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A  downhole  multiple  shut-in  valve  apparatus 
for  repeatedly  shutting  in  a  tubing  string  of  a 
well  to  perform  multiple  build-up  and  drawn- 
down  tests  on  said  well,  which  apparatus  com- 
prises  a  housing  (244)  having  a  housing  bore 
(264)  and  having  a  flow  port  means  (230)  de- 
fined  through  said  housing  for  communicating 
said  housing  bore  with  an  interior  of  said  tubing 
string  to  allow  fluid  flow  into  said  flow  port 
means  and  up  through  said  housing  bore,  said 
housing  having  a  low  pressure  zone  (324)  de- 
fined  therein  ;  a  shut-in  valve  element  (268) 
disposed  in  said  housing  bore  and  movable 
between  an  open  position  wherein  said  flow 
port  means  is  open  and  a  closed  position  whe- 
rein  said  flow  port  means  is  closed  ;  a  differen- 
tial  pressure  actuating  piston  (304)  having  first 
and  second  sides,  said  piston  being  operably 
associated  with  said  shut-in  valve  element  (268) 
to  move  said  shut-in  valve  element  between  its 
open  and  closed  positions  in  response  to  move- 
ment  of  said  actuating  piston  ;  and  pilot  valve 
means  (326)  for  selectively  communicating  one 
of  said  first  and  second  sides  of  said  actuating 
piston  with  said  interior  of  said  tubing  string. 

f i g .   IDA.  f i g .   IDE) 

LU 

Jouve,  18,  rue  Saint-Denis,  75001  PARIS 



'  U  ODD  JBZ  Al 

3 0 6 '  

332,339- 

334,338- 

352,354- 

332,340- 

52,104 

3 2 , 3 4 6 - ' /  
132,340 

\ 3 2 , 3 4 4 ~ ~  

326,330 

l a r z :  



EP  0  566  382  A1 

The  present  invention  relates  generally  to  downhole  shut-in  tools,  to  methods  using  such  shut-in  tools,  to 
various  control  systems  therefor  and  related  devices  used  therewith. 

Drawdown  and  buildup  tests  are  often  performed  on  production  wells  at  regular  intervals  to  monitor  the 
performance  of  the  producing  formations  in  the  well.  Atypical  test  setup  usually  includes  a  downhole  closure 

5  valve,  i.e.  a  shut-in  valve,  which  is  placed  in  the  well  and  manipulated  by  slick  line.  There  is  usually  a  pressure 
recording  gauge  below  the  downhole  shut-in  valve  which  records  the  pressure  response  of  the  formation  being 
tested  as  the  valve  is  opened  and  closed.  The  formation  is  allowed  to  flow  for  a  sufficient  length  of  time  to 
ensure  that  it  is  drawn  down  to  a  desired  level.  After  this  drawdown  period  is  complete,  the  shut-in  valve  is 
used  to  shut  in  the  well.  The  formation  pressure  is  allowed  to  buildup  for  a  sufficient  interval  of  time  to  allow 

10  it  to  reach  a  desired  level,  before  another  drawdown  period  is  started.  The  entire  process  is  then  sometimes 
repeated  immediately  to  acquire  more  pressure  data  from  another  drawdown/buildup  test. 

As  mentioned,  shut-in  valves  of  the  prior  art  have  typically  been  actuated  by  mechanical  means  and  par- 
ticularly  by  means  of  mechanical  actuators  lowered  on  a  slick  line. 

The  present  invention  provides  numerous  substantial  improvements  in  shut-in  valves. 
15  In  a  first  aspect  of  the  invention,  an  improved  shut-in  valve  is  disclosed  which  utilizes  a  pilot  valve  to  direct 

a  pressure  differential  across  a  piston  which  in  turn  closes  the  shut-in  valve,  so  that  the  force  for  closing  the 
shut-in  valve  is  provided  by  the  pressure  differential  which  is  defined  between  a  low  pressure  zone  of  the  tool 
and  the  higher  pressure  well  fluid  contained  in  the  production  tubing. 

In  a  second  aspect  of  the  invention  an  improvement  is  provided  in  the  context  of  an  electric  timer  and  control 
20  system  which  opens  the  pilot  valve  after  a  predetermined  time  delay.  The  electric  timer  and  control  system  is 

also  applicable  to  other  types  of  downhole  tools,  such  as  for  example  a  sampler  tool  like  that  shown  in  our 
European  specification  no.  0482748A. 

In  another  aspect  of  the  invention  the  pilot  valve  can  selectively  communicate  high  and  low  pressure  zones 
to  opposite  sides  of  an  actuating  piston  so  as  to  repeatedly  open  and  close  a  device. 

25  In  another  aspect  of  the  invention  a  pressure  differential  between  the  interior  of  a  production  tubing  string 
and  a  low  pressure  zone  defined  in  the  tool  can  be  selectively  applied  across  an  actuating  piston  to  open  and 
close  a  shut-in  valve. 

In  yet  another  aspect  of  the  invention  a  method  of  efficient  drawdown  and  buildup  testing  of  a  completed 
producing  well  is  provided.  Drawdown  and/or  buildup  periods  of  the  testing  are  monitored  to  determine  when 

30  a  downhole  parameter  such  as  pressure  has  stabilized,  and  then  the  position  of  the  shut-in  tool  is  automatically 
changed  so  as  to  minimize  the  time  required  to  conduct  drawdown  and  buildup  testing. 

In  yet  another  aspect  of  the  invention  the  control  of  the  automated  shut-in  tool  is  provided  by  a  micropro- 
cessor  based  programmed  processor  means. 

In  another  aspect  of  the  invention,  the  control  of  the  automated  shut-in  tool,  or  other  downhole  device,  is 
35  provided  by  a  controller  that  can  effectively  detect  different  points  on  a  pressure  buildup  and  drawdown  curve, 

or  other  monitored  parameter  that  changes  over  time,  and  different  time  periods  during  which  the  monitored 
parameter  is  within  a  selected  range  of  a  prior  value  of  the  parameter. 

In  still  another  aspect  of  the  invention  an  automated  sampling  device  is  provided  which  cooperates  with 
the  automated  shut-in  tool  to  take  samples  at  preferred  times  during  the  drawdown/buildup  test  sequence. 

40  The  invention  provides  a  downhole  multiple  shut-in  valve  apparatus  for  repeatedly  shutting  in  a  tubing  string 
of  a  well  to  perform  multiple  build-up  and  drawn-down  tests  on  said  well,  which  apparatus  comprises  a  housing 
having  a  housing  bore  and  having  a  flow  port  means  defined  through  said  housing  for  communicating  said 
housing  bore  with  an  interior  of  said  tubing  string  to  allow  fluid  flow  into  said  flow  port  means  and  up  through 
said  housing  bore,  said  housing  having  a  low  pressure  zone  defined  therein;  a  shut-in  valve  element  disposed 

45  in  said  housing  bore  and  movable  between  an  open  position  wherein  said  flow  port  means  is  open  and  a  closed 
position  wherein  said  flow  port  means  is  closed;  a  differential  pressure  actuating  piston  having  first  and  second 
sides,  said  piston  being  operably  associated  with  said  shut-in  valve  element  to  move  said  shut-in  valve  element 
between  its  open  and  closed  positions  in  response  to  movement  of  said  actuating  piston;  and  pilot  valve  means 
for  selectively  communicating  one  of  said  first  and  second  sides  of  said  actuating  piston  with  said  interior  of 

so  said  tubing  string,  and  for  simultaneously  communicating  the  other  of  said  first  and  second  sides  of  said  ac- 
tuating  piston  with  said  low  pressure  zone,  so  that  said  pressure  differential  between  said  interior  of  said  tubing 
string  and  said  low  pressure  zone  is  applied  to  move  said  actuating  piston  and  thus  move  said  shut-in  valve 
element  between  its  open  and  closed  positions. 

The  invention  also  provides  a  method  of  performing  multiple  build-up  and  draw-down  tests  on  a  well  where- 
55  in  a  valve  apparatus  of  the  invention  is  located  in  a  tubing  string  in  the  well  and  the  shut-in  valve  thereof  is 

closed  and  opened. 
The  invention  also  includes  a  downhole  multiple  shut-in  valve  apparatus  for  repeatedly  shutting  in  a  pro- 

duction  tubing  string  of  a  completed  producing  well  to  perform  multiple  buildup  and  drawdown  tests  on  said 
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well,  comprising:  a  housing  having  a  housing  bore  and  having  a  flow  port  means  defined  laterally  through  said 
housing  for  communicating  said  housing  bore  with  an  interior  of  said  production  tubing  string  to  allow  fluid  flow 
into  said  flow  port  means  and  up  through  said  housing  bore  and  then  up  through  said  interior  of  said  production 

5  tubing  string,  said  housing  having  a  high  pressure  zone  and  a  low  pressure  zone  defined  therein;  a  setting 
means  attached  to  said  housing  for  setting  said  housing  in  said  interior  of  said  production  tubing  string;  a  shut- 
in  valve  element  disposed  in  said  housing  bore  and  movable  between  an  open  position  wherein  said  flow  port 
means  is  open  and  a  closed  position  wherein  said  flow  port  means  is  closed;  a  differential  pressure  actuating 
piston  having  first  and  second  sides,  said  piston  being  operably  associated  with  said  shut-in  valve  element  to 

10  move  said  shut-in  valve  element  between  its  open  and  closed  positions  in  response  to  movement  of  said  ac- 
tuating  piston;  and  pilot  valve  means,  for  selectively  communicating  one  of  said  first  and  second  sides  of  said 
actuating  piston  with  said  high  pressure  zone,  and  for  simultaneously  communicating  the  other  of  said  first 
and  second  sides  of  said  actuating  piston  with  said  low  pressure  zone,  so  that  a  pressure  differential  between 
said  high  pressure  zone  and  said  low  pressure  zone  moves  said  actuating  piston  and  thus  moves  said  shut- 

15  in  valve  element  between  its  open  and  closed  positions. 
The  invention  further  includes  an  automatically  controlled  downhole  shut-in  valve  apparatus  for  conducting 

multiple  drawdown  and  buildup  testing  of  a  completed  producing  well  having  therein  a  production  tubing  string 
through  which  well  fluids  are  produced  from  a  subsurface  formation  intersected  by  said  well,  comprising:  a 
housing  having  a  flow  passage  defined  therethrough  and  having  a  flow  port  means  defined  in  said  housing 

20  for  communicating  said  flow  passage  with  an  interior  of  said  production  tubing  string;  a  shut-in  valve  element 
disposed  in  said  housing  and  movable  between  an  open  position  wherein  said  flow  passage  is  open  and  a 
closed  position  wherein  said  flow  passage  is  closed;  setting  means,  connected  to  said  housing,  for  setting  said 
shut-in  valve  apparatus  in  place  at  a  downhole  location  within  said  production  tubing  string  and  sealing  said 
shut-in  tool  apparatus  against  an  inner  bore  of  said  production  tubing  string  at  said  downhole  location  so  that 

25  fluid  flow  up  through  said  production  tubing  string  past  said  downhole  location  must  flow  through  said  flow 
passage  of  said  housing;  control  system  means  for  generating  opening  and  closing  command  signals;  and  op- 
erator  means  for  repeatedly  opening  and  closing  said  shut-in  valve  element  in  response  to  said  opening  and 
closing  command  signals  to  perform  multiple  drawdown  and  buildup  tests  on  said  well. 

The  invention  also  provides  a  method  of  efficient  drawdown  and  buildup  testing  of  a  completed  producing 
30  well,  said  well  having  therein  a  production  tubing  string  through  which  well  fluids  are  produced  from  a  subsur- 

face  formation  intersected  by  said  well,  said  method  comprising: 
(a)  providing  in  said  production  tubing  string  an  automatically  controlled  shut-in  tool  for  controlling  flow  of 
well  fluid  up  through  said  production  tubing  string,  said  shut-in  tool  having  an  open  position  and  a  closed 
position; 

35  (b)  shutting  in  said  well  by  closing  said  shut-in  tool; 
(c)  monitoring  a  downhole  parameter; 
(d)  sensing  when  said  downhole  parameter  has  achieved  a  criteria; 
(e)  generating  a  command  signal  in  response  to  said  sensing  of  step  (d);  and 
(f)  automatically  opening  said  shut-in  tool  in  response  to  said  command  signal. 

40  The  invention  further  provides  a  test  string  for  conducting  automatically  controlled  drawdown  and  buildup 
tests  and  for  sampling  well  fluid,  comprising:  a  shut-in  tool,  capable  of  repeatedly  opening  and  closing,  for  con- 
trolling  a  flow  of  well  fluid  from  said  well;  a  sampling  tool  for  trapping  a  sample  of  well  fluid;  monitoring  means 
for  monitoring  a  downhole  parameter  and  generating  input  signals  representative  of  said  downhole  parameter; 
and  controller  means  for  controlling  said  shut-in  tool  to  run  a  drawdown  and  buildup  test,  and  for  automatically 

45  operating  said  sampling  tool  to  trap  said  sample  of  well  fluid  at  a  predetermined  stage  of  said  drawdown  and 
buildup  test. 

The  invention  also  includes  a  method  of  automatically  controlled  sampling  of  well  fluid  from  a  well  during 
drawdown  and  buildup  testing,  comprising: 

(a)  shutting  in  and  then  opening  said  well  to  perform  a  drawdown  and  buildup  test  on  said  well; 
so  (b)  monitoring  a  downhole  parameter  during  said  drawdown  and  buildup  test;  and 

(c)  trapping  a  well  fluid  sample  automatically  in  response  to  said  monitored  downhole  parameter. 
The  invention  further  includes  a  method  of  efficient  drawdown  and  buildup  testing  of  a  well,  said  well  having 

therein  a  tubing  string  through  which  well  fluids  flowfrom  a  subsurface  formation  intersected  by  said  well,  said 
method  comprising: 

55  (a)  providing  in  said  tubing  string  an  automatically  controlled  shut-in  tool  for  controlling  flow  of  a  well  fluid 
up  through  said  tubing  string,  said  shut-in  tool  having  an  open  position  and  a  closed  position; 
(b)  shutting  in  said  well  by  closing  said  shut-in  tool; 
(c)  monitoring  a  downhole  parameter; 
(d)  sensing  when  said  downhole  parameter  has  reached  a  stabilized  level  at  which  there  is  no  further  sig- 
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nificant  change  in  said  parameter; 
(e)  generating  a  command  signal  in  response  to  said  sensing  of  step  (d);  and 
(f)  automatically  opening  said  shut-in  tool  in  response  to  said  command  signal. 

5  The  invention  also  provides  an  automatically  controlled  downhole  multiple  shut-in  valve  apparatus  for  con- 
ducting  efficient  drawdown  and  buildup  testing  of  a  completed  producing  well  having  therein  a  production  tubing 
string  through  which  well  fluids  are  produced  from  a  subsurface  formation  intersected  by  said  well,  comprising: 

a  housing  having  a  flow  passage  defined  therethrough  and  having  a  flow  port  means  defined  in  said 
housing  for  communicating  said  flow  passage  with  an  interior  of  said  production  tubing  string; 

10  a  shut-in  valve  element  disposed  in  said  housing  and  movable  between  an  open  position  wherein  said 
flow  passage  is  open  and  a  closed  position  wherein  said  flow  passage  is  closed; 

setting  means,  connected  to  said  housing,  for  setting  said  shut-in  valve  apparatus  in  place  at  a  downhole 
location  within  said  production  tubing  string  and  sealing  said  shut-in  tool  apparatus  against  an  inner  bore  of 
said  production  tubing  string  at  said  downhole  location  so  that  fluid  flow  up  through  said  production  tubing  string 

15  past  said  downhole  location  must  flow  through  said  flow  passage  of  said  housing; 
monitoring  means,  disposed  in  said  housing,  for  monitoring  a  downhole  parameter  and  generating  an 

input  signal  representative  of  said  downhole  parameter; 
receiving  and  generating  means  for  receiving  said  input  signal  and  for  generating  a  command  signal 

when  said  input  signal  meets  a  predetermined  drawdown  and  buildup  criterion;  and 
20  control  means,  disposed  in  said  housing,  for  moving  said  shut-in  valve  element  between  its  said  open 

and  closed  position  in  response  to  said  command  signal. 
Preferably,  in  this  apparatus,  said  receiving  and  generating  means  generates  a  sampler  command  signal  in 
response  to  said  comparing  and  determining  means;  and 

said  apparatus  further  comprises  a  sampling  tool  connected  to  said  housing  and  including  sampler  con- 
25  trol  means  for  automatically  trapping  a  well  fluid  sample  in  said  sampling  tool  in  response  to  said  sampler  com- 

mand  signal.  Preferably  also  said  receiving  and  generating  means  generates  a  sampler  command  signal  in 
response  to  a  second  predetermined  number  of  said  determinations  being  made,  said  second  predetermined 
number  being  less  than  said  first-mentioned  predetermined  number;  and 

said  apparatus  further  comprises  a  sampling  tool  connecting  to  said  housing  and  including  sampler  con- 
30  trol  means  for  automatically  trapping  a  well  fluid  sample  in  said  sampling  tool  in  response  to  said  sampler  com- 

mand  signal. 
The  invention  further  includes  a  controller  for  a  downhole  apparatus,  comprising: 

means  for  providing  signals  representing  values  of  a  downhole  parameter  changing  over  time; 
means,  responsive  to  said  signals,  for  comparing  a  later  one  of  said  values  with  an  earlier  one  of  said 

35  values  and  for  providing  a  plurality  of  output  signals  indicating  when  said  later  value  is  within  different  prede- 
termined  ranges  of  said  earlier  value;  and 

means  for  providing  a  control  signal  to  the  downhole  apparatus  in  response  to  a  selected  one  of  said 
output  signals. 

In  order  that  the  invention  may  be  more  fully  understood,  reference  is  made  to  the  accompanying  drawings, 
40  wherein: 

FIGS.  1A-1B  comprise  a  schematic  elevation  sectioned  view  of  a  single  action  shut-in  tool  in  place  in  a 
production  tubing  string  of  a  well. 

FIGS.  2A-2E  comprise  an  elevation  partially  sectioned  view  of  the  single  action  shut-in  tool  of  Fig  1  A. 
FIGS.  3  and  4  are  illustrations  similar  to  Fig.  2C  showing  sequential  positions  of  the  actuating  apparatus 

45  of  Figs.  2A-2E  as  the  pilot  valve  means  is  opened. 
FIG.  5  is  a  sequential  function  listing  for  the  operations  carried  out  by  the  control  system  for  the  apparatus 

of  Figs.  2A-2E. 
FIG.  6  is  a  block  diagram  of  the  control  system. 
FIG.  7  is  a  schematic  circuit  diagram  implementing  the  block  diagram  of  Fig.  6. 

so  FIGS.  8A-8B  comprise  a  schematic  elevation  sectioned  view  of  a  multiple  action  shut-in  tool  and  an  asso- 
ciated  downhole  recorder/master  controller,  and  sampling  apparatus  in  place  in  a  production  tubing  string  of  a 
well. 

FIG.  9  is  a  graphical  illustration  of  formation  pressure  versus  time  fora  typical  multiple  drawdown  and  build- 
up  test  sequence. 

55  FIGS.  10A-10H  comprise  an  elevation  sectioned  view  of  the  multiple  acting  shut-in  tool  of  FIGS.  8A-8B. 
FIG.  11  is  an  enlarged  elevation  sectioned  view  of  the  lower  portion  of  FIG.  10D  showing  more  clearly  the 

details  of  construction  of  the  spool  valve  and  related  porting. 
FIG.  12  is  a  hydraulic  schematic  illustration  of  the  apparatus  of  FIGS.  10A-10H  with  the  spool  valve  in  a 

first  position  corresponding  to  an  open  position  of  the  shut-in  tool. 

5 
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FIG.  13  is  similar  to  FIG.  12  and  shows  the  spool  valve  in  a  second  position  corresponding  to  a  closed 
position  of  the  shut-in  tool. 

