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Description 

This  inventon  is  in  the  field  of  internal  combus- 
:ion  engines  and  in  particular  is  a  combustion 
srocess  wherein  closed  organ  pipe  resonance  of  a 
/ariable  volume  working  chamber  is  induced  by  a 
@esonating  air  chamber  in  the  piston. 

This  application  discloses  subject  matter  that  is 
@elated  to  the  following  patent  applications  filed 
an  the  same  date  as  this  application  by  the  same 
applicant:  EP—  A—  0157853  entitled  "Internal 
Combustion  Piston  Engine  Using  Air  Chamber  in 
3iston  Driven  in  Resonance  With  Combustion 
Wave  Frequency";  EP  —  A  —  0158661  entitled  "Pis- 
ton  For  I.C.  Engine";  EP  —  A  —  0157831  entitled 
"Dynamic  Variable  Compression  Ratio  I.C. 
Engine"'  and  EP—  A—  0160012  entitled  "Process 
For  Carrying  Out  Radical  Enhanced  Combustion 
in  I.C.  Engine. 

The  basic  combustion  process  underlying  the 
invention  involves  the  use  of  combustion  wave 
energy  to  drive  an  air  chamber  in  the  piston  of  an 
I.C.  piston  engine  in  resonance  to  cause 
previously  stored  air  in  the  air  chamber  to  be 
literally  dynamically  pumped  into  the  combustion 
chamber  in  a  totally  passive  manner  while  the 
combustion/expansion  part  of  the  engine  oper- 
ating  cycle  is  occurring,  such  pumping  effect 
occurring  even  independently  of  the  total  average 
pressure  differential  between  the  air  and  combus- 
tion  chambers.  This  process  generally  has  been 
previously  described  in  the  published  literature 
relating  to  the  Naval  Academy  Heat  Balanced 
Engine  (NAHBE).  See  for  example:  United  States 
Naval  Academy  Progress  Report  No.  EW  8  —  76 
entitled:  "The  Naval  Academy  Heat  Balanced 
Engine  (NAHBE)"  by  Blaser,  Pouring,  Keating  and 
Rankin  (June,  1976);  United  States  Naval 
Academy  Trident  Scholar  Report  No.  TSPR  No. 
112,  (1981)  entitled  "Optimizing  the  NAHBE  Pis- 
ton  Cap  Design  Utilizing  Schlieren  Photography 
Methods  and  Applications  of  the  Helmholtz 
Theory"  By  William  H.  Johnson  (2  June  1981), 
United  States  Naval  Academy  Program  Report 
No.  EW—  13—  80  entitled:  "Time  Dependent  Ana- 
lytical  and  Optical  Studies  of  Heat  Balanced  Inter- 
nal  Combustion  engine  Flow  Field"  by  Pouring 
and  Rankin  (November,  1980);  United  States 
Naval  Academy  Progress  Report  No.  EW  —  10  —  78 
entitled:  "Preliminary  Investigation  of  the  Non- 
Steady  Combustion  and  Flow  Process  of  the 
Naval  Academy  Heat  Balanced  Engine  (NAHBE)," 
(June,  1978),  and  United  States  Naval  Academy 
Progress  Report  No.  EW—  12—  79  entitled  "Para- 
metric  Variation  of  a  Heat  Balanced  Engine"  by 
Failla,  Pouring,  Rankin  and  Keating  (September 
1979). 

As  an  example  of  such  known  prior  art 
US  —  A—  4370959  discloses  the  preamble  of  claim 
1. 

More  recent  studies  have  indicated  that  it  is 
possible  to  use  the  resonating  air  chamber  in  the 
piston  as  an  energy  source  to  drive  the  working 
chamber  volume  in  a  closed  organ  pipe  reso- 
nance  at  a  fundamental  frequency  at  least  during 

a  portion  of  the  combustion  cycle  wnen  tne  lengtn 
of  the  cylinder  open  volume  is  suitable  to  respond 
to  the  driving  frequency  in  the  air  chamber.  This 
results  in  agitation  and  intense  mixing  of  the 

5  reacting  charge  during  the  expansion  part  of  the 
combustion/reaction  cycle  and  improves  the  reac- 
tion  process,  particularly  the  end  portion  of  the 
reaction. 

