen t ed   h e r e i n .  

The  f r e q u e n c y   of  o s c i l l a t i o n   can  be  sensed  by  a  p r e s s u r e   sensor   o r  

microphone  loca ted   in  one  of  the  p a s s a g e s ,   such  as  shown  by  s e n s i n g  

por t   102.  A  d i f f e r e n t i a l   sens ing  device  connected  to  both  p a s s a g e s  

can  also  be  used.  Sensing  por t   101  is  shown  to  i n d i c a t e   one  

p o t e n t i a l   l o c a t i o n   for  a  t e m p e r a t u r e   s e n s o r .  

The  inven t ion   can  be  most  e a s i l y   desc r ibed   by  i n i t i a l   r e f e r e n c e  

to  F igures   2,  3,  4  and  5,  which  r e p r e s e n t   p a r t i c u l a r   embodiments  

of  the  i n v e n t i o n .   Reference  wil l   also  be  made  to  a  p a r t i c u l a r   p r o t o -  

type  hea t i ng   value  monitor  which  was  f a b r i c a t e d   and  t e s t e d .   R e f e r r i n g  

to  F igures   2,  3  and  4,  gas  is  f lowing  through  p i p e l i n e   50.  A  sample  flow  l o o p  

51  is  formed  by  means  of  condu i t ,   such  as  3 /4 - inch   (19  mm)  d i a m e t e r   p i p e ,  

connected  to  p i p e l i n e   50  upstream  and  downstream  of  p r e s s u r e   d rop  

element  53.  The  purpose  of  p r e s s u r e   drop  element  53  i s  t o   cause  a  

loss  of  p r e s s u r e   in  p i p e l i n e   50  which  is  the  same  as  the  p r e s s u r e  

drop  in  flow  loop  51  when  a  s u f f i c i e n t   amount  of  gas  is  p a s s i n g  

through  f low  loop  51.  Gas  flow  through  flow  loop  51  is  s u f f i c i e n t  

when  gas  compos i t ion   at  sample  po in t   54  is  s u b s t a n t i a l l y   the  same  as  

t ha t   in  p i p e l i n e   50  at  any  given  i n s t a n t . -   Normally  p r e s s u r e   d rop  

element   53  is  a  device  p re sen t   in  the  p i p e l i n e   for  a  pr imary  p u r p o s e  

u n r e l a t e d   to  t ak ing   a  sample,  for  example,  a  cont ro l   va lve .   A 

s u f f i c i e n t   length   of  p i p e l i n e   50  can  serve  as  p ressure   drop  e l e m e n t  

53  or  an  o r i f i c e   p la te   can  be  i n s t a l l e d   in  p i p e l i n e   50  t o  s e r v e   t h e  

purpose.   Valves  52  are  used  to  i s o l a t e   flow  loop  51  from  p i p e l i n e  

50 .  



With  regard  to  Figure  3  only ,   p r e s s u r e   and  t empera tu re   of  t h e  

gas  f l o w i n g  i n  p i p e l i n e   50  are  provided  by  p r e s s u r e   t r a n s m i t t e r   75  and 

t e m p e r a t u r e   t r a n s m i t t e r   76.  These  are  l o c a t e d   c lose  to  p i p e l i n e   5 0 ,  

so  tha t   d i f f e r e n c e s   in  p r e s s u r e   and  t e m p e r a t u r e   between  t h e i r   l o c a -  

t ions   and  p i p e l i n e   50  are  not  s i g n i f i c a n t .   P i p e l i n e   50  is  c o v e r e d  

with  thermal  i n s u l a t i o n   of  a  type  commonly  used  on  p i p e l i n e s .   The  l o c a -  

t ion  shown  in  Figure  3  has  the  advantage   of  a l lowing  the  d e n s i t y   m o n i -  

to r   to  be  a  s e l f - c o n t a i n e d   p a c k a g e .   However,  if   the  p r e s su re   and  t e m p e r a -  

ture   d i f f e r e n c e s   are  s i g n i f i c a n t ,   t r a n s m i t t e r s   75  and  76  can  be  l o c a t e d  

d i r e c t l y   on  p i p e l i n e   5 0 .   The  measured  p r e s s u r e   and  t empera tu re   a r e  

r e f e r r e d   to  here in   as  T1  and  P l .  

Figure  4  r e p r e s e n t s   one  a l t e r n a t i v e   embodiment  of   the  p r e s e n t  

i n v e n t i o n   wherein  i t   is  de s i r ed   to  de te rmine   the  mois ture   con t en t   of  a  

g a s  s a m p l e .   Flow  of  a  gas  sample  is  p rovided   in  p a r a l l e l   through  f i r s t  

f l u i d i c   o s c i l l a t o r  5 6   and  second  f l u i d i c  o s c i l l a t o r   78  with  means  f o r  

a d j u s t i n g   the  water  con ten t   of  a  p o r t i o n   of  the  sample  b e f o r e  i t   p a s s e s  

through  the  second  o s c i l l a t o r   78 .  

In  all   th ree   embodiments  as  d e p i c t e d   in  Figures  2,  3 and  4 ,  

sample  l i nes   55  car ry   samples  of  gas  from  sample  points   54  to  f l u i d i c  

o s c i l l a t o r s   56.  Sample  l ine   77  branches  o f f   to  supply  a  sample  of  gas 

to  f l u i d i c   o s c i l l a t o r   78  in  the  embodiment  of  Figure  4.  F i l t e r s   57 

are  provided  to  remove  p a r t i c l e s   wh ich  migh t   be  p re sen t   in  the  s a m p l e ,  

so that  the  narrow  p a s s a g e s  o f   f l u i d i c   o s c i l l a t o r s   56  and 78  or  o t h e r   f l o w  

paths  will  not  become  plugged.  P r e s su re   r e g u l a t o r s   58,  of  the  s e l f - c o n -  

t a ined   type  with  an  i n t e g r a l   gauge,  are  p rovided   so  tha t   gas  f l o w i n g  

through  o s c i l l a t o r s   56  and  tha t   f lowing  through  o s c i l l a t o r   78  is  at  a  

s u b s t a n t i a l l y   c o n s t a n t   p r e s s u r e .   The  f requency   of  o s c i l l a t i o n   at  t h e  

o s c i l l a t o r s   may  vary  with  p r e s s u r e ,   depending  on  t h e  p a r t i c u l a r  

o s c i l l a t o r s   used  and  the  actual   p r e s s u r e   at  the  o s c i l l a t o r s .   As 

will  be  seen,  f r e q u e n c i e s   are  c o r r e l a t e d   with  h u m i d i t y  

m o i s t u r e  c o n t e n t   and  d e n s i t y ,   so  v a r i a t i o n  



for  any  o t h e r   reason  is  u n a c c e p t a b l e .   Any  p r e s su re   r e g u l a t i n g   means 

capable   of  m a i n t a i n i n g   flow  through  the  o s c i l l a t o r s   at  a  s u b s t a n t i a l l y  

c o n s t a n t   value  may  be  used.  Under  c e r t a i n   c i r c u m s t a n c e s ,   s u f f i c i e n t  

p r e s s u r e   r e g u l a t i o n   wil l   e x i s t   by  v i r t u e   of  system  c o n f i g u r a t i o n   and 

p r e s s u r e   l e v e l ,   so  t ha t   no  s e p a r a t e   p r e s s u r e   r e g u l a t i o n   device  i s  

n e e d e d .  

O r i f i c e s   60  are  provided  for   the  purpose,   in  c o n j u n c t i o n  

with  p r e s s u r e   r e g u l a t o r s   58,  of  m a i n t a i n i n g   a  cons t an t   flow  of  ga s  

through  each  o s c i l l a t o r .   P res su re   gauges  59  i n d i c a t e   the  p r e s s u r e s  

downstream  of  o r i f i c e s   60.  Normally  i t   is  not  necessa ry   to  i n s t a l l  

o r i f i c e s   60,  as  the  sample  l ines   or  the  i n l e t   por ts   of  the  o s c i l l a t o r s   s e r v e  

the  same  purpose .   Conduits   71  (F igures   2,  3,  4)  and  79  (Figure   4)  car ry   t h e  

samples  away  from  o s c i l l a t o r s   56  (F igure   2,  3,  4)  and  78  (F igure   4),   to  t h e  

a tmosphere   in  a  l o c a t i o n   where  d i s c h a r g e   of  the  gas  will  cause  no  harm  or  to  a  

process   vessel   where  i t   can  be  u t i l i z e d .   However,  the  q u a n t i t y   of  gas  is  s u f f i -  

c i e n t l y   small  t h a t   i t   may  not  be  economical  to  do  more  than  d i s cha rge   i t   t o  

the  a tmosphere .   P re s su re   t r a n s m i t t e r s   61  are  switch  devices  which 

provide  s i g n a l s   for   a c t u a t i o n   of  alarms  if  the  p r e s su re s   do  not  r e m a i n  

in  p r e v i o u s l y   e s t a b l i s h e d   ranges .   Thus  communication  tha t   i n a c c u r a t e   r e s u l t s  

may  be  o b t a i n e d   is  accompl i shed .   With  r e f e r e n c e   to  Figure  4  only,  d 'ryer  80 

is  provided  to  remove  s u b s t a n t i a l l y   all   water  from  the  gas  which  passes  t h rough  

o s c i l l a t o r   78.  There  are  many  commercia l ly   a v a i l a b l e   devices  t o  

a c c o m p l i s h   t h i s .   A  t y p i c a l   device  con ta ins   two  beds  of  a  d e s i c c a n t  

m a t e r i a l   so  t h a t   gas  to  be  d e s i c c a t e d   passes  through  one  bed  w h i l e  

the  o ther   bed  is  being  r e g e n e r a t e d   by  appl ied  h e a t .  

Obta in ing   a  r e p r e s e n t a t i v e   sample  stream  from  a  p i p e l i n e ,  

p rov id ing   it   to  the  i n l e t   port  of  a  f l u i d i c   o s c i l l a t o r ,   removing  i t  

from  the  o u t l e t   port   of  the  o s c i l l a t o r ,   and  m a i n t a i n i n g  a   s u b s t a n -  

t i a l l y   c o n s t a n t   p r e s s u r e   drop  across  the  o s c i l l a t o r   can  be  accom- 

p l i shed   by  a  v a r i e t y   of  d i f f e r e n t   means  and  methods  for  each  g i v e n  



set   of  c o n d i t i o n s ,   such  as  de s i r ed   flow  rate   through  the  o s c i l l a t o r  

and  p i p e l i n e   p r e s s u r e .   These  means and  methods,  which  can  be  a p p l i e d  

as  a l t e r n a t i v e s   to  those  shown  in  Figures  2,  3  and  4,  are  well  known 

to  those  s k i l l e d   in  the  a r t .  