FIG.  14  is  an  elevation  sectioned  view  of  a  modification  applicable  to  the  tool  of  FIGS.  10A-10H  for  pro- 
5  viding  a  compressed  gas  high  pressure  source  in  situations  where  well  fluid  pressure  within  the  production 

tubing  is  insufficient  to  provide  actuating  power  for  the  tool. 
FIG.  15  is  a  sectioned  view  taken  along  line  15-15  of  FIG.  14. 
FIG.  16  is  a  flow  chart  illustrating  the  functions  performed  by  the  electronic  control  package  of  the  auto- 

mated  shut-in  tool  of  FIGS.  10A-10H. 
10  FIGS.  17A-17H  comprise  an  elevation  sectioned  view  of  the  automated  sampler  of  FIGS.  8A-8B. 

FIG.  18  is  a  flow  chart  of  the  functions  performed  by  the  electronic  control  package  ofthe  automated  sam- 
pler  of  FIGS.  17A-17H. 

FIGS.  1  9A-1  9C  comprise  a  block  diagram  of  the  recorder/master  controller,  automated  shut-in  tool,  auto- 
mated  sampler,  and  surface  computer  system  ofthe  apparatus  of  FIGS.  8A-8B. 

15  FIG.  20  is  a  flow  chart  illustrating  the  functions  performed  by  the  master  controller  and  slave  controllers 
of  FIGS.  19A-19C  in  conducting  methods  of  efficient  automatic  drawdown  and  buildup  testing  in  accordance 
with  the  invention. 

FIG.  21  is  a  view  similar  to  FIG.  10F  showing  a  modified  version  of  the  automated  shut-in  tool  which  has 
a  self-contained  pressure  monitoring  device  therein. 

20  FIG.  22  is  another  view  similar  to  FIG.  1  0F  showing  yet  another  modification  of  the  automated  shut-in  tool, 
which  in  this  instance  includes  an  acoustic  sensor  for  receiving  acoustic  remote  command  signals. 

FIGS.  23A  and  23B  include  a  schematic  diagram  of  a  hardware-implemented  controller  that  can  be  used 
to  automatically  control  a  downhole  apparatus,  such  as  a  shut-in  tool  or  a  sampler  tool. 

FIG.  24  is  a  schematic  diagram  of  a  partial  implementation  ofthe  combinational  logic  gate  circuit  identified 
25  in  FIG.  23B. 

Detailed  Description  ofthe  Preferred  Embodiments 

The  first  three  sections  of  this  disclosure  under  the  headings  "Single  Action  Shut-In  Tool",  "Summary  of 
30  Operation  of  Single  Action  Shut-In  Tool"  and  "Detailed  Operation  of  Circuitry  of  FIG.  7"  describe  the  subject 

matter  of  FIGS.  1-7  which  is  the  subject  of  our  European  patent  application  no.  052395A.  The  remaining  por- 
tions  of  the  application  describe  the  multiple  shut-in  tool  and  associated  sampler  and 
recorder/master  controller  of  FIGS.  8-24. 

35  Single  Action  Shut-in  Tool 

Referring  now  to  the  drawings,  and  particularly  to  FIGS.  1A-1B,  an  oil  well  is  there  shown  and  generally 
designated  by  the  numeral  10.  The  well  10  is  defined  by  a  casing  12  disposed  in  a  bore  hole  which  intersects 
a  subterranean  hydrocarbon  producing  formation  14.  A  production  tubing  string  16  is  in  place  within  the  well 

40  casing  12  and  is  sealed  against  the  casing  12  by  upper  and  lower  packers  18  and  20.  A  plurality  of  perforations 
22  extend  through  the  casing  12  to  communicate  the  interior  of  the  casing  12,  and  a  lower  interior  24  of  the 
production  tubing  string  16  with  the  subsurface  formation  14,  so  that  well  fluids  such  as  hydrocarbons  may 
flow  from  the  formation  14  through  the  perforations  22  and  up  through  the  production  tubing  string  16. 

A  landing  nipple  26  is  made  up  in  the  production  tubing  string  16  before  the  production  tubing  string  16  is 
45  placed  within  the  well  10.  A  landing  locking  tool  28,  also  referred  to  as  a  lock  mandrel  28,  is  shown  in  place 

locked  within  the  landing  nipple  26.  The  landing  locking  tool  28  carries  packing  30  which  seals  within  a  seal 
bore  32  of  landing  nipple  26. 

The  shut-in  valve  apparatus  34  is  connected  to  the  landing  locking  tool  28  and  suspended  thereby  from 
the  landing  nipple  26.  A  pressure  recording  apparatus  36  is  connected  to  the  lower  end  of  the  shut-in  valve 

so  apparatus  34. 
The  shut-in  valve  apparatus  34  has  a  plurality  of  flow  ports  38  defined  through  the  housing  thereof  as 

seen  in  FIG.  1A.  When  the  shut-in  valve  apparatus  is  in  an  open  position,  well  flu  ids  can  flow  from  the  formation 
14  up  through  the  interior  24  of  production  tubing  string  16  as  seen  in  FIG.  1B,  then  up  through  an  annular 
space  40  defined  between  the  production  tubing  string  16  and  each  ofthe  shut-in  valve  apparatus  34  and  pres- 

55  sure  recording  apparatus  36,  then  inward  through  the  flow  ports  38  and  up  through  an  inner  bore  ofthe  shut- 
in  valve  apparatus  34  and  the  landing  locking  tool  28  up  into  an  upper  interior  portion  42  of  production  tubing 
string  16  which  carries  the  fluid  to  the  surface.  When  the  flow  port  means  38  of  shut-in  valve  apparatus  34  is 
closed,  no  such  flow  is  provided  and  the  fluids  in  subsurface  formation  14  are  shut  in  so  that  they  cannot  flow 
up  through  the  production  tubing  string  16  past  the  landing  nipple  26. 
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The  landing  nipple  26  and  landing  locking  tool  28  are  themselves  a  part  of  the  prior  art  and  may  for  example 
be  an  Otis®  X®  landing  nipple  and  lock  mandrel  as  is  available  from  Otis  Engineering  Corp.  of  Dallas,  Texas. 

The  landing  locking  tool  28  with  the  attached  shut-in  valve  apparatus  34  and  pressure  recording  apparatus 
5  36  is  lowered  down  into  the  production  string  16  on  a  slick  line  (not  shown)  and  locked  in  place  in  the  landing 

nipple  26  when  it  is  desired  to  run  a  drawdown/buildup  test.  After  the  test  is  completed,  the  slick  line  is  again 
run  into  the  well  and  reconnected  to  the  landing  locking  tool  28  in  a  known  manner  to  retrieve  the  landing  locking 
tool  28  with  the  attached  shut-in  valve  apparatus  34  and  pressure  recording  apparatus  36. 

Referring  now  to  FIGS.  2A-2E  an  elevation  section  view  is  thereshown  ofthe  shut-in  tool  apparatus  34. 
10  The  shut-in  valve  apparatus  34  includes  a  housing  assembly  44  extending  from  an  upper  end  46  to  a  lower 

end  48.  The  housing  assembly  44  includes  from  top  to  bottom  a  plurality  of  housing  sections  which  are  thread- 
edly  connected  together.  Those  housing  sections  include  an  upper  housing  adaptor  50,  a  ported  housing  sec- 
tion  52,  a  shear  pin  housing  section  54,  an  intermediate  housing  section  56,  an  intermediate  housing  adaptor 
58,  an  air  chamber  housing  section  60,  a  pilot  valve  housing  section  62,  a  guide  housing  section  64,  a  control 

15  system  housing  section  66,  and  a  lower  housing  adaptor  68. 
The  housing  44  has  a  housing  bore  70  generally  defined  longitudinally  through  the  upper  portions  thereof. 

The  flow  ports  38  previously  mentioned  are  disposed  in  the  ported  housing  section  52  seen  in  FIG.  2Aand 
communicate  the  housing  bore  70  with  the  annular  space  40  of  interior  24  of  production  tubing  string  16. 

The  upper  housing  adaptor  50  has  internal  threads  72  for  connection  to  the  landing  locking  tool  28.  The 
20  lower  housing  adaptor  68  includes  a  threaded  extension  74  for  connection  to  the  pressure  recording  apparatus 

36. 
As  seen  in  FIGS.  2A-2B,  a  shut-in  valve  assembly  76  comprised  of  upper  portion  78,  intermediate  portion 

80,  and  lower  portion  82  is  slidably  received  within  the  housing  bore  70  below  the  flow  ports  38.  Shear  pin 
means  84  initially  holds  the  shut-in  valve  assembly  76  in  its  open  position  as  seen  in  FIGS.  2A-2B.  The  shut- 

25  in  valve  assembly  76  carries  upper  and  lower  packings  85  and  86,  respectively,  of  such  a  size  as  to  seal  the 
housing  bore  70  above  and  below  flow  ports  38  when  the  shut-in  valve  assembly  76  is  moved  upward  to  a 
closed  position  as  further  described  below.  When  the  shut-in  valve  assembly  76  is  moved  upward  to  its  closed 
position,  the  shear  pin  means  84  will  shear  and  the  shut-in  valve  assembly  76  will  move  upward  until  an  upward 
facing  shoulder  88  thereof  engages  a  lower  end  90  of  the  upper  housing  adaptor  50  thus  stopping  upward 

30  movement  of  the  shut-in  valve  assembly  76  in  a  position  defined  as  a  closed  position.  When  the  shut-in  valve 
assembly  76  is  in  that  closed  position,  the  upper  and  lower  packings  85  and  86  will  be  sealingly  received  within 
housing  bore  portions  92  and  94,  respectively. 

A  differential  pressure  actuating  piston  96  has  an  elongated  upper  portion  98  and  an  enlarged  lower  end 
portion  100.  The  enlarged  lower  end  portion  100  carries  a  sliding  O-ring  seal  and  backup  ring  assembly  102 

35  which  is  sealingly  slidingly  received  within  a  bore  104  of  air  chamber  housing  section  60.  The  elongated  upper 
portion  98  of  differential  pressure  actuating  piston  96  is  closely  received  within  a  lower  bore  1  06  of  intermediate 
housing  adaptor  58  with  an  O-ring  seal  108  being  provided  therebetween.  Thus  a  sealed  annular  chamber  110 
is  defined  between  upper  seal  108  and  lower  seal  102,  and  between  the  elongated  upper  portion  98  of  differ- 
ential  actuating  piston  96  and  the  bore  104  of  air  chamber  housing  section  60.  This  sealed  chamber  110  is 

40  referred  to  as  an  air  chamber  110  or  low  pressure  zone  110  and  is  preferably  filled  with  air  at  substantially  at- 
mospheric  pressure  upon  assembly  of  the  tool  at  the  surface. 

A  pilot  valve  port  112  is  defined  through  the  side  wall  of  pilot  valve  housing  section  66  and  communicates 
the  interior  24  of  production  tubing  string  16  with  a  passageway  114  which  extends  upward  and  communicates 
with  a  lower  end  116  ofthe  differential  pressure  actuating  piston  96. 

45  The  differential  pressure  actuating  piston  96  can  be  described  as  having  first  and  second  sides  118  and 
116.  The  first  side  118  is  the  annular  area  defined  on  the  upper  end  of  enlarged  portion  100  and  has  an  area 
defined  between  seals  108  and  102.  The  first  side  118  is  in  communication  with  the  low  pressure  air  chamber 
110. 

A  pilot  valve  element  120  is  slidably  disposed  in  housing  44  and  carries  a  pilot  valve  seal  122  which  in  a 
so  first  position  ofthe  pilot  valve  element  120  is  sealingly  received  within  a  lower  bore  124  of  air  chamber  housing 

section  60  to  isolate  the  lower  end  116  of  actuating  piston  96  from  the  pilot  valve  port  112. 
In  a  manner  further  described  below,  the  pilot  valve  element  120  can  be  moved  downward  relative  to  hous- 

ing  44  to  move  the  seal  122  out  of  bore  124  thus  communicating  pilot  valve  port  112  with  the  lower  end  116 
of  differential  pressure  actuating  piston  96  so  that  a  pressure  differential  between  the  well  fluid  within  produc- 

55  tion  tubing  string  16  and  the  low  pressure  zone  110  acts  upwardly  across  the  differential  area  of  actuating  piston 
96  to  move  the  same  upwards  within  housing  44.  As  the  differential  pressure  actuating  piston  96  moves  up- 
ward,  its  upper  end  126  engages  a  lower  end  128  of  shut-in  valve  assembly  76.  The  shear  pin  means  84  will 
then  be  sheared  and  the  differential  pressure  actuating  piston  96  will  move  upward  pushing  the  shut-in  valve 
assembly  76  upward  until  its  shoulder  88  engages  lower  end  90  of  upper  housing  adaptor  50  thus  defining  a 
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second  position  ofthe  actuating  piston  98  corresponding  to  the  closed  position  ofthe  shut-in  valve  assembly 
76. 

Located  below  the  pilot  valve  element  120  are  a  number  of  components  which  collectively  can  be  referred 
5  to  as  an  actuator  apparatus  1  30  for  a  downhole  tool  and  particularly  as  an  actuator  apparatus  1  30  for  opening 

the  pilot  valve  120  ofthe  shut-in  valve  apparatus  34. 
The  actuator  apparatus  130  includes  a  mechanical  actuator  means  132  for  actuating  or  opening  the  pilot 

valve  120.  The  actuator  apparatus  130  also  includes  an  electric  motor  drive  means  134  operably  associated 
with  the  mechanical  actuator  means  132  for  moving  the  mechanical  actuator  means  132. 

10  The  mechanical  actuator  means  1  32  includes  a  lead  screw  1  36  defined  on  a  rotating  shaft  1  38  of  electric 
motor  drive  means  134.  Mechanical  actuator  means  132  also  includes  a  threaded  sleeve  140  which  is  recipro- 
cated  within  a  bore  142  of  guide  housing  section  64  as  the  lead  screw  136  rotates  within  a  threaded  inner  cyl- 
indrical  surface  144  of  sleeve  140.  Mechanical  actuator  means  132  can  also  be  described  as  including  a  lower 
extension  135  ofthe  pilot  valve  120  and  an  annular  flange  137  extending  radially  outward  therefrom. 

15  Sleeve  140  has  a  radially  outward  extending  lug  146  received  within  a  longitudinal  slot  148  defined  in  a 
lower  portion  ofthe  guide  housing  section  64,  so  that  the  sleeve  140  can  slide  within  guide  housing  section 
64,  but  cannot  rotate  therein.  Similarly,  the  sleeve  140  has  a  slot  150  defined  therein  within  which  is  received 
a  lug  152  attached  to  the  lower  extension  135  pilot  valve  element  120.  Thus,  a  lost  motion  connection  is  pro- 
vided  between  the  sleeve  140  and  the  pilot  valve  element  120.  Further,  the  threaded  engagement  between 

20  sleeve  140  and  the  lead  screw  1  36  translates  rotational  motion  ofthe  shaft  148  into  linear  motion  ofthe  sleeve 
140  which  is  in  turn  relayed  to  the  pilot  valve  element  120. 

In  FIG.  2C,  the  components  just  described  are  illustrated  in  their  initial  or  first  position  wherein  the  pilot 
valve  element  120  is  closed,  and  more  particularly,  where  an  annular  shoulder  154  of  flange  137  is  abutted 
against  a  first  abutment  156  of  housing  44  which  is  defined  by  a  lower  end  156  of  the  air  chamber  housing 

25  section  60. 
In  the  view  of  FIG.  2C,  the  shaft  1  38  and  lead  screw  1  36  have  been  rotated  to  move  the  sleeve  140  upward 

until  the  lower  end  of  slot  150  engages  lug  152  which  in  turn  then  caused  pilot  valve  element  120  to  move 
upward  until  shoulder  154  abutted  first  abutment  156  of  housing  44. 

The  abutment  156  may  be  generally  described  as  a  first  abutment  means  156  for  abutting  the  mechanical 
30  actuator  means  132  to  limit  movement  thereof  and  thereby  define  a  first  position  of  the  mechanical  actuator 

means  132  corresponding  to  a  closed  position  ofthe  pilot  valve  120. 
As  will  be  further  described  below,  in  a  subsequent  operation  the  electric  motor  drive  means  134  will  be 

run  in  a  reverse  direction  so  as  to  rotate  the  lead  screw  136  in  a  reverse  direction  and  cause  the  sleeve  140 
to  move  downward  in  housing  44.  The  sleeve  44  will  move  downward  until  the  upper  end  1  58  of  slot  1  50  en- 

35  gages  the  lug  152  thus  pulling  pilot  valve  element  120  downward  until  lower  annular  shoulder  160  abuts  a  sec- 
ond  upward  facing  abutment  162  ofthe  housing  44.  The  upward  facing  second  abutment  162  can  be  generally 
described  as  a  second  abutment  means  for  abutting  the  mechanical  actuator  means  1  32  and  defining  a  second 
position  thereof  corresponding  to  the  open  position  of  pilot  valve  element  120. 

FIGS.  3  and  4  are  similar  to  FIG.  2C  and  they  illustrate  the  movement  of  the  mechanical  actuator  means 
40  1  32  from  its  first  or  closed  position  of  FIG.  2C  through  an  intermediate  position  in  FIG.  3  to  its  second  or  open 

position  in  FIG.  4. 
In  FIG.  3,  the  sleeve  140  has  moved  downward  until  the  upper  end  158  of  slot  150  engages  lug  152  so 

that  further  movement  ofthe  sleeve  140  will  pull  the  pilot  valve  element  120  downward. 
FIG.  4  shows  the  sleeve  140  having  moved  downward  to  its  fullest  extent  thus  pulling  the  pilot  valve  ele- 

45  ment  120  completely  open,  with  the  shoulder  160  abutting  the  second  abutment  162. 
The  electric  motor  drive  means  134  includes  a  gear  reducer  (not  shown).  Connected  to  the  lower  end  of 

the  electric  motor  drive  means  134  is  an  electronics  package  or  control  system  164.  Below  that  is  an  electrical 
connector  166  which  connects  an  electrical  battery  power  supply  168  with  the  control  system  164. 

The  electric  motor  134,  control  system  164,  and  power  supply  168  are  schematically  illustrated  in  the  block 
so  diagram  of  FIG.  6.  FIG.  5  is  a  sequential  function  listing  which  represents  the  operating  steps  performed  by 

the  control  system  164.  It  will  be  appreciated  that  the  control  system  164  may  be  microprocessor  based,  or 
may  be  comprised  of  hard  wired  electric  circuitry. 

As  described  above,  as  the  electric  motor  drive  means  134  drives  the  mechanical  actuator  means  132  in 
either  direction,  the  mechanical  actuator  means  132  will  ultimately  run  up  against  an  abutment  means  which 

55  prevents  further  movement  thereof.  When  this  occurs,  the  shaft  138  of  electric  motor  drive  means  134  can 
no  longer  rotate  and  the  electric  motor  drive  means  134  is  stalled.  When  the  electric  motor  drive  means  134 
stalls  it  will  draw  an  increased  current  from  electronics  package  164  which  controls  the  flow  of  current  from 
power  supply  168  to  the  electric  motor  drive  means  1  34. 

The  control  system  164  includes  a  load  sensing  means  174  for  sensing  an  increased  load  on  the  electric 
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motor  drive  means  134,  and  preferably  for  sensing  an  increased  current  draw  thereof,  when  the  mechanical 
actuator  means  132  abuts  an  abutment  so  that  further  motion  thereof  is  prevented.  The  control  means  164 
provides  a  means  for  controlling  the  electric  motor  drive  means  134  in  response  to  the  load  sensing  means 

5  174  as  is  further  described  below  with  reference  to  FIGS.  5,  6  and  7. 
The  control  system  164  further  includes  a  timer  means  176  for  providing  a  time  delay  before  the  drive 

means  134  moves  the  mechanical  actuator  means  132  to  open  the  pilot  valve  120. 
The  control  system  164  further  includes  a  start-up  initialize  means  178  for  setting  and/or  resetting  the  timer 

means  176  and  starting  a  timing  period  thereof  upon  assembly  of  the  apparatus  34  as  further  described  below. 
10  The  control  system  164  also  includes  a  power  switching  means  1  79  which  includes  motor  power  switching 

circuit  181  and  control  logic  circuit  183. 
The  start-up  initialize  means  178  also  activates  a  first  start-up  means  180  of  power  switching  means  179 

for  starting  the  electric  motor  drive  means  moving  in  a  first  direction  so  as  to  move  the  sleeve  140  upward  to 
the  position  shown  in  FIG.  2C  wherein  the  shoulder  154  is  abutted  with  first  abutment  156.  The  load  sensing 

15  means  1  74  operates  a  first  shut-down  means  1  82  of  power  switching  means  1  79  for  shutting  down  the  electric 
motor  drive  means  134  when  it  stalls  out  in  the  position  of  FIG.  2C. 