The  present  invention  is  characterised  by 
w  (a)  dimensioning  said  resonating  chamber  and 

orifice  such  that  it  constitutes  a  Helmholtz 
resonator  with  the  Helmholtz  resonating  fre- 
quency  of  the  chamber  corresponding  closely 
with  the  frequency  of  the  shock  waves  generated 

15  upon  initiation  of  combustion  of  the  fuel  in  the 
working  chamber  while  maintaining  such  dimen- 
sions  less  than  wavelength  of  the  said  resonating 
frequency  at  the  approximate  temperature  of  the 
resonating  chamber  during  the  combustion  of  the 

20  fuel  and  expansion  of  the  variable  volume: 
(b)  exciting  the  heated  air  in  said  resonating 

chamber  at  its  Helmholtz  resonant  frequency 
during  each  combustion  reaction  event  in  the 
working  chamber  by  said  shock  waves  to  cause 

25  periodic  pumping  of  heated  air  from  the  resonat- 
ing  chamber  into  the  working  chamber  through- 
out  the  combustion/expansion  events  under  con- 
ditions  where  the  temperature  of  the  air  in  the 
resonating  chamber  is  higher  than  the  tempera- 

30  ture  of  gases  in  the  working  chamber; 
(c)  inducing  organ  pipe  resonance  of  the  gas  in 

the  working  chamber  at  some  point  during  its 
expansion  after  each  initiation  of  the  combustion 
reaction  in  the  working  chamber  by  the  periodic 

35  flow  of  hotter  air  from  the  resonating  chamber 
into  the  cooler  working  chamber  through  said 
orifice  at  said  Helmholtz  resonating  frequency. 

Some  embodiments  of  the  invention  will  now 
be  described  by  way  of  example  and  with  ref- 

40  erence  to  the  accompanying  drawings,  in 
which:  — 

Figure  1  is  an  elevational  view  of  a  piston  for  an 
I.C.  engine  incorporating  an  embodiment  of  the 
invention; 

45  Figure  2  is  an  elevational  view  of  the  piston  of 
Figure  1  within  a  cylindrical  bore  of  the  engine; 

Figure  3  is  a  schematic  representation  of  a  fuel- 
aspirated  I.C.  engine  incorporating  the  piston  of 
Figure  1  and  with  an  air  to  fuel  ratio  control 

so  system; 
Figure  4  is  a  schematic  representation  of  an  I.C. 

engine  similar  to  Figure  3,  using  direct  fuel  injec- 
tion  for  supplying  the  charge  to  the  working 
chamber  of  the  engine; 

55  Figure  5  is  a  plan  view  showing  an  embodiment 
wherein  the  gap  between  the  air  chamber  in  the 
piston  and  the  engine  working  chamber  is  uni- 
form  around  the  top  of  the  piston; 

Figure  6  is  a  plan  view  showing  a  different 
60  embodiment  wherein  the  gap  between  the  air 

chamber  and  the  working  chamber  is  not  uni- 
form,  but  results  from  the  eccentric  location  of  a 
round  piston  cap  within  the  cylinder  bore; 

Figure  7  shows  still  another  plan  view  of  a  third 
65  embodiment  wherein  the  gap  is  non-uniform  and 

3 
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is  divided  around  the  circumferential  length  of  the 
piston; 

Figure  8  is  a  detailed  view  showing  a  section  of 
the  piston  of  Figure  1  with  an  alternate  configura- 
tion  of  the  upper  surface  of  the  piston  air 
chamber; 

Figure  9  is  an  elevational  detail  view  of  a 
section  of  the  piston  of  Figure  1  showing  an 
alternate  piston  cap  construction; 

Figure  10  is  a  diagrammatic  representation  to 
show  equivalency  between  a  classical  theoretical 
Helmholtz  resonating  chamber  and  the  piston  air 
chamber  constructed  in  accordance  with  this 
invention; 

Figure  11  is  a  schematic  illustration  of  closed 
organ  pipe  resonance  induced  in  the  working 
chamber  by  the  resonating  piston  air  chamber; 

Figure  12  (a  —  p)  depicts  an  operational  cycle  of 
an  engine  incorporating  an  embodiment  of  the 
invention; 

Figure  13  is  a  set  of  graphs  relating  air  to  fuel 
ratio  of  the  charge  supplied  to  the  working 
chamber  of  an  engine  to  indicate  its  specific 
horsepower,  indicated  specific  fuel  consumption, 
unburned  exhaust  hydrocarbons  and  exhaust  car- 
bon  monoxide  (volume  percentage),  as  well  as 
the  "Run  Quality  Index"  (RQI)  correlation  for  the 
engine;  and 

Figure  14  is  a  graphical  representation  showing 
the  correlation  between  combustion  chamber 
pressure  and  temperature,  autoignition  zone  of 
the  charge  in  the  chamber,  and  radical  enhanced 
autoignition  zone  of  the  charge  in  the  chamber. 

With  reference  to  the  drawings,  in  particular 
Figures  1,  2  and  3,  an  internal  combustion  engine 
10  has  a  cylinder  or  bore  12  with  reciprocating 
piston  14  therein  operable  over  a  working  cycle 
including  charge  intake,  compression,  combus- 
tion/expansion  and  exhaust  events.  The  engine 
may  be  naturally  aspirated,  supercharged  (intake 
air  pressurized),  carburetted  or  fuel  injected,  or 
any  combination  of  the  foregoing,  and  the  charge 
is  normally  a  mixture  of  suitable  hydrocarbon  fuel 
and  air,  all  as  is  well-known  in  the  field  of  internal 
combustion  engines.  The  specific  preferred 
embodiment  illustrated  is  a  reciprocating  piston 
engine,  but  the  inventive  concept  herein  dis- 
closed  and  claimed  is  considered  to  be  readily 
applicable  to  rotary  piston  engines  as  well. 

