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chromatographs  are  known.  These  chromato- 
graphs  can  attain  considerably  higher  sensitivity 
by  using  smaller  samples,  on  the  order  of  1 
microliter.  Internal  column  diameters  are  on  the 
order  of  1  or  1/2  millimeter  and  the  effluent 
detector  volume  may  be  on  the  order  of  0.3 
microliters  in  such  systems. 

The  conventional  liquid  chromatography 
reciprocating  pumps  have  several  disadvantages 
when  used  in  these  micro  systems,  such  as:  (1)  at 
the  required  flow  rates,  which  are  well  under  1 
milliliter  per  minute,  there  are  deleterious  effects 
of  pump  check  valve  leakage,  pump  seal  leakage 
and  compression  of  the  working  fluid  during  the 
reciprocating  cycle  resulting  in  poor  flow  rate 
accuracy  which  makes  measurement  of  retention 
volumes  difficult;  and  (2)  fluctuations  in  the  out- 
put  pressure  and  flow  rate  from  these  pumps 
aggravate  the  already  serious  problem  of  noise 
level  in  the  effluent  detector. 

Single-stroke,  syringe-type  pumps  do  not  suffer 
as  much  from  the  flow  rate  inaccuracy  and  noise 
problems  of  reciprocating  pumps,  but  have  the 
disadvantage  of  requiring  a  long  transitory  time 
to  pressurize  the  large  fluid  system  after  start-up 
before  an  equilibrium  flow  rate  is  attained.  At  the 
lower  flow  rates  used  for  micro  liquid  chromato- 
graphs,  these  equilibrium  times  can  be  even 
longer  than  for  normal  scale  liquid  chromato- 
graphy.  This  disadvantage  of  syringe-type  pumps 
is  discussed  by  M.  Martin,  et  al.  "The  Use  of 
Syringe-Type  Pumps  in  Liquid  Chromatography 
in  Orderto  Achieve  a  Constant  Flow-Rate",  JOUR- 
NAL  OF  CHROMATOGRAPHY,  112  (1975) 
399—414. 

Reciprocating  pumps  are  known  in  the  art,  such 
as  from  United  States  Patents  3,855,129; 
3,985,467;  4,131,393  and  4,180,375,  which 
includes  systems  that  measure  the  pump  outlet 
pressure  and  modify  the  action  of  the  reciprocat- 
ing  plunger  in  the  pumps  to  compensate  for  the 
effect  of  high  head  pressure  on  output  flow 
fluctuations  and  upon  output  flow  accuracy. 

These  pumps  have  a  disadvantage  of  not  oper- 
ating  with  low  noise  at  the  low  flow  rates  used  in 
micro  liquid  chromatography. 

Accordingly,  it  is  a  task  of  the  invention  to 
reduce  the  translatory  time  of  a  liquid  chromatog- 
raphic  system. 

To  accomplish  this  task,  a  method  of  rapfdly 
bringing  a  chromatographic  system  to  equilib- 
rium  pressure  after  start-up  comprising  the  steps 
of:  setting  a  pumping  speed  for  pumping  fluid 
from  a  pumping  system  into  a  chromatographic 
column  at  a  predetermined  rate  of  flow  during  a 
chromatographic  run  and  starting  the  chromatog- 
raphic  run,  whereby  the  chromatographic  system 
passes  through  an  unstable  period  between  start 
and  reaching  equilibrium  pressure. 

A  characteristic  of  fluid  being  transferred  from 
the  pumping  system  to  the  chromatographic 
column  related  to  the  pressure  of  the  fluid  is 
measured  at  a  time  of  low  value  of  pressure  near 
the  time  of  start-up  and  a  range  of  said  charac- 
teristics  is  established  between  two  boundary 

Description 

This  invention  relates  to  control  systems  for 
liquid  chromatographs. 

Known  liquid  chromatographs  include  a  pump  5 
system,  a  pump  control  system,  a  sample  injec- 
tor,  a  chromatographic  column,  a  monitoring 
system  and  a  collecting  system.  The  pump 
system  includes  one  or  more  pumps  for 
supplying  solvents  to  the  chromatographic  10 
column  under  the  control  of  the  pump  control 
system.  The  pump  control  system  controls  the 
rate  of  flow,  the  pressure  and  the  composition  of 
mixtures  of  solvents  in  the  solvent  stream  applied 
to  the  chromatographic  column.  The  chromatog-  15 
raphic  column  includes:  (1)  a  sample  injector;  (2) 
a  column;  (3)  column  packing;  and  (4)  connec- 
tions  for  the  monitoring  systems  and  collecting 
systems. 

In  one  class  of  the  known  liquid  chromato-  20 
graphs,  the  pressure  and  flow  rate  are  controlled 
by  circuits  which  monitor  and  predict  a  desired 
final  pressure.  In  addition  to  programming  a 
certain  rate  of  flow  or  pressure  of  fluid  to  max- 
imize  the  separation  of  constituents  of  a  sample,  25 
other  provisions  for  controlling  pressure  or  flow 
rate  are  employed  to  compensate  for  difficulties 
with  the  pumps  themselves.  For  example,  it  has 
been  proposed  to  reduce  the  transitory  time  of  a 
syringe-type  pump  by  attempting  to  reach  a  30 
stable  pressure  for  the  column  ahead  of  time  from 
previous  information. 

In  one  prior  art  apparatus  of  this  kind,  the 
predicted  stable  pressure  for  a  column  is  deter- 
mined  from  experience  with  the  particular  35 
column.  The  check-valve  of  the  pump  is  closed 
and  the  pump  driven  to  the  known  pressure 
before  the  valve  is  opened. 

This  arrangement  has  a  disadvantage  in  that  it 
requires  knowledge  of  the  column  before  the  40 
pressure  of  the  pump  can  be  programmed. 

There  are  also  known  arrangements  which 
attempt  to  compensate  for  pulsations  in  a  pump 
by  predicting  the  final  pressure  of  the  fluid  out  of 
the  pump  and  pressurizing  the  pump  before  45 
opening  the  valve  to  that  pressure  to  reduce 
fluctuations.  In  these  arrangements,  the  pressure 
is  not  selected  to  reduce  transitory  time  but  to 
reduce  pulsation  from  reciprocating  pumps.  Such 
systems  have  the  disadvantage  of  nonetheless  so 
having  substantial  pulsation  and  not  sufficiently 
reducing  transitory  time. 

Reciprocating  piston  pumps  are  popularly  used 
as  mobile  phase  supplies  in  conventional  high 
performance  liquid  chromatography.  In  such  55 
systems,  flow  rates  are  on  the  order  of  1  to  5 
milliliters  per  minute;  pump  displacements  are  on 
the  order  of  50  or  100  microliters  per  stroke;  the 
chromatographic  column  inside  diameters  are  on 
the  order  of  4  millimeters;  and  the  volume  of  the  60 
effluent  detector  at  the  outlet  of  the  chromatog- 
raphic  column  is  on  the  order  of  8  to  20  microli- 
ters.  Sample  sizes  are  on  the  order  of  50  microli- 
ters. 

Micro-scale  analytical  high  performance  liquid  65 
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FIG.  11  is  a  block  diagram  of  another  embodi- 
ment  of  a  portion  of  the  circuit  of  FIG.  1  ; 

FIG.  12  is  a  block  diagram  of  a  portion  of  the 
embodiment  of  FIG.  11; 

5  FIG.  13  is  a  block  diagram  of  another  portion  of 
the  circuit  of  FIG.  11;- 

FIG.  1  4  is  a  schematic  circuit  diagram  of  another 
embodiment  of  the  circuit  of  FIGS.  7  and  9; 

FIG.  15  is  a  schematic  circuit  diagram  of  a 
10  portion  of  the  block  diagram  of  FIG.  13; 

FIG.  16  is  a  schematic  circuit  diagram  of  another 
portion  of  the  circuit  of  FIG.  13; 

FIG.  17  is  a  schematic  circuit  diagram  of  still 
another  portion  of  the  block  diagram  of  FIG.  13; 

15  FIG.  18  is  a  block  diagram  of  another  embodi- 
ment  of  a  portion  of  FIG.  1; 

FIG.  19  is  a  schematic  circuit  diagram  of  a 
portion  of  the  embodiment  of  FIG.  18; 

FIG.  20  is  a  block  diagram  of  still  another 
20  portion  of  the  embodiment  of  FIG.  18; 

FIG.  21  is  a  schematic  circuit  diagram  of  still 
another  portion  of  the  embodiment  of  FIG.  18; 

FIG.  22  is  a  schematic  circuit  diagram  of  still 
another  portion  of  the  embodiment  of  FIG.  18; 

25  and 
FIG.  23  is  a  block  diagram  of  another  embodi- 

ment  of  a  portion  of  the  block  diagram  of  FIG.  1. 
In  FIG.  1,  there  is  shown  a  block  diagram  of  a 

micro-scale,  high  pressure  liquid  chromatog- 
30  raphic  system  10  and  a  transitory  control  system 

12  for  controlling  the  micro-scale,  high  pressure 
liquid  chromatographic  system  10  to  reduce  the 
transitory  time  of  a  chromatographic  run. 

The  transitory  control  system  1  2  is  connected  to 
35  the  micro-scale,  high  pressure  liquid  chromatog- 

raphic  system  10  to  receive  signals  indicating  the 
pressure  in  the  chromatographic  column,  and  in 
some  embodiments,  one  or  more  of:  (1)  the  flow 
rate  of  fluid  into  the  column;  (2)  the  flow  rate  of 

40  fluid  from  the  column;  and/or  (3)  the  speed  of 
pumping. 

From  this  measured  information,  the  transitory 
control  system  12  derives  signals  and  applies  the 
signals  to  the  micro-sale,  high  pressure  liquid 

45  chromatographic  system  10  to  control  the  micro- 
scale,  high  pressure  liquid  chromatographic 
system  1  0  in  a  manner  that  minimizes  the  transit- 
ory  time,  results  in  early,  accurate  measurements 
of  retention  times  and  in  one  embodiment,  pro- 

50  vides  chromatographic  peaks  from  a  constant 
pressure  system  with  abscissae  related  to  equal 
units  of  constant  flow. 

The  micro-scale,  high  pressure  liquid 
chromatographic  system  10  includes  a  pump 

55  control  system  14,  a  pumping  system  16  and  a 
sample  injector,  chromatographic  column, 
monitoring  and  collecting  system  18.  The  control 
system  14  applies  signals  through  conductors 
indicated  generally  at  17  to  the  pump  control 

60  system  14  which  causes  the  pumping  system  16 
to  pump  solvent  through  the  sample  injector, 
chromatographic  column,  monitoring  and  collect- 
ing  system  18  through  conduits  indicated 
generally  at  19. 

65  In  the  preferred  embodiment,  the  micro-scale 

conditions.  The  rate  of  flow  from  the  pumping 
system  is  increased  to  a  multiple  of  the  predeter- 
mined  rate  of  flow  starting  with  a  first  of  said  two 
boundary  conditions  and  said  rate  of  flow  from 
the  pumping  system  is  reduced  to  said  predeter- 
mined  rate  of  flow  when  said  characteristic  is 
between  the  first  boundary  condition  and  the  last 
at  a  point  which  is  a  reciprocal  of  said  multiple  of 
the  distance  between  the  first  and  last  boundary 
conditions. 

The  derivative  of  the  pressure  of  fluid  being 
transferred  from  the  pumping  system  to  the 
chromatographic  column,  with  respect  to  time  of 
the  pressure  of  fluid  being  transferred  from  the 
pumping  system  to  the  chromatographic  column 
at  a  low  value  of  pressure,  is  then  determined  and 
the  rate  of  flow  is  reduced  when  said  time 
derivative  drops  from  a  maximum  value  to  a 
certain  smaller  value. 

After  the  value  of  pressure  at  equilibrium  is 
determined  on  a  first  chromatographic  run  and 
the  chromatographic  system  in  a  constant 
pressure  mode  at  said  pressure,  the  pressure  is 
set  at  equilibrium  during  subsequent  runs  and  the 
chromatograph  is  operated  in  a  constant  flow 
mode.  The  recorder  is  driven  at  a  speed  pro- 
portional  to  flow  rate  after  the  value  of  pressure  at 
equilibrium  is  determined  on  a  first  chromatog- 
raphic  run,  the  chromatographic  system  is  run  in  • 
a  constant  pressure  mode  at  said  pressure  at 
start-up  until  said  equilibrium  is  reached  and 
thereafter  at  constant  flow  rate. 

During  the  constant  pressure  mode,  the  rate  of 
flow  is  measured  and  a  recorder  is  driven  at  a  rate 
proportional  to  said  rate  of  flow. 

Apparatus  and  method  for  liquid  chromato- 
graphy  using  similar  pump  control  are  described 
in  EP—  A—  0,222,123  and  EP—  A—  0,218,163  (same 
applicant,  same  priority). 

The  above  noted  and  other  features  of  the 
invention  will  be  better  understood  from  the 
following  detailed  description  when  considered 
with  reference  to  the  accompanying  drawings  in 
which: 

FIG.  1  is  a  block  diagram  of  a  chromatograph  in 
accordance  with  an  embodiment  of  the  invention; 

FIG.  2  is  a  simplified  sectional  drawing  of  a 
pump  which  may  be  used  in  the  embodiment  of 
FIG.  1; 

FIG.  3  is  a  schematic  circuit  diagram  of  a  portion 
of  the  embodiment  of  FIG.  1; 

FIG.  4  is  a  block  diagram  of  another  portion  of 
the  embodiment  of  FIG.  1  ; 

FIG.  5  is  a  schematic  circuit  diagram  of  a  portion 
of  FIG.  4; 

FIG.  6  is  a  schematic  circuit  diagram  of  another 
portion  of  FIG.  4; 

FIG.  7  is  a  schematic  circuit  diagram  of  still 
another  portion  of  FIG.  4; 

FIG.  8  is  a  block  diagram  of  another  embodi- 
ment  of  a  portion  of  the  circuit  of  FIG.  4; 

FIG.  9  is  a  schematic  circuit  diagram  of  another 
embodiment  of  the  circuit  of  FIG.  7; 

FIG.  10  is  a  block  diagram  of  another  embodi- 
ment  of  a  portion  of  the  block  diagram  of  FIG.  1; 
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system  16  through  conductors  23  to  measure  the 
pressure  of  the  fluid  within  the  column  and  output 
flow  rate  monitor  24  is  connected  to  the  sample 
injector,  chromatographic  column,  monitoring 
and  collecting  system  18  to  monitor  the  flow  from 
the  column  through  conductors  28. 

The  pressure  could,  of  course,  be  monitored  at 
other  locations  such  as  at  the  solvent  inlet  end  of 
the  sample  injector,  chromatographic  column, 
monitoring  and  collecting  system  18  rather  than 
from  the  pumping  system  16  and  the  flow  rate 
could  be  measured  in  different  locations  as  well. 
Generally,  the  term  pump  head  pressure  means 
herein  the  pressure  of  the  fluid  being  transferred 
from  the  pumping  system  to  the  column  regard- 
less  of  where  measured  and  includes  back- 
pressure  from  the  column  packing  when  a 
column  is  connected.  Some  embodiments  do  not 
require  monitoring  of  both  flow  rate  from  the 
pumping  system  16  and  from  the  chromatog- 
raphic  column,  collecting  and  monitoring  system 
18. 

The  flow  rate  monitor  20  and  the  pressure 
monitor  22  develop  electrical  signals  which  are 
applied  to  the  stabilizer  circuit  26.  The  stabilizer 
circuit  26  calculates  the  equilibrium  value  of 
pressure  or  flow  rate  and  develops  signals  which 
are  applied  through  conductors  30  to  the  pump 
control  system  14  to  cause  the  pumping  system 
16  to  increase  the  flow  rate  or  pressure  to  the 
equilibrium  value  and  thus  reduce  its  transitory 
time  with  the  sample  injector,  chromatographic 
column,  monitoring  and  collecting  system  18. 

The  output  flow  rate  monitor  24  develops 
signals  that  may  be  applied  by  the  stabilizer 
circuit  26  to  recorders  or  the  like  through  conduc- 
tors  32  during  constant  pressure  operation  of  the 
micro-scale,  high  pressure  liquid  chromatog- 
raphic  system  10  to  provide  chromatograms  cali- 
brated  with  respect  to  flow  rate.  In  a  constant 
pressure  system,  the  system  is  brought  up  to  the 
equilibrium  flow  rate  rapidly  and,  at  that  time,  the 
pressure  is  at  a  value  which  is  maintained  con- 
stant. 

In  one  embodiment,  recordings  are  auto- 
matically  corrected  to  have  a  scale  showing  reten- 
tion  time  against  units  of  flow. 

In  some  embodiments,  the  calculation  of  the 
constant  equilibrium  value  involved  is  based  on 
preliminary  measurements  of  pressure  and/or 
flow  rate  and  a  projected  value  determined  which 
shortens  the  transitory  time  and  causes  materials 
which  are  eluted  early  in  the  chromatographic  run 
to  be  accurately  determined  based  on  their  reten- 
tion  times.  In  other  embodiments,  the  mechanism 
for  increasing  the  pump  motor  speed  depends  on 
balancing  input  flow  of  solvent  with  output  flow 
or  on  alternate  constant  pressure  and  constant 
flow  operation. 

The  unstable  transitory  period  when  solvent  is 
applied  to  a  column  is  caused  by  a  number  of 
different  effects,  the  most  important  of  which  is 
the  compressibility  of  the  solvent  in  the  pump. 
The  compressibility  of  the  solvent  is  important 
when  syringe-type  positive  displacement  pumps 

high  pressure  liquid  chromatographic  system  10 
may  be  any  suitable  type.  Generally,  micro-scale 
liquid  chromatographs  differ  from  other  high- 
performance  liquid  chromatographs  by  using 
smaller  components  and  flow  rates.  For  example,  5 
most  commercial  high-performance  liquid 
chromatographs  use  columns  of  3  to  5  millimeter 
inner  diameters  and  25  to  100  centimeter  length. 
They  are  operated  with  carrier  flow  rates  between 
one-half  and  three  milliliters  per  minute.  w 

On  the  other  hand,  micro-scale  liquid 
chromatographs  utilize  internal  column  dia- 
meters  in  the  order  of  one  to  one-half  of  a 
millimeter,  the  flow  rates  are  correspondingly 
less  and  the  effluent  detector  volume  may  be  in  15 
the  order  of  three-tenths  of  a  microliter.  The 
samples  are  on  the  order  of  one  microliter. 

Micro-scale  liquid  chromatographs  are  sold 
under  the  trademark,  FAMILIC—  100M  by  Jasco 
International  Co.,  Ltd.,  24—21  Sennien-Cho,  20 
Hachioji-City,  Tokyo  193,  Japan.  Such  units  are 
described  in  "Micro  Instrumentation  For  Liquid 
Chromatography"  by  F.  W.  Karasec,  Research/ 
Development,  January  1977,  Volume  28,  No.  1, 
pages  42  —  44  and  46.  25 

While  a  micro-scale  chromatograph  is 
described  in  the  preferred  embodiment  and  the 
invention  has  certain  advantages  with  it,  the 
invention  may  be  used  with  other  types  of 
chromatographs  as  well.  Moreover,  it  is  princi-  30 
pally  intended  for  use  with  syringe-type  positive 
displacement  pumps  to  reduce  the  equilibrium 
time  while  maintaining  the  beneficial  aspects  of 
those  pumps  such  as  low  baseline  noise  and  the 
like.  However,  it  can  be  used  with  other  types  of  35 
pumps  as  well. 