The  power  switching  means  179  further  includes  a  second  start-up  means  184  for  starting  up  the  electric 
motor  drive  means  1  34  to  run  in  a  second  direction  so  as  to  move  the  sleeve  140  downward  after  a  time  delay 
programmed  into  the  timer  means  176  has  elapsed.  Asecond  shut-down  means  186  shuts  off  the  electric  motor 

20  drive  means  134  in  response  to  a  signal  from  the  load  sensing  means  174  indicating  that  the  drive  motor  134 
has  again  stalled  out  when  the  mechanical  actuator  means  132  has  engaged  the  second  abutment  162. 

The  start-up  and  shut-down  means  180,  182,  184  and  186  are  provided  by  various  combinations  of  logic 
states  A  and  B  ofthe  detailed  circuitry  shown  in  FIG.  7.  Those  logic  states  are  further  described  below. 

25  Summary  of  Operation  of  Single  Action  Shut-in  Tool 

The  general  operation  ofthe  control  system  164  is  best  described  with  reference  to  the  sequential  function 
listing  of  FIG.  5. 

When  the  apparatus  34  is  first  assembled  at  the  surface  before  it  is  placed  within  the  production  tubing 
30  string  16,  the  initial  connection  ofthe  power  supply  168  to  the  control  system  164  by  connector  166  starts  a 

series  of  operations  represented  in  FIG.  5.  First  the  timer  176  is  reset  (see  SET  and  SET  in  the  FIG.  7  embodi- 
ment)  and  then  starts  running.  It  will  be  appreciated  that  the  timer  176  is  previously  set  (see  Program  Jumper 
of  FIG.  7)  for  a  predetermined  time  delay  which  is  needed  before  the  shut-in  tool  apparatus  is  to  be  actuated. 
This  time  delay  must  be  sufficient  to  allow  the  shut-in  tool  apparatus  34  to  be  placed  in  the  production  tubing 

35  string  16  as  shown  in  FIGS.  1  A-1  B  and  for  the  flow  of  production  fluid  up  through  the  production  fluid  string 
16  to  reach  a  steady  state  at  which  point  it  is  ready  to  be  shut  in  so  that  the  shut-in  pressure  test  can  be  con- 
ducted. 

Additionally,  upon  initial  connection  of  the  control  system  164  to  the  power  supply  168,  the  first  start-up 
means  180  starts  the  electric  motor  drive  means  134  running  in  a  first  direction  so  as  to  move  the  sleeve  140 

40  upward  (A  =  logic  1  and  B  =  logic  0  in  FIG.  7  embodiment). 
When  the  mechanical  actuator  means  132  engages  the  first  abutment  156  the  load  sensor  174  will  sense 

that  the  motor  134  has  stalled,  and  the  first  shut-down  means  182  will  then  shut  down  the  electric  motor  134 
(A  =  logic  0  and  B  =  logic  0  in  FIG.  7  embodiment). 

Nothing  further  will  happen  until  the  timer  means  176  generates  a  command  signal  indicating  that  the  full 
45  time  delay  programmed  therein  has  elapsed.  In  response  to  that  command  signal,  the  control  system  164,  and 

particularly  the  second  start-up  means  184  thereof  will  cause  the  electric  motor  drive  means  134  to  start  up 
in  the  opposite  direction  from  which  it  originally  turned  so  as  to  cause  the  sleeve  140  to  be  moved  downward 
thus  pulling  the  pilot  valve  element  120  to  an  open  position  (A=  logic  0  and  B  =  logic  1  in  FIG.  7  embodiment). 

This  will  continue  until  the  mechanical  actuator  means  132  abuts  the  second  abutment  162  at  which  time 
so  the  motor  134  will  again  stall.  The  load  sensor  174  will  again  sense  that  the  motor  134  has  stalled,  and  in  re- 

sponse  to  a  signal  from  the  load  sensor  174  the  second  shut-down  means  186  will  shutdown  the  electric  motor 
drive  means  134  (A=  logic  1  and  B  =  logic  1  in  FIG.  7  embodiment). 

Thus  the  pilot  valve  120  will  remain  in  an  open  position  which  allows  the  pressure  differential  between  the 
production  fluid  and  the  low  pressure  zone  110  to  move  the  differential  pressure  actuating  piston  96  upwardly 

55  thus  moving  the  shut-in  valve  element  assembly  76  upwardly  to  close  the  flow  ports  38  thus  shutting  in  the 
well. 

After  the  well  is  shut  in,  the  pressure  will  rise  and  that  pressure  rise  will  be  monitored  and  recorded  as  a 
function  of  time  by  the  pressure  recording  apparatus  36  in  a  well  known  manner. 

Subsequently,  a  retrieving  tool  (not  shown)  is  run  into  the  production  string  36  and  engages  the  locking 
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landing  tool  28  to  retrieve  the  locking  landing  tool  28,  shut-in  tool  apparatus  34,  and  pressure  recording  appa- 
ratus  36  from  the  well. 

After  the  shut-in  valve  apparatus  34  is  retrieved  from  the  well,  it  can  be  reset  so  as  to  be  subsequently 
5  run  back  into  the  well  very  simply.  All  that  is  necessary  is  for  the  power  supply  168  to  be  disconnected  from 

control  system  164,  and  then  subsequently  reconnected.  When  the  power  supply  168  is  reconnected  to  the 
control  system  164  the  timer  176  will  be  reset,  the  motor  134  will  be  started  up  in  a  first  direction  so  as  to  move 
the  mechanical  actuator  means  132  and  the  pilot  valve  element  120  back  to  the  closed  position  of  FIG.  2C, 
and  then  the  other  steps  illustrated  in  FIG.  5  will  be  performed  in  sequence.  Of  course  it  is  necessary  for  the 

10  shut-in  valve  apparatus  34  and  particularly  the  shut-in  valve  assembly  76  to  be  manually  reset  and  forthe  shear 
pins  84  to  be  replaced  therein. 

The  use  of  the  load  sensing  means  174  to  sense  the  position  of  the  electric  motor  drive  means  134  and 
particularly  of  the  mechanical  actuator  means  1  32  replaces  limit  switches  which  are  typically  used  to  determine 
such  positions.  As  will  be  appreciated  by  those  skilled  in  the  art,  limit  switches  are  often  unreliable  in  operation, 

15  and  further  take  significant  room  in  the  assembly. 
Additionally,  t  he  use  of  I  imit  switches  requires  t  hat  fairly  close  tolerances  be  kept  on  t  he  various  mechan  ical 

components  to  insure  that  the  limit  switch  will  in  fact  be  actuated  when  the  mechanical  components  reach  their 
desired  locations.  These  close  mechanical  tolerances  are  eliminated  by  use  ofthe  present  system  which  merely 
provides  the  abutments  156  and  162  which  rigidly  limit  the  movement  of  the  moving  mechanical  parts.  This 

20  allows  relatively  loose  tolerances  to  be  used  on  the  various  mechanical  parts  since  they  need  only  be  sized 
so  as  to  insure  that  the  abutments  will  in  fact  be  engaged. 

Detailed  Operation  Of  Circuitry  Of  FIG.  7 

25  The  following  is  a  description  of  the  operation  of  the  preferred  circuitry  for  control  system  164  shown  in 
FIG.  7.  FIG.  7  is  a  circuit  diagram  implementing  the  block  diagram  of  FIG.  6.  Functional  portions  ofthe  circuitry 
corresponding  to  the  block  diagram  of  FIG.  6  are  enclosed  in  phantom  lines  and  like  reference  numerals  indi- 
cate  like  elements. 

At  the  application  of  power,  a  positive  going  pulse  of  about  20  Ms  is  generated  by  the  NAND  gate  UN  (pin 
30  10).  This  pulse  is  labeled  SET,  and  it  is  used  to  initialize  the  flip  flop  U9,  and  the  counter-dividers  U2  and  U3. 

The  SET  pulse  is  inverted  by  U5,  which  creates  SET.  SET  is  used  with  the  gating  arrangement  U4  and  U5, 
and  the  U6  configure  line  "Kb",  to  provide  preset  requirements  for  U6,  the  divide  by  N  counter.  During  this  first 
20  mS,  U9,  U2  and  U3  are  initialized,  and  U6  is  loaded  with  the  desired  delay  count,  selected  by  the  program 
jumper  U7.  The  oscillator,  U1  and  Y1  ,  is  allowed  to  start  running  immediately  at  power  up,  because  its  32  kHz 

35  output  is  required  during  the  first  20  mS,  again  for  preset  requirements  of  U6.  The  timer  system,  U1  ,  U2,  U3 
and  U6  begins  to  count  down  at  the  end  of  the  SET  pulse. 

The  one-shot  U8a  provides  a  greater  than  one  second  delay  from  power  up  before  issuing  a  START  signal. 
This  was  done  to  allow  the  circuitry  to  be  initialized  and  stabilized  before  the  motor  load  is  connected.  At  START, 
the  flip  flop  U9a  produces  a  high  at  A,  which  starts  the  motor  reversing.  This  mode  gives  the  operator  easy 

40  means  to  initialize  the  valve  assembly  when  readying  the  tool  for  a  job. 
At  the  end  of  valve  travel,  a  mechanical  stop  is  encountered,  which  causes  the  motor  to  stall,  causing  an 

increase  in  motor  current.  This  current  increase  becomes  sufficient  at  a  point  to  cause  transistor  Q5  to  switch 
on,  generating  a  trigger  for  the  one-shot  U8b.  U8b  along  with  the  three  NAND  gates  UN,  form  a  timed  event 
qualifier,  which  requires  that  the  stall  indication  from  Q5  be  present  for  at  least  200  mS  (approximately),  before 

45  a  STALL  pulse  will  be  generated.  This  prevents  the  system  from  stalling  from  start-up  surges,  or  other  brief 
load  surges.  The  first  legitimate  STALL  resets  U9a,  bringing  A  low,  and  removing  power  from  the  motor. 

The  timer  continues  to  count  down  until  T0  occurs,  which  brings  B  high,  and  starts  the  motor  in  the  forward 
direction  to  open  the  pilot  valve  assembly  120.  Again  valve  travel  continues  until  a  mechanical  stop  is  encoun- 
tered,  which  again  generates  a  STALL  pulse.  This  second  STALL  pulse  clocks  the  high  level  at  B  through  the 

so  flip  flop  U9b,  which  latches  into  a  condition  with  its  Q  output  high.  This  also  provides  a  high  to  the  set  input  of 
U9a,  which  causes  its  Q  output  also  to  latch  high.  This  gives  a  high  level  at  both  A  and  B,  and  again  removes 
power  from  the  motor. 

The  system  remains  in  this  state  until  power  is  removed,  and  reapplied. 
The  states  of  the  A  and  B  outputs  resulting  from  the  foregoing  are  as  follows: 

55 
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Event  A  B  Motor 

SET  0  0  Off 

START  1  0  Reverse  (close  pilot  valve  120) 

STALL  0  0  Off 

T0  0  1  Forward  (open  pilot  valve  120) 

STALL  1  1  Off 

Multiple  Action  Shut-in  Tool 
15 

FIGS.  10A-10H  illustrate  a  multiple  action  shut-in  tool  which  can  be  repeatedly  opened  and  closed  to  per- 
form  multiple  drawdown  and  buildup  tests.  FIGS.  8A-8B  schematically  illustrate  such  a  multiple  shut-in  tool  and 
associated  apparatus  in  place  in  a  production  tubing  string  of  a  well  generally  designated  by  the  numeral  200. 

The  well  200  is  defined  by  a  casing  202  disposed  in  a  bore  hole  which  intersects  the  subterranean  hydro- 
20  carbon  producing  formation  204.  A  production  tubing  string  206  is  in  place  within  the  well  casing  202  and  is 

sealed  against  the  casing  202  by  upper  and  lower  packers  208  and  210.  A  plurality  of  perforations  212  extend 
through  the  casing  202  to  communicate  the  interior  of  the  casing  202,  and  a  lower  interior214  of  the  production 
tubing  string  206  with  the  subsurface  formation  204,  so  that  well  fluids  such  as  hydrocarbons  may  flow  from 
the  formation  204  through  the  perforations  212  and  up  through  the  production  tubing  string  206. 

25  A  landing  nipple  216  is  made  up  in  the  production  tubing  string  206  before  the  production  tubing  string  206 
is  placed  within  the  well  200.  A  landing  locking  tool  218  also  referred  to  as  a  lock  mandrel  218  is  shown  in 
place  locked  within  the  landing  nipple  216.  The  lock  mandrel  218  carries  packing  220  which  seals  within  a 
seal  bore  222  of  landing  nipple  216. 

Amultiple  shut-in  valve  apparatus  224  is  connected  to  the  lock  mandrel  218  and  suspended  thereby  from 
30  the  landing  nipple  216.  An  electronic  master  controller  and  pressure  and  temperature  recording  apparatus  226 

is  connected  to  the  lower  end  of  shut-in  tool  224.  An  automatically  controlled  fluid  sampling  apparatus  228  is 
connected  below  the  recorder/master  controller  226. 

The  shut-in  tool  224  has  a  plurality  of  flow  ports  230  defined  through  the  housing  thereof  as  seen  in  FIG. 
8A.  When  the  shut-in  tool  224  is  in  an  open  position,  well  fluid  can  flow  from  the  formation  204  up  through  the 

35  interior  214  of  production  tubing  string  206  as  seen  in  FIG.  8B,  then  up  through  an  annular  space  232  defined 
between  the  production  tubing  string  206  and  each  ofthe  shut-in  tool  224,  recorder/master  controller  226,  and 
sampler  228,  then  inward  through  flow  ports  230  and  up  through  an  inner  bore  ofthe  shut-in  tool  224  and  lock 
mandrel  218  up  into  an  upper  interior  portion  234  of  production  tubing  string  206  which  carries  the  fluid  to  the 
surface.  When  the  flow  ports  230  of  shut-in  tool  224  are  closed,  no  such  flow  is  provided  and  the  fluids  in 

40  subsurface  formation  204  are  shut  in  so  that  they  cannot  flow  up  through  the  production  tubing  string  206  past 
the  landing  nipple  216. 

The  landing  nipple  216  and  lock  mandrel  218  are  themselves  a  part  ofthe  prior  art  and  may  for  example 
be  an  Otis®  X®  landing  nipple  and  lock  mandrel  as  is  available  from  Otis  Engineering  Corp.  of  Dallas,  Texas. 

The  lock  mandrel  21  8  with  the  attached  shut-in  tool  224,  recorder/master  controller  226,  and  sampler  228 
45  are  lowered  down  into  the  production  tubing  string  206  on  a  slick  line  (not  shown)  and  locked  in  place  in  the 

landing  nipple  216.  The  assembly  just  described  may  also  be  assembled  with  the  production  tubing  string  and 
run  into  place  with  the  production  tubing  string  if  the  assembly  is  intended  to  be  a  permanent  installation,  which 
as  further  described  below  is  possible  with  this  embodiment. 

The  assembly  may  of  course  be  retrieved  by  running  a  slick  line  into  the  well  and  engaging  the  lock  mandrel 
50  218  in  a  known  manner  to  pull  the  same  out  of  engagement  with  the  landing  nipple  216. 

The  shut-in  tool  34  described  above  with  regard  to  FIGS.  1-7  is  capable  of  acting  only  one  time.  That  is 
the  shut-in  tool  34  is  run  into  the  well  in  an  open  position,  and  it  closes  once  to  record  a  single  shut-in  test  and 
then  must  be  retrieved  from  the  well. 

It  is  often  desirable  to  run  multiple  drawdown  and  buildup  tests  in  succession.  This  cannot  be  done  with 
55  the  shut-in  tool  34  of  FIGS.  1-7. 

Multiple  drawdown  and  buildup  tests  have  been  performed  with  slick  line  actuated  shut-in  tools  ofthe  prior 
art.  That  is  accomplished,  however,  only  by  manipulating  the  slick  line  from  the  surface.  There  is  no  real  time 
feedback  to  the  surface  of  any  downhole  parameter  indicating  what  is  actually  going  on  in  the  well,  thus  it  is 
difficult  to  know  how  long  to  keep  the  well  shut  in  or  how  long  to  allow  the  well  to  flow.  Accordingly,  typical 
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prior  art  methods  will  shut  in  the  well  for  many  hours  and  make  certain  that  the  shut-in  bottom  hole  pressure 
has  peaked,  then  the  well  will  be  open  to  flow  for  many  hours,  then  it  will  again  be  shut  in  for  many  hours,  and 
so  forth.  Ultimately,  the  shut-in  tool  is  removed  from  the  well  after  the  test  is  complete. 

5  Such  drawdown  and  buildup  tests  are  often  performed  on  producing  wells  at  regularly  scheduled  intervals 
to  monitor  the  performance  ofthe  producing  formations  in  the  well.  Such  regularly  scheduled  testing  requires 
a  regular  mobilization  of  the  equipment  and  personnel  necessary  for  running  conventional  prior  art  slick  line 
actuated  shut-in  tools. 

The  embodiment  disclosed  herein  in  FIGS.  10A-10H  shows  an  automatically  controlled  multiple  shut-in  tool 
10  224  which  is  capable  of  repeated  operation  without  the  use  of  a  slick  line  actuator.  The  multiple  shut-in  tool 

may  be  utilized  in  a  number  of  ways.  It  can  be  utilized  with  a  simple  timing  type  controller  similar  to  that  de- 
scribed  above  forthe  single  action  shut-in  tool  34  but  being  more  sophisticated  so  as  to  allow  multiple  operation. 
Also,  the  multiple  shut-in  tool  224  can  utilize  a  control  system  which  monitors  one  or  more  downhole  parameters 
and  operates  the  multiple  shut-in  tool  224  in  response  to  the  monitored  parameter. 

15  Most  preferably,  the  shut-in  tool  224  and  the  associated  recorder/master  controller  226  can  monitor  the 
formation  pressure  or  any  other  formation  parameter  or  feedback,  and  automatically  open  and  close  the  mul- 
tiple  shut-in  valve  224  when  the  controlling  parameter  undergoes  a  specific  pattern  of  change,  or  reaches  a 
critical  value.  One  preferred  technique  of  control  is  to  maintain  the  shut-in  valve  224  closed  until  downhole  pres- 
sure  has  stabilized  and  built  up  substantially  to  a  peak  value.  Then  the  shut-in  valve  224  is  promptly  opened 

20  so  as  to  minimize  the  time  interval  over  which  the  well  is  shut  in.  The  opening  ofthe  shut-in  tool  224  starts  a 
draw-down  period  which  is  also  monitored.  When  the  bottom  hole  pressure  has  substantially  reached  a  mini- 
mum  value,  the  shut-in  tool  224  can  again  be  closed  to  promptly  start  another  buildup  period.  Such  a  scenario 
provides  very  efficient  methods  of  automatic  drawdown  and  buildup  testing  which  minimize  the  time  required 
to  complete  the  test. 

25  Also,  in  suitable  situations  the  multiple  shut-in  tool  224  and  related  apparatus  may  be  left  in  the  well  on  a 
semi-permanent  basis  and  programmed  to  conduct  regularly  scheduled  drawdown  buildup  tests  without  the 
need  for  mobilizing  equipment  and  personnel.  The  data  collected  by  the  recorder/master  controller  226  can  be 
periodically  retrieved  in  any  one  of  a  number  of  ways  which  are  further  described  below. 

FIG.  9  illustrates  a  typical  pressure  versus  time  plot  as  recorded  by  the  recorder/master  controller  226  dur- 
30  ing  a  multiple  drawdown  buildup  test.  Time  represents  the  closing  of  shut-in  tool  224  to  begin  a  buildup  test. 