As  seen  in  Figures  1  and  2,  a  piston  14  is 
disposed  in  the  cylinder  12  so  that,  as  it  reci- 
procates,  it  defines  a  variable  volume  working 
chamber  16  (alternatively  referred  to  as  the  "com- 
bustion  chamber")  between  the  top  of  the  piston 
and  the  closed  end  of  the  cylinder.  The  piston  14 
includes  a  conventional  skirt  or  guide  20,  seal  ring 
grooves  22  for  seal  rings  24,  and  wrist  pin  bear- 
ings  26  at  the  attachment  points  between  the 
piston  and  a  connecting  rod  28  that  joins  the 
piston  to  an  output  crackshaft  30  of  the  engine  10. 
The  piston  fits  within  the  bore  14  with  a  clearance 
C,  (Figure  2)  and  reciprocates  between  bottom 
and  top  dead  center  positions  (BDC  and  TDC) 
during  the  cyclic  operational  events  of  the  engine, 
all  in  accordance  with  well-known  principles. 

The  piston  includes  a  working  end  portion  that 
comprises  a  crown  or  cap  32  having  a  diametrical 
dimension  or  dimensions  that  is  or  are  less  than 
the  diameter  of  the  skirt  20,  the  cap  32  usually 

5  comprising  simply  a  symmetrical  body  of 
reduced  diameter  d  as  compared  with  the  major 
diameter  D  of  the  skirt  portion  20  (see  Figure  1).  If 
only  the  radii  are  considered,  then  the  cap  will  be 
seen  to  have  a  reduced  radius  r  as  compared  with 

10  the  major  radius  R  of  the  skirt  20  (Figure  1).  If  the 
piston  14  is  located  in  bore  12  as  shown  in  Figure 
2,  it  can  readily  be  seen  that  the  width  of  the  gap  g 
is  represented  by  the  difference  between  R=C, 
and  r.  If  the  piston  is  viewed  independently  of  the 

15  bore,  as,  for  example,  as  shown  in  Figure  1,  the 
gap  g  can  be  defined  as  the  transverse  dimension 
between  r  and  an  imaginary  cylindrical  surface  34 
overlying  the  area  between  the  skirt  20  and  the 
cap  32,  the  surface  34  having  a  diameter  sub- 

20  stantially  equal  to  the  bore  B  of  the  cylinder  12  (or 
the  diameter  D  of  the  skirt  20  of  the  piston  if  the 
clearance  C,  is  ignored).  The  imaginary  surface  34 
can  thus  be  viewed  as  the  locus  of  the  cylinder 
bore  12  that  receives  piston  14,  or,  if  the  clearance 

25  is  ignored,  the  locus  of  a  curved  surface  that 
would  constitute  an  upward  extension  of  the  skirt 
20.  In  the  following  description  and  claims,  the 
clearance  C-,  between  piston  and  bore  is  largely 
ignored  in  computing  the  various  mathematical 

30  relationships  and  geometric  configurations  to 
avoid  complicating  the  description  of  the  inven- 
tion.  It  will  be  readily  understood  by  anyone 
familiar  with  calculations  of  this  type  that  the 
dimension  of  the  clearance  C-,  can  readily  be 

35  taken  into  account  wherever  it  is  applicable. 
As  shown  in  Figures  5,  6  and  7,  the  cap  32  can 

be  configured  in  different  forms,  such  as  a  con- 
centric  projection  of  the  piston  as  shown  in  Figure 
5,  with  a  uniform  gap  all  around  the  cap:  an 

40  eccentric  yet  symmetrical  projection  with  a  uni- 
formly  varying  gap  g  around  the  gap,  as  shown  in 
Figure  6;  or  any  other  form  that  will  satisfy  the 
geometric  requirements  of  this  invention,  such 
as,  for  example,  the  shape  shown  in  Figure  7 

45  where  the  cap  is  configured  to  divide  the  gap  into 
two  areas,  the  gap  haivng  a  varying  width  along 
its  peripheral  length  around  the  circumference  of 
the  piston  or  the  bore.  Various  forms  of  gaps  and 
caps  will  result  from  applying  the  principles  of  the 

so  invention  to  various  engine  configurations  and 
from  the  need  to  meet  certain  operational  cycle 
requirements.  However,  as  will  become  evident 
from  an  understanding  of  the  inventive  concepts 
described  below,  all  of  the  pistons  (including  the 

55  caps)  and  combustion  chambers  embodying  the 
invention  will  be  related  by  certain  mathematical 
relationships  involving  variable  parameters  and 
dimensions  associated  with  any  engine  utilizing 
the  invention. 