A  f l u i d i c   o s c i l l a t o r   can  be  designed  and  f a b r i c a t e d   upon 

r e f e r e n c e   to  the  l i t e r a t u r e ,   such  as  that   mentioned  under  the  head ing  

"Sta tement   of  Art"  or  may  be  purchased.   In  t e s t   work  a p p l i c a b l e   t o  

t h i s   i n v e n t i o n ,   an  o s c i l l a t o r   supp l i ed   by  Ga r r e t t   Pneumatic  Systems 

Div i s ion   of  Phoenix,  Arizona  was  used.  This  o s c i l l a t o r   is  of  a 

d i f f e r e n t   c o n f i g u r a t i o n   than  t ha t   shown  in  FIGURE  1  in  t ha t   t h e  

" loops"   formed  by  delay  l i nes   103 and  104  are  open  such  tha t   t h e  

" loops"  define  c a v i t i e s   and  in  t ha t   there   is  only  one  ex i t   p a s s a g e .  

Drawings  of  this   c o n f i g u r a t i o n   can  be  found  in  the  c i t ed   r e f e r e n c e s .  

The  flow  ra te   through  t h i s   o s c i l l a t o r   when  t e s t i n g   n a t u r a l   gas  i s  

approx ima te ly   250  cm3/min  when  upstream  p ressure   is  approx imate ly   20 

p s i g   (a  gauge   p r e s s u r e   of  1 . 4   k g / c m 2 )   and  t h e   o s c i l l a t o r   i s  

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

500  c m 3 / m i n   is   c o n s i d e r e d   to   be  r e a s o n a b l e   f o r   c o m m e r c i a l  

u se   and  s u f f i c i e n t   to   p r o v i d e   a c c e p t a b l e   h u m i d i t y   r e s u l t s .  

Temperature  t r a n s m i t t e r s   67  (Figures   2,  3,  4 )  and   81  (Figure  4)  p r o -  

vide  the  tempera ture   of  the  gas  at  each  o s c i l l a t o r .   Any  of  the  well  known  means 

of  sensing  tempera ture   may  be  used,  such  as  a  t h e r m i s t e r ,   the rmocouple ,   or  s o l i d  

s t a t e   s e m i c o n d u c t o r  s e n s o r .   The  sensor   may  be  l oca t ed   in  a  p a s s a g e  

of  the  o s c i l l a t o r ,   such  as  shown  in  FIGURE  1  ( sens ing   port   101),  o r  

in  the  sample  line  or  condui t   ad jacen t   to  the  o s c i l l a t o r .   Microphones  66 

(F igures   2,  3,  4)  and  82  (F igure   4)  sense  the  f r equency   of  o s c i l l a t i o n   at  each  

o s c i l l a t o r .   A  microphone  is  loca ted   in  a  p o s i t i o n   to  sense  when  t h e  

gas  stream  a t taches   i t s e l f   to  one  of  the  wal ls ,   such  as  the  p o s i t i o n  

shown  in  FIGURE  1  (sensing  port   102).  There  are  a  wide  v a r i e t y   o f  



s e n s o r s   which  can  be  used,  for   example,  a  p i ezoce ramic   t r a n s d u c e r ,  

in  which  p r e s s u r e   induces   a  vo l t age   change,  or  a  p i e z o - r e s i s t a n c e  

t r a n s d u c e r ,   in  which  p r e s s u r e   induces  a  r e s i s t a n c e   change.  Used  i n  

t e s t   work  a p p l i c a b l e   to  t h i s   i nven t ion   was  a  Ser ies   EA  1934  m i c r o -  

phone  supp l i ed   by  Knowles  E l e c t r o n i c s   of  F rank l in   Park,  111.  

S ignals   from  microphones  66  and  82,  t e m p e r a t u r e   t r a n s m i t -  

t e r s   67  and  81,  and  p r e s s u r e   t r a n s m i t t e r s   61  are  p rocessed   by  e q u i p -  

ment  denoted  f i e l d   e l e c t r o n i c s   68  and  cont ro l   room  e l e c t r o n i c s   69.  

F i e ld   e l e c t r o n i c s   are  l oca ted   ad jacen t   to  the  o s c i l l a t o r s  w h i l e  

c o n t r o l   room  e l e c t r o n i c s   are  in  a  cen t r a l   cont ro l   room  some  d i s t a n c e  

away  from  the  o s c i l l a t o r s .   This  equipment  p rocesses   the  s igna l s   t o  

ob t a in   h u m i d i t i e s   of  the   gas  and  performs  other   f u n c t i o n s   which  w i l l  

be  d e s c r i b e d   h e r e i n .   Disp lay   unit   70  r ece ives   s i g n a l s   from  c o n t r o l  

room  e l e c t r o n i c s   69  and  communicates  humid i t i e s   of  the  sample  gas  

and  o ther   i n fo rma t ion   in  human-readable   form.  It  may  be,  for   example ,  

a  l i q u i d   c r y s t a l   d i s p l a y .   The  i n fo rma t ion   may  be  communicated  t o  

o t h e r   equipment ,   such  as  a  s t r i p   char t   r eco rde r   for  making  a 

permanent   record  or  a  computer  for  f u r t h e r   m a n i p u l a t i o n .  

Two  c o n t a i n e r s   of  c a l i b r a t i o n   gas,  64  and  65,  are  p r o v i d e d  

to  check  t ha t   the  moni tor   is  o p e r a t i n g   p r o p e r l y .   Normally  one  o f  

the  c a l i b r a t i o n   gases  has  p r o p e r t i e s   in  the  lower  par t   of  the  r a n g e  

of  values   expected  of  the  g a s  f l o w i n g   in  p i p e l i n e   50  and  one  has  p r o p e r t i e s  

in  the  h igher   pa r t   of  t h a t   range.   The  monitor  is  placed  in  the  a p p r o p r i a t e  

c a l i b r a t i o n   mode  by  means  of  one  of  input   switches  18  (F igure   5).  By  m a n i -  

p u i a t i n g   valves  63,  72  and  73,  the  c a l i b r a t i o n   gases  are  allowed  to  flow,  in  t u r n ,  

through  c a l i b r a t i o n   condu i t   62  and  sample  l ine   55  to  o s c i l l a t o r   56.  

The  moni tor   may  be  a r ranged   so  tha t   p r o p e r t i e s   of  the  c a l i b r a t i o n  

gases  are  d i sp l ayed   and  a  human  t e c h n i c i a n   must,  i f   n e c e s s a r y ,  

a d j u s t   the  moni tor   to  the  known  c a l i b r a t i o n   gas  p rope r ty   va lues ,   o r  



may  be  a r ranged  so  tha t   the  monitor   is  c a p a b l e  o f   a d j u s t i n g   i t s e l f .  

For  example,  the  moni tor   could  r e - c a l c u l a t e   the  values  of  c o n s t a n t s  

s to red   in  i t   which  are  used  in  c a l c u l a t i n g   sample  humid i t i e s   or  d e n s i t i e s  

or  hea t ing   v a l u e s .   P e r i o d i c   c a l i b r a t i o n   must  be  accomplished  to  c h e c k  

for  m a l f u n c t i o n s   and  changes  which  might  take  place  in  the  a p p a r a t u s  

such  as  e l e c t r o n i c   d r i f t ,   c o r r o s i o n ,   and  s u b s t a n c e s   a c c u m u l a t i n g  

in  the  a p p a r a t u s .  

Since  the  p r e s su re   and  t e m p e r a t u r e   of  the  c a l i b r a t i o n  

gases  will   vary  as  c o n d i t i o n s   such  as  ambient   t empera tu re   c h a n g e ,  

the  c a l i b r a t i o n   gas  d e n s i t i e s   c a l c u l a t e d   by  the  monitor  must  be  a d j u s t e d  

to  a  p r e s s u r e   and  t empera tu re   at  which  the  c a l i b r a t i o n   gas  d e n s i t i e s   a r e  

known.  For  example,  i f   p r e s su re   t r a n s m i t t e r   61  measures  a  p r e s s u r e   o f  

20  psig  (140  kPa  gauge)  and  t e m p e r a t u r e   t r a n s m i t t e r   67  measures  a  t e m p e r a -  

ture   of  30°F  ( -1 .1°C)   when  c a l i b r a t i o n   gas  from  c o n t a i n e r   64  is  f l o w i n g  

and  the  d e n s i t y   of  c o n t a i n e r   64  gas  is  known  to  be  0.0448  l b / f t 3  

(0.718  kg/m3)  at  0°C  and  1  a tmosphere  (101  kPa  gauge),   the  d e n s i t y  

communicated  by  the  monitor  must  be  at  0°C  and  1.0  atmosphere  (101  k P a ) .  

If  the  communicated  dens i ty   is  s i g n i f i c a n t l y   d i f f e r e n t   from  0.0448  l b / f t 3  

(0.718  kg/m3),  the  monitor   is  not  o p e r a t i n g   p rope r ly .   Adjustment   of  a 

d e n s i t y   value  from  one  p ressure   and  t e m p e r a t u r e   to  another   is  e a s i l y  

accomplished  by  means  of  the  equat ion  of  s t a t e   p resen ted   h e r e i n .  

The  monitor  may  be  arranged  so  



t ha t   d e n s i t i e s   of  the  c a l i b r a t i o n   gases  are  d i sp layed   and  a  human 

t e c h n i c i a n   must,  if  n e c e s s a r y ,   ad ju s t   the  monitor  to  the  known 

c a l i b r a t i o n   gas  d e n s i t i e s ,   or  may  be  arranged  so  tha t   the  m o n i t o r  

is  capable   of  a d j u s t i n g   i t s e l f .   For  example,  as  was  done  in  t h e  

p r o t o t y p e   device ,   the  monitor   could  r e - c a l c u l a t e   the  values  of  con-  

s t a n t s   s t o r ed   in  i t   which  are  used  in  c a l c u l a t i n g   sample  d e n s i t i e s .  