Curve  236  represents  the  buildup  of  pressure  in  the  lower  portion  ofthe  production  tubing  string  below  shut- 
in  tool  224.  In  the  time  interval  from  T2  to  T3  it  can  be  seen  that  the  pressure  is  substantially  stabilized.  The 
recorder/master  controller  226  is  preferably  programmed  to  recognize  the  stabilization  in  pressure  and  to 
promptly  terminate  the  build-  up  test  by  opening  shut-in  tool  224  at  time  T3  to  start  a  drawdown  test  as  repre- 

35  sented  by  the  curve  238.  Similarly,  the  time  interval  from  T4  to  T5  represents  an  interval  in  which  the  pressure 
has  again  substantially  stabilized  at  a  minimum  level.  The  recorder/master  controller  226  may  be  programmed 
to  recognize  this  stabilization  and  to  promptly  reclose  shut-in  tool  224  at  time  T5  to  start  yet  another  buildup 
period  as  indicated  by  the  curve  240.  This  can  be  repeated  as  often  as  necessary.  In  the  curve  shown  in  FIG. 
9  at  T6,  the  shut-in  tool  is  again  opened  to  begin  another  drawdown  interval  represented  by  the  curve  242.  At 

40  time  T7,  the  shut-in  tool  224  is  again  closed  to  begin  yet  another  buildup  interval. 
The  recorder/master  controller  226  can  also  be  programmed  to  operate  the  sampler  apparatus  228  at  a 

desired  optimum  time  during  the  buildup  drawdown  testing  represented  in  FIG.  9.  As  is  further  described  below, 
there  may  be  various  preferred  times  for  taking  the  sample.  The  recorder/master  controller  226  can  recognize 
the  desired  sampling  time  and  actuate  the  sampler  228.  Additionally,  there  can  be  multiple  samplers  like  sam- 

45  pier  228  connected  therebelow,  and  multiple  samples  can  be  taken  at  different  selected  times  during  a  test 
sequence. 

As  stated  earlier,  this  system  can  be  programmed  to  test  and  sample  a  well  at  widely  spaced  intervals;  for 
instance  monthly  testing  and/or  sampling. 

Also  it  should  be  noted  that  although  the  present  invention  is  disclosed  in  the  context  of  drawdown  and 
so  buildup  testing  in  a  producing  well,  some  aspects  ofthe  invention  may  be  applied  to  drill  stem  testing  and  ex- 

ploratory  well  testing  on  uncompleted  wells. 
A  number  of  advantages  are  provided  by  the  use  of  the  automatically  controlled  multiple  shut-in  tool.  It 

allows  periodic  multiple  drawdown  and  buildup  testing  of  formations  without  multiple  trips  into  the  well.  It  allows 
well  tests  to  be  performed  as  efficiently  as  possible  by  monitoring  formation  responses  or  changes  in  formation 

55  conditions  or  parameters  and  setting  test  times  accordingly.  It  allows  for  samplers  or  other  devices  to  be  op- 
erated  automatically  at  optimum  times  during  a  test.  It  also  allows  for  the  automation  of  well  testing  programs 
even  for  long  periods  of  time  without  the  need  for  surface  equipment  and/or  personnel  mobilization  to  the  well 
site. 

The  monitored  bottom  hole  pressure  may  be  generally  referred  to  as  a  downhole  parameter.  It  will  be  un- 
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derstood  that  the  sensed  value  of  the  downhole  parameter  may  be  that  value  naturally  produced  by  the  well 
or  it  may  be  an  artificial  value  such  as  that  created  when  a  pressure  pulse  is  introduced  to  the  well  from  the 
surface. 

5 
Detailed  Description  ofthe  Multiple  Shut-in  Tool  of  FIGS.10A-10H 

FIGS.  1  0A-1  OH  comprise  an  elevation  sectioned  view  of  the  multiple  shut-in  tool  224.  The  tool  224  includes 
a  housing  generally  designated  by  the  numeral  244.  The  housing  244  includes  a  number  of  tubular  components 

10  threadedly  connected  together  by  conventional  threaded  connections  with  O-ring  seals  therebetween.  From 
top  to  bottom  the  components  of  the  housing  244  include  flow  port  housing  246,  intermediate  adapter  248, 
high  pressure  chamber  housing  250,  spool  valve  body  252,  low  pressure  chamber  housing  254,  actuator  hous- 
ing  256,  motor  housing  258,  electronics  housing  260  and  lower  adapter  262. 

The  flow  port  housing  section  246  of  housing  244  has  a  housing  bore  264  defined  therein.  Flow  port  hous- 
15  ing  section  246  also  has  the  flow  ports  230  defined  laterally  through  a  side  wall  thereof  communicating  the 

housing  bore  264  with  the  lower  interior  214  of  production  tubing  string  206  to  allow  fluid  flow  inward  through 
the  flow  ports  230  and  up  through  the  housing  bore  264  and  then  up  through  the  upper  tubing  interior  234. 

Flow  port  housing  246  has  an  internally  threaded  upper  end  266  for  connection  to  the  lock  mandrel  218 
or  to  an  auxiliary  equalizing  sub  (not  shown)  which  may  be  located  between  the  lock  mandrel  218  and  the  flow 

20  port  housing  246. 
Ashut-in  valve  element  268  is  disposed  in  the  housing  bore  264  and  is  movable  between  an  open  position 

as  shown  in  FIG.  1  0A  wherein  the  flow  ports  230  are  opened  and  a  closed  position  wherein  the  flow  ports  230 
are  closed.  Shut-in  valve  element  268  carries  upper  and  lower  annular  seals  270  and  272,  respectively.  The 
lower  seal  272  slidingly  engages  an  enlarged  diameter  lower  portion  274  of  housing  bore  264.  When  the  shut- 

25  in  valve  element  268  moves  upward  relative  to  flow  port  housing  246  from  the  position  shown  in  FIG.  10A,  the 
upper  seal  270  will  move  into  and  sealingly  engage  an  upper  portion  276  of  housing  bore  264  so  that  the  flow 
ports  230  are  closed  between  the  seals  270  and  272. 

Flow  valve  element  268  includes  a  balancing  passage  278  defined  therethrough  for  preventing  hydraulic 
lockup  as  the  shut-in  valve  element  268  slides  within  the  housing  bore  264. 

30  The  lower  end  of  shut-in  valve  element  268  is  threadedly  connected  at  279  to  an  upper  actuating  shaft 
280  which  is  closely  slidingly  received  within  a  bore  282  of  intermediate  adapter  248  with  a  sliding  O-ring  seal 
284  provided  therebetween.  Upper  actuating  shaft  280  is  threadedly  connected  at  286  to  lower  actuating  shaft 
288.  Lower  actuating  shaft  288  has  an  enlarged  diameter  portion  290  which  is  closely  slidably  received  within 
a  lower  bore  292  of  high  pressure  chamber  housing  250  with  a  sliding  O-ring  seal  294  provided  therebetween. 

35  Alowermost  portion  296  of  lower  actuating  shaft  288  is  closely  slidably  received  within  a  bore  298  of  spool 
valve  body  252  with  upper  and  lower  sliding  O-ring  seals  300  and  302  being  provided  therebetween. 

An  enlarged  diameterdifferential  pressure  actuating  piston  304  is  integrally  formed  on  lower  actuating  shaft 
288  and  is  closely  slidably  received  within  a  piston  bore  306  of  spool  valve  body  252  with  a  sliding  O-ring  piston 
seal  308  provided  therebetween. 

40  An  annular  high  pressure  zone  or  chamber  310  is  defined  between  lower  actuating  shaft  288  and  high  pres- 
sure  chamber  housing  250.  A  plurality  of  high  pressure  ports  312  are  disposed  through  the  side  wall  of  high 
pressure  chamber  housing  250  for  communicating  the  high  pressure  zone  310  with  the  interior  214  and  par- 
ticularly  with  the  annular  space  232  of  production  tubing  string  206.  An  annular  floating  piston  314  is  slidably 
received  within  the  annular  high  pressure  zone  310.  It  carries  an  inner  O-ring  316  which  seals  against  the  out- 

45  side  diameter  of  lower  actuating  shaft  288  and  it  carries  an  outer  O-ring  318  which  seals  against  a  cylindrical 
inner  surface  319  of  high  pressure  chamber  housing  250.  The  floating  piston  314  separates  clean  hydraulic 
fluid  which  fills  the  high  pressure  zone  310  therebelow  from  well  fluids  which  enter  the  high  pressure  ports 
312  thereabove.  From  the  description  just  given,  it  will  be  apparent  that  the  high  pressure  zone  310,  and  par- 
ticularly  the  clean  hydraulic  fluid  contained  therein  below  annular  piston  314  will  provide  a  supply  of  clean  hy- 

50  draulic  fluid  at  a  relatively  high  pressure  which  is  equal  to  the  pressure  of  well  fluid  within  the  interior  214  of 
production  tubing  string  206  surrounding  the  high  pressure  ports  312. 

The  differential  pressure  actuating  piston  304  can  be  described  as  having  first  and  second  sides  320  and 
322  which  may  also  be  referred  to  as  upper  and  lower  sides  320  and  322.  The  actuating  piston  304  is  operably 
associated  with  the  shut-in  valve  element  268  through  the  upper  and  lower  actuating  shafts  280  and  288  so 

55  that  the  actuating  piston  304  moves  the  shut-in  valve  element  268  between  its  open  and  closed  positions  as 
the  actuating  piston  304  reciprocates  within  the  cylindrical  bore  306. 

The  housing  244  also  has  defined  therein  a  low  pressure  chamber  324  which  upon  assembly  is  filled  with 
air  at  atmospheric  pressure.  As  is  further  described  below,  the  pressure  differential  between  the  high  pressure 
chamber  310  and  the  low  pressure  chamber  324  is  selectively  applied  across  the  differential  area  ofthe  ac- 
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tuating  piston  304  to  move  it  up  or  down  as  desired  to  close  and  open  the  shut-in  valve  element  268.  The  dif- 
ferential  area  of  actuating  piston  308  is  the  annular  area  defined  on  the  outside  diameter  by  O-ring  308  and 
on  the  inside  diameter  by  O-rings  294  and  300  which  are  of  equivalent  diameters. 

5  The  control  over  communication  ofthe  high  and  low  pressure  zones  310  and  324  with  the  actuating  piston 
304  is  provided  by  a  pilot  valve  means  generally  designated  by  the  numeral  326  in  the  lower  portion  of  FIG. 
10D.  That  portion  ofthe  apparatus  224  is  shown  in  enlarged  view  in  FIG.  11.  The  pilot  valve  means  326  can 
selectively  communicate  one  ofthe  first  and  second  sides  320  and  322  of  actuating  piston  304  with  the  interior 
214  of  tubing  string  206  through  the  high  pressure  zone  310,  and  simultaneously  communicate  the  other  of 

10  the  first  and  second  sides  320  and  322  with  the  low  pressure  zone  324  so  that  a  pressure  differential  between 
the  interior  of  the  tubing  string  206  and  the  low  pressure  zone  324  moves  the  actuating  piston  304  and  thus 
moves  the  shut-in  valve  element  268  between  its  open  and  closed  positions. 

The  pilot  valve  means  326  includes  a  spool  valve  bore  328  defined  in  spool  valve  body  252  and  includes 
a  spool  valve  element  330  slidably  received  in  the  spool  valve  bore. 

15  The  housing  244  has  a  number  of  passages  defined  therein  whereby  the  pilot  valve  means  326  can  se- 
lectively  communicate  the  upper  and  lower  sides  320  and  322  of  actuating  piston  304  with  the  desired  ones 
of  high  pressure  zone  310  and  low  pressure  zone  324.  These  include  a  first  passage  332  communicating  the 
first  or  upper  side  320  of  actuating  piston  304  with  the  spool  valve  bore  328.  The  annular  cavity  334  defined 
between  bore  306  and  the  lower  actuating  shaft  288  can  be  described  as  having  upper  and  lower  portions  336 

20  and  338,  respectively,  which  are  communicated  with  the  upper  and  lowersides  320  and  322  of  actuating  piston 
304. 

The  first  passage  332  includes  a  radial  port  339  which  communicates  upperchamber  portion  336  with  shaft 
passage  340  formed  downward  through  the  lower  actuating  shaft  288  and  includes  a  lower  lateral  port  342 
which  communicates  with  a  thin  annular  chamber  344  defined  between  bore  298  and  lower  actuating  shaft 

25  288  between  seals  300  and  302. 
Aradial  port  346  shown  in  dashed  lines  in  FIG.  10D  communicates  annular  chamber  344  with  another  long- 

itudinal  passage  (not  shown)  which  may  be  visualized  as  lying  behind  passage  number  354  and  leading  down- 
ward  to  a  lateral  port  348  which  communicates  with  the  spool  valve  bore  328.  That  hidden  passage  also  leads 
further  downward  to  another  lateral  port  350.  The  arrangement  of  the  lateral  ports  348  and  350  may  be  better 

30  understood  by  viewing  the  schematic  illustration  in  FIGS.  12  and  13. 
A  second  passage  352  is  provided  through  housing  244  for  communicating  the  lower  or  second  side  322 

of  actuating  piston  304  with  the  spool  valve  bore  328.  Second  passage  352  includes  an  elongated  bore  354 
which  is  communicated  with  the  lower  portion  338  of  chamber  334  and  extends  downward  through  the  spool 
valve  body  252  to  lateral  ports  356  and  358  which  communicate  the  longitudinal  passage  354  with  spool  valve 

35  bore  328. 
A  third  passage  360  is  defined  in  housing  244  and  in  part  through  actuating  shaft  288  to  communicate 

the  spool  valve  bore  328  with  the  high  pressure  zone  310.  Third  passage  360  includes  a  longitudinal  bore  362 
extending  through  spool  valve  body  252  downward  from  a  blind  end  364  of  bore  298  to  two  lateral  ports  366 
and  368  which  communicate  with  spool  valve  bore  328.  Third  passage  360  also  includes  a  longitudinal  bore 

40  370  extending  upward  through  lower  actuating  shaft  288  and  terminating  in  a  lateral  port  372  which  is  com- 
municated  with  the  high  pressure  zone  310. 

A  fourth  passage  374  is  defined  in  the  housing  244  and  communicates  the  spool  valve  bore  328  with  the 
low  pressure  zone  324.  Fourth  passage  374  includes  a  longitudinal  bore  376  defined  in  spool  valve  body  252 
and  intersecting  first  and  second  lateral  ports  378  and  380  which  are  communicated  with  spool  valve  bore  328. 

45  An  open  lower  end  382  of  longitudinal  bore  376  is  in  open  communication  with  the  low  pressure  zone  324. 
The  manner  in  which  the  spool  valve  element  330  controls  communication  of  high  and  low  pressure  to  the 

selected  sides  of  actuating  piston  304  is  best  understood  with  reference  to  the  schematic  illustrations  of  FIGS. 
12  and  13.  In  FIG.  12,  the  spool  valve  element  330  is  illustrated  in  a  first  position  relative  to  the  spool  valve 
bore  328  wherein  the  first  passage  332  is  communicated  with  the  third  passage  360  to  communicate  high  pres- 

50  sure  to  the  top  side  320  of  actuating  piston  304,  and  wherein  the  second  passage  352  is  communicated  with 
fourth  passage  374  to  communicate  low  pressure  to  the  bottom  side  322  of  actuating  piston  340  so  as  to  move 
the  actuating  piston  304  to  the  position  illustrated  in  FIG.  10C  and  FIG.  12  corresponding  to  the  open  position 
ofthe  shut-in  valve  element  268. 

In  FIG.  13,  the  spool  valve  element  330  is  shown  in  a  second  position  relative  to  the  spool  valve  bore  328. 
55  The  spool  valve  element  330  has  moved  upward  or  from  right  to  left  from  the  position  of  FIG.  12  to  the  position 

of  FIG.  13.  In  the  second  position  illustrated  in  FIG.  13,  the  spool  valve  element  330  causes  the  first  and  fourth 
passages  332  and  374  to  be  communicated  with  each  other  and  the  second  and  third  passages  352  and  360 
to  be  communicated  with  each  other  so  that  low  pressure  is  above  actuating  piston  304  and  high  pressure  is 
below  actuating  piston  304  to  move  the  actuating  piston  304  upward  or  from  right  to  left  to  the  position  of  FIG. 

14 



EP  0  566  382  A1 

13  corresponding  to  the  closed  position  ofthe  shut-in  valve  element  268. 
The  spool  valve  element  330  carries  first,  second,  third,  fourth,  fifth,  sixth,  seventh,  eighth  and  ninth  O- 

rings  384,  386,  388,  390,  392,  394,  396,  398  and  400,  respectively. 
5  A  first  necked  down  portion  402  of  spool  valve  element  330  is  located  between  first  and  second  seals  384 

and  386  and  can  be  described  as  forming  a  first  annular  chamber  402.  A  second  necked  down  area  forms  a 
second  annular  chamber  404  between  third  and  fourth  seals  388  and  390.  A  third  necked  down  area  forms  a 
third  annular  chamber  406  between  sixth  and  seventh  annular  seals  394  and  396.  Afourth  necked  down  area 
forms  a  fourth  annular  chamber  408  between  eighth  and  ninth  O-rings  398  and  400. 

10  When  the  spool  valve  element  330  is  in  the  first  position  shown  in  FIG.  12,  the  first  chamber  402  commu- 
nicates  second  passage  352  with  fourth  passage  374.  The  second  chamber  404  communicates  first  passage 
332  with  third  passage  360. 

In  the  second  position  of  FIG.  13,  the  third  chamber  406  communicates  first  passage  332  with  fourth  pas- 
sage  374,  and  the  fourth  chamber  408  communicates  second  passage  352  with  third  passage  360. 

15  By  moving  the  spool  valve  element  330  back  and  fourth  between  its  first  and  second  positions  of  FIGS. 
12  and  13,  respectively,  the  shut-in  valve  element  268  can  be  moved  between  its  open  and  closed  positions, 
respectively,  to  perform  multiple  drawdown  and  buildup  tests  on  the  subsurface  formation  204. 

The  shut-in  tool  224  may  operate  as  many  times  as  the  oil  capacity  in  oil  chamber  310  allows  and  as  the 
capacity  of  the  dump  chamber  324  will  accommodate. 

20  The  spool  valve  element  330  is  reciprocated  within  the  spool  valve  bore  328  by  means  of  an  electric  motor 
driven  lead  screw  type  actuator  apparatus  41  0  similar  to  the  actuator  apparatus  1  30  described  above  with  ref- 
erence  to  FIGS.  2C-2D.  Actuator  apparatus  410  includes  an  electric  motor412  which  rotates  a  motor  shaft  41  4. 

Motor  shaft  414  is  splined  at  416  to  lead  screw  418.  Lead  screw  418  carries  a  radially  outward  extending 
flange  420  which  is  sandwiched  between  thrust  bearings  422  and  424.  Lead  screw  418  engages  an  internal 

25  thread  426  of  a  bore  in  the  lower  end  of  spool  valve  element  330  so  as  to  cause  the  spool  valve  element  330 
to  reciprocate  as  the  lead  screw  41  8  rotates.  Spool  valve  element  330  carries  a  radially  outward  extending  lug 
428  which  is  received  within  a  slot  430  defined  in  actuator  housing  section  256  to  prevent  rotation  of  spool 
valve  element  330.  Upward  and  downward  movement  of  spool  valve  element  330  is  limited  by  engagement  of 
lug  428  with  the  upper  and  lower  ends  of  slot  430.  Abutment  of  lug  428  with  the  lower  end  of  slot  430  as  illu- 

30  strated  in  FIG.  10E  corresponds  to  the  first  position  of  spool  valve  element  330  as  seen  in  FIG.  12.  Abutment 
of  lug  428  with  the  upper  end  of  slot  430  corresponds  to  the  second  position  of  spool  valve  element  330  seen 
in  FIG.  13. 