60  The  piston  14  as  is  characteristic  of  previous 
NAHBE-type  pistons,  includes  a  reduced  peri- 
pheral  portion  36  beneath  the  cap  32  and  above 
the  main  piston  skirt  or  guide  20  above  the  seal 
ring  grooves  22.  The  reduced  portion  36  provides 

65  an  air  chamber  38  under  the  cap  32  and  above  the 

4 
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ipper  seal  ring  24  that  communicates  with  the 
working  chamber  16  solely  through  the  gap  g. 
'he  air  chamber  38  is  thus  fully  defined  by  the 
educed  diameter  area  36  of  the  piston  at  its 
adially  innermost  limit,  by  the  bore  12  or  imagi- 
lary  surface  34  at  its  radially  outer  limit,  by  axially 
paced,  upper  and  lower  radially  converging  sur- 
aces  40,  42,  by  the  gap  length  L  and  by  the  length 
if  the  crevice  (LR)  above  the  top  seal  ring.  In  the 
(referred  embodiment,  the  surface  40  closely 
idjacent  the  working  end  portion  of  the  piston 
ntersects  the  periphery  of  the  cap  32  portion  of 
he  piston  along  a  sharp  edge  44  (Figure  2)  for 
easons  that  will  be  explained  below  in  connec- 
ion  with  the  desired  dynamics  of  the  outward 
low  of  gas  from  the  chamber  38  into  the  working 
:hamber  16. 

The  peripheral  area  of  the  cap  32  includes  an 
ixial  surface  46  having  an  axial  length  L  which 
iefines  a  gap  "length",  and  which  intersects  the 
vorking  face  of  the  piston  along  a  bevelled  or 
ixially  and  radially  sloped  surface  48  in  the 
^referred  embodiment.  The  axial  length  L  of  the 
jap  g  is  considered  to  be  an  important  dimension 
ilong  with  the  gap  width  g,  the  volume  VB  of  the 
sir  chamber  38  and  the  geometry  of  the  sloped 
surfaces  40  and  42.  The  volume  VB  is  normally 
;alculated  so  that  it  includes  the  volume  Vg  of  the 
jap  g,  which  is  the  gap  area  (the  gap  width 
multiplied  by  the  gap  circumferential  length 
around  the  piston  —  (see  Figures  5,  6  and  7)  times 
:he  gap  length  L,  with  the  length  L  being 
@measured  along  the  periphery  of  the  axial  surface 
16  of  the  cap.  The  determinations  of  such  lengths 
and  volumes  is  made  in  accordance  with  routine 
nathematical  principles  and  does  not  need  elab- 
Dration.  Also,  as  shown  in  Figure  1,  the  volume  VB 
af  the  chamber  38  will  be  calculated  to  include  the 
;revice  volume  Vc  between  the  piston  14  and  the 
bore  12  (or  the  imaginary  surface  34)  along  the 
length  LR  of  the  crevice  surface  50  up  to  the 
proximate  edge  of  the  top  seal  ring  groove  22,  but 
v'o  is  largely  ignored  dimensionally  for  purposes 
of  this  explanation  and  description  of  the  inven- 
tion  except  in  those  specific  instances  where  its 
significance  is  particularly  important. 

While  the  configuration  of  the  surfaces  40  and 
42  within  the  chamber  38  as  shown  as  being 
smooth  in  Figure  2,  an  alternate  embodiment  is 
shown  in  Figure  8  where  radially  and  axially 
projecting  fins  are  shown  at  least  on  the  upper 
surface  40.  These  fins  assist  in  the  heat  exchange 
between  the  lower  surface  of  the  cap  and  the  air 
that  is  circulating  in  the  air  chamber  38  during  the 
operation  of  the  engine,  as  will  be  explained  in 
more  detail  below. 

Still  another  embodiment  of  the  construction  of 
piston  14  is  illustrated  in  Figure  9  where  the  cap 
32  is  a  separate  component  54  assembled  to  the 
main  piston  body  by  a  suitable  fastener  56  or  by 
another  suitable  connector  arrangement, 
including  brazing  and  welding.  The  surfaces  40 
and  42  also  can  be  coated  with  a  suitable  catalytic 
material  58  to  promote  formation  of  radicals  in 
chamber  38  or  to  otherwise  assist  in  the  control  of 

the  cnemicai  reaction  acuvuy  mai  uia,uis  mi 
chamber  38. 