The  procedure  j u s t   de sc r ibed   does  not  accomplish  c a l i b r a t i o n   o f  

p r e s s u r e   t r a n s m i t t e r - 7 5   and  t empera tu re   t r a n s m i t t e r   76  (see  Figure  3).  These  

items  can  be  c a l i b r a t e d   s e p a r a t e l y   by  s tandard   means.  If  d e s i r e d ,  

the  c a l i b r a t i o n   gases  can be  i n t roduced   into  flow  loop  51  u p s t r e a m  

of  these   items  in  order  to  inc lude   them  in  the  c a l i b r a t i o n .   It  i s  

also  p o s s i b l e   to  compare  a  value  determined  by  the  monitor   to  t h e  

d e n s i t y   of  a  c a l i b r a t i o n   gas  by  manual  means.  P r e s s u r e ,   t e m p e r a t u r e ,  

and  d e n s i t y   could  be  communicated  by  the  monitor  and  an  o p e r a t o r  

could  r e f e r   to  a  s t andard   char t   or  t a b l e s   to  compare  the  communicated 

r e s u l t s   to  the  actual   d e n s i t y   of  the  c a l i b r a t i o n   gas.  Another  method 

is  to  p rov ide   appara tus   in  l ine   55  to  ad jus t   p re s su re   and  t e m p e r a t u r e  

of  c a l i b r a t i o n   gas  e n t e r i n g   the  o s c i l l a t o r   to  p a r t i c u l a r   p r e -  

e s t a b l i s h e d   va lues .   However,  t h i s   method  would  be  used  only  in  r a r e  

c i r c u m s t a n c e s ,   s ince  i t   is  less   c o s t l y   to  manipula te   numbers  than  t o  

m a n i p u l a t e   the  physica l   c o n d i t i o n   of  the  c a l i b r a t i o n   g a s e s .  



P a r t i a l   c a l i b r a t i o n s ,   or  ope ra t ion   checks,   can  be 

accomplished  in  a  number  of  d i f f e r e n t   ways.  Use  of  a  c a l i b r a t i o n  

gas  can  be  combined  with  o p e r a t i o n   checks  accompl ished  e l e c t r o n i c a l l y .  

A  t o t a l l y   e l e c t r o n i c   o p e r a t i o n a l   check  can  be  made.  For  example, means  f o r  

g e n e r a t i n g   a p p r o p r i a t e   o s c i l l a t i n g   tones  can  be  provided  at  mic rophones  

66  (F igures   2 ,3 ,4)   and 82  (F igure   4)  so  tha t   new  values   of  K land   K2  can  be  

c a l c u l a t e d .   Of  course ,   t h i s   procedure  checks  only  the  e l e c t r o n i c s  

and  not  the  o s c i l l a t o r .   In  another   s i m p l e  c h e c k ,   tuning  forks  a r e  

used  to  genera te   tones  at  microphones  66  and  82  and  the  s y n t h e t i c  

"value"  r e s u l t i n g   from  the  tone  inputs   is  compared  to  the  e x p e c t e d  

proper  value  in  computing  means.  Opera t iona l   checks  can  be  performed  by  

s w i t c h i n g f l o w  f o r m   one  o s c i l l a t o r   to  the  o ther   in  the  embodiment of   Figure  4 .  

Temperature   changes  can  be  used  to  perform  o p e r a t i o n a l   checks.   This  can  be  done 

by  using  heat ing  means,  such  as  e l e c t r i c a l   r e s i s t a n c e   c o i l s ,   to  h e a t  

gas  f lowing  into  the  o s c i l l a t o r s   and  comparing  values  of  p r o p e r t i e s   f o r  

heated  and  unheated  gas.  If  the  gas  used  in  the  check  is  from  a 

changing  process  source,   p rov i s ion   must  be  made  to  p revent   changes  

during  the  checking  per iod .   This  can  be  accomplished  by  providing  a 

c o n t a i n e r   to  c o l l e c t   a  s u f f i c i e n t   q u a n t i t y   of  gas  to  do  the  check  o r  

r e c y c l i n g   gas  from  the  o u t l e t   of  the  o s c i l l a t o r s   back  through  the  sy s t em 

Given  a  p a r t i c u l a r   o b j e c t i v e   to  be  accomplished,   o ther   checks  w i l l  

become  a p p a r e n t .  



An  assembly  of  e l e c t r o n i c s   devices   for  p roces s ing   s i g n a l s  

from  the  t r a n s m i t t e r s   and  microphones  ( v a r i a b l e s )   and  p rov id ing   s i g n a l s  

to  the  d i s p l a y   unit   can  be  f a b r i c a t e d   from  s t andard   components  by 

one  s k i l l e d   in  the  a r t .   FIGURE  5  shows  one  such  design  in  s i m p l i f i e d  

form.  Line  19  i n d i c a t e s   which  items  are  l oca ted   in  the  f i e l d   and 

which  are  l oca t ed   in  the  cont ro l   room.  For  ease  of  u n d e r s t a n d i n g ,   F i g u r e S  

is  drawn  for  the  cases  in  which  only  one  o s c i l l a t o r   is  used.  It  can 

e a s i l y   be  seen  t h a t   c e r t a i n   items  would  need  to  be  d u p l i c a t e d   so  d a t a  

r e l a t i n g   to  two  o s c i l l a t o r s   can  be  provided  to  the  computing  means .  

Though  the  f o l l o w i n g   d e s c r i p t i o n   mentions  only  o s c i l l a t o r s   56  and  a s s o c i -  

ated  i tems,   o p e r a t i o n   of  o s c i l l a t o r   78  (F igure   4)  and  a s s o c i a t e d   i t e m s  

is  the  same  as  for  o s c i l l a t o r s   56.  A  s igna l   from  microphone  66  i s  

provided  to  a m p l i f i e r   1,  passed  through  f i l t e r   2,  and  conver ted   to  a  

-square  wave  pulse   in  square  wave  shaper  3.  The  output   of  s q u a r e  

wave  shaper  3  is  provided  to  counter   6  by  means  of  t r a n s m i t t e r   4  and 

r e c e i v e r   5.  Counter  6  counts  the  number  of  cycles   occu r r ing   i n  

o s c i l l a t o r   56  in  a  uni t   of  time,  thus  g e n e r a t i n g   f requency   i n f o r m a t i o n .  

The  s i g n a l s   from  p r e s s u r e   t r a n s m i t t e r   61  and  t empera tu re   t r a n s m i t t e r  

67  are  s e l e c t e d   one  at  a  time  by  analog  swi t ch ing   device  7  and  s e n t  

s e q u e n t i a l l y   to  a n a l o g - t o - d i g i t a l   c o n v e r t e r   8,  where  they  a r e  

conver ted   to  d i g i t a l   form.  Ser ia l   i n p u t / o u t p u t   device  9  c o n v e r t s  

the  output   of  a n a l o g - t o - d i g i t a l   c o n v e r t e r   8  to  a  s e r i a l   pulse  t r a i n ,  

which  is  provided  by  means  of  t r a n s m i t t e r   10  and  r e c e i v e r   11  t o  

s e r i a l   i n p u t / o u t p u t   device  12,  loca ted   in  the  cont ro l   room. 

Memory  device  15,  a  random  access  memory  chip  (RAM),  i s  

used  to  s t o r e   the  v a r i a b l e s .   A  program  for   con t ro l   of  t h e  

e l e c t r o n i c s   devices   and  performing  computa t ions   is  s tored   in  memory 



device  14,  a  programmable  r e a d - o n l y   memory  chip  (PROM).  C o n s t a n t s  

needed  for  the  computat ion  are  s tored   in  memory  device  16,  an 

e l e c t r o n i c a l l y   e r a s a b l e   programmable  r e a d - o n l y   memory  chip  (EEPROM). 

Central   p r o c e s s i n g   uni t   13  performs  the  neces sa ry   computa t ions   and  p r o v i d e  

output   s i g n a l s   to  d i s p l a y   un i t   70  (F igures   2,  3 ,4 ) .   Input  swi tches   18  a r e  

used  to  provide  human  input   to  the  e l e c t r o n i c   components.   These  a r e  

r o t a r y   c l i c k - s t o p   swi tches   which  can  be  set  to  any  d i g i t   from  0  t o  

9.  One  of  the  switches   is  the  mode  switch  and  the   o thers   are  u s e d  

to  en te r   numerical   va lues .   The  p o s i t i o n   of  the  mode  s w i t c h  

" i n s t r u c t s "   the  appara tus   what  to  do.  In  the  c a l c u l a t e   mode,  t h e  

appara tus   d i sp l ays   the  humidi ty   of  a  sample.  When  the  mode  s w i t c h  

is  placed  in  the  " cons t an t   load"  p o s i t i o n ,   numerical   values  o f  

c o n s t a n t s   can  be  manually  set  on  the  other   swi tches   and  loaded  i n t o  

the  system  by  depress ing   a  bu t ton .   Another  p o s i t i o n   of  the  mode 

switch  allows  values  of  v a r i a b l e s   to  be  d i sp layed   in  sequence  on 

d i s p l a y   70.  When  it   is  de s i r ed   to  c a l i b r a t e   the  a p p a r a t u s ,   s t i l l  

other  p o s i t i o n s   are  used.  Addi t iona l   p o s i t i o n s   are  used  as  r e q u i r e d .  

P a r a l l e l   i n p u t / o u t p u t   device  17  p rov ides   a  means  of  t r a n s m i t t i n g  

in fo rmat ion   from  input  swi tches   18  and  a l s o  c o n t r o l l i n g   counter   6 .  

It  will   be  c lear   to  one  s k i l l e d   in  the  a r t  t h a t   c e r t a i n   of  t h e  

e l e c t r o n i c s   devices  may  be  c o l l e c t i v e l y   r e f e r r e d   to  as  a  computer  o r  

computing  means  or  may  be  con ta ined   within  a  computer  or  comput ing  

means .  

The  basic  equat ion  used  in  the  p r a c t i c e   of  t h i s   i n v e n t i o n  

which  de sc r ibe s   the  ope ra t ion   of  a  f l u i d i c   o s c i l l a t o r   i s  

where 



M =  m o l e c u l a r   weight  of  the  gas  f lowing  through  o s c i l l a t o r ,  

G =  s p e c i f i c   heat  r a t i o   of  the  gas  f lowing  through  o s c i l l a t o r ,  

T =  t e m p e r a t u r e   of  the  gas  f lowing  through  o s c i l l a t o r ,  

F =  f r e q u e n c y   of  o s c i l l a t o r   ou tput   s i g n a l ,   and 

K1 and  K2  =  c o n s t a n t s .  