An  electronics  package  432  controls  flow  of  power  from  batteries  434  to  the  motor  412  to  control  the  op- 
eration  of  motor  41  2.  In  the  preferred  embodiment  illustrated,  the  electronics  package  432  is  a  slave  unit  which 

35  operates  in  response  to  a  command  signal  from  a  master  control  system  contained  in  recorder/master  controller 
226  via  electrical  conductors  436  extending  downward  through  bore  438  in  lower  housing  adapter  262.  The 
electronics  package  432  is  designed  to  provide  power  in  the  appropriate  direction  to  motor  41  2  to  cause  it  to 
rotate  so  as  to  move  the  spool  valve  element  330  either  upward  or  downward  in  response  to  closing  and  open- 
ing  command  signals,  respectively,  received  from  the  master  control  system  in  recorder/master  controller  226. 

40  Electronics  package  432  is  constructed  in  a  manner  similar  to  the  electronics  package  164  of  FIG.  7  in  that  it 
is  designed  to  sense  when  the  lug  428  abuts  against  an  end  of  slot  430  thus  stalling  out  motor  412.  Upon  sens- 
ing  such  a  stalled  condition,  the  electronics  package  432  terminates  power  to  the  motor412  until  an  appropriate 
command  signal  is  received  from  master  controller  226  to  restart  the  motor  412  and  rotate  it  in  the  opposite 
direction. 

45  FIG.  16  is  a  flow  chart  of  the  algorithm  performed  by  electronics  package  432. 
Upon  assembly  ofthe  power  supply  434  with  electronics  package  432  the  system  is  initialized.  Then  the 

motor  412  is  started  running  in  a  first  direction  so  as  to  pull  the  spool  valve  element  330  downward  toward  its 
open  position.  When  the  spool  valve  element  330  has  moved  downward  until  lug  428  bottoms  out  against  the 
bottom  end  of  slot  430,  the  motor  41  2  will  stall  which  is  sensed  by  control  package  432.  The  motor  41  2  is  then 

so  shut  down. 
Upon  receiving  a  command  from  master  controller  226  to  close  the  shut-in  valve,  the  motor412  is  started 

up  in  a  second  direction  to  move  the  spool  valve  element  330  upward  thus  closing  the  shut-in  valve  element 
268.  When  the  lug  428  abuts  the  upper  end  of  slot  430,  the  motor  412  will  again  stall.  This  is  sensed  and  the 
motor  412  is  again  shut  down. 

55  Upon  receiving  an  opening  command  from  the  master  controller  226,  the  electric  motor412  is  again  started 
up  in  its  first  direction  to  reopen  the  shut-in  valve  element  268.  When  the  motor  again  stalls  out  this  is  sensed 
and  the  motor  is  shut  down. 

This  process  can  be  repeated  to  conduct  multiple  drawdown  and  shut-in  tests  by  sending  additional  closing 
commands  and  opening  commands  from  the  master  controller  226  to  the  slave  controller432.  When  the  testing 
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sequence  is  completed  and  it  is  desired  to  pull  the  tool  224  from  the  well,  the  shut-in  valve  element  268  will 
typically  be  left  in  its  open  position  and  the  control  package  432  will  be  powered  down. 

This  sequence  of  operations  can  be  implemented  with  circuitry  similar  to  that  of  FIG.  7  except  that  the 
5  timer  means  176  is  deleted  and  replaced  by  a  control  signal  from  the  master  controller  226.  Other  preferred 

modifications  readily  understood  in  the  art  include  (1)  modifying  the  original  circuit  of  FIG.  7  so  that  it  returns 
to  the  set  state  (A=0,  B=0)  after  each  open/close  cycle  to  be  prepared  for  the  next  such  cycle,  and  (2)  con- 
necting  the  A  and  B  signals  to  the  motor  power  switching  means  as  needed  to  obtain  proper  directional  move- 
ment  of  the  motor  for  opening  or  closing  the  shut-in  valve. 

10 
Alternative  Embodiment  Of  FIGS.  14  And  15 

In  some  situations  the  well  fluid  pressure  present  in  the  interior  214  of  production  tubing  string  206  may 
not  be  sufficient  to  operate  the  apparatus  224.  FIG.  14  illustrates  a  modified  portion  of  an  alternative  embodi- 

15  ment  designated  as  224A. 
In  the  embodiment  of  FIG.  14,  a  gas  chamber  housing  section  440  has  been  added  between  intermediate 

adapter  248  and  high  pressure  chamber  housing  250A.  The  lower  actuator  shaft  288A  has  been  lengthened. 
Within  the  gas  chamber  housing  section  440  there  is  defined  a  high  pressure  gas  chamber  442  which  is 

filled  with  nitrogen  gas  under  high  pressure  upon  assembly  of  the  apparatus  224A.  FIG.  15  is  a  cross-sectional 
20  view  which  shows  a  fill  passage  444  by  means  of  which  gas  is  placed  in  the  chamber  442. 

The  high  pressure  chamber  housing  250Ahas  been  modified  in  thatthe  high  pressure  ports  312  have  been 
eliminated  or  plugged.  Thus  high  pressure  from  the  gas  in  gas  chamber  442  is  transferred  across  floating  piston 
314  to  the  clean  hydraulic  fluid  in  chamber  310.  The  remaining  portions  ofthe  tool  224Aare  the  same  as  the 
tool  224  of  FIGS.  10A-10H. 

25 
The  Automated  Sampling  Device 

FIGS.  17A-17H  comprise  an  elevation  sectioned  view  of  the  automated  sampling  apparatus  228  of  FIG. 
8B. 

30  The  sampler  228  includes  a  sampler  housing  generally  designated  by  the  numeral  444.  Sampler  housing 
444  is  made  up  of  a  plurality  of  individual  components  which  are  connected  together  by  conventional  threaded 
connections  with  O-rings  seals  therebetween.  From  top  to  bottom  the  sampler  housing  444  includes  an  upper 
adapter  446,  an  electronics  housing  section  448,  a  drive  housing  section  450,  a  low  pressure  chamber  housing 
452,  a  blocking  valve  housing  454,  a  metering  housing  456,  an  oil  chamber  housing  458,  an  intermediate  adap- 

35  ter  460,  a  sample  chamber  housing  462,  an  air  chamber  coupling  464,  and  a  lower  adapter  466. 
Within  the  electronics  housing  448,  there  is  a  battery  or  power  supply  468,  an  electronic  control  package 

470,  and  an  electric  motor  472.  An  electrical  conduit  474  leads  from  the  master  controller  226  through  a  pas- 
sage  476  in  upper  adapter  446  down  to  the  electronic  control  package  470.  In  a  mannersimilar  to  that  described 
above  forthe  automated  shut-in  tool  224,  the  automated  sampler  228  will  receive  command  signals  from  master 

40  controller  226,  and  the  electronic  control  package  470  will  control  operation  of  the  sampler  228  in  response  to 
those  command  signals. 

The  electric  motor  472  rotates  a  shaft  478  carrying  lead  screw  480  which  threadedly  engages  an  internal 
thread  482  of  an  actuating  shaft  484  in  a  manner  very  similar  to  that  described  above  for  the  lead  screw  ar- 
rangement  shown  in  FIG.  10E  forthe  shut-in  tool  224. 

45  The  actuating  shaft  484  carries  a  radially  outward  extending  lug  486  received  in  a  slot  488  defined  in  the 
drive  housing  section  450.  The  apparatus  is  shown  in  FIG.  17D  with  the  lug  486  bottomed  out  on  a  bottom  end 
of  slot  488  thus  defining  a  downwardmost  position  of  actuating  shaft  484.  As  is  further  described  below,  the 
motor  472  will  upon  command  rotate  the  lead  screw  480  to  cause  the  actuating  shaft  484  to  be  translated  up- 
ward  to  actuate  the  sampler.  The  actuating  shaft  484  will  move  upward  until  lug  486  abuts  the  upper  end  of 

so  slot  488,  which  abutment  will  be  sensed  by  electronic  control  package  470  which  will  then  shut  down  the  motor 
472  in  a  manner  like  that  previously  described. 

The  actuating  shaft  484  extends  through  a  low  pressure  chamber  490  which  is  preferably  filled  with  air  at 
atmospheric  pressure  during  assembly  ofthe  apparatus  228.  For  reasons  which  will  become  apparent,  the  low 
pressure  chamber  490  may  be  described  as  a  dump  chamber  490. 

55  The  lower  end  of  actuating  shaft  484  carries  a  valve  sleeve  492.  In  the  position  shown  in  FIG.  17E,  the 
valve  sleeve  492  is  concentrically  received  about  a  neck  portion  494  of  a  blocking  valve  assembly  496.  The 
valve  sleeve  492  may  also  be  considered  to  be  a  part  of  the  blocking  valve  assembly  496. 

The  neck  portion  494  extends  upward  from  a  blocking  valve  body  498  which  is  received  within  a  bore  500 
of  blocking  valve  housing  454  with  an  O-ring  seal  502  provided  therebetween. 
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A  narrow  elongated  blind  bore  504  extends  upward  into  blocking  valve  body  498  and  into  neck  portion  494 
from  a  lower  end  506  of  blocking  valve  body  498.  A  lateral  port  508  communicates  bore  504  with  the  cylindrical 
outer  surface  of  neck  portion  494.  When  the  valve  sleeve  492  is  in  the  position  shown  in  FIG.  1  7E,  the  valve 

5  sleeve  492  blocks  the  lateral  port  508  to  prevent  fluid  flow  therethrough.  As  is  further  described  below,  when 
the  actuating  shaft  484  is  pulled  upward  it  will  pull  the  valve  sleeve  492  out  of  engagement  with  neck  portion 
494  so  as  to  allow  flow  of  hydraulic  fluid  through  bore  504  and  lateral  port  508  into  the  dump  chamber  490. 

Located  below  blocking  valve  body  498  is  a  metering  cartridge  510  having  a  central  passage  512  extending 
completely  therethrough  from  top  to  bottom.  Disposed  in  the  passage  512  is  a  metering  orifice  means  514 

10  which  is  preferably  a  device  such  as  a  Viscojet™  element  of  a  type  well  known  to  the  art. 
An  oil  chamber  516  filled  with  clean  hydraulic  fluid  is  defined  in  the  housing  444  below  metering  cartridge 

510.  A  differential  pressure  actuating  piston  518  is  slidably  disposed  in  the  oil  chamber  516.  In  FIG.  17F  the 
actuating  piston  518  is  shown  in  its  initial  position  abutting  a  bottom  end  ofthe  oil  chamber  516.  A  sliding  O- 
ring  seal  520  is  provided  in  the  piston  518.  The  oil  chamber  516  above  the  actuating  piston  518  and  up  to  the 

15  blocking  valve  496  is  substantially  completely  filled  with  clean  hydraulic  fluid  such  as  hydraulic  oil  upon  as- 
sembly  ofthe  tool. 

A  lower  side  of  actuating  piston  518  is  communicated  with  well  fluid  in  the  interior  214  of  production  tubing 
string  206  through  a  pair  of  power  ports  522  and  524. 

When  the  actuating  shaft  484  is  pulled  upward  by  motor  472  to  open  the  blocking  valve  496,  an  upward 
20  pressure  differential  will  be  created  across  actuating  piston  51  8  due  to  the  difference  in  pressure  between  the 

well  fluid  entering  port  522  and  the  substantially  atmospheric  pressure  in  dump  chamber  490.  This  will  move 
the  actuating  piston  51  8  upward.  Upward  movement  of  actuating  piston  518  occurs  rather  slowly  over  a  period 
of  time  due  to  the  metering  ofthe  hydraulic  oil  through  the  metering  orifice  means  514. 

Integrally  constructed  with  the  actuating  piston  518  is  an  elongated  sampler  valve  element  526  which  ex- 
25  tends  downwardly  from  piston  518.  The  sampler  valve  element  has  an  enlarged  diameter  portion  528  which 

carries  an  O-ring  seal  530  that  seals  within  a  bore  532  of  oil  chamber  housing  458.  In  the  initial  position  of 
actuating  piston  518  shown  in  FIG.  17F,  the  seal  530  is  located  below  ports  522  and  524  thus  preventing  flow 
of  well  fluid  therethrough  into  a  sample  chamber  534  defined  within  sample  chamber  housing  462. 

As  sampler  valve  element  526  moves  upward  the  O-ring  530  will  move  above  port  524  which  will  allow 
30  well  fluid  to  enter  port  524  and  flow  downward  into  the  sample  chamber  534  to  fill  the  sample  chamber  534 

with  a  sample  of  well  fluid.  The  well  fluid  flows  in  port  524  below  O-ring  530,  then  through  a  thin  annular  space 
536  defined  between  bore  532  and  sample  chamber  element  526,  then  radially  inward  through  port  538,  then 
downward  through  central  bore  540  of  sampler  valve  element  526,  then  radially  outward  through  port  542,  then 
through  a  plurality  of  slots  544  defined  in  a  downward  extending  annular  skirt  546  of  intermediate  adapter  460, 

35  then  through  a  thin  annular  space  548  defined  between  a  bore  550  of  intermediate  adapter  460  and  skirt  546, 
then  into  the  sample  chamber  534  above  a  floating  piston  552.  Floating  piston  552  carries  O-ring  seals  551 
and  553.  Well  fluid  will  rapidly  fill  the  sample  chamber  534  moving  the  floating  piston  552  downward  until  the 
floating  piston  552  abuts  an  upper  end  554  of  air  chamber  coupling  464.  Air  initially  located  in  sample  chamber 
534  below  floating  piston  552  will  be  compressed  into  an  air  space  556  defined  in  air  chamber  coupling  464 

40  and  lower  end  adapter  466. 
After  the  sample  chamber  534  has  filled  with  well  fluid,  the  actuating  piston  518  and  sampler  valve  element 

526  will  continue  to  move  upward  until  a  pair  of  O-ring  seals  556  carried  thereby  pass  above  an  upper  end 
558  of  slots  544  thus  closing  off  the  passageway  into  sample  chamber  534  and  trapping  the  sample  of  well 
fluid  within  the  sample  chamber  534  between  the  seals  556  and  the  floating  piston  552. 

45  The  electronic  control  package  470  of  sampler  apparatus  228  operates  in  a  mannersimilar  to  that  described 
above  for  the  electronic  control  package  432  of  shut-in  tool  224.  Electronic  control  package  470  functions  as 
a  slave  controller  to  control  operation  of  the  sampler  valve  apparatus  228  in  response  to  sampling  command 
signals  received  from  the  master  controller  226.  The  functions  performed  by  the  electronic  control  package 
470  are  set  forth  in  the  flow  chart  of  FIG.  18.  Upon  connection  of  the  power  supply  468  to  electronic  control 

so  package  470,  the  control  circuitry  will  initialize.  It  will  start  the  motor  472  to  run  in  a  first  direction  so  as  to  make 
certain  that  the  control  shaft  484  is  in  its  downwardmost  position  as  illustrated  in  FIG.  17D.  When  lug  486  bot- 
toms  out  against  the  bottom  end  of  slot  488,  the  circuitry  of  control  system  470  will  sense  that  the  motor  472 
has  stalled  and  will  shut  down  the  motor  472. 

The  electronic  control  package  470  will  then  await  receipt  of  a  sampling  command  from  master  controller 
55  226.  Upon  receiving  that  sampling  command,  it  will  start  the  motor  472  running  in  a  second  direction  so  as  to 

pull  the  actuating  shaft  484  upward  to  open  the  blocking  valve  means  496  and  allow  a  sample  to  be  received 
and  trapped  within  the  sampling  chamber  534.  As  the  actuating  shaft  484  moves  upward  the  lug  486  will  abut 
the  upper  end  of  slot  488  and  will  again  stall  the  motor  472  which  will  be  sensed  by  control  system  470  which 
will  again  shut  down  the  motor  472.  Since  the  sampling  apparatus  228  functions  only  to  take  a  single  sample 

17 



EP  0  566  382  A1 

that  will  complete  the  activities  of  the  sampling  apparatus  228. 
It  will  be  appreciated  that  if  multiple  samples  are  desired,  one  or  more  additional  sampling  apparatus  can 

be  connected  below  the  sampling  apparatus  228  and  can  be  connected  to  the  master  controller  226  so  as  to 
5  take  additional  samples  upon  command  from  the  master  controller  226. 

The  electrical  circuitry  of  electronic  control  package  470  is  similar  to  that  of  FIG.  7  except  that  the  timer 
means  176  and  associated  circuitry  are  removed  and  in  place  thereof  the  master  controller  226  is  connected 
so  as  to  provide  input  B.  The  sampling  command  signal  is  provided  by  input  B  going  from  low  to  high  to  cause 
the  drive  motor  472  to  be  turned  on  to  open  the  blocking  valve  496. 

10 
The  Master  Controller 

FIGS.  19A,  B  and  C  comprise  a  block  diagram  of  the  master  controller  226,  a  surface  computer  system 
560,  an  interface  562  between  master  controller  226  and  surface  computer  system  560,  the  shut-in  tool  slave 

15  controller  system  432  and  sampler  slave  controller  system  470. 
Particularly,  FIGS.  19Aand  19B  show  in  block  diagram  format  the  arrangement  ofthe  recorder/master 

controller  226  and  associated  surface  computer  system  560  and  interface  562  all  as  is  further  described  in 
detail  in  U.  S.  Patent  No.  4,866,607  to  Anderson  et  al.,  entitled  SELF-CONTAINED  DOWNHOLE  GAUGE  SYS- 
TEM,  and  assigned  to  the  assignee  ofthe  present  invention,  all  of  which  is  incorporated  herein  by  reference. 

20  The  Anderson  et  al.  patent  describes  a  self-contained  downhole  gauge  system  which  continuously  monitors 
downhole  pressure  and  temperature  and  records  appropriate  data.  The  interface  with  surface  computer  system 
560  allows  programming  ofthe  system  prior  to  running  the  tool  in  the  well,  and  permits  subsequent  retrieval 
of  data  after  retrieval  ofthe  tool  from  the  well.  The  Anderson  et  al.  system  is  described  primarily  in  the  context 
of  a  system  for  monitoring  and  recording  pressure  and  temperature  readings,  but  it  is  also  disclosed  at  column 

25  33,  line  61  through  column  34,  Iine8as  being  suitable  forthe  control  of  other  instruments  such  as  the  apparatus 
for  sampling  fluids  and  the  like  which  are  involved  in  the  present  application. 

FIGS.  19Aand  19B  show,  in  block  diagram  format,  elements  comprising  the  preferred  embodiment  ofthe 
recorder/master  controller  226,  the  interface  562  and  the  surface  computer  system  560.  The  preferred  em- 
bodiment  of  the  recorder/master  controller  226  is  made  of  three  detachable  segments  or  sections  which  are 

30  electrically  and  mechanically  interconnectable  through  multiple  conductor  male  and  female  connectors  which 
are  mated  as  the  sections  are  connected.  These  three  sections  are  contained  within  respective  linearly  inter- 
connectable  tubular  metallic  housings  of  suitable  types  as  known  in  the  art  for  use  in  downhole  environments. 
As  shown  in  FIGS.  19Aand  19B,  the  three  sections  ofthe  recorder/master  controller  226  include  (1)  a  trans- 
ducer  section  564,  (2)  a  master  controller/power  converter  and  control/memory  section  566  comprising  master 

35  controller  and  power  converter  and  control  portion  566a  and  a  data  recording  module  including  an  interchange- 
able  semiconductor  memory  portion  566b  or  magnetic  core  memory  portion  566c,  and  (3)  a  battery  section 
568. 

Various  types  of  a  plurality  of  specific  embodiments  of  the  transducer  section  564  can  be  used  for  inter- 
facing  the  recorder/master  controller  226  with  any  suitable  type  of  transducer,  regardless  of  type  of  output. 