In  the  preferred  embodiment,  the  pump  is  a 
syringe  pump  or  pumps  controlled  by  a  signal  to 
apply  a  programmed  flow  to  a  column  to  elute  the 
components  thereof.  The  invention  may  be  used  40 
with  isocratic  systems,  gradient  systems  or  other 
systems  including  one  pump  or  more  than  one 
pump  and  with  systems  including  one  column  or 
more  than  one  column.  It  can  be  adapted  to 
operate  with  any  type  of  column,  monitoring  or  45 
sample  injection  apparatus  but  is  specifically 
intended  for  micro-scale,  high  pressure  liquid 
chromatographs  and  has  special  advantages 
when  used  with  syringe  pumps  in  such  micro- 
scale,  high  pressure  liquid  chromatographs.  so 

The  transitory  control  system  12  for  the  micro- 
scale,  high  pressure  liquid  chromatographic 
system  10  includes  a  flow  rate  monitor  20,  a 
pressure  monitor  22,  an  outflow  rate  monitor  24 
and  a  stabilizer  circuit  26.  Not  all  of  the  monitor-  55 
ing  components  are  necessary  in  every  transitory 
control  system  and  there  are  several  different 
embodiments  of  the  stabilizer  circuit. 

The  flow  rate  monitor  20  is  connected  to  the 
pump  control  system  14  through  conductors  21  to  60 
determine  the  rate  of  flow  of  the  fluid  being 
pumped  by  the  pumping  system  16  into  the 
sample  injector,  chromatographic  column 
monitoring  and  collecting  system  18.  The 
pressure  monitor  22  is  connected  to  the  pumping  65 



EP  0  217  318  B1 8 

For  example,  the  change  in  slope  may  be  a 
reduction  of  one-third  of  the  pressure  derivative 
or  a  value  of  two-thirds  of  the  maximum  of  the 
derivative.  When  that  point  is  reached,  it  is  known 

5  that  multiplying  the  pressure  by  three  at  that  time 
results  in  a  value  close  to  the  equilibrium 
pressure  such  as  within  about  5  percent  of  the 
equilibrium  pressure.  This  knowledge  may  be 
used  to  increase  the  pumping  rate  above  the 

io  equilibrium  flow  rate  until  this  pressure  'is 
achieved  and  then  returning  to  constant  flow  rate. 

In  FIG.  2,  there  is  shown  a  simplified  longi- 
tudinal  section  of  a  typical  syringe  pump  34  which 
may  be  used  in  the  pumping  system  16  and 

15  includes  for  that  purpose  a  motor-drive  section 
36,  a  piston-drive  section  38  and  a  cylinder  sec- 
tion  40  connected  together  with  the  motor-drive 
section  36  driving  a  screw  mechanism  in  the 
piston-drive  section  38  to  force  liquid  out  of  the 

20  cylinder  section  40.  The  motor-drive  section  36  is 
a  part  of  pump  control  system  14  (FIG.  1). 

The  motor-drive  section  36  includes  a  steel 
housing  42  in  which  are  mounted  a  motor  44,  an 
output  pinion  46,  a  gear  48,  a  worm  50  and  a 

25  worm  wheel  52. 
The  output  shaft  of  the  motor  44  turns  the 

output  pinion  46  which  is  engaged  with  the  larger 
gear  48  and  drives  it.  The  worm  50  is  mounted 
along  the  center  axis  of  the  gear  48  and  turns  with 

30  it  to  drive  the  worm  wheel  52  with  an  appropriate 
reduction  in  speed  from  the  motor  44. 

The  motor  44  is  an  electric  motor  which  is 
driven  at  a  controlled  speed  which  is  pro- 
grammed  by  the  pump  control  system  14  and 

35  may  be  controlled  by  a  feedback  servo  system  or 
may  be  another  type  of  accurately  controlled 
motor  such  as  a  stepping  motor  or  the  like  which 
may  be  accurately  programmed  in  speed.  The 
speed  is  controlled  by  electrical  signals  applied  to 

40  conductors  54  and  56  which  electrically  connect 
the  motor  44  to  a  source  of  power  outside  of  the 
motordrive  section  36. 

In  one  embodiment,  a  tachometer  55  is 
mounted  to  the  motor  44  and  has  a  gear  meshing 

45  with  the  output  pinion  46.  This  tachometer  55 
generates  a  signal  which  is  applied  to  conductors 
57  and  59.  This  signal  represents  the  speed  of 
rotation  of  the  motor  44  and  thus  the  flow  rate  of 
the  fluid  through  the  outlet  conduit  19  when  the 

so  pump  is  at  equilibrium  (when  pressure  not  chang- 
ing). 

The  piston-drive  section  38  includes  a  housing 
61,  a  precision  thrust  and  radial  bearing  63,  a  lead 
screw  58,  a  ball  nut  60  and  ball  nut  guides  62  and 

55  64. 
To  connect  the  piston-drive  section  to  the 

motor-drive  section  36,  the  precision  bearing  63 
supports  one  end  of  the  lead  screw  58  which  is 
mounted  to  the  worm  wheel  52  for  rotation 

60  therewith.  The  ball  nut  60  engages  the  lead  screw 
58  which  is  vertical  and  perpendicular  to  the  base 
and  thus  raises  and  lowers  the  bail  nut  60  as  the 
motor  44  rotates  the  worm  wheel  52.  The  ball  nut 
60  is  prevented  from  rotation  by  the  ball  nut 

65  guides  62  and  64,  which  are  supported  by  frame 

are  used  because  the  pump  cylinder  has  a  much 
larger  volume  than  the  void  volume  of  the  column 
and  the  pressure  in  the  pumps  is  twice  the 
average  pressure  along  the  column.  Generally, 
with  positive  displacement  pumps,  the  com- 
pressibility  of  the  liquid  in  the  column  itself  and  in 
the  connecting  tubing  between  the  pump  and  the 
column  can  be  ignored  but  not  that  in  the  positive 
displacement  pump. 

The  pumping  system  may  be  any  type  of 
pumping  system.  It  may  be  either  a  single  pump 
such  as  that  which  would  be  used  in  an  isocratic 
system  or  it  may  be  two  or  more  pumps  which  are 
controlled  by  a  pump  control  system  14  for 
gradient  elution.  There  are  many  other  arrange- 
ments  which  may  be  used  in  which  a  pump 
control  system  14  controls  one  or  more  different 
pumps  within  pumping  system  16  for  operation 
of  a  chromatographic  system.  Suitable  pumping 
systems  have  been  sold  for  a  number  of  years  by 
Isco,  Inc.  of  Lincoln,  Nebraska,  under  the  designa- 
tions,  model  314  pump  and  Dialagrad  model  384 
pumps. 

From  a  more  general  viewpoint,  the  transitory 
control  system  12  measures  one  of  the  dynamic 
characteristics  of  the  microscale,  high  pressure 
liquid  chromatographic  system  10  and  estab- 
lishes  approximate  boundaries  for  the  transitory 
state  of  that  chromatograph  based  on 
measurements  very  early  in  the  start  of  the 
operation  of  the  chromatographic  system  even 
though  those  dynamic  characteristics  may  be 
non-linear.  This  is  accomplished  by  measuring 
one  of  the  characteristics,  which  characteristic  in 
one  embodiment  is  the  pump-head  pressure.  This 
pressure  rises  expotentially  and  eventually 
reaches  equilibrium  at  some  unknown  time  and 
unknown  pressure  in  a  constant  flow  rate 
chromatographic  run. 

One  of  the  boundary  conditions  established  in 
the  preferred  embodiment  by  the  transitory  con- 
trol  system  12  is  the  maximum  rate  of  change  of 
the  pressure-time  curve  at  a  time  that  may  be 
measured  early  in  the  pumping  cycle.  This 
boundary  condition  is  detected  because  of  its 
change  near  the  beginning  of  the  chromatog- 
raphic  run  from  a  positive  to  a  negative  value  as  it 
peaks.  As  it  falls,  it  has  a  relationship  to  the 
pressure-time  curve,  and  at  certain  proportional 
drops  in  its  value,  a  prediction  of  the  pressure  at 
that  point  can  be  made  and  equilibrium  pressure 
can  be  predicted  at  the  decreased  slope. 

The  transitory  control  system  12  measures  one 
of  the  energy  characteristics  of  the  micro-scale, 
high  pressure  chromatographic  system  10  and 
establishes  a  relationship  to  a  derived  value 
which  can  be  used  to  predict  other  points  not  yet 
measured  because  of  the  relationship  to  the 
derived  value.  More  specifically,  the  pressure 
head  of  the  pump  is  measured  and  its  derivative 
taken.  Very  quickly,  the  maximum  value  is 
detected  and  stored.  As  the  derivative  changes,  a 
point  of  pressure  is  detected  which  coincides  in 
time  to  a  reduction  in  the  slope  between  the 
detected  maximum  value  and  zero. 
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pump  control  circuit  116  and  a  calibration  circuit 
118. 

The  differentiation  and  maximum  storage  cir- 
cuit  110  receives  signals  from  output  terminal 

5  108  indicating  the  pump  pressure  at  the  input  to 
the  chromatographic  column,  collecting  and 
monitoring  system  18  (FIG.  1).  It  differentiates 
the  pressure-time  signal  with  respect  to  time, 
stores  the  maximum  differential  and  applies  it 

10  through  a  conductor  122  to  the  equilibrium  cal- 
culation  circuit  114. 

The  equilibrium  calculation  curcuit  114  cal- 
culates  the  pump  speed  necessary  to  go  to  equi- 
librium  pressure  and  applies  the  appropriate 

15  signals  to  a  pump  control  circuit  116  through 
conductors  126A  —  126D  which  corresponds  to 
applying  signals  to  the  pump  control  circuit  14 
through  connection  30  (FIG.  1).  The  pump  control 
circuit  is  a  part  of  the  pump  control  system  14 

20  (FIG.  1). 
The  calibration  circuit  118  receives  signals 

from  the  output  flow  rate  monitor  24  (FIG.  1)  on 
terminal  130  and  signals  from  the  pump  control 
circuit  116  through  conductors  132.  In  one 

25  embodiment,  it  provides  signals  to  the  speed 
control  circuit  of  the  recorder  in  the  chromatog- 
raphic  column,  collecting  and  monitoring  system 
18  (FIG.  1)  from  terminal  134  to  provide  control 
of  the  recording  apparatus  and  thus  provide  a 

30  constant  flow-rate,  time-base  reference.  In 
another  embodiment,  it  establishes  a  correlation 
between  the  outflow  of  a  chromatographic 
system  and  the  pumping  rate  to  permit  rapid 
stabilization  of  the  system. 

35  The  equilibrium  calculation  circuit  114 
estimates  the  pressure  at  the  end  of  the  transit- 
ory  time  when  the  pump  34  begins  applying 
pressure  to  the  chromatographic  column,  collect- 
ing  and  monitoring  system  18  (FIG.  1).  This 

40  estimate  is  used  to  rapidly  increase  the  pressure 
in  a  constant  flow  rate  system  to  the  equilibrium 
pressure  by  temporarily  increasing  the  pump 
speed  and  thus  reduce  the  transitory  time. 

The  calculation  is  made  possible  because  if  the 
45  head  pressure  of  the  pump  34,  is  represented  by 

an  electrical  signal  at  terminal  108,  is  plotted 
against  time  with  a  pump  which  is  pumping  fluid 
at  a  rate  corresponding  to  the  desired  equilib- 
rium  flow  rate  in  a  constant  flow  system,  it  is 

so  found  that  the  pressure  at  108  rises  almost  expo- 
nentially  to  the  equilibrium  pressure.  The  slope 
of  this  curve,  representing  the  derivative  of 
pressure  with  respect  to  time,  increases  quickly 
to  a  maximum  value  which  is  assumed  for  this 

55  discussion  to  be  one  unit,  and  then  decreases. 
The  pressure-time  curve  and  the  slope-time 

curve  are  related  so  that  when  the  slope-time 
curve  is  near  zero,  the  pressure-time  curve  is 
near  equilibrium  and  when  the  slope-time  curve 

so  is  at  its  maximum,  the  pressure-time  curve  is 
near  zero  and  between  these  two  limits  the 
pressure  at  any  time  is  related  to  the  time  deriva- 
tive  of  the  pressure.  Consequently,  there  is  a 
relationship  between:  (1)  the  difference  between 

65  the  maximum  slope  and  the  slope  at  a  selected 

members  61.  The  lead  screw  58  is  a  ball  screw 
which  together  with  the  precision  bearing  63 
provides  a  smooth  movement  upwardly  and 
downwardly  of  ball  nut  60. 

The  cylinder  section  40  includes  a  cylindrical 
outer  housing  66,  a  piston  head  68,  a  thrust  tube 
70  and  a  cylinder  head  cap  72.  The  thrust  tube  70 
is  mounted  to  the  ball  nut  60  to  be  lifted  there- 
with  as  the  ball  nut  60  moves  upwardly  and 
carries  the  piston  head  68  with  it  within  the 
cylindrical  outer  housing  66  into  which  it  fits 
sealingly  against  the  walls  thereof.  Solvent  is 
confined  in  the  cylinder  compartment  75  so  as  to 
be  forced  upwardly  against  the  cylinder  head  cap 
72  for  expulsion  through  an  opening  therein. 

Within  the  cylinder  head  cap  72  is  a  first 
opening  through  which  fluid  is  forced  through 
the  conduit  19  to  the  chromatographic  column, 
collecting  and  monitoring  system  18  (FIG.  1)  and 
a  second  opening  which  houses  a  transducer  74 
electrically  connected  to  a  conductor  for  applying 
signals  to  the  pressure  monitor  22.(FIG.  1). 

In  FIG.  3,  there  is  shown  a  schematic  circuit 
diagram  of  the  pressure  monitor  22  having  a 
strain  gauge  bridge  78,  a  source  of  positive 
potential  80,  a  differential  amplifier  circuit  82  and 
a  pressure  read-out  84. 

The  strain  gauge  bridge  transducer  78  includes 
four  transducer  elements  at  its  four  arms  86,  74, 
88  and  90.  The  source  of  positive  potential  80  is 
connected  at  the  junction  between  the  bridge 
arm  74  and  the  bridge  arm  90  and  the  diagonal 
junction  between  the  arms  86  and  88  is 
grounded.  The  opposite  diagonal  connections  for 
the  four  arms  are  connected  to  conductors  92 
and  94  to  provide  a  positive  output  potential 
linearly  proportional  to  the  value  of  pressure  as 
sensed  by  the  transducer  74. 

To  amplify  the  pressure  signal  from  the  strain 
gauge  bridge  78,  the  differential  amplifier  circuit 
82  includes  a  differential  amplifier  96  and  resis- 
tors  98,  100,  102,  104  and  106  with  the  resistor 
106  being  a  variable  resistor  which  serves  as  a 
zero  adjust  control.  The  positive  input  terminal  of 
the  differential  amplifier  96  is  electrically  con- 
nected  to  conductor  94  through  the  resistor  100 
and  to  ground  through  the  resistor  104  in  the 
variable  resistor  106.  The  inverting  input  terminal 
of  the  differential  amplifier  96  is  electrically  con- 
nected  to  conductor  92  through  the  resistor  98 
and  to  the  output  of  the  differential  amplifier  96 
through  the  resistor  102. 

To  provide  output  signals  proportional  to 
pressure,  the  output  of  the  differential  amplifier 
96  is  electrically  connected  to  output  terminal 
108  and  to  the  pressure  read-out  84.  Transducer 
78  is  physically  located  in  the  pump  head  of 
pump  34  (FIG.  2)  and  is  electrically  connected  to 
the  remainder  of  the  circuitry  by  conductors  23 
(FIG.  1  and  FIG.  2);  corresponding  to  conductors 
80,  80A,  92  and  94  on  FIG.  3. 

In  FIG.  4,  there  is  shown  a  block  diagram  of 
one  embodiment  of  a  stabilizer  circuit  26  having 
a  differentiation  and  maximum  storage  circuit 
110,  an  equilibrium  calculation  circuit  114,  a 
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button  switch  142  is  depressed  to  provide  a 
connection  through  two  paths  of  the  differentiator 
138  and  thus  reset  it.  The  two  contacts  156  are 
made  by  the  armature  150  when  the  push-button 

5  switch  142  is  closed  to  reset  the  maximum- 
sensing  circuit  140.  The  push-button  switch  142  is 
biased  open  so  that  upon  depressing,  conditions 
are  reset  and  it's  released  to  begin  operation  of 
the  circuits. 

w  To  differentiate  the  pump  pressure  with  respect 
to  time,  the  differentiator  138  includes  an  oper- 
ational  amplifier  162,  first  and  second  capacitors 
164  and  166  and  first  and  second  variable  resis- 
tors  168  and  170.  The  variable  resistor  168  is  a 

15  feedback  resistor  connected  between  the  output 
and  the  inverting  input  terminal  of  the  operational 
amplifier  162,  the  non-inverting  terminal  of  the 
operational  amplifier  162  being  grounded. 
Capacitor  164  is  in  parallel  with  the  variable 

20  resistor  168.  The  output  of  the  operational  ampli- 
fier  162  is  electrically  connected  to  conductor  72 
which  is  connected  to  one  of  the  contacts  1  54,  the 
other  contact  being  electrically  connected  to  the 
non-inverting  terminal  of  the  operational  ampli- 

25  fier  162. 
To  obtain  the  differential  of  pressure,  pressure 

output  terminal  108  is  electrically  connected 
through  the  capacitor  166  and  the  variable  resis- 
tor  170  to  the  inverting  terminal  of  operational 

30  amplifier  162  to  differentiate  the  pressure  signal 
applied  to  output  terminal  108.  The  contacts  154, 
when  connected  together,  reset  the  capacitor  166. 

Capacitor  164  and  variable  resistor  170  limit  the 
bandwidth  of  the  differentiator  138  and  reduce  its 

35  noise  level.  The  variable  resistors  168  and  170 
acting  together  set  the  time  scale  of  the  differ- 
entiator  138  to  correspond  with  that  of  the  equilib- 
rium  flow  rate  as  set  by  the  pump  control  circuit 
116  (FIG.  4)  in  a  manner  to  be  described,  herein- 

40  after.  The  output  of  the  operational  amplifier  162 
is  electrically  connected  to  the  input  of  the  maxi- 
mum-sensing  circuit  140  through  conductor  172 
and  to  output  terminal  186  to  provide  a  signal 
indicating  the  negative  time  derivative  of 

45  pressure. 
To  sense  the  maximum  slope  of  the  pressure 

curve,  which  occurs  shortly  after  the  chromatog- 
raphic  run  is  initiated,  the  maximum-sensing 
circuit  140  includes  a  capacitor  174,  an  oper- 

50  ationai  amplifier  176,  a  diode  178  and  a  resistor 
180. 

To  receive  the  maximum  slope  on  capacitor 
174,  the  operational  amplifier  176  is  connected  as 
a  voltage  follower  and  its  non-inverting  input 

55  terminal  is  connected  to  conductor  172  to  receive 
the  negative  time  differential  of  pressure.  Its 
output  is  electrically  connected  to  terminal  182 
through  the  resistor  180  and  diode  178  which 
conducts  the  negative-going  maximum  slope 

60  potential  to  capacitor  174.  Diode  178  has  its  anode 
electrically  connected  to  the  capacitor  and  to  one 
of  the  contacts  156  and  its  cathode  electrically 
connected  to  the  output  of  the  operational  ampli- 
fier  176  and  to  the  other  contact  of  156.  The  diode 

65  conducts  the  negative-going  peak  voltage  but 

time  divided  by  the  difference  between  the  maxi- 
mum  slope  and  zero  and;  (2)  the  pressure  at  the 
same  time  divided  by  the  maximum  pressure. 
Thus,  if  the  slope  is  at  eighty  percent  of  its 
maximum  or  twenty  percent  from  its  maximum, 
the  pressure  is  twenty  percent  of  its  maximum  or 
if  it  is  100  psi,  the  maximum  pressure  is  500  psi. 