The  q u a n t i t y   6  can  be  p rov ided   as  a  cons t an t   s tored   i n  

computer  memory  or  can  be  c a l c u l a t e d   by  means  of  a  c o r r e l a t i o n ,   such  

as  the  e a u a t i o n  

where  

K3,  K4,  K5  and  K6  are  c o n s t a n t s .  

The  computer  is  programmed  t o  s o l v e   these   equa t ions   f o r  

each  o s c i l l a t o r ,   using  values  of  F  and  T  provided  as  desc r ibed   above ,  

and  va lues   o f  c o n s t a n t s   which  e x i s t   in  computer  memory.  It  can  be 

r e a d i l y   seen  t h a t   these   molecu la r   weights   can  be  used  to  obtain   t h e  

m o i s t u r e   con ten t   of  the  sample  by  means  of  the  e q u a t i o n s  

where  

X =  weight   f r a c t i o n ,  

Xw  = X  of  water  p r e sen t   in  the  s a m p l e ,  

Xb =  X  of  all   components  of  the  sample  o ther   than  w a t e r ,  

Ms  =  M  of  t h e  s a m p l e   before   water  con ten t   a d j u s t m e n t ,  

Mb  =  M  of  the  sample  components  o the r   than  water  ( a v e r a g e ) ,   and 

Mw  =  M  of  w a t e r .  

Ms  is  c a l c u l a t e d   by  means  of  the  bas i c   equa t ion   appl ied   to  d a t a  f r o m  

o s c i l l a t o r   56  and  Mb  is  der ived  from  data   from  o s c i l l a t o r   78  in  t h e  

same  manner.   Thus  there   are  two  e q u a t i o n s   and  two  unknowns,  so  Xw 

can  be  c a l c u l a t e d   in  the  c o m p u t e r .  



The  hea t ing   value  of  the  gas  can  be  c a l c u l a t e d   by  use  o f  

an  equat ion  such  a s  

where  

C1  and  C2  are  c o n s t a n t s   and  H =  hea t ing   v a l u e .  

The  computer  is  programmed  to  solve  these  equa t ions   t o  

obtain   H,  using  values   of  F  and  T  provided  as  descr ibed   above,  and 

values  of  c o n s t a n t s   which  ex i s t   in  computer  memory. 

The  d e n s i t y   of  the  gas  can  be  c a l c u l a t e d   by  use  of  t h e  

e q u a t i o n  

where 

D =  d e n s i t y ,  

m  =  mass ,  

V =  volume,  

P1 =  p re s su re   at  the  point   of  dens i ty   measuremen t ,  

T1 =  t empera tu re   at  the  point   of  dens i t y   measuremen t ,  

Z =  c o m p r e s s i b i l i t y   f a c t o r ,   and 

R =  un ive r sa l   gas  c o n s t a n t .  

T h i s  e q u a t i o n  i s   derived  from  the  f a m i l i a r   equat ion  o f  

s t a t e  

where  

n =  number  of  moles.  Z  can  be  e a s i l y   expressed   by  means  o f  

equa t ions   which  depend  on M  and  data  a v a i l a b l e  i n   the  l i t e r a t u r e ,   as  

expla ined  h e r e i n .  



The  computer  is  programmed  to  solve  these  equa t ions   t o  

ob ta in   D,  using  values  of  F,  T,  T,,  and  P1  provided  as  d e s c r i b e d  

above,  and  values  of  c o n s t a n t s   which  ex i s t   in  computer  memory. 

The  equa t ion   for  G  used  in  the  p ro to type   uni t   was 

developed  by  a  s t anda rd   c u r v e - f i t t i n g   method  using  values   of  G 

a v a i l a b l e   in  the  l i t e r a t u r e   for  gases  such  as  methane,   e thane ,   e t c .  

As  can  be  a p p r e c i a t e d   by  those   s k i l l e d   in  the  a r t ,   t he re   a r e  

o the r   ways  to  develop  and  express   G  and  to  s to re   i t   in  the  computer .  

The  most  a p p r o p r i a t e   method  is  dependent   on  the  p a r t i c u l a r   a p p l i c a -  

t i o n .  

An  approach  to  deve lop ing   a  basic  o s c i l l a t o r   equat ion   on  a 

t h e o r e t i c a l   basis   is  as  f o l l o w s .   Reference  is  made to  Figure  1  a s  



an  example.  A  p re s su re   pulse  which  passes  through  delay  l ine  103  o r  

104,  desc r ibed   above,  t r a v e l s   at  the  local  speed  of  sound,  u.  

Denoting  the  length  of  each  delay  l ine   as  L,  the  time  r equ i red   f o r  

the  pulse  to  t r a v e r s e   a  delay  l ine   is  L/u.  The  time  for  a  comple t e  

cycle   of  o s c i l l a t i o n   inc ludes   tha t   r equ i red   for  a  pulse  to  t r a v e l  

through  each  delay  l i ne .   An  equa t ion   for  the  local  speed  of  sound 

i s  

where 

u  =  speed  of  sound ,  

g  =  g r a v i t a t i o n a l   c o n s t a n t ,   and 

R =  u n i v e r s a l   gas  c o n s t a n t .  

Thus  the  time  r equ i red   for  the  pulse  to  t r a v e r s e   the  two  delay  l i n e s  

is  2  L/u  o r  

As  exp la ined   above,  the  t o t a l   time  for  a  cycle  of  o s c i l l a t i o n   a l s o  

depends  on  switching  time,  the  time  r equ i r ed   for  swi tching  of  t h e  

stream  from  one  a t tachment   wall  to  another ,   or  the  period  between 

a r r i v a l   of  a  pulse  propagated   through  a  delay  l ine  at  nozz le  109   and 

the  s t a r t   of  a  pulse  through  the  other   delay  l ine .   Switching  t ime  

can  be  expressed   as  i n v e r s e l y   p r o p o r t i o n a l   to  u,  tha t   is  as  



Since  L  is  a  c o n s t a n t   for  any  given  o s c i l l a t o r   and  the  inverse   o f  

time  is  f r e q u e n c y ,   the  fo l lowing   equat ion   can  be  w r i t t e n  

Solving  the  equa t ion   for  M  and  making  g,  L,  and  R  a  par t   of  t h e  

c o n s t a n t ,   the  equat ion   becomes 

If  the  above  c o n s t a n t   is  de s igna ted   as  K1,  and  K2  is  added  to  t h e  

r i g h t - h a n d   s ide ,   the  basic   e q u a t i o n  p r e s e n t e d   above  is  ob ta ined .   I t  

has  been  found  neces sa ry   to  add  the  cons tan t   K2  to  the  equat ion  i n  

order  to  a c c u r a t e l y   d e s c r i b e   the  o s c i l l a t o r .   It  is  not  pos s ib l e   t o  

use  a  pure ly   t h e o r e t i c a l   e q u a t i o n ,   in  par t   as  a   r e s u l t   of  the  i m p e r -  

f e c t i o n s   of  hardware  and  measuring  equipment.   For  example,  no  t w o  

f l u i d i c   o s c i l l a t o r s   wil l   perform  in  an  i d e n t i c a l   manner.  In  a  p a r -  

t i c u l a r   o s c i l l a t o r ,   which  was  used  in  a  na tu ra l   gas  a p p l i c a t i o n ,   Kl 

and  K2  were  e m p i r i c a l l y   e s t a b l i s h e d   by  f lowing  gases  such  as  m e t h a n e ,  

e thane ,   propane,   butane ,   and  pentane  through  the  moni to r .   The  v a l u e s  

of  K1  and  K2  thus  e s t a b l i s h e d   were  7.538  x  106  and  1.58,   r e s p e c t i v e l y .  

This  c a l i b r a t i o n   procedure   must  be  fol lowed  for  each  monitor   which 

is  f a b r i c a t e d ,   using  gases  s i m i l a r   to  the  gas  for   which  the  m o n i t o r  

is  to  be  used.  However,  only  two  c a l i b r a t i o n   gases  are  r equ i red   t o  

de f ine  K   1  and  K 2 .  



The  c o m p r e s s i b i l i t y   f a c t o r ,   Z,  from  the  e q u a t i o n  

of  s t a t e   to  c a l c u l a t e   d e n s i t y ,   is  a  measure  of  the  d e v i a t i o n  

of  the  sample  gas  from  i d e a l i t y   and  is  added  to  the  e x p r e s s i o n  

commonly  known  as  the  ideal   gas  law  in  order   to  make  the  i d e a l  

gas  law  a p p l i c a b l e   to  real  g a s e s .   Since  c o m p r e s s i b i l i t y   f a c t o r s  

are  covered  by  a  vast   q u a n t i t y   of  l i t e r a t u r e   which  inc ludes   a 

number  of  d i f f e r e n t   methods  of  computing  them,  the re   is  no 

need  to  expla in   the  bas ic   theory  he re in .   For  f u r t h e r  

i n fo rma t ion   and  r e f e r e n c e s   to  the  l i t e r a t u r e ,  



r e f e r   to  Basic  P r i n c i p l e s   and  C a l c u l a t i o n s   in  Chemical  E n g i n e e r i n g ,  

2nd  e d i t i o n ,   1967,  P r e n t i c e - H a l l ,   Inc . ,   by  Himmelblau,  p.  149  and 

f o l l o w i n g .   Also  useful   are  Chemical  Process  P r i n c i p l e s ,   2nd  e d i t i o n ,  

1954,  John  Wiley  &  Sons,  by  Hougen  et  al,  p.  87,  and  P e r r y ' s   Chemical  

E n g i n e e r s '   Handbook,  4th  e d i t i o n ,   McGraw-Hill,  p.  4 - 4 9 .  

In  the  p r o t o t y p e   device ,   Z  is  c a l c u l a t e d   by  means  of  t h e  

e q u a t i o n  

where  

f o r  

M  between  16  and  21.75,  o r  

f o r  

M  between  21.76  and  27.55,  and 

ZB =  0.999287  +  9.25222  x  10-5  M -  1.06605  x  10-5  M2,  where  

Zg  = Z  at  p a r t i c u l a r   base  c o n d i t i o n s ,  

S =  s u p e r c o m p r e s s i b i l i t y   f a c t o r ,  

P1 =  p o u n d s   p e r   s q u a r e   i n c h   g a u g e   ( P 1 x 0 . 0 7   k g / c m 2   g a u g e ) ,   a n d  

T1 =  oR. 