40  Examples  of  suitable  transducers  include  a  CEC  pressure-sensing  strain  gauge  with  a  platinum  RTD,  a  Hewlett- 
Packard  281  3B  quartz  pressure  probe  with  temperature  sub,  a  Geophysical  Research  Corporation  EPG-520H 
pressure  and  temperature  transducer,  and  a  Well  Test  Instruments  15K-001  quartz  pressure  and  temperature 
transducer.  However,  regardless  ofthe  specific  construction  used  to  accommodate  the  particular  output  of  any 
specific  type  of  transducer  which  may  be  used,  the  preferred  embodiment  of  the  transducer  section  564  in- 

45  eludes  a  temperature  voltage  controlled  oscillator  circuit  570  which  receives  the  output  from  the  particular  type 
of  temperature  transducer  used  and  converts  it  into  a  suitable  predetermined  format  (such  as  an  electrical  sig- 
nal  having  a  frequency  proportional  to  the  magnitude  ofthe  detected  condition)  for  use  by  the  controller  portion 
in  the  section  566  of  the  recorder/master  controller  226.  The  preferred  embodiment  of  the  transducer  section 
564  also  includes  a  pressure  voltage  controlled  oscillator  circuit  572  for  similarly  interfacing  the  specific  type 

so  of  pressure  transducer  with  the  controller  portion  ofthe  section  566.  Associated  with  the  pressure  voltage  con- 
trolled  oscillator  circuit  572  in  the  preferred  embodiment  is  a  delta  pressure  (AP)  circuit  574  which  provides 
hardware  monitoring  of  rapid  pressure  changes  and  which  generates  a  control  signal  in  response  to  positive 
or  negative  pressure  changes  which  pass  a  predetermined  threshold.  These  three  circuits,  along  with  a  voltage 
reference  circuit  contained  in  the  transducer  section  564,  are  described  in  detail  in  Anderson  etal.  U.  S.  Patent 

55  No.  4,866,607  with  reference  to  FIGS.  3-9  thereof,  all  of  which  is  incorporated  herein  by  reference. 
The  monitoring  and  control  system  for  the  shut-in  tool  could  be  designed  to  be  responsive  to  many  other 

downhole  parameters  other  than  pressure. 
One  alternative  is  to  monitor  flow  rate  in  the  well  and  have  the  shut-in  tool  operate  in  response  to  the  moni- 

tored  flow  rate.  For  example  it  might  be  desired  to  shut  in  the  well  when  the  flow  rate  reaches  a  certain  level. 
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Another  alternative  is  to  monitor  the  compressibility  of  the  oil  being  produced.  As  will  be  understood  by 
those  skilled  in  the  art,  when  a  well  is  freely  flowing  most  of  the  gas  in  the  produced  oil  comes  out  of  solution 
once  the  gas  enters  the  production  string.  When  the  well  is  shut  in,  this  free  gas  starts  being  dissolved  back 

5  into  the  oil.  It  may  be  desirable  in  some  instances  to  take  flowing  oil  samples  but  to  take  those  samples  at  a 
relatively  high  pressure  so  that  most  of  the  gas  is  in  solution  as  it  is  in  the  natural  environment  of  the  subsurface 
formation.  This  can  be  accomplished  by  monitoring  compressibility  ofthe  oil,  since  compressibility  of  course 
is  directly  related  to  the  amount  of  gas  in  solution  in  the  oil. 

Another  alternative  is  to  monitor  downhole  temperature  and  to  operate  the  shut-in  and/or  sampler  tool  in 
10  response  to  monitored  temperature.  The  transducer  section  564  illustrated  in  FIG.  19B  illustrates  one  suitable 

means  for  monitoring  temperature. 
The  controller  portion  of  the  controller/power  converter  and  control/memory  section  566  includes  a  central 

processing  unit  circuit  576,  a  real  time  clock  circuit  578,  a  data  recording  module  interface  circuit  580  and  a 
frequency-to-binary  converter  circuit  582,  which  elements  generally  define  a  microcomputer  means  for  receiv- 

15  ing  electrical  signals  in  the  predetermined  format  from  the  transducer  section  564,  for  deriving  from  the  elec- 
trical  signals  digital  signals  correlated  to  a  quantification  ofthe  magnitude  ofthe  detected  parameter,  for  storing 
the  digital  signals  in  the  memory  portion  ofthe  section  566,  and  for  sending  command  signals  to  the  shut-in 
slave  controller  432  and  the  sampler  slave  controller  470.  These  four  circuits  communicate  with  each  other 
over  a  suitable  bus  and  suitable  control  lines  generally  indicated  in  FIG.  19B  by  the  reference  numeral  584. 

20  The  central  processing  unit  circuit  576  also  communicates  with  the  surface  computer  system  560  through  the 
interface  562  over  input  and  communications  bus  586.  The  central  processing  unit  576  also  communicates, 
through  a  part  ofthe  circuitry  contained  on  the  circuit  card  on  which  the  data  recording  module  interface  circuit 
580  is  mounted,  with  the  transducer  section  564  over  bus  586  to  receive  an  interrupt  signal  generated  in  re- 
sponse  to  the  AP  signal  from  the  AP  circuit  574.  The  frequency-to-binary  converter  circuit  582  also  communi- 

25  cates  with  the  transducer  section  564  over  bus  586  by  receiving  the  temperature  and  pressure  signals  from 
the  circuits  570,  572,  respectively.  The  circuit  582  converts  these  signals  into  digital  signals  representing  num- 
bers  corresponding  to  the  detected  magnitudes  ofthe  respective  environmental  condition.  The  real  time  clock 
circuit  578  provides  clocking  to  variably  control  the  operative  periods  ofthe  central  processing  unit  576.  The 
data  recording  module  interface  circuit  580  provides,  under  control  by  the  central  processing  unit  576,  control 

30  signals  to  the  memory  portion  of  the  section  566.  Each  of  the  circuits  576,  578,  580  and  582  are  more  partic- 
ularly  described  in  Anderson  etal.  U.  S.  Patent  No.  4,866,607  with  reference  to  FIGS.  10,  11,  12  and  13  thereof, 
respectively,  all  of  which  is  incorporated  herein  by  reference. 

The  power  converter  and  control  portion  of  the  section  566  includes  circuits  for  providing  electrical  energy 
at  variously  needed  DC  voltage  levels  for  activating  the  various  electrical  components  within  the  recorder/mas- 

35  ter  controller  226.  This  portion  also  includes  an  interconnect  circuit  for  controlling  the  application  of  at  least 
one  voltage  to  respective  portions  of  the  recorder/master  controller  226  so  that  these  portions  of  the  recor- 
der/master  controller  226  can  be  selectively  powered  down  to  conserve  energy  of  the  batteries  in  the  battery 
section  568.  The  specific  portions  ofthe  preferred  embodiment  of  the  power  converter  and  control  portion  are 
described  in  Anderson  et  al.  U.  S.  Patent  No.  4,866,607  with  reference  to  FIGS.  14-17  thereof,  all  of  which  is 

40  incorporated  herein  by  reference. 
The  data  recording  module  or  memory  portion  of  the  section  566  includes  either  the  semiconductor  mem- 

ory  portion  566b  orthe  magnetic  core  portion  566c  or  a  combination  ofthe  two.  Each  of  these  portions  includes 
an  addressing/interface,  or  memory  decoders  and  drivers,  section  588.  The  semiconductor  memory  portion 
566b  further  includes  four  64K  x  8  (K=1024)  arrays  of  integrated  circuit,  solid  state  semiconductor  memory. 

45  These  are  generally  indicated  by  the  reference  numeral  590  in  FIG.  19A.  A21-VDC  power  supply  592  is  con- 
tained  within  the  portion  566b  for  providing  a  programming  voltage  for  use  in  writing  information  into  the  mem- 
ory  590.  The  magnetic  core  memory  portion  566c  includes  a  256Kx  1  array  of  magnetic  core  memory  generally 
identified  in  FIG.  19A  by  the  reference  numeral  594.  These  elements  ofthe  memory  portion  are  described  in 
Anderson  et  al.  U.  S.  Patent  No.  4,866,607  with  reference  to  FIGS.  18-23  thereof,  the  details  of  which  are  in- 

50  corporated  herein  by  reference. 
The  battery  section  568  shown  in  FIG.  19A  includes,  in  the  preferred  embodiment,  a  plurality  of  lithium- 

thionyl  chloride  or  lithium-copper  oxyphosphate,  C-size  cells.  These  cells  are  arranged  in  six  parallel  stacks 
of  four  series-wired  cells.  Two  of  these  stacks  are  shown  in  FIG.  19Aand  identified  by  the  reference  numerals 
596a,  596b.  Each  series  is  protected  by  a  diode,  such  as  diodes  598a,  598b  shown  in  FIG.  19A,  and  each  par- 

55  allel  stack  is  electrically  connected  to  the  power  converter  and  control  portion  through  a  fuse,  such  as  fuse 
600  shown  in  FIG.  19A.  In  the  preferred  embodiment  the  parallel  stacks  are  encapsulated  with  a  high  temper- 
ature  epoxy  inside  a  fiber  glass  tube.  These  battery  packs  are  removable  and  disposable,  and  the  packs  have 
wires  provided  for  voltage  and  ground  at  one  end  ofthe  battery  section.  The  batteries  are  installed  in  the  re- 
corder/master  controller  226  at  the  time  of  initialization  of  the  recorder/master  controller  226. 
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The  memory  sections  566b  and  566c  communicate  with  master  controller  566a  over  recording  bus  602. 
The  interface  562  through  which  the  recorder/master  controller  226  communicates  with  the  surface  com- 

puter  system  560  comprises  suitable  circuitry  as  would  be  readily  known  to  those  skilled  in  the  art  for  converting 
5  the  signals  from  master  controller  566a  into  the  appropriate  format  recognizable  by  the  surface  computer  sys- 

tem  560.  In  the  preferred  embodiment  this  conversion  is  from  the  input  signals  from  bus  586  at  the  inputs  of 
the  interface  562  to  suitable  IEEE-488  standard  interface  format  output  signals  at  the  outputs  ofthe  interface 
562.  The  IEEE-488  output  is  designated  by  the  block  marked  with  the  reference  numeral  604.  The  preferred 
embodiment  is  also  capable  of  converting  the  input  signals  intoRS-232  standard  format.  Broadly,  the  interface 

10  562  includes  an  eight-bit  parallel  data  bus  and  four  hand  shake  lines,  which  are  further  described  in  Anderson 
et  al.  U.  S.  Patent  No.  4,866,607,  the  details  of  which  are  incorporated  herein  by  reference. 

The  surface  computer  system  560  ofthe  preferred  embodiment  with  which  the  interface  562  communi- 
cates  is  a  Hewlett-Packard  Model  9816  or  Model  9826  microcomputer  with  a  Hewlett-Packard  Model  2921  dual 
disk  drive.  The  microcomputer  is  labeled  in  FIG.  19B  with  the  reference  numeral  608.  Suitably  associated  with 

15  the  microcomputer  606  in  a  manner  as  known  to  the  art  are  a  printer  610,  a  keyboard  612  and  a  plotter  614. 
The  computer  560  can  be  programmed  to  perform  several  functions  related  to  the  use  ofthe  recorder/master 
controller  226.  An  operator  interface  program  enables  an  operator  to  control  the  operation  of  the  computer 
through  simple  commands  entered  through  the  keyboard  612.  A  test  mode  program  is  used  to  test  the  com- 
munication  link  between  the  computer  560  and  the  interface  562.  A  tool  test  mode  program  provides  means 

20  by  which  the  operator  can  test  the  recorder/master  controller  226  to  verify  proper  operation.  A  received  data 
mode  program  controls  the  interface  562  to  read  out  the  contents  ofthe  memory  ofthe  recorder/master  con- 
troller  226;  after  the  memory  has  been  read  into  the  interface  562,  the  information  is  transmitted  to  the  com- 
puter  560  with  several  different  verification  schemes  used  to  insure  that  proper  transmission  has  occurred.  A 
write  data  mode  program  within  the  computer  560  automatically  writes  the  data  received  from  the  interface 

25  562  to  one  or  both  of  the  disks  as  an  ASCII  file  so  that  it  may  be  accessed  by  HPL,  Basic,  Pascal,  or  Fortran 
77  programming  languages.  A  set-up  job  program  allows  the  operator  to  obtain  various  selectable  job  para- 
meters  and  pass  them  to  the  interface  562.  A  monitor  job  program  allows  the  operator  to  monitor  any  job  in 
progress. 

Under  control  of  the  aforementioned  programs  in  the  surface  computer  560,  several  programs  can  be  run 
30  on  a  microprocessor  within  the  interface  562.  A  core  memory  test  program  in  the  recorder/master  controller 

226  reads  and  writes,  under  control  from  the  interface  562,  a  memory  checkerboard  pattern  to  read  and  verify 
proper  operation  ofthe  magnetic  core  memory  in  the  recorder/master  controller  226  when  it  is  connected  to 
the  interface  562  and  to  maintain  a  list  of  any  bad  memory  locations  detected.  A  processor  check  program 
checks  the  status  of  a  microprocessor  within  the  recorder/master  controller  226,  and  a  battery  check  program 

35  checks  the  voltage  of  the  power  cells  in  the  recorder/master  controller  226  to  insure  proper  voltage  for  oper- 
ation.  A  tool  mode  select  program  places  the  recorder/master  controller  226  in  the  proper  mode  for  the  test 
being  run,  and  a  set-up  job  program  further  configures  the  recorder/master  controller  for  the  job  to  be  run.  A 
core  memory  transfer  program  reads  the  contents  of  the  memory  of  the  recorder/master  controller  226  and 
stores  that  information  in  memory  within  the  interface  562  prior  to  transfer  to  the  surface  computer  560. 

40  Through  the  use  of  the  foregoing  programs,  the  tool  operator  initializes  the  recorder/master  controller  226 
prior  to  lowering  the  recorder/master  controller  226  into  the  well  200.  In  the  preferred  embodiment  the  operator 
initializes  the  recorder/master  controller  226  using  a  pre-defined  question  and  answer  protocol.  The  operating 
parameters,  such  as  sampling  mode,  test  delay  times,  serial  numbers  ofthe  individual  instruments,  estimated 
testing  time  and  a  self-test  or  confidence  test,  are  established  at  initialization  and  input  through  the  question 

45  and  answer  protocol.  The  sampling  rates  for  sampling  the  pressure  and  temperature  and  the  corresponding 
resolution  control  information  are  entered  in  a  table  by  the  operator  at  this  initialization;  the  specific  sampling 
rate  and  resolution  used  by  the  gauge  at  any  one  time  are  automatically  selected  from  this  table.  The  sampling 
mode  to  be  selected  is  either  a  fixed  time  interval  mode,  wherein  the  sampling  occurs  at  a  fixed  time  interval, 
or  a  variable  time  interval  mode,  wherein  the  particular  sample  rate  is  selected  from  the  table  based  upon  a 

so  software  detected  change  in  the  pressure  sensed  by  the  pressure  transducer. 
After  the  downhole  test  has  been  run  and  the  recorder/master  controller  226  removed  from  the  well  200, 

the  tool  operator  connects  the  memory  portion  566b  or  566c  with  the  interface  562  to  read  out  the  temperature, 
pressure  and  time  data  stored  within  the  memory  section  566b  or  566c.  Through  another  question  and  answer 
protocol  and  other  suitable  tests,  the  operator  insures  that  the  recorder/master  controller  226  is  capable  of 

55  outputting  the  data  without  faults.  When  the  data  is  to  be  read  out,  it  is  passed  through  the  interface  562  to 
the  surface  computer  system  560  for  storage  on  the  disks  within  the  disk  drive  608  for  analysis. 

The  master  controller  566a  communicates  with  the  shut-in  slave  controller  432  and  sampler  slave  controller 
470  over  slave  control  bus  616. 

The  shut-in  slave  controller  432  as  previously  described  performs  the  functions  set  forth  in  the  flow  chart 

20 
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of  FIG.  16,  and  those  functions  are  implemented  by  circuitry  very  similar  to  that  of  FIG.  7.  The  circuitry  of  shut- 
in  slave  controller  432  includes  a  power  supply  618,  start-up  initialize  means  620,  motor  load  sensing  means 
622,  and  motor  power  switching  means  624,  all  of  which  are  constructed  in  a  similar  fashion  to  the  power  supply 

5  168,  start-up  initialize  means  178,  motor  load  sensing  means  174,  and  motor  power  switching  means  179,  re- 
spectively,  described  above  with  regard  to  FIG.  7.  The  motor  power  switching  means  624  controls  flow  of  elec- 
trical  power  over  electrical  conduits  626  to  the  electric  motor  412  which  moves  the  shut-in  valve  element  268 
to  open  and  close  the  shut-in  tool  224  upon  command. 

As  previously  mentioned,  the  timer  means  1  76  of  FIG.  7  and  associated  circuitry  is  deleted  and  a  command 
10  signal  from  master  controller  566a  is  received  over  slave  control  bus  616  to  provide  the  input  B  to  the  motor 

power  switching  circuit  624.  In  general,  sequential  command  signals  from  the  master  controller  566a  and  op- 
eration  ofthe  shut-in  slave  controller  432  cause  the  Aand  B  signals  shown  in  FIG.  7  to  be  generated  in  proper 
sequence  to  drive  the  motor  412  first  in  one  direction,  then  the  other  and  then  reset  to  repeat  another  cycle. 
In  the  preferred  embodiment,  the  command  signals  are  generated  by  the  master  controller  566a  in  response 

15  to  sensed  pressure  meeting  a  predetermined  criterion  or  a  plurality  of  predetermined  criteria  programmed  into 
the  master  controller  566a.  Such  criteria  can  include  one  or  more  absolute  pressure  values  or  relative  pressure 
differentials  between  consecutive  pressure  readings,  for  example.  The  selection  ofthe  one  or  more  criteria, 
the  programming  of  them  into  the  master  controller,  and  the  programming  ofthe  master  controller  to  use  them 
and  to  generate  command  signals  are  readily  known  in  the  art  (e.g.,  a  simple  comparison  to  determine  if  two 

20  consecutive  pressure  readings  are  within  a  predetermined  range  of  each  other  to  indicate  steady  state). 
Similarly,  the  sampler  slave  controller  470  includes  power  supply  means  628,  start-up  initialize  means  630, 

motor  load  sensing  means  632,  and  motor  power  switching  means  634  which  controls  supply  of  current  over 
electrical  conduit  636  to  electric  motor  472  which  operates  the  sampler  apparatus  228.  Again,  the  timer  means 
176  and  associated  circuitry  of  FIG.  7  have  been  deleted  and  in  place  thereof  a  sampling  command  signal  is 

25  received  from  master  controller  566a  over  516  at  input  B  of  the  motor  power  switching  means  634. 

Methods  Of  Efficient  Automatic  Draw-Down  And  Buildup  Testing  Of  Formations 

The  tool  string  shown  in  FIGS.  8A-8B,  and  particularly  the  automated  multiple  shut-in  tool  apparatus  224, 
30  the  recorder/master  controller  apparatus  226,  and  the  automated  sampler  228  can  be  utilized  to  perform  meth- 

ods  of  efficient  drawdown  and  buildup  testing  of  a  completed  producing  well  in  a  manner  like  that  briefly  de- 
scribed  above  with  regard  to  the  pressure  versus  time  curves  of  FIG.  9.  The  preferred  methods  of  utilizing  the 
system  of  FIGS.  8A-8B  will  now  be  described  in  further  detail. 

A  system  like  that  shown  in  FIGS.  8A-8B  is  run  into  the  well  200  on  a  wire  line  or  the  like  and  set  in  place 
35  within  the  production  tubing  string  206.  This  is  preferably  accomplished  by  setting  a  lock  mandrel  such  as  218 

within  a  landing  nipple  such  as  216  so  that  the  packing  220  of  lock  mandrel  218  seals  within  the  seal  bore 
222  of  landing  nipple  216. 

The  shut-in  tool  apparatus  224  will  typically  be  run  into  the  well  200  with  the  shut-in  valve  element  268  in 
the  open  position  as  shown  in  FIG.  10A. 

40  When  it  is  desired  to  begin  a  buildup  test  such  as  at  time  as  shown  in  FIG.  9,  the  shut-in  valve  element 
268  is  moved  to  a  closed  position  to  shut  in  the  well  200.  This  function  is  accomplished  in  response  to  a  shut- 
in  command  transmitted  by  master  controller  566a  over  slave  control  bus  616  to  the  shut-in  slave  controller 
432  which  will  cause  power  to  be  applied  over  electrical  conduit  626  to  electric  motor412  to  move  the  actuating 
shaft  330  upward  thus  closing  shut-in  ports  230  with  the  shut-in  valve  element  268. 