At  any  time  when  this  pressure  is  a  fraction  of 
the  equilibrium  pressure  represented  by  one 
divided  by  a  number,  n,  the  slope  at  the  same 
time  is  equal  to  a  quantity  divided  by  the  number, 
n.  The  quantity  which  is  divided  is  approximately 
equal  to  the  number,  n  minus  one.  Because  of  this 
relationship,  the  approximate  equilibrium 
pressure  is  the  number,  n,  multiplied  by  the 
pressure  and  thus'  an  approximation  of  equilib- 
rium  pressure  can  be  made  by  a  measurement  of 
pressure  at  one  point,  maximum  slope  and  slope 
at  that  point.  More  accuracy  can  be  achieved  by 
obtaining  an  approximate  equilibrium  pressure 
as  described  and  then  repeating  the  process  by 
measuring  the  slope  at  the  approximate  value  of 
equilibrium  pressure,  determining  a  new  number, 
n,  by  calculating  the  fraction  of  the  slope  at  that 
point  and  multiplying  the  pressure  by  the  new 
number,  n,  or  by  measuring  the  flow  (pump 
speed)  with  the  pressure  held  constant  at  the 
approximate  equilibrium  pressure,  dividing  the 
desired  flow  rate  by  the  measured  flow  rate  and 
multiplying  the  quotient  by  the  pressure  at  the 
measured  flow  rate. 

Using  these  relationships,  the  circuit  1  10  in  FIG. 
4  may  provide  to  the  circuit  114  the  slope 
pressure  at  a  point  and  the  maximum  slope. 
These  values  may  be  used  to  calculate  the  equilib- 
rium  pressure  in  the  circuit  114  and  the  results 
used  to  increase  the  speed  of  the  pump  34  and 
thus  shorten  the  transitory  time. 

By  increasing  the  pressure  at  the  equilibrium 
value  at  a  fast  flow  rate  in  a  constant  flow  rate 
system  and  then  returning  the  flow  rate  to  the 
normal  rate,  the  transition  time  may  be  decreased 
materially.  The  exact  manner  in  which  the 
stabilizer  circuit  26  operates  to  achieve  these 
purposes  is  described  hereinafter. 

In  FIG.  5,  there  is  shown  a  schematic  circuit 
diagram  of  the  differentiation  and  maximum 
storage  circuit  110  having  an  initiation  circuit  136, 
a  differentiator  138  and  maximum-sensing  circuit 
140. 

To  reset  the  stabilizer  circuit  26,  the  initiation 
circuit  136  includes  a  normally-open  push  button 
switch  142  and  an  output  reset  terminal  144  with 
the  push-button  switch  142  including  three 
armatures  146,  148  and  150,  ganged  together  to 
each  make  with  corresponding  one  of  the  pairs  of 
contacts  152,  154  and  156  when  depressed. 

To  provide  a  reset  pulse  on  output  reset  ter- 
minal  144  upon  the  depressing  of  the  push-button 
switch  142,  the  pair  of  contacts  152  includes  one 
contact  electrically  connected  to  a  source  of  posi- 
tive  potential  158  and  the  other  contact  connected 
to  output  reset  terminal  144  through  a  conductor 
160.  The  pair  of  contacts  154  are  electrically 
connected  by  the  armature  148  when  the  push- 
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potentiometer  203  is  two-thirds  so  that  a  potential 
that  is  equivalent  to  two-thirds  of  the  maximum 
slope  of  the  pressure-time  curve  is  applied  to  the 
non-inverting  input  terminal  of  the  comparator 
200.  The  potentiometer  203  may  be  used  to 
correct  for  changes  in  fluid  volume  during  oper- 
ation  or  to  change  ratios. 

The  inverting  input  terminal  of  the  comparator 
200  is  electrically  connected  to  terminal  186 
through  conductor  172  to  receive  a  potential 
equivalent  to  the  instantaneous  slope  of  the 
pressure-time  curve  from  the  differentiation  and 
maximum  storage  circuit  110  (FIG.  4).  The  output 
of  the  comparator  200  is  electrically  connected  to 
terminal  126D  and  to  the  instantaneous  pressure 
circuit  190  through  a  conductor  204  to  provide  an 
output  signal  when  the  instantaneous  value  of 
slope  is  two-thirds  the  value  of  the  maximum 
slope  of  the  pressure-time  curve  in  a  constant 
flow  rate  (pumping  rate)  system.  The  terminal 
126D  is  electrically  connected  to  conductor  204 
through  one  of  the  armatures  206  of  the  two-pole, 
double-throw  switch  208  to  provide  a  signal  to  a 
pump  control  circuit  on  one  of  the  conductors  126 
to  control  the  pump  speed. 

To  provide  an  output  signal  equal  to  the  instan- 
taneous  pressure  or  flow  rate  when  the  predicting 
point  of  the  slope  is  arrived  at  as  indicated  by  a 
signal  on  stabilizer  circuit  26,  the  instantaneous 
pressure  circuit  190  includes  an  analog  gate  210,  a 
comparator  212,  a  resistor  214,  a  resistor  216  and 
a  capacitor  218. 

To  store  a  potential  representing  the  instan- 
taneous  pressure  at  the  predicting  point,  the 
analog  gate  210  has  its  analog  input  electrically 
connected  to  output  terminal  108  through  con- 
ductor  122  to  receive  a  signal  representing  the 
instantaneous  pressure  and  has  its  gate  control 
electrically  connected  to  conductor  204  to  be 
opened  when  the  instantaneous  slope  reaches 
the  predicting  slope  point,  which  in  the  preferred 
embodiment  is  two-thirds  of  the  maximum  slope. 
The  output  of  the  analog  gate  210  is  electrically 
connected  to  the  inverting  terminal  of  comparator 
212  through  a  conductor  220  and  to  one  plate  of 
capacitor  218  to  store  the  potential  representing 
pressure  when  the  predicting  value  of  slope 
occurs.  The  capacitor  218  has  its  other  plate 
electrically  grounded. 

To  provide  an  output  when  equilibrium  is 
reached,  the  non-inverting  input  terminal  of  the 
comparator  212  is  electrically  connected  to 
ground  through  a  resistor  216,  to  output  terminal 
108  through  resistor  214  and  to  the  preset  equilib- 
rium  pressure  circuit  192  through  a  conductor 
222.  The  potentiometer  213  sets  the  bias  of 
comparator  212.  The  value  of  resistors  214  and 
216  are  such  that  the  potential  at  the  non-invert- 
ing  terminal  of  comparator  212  represents  the 
instantaneous  potential  multiplied  by  the  ratio  of 
the  maximum  slope  minus  the  slope  at  the  pre- 
dicting  point  divided  by  the  maximum  slope  or,  in 
this  case,  one  third.  Thus,  when  the  potential  at 
terminal  108  is  three  times  the  potential  stored  on 
capacitor  218,  the  comparator  212  provides  an 

offers  a  high  resistance  to  rise  in  potential  at  the 
output  of  amplifier  176  after  the  maximum  slope 
has  passed. 

To  store  the  maximum  differential,  the 
capacitor  174  is  connected  between  the  inverting  5 
terminal  of  the  operational  amplifier  176  and 
ground  and  the  inverting  terminal  of  the  oper- 
ational  amplifier  176  is  also  electrically  connected 
to  output  terminal  182.  Output  terminal  182  is 
connected  to  the  maximum-sensing  circuit  140  w 
through  conductor  184. 

In  FIG.  6,  there  is  shown  a  diagram  of  the 
equilibrium  calculation  circuit  114  having  maxi- 
mum  slope  proportioning  circuit  188,  an  instan- 
taneous  pressure  circuit  190  and  a  preset  equilib-  is 
rium  pressure  circuit  192.  Terminals  126A,  126C 
and  126D  from  the  preset  equilibrium  pressure 
circuit  192,  the  instantaneous  pressure  circuit  190 
and  the  slope  proportioning  circuit  188  respec- 
tively  provide  a  low  signal  at  a  selected  slope  20 
value  to  cause  the  pump  to  speed  up  and  the 
terminal  126Cgoes  high  to  cause  the  pump  speed 
to  return  to  its  preset  value.  Terminal  126B  pro- 
tects  against  over-voltages. 

The  function  of  the  slope  proportioning  circuit  25 
188  is  to  set  a  point  at  which  a  prediction  of  the 
equilibrium  pressure  in  a  constant  flow  rate 
system  or  the  equilibrium  flow  rate  in  a  constant 
pressure  system  is  to  be  made.  It  determines  the 
ratio  of  the  slope  at  a  fixed  point  to  the  maximum  30 
slope  for  use  as  a  proportionality  factor  with 
respect  to  the  ratio  between  the  corresponding 
point  on  the  related  curve  for  instantaneous 
pressure  to  predict  the  equilibrium  pressure. 

In  one  embodiment,  the  predicting  slope  point  35 
is  two-thirds  of  the  maximum  slope.  The  ratio  of 
two-thirds  of  the  maximum  slope  to  the  entire 
slope  is  used  as  a  proportionality  factor  to  predict 
the  final  equilibrium  pressure  or  equilibrium  flow 
rate  from  an  instantaneous  pressure  of  one-third  40 
of  the  equilibrium  pressure  for  a  constant  flow 
rate  system. 

To  establish  the  proportionality  factor,  the 
slope  proportioning  circuit  188  includes  an  oper- 
ational  amplifier  194,  a  resistor  196,  a  second  45 
resistor  198  and  a  comparator  200. 

The  operational  amplifier  194  has  a  feedback 
connection  from  its  output  to  its  inverting  input 
terminal  and  its  non-inverting  terminal  is  con- 
nected  to  terminal  182  by  conductor  184  to  the  so 
differentiation  and  maximum  storage  circuit  110 
(FIG.  4)  to  receive  a  signal  representing  the 
maximum  time  derivative  of  the  pressure  or  the 
flow  rate.  The  output  of  the  operational  amplifier 
194  is  connected  to  a  point  202  on  the  tap  of  55 
potentiometer  203  through  a  resistor  196  and  a 
portion  of  the  potentiometer  203.  The  point  202  is 
connected  to  ground  through  a  second  resistor 
198  and  the  remainder  of  the  resistance  of 
potentiometer  203  and  to  the  non-inverting  input  60 
terminal  of  the  comparator  200. 

The  ratio  of  the  resistance  from  the  circuit 
common  to  point  202  on  the  wiper  of 
potentiometer  203  to  the  total  resistance  of  the 
series  combination  of  resistors  196  and  198  and  65 
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To  cause  the  pump  34  (FIG.  2)  to  pump  fluid  at  a 

preset  equilibrium  flow  rate,  the  flow  rate  source 
of  potential  252  includes  a  potentiometer  256 
connected  at  one  end  to  a  source  of  positive 

5  potential  254  and  grounded  at  its  other  end.  The 
center  tap  of  the  potentiometer  256  is  electrically 
connected  to  the  motor  speed  controller  250 
through  a  resistor  258  to  establish  the  equilibrium 
drive  speed. 

10  To  pre-pressurize  the  pump  34  and  thus  shorten 
the  transitory  period,  the  NOR  gate  246  has  three 
inputs,  each  of  which  is  connected  to  a  different 
one  of  the  terminals  126A,  126C  and  126D.  The 
output  of  the  NOR  gate  246  is  electrically  con- 

w  nected  to  the  forward  resistance  of  a  diode  260  and 
a  resistor  262  to  the  resistor  258  and  to  the  input  of 
the  motor  speed  controller  250  so  that  when  each 
of  the  inputs  on  terminals  126A,  126C  and  126D  is 
low,  the  output  of  the  NOR  gate  246  is  high  and  is 

20  transmitted  to  the  diode  260  and  the  resistor  262  to 
the  input  of  the  motor  speed  controller  250, 
causing  a  controlled  speed-up  of  the  pump  motor. 

The  motor  speed  controller  output  is  electrically 
connected  to  conductors  54  and  56  of  the  pump  34 

25  (FIG.  2)  to  control  its  speed  for  prepressurizing  to 
shorten  equilibrium,  maintaining  speed  at  a  con- 
stant  flow  rate  or  maintaining  a  constant  pressure. 

To  protect  against  overpressure,  conductor 
126B  receives  a  set  potential  from  potentiometer 

30  244,  (FIG.  6)  through  the  comparator  234  and 
compares  it  with  the  signal  from  conductor  222  so 
that  if  the  pressure  becomes  too  great,  the  signal 
on  terminal  126B  opens  the  analog  gate  248  (FIG. 
7)  to  connect  the  input  to  the  motor  speed 

35  controller  250  to  ground  and  thus  stop  the  motor. 
In  FIG.  8,  there  is  shown  a  modification  of  the 

equilibrium  calibration  circuit  1  14  as  shown  in  FIG. 
6  in  which  the  pump  speed  may  be  initially 
increased.  In  the  embodiment  of  FIG.  8,  the  preset 

40  equilibrium  circuit  192  and  the  slope  proportion 
circuit  188  are  substantially  the  same  as  the  circuit 
of  the  embodiment  of  FIG.  6. 

The  embodiment  of  FIG.  8  differs  from  that  of 
FIG.  6  in  that  instantaneous  pressure  circuit  190  is 

45  not  needed  in  the  embodiment  of  FIG.  8:  (1)  there 
are  only  two  outputs  to  the  motor  controller  (FIG. 
9)  which  are  126E  and  126B;  (2)  terminal  126E  is 
electrically  connected  to  the  output  126A  of  the 
flip-flop  230  through  the  forward  resistance  of  the 

so  diode  264;  (3)  the  cathode  of  the  diode  264  is 
connected  to  ground  through  a  parallel  path 
containing  a  resistor  266;  and  (4)  terminal  126E  is 
also  electrically  connected  to  the  armature  of  206 
through  the  forward  resistance  of  another  diode 

55  268. 
If  theflow  rate  is  setto  a  predetermined  multiple, 

m,  of  the  flow  rate  at  equilibrium  during  the  start- 
up  condition  of  the  pump,  then  the  slope  of  the 
pressure-time  curve  drops  at  equilibrium  pressure 

so  to  a  fraction,  1/m,  multiplied  by  another  quantity. 
That  quantity  is  equal  to  m  minus  one  times  the 
maximum  value  of  the  slope. 

If,  for  example,  the  initial  flow  rate  (pump  speed) 
is  set  to  be  ten  times  the  desired  equilibrium  flow 

65  rate  in  a  constant  flow  rate  system  for  the  start-up 

outputto  terminal  126C  to  slow  the  pump  motorto 
its  preset  speed. 

Resistor  214  has  a  value  of  resistance  which  is 
one-third  of  the  resistance  of  the  series  combina- 
tion  resistors  214  and  216  so  that,  when  analog 
gate  21  0  is  open,  the  non-inverting  input  terminal 
of  the  comparator  212  receives  a  value  voltage 
equal  to  two-thirds  of  the  instantaneous  pressure 
while  the  total  value  of  the  instantaneous  pressure 
is  stored  on  capacitor  218  and  applied  to  the  non- 
inverting  terminal  of  comparator  212  causing  the 
output  of  comparator  212  to  be  "low". 

To  apply  a  low  signal  from  comparator  21  2  of  the 
motor  control  circuit,  the  output  of  comparator  212 
is  electrically  connected  to  terminal  126C  through 
the  armature  204  of  the  two-pole,  double-throw 
switch  208. 

To  provide  the  desired  signals  to  the  pump 
control  circuit  116  on  output  terminals  126A  to 
indicate  equilibrium  pressure  and  on  126B  to 
indicate  over-pressure,  the  preset  equilibrium 
pressure  circuit  192  includes  a  flip-flop  230,  a  first 
comparator  232  and  a  second  comparator  234. 

The  non-inverting  input  terminals  of  the  com- 
parators  232  and  234  are  each  electrically  con- 
nected  to  terminal  108  to  receive  a  potential 
representing  the  instantaneous  pressure.  The 
inverting  input  terminal  of  the  comparator  232  is 
electrically  connected  to  a  source  of  positive 
potential  238  through  a  potentiometer  240  set  to 
the  known  equilibrium  value  of  potential  to  cause 
the  flip-flop  230  to  be  set  when  equilibrium  is 
reached.  The  inverting  input  terminal  of  the  com- 
parator  234  is  electrically  connected  to  a  source  of 
positive  potential  242  through  a  potentiometer  244 
set  to  protect  against  an  overpressure. 

The  reset  input  terminal  of  the  flip-flop  230  is 
electrically  connected  to  reset  input  terminal  144 
through  conductor  160  to  be  reset  at  the  start  of  a 
chromatographic  run  and  its  set  input  is  electric- 
ally  connected  to  the  output  of  the  comparator  232 
to  be  set  when  the  instantaneous  pressure  value 
on  terminal  108  reaches  the  calculated  equilibrium 
value  of  pressure  indicated  by  the  potentiometer 
240.  The  output  of  the  flip-flop  230  is  electrically 
connected  to  terminal  126A  and  the  output  of 
comparator  234  is  electrically  connected  to  ter- 
minal  126B  to  control  the  motor  speed  circuit. 

Once  a  particular  system  including  the 
chromatographic  column  has  been  tested  and  its 
equilibrium  pressure  is  known,  it  is  not  necessary 
to  use  the  instantaneous  pressure  circuit  190  orthe 
slope  proportion  circuit.  Instead,  the 
potentiometer  240  is  set  to  the  equilibrium  value 
and  the  two-pole,  double-throw  switch  208  is 
switched  so  that  the  armatures  206  and  224  are 
against  contacts  226  and  228  respectively  thus 
disconnecting  terminals  126C  and  126D.  Terminal 
126A  now  controls  speed-up  and  equilibrium. 

In  FIG.  7,  there  is  shown  a  schematic  circuit 
diagram  of  the  pump  control  circuit  116  (FIG.  4) 
having  a  NOR  gate  246,  an  analog  gate  248,  a 
conventional  motor  speed  controller  for  the  pump 
motor  250  and  an  adjustable  source  of  potential 
252  for  controlling  the  motor  speed  controller. 
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from  the  chromatographic  column  282  passes 
through  effluent  detector  284  which  is  electrically 
connected  to  a  strip  chart  recorder  292. 

The  fluid  outlet  295  of  the  effluent  detector  284 
5  is  connected  to  a  "tee"  296  and  from  there  to  the 

conventional  photo-electrical  drop  detecting 
device  286.  The  photo-electrical  drop  detecting 
device  286  may  be  any  suitable  flow  measuring 
device  capable  of  measuring  flow  and  providing 

10  an  electrical  signal  to  the  pump  control  system  14 
in  response  to  the  flow.  The  fluid  is  collected  by 
any  suitable  means,  symbolically  indicated  at  298. 

To  record  the  retention  time  of  peaks  eluted 
within  the  chromatograph,  the  effluent  detector 

15  284  is  electrically  connected  to  the  strip  chart 
recorder  292.  The  strip  chart  recorder  292 
includes  a  motor  speed  control  circuit  300,  a  chart 
drive  motor  302,  a  drive  shaft  304,  a  chart  drive 
roller  306  and  chart  paper  308. 

20  '  The  motor  speed  control  circuit  300  is  electric- 
ally  connected  to  a  source  of  potential  at  301  and 
to  the  chart  drive  motor  302  which  rotates  the 
drive  shaft  304  at  a  controlled  speed.  The  drive 
shaft  304  turns  the  drive  roller  306  to  advance  the 

25  chart  paper  308  while  signals  from  the  effluent 
detector  284  are  applied  through  conductors  310 
to  the  recording  pen  312  for  the  recording  of  the 
chromatogram  on  the  chart  paper  308. 