The  equa t ions   for  S  are  e m p i r i c a l l y   der ived .   These  and  the  e q u a t i o n  

for   Z  can  be  found  in  P r i n c i p l e s   and  P r a c t i c e s   of  Flow  Mete r  



E n g i n e e r i n g ,   9th  e d i t i o n ,   1967,  by  Spink,  publ ished  by  Foxboro  Co. 

and  Plimpton  Press  of  Norwood,  Massachuse t t s .   The  exp re s s ion   for  ZB 

was  der ived  by  means  of  c o r r e l a t i n g   values  of  Zg  for  gases  o f  

d i f f e r e n t   molecular   weights .   This  was  done  by  conve r t ing   values  o f  

base  t empe ra tu r e s   and  p r e s s u r e s   for  var ious   gases,   using  c r i t i c a T  

t e m p e r a t u r e s   and  p r e s s u r e s   ob ta ined   from  the  l i t e r a t u r e ,   to  r e d u c e d  

p r e s s u r e   and  t empera ture   and  then  using  char ts   prepared  by  Nelson 

and  Obert  to  obtain   ZB. 

The  equat ion  for  heat ing  v a l u e ' p r e s e n t e d   above  can  be  found  

in  Report  No. 5  of  the  Transmiss ion   Measurement  Committee  of  t h e  

American  Gas  Assoc ia t ion   (Ar l i ng ton ,   V i r g i n i a ,   Catalog  No.  XQ  0 7 7 6 ) .  

When  H  is  expressed  in  BTU  per  s tandard   cubic  f ee t   of  gas,  C1  = 

54.257  and  C2 =  144.  If  it  is  des i red   to  express  H  in  BTU  per  pound 

of  fuel   gas,  Report  No. 5  i n d i c a t e s   tha t   C1  and  C2  assume  d i f f e r e n t  

va lues   and  1/M  is  s u b s t i t u t e d   for  M.  Of  course ,   i t   is  p o s s i b l e   t o  

use  o ther   c o r r e l a t i o n s   for  c a l c u l a t i n g   H  of  na tu ra l   gas  in  t h e  

p r a c t i c e   of  th i s   i nven t ion .   And  a  d i f f e r e n t   c o r r e l a t i o n   is  needed 

for  de te rmin ing   H  of  subs tances   other   than  hydrocarbons  having  one 

to  approx imate ly   six  carbon  atoms.  This  c o r r e l a t i o n   would  l i k e l y   be 

developed  by  empir ica l   m e t h o d s .  

It  is  poss ib le   to  p resen t   in format ion   derived  from  t h e  

p r a c t i c e   of  th i s   inven t ion   in  severa l   d i f f e r e n t   forms.  For  example ,  

H  may  be  provided  in  metr ic   uni ts   by  a p p r o p r i a t e l y   programming  t h e  

computer  or  the  Wobbe  Index  of  the  sample  gas  may  be  p r e s e n t e d .  

Wobbe  Index  is  a  parameter   used  in  the  gas  i n d u s t r y .   One  method  o f  

e x p r e s s i n g   it  i s  

where 

k  =  the  square  root  of  the  molecular   weight  of  a i r .  

The  sample  gas  may  conta in   compounds  which  are  non -combus t -  

i b l e .   The  c o n c e n t r a t i o n s   and  molecular   weights  of  these  compounds 

must  be  provided  to  the  computer  in  order  to  produce  an  a c c u r a t e  

hea t ing   va lue .   This  may  be  done  by  means  of  an  ana lyzer   t h r o u g h  



which  the  sample  gas  is  passed  and  which  is  arranged  to  a u t o m a t i c a l l y  

provide  a p p r o p r i a t e   s i gna l s   to  the  computer.   A  v a r i e t y   of  a n a l y z e r  

appa ra tus   is  a v a i l a b l e   for  use,  such  as  a  gas  ch roma tog raph .  

A l t e r n a t i v e l y ,   average  values  of  c o n c e n t r a t i o n s   and  m o l e c u l a r  

weights   of  the  non-combus t ib le   components  may  be  manually  e n t e r e d  

into  the  computer.   For  example,  na tu ra l   gas  of ten   conta ins   c a rbon  

d iox ide   and  n i t rogen   and  t h e i r   c o n c e n t r a t i o n s   do  not  vary  g r e a t l y  

from  hour  to  hour.  It  will  of ten  be  s a t i s f a c t o r y   to  analyze  f o r  

these   once  a  day  and  enter   values  by  use  of  the  input  s w i t c h e s  

mentioned  above.  The  equat ion  for  H  must  be  modif ied  to  account  f o r  

these   c o n s t i t u e n t s   which  add  to  the  volume  of  gas  but  not  t h e  

hea t ing   value.   For  example,  if  t he re   are  two  n o n - c o m b u s t i b l e  

c o n s t i t u e n t s   whose  c o n c e n t r a t i o n s   are  expressed   by  volume  f r a c t i o n s  

X1  and  X2  and  having  molecular   weights  Ml  and  M2,  the  e q u a t i o n  

p r e s e n t e d   above  becomes 

The  d e r i v a t i o n   of  t h i s   and  s imi l a r   forms  is  e a s i l y   accomplished  by 

a l g e b r a i c   m a n i p u l a t i o n .  

In  some  a p p l i c a t i o n s   it  may  be  d e s i r a b l e   to  provide  to  t h e  

computer  c o n c e n t r a t i o n s   and  molecular   weights   of  combust ib le   c o n s t i t u -  

ents   i n  t h e   same  manner  as  non-combus t ib le   c o n s t i t u e n t s   in  order  t o  

improve  accuracy .   The  equat ion  used  to  c a l c u l a t e   H  can  e a s i l y   be 

modi f i ed   for  these  a p p l i c a t i o n s .   An  example  is  the  measurement  o f  

hea t i ng   value  of  o f f - g a s   from  a  hydrogen-p roduc ing   hydrogen  r e c y c l e  

p r o c e s s ,   such  as  c a t a l y t i c   reforming  or  d e h y d r o g e n a t i o n .   For  



background  in  th i s   area,   U.S.  Pa ten t   No.  3,974,064  (Bajek  et  a l . )  

may  be  c o n s u l t e d .   The  o f f -gas   is  of ten   used  in  whole  or  par t   as  a 

fue l .   It  is  comprised  of  both  hydrogen  and  var ious  hydrocarbon  com- 

pounds.  Since  the  hea t ing   value  of  hydrogen  is  not  a c c u r a t e l y   r e p r e -  

sented  by  many  c o r r e l a t i o n s   used  for  hydrocarbons ,   i t   can  be  seen  t h a t  

use  of  exact   hydrogen  c o n c e n t r a t i o n s   and  a  c o r r e l a t i o n   for  h y d r o c a r b o n s  

y i e l d s   g r e a t e r   accuracy  than  use  of  a  c o r r e l a t i o n   which  accounts   for  b o t h  

hydrogen  and  hydrocarbons .   Also,  because  hydrogen  c o n c e n t r a t i o n   in  h y d r o -  

gen  r ecyc le   p roces se s   is  often  measured  for  other  purposes ,   the  improve -  

ment  in  accuracy   may  be  a v a i l a b l e   wi thout   purchase  of  ano ther   a n a l y z e r .  

Use  of  a  heat ing  value  m o n i t o r . i n   control   of  a  c o m b u s t i o n  

zone  may  be  h ighly   d e s i r a b l e   or  n e c e s s a r y   to  achieve  a c c e p t a b l e  

c o n t r o l .   C o n s i d e r  a   process   in  which  t empera tu re   in  a  fu rnace   m u s t  

be  main ta ined   in  a  r e l a t i v e l y   narrow  range.   A  t yp i ca l   c o n t r o l  

arrangement  is  to  measure  furnace   t empera tu re   and  ad jus t   fuel   f l o w  

to  maintain   i t   c o n s t a n t .   When  the  amount  of  heat  absorbed  by  t h e  

process  i n c r e a s e s ,   the  t empera ture   drops  and  more  fuel  is  burned  t o  

increase   t empera tu re   to  the  proper  va lue .   Also,  changes  in  f u e l  

heat ing  value  will  cause  furnace   t empera tu re   changes  for  which  t h e  

control   system  must  compensate.   Since  the  performance  of  a  c o n t r o l  

system  degrades  as  the  number  o f  f a c t o r s   for  which  it  must  c o m p e n s a t e  

i n c r e a s e s ,   it  is  d e s i r a b l e   to  e l i m i n a t e   f l u c t u a t i o n s   in  t e m p e r a t u r e  

r e s u l t i n g   from  changes  in  fuel  hea t ing   value.   This  can  be  a c c o m p l i s h e d  

by  measuring  fuel  flow  and  hea t ing   va lue ,   e s t a b l i s h i n g   a  s i g n a l  

r e p r e s e n t a t i v e   of  t h e i r   product ,   and  a d j u s t i n g   fuel  flow  by  r e f e r e n c e  

to  th is   p roduc t .   The  product  is  r e p r e s e n t a t i v e   of  ra te   of  heat  f l o w  

to  the  p rocess .   T h e  r a t e   of  heat  flow  is  ad jus ted   with  r e f e r e n c e   t o  

process  t e m p e r a t u r e .   Expressing  the  system  in  terms  of  s t a n d a r d  



analog  con t ro l   a p p a r a t u s ,   a  t empera tu re   c o n t r o l l e r   r e c e i v i n g   a  s i g n a l  

r e p r e s e n t a t i v e   of  fu rnace   t e m p e r a t u r e   would  supply  the  set  po in t ,   i n  

cascade   f a s h i o n ,   to  a  c o n t r o l l e r   which  r e c e i v e s   a  s ignal   r e p r e s e n t a -  

t i v e   of  the  heat  c o n t e n t   of  the  fuel  and  a d j u s t s   the  fuel  flow  c o n t r o l  

v a l v e .  