In  accordance  with  conventional  practice,  the 
determination  of  the  compression  ratio  of  the 

>  engine  10  using  a  piston  similar  to  piston  14  is 
simply  made  by  comparing  the  ratio  of  the  total 
volumes  of  the  working  and  air  chambers  16  and 
38,  respectively,  when  the  piston  is  at  BDC  with 
the  volume  of  the  working  and  air  chambers 

o  when  the  piston  is  at  TDC.  The  latter  is  conven- 
tionally  referred  to  as  the  "clearance"  volume  of 
the  working  chamber.  For  convenience,  the 
volume  of  the  air  chamber  is  often  referred  to 
simply  as  "VB"  and  the  ratio  of  VB  to  Va  is 

5  conveniently  referred  to  as  "the  balancing  ratio" 
stemming  from  early  theoretical  "Heat  Balanced 
Cycle"  terminology  wherein  the  heat  was  con- 
sidered  as  being  added  to  the  theoretical  air  cycle 
in  a  "balanced"  manner.  Various  published  litera- 

•o  ture,  including  those  mentioned  above,  can  be 
readily  referred  to  if  additional  information  is 
desired  about  the  theoretical  Heat  Balanced  Cycle 
that  constitutes  the  background  of  this  invention. 

Typical  representative  engine  systems  using 
!5  the  present  invention  are  shown  in  Figures  3  and 

4,  with  a  typical  fuel-aspirated  engine  schemati- 
cally  depicted  in  Figure  3  and  a  typical  fuel 
injected  engine  to  Figure  4.  Each  engine  includes 
a  piston  14  configured  as  shown  in  Figures  1  and 

w  2,  and  suitable  functional  hardware  connecting 
the  piston  to  an  output  shaft  30  to  which  a 
flywheel  80  is  attached.  In  Figure  3,  the  aspirated 
engine  includes  a  charge  intake  manifold  62 
through  which  a  combustible  air  and  fuel  charge 

?5  mixture  is  supplied  to  the  intake  port  64  of  the 
engine,  under  the  primary  control  of  a  throttle  66. 

In  the  preferred  embodiment  of  the  invention, 
fuel  is  added  to  a  primary  air  stream  68  supplied 
to  the  intake  manifold  and  a  secondary  air  stream 

40  70  is  also  provided  with  its  own,  separate  control 
system  that  will  be  described  below  in  connection 
with  the  description  of  Figure  13.  While  the 
schematic  illustration  in  Figure  3  shows  the  prim- 
ary  and  secondary  air  streams  both  connected  to 

45  a  common  manifold,  separate  manifolds  could  be 
utilized  as  well  as  other  devices  for  separately 
supplying  and  controlling  a  primary  and 
secondary  air  stream  supplied  to  the  working 
chamber  of  the  engine.  In  all  instances,  the 

50  primary  and  secondary  air  streams  (as  well  as  the 
fuel,  if  desired)  are  suitably  tuned  or  otherwise 
controlled  so  that,  during  each  intake  event  of 
charge  into  the  working  chamber,  air  alone  or  air 
with  a  very  minor  proportion  of  fuel  (insufficient 

55  for  sustained  combustion)  is  first  drawn  into  the 
working  chamber,  followed  at  a  later  time  by  a 
fuel  rich  mixture  from  the  primary  side  of  the 
charge  supply.  Thus,  when  compression  begins, 
substantially  only  air  is  near  the  piston  and  all  of 

so  the  fuel  in  the  total  charge  (the  total  charge 
comprising  all  of  the  air  and  all  of  the  fuel  in  the 
working  chamber  when  the  intake  port  is  closed) 
is  contained  in  the  working  chamber  at  the  end 
thereof  opposite  the  piston.  When  compression 

65  of  the  charge  proceeds,  air  with  very  little  fuel  is 
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transferred  to  the  air  chamber  38  under  the  piston 
cap  32  via  the  gap  g  where  it  is  compressed  and 
heated  along  with  the  rest  of  the  charge  in  the 
working  chamber.  Due  to  the  geometry  of  the  air 
chamber  38,  particularly  the  upper  and  lower 
sloping  walls  40,  42,  the  air  transferred  into  air 
chamber  38  is  rapidly  swirled  under  the  cap  32  in 
an  annular  vortical  pattern  so  that  it  is  circulated 
in  intimate  heat  exchange  contact  with  the  sur- 
faces  40,  42.  This  heat  exchange  contact  between 
the  transfered  air  and  the  piston  cap  (particularly 
the  surface  40)  is  extremely  important,  since  it  is 
believed  to  constitute  the  basis  for  improvement 
to  the  efficiency  of  the  operating  cycle  as  com- 
pared  with  Otto  and  diesel  cycles  using  conven- 
tional  piston  configurations.  In  essence,  the  heat 
exchange  between  the  cap  that  has  been  heated 
by  the  previous  combustion/expansion  event  and 
the  air  transferred  under  the  cap  during  the 
subsequent  compression  event  produced  a 
regenerative  effect  that  results  in  less  total  heat 
rejection  during  each  cycle  for  a  given  quantity  of 
fuel  as  compared  with  a  conventional  Otto  or 
diesel  cycle.  Thus,  if  desired,  fins  and  catalytic 
surfaces  such  as  are  illustrated  in  Figures  8  and  9 
may  be  used  to  optimize  the  swirling,  heat 
exchange  contact  between  the  air  transferred  into 
chamber  38  and  the  cap  32  at  the  working  end  of 
the  piston. 