To  switch  the  two-way  solenoid  selector  valve 
30  278  from  the  tubing  288  to  the  no  load  (zero 

pressure)  fluid  outlet  line  294,  conductor  304  is 
electrically  connected  to  the  solenoid  selector 
valve  278.  With  the  valve  278  switched  to  line  244, 
flow  from  tube  19  is  led  to  tee  296  and  photo- 

35  electric  drop  detecting  device  286.  To  measure 
the  flow  output  passing  through  the  photo-electri- 
cai  drop  detecting  device  286,  conductors  307  and 
309  are  connected  to  the  photo-electrical  drop 
detecting  device  286  to  provide  signals  indicating 

40  flow.  Since  there  is  no  pressure  in  the  fluid  outlet 
line  294,  the  flow  through  drop  detecting  device 
286  is  equal  to  the  pumping  rate  after  a  short 
time. 

In  FIG.  11,  there  is  shown  another  embodiment 
45  332  of  the  stabilizer  circuit  26  having  an  outflow 

rate  detector  circuit  334  and  an  equilibrium  out- 
flow  control  circuit  336.  The  outflow  detector 
circuit  334  is  electrically  connected  to  conductors 
307  and  309  of  the  photo-electrical  drop  detecting 

so  device  286  (FIG.  10)  to  generate  a  signal  pro- 
portional  to  the  outflow  from  the  chromato- 
graphic  column  282  (FIG.  10).  The  equilibrium 
outflow  control  circuit  336  receives  this  signal 
from  the  outflow  rate  control  circuit  334  and 

55  applies  a  signal  to  input  terminal  346  for  control- 
ling  the  motor  speed.  Thus,  the  pump  speed  is 
increased  at  the  start  of  the  run  above  its  equilib- 
rium  pressure  to  quickly  achieve  the  preset  out- 
flow.  This  embodiment  may  be  used  on  runs  after 

60  the  first  run  with  the  same  column  because  the 
equilibrium  pressure  will  already  be  known. 

In  FIG.  12,  there  is  shown  a  block  diagram  of  the 
outflow  detector  circuit  334  including  a  signal 
conditioner  342,  a  servo-stabilizing  circuit  344  and 

65  an  analog  multiplier  348. 

condition,  then  when  the  equilibrium  pressure  for 
the  desired  flow  rate  is  reached,  the  slope  is  nine- 
tenths  of  its  maximum  value. 

In  FIG.  8,  while  the  structure  is  very  similar  to 
that  of  the  embodiment  of  FIG.  6,  the  value  of  the 
slope  of  the  pressure-time  curve  is  normally 
different  and  the  setting  of  the  potential  that 
drives  the  motor  control  circuit  during  its 
speeded-up  operation  is  set  at  a  different  value. 
For  example,  in  one  embodiment,  the  ratio  of  the 
resistors  196  and  198  (FIG.  6)  in  the  slope  pro- 
portioning  circuit  188  in  the  embodiment  of  FIG.  8 
establishes  a  ratio  of  1  to  10  with  the  resistance  of 
the  resistor  196  being  1/10  of  the  total  resistance 
of  the  resistors  196  and  198. 

The  speeded-up  operation  of  the  pump  34 
provides  a  flow  rate  ten  times  the  equilibrium 
flow  rate.  With  these  ratios,  the  pump  34  operates 
upon  start-up  at  approximately  ten  times  its 
equilibrium  rate  and  increases  the  pressure  to 
that  almost  equal  to  the  equilibrium  pressure.  As 
soon  as  the  instantaneous  pressure  slope  drops 
to  9/10  of  the  maximum  slope,  the  comparator 
200  goes  high  and  brings  the  pump  motor  44  to 
its  normal  speed.  Thus,  the  operation  of  the 
embodiment  of  FIG.  8  can  provide  greater  preci- 
sion  than  that  of  FIG.  6  in  less  time. 

In  FIG.  9,  there  is  shown  an  embodiment  of 
pump  control  circuit'  116A  to  be  used  with  the 
embodiment  of  FIG.  8.  The  pump  control  circuit 
116A  is  substantially  the  same  as  that  of  116 
shown  in  FIG.  7  and  the  same  parts  bear  the  same 
numbers.  Thus,  both  pump  control  circuits  116 
and  116A  include  the  same  motor  speed  con- 
troller  250,  tachometer  output  conductors  57  and 
59,  adjustable  source  of  potential  252,  a  resistor 
258,  analog  gate  248  and  terminal  126B. 

However,  the  embodiment  of  FIG.  7  does  not 
include  the  NOR  gate  246  but  instead  includes  a 
resistor  270  and  an  analog  gate  272,  the  resistor 
270  being  connected  to  the  input  of  the  motor 
speed  controller  250  and  to  the  analog  gate  272 
which  is  grounded.  Terminal  126A  is  electrically 
connected  to  the  analog  gate  272  to  provide  a 
current  path  through  the  resistor  270  and  thus 
reduce  the  motor  speed  to  1/10  of  its  initial  speed- 
up  value  for  operation  of  its  equilibrium  value 
once  the  slope  of  the  pressure-time  curve  has 
become  9/10  of  the  maximum  slope. 

While  in  the  embodiment  of  FIGS.  8  and  9,  the 
transitory  period  pumping  speed  is  ten  times  the 
steady-state  equilibrium  speed  of  the  pump. 
Other  values,  of  course,  can  be  used.  Normally 
they  will  be  a  multiple  of  the  desired  flow  rate. 

In  FIG.  10,  there  is  shown  a  simplified,  schema- 
tic  view  of  a  column  system  18  having  a  solenoid 
selector  valve  278,  a  chromatographic  column 
282,  an  effluent  detector  284  and  a  photo-electri- 
cal  drop  detecting  device  286. 

The  outlet  to  conduit  19  from  syringe  pump  34 
(FIGS.  1  and  2)  communicates  with  the  inlet  of  the 
two-position  solenoid  selector  valve  278  which  in 
its  inactivated  position  connects  through  tube  288 
to  an  inlet  of  the.  chromatographic  column  for  a 
micro-scale  liquid  chromatograph.  The  outlet 

10 
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FIGS.  10—13  to  control  the  motor  speed  of  a 
pump.  This  figure  is  similar  to  the  embodiments 
of  FIGS.  7  and  9  and  identical  parts  have  the  same 
reference  numbers. 

5  In  the  embodiment  of  FIG.  14,  the  signal  indicat- 
ing  the  error  in  the  measured  outflow  from  the 
chromatographic  column  282  is  applied  to  input 
terminal  346  from  there  to  directly  control  the 
motor  speed  controller  250  and  thus  completes  a 

10  feedback  loop  which  enables  the  motor  speed  to 
be  accurately  controlled.  When  a  given 
chromatographic  system  and  column  have 
speeds  which  are  known,  the  desired  reference 
signal  may  be  immediately  applied  to  input  ter- 

15  minal  346  through  a  switching  arrangement 
similar  to  that  of  other  embodiments.  The  equilib- 
rium  pressure  may  be  measured  and  the  system 
controlled  by  driving  it  immediately  to  the  equilib- 
rium  pressure  as  described  with  respect  to  pre- 

20  vious  embodiments. 
In  FIG.  15,  there  is  shown  a  block  diagram, 

partly  schematic,  of  the  outflow  rate  reference 
circuit  338  having  a  subtractor  354,  a  servo  ampli- 
fier  356,  a  sampie-and-hold  circuit  330  and  a  flow 

25  rate  selector  360. 
The  flow  rate  selector  360  includes  a  manual 

switch  which  selects  a  predetermined  potential  to 
be  applied  through  output  conductor  363  to  ter- 
minal  362  and  to  one  input  of  the  subtractor  354. 

30  This  signal  controls  the  pumping  speed  for  a 
desired  outflow  as  set  by  the  chromatographer 
during  operation  of  the  chromatograph. 

Since  a  chromatographer  is  commonly 
interested  in  a  pattern  of  fixed  constant  flow  rates 

35  which  he  may  use  to  determine  reproducible 
retention  volumes  while  separating  certain  com- 
ponents,  it  is  important  to  have  a  standard  signal 
representing  a  flow  rate. 

The  subtractor  354  is  electrically  connected  to 
40  conductor  352  to  receive  a  signal  corresponding 

to  the  signal  generated  by  the  outflow  measuring 
circuit  multiplied  by  a  correction  factor.  The  out- 
put  signal  from  the  subtractor  354  is  connected  to 
conductor  365,  which  in  one  mode  is  used  in  a 

45  feedback  loop  to  determine  the  calibration  factor 
which  is  operated  upon  by  the  signal  from  the 
outflow  measuring  circuit  to  form  an  adjusted 
measured  signal  and  in  another  mode  utilizes  the 
adjusted  measured  signal  to  control  the  motor 

50  speed  and  cause  the  pumping  system  to  reach 
equilibrium  faster. 

In  one  embodiment,  the  adjusted  signal  is 
formed  by  multiplying  the  calibration  signal  and 
the  measured  signal  to  provide  a  calibrated  out- 

55  put.  When  there  is  a  deviation  between  the  signal 
set  on  the  flow  rate  selector  360  and  the  actual 
flow  from  the  chromatograph,  the  flow  rate  is 
corrected  by  servo  action. 

The  servo  amplifier  356  is  stabilized  by  a 
60  stabilizing  impedance  358  connected  between  its 

output  and  input  in  a  manner  known  in  the  art  and 
has  its  input  electrically  connected  to  the  output 
of  the  subtractor  354.  The  output  of  the  servo 
amplifier  356  is  electrically  connected  to  the 

65  sample-and-hold  circuit  330  to  which  it  transmits 

The  signal  conditioner  342  is  electrically  con- 
nected  to  conductors  307  and  309  to  receive 
signals  therefrom  indicating  the  flow  of  fluid  from 
the  chromatographic  column  282.  This  circuit 
filters  and  derives  an  analog  signal  voltage  pro- 
portional  to  repetition  rate  of  drops  falling 
through  drop  detecting  device  286.  The  analog 
signal  voltage  may  undergo  further  altering  in  a 
servo-stabilizing  circuit  344. 

The  servo  stabilizing  circuit  344  is  electrically 
connected  to  one  of  two  inputs  of  an  analog 
multiplier  348  through  a  conductor  345.  A  second 
input  is  applied  to  the  analog  multiplier  348  from 
terminal  350  and  that  input  calibrates  the  signal 
received  from  the  flow  meter  to  units  which  are 
suitable  for  controlling  the  pump  motor  to  pro- 
vide  the  desired  flow  rate.  A  calibration  factor  is 
applied  to  terminal  350  so  that  the  output  signal 
of  the  analog  multiplier  348  on  conductor  352 
provides  a  true  representation  of  the  flow  rate 
from  the  column  which  may  be  compared  with  a 
preset  flow  rate  to  control  the  chromatographic 
pump  or  pumps. 

In  FIG.  13  there  is  shown  a  block  diagram  of  the 
equilibrium  outflow  control  circuit  336  having  an 
out-flow  rate  reference  circuit  338,  a  transitory 
period  signal  circuit  340  and  a  switching  circuit 
341. 

The  outflow  rate  reference  circuit  338  is  electric- 
ally  connected  to  conductor  352  to  receive  the 
analog  signal  representing  the  rate  of  flow  from 
the  chromatographic  column  282  and  to  provide 
to  terminal  350  a  calibration  signal  which  adjusts 
the  rate  of  flow  signal  received  on  conductor  352 
to  the  other  signals  used  in  the  equilibrium 
outflow  control  circuit  336  to  control  the  speed  of 
the  pump. 

The  transitory  period  signal  circuit  340  receives 
a  signal  on  conductor  365  from  the  outflow  rate 
reference  circuit  338  indicating  the  amplitude  of  a 
discrepancy  between  the  measured  outflow  rate 
of  fluid  from  the  chromatographic  column  282 
and  the  preset  rate. 

The  transitory  period  signal  circuit  340  is  elec- 
trically  connected  to  the  switching  circuit  341  to: 
(1)  receive  a  signal  on  strobe  line  327;  (2)  to 
provide  to  the  switching  circuit,  signals  on  output 
324  or  326  indicating  whether  the  measured 
outflow  rate  is  equal  to  the  desired  set  level;  and 
(3)  to  provide  an  analog  signal  on  conductor  367 
to  indicate  the  amount  of  discrepancy  when  the 
measured  flow  rate  differs  from  the  preset  out- 
flow  rate. 

The  switching  circuit  341  is  connected  to  the 
outflow  rate  reference  circuit  338  by  strobe  line 
327  to  provide  strobe  signals  thereto  and  by 
conductors  363  from  which  it  receives  a  signal 
indicating  the  preset  desired  flow  rate  signal  to 
drive  the  pump  when  the  circuits  are  stabilized. 
The  switching  circuit  341  is  electrically  connected 
to  input  terminal  346  to  control  the  pumping 
within  chromatographic  pumps. 

In  FIG.  14,  there  is  shown  another  embodiment 
of  pump  speed  controller  interface  116B  which  is 
utilized  in  conjunction  with  the  embodiments  of 
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nected  to  the  inputs  of  the  analog  gates  318  and 
370,  the  outputs  of  which  are  electrically  con- 
nected  to  input  terminal  346  to  apply  the  preset 
flow  rate  signal  to  the  motor  control  circuit  when 

5  either  analog  gates  318  or  370  are  open.  The 
analog  gate  318  is  electrically  connected  to  strobe 
line  327  to  open  this  gate  only  during  calibration 
and  the  gate  control  of  analog  gate  370  is  electric- 
ally  connected  to  output  326  from  the  flip-flop  322 

10  (FIG.  16)  to  open  this  gate  only  when  the  signal  on 
conductor  364  has  not  deviated  from  the  preset 
signal.  It  is  also  closed  whenever  there  is  a 
calibration  operation  occurring. 

The  control  electrode  of  analog  gate  368  is 
m  connected  to  output  324  to  cause  this  gate  to  be 

opened  whenever  there  is  a  discrepancy  between 
the  measured  outflow  from  the  chromatographic 
column  282  and  the  preset  flow  rate.  When  gate 
368  is  open,  it  transmits  the  signal  indicating, 

20  between  measured  outflow  and  preset  flow  rate, 
the  difference  from  terminal  379  to  the  input  of 
analog  gate  316  to  which  it  is  connected. 

The  terminal  of  the  analog  gate  316  is  electric- 
ally  connected  to  the  output  of  the  inverter  320  to 

25  close  this  gate  whenever  the  calibration  switch 
314  indicates  a  calibration  signal  is  occurring  and 
open  it  at  other  times  to  permit  the  discrepancy 
signal  to  be  passed  to  input  terminal  346  to 
control  the  speed  of  the  motor  and  bring  its  speed 

30  to  a  value  which  causes  the  outflow  from  the 
chromatographic  column  282  to  be  equal  to  the 
preset  flow  rate  of  the  chromatograph. 

In  FIG.  18,  there  is  shown  a  block  diagram  of 
another  embodiment  450  of  the  stabilizer  circuit 

35  26  (FIG.  1)  having  a  pressure  value  setting  circuit 
452,  a  constant  pressure  recording  circuit  454,  a 
servo  control  circuit  for  the  pump  motor  456  and 
an  indicator  circuit  458. 

In  the  embodiment  of  FIG.  18,  a  selector  switch 
40  460  selects  either  normal  constant  flow  operation 

or  constant  pressure  operation.  When  it  is  in  the 
normal  constant  flow  position,  the  embodiment 
of  FIG.  18  does  not  by  itself  reduce  the  normal 
transitory  time  unless  it  is  connected  to  one  of  the 

45  previous  embodiments  which  reduce  the  transit- 
ory  time,  but  in  the  constant  pressure  position, 
the  circuit  may  be  used  to  reduce  the  transitory 
time  for  constant  flow  rate  operation. 

The  pressure  value  setting  circuit  452  is  con- 
so  nected  to  the  servo  control  circuit  for  the  motor 

456  and,  when  the  switch  460  is  in  the  constant 
pressure  mode,  a  pressure  voltage  estimate  is 
applied  to  the  servo  control  circuit  for  the  motor. 
This  causes  the  motor  to  quickly  increase  its 

55  speed  until  it  stabilizes  at  the  set  pressure. 
The  servo  control  circuit  for  the  motor  456  is 

connected  to  the  indicator  circuit  458  which  indi- 
cates  the  flow  rate.  The  flow  rate  may  be  viewed 
on  the  indicator  circuit  458  and,  if  it  is  not  at  the 

60  desired  constant  flow  rate,  the  pressure  value 
setting  circuit  452  may  be  reset. 

In  this  manner,  one  may  estimate  the  equilib- 
rium  pressure  for  constant  flow  rate  operation 
and  set  that  pressure  in  the  pressure  value  setting 

65  circuit  452.  The  operator  may  then  check  on  the 

a  signal  which  is  used  in  a  feedback  loop  to  arrive 
at  the  calibration  signal  in  one  mode  of  operation 
to  be  described  hereinafter. 

The  sample-and-hold  circuit  330  receives  a 
strobe  signal  on  strobe  line  327  for  calibration 
purposes  and  provides  an  output  signal  through 
terminal  350.  When  the  sample-and-hold  circuit 
330  is  receiving  the  strobe  signal  on  strobe  line 
327,  the  output  signal  on  terminal  350  is  used  to 
determine  the  calibration  value  to  be  stored  in  the 
sample-and-hold  circuit  330,  and  when  a  signal  is 
not  applied  through  strobe  line  327,  the  signal  on 
terminal  350  is  used  to  actually  operate  upon  the 
measured  signal  to  arrive  at  the  calibrated 
measure  signal  for  controlling  the  motor  speed. 

In  FIG.  16  there  is  shown  a  schematic  circuit 
diagram  of  the  transitory  period  signal  circuit  340 
having  an  operational  amplifier  366,  comparator 
368  and  a  flip-flop  322.  The  inverting  inputs  of  the 
amplifier  366  and  comparator  368  are  each  con- 
nected  to  terminal  364  to  receive  a  signal  indicat- 
ing  a  difference  between  the  desired  outflow  as 
preset  and  the  actual  outflow  of  a  chromato- 
graphic  column. 

The  output  of  operational  amplifier  366  is  elec- 
trically  connected  to  conductor  367  to  a  terminal 
369  for  application  to  the  motor  control  circuit 
when  controlling  the  pumping  speed  to  bring  the 
measured  outflow  to  the  preset  outflow.  The 
output  of  comparator  368  is  electrically  connected 
to  the  reset  input  of  the  flip-flop  322.  The  set  input 
of  the  flip-flop  322  is  electrically  connected  to 
strobe  line  327  to  set  the  flip-flop  322  during 
calibration  times. 

The  flip-flop  322  has  first  and  second  outputs 
324  and  326  and  has  a  set  input  terminal  electric- 
ally  connected  to  receive  the  strobe  pulses  on 
strobe  line  327.  With  this  arrangement,  when 
there  is  a  discrepancy  between  the  measured 
outflow  and  the  set  outflow,  the  flip-flop  322  is 
reset  and  applies  a  signal  on  output  324  to  the 
equilibrium  outflow  control  circuit  336  (FIGS.  1  1 
and  13)  to  cause  the  output  from  operational 
amplifier  366  to  drive  the  motor  control  circuit 
until  equilibrium  is  reached. 

During  calibration,  a  set  pulse  on  strobe  line 
327  switches  the  flip-flop  322  so  that  a  signal  is 
applied  to  output  326  to  form  a  feedback  loop  to 
determine  the  calibration  factor. 

In  FIG.  17,  there  is  shown  a  schematic  circuit 
diagram  of  the  switching  circuit  341  having  a 
calibration  switch  314,  an  inverter  320  and  four 
analog  gates  316,  368,  370  and  318. 