A  hea t ing   value  monitor  may  be  appl ied   to  improve  f u e l  

economy.  Consider   a  combust ion  zone  where  fuel  flow  is  ad jus t ed   t o  

ma in t a in   a  c o n s t a n t   zone  t e m p e r a t u r e .   Combustion  air   flow  ra te   i s  

normal ly   e s t a b l i s h e d   by  measuring  fuel  flow  and  combining  a  s i g n a l  

r e p r e s e n t a t i v e   of  fuel   flow  with  a  p r e v i o u s l y   e s t a b l i s h e d   r a t i o   v a l u e  

to  ob t a in   a  s igna l   used  to  ad ju s t   air   r a t e .   This  con t ro l   method  i s  

i n c a p a b l e   of  r e spond ing   to  changes  in  fuel   hea t ing   value,   so  normal 

p r a c t i c e   is  to  set   up  the  system  so  t h a t   excess   air   is  suppl ied   t o  

the  combustion  zone.  Excess  a i r   is  tha t   q u a n t i t y   of  air   which  i s  

not  needed  to  combine  with  the  f u e l .   It  is  d e s i r a b l e   to  keep  e x c e s s  

a i r   at  a  minimum  as  the  amount  of  fuel  used  to  heat  i t   r e p r e s e n t s   a  

t o t a l   l o s s .   As  the  fuel   hea t ing   value  i n c r e a s e s ,   more  combus t ion  

a i r   is  r e q u i r e d .   If  i n s u f f i c i e n t   combustion  a i r   is  s upp l i ed ,   f u e l  

is  wasted  as  a  r e s u l t   of  incomple te   combust ion.   A  s ignal   r e p r e s e n t a -  

t i v e   of  fuel   gas  hea t ing   value  can  be  used  to  ad jus t   air  flow  r a t e ,  

u s u a l l y   by  means  of  a d j u s t i n g   the  r a t i o   va lue ,   so  t ha t   the  e x c e s s  

a i r   q u a n t i t y   is  smal l ,   thus  saving  fuel   for   hea t ing   unneeded  a i r   and 

avo id ing   use  of  e x t r a   f u e l .  

In  the  simple  examples  above,  r e f e r e n c e   is  made  t o  

o b j e c t i v e s   of  c lose   c o n t r o l ,   or  con t ro l   in  a  narrow  range,   and 

c o n t r o l   to  improve  fuel   economy.  Of  course ,   these  o b j e c t i v e s   a r e  

not  m u t u a l l y   e x c l u s i v e .   Control  systems  can  be  designed  to  a c h i e v e  

both  o b j e c t i v e s   by  a d j u s t i n g   both  fuel  and  a i r   f lows.   These  sys t ems  



may  u t i l i z e   s tandard   analog  cont ro l   i n s t r u m e n t a t i o n   or  more 

s o p h i s t i c a t e d   a p p a r a t u s ,   such  as  tha t   i n c o r p o r a t i n g   d i g i t a l  

computing  dev ices .   F u r t h e r ,   there   are  other  o b j e c t i v e s ,   such  as  

mentioned  he re in ,   which  may  need  to  be  achieved  in  con t ro l   of  a 

p a r t i c u l a r   combustion  zone.  While  it  is  not  pos s ib l e   to  p r e s e n t  

herein   all  of  the  v a r i a t i o n s   in  o b j e c t i v e s   and  methods  of  a c h i e v i n g  

same,  the  u se fu lne s s   of  the  p resen t   invent ion   in  doing  so  will  be  

seen  by  those   s k i l l e d   in  the  art   u p o n  c o n s i d e r a t i o n   of  p a r t i c u l a r  

s i t u a t i o n s .  

FIGURE  2  shows  an  embodiment  of  the  inven t ion   where  a 

cont inuous   flow  of  sample  through  the  o s c i l l a t o r   is  e s t a b l i s h e d   i n  

order  to  obtain   a  cont inuous   heat ing  value  for  gas  f lowing  in  a 

process   p i p e l i n e .   An  embodiment  of  the  inven t ion   for  use  in  a 

l a b o r a t o r y   would  not  r equ i r e   the  flow  loop  shown  in  FIGURE  2 .  

Sample  can  be  c o l l e c t e d   in  an  evacuated  p r e s s u r e - r e s i s t a n t   c o n t a i n e r ,  

commonly  ca l l ed   a  sample  bomb,  which  is  then  connected  to  sample  

l ine   55.  In  a p p l i c a t i o n s   where  the  heat ing  values  of  l i q u i d s   are  t o  

be  de termined ,   a  means  for  vapor iz ing   the  l i qu ids   is  r e q u i r e d .   T h i s  

can  be  accompl ished,   for  example,  by  use  of  e l e c t r i c   r e s i s t a n c e   h e a t -  

ing  elements  sur rounding  a  por t ion   of  conduit   through  which  t h e  

sample  pas ses .   The  term  "gas"  is  f r e q u e n t l y   used  h e r e i n ;   i t   s h o u l d  

be  unders tood  to  include  vapors  r e s u l t i n g   from  fue l s   which  a r e  

i n i t i a l l y   in  l iqu id   form.  For  example,  it  may  be  des i r ed   t o  d e t e r -  

mine  the  hea t ing   value  of  a  sample  of   No. 2  fuel  o i l ,   which  is  l i q u i d  

at  normal  ambient  t e m p e r a t u r e s .  



In  a  r e l a t i v e l y   simple  embodiment  of  the  invent ion ,   t h e  

sample  loop  shown  in  Figure  3  omi t ted .   Sample  is  c o l l e c t e d - i n   an 

evacuated   p r e s s u r e - r e s i s t a n t   c o n t a i n e r ,   which  is  then  connected  t o  

sample  l ine   55,  e i t h e r   upstream  or  downstream  of  f i l t e r   57.  The 

d e n s i t y   communicated  by  the  appara tus   is  t ha t   at  the  tempera ture   and 

the  p r e s s u r e   measured  by  p r e s su re   t r a n s m i t t e r   61  and  t e m p e r a t u r e  

t r a n s m i t t e r   67.  There  is  no  need  to  d ivide   the  e l e c t r o n i c s   into  two 

packages  at  two  d i f f e r e n t   l o c a t i o n s .   This  embodiment  might  be  u sed  

in  a  l a b o r a t o r y .   It  might  be  des i red   to  add  to  th i s   embodiment  t h e  

f e a t u r e   tha t   the  appa ra tu s   is  capable  of  c a l c u l a t i n g   a  dens i ty   v a l u e  

for   sample  gas  at  p r e s s u r e s   and  t empera tu re s   d i f f e r e n t   from  t h o s e  

measured  by  t r a n s m i t t e r s   61  and  67  and  which  are  provided  to  t h e  

appara tus   as  f o l l o w s .   A  t empera tu re   and  a  p r e s s u r e  c a n   be  m a n u a l l y  

en te red   into  the  appa ra tu s   by  means  such  as  input   switches  18  o r  

they  can  be  provided  by  appara tus   which  measures  t empera ture   and 

p r e s su re   at  some  po in t   of  i n t e r e s t   and  t r a n s m i t s   a p p r o p r i a t e   s i g n a l s  

to  the  computing  means  of  the  i n v e n t i o n .  

Figure  3  shows  a  more  complex  embodiment  of  the  i n v e n t i o n  

where  a  con t inuous   flow  of  sample  through  the  o s c i l l a t o r   ( a t  

t e m p e r a t u r e   T)  is  e s t a b l i s h e d   in  order  to  obta in   a  c o n t i n u o u s  

d e n s i t y   value  for  gas  f lowing  in  a  process   p i p e l i n e   (at  t e m p e r a t u r e  



T1  and  p ressure   Pi ) .   In  th is   embodiment,  the  appara tus   is  a r r a n g e d  

to  provide  a  dens i t y   r e p r e s e n t a t i v e   of  the  sample  gas  at  a  p o i n t  

upstream  of  the  p r e s su re   c o n t r o l l i n g   means  r e p r e s e n t e d   by  item  58  o f  

Figure  3  f u r t h e r   arranged  so  that   the  upstream  point   i s  

r e p r e s e n t a t i v e   of  the  main  stream  from  which  the  sample  is  t a k e n .  

As  noted  e a r l i e r ,   a  v a r i a t i o n   in  the  p r e s su re   at  which  gas  

passes   through  the  o s c i l l a t o r   may  a f f ec t   the  accuracy  of  the  m o n i t o r .  

This  is  t rue  even  though  the  pressure   is  a  v a r i a b l e   used  in  c a l c u l a t i n g  

d e n s i t y ;   tha t   is,   a  c a l c u l a t e d   dens i ty   value  may  be  i n c o r r e c t   if  t h e  

p r e s s u r e   value  used  in  the  c a l c u l a t i o n   is  c o r r e c t   but  ou t s ide   a 

p a r t i c u l a r   range.   The re fo re ,   it  is  d e s i r a b l e   to  monitor  the  p r e s s u r e  

and  communicate  any  d e p a r t u r e   from  a  p r e v i o u s l y   e s t a b l i s h e d   r a n g e .  

This  can  be  accompl i shed   by  several   means,  i n c l u d i n g   adding  a  p r i m a r y  

sensor ,   such  as  a  p r e s s u r e   switch,   in  the  a p p r o p r i a t e   l o c a t i o n ,   such  a s  

l ine   55  of  Figure  3,  or  adding  the  a p p r o p r i a t e   means  in  the  e l e c -  

t r o n i c s   por t ion   of  the  appara tus   t o  u t i l i z e   the  p r e s s u r e   s i g n a l  

provided  for  use  in  the  equa t ion ,   such  as  the  s ignal   t r a n s m i t t e d   by 

p r e s su re   t r a n s m i t t e r   61  of  Figure  3.  This  moni to r ing   p rov i s ion   i s  

not  dep ic ted   in  Figure  3 .  

The  p resen t   invent ion   may  be  embodied  in  appara tus   f o r  

de te rmin ing   the  mass  flow  ra te   of  gas  in  a  p i p e l i n e .   This  can  be 

done  by  combining  appara tus   such  as  that   shown  in   Figure  3  w i t h  

appara tus   for  m e a s u r i n g  t h e   volumetr ic   flow  ra te   of  the  gas  in  t h e  

p i p e l i n e   and  m u l t i p l y i n g   dens i t y   times  vo lumet r ic   flow  rate   in  

appara tus   such  as  the  computing  means  of  Figure  3.  If  the  a p p a r a t u s  

for  measuring  vo lumet r ic   flow  rate   comprises  a  c a l i b r a t e d   o b s t r u c t i o n  

to  flow,  such  as  an  o r i f i c e   p l a t e ,   and  means  to  measure  the  p r e s s u r e  

drop  across  the  o b s t r u c t i o n ,   such  as  a  d i f f e r e n t i a l   p r e s su re   c e l l ,  



the  p r e s s u r e   drop  can  be  provided  to  the  computing  means  for  c a l c u l a -  

t ion   of  mass  flow  r a t e   i n s t ead   of  c a l c u l a t i n g   the  vo lumet r ic   r a t e  

o u t s i d e   the  computing  means .  