45  Between  times  and  T3  as  seen  in  FIG.  9,  the  downhole  pressure  will  be  monitored  by  means  ofthe  trans- 
ducer  section  564  of  recorder/master  controller  226  until  it  is  determined  that  the  downhole  pressure  has  ach- 
ieved  a  predetermined  criteria  as  programmed  in  the  central  processing  unit  576.  Preferably  this  predetermined 
criteria  is  a  stabilized  level  at  which  there  is  no  significant  further  change  in  the  monitored  parameter.  This 
can  also  be  described  as  a  buildup  ofthe  shut-in  downhole  pressure  to  a  substantially  constant  peak  value. 

so  As  seen  in  FIG.  9,  after  about  time  T2,  there  is  no  significant  further  change  in  pressure  and  this  situation 
is  recognized  by  the  central  processing  unit  576  which  sends  an  open  command  signal  at  time  T3  over  slave 
control  bus  616  to  the  shut-in  slave  controller  432  to  cause  the  motor  412  to  move  the  shut-in  valve  element 
268  back  to  an  open  position.  This  is  automatically  performed  when  the  shut-in  downhole  pressure  has  sub- 
stantially  peaked  thereby  minimizing  the  time  period  over  which  the  well  200  is  shut  in. 

55  Similarly,  after  the  shut-in  valve  has  been  reopened  at  time  T3,  the  flowing  downhole  pressure  is  monitored 
by  transducer  section  564  and  master  controller  566a,  and  that  system  will  sense  when  the  flowing  downhole 
pressure  has  been  drawn  down  to  a  substantially  constant  minimum  value. 

For  example,  with  reference  to  FIG.  9,  it  is  seen  that  after  about  time  T4,  there  is  no  significant  further 
reduction  in  flowing  downhole  pressure.  This  situation  is  recognized  by  the  central  processing  unit  576  which 
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will  then  generate  a  second  command,  which  may  also  be  referred  to  as  a  closing  command,  which  is  trans- 
mitted  over  bus  616  to  shut-in  slave  controller  432  at  time  T5  to  again  reclose  the  shut-in  valve  element  268 
and  start  another  buildup  test  such  as  that  shown  between  times  T5  and  T6  in  FIG.  9. 

5  This  process  is  repeated  to  perform  multiple  buildup  and  drawdown  tests  to  whatever  extent  desired,  as 
programmed  into  the  central  processing  unit  576.  The  multiple  drawdown  and  buildup  tests  are  performed  in 
an  efficient  manner  in  that  once  the  well  has  been  drawn  to  substantially  a  minimum  flowing  downhole  pressure 
or  once  the  well  has  built  up  to  a  substantially  maximum  shut-in  pressure,  the  position  ofthe  shut-in  valve  268 
will  be  promptly  changed  so  as  to  conduct  the  desired  tests  over  the  minimum  possible  period  of  time. 

10  The  determination  of  whether  the  stabilized  portions  of  the  pressure  versus  time  curve  of  FIG.  9  have  been 
reached  can  be  made  in  several  ways. 

In  some  instances  the  properties  ofthe  formation  will  be  well  known  and  the  maximum  shut-in  bottom  hole 
pressure  will  be  well  known.  In  those  situations  the  control  system  can  be  programmed  to  open  the  shut-in 
valve  once  the  shut-in  pressure  reaches  a  certain  level.  Similarly,  the  flowing  pressure  ofthe  well  may  be  well 

15  known  and  the  control  system  can  be  designed  to  reclose  the  shut-in  valve  when  the  pressure  in  the  well  is 
drawn  down  to  some  absolute  pressure  which  is  very  close  to  the  known  ultimate  open  flowing  pressure.  For 
example,  in  a  typical  well  in  the  Middle  East  flowing  pressure  may  be  1,000  psi  and  a  shut-in  bottom  hole  pres- 
sure  may  be  2,500  psi.  In  such  a  situation  where  it  is  known  that  the  open  flowing  pressures  and  shut-in  pres- 
sures  will  ultimately  reach  these  values  within  a  very  small  variation,  the  control  system  might  be  programmed 

20  to  shut  in  the  well  when  the  pressure  has  been  drawn  down  to  1  ,010  psi  and  it  may  be  programmed  to  reopen 
the  well  to  begin  another  drawdown  test  when  the  shut-in  pressure  reaches  2,490  psi. 

Another  technique  which  may  be  utilized  when  the  expected  maximum  and  minimum  pressures  are  not 
so  well  known  is  to  simply  take  periodic  pressure  readings  and  to  compare  the  latest  reading  to  the  previous 
reading  to  determine  the  change  over  time  from  one  data  point  to  the  next.  A  criteria  can  be  set  for  a  low  level 

25  of  change  over  time  which  will  be  taken  as  an  indication  that  the  well  pressure  has  substantially  stabilized. 
At  any  desired  time  during  the  drawdown,  buildup  testing  represented  in  FIG.  9,  the  sampler  apparatus 

228  can  be  actuated  to  take  a  sample  of  well  fluid.  As  will  be  appreciated  by  those  skilled  in  the  art,  it  may  be 
desirable  to  take  the  well  fluid  sample  at  some  particular  point  on  the  drawdown  and/or  buildup  curve.  For  ex- 
ample,  it  may  be  desired  to  take  a  flowing  sample  or  it  may  be  desired  to  take  a  shut-in  sample.  This  can  be 

30  accomplished  by  appropriate  programming  of  master  controller  566a  so  that  it  will  recognize  the  desired  point 
on  the  pressure  versus  time  curve  and  send  a  sampling  command  over  slave  control  bus  616  to  the  sampler 
slave  controller  470  at  the  appropriate  time. 

For  example,  it  may  be  desired  to  trap  a  well  fluid  sample  while  the  well  is  shut  in  and  after  downhole  pres- 
sure  has  substantially  peaked.  In  that  instance,  the  master  controller  566a  is  programmed  to  send  the  sampling 

35  command  after  time  T2  and  before  time  T3  on  the  first  pressure  buildup  curve  as  represented  in  FIG.  9. 
Also,  throughout  the  testing  represented  in  FIG.  9,  the  recorder/master  controller  226  will  be  recording  the 

value  of  downhole  pressure  and  temperature  at  programmed  intervals,  which  data  is  recorded  in  the  recorder 
portion  566b  or  566c. 

The  master  controller  566a  may  begin  the  testing  procedure  in  any  of  a  number  of  ways.  For  example  the 
40  testing  procedure  may  begin  after  a  certain  elapsed  time  after  initialization  of  the  recorder/master  controller 

226.  Typically  this  elapsed  time  is  set  so  as  to  allow  time  for  the  tool  string  to  be  set  in  place  within  the  well. 
Also,  the  recorder/master  controller  226  can  be  programmed  to  recognize  a  command  signal  such  as  a 

pressure  pulse  introduced  into  the  well  200  by  an  operator  at  the  surface.  Such  a  pressure  pulse  will  be  sensed 
by  the  transducer  section  564  and  can  be  recognized  by  an  appropriately  programmed  master  controller  566a. 

45  The  transducer  section  564  may  be  generally  described  as  a  monitoring  means  for  monitoring  a  downhole 
parameter  such  as  pressure  and  generating  an  input  signal  representative  of  said  downhole  parameter.  The 
master  controller  566a  may  be  generally  described  as  a  processor  means  566a  for  receiving  the  input  signal 
from  monitoring  means  564.  The  processor  means  566a  has  program  criteria  stored  therein  for  receiving  the 
input  signal  and  for  generating  shut-in  valve  closing  and  opening  commands  and  sampling  commands  when 

so  the  input  signal  meets  the  program  criteria.  The  shut-in  slave  controller  432  and  associated  motor  and  mech- 
anical  actuating  system  can  be  described  as  a  control  means  for  moving  the  shut-in  valve  element  268  between 
its  open  and  closed  positions  in  response  to  the  shut-in  valve  opening  and  closing  commands,  and  similarly 
the  sampler  slave  controller  470  and  associated  apparatus  can  be  described  as  a  control  means  for  operating 
the  sampler  228  in  response  to  a  sampling  command. 

55  The  master  controller  566a  can  be  programmed  to  conduct  such  drawdown  and  buildup  tests  on  a  sched- 
uled  periodic  basis,  for  example  monthly.  In  such  case  after  the  drawdown  and  buildup  testing  represented  in 
FIG.  9  is  completed,  the  well  200  is  placed  back  in  production  while  leaving  the  entire  apparatus  including  lock 
mandrel  218,  shut-in  tool  224,  recorder/master  controller  226  and  sampler  228  in  the  well.  Although  this  is  not 
possible  in  all  wells  due  to  the  impedance  of  fluid  flow  resulting  from  the  presence  ofthe  shut-in  valve,  in  many 
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wells  there  is  sufficient  excess  flow  capacity  that  the  presence  of  the  shut-in  valve  will  not  significantly  affect 
production  flow  rates  and  thus  the  shut-in  valve  can  be  left  in  place  during  normal  production. 

At  the  next  scheduled  interval,  for  example  one  month  later,  the  master  controller  226  will  cause  another 
5  sequence  of  drawdown  buildup  tests  to  be  performed.  If  it  is  desired  to  take  another  sample,  it  is  necessary 

that  multiple  sampling  devices  228  be  initially  placed  in  the  well,  and  if  that  is  done,  additional  samples  can 
be  taken  at  each  of  the  scheduled  sampling  times. 

In  the  preferred  embodiment  illustrated,  the  data  recorded  in  recording  section  566b  or  566c  can  ultimately 
be  recovered  by  surface  computer  560  as  previously  described  after  the  tool  string  is  retrieved  from  the  well 

10  200  and  the  recorder/master  controller  226  is  connected  to  the  surface  computer  560  through  interface  562. 
The  test  string  may  also  be  equipped  so  that  recorded  data  can  be  retrieved  electronically  with  wire  line 

or  electric  line,  or  by  removing  a  replaceable  memory  module  from  the  tool  string  via  a  wire  line  or  electric  line. 
FIG.  20  is  a  flow  chart  of  the  program  utilized  by  master  controller  566a  to  perform  the  efficient  methods 

of  automatic  drawdown  and  buildup  testing  described  above  and  to  take  a  fluid  sample  when  the  first  shut-in 
15  curve  substantially  peaks. 

The  controller  is  initialized  before  it  is  placed  in  the  well. 
After  the  controller  is  placed  in  the  well,  it  receives  a  start-up  command  signal  which  may  be  either  an 

elapsed  time  signal  or  may  be  a  bottom  hole  pressure  signal  which  can  either  be  the  natural  bottom  hole  pres- 
sure  or  an  artificial  pressure  signal  introduced  into  the  well. 

20  The  shut-in  valve  224  will  be  in  its  open  position  as  run  into  the  well  so  the  first  command  it  will  receive 
from  the  master  controller  is  a  closing  command  which  is  transmitted  from  the  master  controller  to  the  shut-in 
slave  controller  432. 

After  the  shut-in  valve  224  is  closed,  the  master  controller  226  will  periodically  monitor  the  downhole  pres- 
sure  at  predetermined  time  intervals.  By  comparing  a  current  pressure  reading  to  a  previous  pressure  reading, 

25  a  determination  can  be  made  as  to  whet  her  the  pressure  has  stabilized.  If  the  pressure  has  not  stabilized,  there 
will  be  a  relatively  large  difference  between  successive  readings.  When  the  difference  between  successive 
readings  becomes  less  than  some  preprogrammed  value,  the  master  controllerwill  determine  that  the  pressure 
is  substantially  stabilized. 

The  program  illustrated  in  FIG.  20  will  activate  the  sampler  228  the  first  time  the  pressure  is  stabilized. 
30  After  the  sample  is  taken,  the  master  controller  will  transmit  an  opening  command  to  the  shut-in  slave  controller 

432  to  reopen  the  shut-in  valve  224. 
Afterthe  shut-in  valve  224  is  opened,  the  master  controller  226  will  periodically  monitorthe  downhole  pres- 

sure  at  predetermined  intervals.  It  will  again  compare  current  pressure  readings  to  previous  pressure  readings 
in  order  to  determine  when  the  drawdown  pressure  has  substantially  stabilized.  So  long  as  the  pressure  is  not 

35  stabilized,  the  master  controller  226  will  continue  to  periodically  monitor  downhole  pressure  and  compare  cur- 
rent  pressure  to  the  previous  reading. 

Once  the  master  controller  226  determines  thatthe  drawdown  pressure  has  substantially  stabilized  itthen 
must  determine  whether  this  particular  test  sequence  is  over. 

As  previously  mentioned,  a  typical  test  sequence  will  include  several  cycles  of  opening  and  closing. 
40  If  the  test  sequence  is  not  over,  the  program  returns  to  the  portion  thereof  which  causes  another  closing 

command  to  be  transmitted  to  the  shut-in  slave  controller.  Thus,  the  shut-in  drawdown  cycle  will  be  repeated. 
Of  course,  in  the  second  and  all  subsequent  shut-in  drawdown  cycles,  the  sampler  will  not  be  activated  since 
it  only  operates  once. 

Afterthe  preprogrammed  number  of  shut-in  drawdown  cycles  have  been  performed,  the  master  controller 
45  will  determine  that  the  test  sequence  is  in  fact  over  and  will  terminate  operation. 

One  skilled  in  the  art  could  write  a  program  to  carry  out  this  scheme.  The  program  would  be  placed  in  the 
microprocessor  in  a  known  manner. 

Alternative  Master  Controller  226a 
50 

Another  embodiment  for  a  controller  by  which  both  shut-in  valve  and  sampler  valve  control  signals  can  be 
generated  is  shown  in  FIGS.  23  and  24.  This  embodiment  can  be  used  in  place  ofthe  controller  566  or  in  con- 
junction  therewith.  Controller  566  will  be  used  if  data  are  to  be  recorded  for  later  retrieval,  and  controller  566 
is  shown  in  FIGS.  23Aand  23B  as  providing  timing  or  operating  control  signals  to  alternative  embodiment  226a 

55  shown  in  FIG.  23B. 
Temperature  and  pressure  are  sensed  with  suitable  sensors  as  previously  described  (see  FIG.  23A  illus- 

trating  implementations  of  temperature  and  pressure  transducer  circuits  570a  and  572a).  The  signals  generated 
by  these  parameter  monitoring  circuits  are  provided  to  a  data  recording  device  as  also  previously  described 
with  regard  to  master  controller  226.  The  pressure  signal  is,  however,  further  provided  as  an  input  signal  to 
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the  hardware  implemented  master  controller  226a  shown  in  FIGS.  23B  and  24. 
In  the  preferred  embodiment,  the  input  signal  represents  sensed  pressure  designated  by  the  frequency 

of  the  signal.  This  frequency  is  converted  to  a  voltage  in  a  conventional  frequency-to-voltage  converter  700 
5  (FIG.  23B).  The  output  ofthe  frequency-to-voltage  converter  700  is  provided  to  an  analog-to-digital  converter 

702  which  converts  the  analog  voltage  from  the  frequency-to-voltage  converter  700  to  a  multiple-bit  digital  sig- 
nal  used  in  a  combinational  logic  gate  circuit  704  (specifically,  an  electronically  programmable  logic  device  in 
a  particular  implementation  of  the  preferred  embodiment).  The  digital  signal  represents  or  defines  a  value  of 
the  sensed  pressure. 

10  The  combinational  logic  gate  circuit  704  compares  the  present  state  ofthe  analog-to-digital  converter  702 
output  to  a  previous  state  ofthe  analog-to-digital  converter  702.  The  present  state  represents  the  current  value 
of  sensed  pressure,  and  the  previous  state  represents  the  most  recent  value  of  sensed  pressure  prior  to  the 
current  value.  The  prior  value  is  obtained  from  a  memory  device,  such  as  a  latch  706,  which  is  appropriately 
clocked  to  temporarily  retain  the  most  recent  "present  state"  of  the  analog-to-digital  converter  702  prior  to  the 

15  current  "present  state"  (thus,  a  comparison  is  made  between  the  later,  current  value  and  the  earlier,  most  re- 
cent  prior  value).  The  combinational  logic  gates  ofthe  circuit  704  have  inputs  connected  to  the  output  lines  or 
terminals  of  the  analog-to-digital  converter  702  and  inputs  connected  to  the  output  lines  or  terminals  of  the 
memory  device  706  so  that  the  combinational  logic  gates  receive  both  a  present  state  (i.e.,  present  value  of 
pressure)  from  the  analog-to-digital  converter  702  and  a  previous  state  (i.e.,  previous  value  of  pressure)  of 

20  the  analog-to-digital  converter  702  from  the  memory  device  706.  This  receiving  and  processing  of  signals  in 
the  circuit  704  and  the  latch  706  repeats  continually  over  time  so  that  different  current  pressure  values  and 
different  most  recent  prior  pressures  (each  of  which  had  been  the  respective  prior  current  value)  are  compared 
in  respective  sequential  pairs  over  time.  Determinations  are  made  as  to  whether  the  current  and  prior  values 
in  each  pair  are  within  the  various  predetermined  ranges  of  each  other  as  indicated  by  the  output  signals  from 

25  the  circuit  704. 
A  partial  particular  implementation  ofthe  combinational  logic  gate  circuit  704  is  shown  in  FIG.  24.  This  is 

shown  for  four  bits,  but  it  can  be  readily  expanded  to  accommodate  the  twelve  bits  (or  other  number)  output 
by  the  analog-to-digital  converter  702.  As  illustrated,  the  four  bits  of  present  state  X  are  effectively  compared 
to  the  four  bits  of  previous  state  Y.  Four  outputs  are  provided  to  indicate  when  the  value  of  the  presently  sensed 

30  pressure  is  within  1,  2,  4  and  8  bits  ofthe  last  previously  sensed  pressure.  Selecting  one  of  these  comparison 
ranges  defines,  for  its  use  in  controlling  a  drawdown  and  buildup  test,  "steady  state."  For  the  illustrated  em- 
bodiment,  such  "steady  state"  can  have  some  variance  between  the  prior  pressure  and  the  current  pressure, 
but  this  difference  (as  selected  by  the  operator)  is  considered  to  be  sufficiently  small  or  simply  disregarded 
so  that  control  proceeds  when  the  current  value  is  within  the  selected  range  of  the  prior  value.  The  following 

35  table  gives  an  example  of  selectable  ranges  and  their  corresponding  pressure  range  variances  for  a  maximum 
pressure  of  15,000  psi  and  a  twelve-bit  analog-to-digital  converter: 

Example: 
maximum  pressure  =  1  5000  psi 

A/D  conversion  =  12  bits,  212,  or  4096 
40  resolution  =  =  366  psi/bit 4096  bits 

logic  gate  range  maximum  pressure  differential 

+1  bit  =  +3.66  psi 45 
±2  bits  =  +7.32  psi 

+4  bits  =  +14.65  psi  or  1  atm 

^  +8  bits  =  +29.29  psi  or  2  atm 

Although  the  selected  output  from  the  circuit  704  can  be  directly  used  as  the  control  or  command  signal 
to  actuate  the  shut-in  valve,  it  is  used  in  the  preferred  embodiment  to  drive  a  binary  ripple  counter  708  for  de- 
fining  a  window  or  time  period  during  which  one  or  more  "steady  state"  events  occur  (i.e.,  one  or  more  output 
pulses  provided  from  the  selected  output  ofthe  circuit  704,  indicating  one  or  more  occurrences  of  one  or  more 
previous  and  present  state  comparisons  within  the  selected  range).  The  count  input  ofthe  counter  708  is  con- 
nected  to  the  selected  "range"  or  "steady  state"  output  of  the  circuit  704.  A  switch  710  is  used  to  select  the 
counter  708  output  with  which  to  generate  the  command  signal  that  actuates  the  motor  control  circuit  for  moving 
the  shut-in  valve  as  previously  described.  For  example,  if  the  least  significant  bit  of  the  counter  708  output  is 
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selected  via  the  switch  710,  the  control  signal  is  provided  upon  one  "steady  state"  event  occurring  as  deter- 
mined  by  the  circuit  704.  If  the  next  least  significant  bit  of  the  counter  708  output  is  selected  by  the  switch 
710,  then  two  "steady  state"  events  must  occur  before  the  control  signal  is  generated,  etc. 