The  output  of  the  calibration  switch  314  is 
electrically  connected  to  strobe  line  327  and 
applies  a  signal  thereto  when  the  calibration 
switch  314  is  turned  on.  This  signal  is  applied  to 
the  input  of  the  inverter  320,  the  control  electrode 
of  analog  gate  318,  the  set  input  terminal  374  of 
the  flip-flop  322  (FIG.  16),  terminal  304  which  is 
connected  to  the  two-position  solenoid  selector 
valve  278  (FIG.  10)  and  to  terminal  328  of  the 
sample-and-hold  circuit  330  (FIG.  15). 

Terminal  362  which  carries  the  reference  poten- 
tial  for  the  preset  flow  rate  is  electrically  con- 
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from  terminal  57  which  is  connected  to  the 
tachometer  55  (FIG.  2)  to  indicate  the  speed  of  the 
motor. 

The  servo  control  circuit  for  the  pump  motor 
5  456  forms  a  servo  loop  which  controls  the  speed 

of  the  pump  motor  to  maintain  the  pressure  at  a 
level  corresponding  to  the  voltage  applied  to 
terminal  478.  The  potential  applied  to  terminal 
478  is  obtained  from  the  pressure  value  setting 

m  circuit  through  conductor  384  and  represents  the 
difference  between  the  pressure  setting  and  the 
measured  pump  head  pressure  as  determined  by 
the  pressure  value  setting  circuit  452  (FIG.  18). 

In  FIG.  20,  there  is  shown  a  block  diagram  of  the 
15  pressure  value  setting  circuit  452  having  a 

pressure  setting  selector  396,  a  subtractor  394,  an 
operational  amplifier  398  and  a  sample-and-hold 
circuit  406. 

To  obtain  a  signal  representing  the  difference  in 
20  actual  pressure  and  programmed  pressure, 

pressure-signal  terminal  108  (FIGS.  3,  6  and  20)  is 
connected  to  one  input  of  the  subtractor  394  and 
the  pressure  setting  selector  396  is  electrically 
connected  to  the  other.  The  output  of  the  subtrac- 

25  tor  394  is  connected  to  terminal  480  and  to  the 
inverting  input  of  the  operational  amplifier  398. 
The  operational  amplifier  398  has  a  feedback 
stabilizing  circuit  which  includes  the  stabilizing 
impedance  400  connected  between  its  input  and 

30  its  output  and  its  output  is  connected  through 
conductor  408  to  the  sample-and-hold  circuit  406. 

With  this  arrangement  the  pressure  head  of  the 
pump  is  compared  with  a  pressure  setting  by  the 
subtractor  394  and  the  difference  applied  to  ter- 

35  minal  480  through  conductor  482  connected  to 
the  indicator  circuit  458  and  to  the  constant 
pressure  measurement  flow  rate  recording  con- 
trol  circuit  454  (FIG.  18).  This  difference  potential 
is  also  applied  to  the  sample-and-hold  circuit  406 

40  through  the  operational  amplifier  398  for  storage 
and  transmission  to  conductor  384  forcing  the 
constant  pressure  mode  operation  of  the  circuit  to 
provide  a  standard  to  which  the  pump  is  driven  by 
the  servocontrol  circuit  for  the  pump  motor  456 

45  (FIGS.  18  and  19). 
To  enable  the  chromatograph  to  operate  in 

either  the  constant  pressure  or  constant  flow  rate 
modes,  the  conductor  404  applies  either:  (1)  a 
strobe  potential  to  the  sample-and-hold  circuit 

so  406  causing  it  to  transmit  the  difference  signal  to 
the  servo  control  circuit  for  the  pump  motor  456 
to  drive  it  to  the  preset  pressure;  or  (2)  transmits  a 
constant  ground  level  potential,  carrying  storage 
in  sample-and-hold  circuit  406  of  the  instan- 

55  taneous  voltage  relations  to  pressure  when  the 
armature  470  of  mode  switch  460  is  grounded 
against  contact  474.  This  causes  the  servo  control 
circuit  for  the  pump  motor  456  to  operate  in  a 
constant  flow  rate  mode  because  of  feedback  on 

60  line  57  from  the  pump  motor  tachometer  (FIG.  2). 
In  FIG.  21,  there  is  shown  a  schematic  circuit 

diagram  of  the  constant-pressure  measurement, 
flow-rate  recording  control  circuit  454  having  an 
analog  gate  432,  a  zero  pressure-time  slope  detec- 

65  tor  486,  a  zero  pressure  difference  signal  detector 

flow  rate  and  if  it  is  not  at  the  value  he  wishes  to 
operate  at  a  constant  flow  rate,  he  can  again  reset 
the  pressure  value  setting  circuit.  Since  the  pump 
very  quickly  rises  to  the  equilibrium  pressure,  this 
reduces  the  transitory  time  for  constant  flow  rate 
operation  as  well.  Once  the  proper  flow  rate  has 
been  reached,  the  operator  may  switch  the  switch 
460  to  constant  flow  rate  operation  and  operate  at 
the  established  set  flow  rate. 

During  constant  pressure  operation,  the  con- 
stant  pressure  recording  circuits  454  may  be 
utilized  to  record  the  desired  chromatogram  on  a 
flow  basis  as  will  be  described  further  hereinafter. 
This  is  accomplished  by  changing  the  position  of 
the  constant  pressure  reading  switch  462  which 
may  connect  to  terminal  301  either  the  chart 
speed  selector  468  for  applying  a  selected  poten- 
tial  to  terminal  301  or  the  constant  pressure 
recording  circuit  454.  Terminal  301  is  electrically 
connected  to  the  motor  speed  control  circuit  300 
(FIG.  10)  to  control  the  speed  of  the  chart  308  in 
the  chart  recorder  292. 

The  armature  464  of  the  switch  462  may  be 
positioned  against  contact  466  to  connect  ter- 
minal  301  to  the  constant  pressure  measurement 
flow  base  recording  control  circuit  454  so  that 
signals  proportional  to  the  rate  of  flow  are  applied 
through  the  armature  464  to  terminal  301  to 
control  the  chart  movement.  In  the  other  position 
it  is  connected  to  the  chart  speed  selector  448 
which  contains  a  potential  which  sets  a  constant 
rate  of  movement  of  the  chart  paper  so  as  to 
provide  a  constant  time  base  rather  than  an 
instantaneous  flow  rate  base. 

The  mode  switch  460  is  a  single-pole,  double- 
throw  switch  having  an  armature  470,  a  first 
contact  472  and  a  second  contact  474.  The  first 
contact  472  is  electrically  connected  to  a  source  of 
positive  potential  476  so  that  when  the  switch  470 
is  against  this  contact,  the  stabilizer  circuit  450 
will  operate  in  the  constant  pressure  mode  and 
quickly  increases  the  flow  rate  and  pressure  of  the  . 
pump  up  to  a  preset  pressure  and  hold  it  at  that 
pressure  even  though  the  flow  rate  may  vary.  The 
contact  474  is  grounded  so  that  when  the  arma- 
ture  470  is  moved  to  that  position,  a  ground  signal 
is  applied  to  the  pressure  valve  setting  circuit  452 
and  the  stabilizer  450  operates  in  the  constant 
flow  rate  mode  with  tee  flow  rate  set  to  the  rate 
just  before  the  switch  position  is  changed,  even 
though  the  pressure  may  vary  from  that  time 
onward. 

In  FIG.  19,  there  is  shown  a  schematic  circuit 
diagram  of  the  servo  control  circuit  for  the  pump 
motor  456  having  an  operational  amplifier  378 
and  a  subtractor  382. 

The  operational  amplifier  378  is  stabilized  by  a 
conventional  servo  stabilizing  impedance  380  and 
has  its  output  electrically  connected  to  terminal 
346  to  drive  pump  motor  44  through  the  motor 
speed  controller  250  (FIGS.  14  and  2).  The  sub- 
tractor  382  has  its  positive  input  connected  to 
conductor  384  to  receive  on  a  terminal  478,  a 
potential  representing  a  present  pressure  of  oper- 
ation.  The  negative  input  to  the  comparator  382  is 
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each  electrically  connected  to  terminal  480  to 
receive  the  difference  signal  from  the  subtractor 
394  (FIG.  20).  The  inverting  terminal  of  com- 
parator  426  and  the  non-inverting  terminal  of 
comparator  428  are  grounded. 

The  outputs  of  the  comparators  426  and  428  are 
each  electrically  connected  through  corre- 
sponding  ones  of  the  conductors  498  and  500  to 
different  ones  of  the  inputs  of  the  NAND  gate  320. 
The  differential  amplifiers  426  and  428  have  their 
offset  voltages  adjusted  so  that  they  provide  a 
logical  "high"  output  only  when  the  difference 
signal  from  the  subtractor  394  (FIG.  20)  is  approxi- 
mately  zero. 

To  provide  output  signals  indicating  the  transit- 
ory  period,  the  transitory  period  detecting  circuit 
490  includes  a  comparator  410  and  a  NAND  flip- 
flop  412.  The  inverting  terminal  of  the  comparator 
410  is  grounded  and  the  non-inverting  terminal  is 
electrically  connected  to  terminal  108  to  receive 
signals  representing  the  pump  head  pressure. 

To  close  analog  gate  432  at  the  start  of  a 
transitory  period,  the  output  of  the  comparator 
410  is  electrically  connected  to  the  reset  input 
terminal  of  the  flip-flop  412  and  the  output  of 
NAND  gate  430  is  electrically  connected  to  the  set 
input  terminal  of  flip-flop  412  and  to  the  output 
terminal  492  of  the  transitory  period  detector 
circuit  490.  The  output  terminal  of  the  flip-flop  41  2 
is  electrically  connected  through  conductor  414  to 
the  gate  of  the  analog  gate  432  so  that  when  a 
chromatographic  run  is  started  and  the  pressure 
is  zero,  the  comparator  410  applies  a  logical 
"low"  signal  to  the  reset  terminal  of  flip-flop  412, 
causing  a  low  potential  signal  to  be  applied  to 
conductor  414. 

Near  the  end  of  the  transitory  period  when  the 
difference  between  the  measured  pressure  and 
the  set  pressure  is  near  zero  and  the  slope  of  the 
pressure-time  curve  is  near  zero,  NAND  gate  430 
provides  a  "low"  input  signal  to  the  set  terminal 
of  the  flip-flop  412  and  to  output  terminal  492.  The 
flip-flop  412  changes  state  and  provides  a  high  to 
conductor  414  to  open  the  analog  gate  432. 

In  FIG.  22,  there  is  shown  a  schematic  circuit 
diagram  of  the  indicator  circuit  458  having  a 
motor-speed  readout  device  386,  a  pressure  equi- 
librium  indicator  lamp  444  and  a  transitory  period 
signal  indicator  502. 

The  pressure  equilibrium  lamp  444  has  its 
cathode  electrically  connected  at  one  point  to 
terminal  492  and  its  other  end  electrically  con- 
nected  to  a  source  of  positive  potential.  When 
equilibrium  is  reached,  the  output  of  NAND  gate 
430  goes  low,  thus  setting  NAND  gate  flip-flop 
412  (FIG.  21)  and  providing  a  low  signal  to 
terminal  492  (FIG.  22).  This  low  signal  causes  the 
lamp  444  to  be  illuminated  thus  indicating  equilib- 
rium. 

The  transitory  period  indicator  circuit  502 
includes  linear  d.c.  amplifier  434  having  its  input 
electrically  connected  to  terminal  480  and  its 
output  electrically  connected  through  a  diode  442 
through  lamp  438  to  ground  and  through  reverse- 
connected  diode  440  and  lamp  436  to  ground. 

488,  a  NAND  gate  430  and  a  transitory  period 
detection  circuit  490. 

The  zero  pressure-time  slope  detector  486 
receives  a  voltage  corresponding  to  pressure  on 
terminal  108  and  produces  its  time  derivative  5 
(differential)  which  represents  the  pressure-time 
change  of  the  pump  head  and  applies  it  to  the 
NAND  gate  430  through  two  inputs.  The  zero 
pressure  difference  signal  detector  488  receives 
on  terminal  480  the  difference  between  the  set  10 
pressure  and  the  actual  measured  pressure  and 
applies  it  to  two  inputs  of  the  NAND  gate  430. 

The  output  of  the  NAND  gate  430  is  electrically 
connected  to  the  transitory  period  detector  circuit 
490  to  provide  a  signal  thereto  indicating  when  15 
equilibrium  pressure  has  been  reached.  The 
transitory  period  pressure  detector  490  is  also 
electrically  connected  to:  (1)  terminal  108  to 
receive  a  potential  related  to  the  pump  pressure 
head;  (2)  analog  gate  432  to  open  the  gate  when  20 
the  chromatograph  is  operating  at  pressure  equi- 
librium;  and  (3)  an  output  terminal  492  indicating 
when  equilibrium  has  been  reached. 

The  analog  gate  432  receives  a  signal  on  ter- 
minal  57  which  is  directly  proportional  to  the  25 
motor  speed  and,  when  opened,  transmits  that 
signal  to  terminal  466  for  application  by  the  chart 
recorder.  When  the  switch  arm  464  (FIG.  18)  is 
closed  against  terminal  466  of  the  switch  462  for 
automatic  recording  of  a  constant-pressure  curve  30 
using  a  volumetric  base  instead  of  a  time  base  so 
that  the  recorder  is  connected  to  reflect  constant 
flow  gate  rather  than  constant  pressure,  the 
signal  on  terminal  466  controls  the  recorder 
speed.  35 

To  detect  when  the  slope  of  the  pressure-time 
curve  is  zero,  the  zero  pressure-slope  detector  486 
includes  a  differentiator  418  and  first  and  second 
comparators  422  and  428. 

The  inverting  terminal  of  comparator  422  and  40 
the  non-inverting  terminal  of  comparator  424  are 
electrically  connected  to  the  output  of  the  differ- 
entiator  418  through  a  conductor  420  and  the 
input  of  differentiator  418  is  electrically  connected 
to  terminal  108.  45 

The  outputs  of  the  comparator  amplifiers  422 
and  424  are  each  connected  through  a  corre- 
sponding  one  of  the  conductors  494  and  496  to 
different  inputs  of  the  NAND  gate  430  with  the 
comparators  being  adjusted  to  provide  an  output  so 
which  is  logically  "high"  only  when  both  inputs 
on  conductor  420  are  close  to  zero.  Thus,  the 
outputs  to  the  NAND  gate  430  on  conductors  494 
and  496  are  high  only  when  the  differential  of  the 
pressure-time  curve  is  approximately  zero.  The  55 
non-inverting  terminal  of  comparator  422  and  the 
inverting  terminal  of  comparator  424  are 
grounded. 

To  detect  when  the  difference  between  the 
measured  pressure  and  set  pressure  .is  approxi-  60 
mately  zero,  the  zero  pressure  difference  signal 
detector  488  includes  a  first  comparator  426  and  a 
second  comparator  428. 

The  non-inverting  terminal  of  comparator  426 
and  the  inverting  terminal  of  comparator  428  are  65 
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chromatograph  as  a  constant  pressure  unit  to  that 
value  and  checking  of  the  flow  rate  at  the  esti- 
mated  pressure.  Moreover,  the  comparison  of  the 
desired  constant  flow  rate  may  be  inserted  into 

s  the  microprocessor  504  and  the  comparisons 
automatically  performed  for  repeated  operation 
at  estimated  pressures  successively  low  to  the 
true  equilibrium  pressure  to  bring  the  chromato- 
graph  to  equilibrium  quickly  at  a  desired  set 

to  constant  flow  rate. 
The  operation  of  the  embodiments  of  FIGS. 

1  —  28  are  each  similar  to  each  other  inasmuch  as 
they  involve  common  techniques  for  predicting  or 
for  in  other  ways  handling  the  transitory  period  of 

is  chromatographs  and  particularly  of  microscale 
liquid  chromatographs.  The  operation  of  each  of 
these  embodiments  is  described  separately 
hereinafter.  It  should  be  born  in  mind  that  an 
automatic  digital  controller  such  as  a  micro- 

20  processor  based  system  can  be  used  to  realize 
embodiments  that  are  the  equivalent  of  these. 

The  pump  mechanism  34  (FIG.  2)  supplies 
liquid  to  conduit  19  by  advancing  the  piston  head 
68  inside  of  cylindrical  outer  housing  66  thus 

25  displacing  the  contained  liquid  through  a  hole  in 
the  cylinder  head  cap  72  into  which  connnector 
fastens  the  conduit  19.  A  transducer  74  (FIGS.  2 
and  3)  located  at  the  bottom  of  a  counterbore  in 
cylinder  head  cap  72  senses  the  pressure  of  the 

30  contained  liquid.  The  transducer  74  is  supplied 
with  conductor  76  for  connection  to  an  approp- 
riate  pressure  sensing  electronic  circuit. 

In  operation,  motor  44  (FIG.  2)  turns  its  output 
pinion  46  at  a  controlled  speed.  Output  pinion  46 

35  meshes  with  gear  48  which  in  turn  drives  a  worm 
50.  Worm  50  meshes  with  worm  wheel  52  which 
rotates  lead  screw  58. 

Lead  screw  58  may  be  of  the  ball  screw  type. 
Lead  screw  58  is  supported  by  precision  thrust 

40  bearing  56.  As  the  screw  rotates,  it  raises  ball  nut 
60  which  is  held  from  rotation  by  ball  nut  guides 
62  and  64  supported  on  pump  frame  members  54. 
The  ball  nut  60  pushes  the  thrust  tube  70 
upwards,  which  in  turn  raises  the  piston  head  68. 

45  In  addition  to  transmitting  the  drive  thrust  for  the 
piston,  the  thrust  tube  70  also  protects  the  lead 
screw  58  and  ball  nut  60  from  damage  due  to 
liquid  leakage  past  piston  head  68.  The  precision 
thrust  bearing  56  is  a  high-precision  type  to 

50  prevent  spurious  up  and  down  motion  of  the  lead 
screw  58  as  it  rotates. 

Worm  50  and  worm  wheel  52  are  used  instead 
of  spur  gears  because  they  turn  the  lead  screw  58 
at  a  more  constant,  non-fluctuating  angular  vel- 

55  ocity.  These  two  features  are  desirable  to  prevent 
spurious  vertical  motion  or  vibration  of  piston 
head  68,  which  in  turn  would  degrade  the  free- 
dom  from  fluctuation  in  the  output  liquid  flow  and 
pressure.  Drive  motor  44,  worm  50,  worm  wheel 

so  52  and  output  pinion  46  are  mounted  on  a  rigid 
base  41.  Rigid  base  41  also  supports  pump  frame 
members  54  which  in  turn  are  fastened  to  the 
high  pressure  cylinder. 

In  one  embodiment,  the  pump  control  circuit 
65  116  (FIG.  7)  controls  the  flow  rate.  Equilibrium 

With  this  circuit,  a  different  signal  on  terminal  480 
indicating  that  the  pressure  set  point  has  not  been 
reached  or  has  been  exceeded  will,  if  positive 
indicating  it  has  not  been  reached,  cause  illumina- 
tion  of  the  lamp  438,  and  if  negative  indicating 
that  it  has  been  exceeded,  cause  the  illumination 
of  lamp  436. 

With  the  indicator  circuits  of  FIG.  22,  the  motor 
speed  may  be  determined  on  the  readout  386  to 
determine  the  constant  flow  rate  and  thus  a 
pressure  setting  may  be  adjusted  until  the  desired 
constant  flow  rate  is  achieved  as  described  above. 
Similarly,  it  can  be  quickly  detected  when 
pressure  equilibrium  is  reached  and  the  constant 
flow  rate  can  be  determined  to  see  if  it  is  at  the 
desired  value.  If  it  is  not,  the  pressure  can  reset 
until  the  desired  flow  rate  is  reached  before 
switching  the  mode  switch  of  the  constant  flow 
mode. 