Since  a  minor  quantity  of  fuel  will  usually  be 
transferred  to  the  chamber  38  along  with  the  air, 
certain  hydrocarbon  radical  production  activity 
will  occur  in  chamber  38  as  well  as  in  the  working 
chamber  16,  the  production  and  reaction  of 
hydrocarbon  fuel  radicals  under  higher  pressure 
and  temperature  conditions  being  a  well-known 
and  documented  phenomena,  see  for  example 
U.S.  Patent  No.  4,317,432.  The  production  and 
management  of  the  radicals  generated  in 
chamber  38  and  the  manner  in  which  they  are 
used  to  contribute  to  the  primary  reaction  in  the 
working  chamber  16  will  be  discussed  below  in 
connection  with  the  explanation  of  Figures  12 
a—  p. 

In  Figure  4,  the  engine  72  uses  a  similar  piston 
14,  but  the  fuel  is  injected  by  using  injectors  74  as 
contrasted  with  the  fuel  aspiration  system  illus- 
trated  in  Figure  3.  The  injector  74  as  shown 
supplying  high  pressure  fuel  directly  into  the 
working  chamber  of  the  engine,  although,  in  the 
alternative,  any  fuel  injector  arrangement  could 
be  utilized  that  would  insure  axial  stratification  of 
the  working  chamber  at  the  initiation  of  the 
compression  event.  Indirect  injection  of  fuel  at  the 
intake  port  area  will  also  produce  the  needed 
stratification  control,  but  the  invention  is  not 
intended  to  be  limited  in  any  manner  based  on  a 
specific  injector  system.  The  fuel  F  in  Figure  4  is 
supplied  via  an  injection  controller  79  responsive 
to  the  position  of  a  throttle  79'.  In  both  engine 
embodiments  of  Figures  3  and  4,  the  exhaust  port 
80  communicates  with  exhaust  manifold  82  to 
carry  away  combustion  products  from  the 
chamber  16.  In  Figure  3,  a  spark  igniter  84  is 
available  for  initiating  combustion  reaction  in  the 

chamber  16  in  accordance  with  conventional 
practice,  with  the  igniter  84  being  supplied  with 
high  energy  electrical  potential  via  distributor  86 
so  that  a  spark  is  made  available  in  the  working 

5  chamber  16  in  timed  relationship  with  the  motion 
of  piston  14.  In  the  embodiment  of  Figure  4, 
ignition  can  be  compression  induced  or  by  spark. 

In  accordance  with  the  present  invention,  it  is 
desired  to  use  the  shock  wave  energy  associated 

10  with  ignition  of  the  charge  in  the  combustion 
chamber  to  drive  the  air  chamber  as  a  Helmholtz 
resonator.  Helmholtz  resonators  generally  are 
well-known  and  have  been  extensively  described 
in  the  literature.  A  classic  discussion  of  Helmholtz 

w  resonators  in  the  environment  of  the  combustion 
chamber  of  an  internal  combustion  engine  can  be 
formed  in  U.S.  Patent  No.  2,573,536  granted  to  A. 
G.  Bodine,  Jr.  on  October  30,  1951,  this  patent 
being  concerned  with  a  process  of  attenuating  or 

20  cancelling  detonation  waves  associated  with  the 
combustion  process. 

In  Figure  10,  the  upper  part  of  the  view  shows  a 
classic  Helmholtz  resonator  comprising  a 
chamber  90  containing  a  gas  at  a  particular 

25  temperature,  the  chamber  having  a  restricted 
opening  or  neck  92  having  a  length  L„  and  a 
geometric  orifice  shape  at  the  opposite  ends  of 
the  opening  92.  When  the  air  in  the  neck  92  is 
subjected  to  an  exciting  frequency  F  that  corre- 

30  sponds  with  the  natural  resonant  frequency  of  the 
gas  in  chamber  90,  a  resonant  condition  occurs  in 
the  chamber  90  wherein  the  gas  therein  will  be 
excited  at  its  Helmholtz  resonant  frequency  and 
will  remain  excited  with  relatively  low  input 

35  energy.  The  diameter,  cross  sectional  area  and 
length  LN  of  the  neck  92,  and  the  volume  of 
chamber  90  are  variables  that  determine  the 
resonance  condition  of  the  chamber,  but  the 
theory  of  the  Helmholtz  resonator  is  quite  general 