5  The  controller  226a  shown  in  FIGS.  23B  and  24  can  be  more  generally  described  as  including  means  for 
comparing  a  first  input  signal  to  a  second  input  signal  and  for  determining  when  the  first  and  second  input  sig- 
nals  are  within  a  predetermined  range  of  each  other,  and  means  for  generating  a  shut-in  command  signal  when 
the  first  input  signal  is  within  the  predetermined  range  of  the  second  input  signal.  The  generating  means  of 
the  preferred  embodiment  includes  the  counter  708  so  that,  if  so  selected,  a  predetermined  number  of  com- 

10  parisons  within  the  selected  predetermined  range  have  to  occur  before  the  command  signal  is  generated. 
The  controller  226a  shown  in  FIGS.  23B  and  24  can  also  be  used  to  generate  a  sampler  command  signal 

in  response  to  the  comparing  and  determining  means.  The  sampler  command  signal  is  used  for  controlling  a 
sampling  tool  to  automatically  trap  a  well  fluid  sample  in  the  sampling  tool.  This  is  implemented  either  by  se- 
lecting  one  of  the  outputs  of  the  combinational  logic  gate  circuit  704  or  by  selecting  one  of  the  outputs  of  the 

15  counter  708. 
If  the  former,  the  sampling  command  signal  is  generated  when  a  value  of  a  current  input  signal  from  the 

analog-to-digital  converter  702  is  within  a  predetermined  range  of  a  value  of  a  prior  input  signal  from  the  analog- 
to-digital  converter  702  as  stored  in  the  latch  706.  In  the  preferred  embodiment,  this  is  at  a  different  range 
than  used  for  the  shut-in  valve  control  signal  (e.g.,  a  +/-  1  bit  range  for  shut-in  control  and  a  +/-  4  bit  range  for 

20  sampling  control).  Typically  this  different  range  for  the  sampling  control  is  greater  than  the  range  for  the  shut- 
in  control  so  that  sampling  occurs  prior  to  shut-in  control  (i.e,  prior  to  "steady  state"  being  reached  as  defined 
by  the  range  selected  for  shut-in  control).  Such  a  selection  can  be  made  using  a  switch  712  shown  in  FIG. 
23B.  Thus,  through  the  switch  712  there  is  provided  means  for  generating  a  sampling  control  signal  in  response 
to  a  selected  one  ofthe  outputs  ofthe  combinational  logic  gates. 

25  If  sampling  control  is  via  the  counter  708,  this  occurs  in  the  preferred  embodiment  at  a  count  less  than 
the  count  used  for  shut-in  control  so  that  sampling  control  occurs  before  shut-in  control.  For  example,  if  four 
"steady  state"  events  were  needed  to  generate  a  shut-in  control  signal  via  switch  710  selection  ofthe  third 
least  significant  bit  ofthe  counter  708  output,  two  such  events  might  be  selected  as  the  trigger  for  the  sampling 
control  signal  via  a  switch  714  selection  of  the  second  least  significant  bit  of  the  counter  708  output.  Thus, 

30  through  the  switch  714  there  is  provided  means  for  generating  a  sampling  command  signal  during  a  time  period 
when  a  value  of  a  current  input  signal  from  the  analog-to  -digital  converter  702  is  within  the  selected  prede- 
termined  range  of  a  value  of  a  prior  input  signal  from  the  analog-to-digital  converter  702.  In  this  embodiment, 
the  same  "range"  or  "steady  state"  signal  is  used  for  both  shut-in  control  and  sampling  control  since  in  the  pre- 
ferred  embodiment  a  single  output  of  the  combinational  logic  gate  circuit  704  is  connected  to  the  input  of  the 

35  counter  708  during  any  one  trip  into  the  well.  It  is  contemplated  that  other  switching  and  combinational  logic 
arrangements  for  both  shut-in  control  and  sampling  control  can  be  devised  and  yet  remain  within  the  scope 
ofthe  present  invention. 

Alternative  Non-Digital  Control  System  For  Monitoring  Downhole  Pressure 
40 

Although  the  microprocessor  based  control  system  and  the  hardware  implement  control  system  described 
above  are  the  preferred  manners  of  monitoring  downhole  pressure  to  determine  when  the  shut-in  bottom  hole 
pressure  has  peaked,  it  is  also  possible  in  some  situations  to  utilize  mechanical  or  other  analog  type  sensors 
and  control  systems  to  accomplish  this  function.  For  example,  U.  S.  Patent  No.  5,056,600  to  Surjaatmadja  et 

45  al.,  the  details  of  which  are  incorporated  herein  by  reference,  discloses  a  control  apparatus  and  method  re- 
sponsive  to  a  changing  stimulus  such  as  pressure  which  increases  at  a  decreasing  rate  of  change  during  a 
closed-in  period  of  a  drill  stem  test  in  an  oil  or  gas  well.  Two  mechanical  components  are  moved  in  different 
directions,  but  in  a  net  first  direction,  until  the  rate  of  change  of  pressure  is  sufficiently  low  (e.g.,  near  steady 
state),  at  which  time  the  rates  of  movement  of  the  two  components  produce  net  movement  in  a  second  direction. 

so  The  change  in  direction  ofthe  net  movement  may  move  a  control  valve  which  communicates  a  pressure  control 
signal  to  commence  a  drawdown  period  ofthe  test.  The  change  in  direction  ofthe  net  movement  may  also 
trigger  a  switch  so  that  further  control  is  performed  by  electrical  means. 

Self-Contained  Multiple  Shut-in  Tool  With  Timer 
55 

The  multiple  shut-in  tool  224  may  also  be  constructed  to  be  self-contained  so  that  it  can  be  operated  without 
the  master  controller  226.  Such  a  modified  shut-in  tool  can  be  constructed  to  operate  based  upon  a  simple 
timing  circuit  or  it  may  have  a  pressure  transducer  incorporated  therein  and  include  a  control  system  appropriate 
to  conduct  the  methods  of  efficient  drawdown  and  buildup  testing  in  response  to  monitored  pressure  similar 
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to  that  described  above,  but  with  the  control  system  directly  incorporated  in  the  shut-in  valve  assembly  224 
rather  than  having  a  separate  master  controller. 

Such  a  system  utilizing  a  timer  has  an  electronic  control  package  similar  to  that  illustrated  in  FIG.  7  but 
5  with  the  timer  means  176  modified  so  as  to  provide  multiple  opening  and  closing  signals  so  that  the  shut-in 

tool  224  will  perform  the  desired  number  of  tests.  The  timer  may  also  be  programmed  to  perform  such  tests 
periodically,  e.g.,  on  a  monthly  basis.  Any  one  of  a  number  of  known  recording  devices  may  be  utilized  with 
such  a  system. 

An  example  of  a  strictly  timer  based  multiple  drawdown  and  buildup  test  is  an  isochronal  test.  An  isochronal 
10  test  includes  multiple  cycles,  e.g.,  four  complete  drawdown  and  buildup  cycles.  Each  drawdown  period  (e.g., 

from  T3  to  T5  in  FIG.  9)  except  for  the  last  has  a  duration  in  the  range  of  from  four  to  six  hours.  Each  buildup 
period  (e.g.,  from  T5  to  T6  in  FIG.  9)  except  for  the  last  has  a  duration  in  the  range  of  from  four  to  six  hours. 
The  last  drawdown  period  has  a  duration  in  the  range  of  from  twelve  to  seventy-two  hours.  The  last  buildup 
period  has  a  duration  of  as  long  as  two  weeks. 

15  If  it  is  desired  to  directly  incorporate  a  pressure  monitoring  means  in  the  automated  multiple  shut-in  tool 
224,  this  can  be  accomplished  in  a  manner  like  that  shown  in  FIG.  21  . 

FIG.  21  is  a  view  similar  to  FIG.  1  0F  of  a  modified  version  of  the  shut-in  tool  224  which  is  designated  as 
224B.  The  shut-in  tool  has  been  modified  in  that  a  pressure  transducer  housing  section  638  has  been  added 
between  motor  housing  258  and  electronics  housing  260.  A  transducer  carrier  640  is  contained  in  pressure 

20  transducer  housing  638  and  contains  a  pressure  transducer  642  therein. 
A  port  644  in  housing  638,  and  a  port  646  in  carrier  640  communicate  the  transducer  642  with  well  fluid 

in  the  production  tubing  string  206. 
The  pressure  transducer  642  provides  an  input  signal  which  is  processed  by  electronic  control  package 

432B.  The  electronic  control  package  432B  is  modified  to  incorporate  circuitry  like  that  described  with  regard 
25  to  the  master  controller  226  of  FIGS.  1  9A-1  9B  or  master  controller  226a  of  FIGS.  23B  and  24  to  recognize  pre- 

determined  pressure  criteria  and  to  generate  the  appropriate  drive  signals  to  motor  41  2  in  response  thereto. 

Alternative  Techniques  For  Remote  Control 

30  As  described  above,  the  system  set  forth  in  FIGS.  8A-8B  including  the  automated  shut-in  tool  224,  the 
recorder/master  controller  226,  and  the  automated  sampler  228  is  controlled  by  the  microprocessor  based  con- 
trol  system  in  master  controller  226  which  monitors  downhole  pressure.  The  master  controller  226  may  be  pro- 
grammed  to  begin  operation  in  response  to  an  internal  timer  or  in  response  to  sensed  downhole  pressure  con- 
ditions  which  may  be  natural  conditions  or  which  may  be  a  coded  pressure  pulse  or  the  like  introduced  into 

35  the  well  at  the  surface  by  the  operator  of  the  well.  The  alternative  controller  226a  may  begin  operation  in  a 
similar  fashion. 

Suitable  systems  describing  in  more  detail  the  nature  of  such  coded  pressure  pulses  are  described  in  U. 
S.  Patents  Nos.  4,712,613  to  Nieuwstad,  4,468,665  to  Thawley,  3,233,674  to  Leutwyler  and  4,078,620  to  West- 
lake. 

40  As  just  described  with  regard  to  FIG.  21  ,  the  shut-in  tool  apparatus  24  or  the  sampler  228  may  be  utilized 
alone  and  can  also  be  constructed  to  work  on  an  internal  timer  and/or  an  internal  pressure  sensing  device  like 
that  shown  in  FIG.  21. 

Thus,  any  ofthe  tools  described  above  may  utilize  a  control  system  which  is  completely  internally  contained 
and  operates  on  a  timer  system,  or  which  monitors  some  external  condition  and  operates  in  response  to  either 

45  sensed  natural  conditions  or  artificial  command  signals  which  are  introduced  into  the  well. 
There  are  of  course  a  number  of  other  techniques  for  remote  control  which  may  be  utilized  to  introduce 

command  signals  into  the  well  and  to  receive  those  command  signals  in  the  control  system  for  any  of  the  tools 
disclosed.  For  example,  FIG.  22  illustrates  another  modified  form  of  shut-in  tool  224  which  in  this  case  is  des- 
ignated  as  224C. 

so  In  this  situation,  an  acoustic  transducer  housing  648  has  been  included  in  housing  224C  between  the  motor 
housing  258  and  electronics  housing  260.  An  acoustic  transducer  650  is  contained  in  housing  648  and  is  con- 
nected  to  the  electronic  control  package  432C  which  is  constructed  so  as  to  be  responsive  to  acoustic  signals 
received  by  transducer  650.  One  suitable  system  for  the  transmission  of  data  from  a  surface  controller  to  a 
downhole  tool  utilizing  acoustic  communication  is  set  forth  in  U.  S.  Patents  Nos.  4,375,239;  4,347,900;  and 

55  4,378,850  all  to  Barrington  and  assigned  to  the  assignee  ofthe  present  invention,  all  of  which  is  incorporated 
herein  by  reference.  The  Barrington  system  transmits  acoustical  signals  down  a  tubing  string  such  as  produc- 
tion  tubing  string  206.  Acoustical  communication  may  include  variations  of  signal  frequencies,  specific  frequen- 
cies,  or  codes  of  acoustical  signals  or  combinations  of  these.  The  acoustical  transmission  media  may  include 
the  tubing  string  as  illustrated  in  the  above-referenced  Barrington  patents,  casing  string,  electric  line,  slick  line, 
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subterranean  soil  around  the  well,  tubing  fluid,  and  annulus  fluid. 
There  are  of  course  many  other  remote  control  schemes  which  may  be  utilized  if  it  is  desired  to  have  direct 

operator  communication  with  the  downhole  tool  to  send  command  signals  or  receive  data. 
5  Athird  remote  control  system  which  may  be  utilized  is  radio  transmission  from  the  surface  location  or  from 

a  subsurface  location,  with  corresponding  radio  feedback  from  the  downhole  tools  to  the  surface  location  or 
subsurface  location. 

A  fourth  possible  remote  control  system  is  the  use  of  microwave  transmission  and  reception. 
A  fifth  type  of  remote  control  system  is  the  use  of  electronic  communication  through  an  electric  line  cable 

10  suspended  from  the  surface  to  the  downhole  control  package. 
Asixth  suitable  remote  control  system  is  the  use  of  fiberoptic  communications  through  a  fiberoptic  cable 

suspended  from  the  surface  to  the  downhole  control  package. 
Aseventh  possible  remote  control  system  is  the  use  of  acoustic  signaling  from  a  wire  line  suspended  trans- 

mitter  to  the  downhole  control  package  with  subsequent  feedback  from  the  control  package  to  the  wire  line 
15  suspended  transmitter/receiver.  Communication  may  consist  of  frequencies,  amplitudes,  codes  or  variations 

or  combinations  of  these  parameters. 
An  eighth  suitable  remote  communication  system  is  the  use  of  pulsed  X-ray  or  pulsed  neutron  communi- 

cation  systems. 
As  a  ninth  alternative,  communication  can  also  be  accomplished  with  the  transformer  coupled  technique 

20  which  involves  wire  line  conveyance  of  a  partial  transformerto  a  downhole  tool.  Eitherthe  primary  or  secondary 
ofthe  transformer  is  conveyed  on  a  wire  line  with  the  other  half  of  the  transformer  residing  within  the  downhole 
tool.  When  the  two  portions  of  the  transformer  are  mated,  data  can  be  interchanged. 

All  ofthe  systems  described  above  may  utilize  an  electronic  control  package  that  is  microprocessor  based. 
Thus  it  is  seen  that  the  apparatus  and  methods  ofthe  present  invention  readily  achieve  the  ends  and  ad- 

25  vantages  mentioned  as  well  as  those  inherent  therein.  While  certain  preferred  embodiments  of  the  invention 
have  been  illustrated  and  described  for  purposes  ofthe  present  disclosure,  numerous  changes  in  the  arrange- 
ment  and  construction  of  parts  and  steps  may  be  made  by  those  skilled  in  the  art. 

30  Claims 

1.  A  downhole  multiple  shut-in  valve  apparatus  for  repeatedly  shutting  in  a  tubing  string  of  a  well  to  perform 
multiple  build-up  and  drawn-down  tests  on  said  well,  which  apparatus  comprises  a  housing  (244)  having 
a  housing  bore  (264)  and  having  a  flow  port  means  (230)  defined  through  said  housing  for  communicating 

35  said  housing  bore  with  an  interior  of  said  tubing  string  to  allow  fluid  flow  into  said  flow  port  means  and 
up  through  said  housing  bore,  said  housing  having  a  low  pressure  zone  (324)  defined  therein;  a  shut-in 
valve  element  (268)  disposed  in  said  housing  bore  and  movable  between  an  open  position  wherein  said 
flow  port  means  is  open  and  a  closed  position  wherein  said  flow  port  means  is  closed;  a  differential  pres- 
sure  actuating  piston  (304)  having  first  and  second  sides,  said  piston  being  operably  associated  with  said 

40  shut-in  valve  element  (268)  to  move  said  shut-in  valve  element  between  its  open  and  closed  positions  in 
response  to  movement  of  said  actuating  piston;  and  pilot  valve  means  (326)  for  selectively  communicating 
one  of  said  first  and  second  sides  of  said  actuating  piston  with  said  interior  of  said  tubing  string,  and  for 
simultaneously  communicating  the  other  of  said  first  and  second  sides  of  said  actuating  actuating  piston 
with  said  low  pressure  zone,  so  that  said  pressure  differential  between  said  interior  of  said  tubing  string 

45  and  said  low  pressure  zone  is  applied  to  move  said  actuating  piston  and  thus  move  said  shut-in  valve 
element  between  its  open  and  closed  positions. 

2.  Apparatus  according  to  claim  1,  further  comprising  drive  and  control  means  for  opening  said  pilot  valve 
in  response  to  a  command  signal,  said  drive  and  control  means  includes  timer  means  for  providing  said 

so  command  signal  after  a  time  delay,  wherein  said  drive  and  control  means  includes  electric  motor  means 
operably  associated  with  said  pilot  valve  means  for  opening  said  pilot  valve  means,  and  a  lead  screw  which 
operably  connects  said  electric  motor  means  and  said  pilot  valve  means. 

3.  Apparatus  according  to  claim  1  or  2,  which  is  for  use  in  a  tubing  string  which  is  a  production  tubing  string 
55  of  a  completed  and  producing  well. 

4.  Apparatus  according  to  claim  1  ,2  or  3,  wherein  said  housing  further  comprises  a  high  pressure  zone  de- 
fined  in  said  housing;  a  high  pressure  port  means  for  communicating  said  high  pressure  zone  with  said 
interior  of  said  tubing  string;  a  first  passage  defined  in  said  housing  and  communicating  said  first  side  of 

27 



EP  0  566  382  A1 

said  actuating  piston  with  said  pilot  valve  means;  a  second  passage  defined  in  said  housing  and  commu- 
nicating  said  second  side  of  said  actuating  piston  with  said  pilot  valve  means;  a  third  passage  defined  in 
said  housing  and  communicating  said  pilot  valve  means  with  said  high  pressure  zone;  and  a  fourth  pas- 
sage  defined  in  said  housing  and  communicating  said  pilot  valve  means  with  said  low  pressure  zone. 

Apparatus  according  to  claim  4,  wherein  said  housing  has  a  spool  valve  bore  defined  therein,  each  of  said 
first,  second,  third  and  fourth  passages  communicating  with  said  spool  valve  bore;  and  said  pilot  valve 
means  includes  a  spool  valve  element  slidably  received  in  said  spool  valve  bore. 

Apparatus  according  to  claim  5,  wherein  said  spool  valve  bore  and  spool  valve  element  are  so  arranged 
and  constructed  that  when  said  spool  valve  element  is  in  a  first  position  relative  to  said  spool  valve  bore, 
said  first  and  third  passages  are  communicated  with  each  other  and  said  second  and  fourth  passages 
are  communicated  with  each  other  so  that  said  shut-in  valve  element  is  moved  to  its  open  position,  and 
when  said  spool  valve  element  is  in  a  second  position  relative  to  said  valve  bore,  said  first  and  fourth  pas- 
sages  are  communicated  with  each  other  and  said  second  and  third  passages  are  communicated  with 
each  other  so  that  said  shut-in  valve  element  is  moved  to  its  closed  position. 

Apparatus  according  to  claim  4,5  or  6,  further  comprising  an  actuating  shaft  connecting  said  actuating 
piston  and  said  shut-in  valve  element;  and  wherein  a  portion  of  each  of  said  first  and  second  passages 
is  defined  through  said  actuating  shaft. 

Apparatus  according  to  any  of  claims  1  to  7,  wherein  said  housing  has  a  high  pressure  zone  defined  therein 
and  has  a  high  pressure  port  for  communicating  said  high  pressure  zone  with  said  interior  of  said  tubing 
string;  and  further  comprising  a  floating  piston  means  disposed  in  said  high  pressure  zone  for  isolating  a 
clean  hydraulic  fluid  in  said  high  pressure  zone  from  well  fluid  in  said  interior  of  said  tubing  string. 

A  method  of  performing  multiple  build-up  and  drawn-down  tests  on  a  well  wherein  a  valve  apparatus  as 
claimed  in  any  of  claims  1  to  8  is  located  in  a  tubing  string  in  the  well  and  the  shut-in  valve  thereof  is  closed 
and  opened. 
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