In  FIG.  23,  there  is  shown  a  block  diagram  to  an 
alternate  arrangement  for  the  embodiments  of 
FIGS.  1—28.  Many  of  the  operations  in  the 
embodiments  of  FIGS.  1—28  are  signal  pro- 
cessing  of  analog  signals  such  as  comparing 
amplitudes,  obtaining  the  derivative  of  signals 
and  locating  the  maximum  points  of  signals.  Such 
operations  may  be  accomplished  by  converting 
the  analog  signals  to  digital  signals  and  pro- 
cessing  the  digital  signals  in  a  manner  known  in 
the  art.  The  chromatographic  system  in  the 
embodiments  in  FIGS.  1—22  may  be  controlled 
by  reconverting  the  final  digital  signals  to  analog 
signals  for  use  in  the  equipment.  The  system  of 
FIG.  23  illustrates  an  embodiment  of  the  invention 
in  which  some  of  the  operations  are  performed  by 
conventional  automatically  sequenced  control 
units  504  such  as  commercial  microprocessors 
now  on  the  market,  any  of  which  may  be  pro- 
grammed  to  perform  the  necessary  functions. 

To  reduce  the  transitory  time,  the  pressure 
pump  head  signal  from  terminal  108  (FIG.  3)  may 
be  converted  to  a  digital  signal  in  the  analog  to 
digital  converter  510  for  application  through  con- 
ductor  512  to  the  microprocessor  or  other  auto- 
matically  sequenced  control  unit  504.  Similarly, 
the  signal  representing  the  flow  rate  at  terminal 
57  (FIG.  2)  may  be  converted  to  a  digital  signal  in 
the  analog  to  digital  converter  526  for  use  in  the 
microprocessor. 

Pressure  and  flow  rate  data  may  be  viewed  on 
digital  meters  516  and  524  respectively  which 
may  receive  digital  signals  through  conductors 
514  and  522  respectively  or  in  the  alternative,  the 
signals  may  be  reconverted  to  analog  signals  and 
the  readout  devices  illustrated  in  the  previous 
drawings  for  the  embodiments  of  FIGS.  1  —  22 
may  be  used  instead.  The  output  signal  for  con- 
trolling  the  pump  motor  speed  to  shorten  the 
transitory  period  may  be  supplied  to  a  digital  to 
analog  converter  518  through  conductors  520  for 
application  to  the  terminal  346. 

In  using  an  iterative  process  such  as  by  setting 
an  estimated  constant  pressure  for  constant  flow 
operation,  the  pressure  may  be  entered  in  the 
operator  controls  506  for  operation  of  the 
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conductor  204.  This  is  connected  to  terminal  126D 
on  pump  control  circuit  116  (FIG.  7). 

The  pressure  voltage  is  stored  on  capacitor  218 
at  one-third  of  the  equilibrium  pressure.  Only 
one-third  of  the  instantaneous  pressure  voltage  is 
led  from  the  resistors  214  and  216  to  the  other 
input  of  comparator  212  so  the  output  of  com- 
parator  212  is  "low".  This  is  conducted  by  switch 
208  and  terminal  126C  to  terminal  126C  on  pump 
control  circuit  116  (FIG.  7). 

Since  all  inputs  of  NOR  gate  246  are  low,  this 
causes  its  output  to  go  high  which  is  conducted 
through  diode  260  and  point  262  to  the  input  of 
the  motor  speed  controller  250.  This  speeds  up 
the  pump  drive  motor  44  so  the  pressure  rises 
rapidly.  When  the  voltage  at  output  terminal  108 
reaches  three  times  the  value  of  capacitor  218,  the 
output  of  comparator  212  changes  state.  This 
happens  at  the  time  that  equilibrium  pressure  is 
attained.  The  pump  drive  motor  44  slows  to  a 
speed  corresponding  to  its  equilibrium  flow  rate. 

Since  the  pressure  curve  is  not  a  true  exponen- 
tial,  there  will  be  some  error  in  the  equilibrium 
pressure.  This  can  be  decreased  by  carrying  out 
the  preceding  sequence  when  the  pressure  is 
closer  than  one-third  of  the  way  to  equilibrium. 
Unfortunately,  it  takes  a  longer  time  to  stabilize 
more  accurately.  This  problem  can  be  overcome 
by  taking  two  or  more  sequential  speed-up  steps; 
for  example,  the  first  one  from  1/3  of  equilibrium 
to  3/4  of  equilibrium  and  the  second  from  3/4  to 
full  equilibrium. 

Once  the  equilibrium  pressure  for  a  given  set  of 
chromatographic  conditions  has  been  deter- 
mined,  one  can  expect  that  it  will  stay  at  this  same 
level  in  the  future.  Future  equilibration  can  be 
speeded  up  by  changing  switch  208  to  the  other 
position  from  that  shown  in  FIG.  6  and  presetting 
potentiometer  240  to  a  voltage  corresponding  to 
the  previously  determined  equilibrium  pressure. 

With  switch  208  thrown  when  the  pump  34  is 
started,  it  immediately  operates  at  a  fast  rate  and 
continues  to  do  so  until  the  voltage  on  the  non- 
inverting  input  of  first  comparator  232  exceeds 
the  voltage  on  the  inverting  input,  which  corre- 
sponds  to  the  previously  determined  equilibrium 
pressure.  At  that  time,  the  output  of  first  com- 
parator  232  changes  state,  setting  flip-flop  230  so 
that  its  terminal  126A  goes  high.  This  drives  the 
output  of  NOR  gate  246  low  (FIG.  7),  causing  the 
pump  motor  44  to  slow  down  to  its  equilibrium 
rate.  Potentiometer  244  is  connected  to  one  input 
of  second  comparator  234  whose  other  input  is 
the  pressure  signal  voltage  on  output  terminal 
108  and  whose  output  is  connected  to  analog  gate 
248  through  terminal  126B  to  stop  the  pump 
motor  44  when  some  predetermined  (dangerous) 
overpressure  is  attained  by  accident. 
Potentiometers  213  and  201  in  FIG.  6  are  used  to 
set  the  desired  input  offset  voltage  conditions  for 
comparators  212  and  200.  Fixed  resistors  241  and 
245  determine  the  setting  range  of 
potentiometers  240  and  244. 

The  initial  speed  of  the  pump  is  a  multiple  of  the 
preset  equilibrium  flow  rate  which  in  one  embodi- 

flow  rate  is  set  on  adjustable  source  of  potential 
252.  Voltage  proportional  to  the  desired  equilib- 
rium  motor  speed  is  fed  to  motor  speed  controller 
250  through  resistor  258.  If  the  three  terminals 
26A,  26C  and  26D  of  NOR  gate  246  are  held  low,  5 
the  output  of  the  NOR  gate  246  goes  high  and  this 
is  transmitted  through  diode  260  and  resistor  262 
to  the  motor  speed  controller  250  thus  causing  a 
controlled  speed-up  of  the  pump  motor  44  when 
the  overall  pump  mechanism  is  pre-pressurizing  w 
itself  to  the  equilibrium  pressure  at  an  accelerated 
rate. 

The  transducer  78  (FIGS.  2  and  3)  is  supplied 
the  source  of  positive  potential  80.  The  differential 
output  voltage  from  the  strain  gauge  bridge  78  15 
(FIG.  3)  is  linearly  proportional  to  the  pressure. 
The  minute  bridge  signal  is  amplified  by  the 
differential  amplifier  comprising  differential 
amplifier  circuit  82,  resistors  98,  100,  102,  104  and 
zero  adjust  control  106.  By  proper  and  conven-  20 
tional  selection  of  circuit  parameters,  the  voltage 
at  output  terminal  108  is  made  to  equal  the  head 
pressure  in  terms  of  some  arbitrarily  assigned, 
units  of  voltage  and  pressure.  This  analog 
pressure  voltage  is  read  out  on  the  display  of  25 
pressure  readout  84. 

At  the  time  the  pump  34  is  turned  on,  the  head 
pressure  and  consequently  the  output  voltage  at 
output  terminal  108  are  equal  to  zero.  At  this  time 
the  initializing  push-button  switch  142  (FIG.  5)  is  30 
depressed,  resetting  the  flip-flop  230  so  that  its 
output  at  terminal  1  26A  is  "low".  The  push-button 
switch  142  also  resets  the  differentiator  138  (time 
derivative  or  slope  circuit)  composed  of  capacitor 
166,  operational  amplifier  162  and  variable  resis-  35 
tor  168.  Capacitor  164  and  resistor  170  limit  the 
bandwidth  of  the  differentiator  138  to  reduce  its 
noise  level.  The  variable  resistors  168  and  170  set 
the  time  scaling  of  the  differentiator  138  to  corre- 
spond  with  that  of  the  equilibrium  flow  rate  set  by  40 
potentiometer  256  in  the  pump  control  circuit  116 
(FIG.  4).  The  resistors  168  and  170  may  be  ganged 
together  for  this  purpose. 

The  output  of  the  differentiator  138  (the  output 
lead  of  operational  amplifier  162)  is  connected  to  45 
the  maximum-sensing  circuit  140  comprised  of 
capacitor  174,  operational  amplifier  176,  diode 
178  and  resistor  180.  Contacts  156  of  the  push- 
button  switch  142  set  the  initially  stored  value  of 
slope  to  zero.  Immediately  after  start-up,  the  so 
slope  of  the  pressure  time  curve  rapidly  rises  to 
its  maximum  and  then  starts  to  decrease.  Voltage 
corresponding  to  this  maximum  value  is  stored 
on  capacitor  174.  This  leads  to  non-inverting  input 
of  operational  amplifier  194  (FIG.  6),  connected  as  55 
a  voltage  follower.  Its  output  is  led  to  the  voltage 
dividing  resistors  196  and  198.  If  second  resistor 
198  has  twice  the  resistance  of  first  resistor  196, 
the  voltage  at  their  junction  will  be  representative 
of  two-thirds  of  the  maximum  slope.  60 

As  the  pump  continues  to  operate,  the  instan- 
taneous  slope  continues  to  decrease  to  two  thirds 
of  its  maximum  at  which  time  the  output  voltage 
of  comparator  200  goes  "low",  turning  off  analog 
gate  210  and  bringing  terminal  126D  low  through  65 
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Instead  of  estimating  equilibrium  flow  and 

equilibrium  pressure  automatically  and  then 
speeding  the  pump  to  reach  the  estimated  values, 
the  equilibrium  flow  rate  can  be  brought  to  the 
equilibrium  value  directly  with  the  embodiment 
shown  in  FIGS.  10  and  11.  In  this  embodiment,  the 
equilibrium  flow  rate  is  rapidly  determined  by 
measuring  the  outflow  from  the  pump  at  zero 
head  pressure.  At  zero  head  pressure,  the  equilib- 
rium  flow  rate  is  attained  very  soon  after  the 
pump  is  turned  on.  This  measurement  value  is 
maintained  with  the  column  in  place  by  a  control 
system  that  increases  the  pump  speed  until  the 
predetermined  value  of  outflow  is  again  reached 
and  then  maintains  equilibrium. 

In  FIG.  10,  the  conduit  19  from  the  pump  feeds 
the  inlet  of  2-position  solenoid  selector  valve  278. 
In  the  unactivated  position  the  valve  carries  fluid 
from  the  conduit  19  to  the  sample  injection  valve 
280  at  the  inlet  of  the  microscale  liquid  chromato- 
graph.  The  outlet  of  the  sample  injection  valve  is 
led  to  the  inlet  of  the  sample  injection  valve  on  the 
chromatographic  column  282.  The  fluid  outlet  line 
from  the  chromatographic  column  282  leads 
through  effluent  detector  284  which  is  electrically 
connected  to  strip  chart  recorder  292  to  produce  a 
chromatogram. 

The  fluid  outlet  294  of  the  effluent  detector  284 
leads  to  a  tee  296  and  conventional  photoelectric 
drop  detecting  device  286  or  to  any  other  suitable 
flow  measuring  device.  Output  pulses  from  the 
photoelectric  detecting  device  286  may  be  used  to 
control  the  pump  speed  to  produce  a  constant 
equilibrium  output  flow  rate.  The  volume  of  each 
drop,  and  therefore,  the  volume  calibration  of  the 
system,  differs  with  a  number  of  factors  including 
the  mobile  phase,  composition  and  ambient 
temperature.  Therefore,  means  are  provided  to 
accurately  calibrate  the  relationship  between 
drop  rate  and  flow  rate  for  the  chromatographic 
conditions  at  the  start  of  operation. 

To  do  this,  calibration  switch  314  (FIG.  17)  is 
activated,  bringing  its  output  line  high.  This:  (1) 
turns  on  analog  gate  318  (FIG.  17);  (2)  turns  off 
analog  gate  316  through  inverter  320;  (3)  sets  flip- 
flop  322  (FIG.  16)  so  that  output  324  of  flip-flop 
322  is  high  and  the  output  326  low,  causing  the 
output  of  sample  and  hold  circuit  330  (FIG.  15)  to 
track  its  input;  and  (4)  activates  solenoid  valve 
278  (FIG.  10)  so  its  fluid  outlet  294  is  connected 
directly  to  photoelectric  drop  detecting  device  286 
through  tee  296,  thereby  decreasing  the  pressure 
in  line  19  and  the  pump  head  to  essentially 
atmospheric  pressure. 

An  analog  signal  voltage  from  flow  rate  selector 
360  (FIG.  15)  is  led  through  analog  gate  318  (FIG. 
17)  to  control  output  346  on  FIGS.  14  and  17.  This 
is  connected  to  the  pump  mechanism  by  pump 
speed  controller  interface  116B.  Flow  rate  selector 
360  is  set  to  the  desired  equilibrium  flow  rate, 
thus  setting  the  pump  speed  to  correspond  to  the 
desired  equilibrium  flow  rate. 

Since  there  is  no  head  pressure  at  this  time, 
equilibrium  flow  is  established  at  conduit  19  (FIG. 
2)  almost  immediately.  Fluid  from  conduit  19 

ment  is  ten  times  the  equilibrium  flow  rate.  An 
electronic  circuit  predicts  and  then  presets  the 
equilibrium  pressure  based  upon  the  differential 
equation  governing  the  rate  of  rise  of  pressure 
after  start-up.  5 

This  equilibrium  pressure  prediction  is  subject 
to  a  small  error  as  before  and  for  substantially  the 
same  reason:  the  fluid  volume  within  the  pump 
syringe  at  the  start-up  is  larger  than  that  existing 
at  the  time  that  equilibrium  pressure  is  attained.  10 
Usually  the  resulting  error  in  equilibrium  pressure 
is  not  great  because:  (1)  not  much  fluid  flows  out 
of  the  syringe  during  the  short  time  interval 
during  which  pressurization  is  taking  place;  (2) 
the  compliance  of  the  solid  parts  is  of  the  same  15 
order  of  magnitude  as  the  fluid  compliance  term, 
thus  decreasing  the  impact  of  variations  on  the 
latter;  (3)  equilibrium  pressure  is  generally  estab- 
lished  at  the  start-up  when  the  syringe  is  full  and 
volume  is  large  so  that  all  variations  in  it  have  less  20 
overall  effect.  Under  any  circumstances  the  equi- 
librium  pressure  should  be  repeatable,  and  there- 
fore  after  the  equilibrium  pressure  is  accurately 
determined  once,  one  can  obtain  accurate 
pressurization  again  by  use  of  potentiometer  244  25 
(FIG.  6). 

The  pressure  control  circuit  of  the  embodiment 
of  FIG.  8  may  be  interfaced  to  the  pump  motor 
pump  spSed  control  circuit  116A  in  FIG.  9.  Resis- 
tors  196  and  198  (FIG.  6)  produce  a  voltage  30 
corresponding  to  a  0.9x  multiple  of  the  maximum 
value  of  the  rate  of  change  of  pressure. 

This  is  compared  by  comparator  200  to  the 
instantaneously  varying  pressure  derivative. 
Immediately  after  start-up  when  the  instantane-  35 
ous  derivative  is  larger  than  nine-tenths  of  the 
maximum  derivative,  the  output  of  comparator 
200  goes  low.  This  takes  place  very  soon.  The  low 
voltage  level  at  the  output  200A  (FIG.  8)  of 
comparator  200  lowers  the  voltage  at  terminal  40 
126E  since  the  output  126A  of  flip-flop  230  (FIGS. 
8  and  6)  is  already  low.  This  turns  off  analog  gate 
272  (FIG.  9)  which  causes  the  input  control  volt- 
age  of  motor  speed  controller  250  to  be  the 
potential  of  the  wiper  of  speed  control  45 
potentiometer  256.  This  causes  the  pump  to  run 
at  ten  times  the  "normal"  speed. 

Pump  speed  decreases  to  "normal"  by  a  factor 
10  when  the  analog  gate  272  is  on.  When  the 
instantaneous  pressure  slope  drops  to  0.9x,  the  so 
maximum  slope,  the  output  of  comparator  200 
goes  high,  turning  on  analog  gate  272  thus 
bringing  the  pump  motor  to  "normal"  speed.  In 
the  embodiment  of  FIG.  8,  switch  208  can  be 
opened  and  the  pump  run  rapidly  up  to  a  pre-  55 
viously  determined  preset  equilibrium  pressure  in 
the  same  manner  as  the  embodiment  of  FIG.  6. 

In  the  embodiment  of  FIGS.  6  and  8,  the 
correction  factor  potentiometer  203  can  be  set  to 
cancel  the  error  from  the  change  in  fluid  volume  60 
during  the  interval  in  which  the  automatic 
measurements  are  being  made  to  establish  the 
predicted  equilibrium  operating  pressure  for  a 
given  solvent  composition,  initial  syringe  volume, 
flow  rate  and  chromatographic  column.  65 
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As  the  pressure  in  the  system  rises,  the  flow 

rate  also  rises  and  eventually  the  pressure  and 
flow  rate  reach  the  desired  equilibrium  values.  At 
this  time  the  output  of  analog  multiplier  348 

5  equals  the  voltage  representing  the  selected  equi- 
librium  flow  rate  from  flow  rate  selector  360. 
These  voltages  are  supplied  to  subtractor  354  and 
when  they  become  equal,  the  output  of  the 
subtractor  354  starts  to  change  sign. 

10  As  soon  as  the  output  of  subtractor  354  (FIG.  1  5) 
starts  to  become  negative,  the  inverting  input  of 
comparator  368  (FIG.  16)  goes  negative,  causing 
the  output  of  the  comparator  368  to  go  positive. 
This  resets  the  flip-flop  322  so  that  the  output  324 

w  goes  low  and  the  output  of  326  goes  high.  This 
shuts  off  analog  gate  329  and  turns  on  analog 
gate  370,  which  brings  the  voltage  at  the  output  of 
flow  rate  selector  360  to  the  output  conductor  346. 

As  mentioned  earlier,  this  voltage  corresponds 
20  to  the  equilibrium  flow  rate,  so  when  it  is  supplied 

to  motor  speed  controller  250  through  input 
terminal  346,  motor  speed  controller  250  causes 
pump  motor  44  to  continue  to  turn  at  a  rate 
corresponding  to  the  equilibrium  flow  rate.  Since 

25  at  this  time  the  fluid  system  is  at  equilibrium 
pressure,  the  steady-state  value  of  flow  rate  con- 
tinues  as  long  as  fluid  remains  within  the  pump 
cylinder. 

The  equilibrium  pressure,  once  determined 
30  automatically  in  the  embodiment  relating  to  FIGS. 

10  and  11,  can  be  used  to  enable  the  operator  to 
select  a  preset,  previously  determined  equilib- 
rium  pressure  in  a  manner  similar  to  that  done  in 
the  embodiments  of  FIGS.  4  —  9. 