40  as  regards  the  actual  shape  of  the  chamber 
volume  90  itself.  Thus,  the  present  invention  is 
based  on  the  assumption  that  the  air  chamber  38 
in  the  piston  configuration  shown  in  Figures  1  or 
2,  when  the  piston  is  placed  in  a  bore  12,  can  react 

45  precisely  like  a  Helmholtz  resonator  chamber  90 
in  response  to  cyclic  pressure  wave  energy 
applied  to  it  from  the  working  chamber  through 
the  gap  g.  When  the  elements  constituting  the 
Helmholtz  resonating  chamber  are  properly  con- 

so  figured,  input  pressure  wave  energy  corre- 
sponding  in  frequency  to  the  Helmholtz  resonat- 
ing  frequency  of  the  gas  in  chamber  38  at  the 
temperature  in  chamber  38  will  induce  a  resonant 
condition  in  the  latter  in  the  same  manner  as  the 

55  system  depicted  at  the  top  of  Figure  10.  The 
analogy  between  the  classic  Helmholtz  resonat- 
ing  chamber  configuration  and  the  Helmholtz 
resonator  provided  by  the  configuration  of  the 
piston  14  is  illustrated  in  Figure  10  at  the  upper 

60  and  lower  portions  of  the  view,  respectively.  In 
calculating  the  resonant  frequency  of  the  Hel- 
mholtz  resonating  chamber  90  (or  38)  the  neck 
length  LN  is  significant  and  must  be  adjusted  by  a 
suitable  non-dimensional  constant,  depending 

65  upon  the  geometry  at  the  inlet  and  outlet  ends  of 

6 
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the  neck  92.  A  flanged  inlet,  for  example,  yields  a 
certain  effective  length  of  the  neck,  while  a  sloped 
inlet  such  as  shown  in  the  lower  view  in  Figure  10 
yields  a  different  effective  neck  length.  In  practice, 
for  a  bevelled  inlet  as  shown  in  lower  chamber 
arrangement  in  Figure  10,  a  Helmholtz  correction 
factor  between  .6  and  .85  is  applied  to  adjust  the 
actual  neck  length  to  produce  an  effective  neck 
length  that  is  representative  of  what  is  "seen"  by 
the  resonating  system. 

An  important  aspect  is  the  discovery  of  certain 
relationships  that  must  exist  between  the  fre- 
quency  of  the  periodic  shock  and  expansion  waves 
associated  with  ignition  and  combustion  of  the 
charge,  which  travel  nearthe  speed  of  sound  in  the 
combustion  chamber  at  the  temperature  of  com- 
bustion;  the  geometric  dimensions  of  the  cylinder; 
the  volume  of  the  air  chamber;  the  gap  width; 
length  and  cross  sectional  area;  and  the  tempera- 
ture  of  combustion;  if  optimized  efficiency  and 
performance  of  the  piston  and  combustion 
chamber  are  to  be  achieved.  Moreover,  in  applying 
the  invention  to  different  engine  configurations,  it 
is  importantto  understand  these  relationships  and 
to  design  the  shapes  and  volumes  of  the  piston, 
combustion  chamber,  gap  and  air  chamber 
accordingly.  As  stated  previously,  while  operative 
NAHBE  engines  utilizing  air  chambers  responsive 
to  combustion  wave  interaction  have  been  dem- 
onstrated,  optimization  of  real  engines  to 
approach  the  theoretical  limits  of  efficiency  indi- 
cated  by  "heat  balanced"  or  "regenerative" 
theories  was  not  readily  achievable  in  a  practical 
form.  This  invention  is  thus  based  on  the  more 
recent  discovery  that  it  is  possible  to  mathemati- 
cally  define  a  piston  configuration  for  any  engine 
using  a  given  fuel  and  having  a  given  cylinder 
bore,  compression  ratio  and  displacement  so  that 
the  Helmholtz  resonant  condition  is  assured,  and 
that  best  engine  performance  will  be  achieved. 

Specifically,  assuming  that  the  ignition  of  each 
charge  in  the  working  chamber  16  produces 
periodic  vibrational  shock  waves  of  frequency  FA 
which  travel  near  the  speed  of  sound  in  the 
working  chamber,  the  air  chamber  is  configured  to 
be  driven  in  Helmholtz  resonance  at  its  natural 
frequency  FB  by  the  FA  frequency  in  the  manner  of 
a  Helmholtz  resonator  during  the  combustion/ 
expansion  part  of  the  cycle  while  the  geometric 
proportions  of  the  cylinder  bore,  air  chamber  38, 
gap  g,  axial  gap  length  and  gap  cross  sectional 
areas  are  established  in  accordance  with  the 
following  formula: 

SC2 
VB=  cm3 

(L+kg)(2rtFB)2 

where  (using  metric  units  for  all  dimension): 
VB  is  the  volume  of  the  air  chamber  38; 
S  is  the  cross  sectional  area  of  the  gap  g; 
C  is  the  speed  of  sound  in  the  air  chamber  38  at 

approximately  the  autoignition  temperature  of  the 
compressed  charge  in  the  working  chamber  16; 