An  a l t e r n a t i v e   to  the  use  of  dryer   80  of  F igure   4  is  to  use  a p p a r a t u s  

to  s a t u r a t e   the  sample  po r t ion   pass ing   through  o s c i l l a t o r   78.-  T h i s  

a p p a r a t u s   is  r e a d i l y   a v a i l a b l e .   For  example,  s a t u r a t i n g   a p p a r a t u s  

may  comprise   a  small  chamber  into  which  a  f ine   spray  of  water  i s  

i n t r o d u c e d   through  a  nozz le .   After   gas  passes  through  th i s   s a t u r a t i n g  

chamber,  i t   is  passed  through  another   chamber  for  removal  of  any  

water   d r o p l e t s   which  might  e x i s t   in  the  s t ream.  The  equa t ions   used  

in  p r a c t i c i n g   t h i s   embodiment  of  the  i n v e n t i o n   are  s i m i l a r   to  t h o s e  

p r e s e n t e d   above.  An  example  is  as  f o l l o w s .   For  the  o s c i l l a t o r  

through  which  sample  is  f lowing  before   ad jus tment   of  water  c o n t e n t  

For  the  o s c i l l a t o r   through  which  s a t u r a t e d   sample  is  f l o w i n g  

P r e v i o u s l y   undef ined   terms  a r e  

Ma  = M  of  sample  a f t e r   s a t u r a t i o n ,  

Xaw  = X  o f . w a t e r   in  sample  a f t e r   s a t u r a t i o n ,  

Xab  = X  of  all   components  of  the  sample  o ther   than  water  a f t e r  

s a t u r a t i o n .  

I t   can  be  seen  t h a t   t he re   are  f ive   unknowns  and  o n l y  f o u r   e q u a t i o n s ,  

so  t h a t  i t   is  n e c e s s a r y   to  know  one  more  q u a n t i t y   when  p r a c t i c i n g  

t h i s   embodiment  of  the  i nven t ion   than  when  using  drying  appara tus   a s  

d e s c r i b e d   above.  However,  t h i s   i n f o r m a t i o n   is  often  a v a i l a b l e .  



Equations  for  other   cases  can  e a s i l y   be  w r i t t e n .  

Figure  4  shows  an  embodiment  of  the  inven t ion   when  a 

cont inuous   flow  of  sample  through  the  o s c i l l a t o r s   is  e s t a b l i s h e d - i n  

order  to  obtain   a  cont inuous   humidi ty   value  for  gas  f lowing  in  a 

p i p e l i n e .   An  embodiment  of  the  invent ion   for  use  in  a  l a b o r a t o r y  

would  not  r e q u i r e   the  sample  loop  shown  in  Figure  4.  Sample  c o u l d  

be  c o l l e c t e d   in  an  evacuated   p r e s s u r e - r e s i s t a n t   c o n t a i n e r ,   commonly 

ca l l ed   a  sample  bomb,  which  is  then  connected  to  sample  l ine  55.  In  

a p p l i c a t i o n s   where  the  mois ture   conten ts   of  l i q u i d s   are  to  be  d e t e r -  

mined,  a  means  for  v a p o r i z i n g   the  l i q u i d s   is  r e q u i r e d .   This  can  be 

accomplished,   for  example,  by  use  of  e l e c t r i c   r e s i s t a n c e   h e a t i n g  

elements  su r rounding   a  po r t ion   of  the  condui t   through  which  t h e  

sample  passes .   The  term  "gas"  is  f r e q u e n t l y   used  he re in ;   i t   s h o u l d  

be  understood  to  inc lude   vapors  r e s u l t i n g   from  subs tances   which  a r e  

i n i t i a l l y   in  l i qu id   f o r m .  

In  the  p a r a l l e l   flow  arrangement  shown  in  Figure  4,  t h e  

sample  is  s p l i t   into  two  p o r t i o n s   and  each  po r t ion   is  passed  t h r o u g h  

a  d i f f e r e n t   o s c i l l a t o r .   The  water  content   of  one  of  the  po r t ions   i s  

ad jus ted   before  passage  through  the  o s c i l l a t o r   and  the  humidity  o f  

the  sample  is  c a l c u l a t e d   by  r e f e rence   to  d i f f e r e n c e s   in  s i g n a l s  

obta ined  from  the  t r a n s m i t t e r s   a s s o c i a t e d   with  each  o s c i l l a t o r .   An 

a l t e r n a t e   flow  arrangement  involves   s e r i e s   flow,  where  the  e n t i r e  

sample  is  passed  through  one  o s c i l l a t o r   and  then  through  a n o t h e r .  

The  means  f o r  m o i s t u r e   adjus tment   is  loca ted   such  tha t   the  sample 

passes  through  the  f i r s t   o s c i l l a t o r ,   has  i t s   mois ture   c o n t e n t  

a d j u s t e d ,   and  then  passes  through  the  second  o s c i l l a t o r . .   This  can 

e a s i l y   be  v i s u a l i z e d   by  a l t e r i n g   Figure  4  so  tha t   sample  l ine   77 

connects  to  vent  l ine  71  ins tead   of  sample  l ine   55;  thus  the  f l o w  



sequence  would  be  o s c i l l a t o r   56  to  dryer  80  to  o s c i l l a t o r   78.  In 

t h i s   embodiment  of  the  i n v e n t i o n ,   the  mo i s tu re   con ten t   of  the  sample  

is  c a l c u l a t e d   in  the  same  manner,  t ha t   is,   by  r e f e r e n c e   to  t h e  

d i f f e r e n c e s   at  each  o s c i l l a t o r .   However,  i t   should  be  noted  t h a t  

when  a  con t inuous   flow  of  sample  is  p rov ided ,   a  r a p i d l y   changing  

sample  humidity  could  r e s u l t   in  i n a c c u r a c i e s ,   s ince   the re   is  a  t i m e  

lag  between  measurement  of  a  " p a r t i c l e "   of  sample  in  the  f i r s t  

o s c i l l a t o r   and  measurement  of  the  same  m o i s t u r e - a d j u s t e d   " p a r t i c l e "  

in  the  second  o s c i l l a t o r .   Compensation  for  t h i s   time  lag  can  e a s i l y  

be  accomplished  in  the  e l e c t r o n i c s   po r t i on   of  a  moni tor   to  remove 

any  i naccu racy .   One  of  the  methods  of  compensat ing  involves   s i m p l y  

p l a c i n g   the  same  time  lag  in  the  s ignal   path  a s s o c i a t e d   with  t h e  

a p p r o p r i a t e   o s c i l l a t o r   j u s t   before   the  s igna l   d i f f e r e n c e s   are  n o t e d .  

In  another   embodiment  of  the  i n v e n t i o n ,   only  one  o s c i l l a t o r  

is  used.  Means  for  a d j u s t i n g   the  water  c o n t e n t   of  the  sample  a r e  

p rov ided   along  with  means  for  p e r i o d i c a l l y   bypass ing   the  sample  f l o w  

around  the  water  con t en t   ad jus tment   means.  For  example,  if  a  d r y e r  

is  used,   the  stream  c o n t i n u o u s l y   passing  through  the  o s c i l l a t o r  

a l t e r n a t e l y   con ta in s   water  and  does  not  con ta in   water .   This  can  be 

e a s i l y   v i s u a l i z e d   by  a l t e r i n g   Figure  4  to  e l i m i n a t e   the  sample  l i n e  

branch  for   o s c i l l a t o r   56,  p lac ing   a  th ree-way   valve  in  sample  l i n e  

77  j u s t   ahead  of  dryer   80,  and  p lac ing   a  length   of  condui t   between 

the  valve  and  sample  l i ne   77  j u s t   downstream  of  dryer   80;  then  t h e  

t h r e e - w a y   valve  is  p e r i o d i c a l l y   cycled  to  rou te   sample  flow  "a round"  

dryer   80.  The  mois tu re   con ten t   of  the  sample  is  c a l c u l a t e d   by 

r e f e r e n c e   to  d i f f e r e n c e s   in  s i gna l s   r ece ived   from  the  t r a n s m i t t e r s  

a s s o c i a t e d   with  the  o s c i l l a t o r   for  each  c o n d i t i o n ,   t h a t   i s ,   when 

d r i ed   sample  is  f lowing  and  when  non-dr ied   sample  is  f lowing .   The 



same  t i m e   l a g   p r o b l e m   as  n o t e d   a b o v e   e x i s t s   when  t he   s a m p l e  

h u m i d i t y   i s   r a p i d l y   c h a n g i n g .   C o m p e n s a t i o n   can   be  a c c o m -  

p l i s h e d   in   t he   same  m a n n e r .  

The  use   of  t h e   e x a m p l e s   s e t   f o r t h   h e r e i n   i s   n o t   i n t e n d e d  

to  be  e x h a u s t i v e  a n d   f u r t h e r   a p p l i c a t i o n s   of  t h e   p r i n c i p l e s  

of  t h e   i n v e n t i o n   w i l l   o c c u r   to   t h o s e   s k i l l e d   in   t h e   a r t .  

M i x t u r e s   of  g a s e s   n o t   i n c l u d i n g   w a t e r   can  be  a n a l y z e d   b y  

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

" g a s "   i s   f r e q u e n t l y   u s e d   h e r e i n ;   i t   s h o u l d   be  u n d e r s t o o d  

to  i n c l u d e   v a p o r s .  



1.  A p p a r a t u s   f o r   d e t e r m i n i n g   an  unknown   p r o p e r t y   o f  

a  s a m p l e   of   gas   c h a r a c t e r i s e d  b y   (a)   a  f l u i d i c   o s c i l l a t o r  

( 5 6 ) ;   (b)  means   (55)   f o r   e s t a b l i s h i n g   f l o w   of  t h e   s a m p l e  

t h r o u g h   s a i d   o s c i l l a t o r   ( 5 6 ) ;   ( c )  m e a n s   (59)   f o r   m e a s u r i n g  

or   c o n t r o l l i n g   t h e   p r e s s u r e   a t   w h i c h   t h e   s a m p l e   p a s s e s  

t h r o u g h   s a i d   o s c i l l a t o r   (56)   and  means   (61)   f o r   p r o v i d i n g  

a  s i g n a l   r e p r e s e n t a t i v e   of   t h e   p r e s s u r e   when  p r e s s u r e  

i s   n o t   c o n t r o l l e d   i n   a  p r e v i o u s l y   e s t a b l i s h e d   r a n g e ;   ( d )  

means   (67)   f o r   m e a s u r i n g   t h e   t e m p e r a t u r e   of  t h e   s a m p l e  

a t   s a i d   o s c i l l a t o r   and   f o r   p r o v i d i n g   a  s i g n a l   r e p r e s e n t a -  

t i v e   of   t h e   t e m p e r a t u r e ;   (e)   means   (66)   f o r  m e a s u r i n g  

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

p r o v i d i n g   a  s i g n a l   r e p r e s e n t a t i v e   of   t h e   f r e q u e n c y ;   ( f )  

c o m p u t i n g   means   (68 ,   69)  f o r   r e a d i n g   s a i d   s i g n a l s   a n d  

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

e q u a t i o n s   and  d a t a   s t o r e d   i n   s a i d   c o m p u t i n g   means   a n d  

d a t a   s u p p l i e d   by  s a i d   means   (67 ,   66)  f o r  p r o v i d i n g   t e m p e r -  

a t u r e   and  f r e q u e n c y   s i g n a l s   and  by  s a i d   means   (61)   f o r  

p r o v i d i n g   a  p r e s s u r e   s i g n a l   when  p r e s s u r e   i s   n o t   c o n -  

t r o l l e d   i n   a  p r e v i o u s l y   e s t a b l i s h e d   r a n g e ;   and  (g)  m e a n s  

(70)   f o r   c o m m u n i c a t i n g   i n f o r m a t i o n   c o n t a i n e d   i n   s a i d   c o m -  

p u t i n g   m e a n s .  