35  In  the  embodiment  of  FIG.  18,  the  motor  44  is 
driven  through  the  servo  amplifier  378  which  is 
stabilized  by  stabilizing  impedance  380.  The  sub- 
tractor  382  closes  the  servo  feedback  loop  for 
motor  speed  control.  Digital  display  386  indicates 

40  the  instantaneous  motor  speed,  expressed  in 
terms  of  the  equilibrium  flow  rate  corresponding 
to  that  motor  speed. 

Adjustable  gain  and  span  amplifier  96  (FIG.  3) 
amplifies  the  output  of  strain  gauge  pressure 

45  transducer  to  provide  a  signal  on  its  output  lead 
108  which  is  numerically  equal  to  the  liquid 
pressure  within  the  pump.  Digital  readout  84  (FIG. 
3)  provides  visual  indication  of  the  instantaneous 
liquid  pressure.  The  voltage  on  output  lead  108, 

so  which  is  equal  to  the  instantaneous  pressure,  is 
subtracted  by  servo  subtractor  394  (FIG.  20)  from 
the  desired  pressure  setpoint  previously  set  into 
adjustable  pressure  setpoint  device  396  (FIG.  20). 

If  it  is  desired  to  control  the  flow  instead  of  the 
55  pressure,  to  a  predetermined  value,  the  adjust- 

able  pressure-setpoint  device  396  is  preset  to  an 
estimated  pressure  for  the  desired  flow  rate.  The 
output  of  the  subtractor  394  is  led  to  pressure 
servo  amplifier  398  and  stabilizing  impedance 

60  indicated  at  400. 
At  start-up,  mode  switch  460  is  set  to  the  "C.P." 

(constant  pressure)  position  as  shown  in  the 
figure,  and  the  voltage  on  strobe  line  404  to 
sample-and-hold  device  406  is  high.  This  causes 

65  the  output  line  384  of  the  sample-and-hold  device 

breaks  into  falling  drops  which  are  counted  in 
photoelectric  drop  detecting  device  286  in  FIG.  10. 
Conductors  307  and  309  from  the  photoelectric 
drop  detecting  device  286  carry  a  series  of  pulses, 
each  pulse  representing  one  drop  of  fluid  flow. 
Signal  conditioner  342  (FIG.  12)  accepts  these 
pulses  and  produces  an  analog  output  voltage  at 
its  output  lead  that  is  inversely  proportional  to  the 
time  between  drops  and  therefore  proportional  to 
the  flow  rate. 

This  potential  is  led  to  one  input  of  analog 
multiplier  348.  If  necessary,  it  may  first  be  passed 
through  a  servo-stabilizing  circuit  344.  The  output 
of  analog  multiplier  348  is  led  to  one  input  of 
subtractor  354.  The  other  input  of  subtractor  354 
is  at  the  voltage  on  terminal  362  which  is  pro- 
portional  to  the  desired  equilibrium  flow  rate.  The 
difference  output  of  subtracted  354  is  led  to  servo 
amplifier  356  and  stabilizing  impedance  358.  The 
output  of  servo  amplifier  356  is  fed  back  to  the 
other  input  of  analog  multiplier  348. 

During  this  time  the  strobe  line  327  to  the 
sample  and  hold  circuit  330  is  held  high  so  that  its 
output  voltage  is  equal  to  its  input  voltage  and  it 
therefore  closes  the  feedback  loop  involving 
analog  multiplier  348,  subtractor  354,  servo 
amplifier  356,  sample  and  hold  circuit  330  and 
back  to  analog  multipler  348.  In  a  short  time,  the 
voltage  at  the  output  line  of  the  multiplier  is 
brought  to  equal  the  flow  rate  selecting  voltage 
on  from  flow  rate  selector  360;  this  occurs  by 
feedback  servo  action.  When  equilibrium  values 
of  voltage  levels  inside  this  feedback  loop  are 
attained,  the  calibration  switch  314  (FIG.  17)  is 
turned  off  bringing  its  strobe  line  327  low.  This 
causes  the  sample  and  hold  ciruit  330  to  store  its 
output  voltage.  This  voltage  is  the  calibration 
factor  for  the  drop  detector;  it  automatically 
relates  drop  rate  to  flow  rate. 

Solenoid  selector  valve  278  returns  to  its  unacti- 
vated  position,  connecting  the  conduit  19  to  the 
sample  injection  valve  280  and  chromatographic 
column  282.  Fluid  flow  through  the  photoelectric 
drop  detecting  device  286  (FIG.  10)  essentially 
ceases  and  the  voltage  at  the  negative  input  of 
subtractor  354  drops  to  zero.  The  output  of  sub- 
tractor  354  goes  positive.  This  positive  voltage  is 
amplified  by  servo  amplifier  356  and  is  conducted 
through  analog  gates  368  and  316  (FIG.  17)  to 
terminal  346  on  pump  speed  ocntroller  interface 
116B.  This  causes  the  pump  motor  to  run  at  a  high 
speed,  rapidly  compressing  the  liquid  within  the 
cylinder  compartment  75  and  above  piston  head 
68. 

The  pressure  increases  rapidly  and  drops  start 
to  fall  through  photoelectric  drop  detecting  device 
286  and  into  collection  receptacle  298.  Output 
pulses  on  lines  307  and  309  from  photoelectric 
drop  detecting  device  286  are  converted  to  a 
voltage  representing  outlet  flow  rate  and  fed  to 
the  input  of  analog  multiplier  348.  Sample  and 
hold  circuit  330  holds  the  input  voltage  of  analog 
multiplier  348  to  the  constant  calibrating  factor 
value  that  was  attained  and  stored  during  the 
initial  calibration  step  described  earlier. 
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When  the  system  is  at  equilibrium,  both  lamps 

436  and  438  are  out  and  lamp  444  is  on;  thus 
informing  the  operator  of  the  equipment  that  the 
equilibrium  has  been  reached  and  that  digital 

5  display  386  is  reading  a  value  equal  to  the 
equilibrium  flow  rate.  If  this  equilibrium  flow  rate 
should  be  either  higher  or  lower  than  that 
desired  by  the  operator,  the  operator  manually 
readjusts  the  adjustable  pressure-setpoint  device 

10  396  so  that  digital  display  386  reads  the  desired 
flow  rate  with  lamps  436  and  438  out  and  lamp 
444  lit.  When  the  desired  flow  rate  is  reached  by 
this  procedure,  the  operator  sets  mode  switch 
460  to  the  C.F.  (constant  flow)  position,  storing 

is  the  selected  flow  rate  in  sampie-and-hold  device 
406.  This  "locks  in"  the  flow  rate  to  the  desired 
value  while  maintaining  the  system  at  equilib- 
rium. 

If  the  operator  wishes  to  operate  at  constant 
20  pressure  instead,  he  can  do  so  and  still  have  strip 

chart  recorder  292  produce  a  chromatogram  with 
the  usually-desired  fixed  relationship  between 
the  chart  record  abscissa  and  the  fluid  volume 
passed  through  the  chromatographic  column 

25  282. 
The  operator  sets  switch  462  to  the  "auto" 

(automatic)  position  as  indicated  in  FIG.  18.  If  the 
system  is  at  equilibrium,  analog  gate  432  (FIG. 
21)  opens,  thus  providing  the  motor  tachometer 

30  signal  from  pump  34  on  connections  57  and  301 
(which  can  be  considered  equal  to  equilibrium 
flow  rate)  to  motor  speed  control  circuit  300 
which  sets  the  chart  drive  motor  302  to  run  in 
synchronism  with  the  pump  drive  motor  44. 

35  Drive  shaft  304  is  attached  to  chart  drive  motor 
302  which  rotates  cart  drive  roller  306,  advancing 
chart  paper  308  under  the  recording  pen  312, 
thus  making  the  abscissa  or  logitudinal  direction 
of  the  chart  proportional  to  the  instantaneous 

40  retention  volume  of  the  chromatographic 
system. 

The  position  of  recording  pen  312  is  controlled 
through  lead  310  from  effluent  detector  284  at 
the  outlet  of  the  chromatographic  column  282  by 

45  conventional  servo  unit  403. 
In  FIG.  23,  microprocessor/computer  504  is 

controlled  by  operator's  controls  506  through 
input  lines  508.  Analog  to  digital  converter  510 
takes  the  analog  voltage  representing  the  fluid 

so  pressure  from  output  terminal  108  in  FIG.  3, 
digitizes  it  and  sends  the  digitized  value  to  the 
microprocessor/computer  504  through  data  lines 
512.  The  microprocessor/computer  504  controls 
digital  display  516  through  output  data  leads  514. 

55  The  flowmeter  524  monitors  the  fluid  flow  rate. 
Flow  data  from  terminal  57  in  FIG.  2  is  digitized 

by  analog  to  digital  coverter  526  and  is  sent  to 
the  microprocessor/computer  504  through  data 
lines  528.  The  microprocessor/computer  504  cal- 

60  culates  the  predicted  equilibrium  pressure  utiliz- 
ing  the  relationship  between  motor  speed,  flow 
rate,  pressure  and  pressure  derivative  as  done  in 
the  previously  described  embodiments.  Digital  to 
analog  converter  518  takes  motor  speed  control 

65  digital  data  from  the  microprocessor/computer 

406  (FIG.  20)  to  track  its  input  voltage  on  conduc- 
tor  408,  which  is  the  output  voltage  of  pressure 
servo  amplifier  398.  The  voltage  on  output  line 
384  is  introduced  into  the  flow  servo  system  as  a 
control  voltage  that  sets  the  speed  of  pump  drive 
motor  44  and  hence  the  equilibrium  flow  rate. 

At  the  instant  the  apparatus  is  turned  on,  the 
liquid  pressure  is  zero  and  hence  the  pressure 
voltage  on  output  lead  108  is  zero.  This  is  applied 
to  the  non-inverting  input  of  comparator  410 
(FIG.  21)  which  has  an  offset  voltage  characteris- 
tic  such  that  at  zero  input  voltage  the  output 
voltage  of  the  comparator  410  is  low.  This  resets 
the  flip-flop  412  (FIG.  21)  composed  of  NAND 
gates  so  that  the  output  on  conductor  414  is  low. 

As  the  pressure  increases,  the  output  of  com- 
parator  410  goes  high,  which  does  not  effect  the 
flip-flop  412.  The  pressure  signal  on  output  lead 
108  is  also  applied  to  the  input  of  differentiator 
418  which  puts  a  voltage  on  line  420  equal  to  the 
time  derivative  of  the  input  pressure.  Com- 
parator  422  and  424  have  their  offset  voltages 
adjusted  so  that  they  both  produce  positive  out- 
puts  only  when  the  derivative  on  line  420  is  close 
to  zero. 

Comparators  426  and  428  are  connected  to  the 
output  of  servo  subtractor  394  in  a  similar 
manner  so  that  they  both  produce  positive  out- 
puts  only  when  the  output  of  the  servo  subtrac- 
tor  394  is  near  zero  which  occurs  when  the 
pressure  is  close  to  the  setpoint  on  adjustable 
pressure-setpoint  device  396. 

The  pressure  in  the  liquid  system  builds  up 
fairly  rapidly  and  finally  stabilizes  at  the  desired 
setpoint  pressure  set  on  adjustable  pressure- 
setpoint  device  396,  and  the  outputs  of  servo 
subtractor  394  and  differentiator  418  both  go 
close  to  zero.  Only  under  this  equilibrium  condi- 
tion  do  all  four  outputs  of  comparators  422,  424, 
426  and  428  go  high.  These  outputs  are  applied 
to  NAND  gate  430,  whose  output  goes  low  at  this 
time,  setting  flip-flop  412  and  turning  on  analog 
gate  432. 

Before  equilibrium  is  attained,  the  pressure 
error  signal  at  the  output  of  servo  subtractor  394 
is  amplified  by  linear  d.c.  amplifier  434  which 
lights  lamps  436  or  438  through  diodes  440  or 
442  respectively  if  the  actual  pressure  is  too  high 
or  too  low.  At  equilibrium,  both  lamps  436  and 
438  go  out.  Since  the  output  of  NAND  gate  430 
goes  low  when  equilibrium  is  reached,  lamp  444 
lights,  indicating  to  the  operator  that  the  system 
is  in  pressure  equilibrium. 

Since  it  is  usually  desirable  to  operate  a  liquid 
chromatograph  at  constant  mobile  phase  flow 
rate  instead  of  constant  mobile  phase  pressure, 
the  operator  of  the  apparatus  can  check  motor 
speed  display  386  which  also  indicates  equilib- 
rium  flow  rate  during  times  that  lamp  444  is  lit 
and  the  other  two  lamps  are  out.  If  lamp  438  is  lit 
instead,  this  indicates  that  the  system  pressure  is 
less  than  the  equilibrium  pressure  and  is  being 
raised.  If  lamp  436  is  lit,  this  indicates  that  the 
system  pressure  is  higher  than  the  equilibrium 
pressure  and  is  being  lowered. 
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504,  changes  it  to  an  analog  voltage  and  applies  it 
to  input  terminal  346  to  control  the  motor  speed 
controller  250  (FIG.  14).  Signals  applied  to  input 
terminal  346  are  used  to  start,  stop,  speed  up  and 
slow  down  the  pump.  s 

Instead  of  the  operator  manually  adjusting  and 
readjusting  the  pressure  setpoint  several  times  to 
obtain  the  desired  flow  rate  as  in  the  embodiment 
of  FIGS.  18  —  22,  this  iterative  procedure  can  be 
carried  out  automatically  by  a  microprocessor  or  10 
other  conventional  programmed  controller,  such 
as  the  automatically  sequenced  control  unit  504 
(FIG.  23)  in  a  manner  known  in  the  art. 

Indication  of  a  valid  equilibrium  flow  rate  dis- 
play  and  stabilization  of  flow  at  the  desired  rate  is  15 
sent  on  output  line  532  to  equilibrium-indicating 
"ready"  signal  lamp  530.  The  operator  enters  the 
desired  flow  rate  on  operator's  controls  506.  This 
information  is  transmitted  to  the  microprocessor/ 
computer  504  through  data  input  leads  508.  The  20 
operator  may  also  enter  an  initial  estimated  oper- 
ating  pressure  on  operator's  controls  506,  along 
with  a  signal  to  start  operation. 

This  starts  the  six  step  automatic  operating 
sequence,  which  is:  (1)  preset  the  desired  flow  25 
rate;  (2)  preset  an  estimated  head  pressure;  (3) 
run  pressure  up  to  the  currently  estimated  set- 
point  value  by  servo  control;  (4)  when  pressure  is 
stabilized,  read  and  display  flow  rate  from  pump 
tachometer  signal;  (5)  if  this  is  not  within  1%  of  30 
the  desired  flow  rate  (step  1  ),  divide  the  desired 
flow  rate  by  the  actual  flow  rate  and  multiply  the 
quotient  by  the  previously  estimated  head 
pressure  from  step  2  to  form  a  new  estimated 
head  pressure.  Then  go  to  step  3  and  proceed  35 
through  again;  and  (6)  if  tachometer-derived  flow 
rate  is  within  1%  of  desired  flow  rate,  change  the 
flow  rate  setpoint  to  the  desired  flow  rate  from 
step  1,  display  the  flow  rate  on  readout  514  and 
light  the  "ready"  signal  lamp  530.  40 

The  estimated  operating  pressure  may  be 
based  on  the  operator's  previous  experience  or  it 
may  be  automatically  entered  from  an  auto- 
matically  determined  estimate  produced  with 
suitable  other  equipment  such  as  that  described  45 
hereinabove. 

From  the  above  description,  it  can  be  under- 
stood  that  the  control  system  of  this  invention  has 
several  advantages,  such  as:  (1)  it  shortens  the 
transitory  time  period  for  a  chromatographic  so 
system;  (2)  it  permits  an  accurate  pulse-free 
chromatographic  run;  (3)  it  enables  the  prediction 
of  pressures  in  a  constant  flow  run  or  future  flow 
rates  in  a  constant  pressure  run;  (4)  it  permits 
accurate  recordings  using  a  constant  flow  base  55 
made  from  a  system  which  is  operating  as  a 
constant  pressure  system  with  a  short  transitory 
period  of  instability;  and  (5)  it  is  relatively 
economical. 

Although  a  preferred  embodiment  has  been  60 
described  with  some  particularity,  many  modifi- 
cations  and  variations  in  the  embodiment  are 
possible  without  deviating  from  the  above  teach- 
ings.  Therefore,  it  is  to  be  understood  that,  within 
the  scope  of  the  appended  claims  the  invention  65 

may  be  practiced  other  than  as  specifically 
described. 

Claims 

1.  A  method  of  rapidly  bringing  a  chromato- 
graphic  system  to  equilibrium  pressure  after 
start-up  in  which: 

the  pumping  speed  for  pumping  fluid  from  a 
pumping  system  into  a  chromatographic  column 
is  set  at  a  predetermined  rate  of  flow  during  a 
chromatographic  run  at  constant  flow  whereby 
the  chromatographic  system  pauses  through  an 
unstable  period  between  start  and  reaching  equi- 
librium  pressure; 

characterized  by  measuring,  at  a  time  of  a  low 
value  of  pressure  near  the  time  of  start-up,  a 
characteristic  of  fluid  being  transferred  from  the 
pumping  system  to  the  chromatographic  column 
related  to  the  pressure  of  the  fluid  and  estab- 
lishing  a  range  of  said  characteristics  between 
two  boundary  conditions; 

increasing  the  rate  of  flow  from  the  pumping 
system  to  a  multiple  of  the  predetermined  rate  of 
flow  starting  with  a  first  of  said  two  boundary 
conditions;  and 

reducing  said  rate  of  flow  from  the  pumping 
system  to  said  predetermined  rate  of  flow  when 
said  characteristic  is  between  the  first  boundary 
condition  and  the  last  at  a  point  which  is  a 
reciprocal  of  said  multiple  of  the  distance 
between  the  first  and  the  last  boundary  condition. 

2.  A  method  according  to  claim  1  characterized 
by: 

measuring  the  pressure  of  fluid  being  trans- 
ferred  from  the  pumping  system  to  the 
chromatographic  column  at  a  low  value  of 
pressure,  and 

determining  the  derivative  with  respect  to  time 
of  the  pressure  of  fluid  being  transferred  from  the 
pumping  system  to  the  chromatographic  column 
at  a  low  value  of  pressure. 

3.  A  method  according  to  claims  1  or  2  charac- 
terized  by  reducing  the  rate  of  flow  when  said 
time  derivative  drops  from  a  maximum  value  to  a 
certain  smaller  value. 

4.  A  method  according  to  any  of  claims  1  —  3 
characterized  by  measuring  the  time  rate  of 
change  of  said  pressure. 

5.  A  method  according  to  any  of  claims  1  —  4 
characterized  by  determining  the  value  of 
pressure  at  equilibrium  on  a  first  chromatog- 
raphic  run  and  operating  said  chromatographic 
system  in  a  constant  pressure  mode  at  said 
pressure  at  start-up  until  said  equilibrium  is 
reached  and  thereafter  at  constant  flow  rate. 

6.  A  method  according  to  claim  5  characterized 
by  measuring  the  rate  of  flow  and  driving  a 
recorder  at  a  rate  proportional  to  said  rate  of  flow 
during  the  constant  pressure  mode  of  operation; 

recording  said  chromatographic  peaks; 
controlling  the  abscissae  upon  which  said 

peaks  are  recorded; 
measuring  the  rate  of  pumping  said  fluid  from 

said  pumping  system  into  said  chromatographic 
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Patentanspriiche column  system;  and 

said  step  of  controlling  the  abscissae  including 
the  step  of  controlling  the  abscissae  so  that  it  is 
directly  proportional  to  the  rate  of  flow  of  fluid 
between  the  pumping  system  and  the  chromato- 
graphic  column  system. 

7.  A  method  according  to  claim  6  characterized 
by  controlling  the  abscissae  of  the  recording  by 
changing  the  speed  of  a  recorder  as  the 
chromatographic  peaks  are  recorded  thereon  to 
maintain  the  speed  proportional  to  the  rate  of 
flow  of  the  fluid. 

8.  A  method  according  to  claims  1  —  7  charac- 
terized  by  comparing  the  desired  value  of  the 
characteristic  with  the  measured  value  of  the 
characteristic  to  obtain  a  signal  indicating  the 
difference  between  the  two;  predicting  when  the 
time  derivative  of  the  characteristic  with  respect 
to  time  and  the  difference  signal  are  both  sub- 
stantially  zero,  whereby  the  end  of  the  transitory 
period  is  indicated;  and  detecting  when  the  value 
of  the  characteristic  is  near  zero  and  increasing 
rapidly,  whereby  the  starting  point  of  the  transit- 
ory  period  is  detected. 

9.  Apparatus  practicing  the  method  of  claim  1 
comprising: 

pumping  system  means  adapted  to  pump  fluid 
through  a  chromatographic  column; 

means  for  setting  a  pumping  speed  for  pump- 
ing  fluid  from  a  pumping  system  means  into  said 
chromatographic  column  at  a  predetermined  rate 
of  flow;  characterized  by  means  for  measuring,  at 
a  time  of  a  low  value  of  pressure  of  said  fluid  near 
the  time  of  start-up,  a  characteristic  of  said  fluid 
being  transferred  from  the  pumping  system 
means  to  the  chromatographic  column  related  to 
the  pressure  of  the  fluid  across  a  range  of  said 
characteristic  between  first  and  second  boundary 
conditions;  means  for  increasing  the  rate  of  flow 
of  fluid  from  the  pumping  system  means  to  a 
multiple  of  the  predetermined  rate  of  flow  starting 
with  said  first  boundary  condition;  and  means  for 
reducing  said  rate  of  flow  from  the  pumping 
system  means  to  said  predetermined  rate  of  flow, 
when  said  characteristic  is  between  the  first 
boundary  condition  and  the  second  boundary 
condition  at  a  point  which  is  a  reciprocal  of  said 
multiple  of  the  distance  between  the  first  and  last 
boundary  condition. 

10.  Apparatus  according  to  claim  9  charac- 
terized  by  means  for  determining  the  value  of 
pressure  at  equilibrium  on  a  first  chromatog- 
raphic  run  and  means  for  operating  said 
chromatographic  system  in  a  constant  presssure 
mode  at  said  pressure  at  start-up  until  said  equi- 
librium  is  reached  and  thereafter  at  constant  flow 
rate. 

11.  Apparatus  according  to  claim  10  charac- 
terized  by  means  for  operating  in  a  constant 
pressure  mode  means  for  measuring  the  rate  of 
flow  and  driving  a  recorder  at  a  rate  proportional 
to  said  rate  of  flow  during  the  constant  pressure 
mode. 

1.  Verfahren  zur  schnellen  Einstellung  eines 
Gleichgewichtsdruckes  in  einem  Chromatogra- 
phiesystem  nach  dem  Einschalten,  bei  dem: 

Die  Pumpgeschwindigkeit  zum  pumpen  von 
Fluid  von  einem  Pumpsystem  in  eine  Chromato- 
graphiesaule  auf  eine  vorgegebene  Stromungs- 
geschwindigkeit  wahrend  eines  Chromatogra- 
phielaufes  bei  konstanter  Stromung  eingestellt 
wird,  wodurch  das  Chromatographiesystem  wah- 
rend  einer  unstabilen  Periode  zwischen  dem  Start 
und  dem  Erreichen  des  Gleichgewichtsdruckes 
pausiert; 

gekennzeichnet  durch  zum  Zeitpunkt  eines  nie- 
deren  Druckwertes  beim  Einschaltzeitpunkt  erfol- 
gendes  Messen  einer  Charakteristik  des  Fluids, 
das  von  dem  Pumpsystem  zu  der  Chromatogra- 
phiesaule  gepumpt  wird,  die  dem  Fluiddruck 
zugeordnet  ist,  und  Einrichten  eines  Bereichs  von 
Charakteristiken  zwischen  zwei  Grenzbedingun- 
gen; 

Erhohen  der  Stromungsgeschwindigkeit  des 
Pumpsystems  auf  ein  Mehrfaches  der  vorgegebe- 
nen  Stromungsgeschwindigkeit  beginnend  mit 
einer  ersten  von  den  zwei  Grenzbedingungen; 
und 

Reduzieren  der  Stromungsgeschwindigkeit 
vom  Pumpsystem  auf  die  vorgegebene  Stro- 
mungsgeschwindigkeit,  wenn  die  Charakteristik 
zwischen  der  ersten  Grenzbedingung  und  letzten 
bei  einem  Punkt  liegt,  der  einen  Reziprokwert  des 
Mehrfachen  des  Abstandes  zwischen  der  ersten 
und  der  letzten  Grenzbedingung  ist. 

2.  Verfahren  nach  Anspruch  1,  gekennzeichnet 
durch: 

Messen  des  Fluiddruckes,  der  von  dem  Pump- 
system  zu  der  Chromatographiesaule  bei  einem 
niederen  Druckwert  ubertragen  wird,  und  Bestim- 
men  der  Zeitableitung  des  Druckes  des  Fluids,  das 
von  dem  Pumpsystems  zu  der  Chromatographie- 
saule  bei  niederem  Druckwert  ubertragen  wird. 

3.  Verfahren  nach  Anspruch  1  oder  2,  gekenn- 
zeichnet  durch  Reduzieren  der  Stromungsge- 
schwindigkeit,  wenn  die  Zeitableitung  von  einem 
Maximalwert  auf  einen  bestimmten  kleineren 
Wert  absinkt. 

4.  Verfahren  nach  einem  der  Anspruche  1  bis  3, 
gekennzeichnet  durch  Messen  der  zeitlichen  Ver- 
anderungsrate  des  Druckes. 

5.  Verfahren  nach  einem  der  Anspruche  1  bis  4, 
gekennzeichnet  durch  Bestimmung  des  Druckes 
beim  Gleichgewicht  bei  einem  chromatographi- 
schen  Lauf  durch  Betreiben  des  Chromatogra- 
phiesystems  bei  konstantem  Druck  beim  Anlauf- 
druck  bis  das  Gleichgewicht  erreicht  wird,  und 
danach  bei  konstanter  Stromungsgeschwindig- 
keit. 

6.  Verfahren  nach  Anspruch  5,  gekennzeichnet 
durch  Messen  der  Stromungsgeschwindigkeit 
und  durch  Treiben  eines  Recorders  mit  einer  Rate, 
die  proportional  zu  der  Stromungsgeschwindig- 
keit  wahrend  des  Konstantdruckmodus  des  Vor- 
gangs  ist; 

Aufzeichnen  der  chromatographischen  Spitzen; 
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druckmodus  mit  dem  Anlaufdruck  bis  Gleichge- 
wicht  erreicht  wird,  und  danach  mit  konstanter 
Stromungsrate. 

11.  Vorrichtung  nach  Anspruch  10,  gekenn- 
zeichnet  durch  Mittel  zum  in  einem  Konstant- 
druckmodus  erfolgenden  Betreiben  von  MeBmit- 
teln  fur  die  Stromungsrate  und  durch  Treiben 
eines  Recorders  mit  einer  Rate,  die  proportional 
zu  der  Stromungsrate  wahrend  des  Konstant- 
druckmodus  ist. 

Revendications 

1.  Un  procede  pour  amener  rapidement  un 
systeme  chromatographique  a  une  pression 
d'equilibre  apres  le  demarrage,  dans  lequel: 

la  vitesse  de  pompage  pour  le  pompage  d'un 
fluide  d'un  systeme  de  pompage  vers  une 
colonne  chromatographique  est  fixee  a  un  debit 
predetermine  pendant  une  operation  de  chroma- 
tographie  a  debit  constant,  ce  qui  fait  que  le 
systeme  chromatographique  passe  par  une 
periode  instable  entre  le  demarrage  et  I'arrivee  a 
la  pression  d'equilibre; 

caracterise  en  ce  qu'on  mesure,  a  un  instant 
correspondant  a  une  valeur  de  pression  faible, 
pres  de  I'instant  de  demarrage,  une  caracteristi- 
que  liee  a  la  pression  du  fluide,  pour  le  fluide  qui 
est  transfere  du  systeme  de  pompage  vers  la 
colonne  chromatographique,.  et  on  etablit  une 
plage  de  ces  caracteristiques  entre  deux  condi- 
tions  limites; 

on  augmente  le  debit  du  systeme  de  pompage 
jusqu'a  un  multiple  du  debit  predetermine,  en 
partant  d'une  premiere  des  deux  conditions 
limites;  et 

on  reduit  le  debit  du  systeme  de  pompage 
jusqu'au  debit  predetermine  lorsque  la  caracteris- 
tique  precitee  est  comprise  entre  la  premiere 
condition  limite  et  la  derniere,  a  un  point  qui 
correspond  a  I'inverse  du  multiple  precite  pour  la 
distance  entre  la  premiere  condition  limite  et  la 
derniere. 

2.  Un  procede  selon  la  revendication  1,  caracte- 
rise  en  ce  que: 

on  mesure  la  pression  du  fluide  qui  est  trans- 
fere  du  systeme  de  pompage  vers  la  colonne 
chromatographique,  a  une  valeur  de  pression 
faible,  et 

on  determine  la  derivee  par  rapport  au  temps 
de  la  pression  du  fluide  qui  est  transfere  du 
systeme  de  pompage  vers  la  colonne  chromato- 
graphique,  a  une  valeur  de  pression  faible. 

3.  Un  procede  selon  les  revendications  1  ou  2, 
caracterise  en  ce  qu'on  reduit  le  debit  lorsque  la 
derivee  par  rapport  au  temps  diminue  d'une 
valeur  maximale  jusqu'a  une  certaine  valeur  infe- 
rieure. 

4.  Un  procede  selon  I'une  quelconque  des 
revendications  1  a  3,  caracterise  en  ce  qu'on 
mesure  la  vitesse  de  variation  de  la  pression. 

5.  Un  procede  selon  I'une  quelconque  des 
revendications  1  a  4,  caracterise  en  ce  qu'on 
determine  la  valeur  de  pression  a  I'equilibre  dans 
une  premiere  operation  de  chromatographie,  et 

Kontrollieren  der  Abszisse,  auf  der  die  Spitzen 
aufgezeichnet  sind; 

Messen  der  Pumprate  des  Fluids  aus  dem 
Pumpsystem  in  das  Chromatographiesaulensy- 
stem;  und  s 

daB  der  Schritt  des  Steuerns  der  Abszisse  den 
Schritt  einschlie&t,  die  Abszisse  derartzu  steuern, 
daB  sie  direkt  proportional  zur  Stromungsge- 
schwindigkeit  des  Fluideszwischen  dem  Pumpsy- 
stem  und  dem  Chromatographiesaulensystem  10 
ist. 

7.  Verfahren  nach  Anspruch  6,  gekennzeichnet 
durch  Steuern  der  Abszisse  der  Aufzeichnung 
durch  Verandern  der  Geschwindigkeit  eines  Auf- 
zeichners,  wahrend  die  chromatographischen  15 
Spitzen  darauf  aufgezeichnet  werden,  urn  die 
Geschwindigkeit  proportional  zur  Stromungsge- 
schwindigkeit  des  Fluids  zu  halten. 

8.  Verfahren  nach  den  Anspriichen  1  bis  7, 
gekennzeichnet  durch  Vergleichen  des  20 
gewunschten  Wertes  der  Charakteristik  mit  dem 
gemessenen  Wert  der  Charakteristik  zur  Erzielung 
eines  Signals,  das  die  Differenz  zwischen  den 
beiden  anzeigt; 

Vorhersagen,  wann  die  Zeitableitung  der  Cha-  25 
rakteristik  in  bezug  auf  die  Zeit  und  das  Differenz- 
signal  beide  im  wesentlichen  Null  sind,  wodurch 
das  Ende  der  Ubergangsperiode  angezeigt  wird; 
und  Feststellen,  wann  der  Wert  der  Charakteristik 
nahe  Null  ist  und  schnell  ansteigt,  wodurch  der  30 
Startpunkt  fur  die  Ubergangsperiode  ermittelt 
wird. 

9.  Vorrichtung  zur  Durchfuhrung  des  Verfah- 
rens  nach  Anspruch  1,  mit: 

einer  pumpsystemeinrichtung,  die  Fluid  durch  35 
eine  Chromatographiesaule  pumpen  kann; 

Mittel  zum  Einstellen  einer  Pumpgeschwindig- 
keit  zum  Pumpen  von  Fluid  von  einer  Pumpsyste- 
meinrichtung  in  die  Chromatographiesaule  mit 
einer  vorgegebenen  Stromungsgeschwindigkeit;  40 

gekennzeichnet  durch  Mittel  zum  Messen  zu 
einem  Zeitpunkt  von  niederem  Druckwert  des 
Fluides  in  der  Nahe  der  Anlaufzeit  von  einer 
Charakteristik  des  Fluids,  das  von  der  Pumpsyste- 
meinrichtung  zu  der  Chromatographiesaule  uber-  45 
tragen  wird,  die  dem  Druch  des  Fluides  tiber 
einen  Bereich  der  Charakteristik  zwischen  ersten 
und  zweiten  Grenzbedingungen  zugeordnet  ist; 
durch  Mittel  zu  Erhohen  der  Stromungsrate  des 
Fluides  von  der  Pumpsystemeinrichtung  auf  ein  so 
Mehrfaches  der  vorgegebenen  Stromungsrate 
beginnend  mit  der  ersten  Grenzbedingung;  und 
durch  Mittel  zum  Reduzieren  der  Stromungsrate 
von  der  Pumpsystemeinrichtung  auf  die  vorgege- 
bene  Stromungsrate,  wenn  die  Charakteristik  55 
zwischen  der  ersten  Grenzbedingung  und  der 
zweiten  Grenzbedingung  an  einer  Stelle  liegt,  die 
ein  Reziprokwert  des  Mehrfachen  des  Abstandes 
zwischen  der  ersten  und  letzten  Grenzbedingung 
ist.  60 

10.  Vorrichtung  nach  Anspruch  9,  gekennzeich- 
net  durch  Mittel  zum  Bestimmen  des  Druckwertes 
bei  Gleichgewichtfiir  einen  ersten  Chromatogra- 
phielauf  und  durch  Mittel  zum  Betreiben  des 
Chromatographiesystems  mit  einem  Konstant-  65 
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un  systeme  de  pompage  congu  pour  pomper 

un  fluide  de  fagon  qu'il  traverse  une  colonne 
chromatographique; 

des  moyens  pour  regler  une  vitesse  de  pom- 
page  pour  le  pompage  du  fluide  d'un  systeme  de 
pompage  vers  la  colonne  chromatographique, 
avec  un  debit  predetermine;  caracterise  par  des 
moyens  destines  a  mesurer,  a  un  instant  auquel  la 
pression  du  fluide  presente  une  valeur  faible,  pres 
de  I'instant  de  demarrage,  une  caracteristique, 
liee  a  la  pression  du  fluide,  pour  le  fluide  qui  est 
transfere  du  systeme  de  pompage  vers  la  colonne 
chromatographique,  sur  une  plage  de  la  caracte- 
ristique  precitee  entre  des  premiere  et  seconde 
conditions  limites;  des  moyens  pour  augmenter 
le  debit  du  fluide  sortant  du  systeme  de  pompage, 
jusqu'a  un  multiple  du  debit  predetermine,  en 
partant  de  la  premiere  condition  limite;  et  des 
moyens  pour  reduire  le  debit  du  fluide  sortant  du 
systeme  de  pompage,  jusqu'au  debit  predeter- 
mine,  lorsque  la  caracteristique  precitee  est  com- 
prise  entre  la  premiere  condition  limite  et  la 
seconde  condition  limite,  a  un  point  qui  corres- 
pond  a  I'inverse  du  multiple  precite  pour  la 
distance  entre  la  premiere  condition  limite  et  la 
derniere. 

10.  Appareil  selon  la  revendication  9,  caracte- 
rise  par  des  moyens  destines  a  determiner  la 
valeur  de  pression  a  I'equilibre  au  cours  d'une 
premiere  operation  de  chromatographie,  et  des 
moyens  destines  a  faire  fonctionner  le  systeme 
chromatographique  dans  un  mode  a  pression 
constante,  a  la  pression  precitee  au  demarrage, 
jusqu'a  ce  que  I'equilibre  soit  atteint,  et  a  le  faire 
fonctionner  ensuite  a  debit  constant. 

11.  Appareil  selon  la  revendication  10,  caracte- 
rise  par  des  moyens  destines  a  faire  fonctionner 
I'appareil  dans  un  mode  a  pression  constante,  et 
des  moyens  destines  a  mesurer  le  debit  et  a 
entratner  un  enregistreur  a  une  vitesse  propor- 
tionnelle  au  debit,  pendant  le  mode  a  pression 
constante. 

on  fait  fonctionner  le  systeme  chromatographi- 
que  dans  un  mode  a  pression  constante,  avec  la 
pression  precitee  au  demarrage,  jusqu'a  ce  que 
I'equilibre  soit  atteint,  apres  quoi  on  fait  fonction- 
ner  le  systeme  a  debit  constant. 

6.  Un  procede  selon  la  revendication  5,  caracte- 
rise  en  ce  qu'on  mesure  le  debit  et  on  entrame  un 
enregistreur  a  une  vitesse  proportionnelle  a  ce 
debit  pendant  le  mode  de  fonctionnement  a 
pression  constante; 

on  enregistre  des  pics  chromatographiques; 
on  commande  les  abscisses  auxquelles  ces  pics 

sont  enregistres;  on  mesure  le  debit  de  pompage 
du  fluide  du  systeme  de  pompage  vers  le  systeme 
de  colonne  chromatographique;  et 

I'operation  de  commande  des  abscisses  com- 
prend  I'operation  qui  consiste  a  commander  les 
abscisses  de  fagon  qu'elles  soient  directement 
proportionnelles  au  debit  de  fluide  entre  le  sys- 
teme  de  pompage  et  le  systeme  de  colonne 
chromatographique. 

7.  Un  procede  selon  la  revendication  6,  caracte- 
rise  en  ce  qu'on  commande  les  abscisses  de 
I'enregistrement  en  changeant  la  vitesse  d'un 
enregistreur  au  fur  et  a  mesure  de  I'enregistre- 
ment  des  pics  chromatographiques  dans  ce  der- 
nier,  pour  maintenir  la  vitesse  proportionnelle  au 
debit  du  fluide. 

8.  Un  procede  selon  les  revendications  1  a  7, 
caracterise  en  ce  qu'on  compare  la  valeur  desiree 
de  la  caracteristique  avec  la  valeur  mesuree  de  la 
caracteristique,  pour  obtenir  un  signal  qui  indique 
la  difference  entre  les  deux;  on  predit  I'instant 
auquel  la  derivee  par  rapport  au  temps  de  la 
caracteristique  et  le  signal  de  difference  seront 
tous  deux  pratiquement  egaux  a  zero,  ce  qui 
indique  la  fin  de  la  periode  transitoire;  et  on 
detecte  le  moment  auquel  la  valeur  de  la  caracte- 
ristique  est  proche  de  zero  et  augmente  rapide- 
ment,  ce  qui  correspond  a  la  detection  du  point 
initial  de  la  periode  transitoire. 

9.  Appareil  pour  mettre  en  oeuvre  le  procede  de 
la  revendication  1,  comprenant: 
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