2.  The  a p p a r a t u s   of   c l a i m   1,  c h a r a c t e r i s e d   i n   t h a t  

m e a n s   ( 64 ,   65)  i s   p r o v i d e d   f o r   e s t a b l i s h i n g   a  f l o w   o f  

one  o r   more   c a l i b r a t i o n   g a s e s ,   i n   s e q u e n c e ,   t h r o u g h   s a i d  

o s c i l l a t o r   (56)   and  means   f o r   a d j u s t i n g   t h e   a p p a r a t u s  

so  t h a t   t h e   p r o p e r t y   c a l c u l a t e d   by  t h e   a p p a r a t u s   f o r   t h e  



c a l i b r a t i o n   g a s e s   i s   s u b s t a n t i a l l y   i d e n t i c a l   to  t h e   k n o w n  

p r o p e r t y   of  t h e   c a l i b r a t i o n   g a s e s .  

3.  The  a p p a r a t u s   of  c l a i m   1  or  c l a i m   2,  c h a r a c t e r i s e d  

in   t h a t   means   ( 7 1 ) i s   p r o v i d e d   f o r   e s t a b l i s h i n g   a  c o n t i n u o u s  

f l o w   of  s a m p l e   t h r o u g h   s a i d   o s c i l l a t o r .  

4.  The  a p p a r a t u s   of  any  p r e c e d i n g   c l a i m ,   c h a r a c t e r -  

i s e d   in   t h a t   a  f l o w   l o o p   (51)   i s   p r o v i d e d   w h i c h   i s   c o m -  

p r i s e d  o f   an  i n l e t   c o n n e c t i o n   and  an  o u t l e t   c o n n e c t i o n  

c o m m u n i c a t i n g   by  means   of   a  f i r s t   c o n d u i t ,   in   t h a t   t h e  

i n l e t   and  o u t l e t   c o n n e c t i o n s   a r e  c o n n e c t e d   to   a  p r o c e s s  

p i p e l i n e   (50)   so  t h a t   p r o c e s s   f l u i d   can   f l o w   c o n t i n u o u s l y  

t h r o u g h   t h e   f l o w   l o o p ,   and  in   t h a t   a  s e c o n d   c o n d u i t   ( 5 5 )  

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

f rom  t h e   f l o w   l o o p   to   t h e   o s c i l l a t o r   ( 5 6 ) .  

5.  The  a p p a r a t u s   of  c l a i m   1,  c h a r a c t e r i s e d   in   t h a t  

means   f o r   v a p o r i z i n g   a  s a m p l e   in   l i q u i d   f o r m   i s   p r o v i d e d  

to  c r e a t e   a  g a s e o u s   s a m p l e .  

6.  The  a p p a r a t u s   of  c l a i m   1 ,  c h a r a c t e r i s e d   in   t h a t  

means   (59)   f o r   m o n i t o r i n g   t h e   p r e s s u r e   of  t h e   s a m p l e   f l o w -  

i n g   t h r o u g h   s a i d   o s c i l l a t o r   (56)   and  c o m m u n i c a t i n g   a n y  

d e p a r t u r e   of  t h e   p r e s s u r e   f r o m  a   p r e v i o u s l y   e s t a b l i s h e d  

p r e s s u r e   r a n g e ,   i s   p r o v i d e d .  

7.  The  a p p a r a t u s   of  c l a i m   1 , c h a r a c t e r i s e d   in   t h a t  

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

(c)   i s   a  means   f o r   c o n t r o l l i n g   p r e s s u r e   of  t h e   s a m p l e  

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

8:  The  a p p a r a t u s   of  c l a i m   1 , c h a r a c t e r i s e d   in   t h a t  

t h e   u n k n o w n   p r o p e r t y   i s   d e n s i t y   and  in   t h a t   c o m p o n e n t  ( c )  



i s   a  means   f o r   m e a s u r i n g   t he   p r e s s u r e   and  f o r   p r o v i d i n g  

a  p r e s s u r e   s i g n a l   to   s a i d   c o m p u t i n g   m e a n s .  

9.  The  a p p a r a t u s   of  c l a i m   8,  c h a r a c t e r i s e d   in  t h d t  

means   f o r   p r o v i d i n g   v a l u e s   of   p r e s s u r e   and   t e m p e r a t u r e  

to   s a i d   c o m p u t i n g   means   and  c a l c u l a t i n g   a  d e n s i t y   v a l u e  

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

t e m p e r a t u r e   i s   p r o v i d e d .  

10.  The  a p p a r a t u s   of   c l a i m   8,  c h a r a c t e r i s e d   in   t h a t  

means   i s   p r o v i d e d   f o r   m e a s u r i n g   and  t r a n s m i t t i n g   t h e   p r e s -  

s u r e   and  t e m p e r a t u r e   of   t h e   s a m p l e   a t   a  p o i n t   u p s t r e a m  

of  s a i d   p r e s s u r e   c o n t r o l l i n g   means   to   s a i d   c o m p u t i n g   m e a n s  

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

u p s t r e a m   p o i n t .  

11.  The  a p p a r a t u s   of   c l a i m   8,  f u r t h e r   c h a r a c t e r i s e d  

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

u r e d   p r e s s u r e   and  t e m p e r a t u r e   a r e   r e p r e s e n t a t i v e   of  t h e  

m a i n   s t r e a m   f rom  w h i c h   t h e   s a m p l e   i s   t a k e n .  

12.  The  a p p a r a t u s   of   c l a i m   1,  c h a r a c t e r i s e d   in   t h a t  

t h e   u n k n o w n   p r o p e r t y   i s   m o i s t u r e   c o n t e n t ,   i n   t h a t   c o m p o n e n t  

(c)   i s   a  means   f o r   c o n t r o l l i n g   p r e s s u r e   of   t h e   s a m p l e  

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

i n c l u d e s   means   f o r   a d j u s t i n g   t h e   w a t e r   c o n t e n t   of  t h e  

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

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

t h e   w a t e r   c o n t e n t   a d j u s t m e n t   means   and   f o r   p r o v i d i n g   a  

s i g n a l   to  s a i d   c o m p u t i n g   means  t h a t   t h e   w a t e r   c o n t e n t  

a d j u s t m e n t   means   i s   b e i n g   b y - p a s s e d .  

13.  The  a p p a r a t u s   of   c l a i m   1,  c h a r a c t e r i s e d   in   t h a t  



t he   unknown   p r o p e r t y   is   m o i s t u r e   c o n t e n t ,   in  t h a t   c o m p o n -  

e n t   (c)   i s   a  means   f o r   c o n t r o l l i n g   p r e s s u r e   of  t he   s a m p l e  

in  a  p r e v i o u s l y   e s t a b l i s h e d   r a n g e   and  in   t h a t   t he   a p p a r a t u s  

i n c l u d e s   a  s e c o n d   f l u i d i c   o s c i l l a t o r   (78)   w i t h   means  e s s e n -  

t i a l l y   i d e n t i c a l   to  t h a t   of  t he   f i r s t - m e n t i o n e d  

f l u i d i c   o s c i l l a t o r   (56)   and  means  f o r   a d j u s t i n g   t h e   w a t e r  

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

s e c o n d   o s c i l l a t o r   ( 7 8 ) .  

14.  The  a p p a r a t u s   of  c l a i m   13  f u r t h e r   c h a r a c t e r i s e d  

in   t h a t   s a i d   o s c i l l a t o r s   (56,   78)  a r e   a r r a n g e d   in   s e r i e s ,  

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

o s c i l l a t o r   and  t h e n   t h r o u g h   s a i d   s e c o n d   o s c i l l a t o r ,   a n d  

i n  t h a t   s a i d   means   f o r   a d j u s t i n g   w a t e r   c o n t e n t   a c t   u p o n  

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

bu t   a f t e r   i t   p a s s e s   t h r o u g h   s a i d   f i r s t   o s c i l l a t o r .  

15.  The  a p p a r a t u s   of  c l a i m   13  f u r t h e r   c h a r a c t e r i s e d  

in   t h a t   s a i d   o s c i l l a t o r s   (56,   78)  a r e   a r r a n g e d   in  p a r a l l e l ,  

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

s a i d   f i r s t   o s c i l l a t o r   and  a  s e c o n d   p o r t i o n   of  t h e   s a m p l e  

p a s s e s   t h r o u g h   s a i d   s e c o n d   o s c i l l a t o r ,   and  in   t h a t   s a i d  

means   f o r   a d j u s t i n g   w a t e r   c o n t e n t   a c t   o n l y   upon   t he   s e c o n d  

p o r t i o n .  

16.  The  a p p a r a t u s   of  c l a i m   12  or   13  f u r t h e r   c h a r a c -  

t e r i s e d   in   t h a t   s a i d   means  f o r   a d j u s t i n g   w a t e r   c o n t e n t  

r e m o v e s   s u b s t a n t i a l l y   a l l   w a t e r   f rom  gas   p a s s i n g   t h r o u g h  

s a i d   m e a n s .  

17.  The  a p p a r a t u s   of  c l a i m   12  or   13  f u r t h e r   c h a r a c -  



t e r i s e d   in   t h a t   s a i d   means   f o r   a d j u s t i n g   w a t e r   c o n t e n t  

s u b s t a n t i a l l y   s a t u r a t e s   gas   p a s s i n g   t h r o u g h   s a i d   m e a n s .  
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