L  is  the  gap  length; 

k  is  the  appropriate  Helmholtz  non-dimensional 
correction  factor  between  .6  and  .85  to  adjust  the 
effective  length  of  the  gap  on  the  basis  of  the 
configuration  of  the  end  areas  of  the  gap; 

5  FB  equals 

K 
—  Hz, 
B 

10 
where  K  is  a  numerical  value  between  43,000  and 
51,000,  and  B  is  the  diameter  of  the  bore  (or  the 
diameter  of  the  piston  if  the  clearance  is  ignored); 
and 

w  g=.01072B+.1143  within  the  tolerance  range  of 
+.050  cm.  and  -.025  cm. 

If  the  gap  g  is  a  variable  around  the  periphery  of 
the  piston,  it  is  assumed  to  be  a  uniform  gap 
having  the  above  dimension  g  to  produce  a  cross 

20  sectional  area  S.  The  actual  gap  area  must  then 
satisfy  this  area  value,  regardless  of  the  gap 
profile.  The  maximum  width  of  the  gap,  when  it  is 
not  symmetrical,  will  not  exceed  that  dimension 
that  will  result  in  the  attainment  of  choked  flow 

25  (critical  pressure  ratio)  between  the  air  chamber 
and  working  chamber  during  at  least  some  part  of 
the  engine  operating  cycle,  and  the  total  gap  area 
and  volume  must  satisfy  the  Helmholtz  resonator 
requirements  when  subjected  to  the  exciting  fre- 

30  quency  FA  in  the  working  chamber. 
The  gap  length  L,  moreover,  is  initially  selected 

so  that  any  flame  propagation  between  the  work- 
ing  and  air  chambers  is  always  quenched  (assum- 
ing  that  there  may  be  pockets  or  areas  of  combust- 

35  ible  fuel  mixture  in  the  air  chamber,  or  that  fuel 
may  be  driven  into  the  air  chamber  ahead  of  the 
flame  front  moving  across  the  combustion 
chamber).  The  calculation  of  L  per  se  is  conven- 
tional  and  follows  accepted  flame  propagation 

40  quenching  theory,  with  L  usually  related  to  the 
absolute  temperature  of  combustion  in  the  work- 
ing  chamber  and  the  pressure  in  the  working 
chamber  according  to  the  formula: 

45  (K)(TA)1/2 
L°c 

Pa 

where: 
so  K  is  a  constant; 

TA  is  the  temperature  of  burning  fuel  in  the 
working  chamber;  and 

PA  is  the  pressure  in  the  working  chamber. 
It  is  also  assumed  in  theformula  given  above  for 

55  VB  that  the  maximum  linear  dimensions  of  the  gap 
and  the  air  chamber  in  any  direction  is  less  than  1/4 
wave  length  of  the  resonant  frequency  FB  in  the  air 
chamber  38  at  the  temperature  of  the  chamber 
during  combustion/expansion  part  of  the  oper- 

60  ating  cycle  of  the  engine. 
Since  it  is  desired  to  obtain  a  reasonably  broad 

frequency  response  between  FA  and  the  resonant 
condition  in  the  air  chamber,  such  response  called 
"Q",  the  following  formula  is  also  used  to  "tune" 

65  the  dimensions  that  satisfy  the  equation  for  VB 
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given  above: 

/  (L+kg)aVB 
Q=2n  /  ^Approx.  1.0 

When  the  dimensions  of  L,  g  and  S  satisfy  both 
the  formulas  for  VB  and  Q,  the  proper  dimensional 
relationship  in  accordance  with  this  invention  will 
have  been  established,  and  a  proper  balancing 
ratio,  gap  geometry  and  air  chamber  volume  will 
have  been  provided  for  the  given  fuel,  compres- 
sion  ratio,  bore  size  and  stroke  of  the  engine. 

With  the  proper  "tuning"  of  the  variables  men- 
tioned  above,  "organ  pipe"  excitation  of  the 
working  chamber  above  the  piston  working  face 
can  be  induced  to  cause  turbulent  mixing  in  the 
combustion  zone  of  the  working  chamber  during 
the  latter  stage  of  the  expansion  part  of  the 
operating  cycle.  The  principle  of  organ  pipe  reso- 
nance  in  a  closed  tube  is  well-known  and  the 
fundamental  resonant  frequency  is  only  depen- 
dent  upon  tube  length  and  the  speed  of  sound  at 
the  temperature  of  the  gas  in  the  tube.  The 
present  invention  induces  organ  pipe  fundamen- 
tal  or  harmonic  resonance  in  the  cylinder  bore 
above  the  piston  as  the  piston  approaches  BDC  by 
using  the  resonating  gas  in  the  air  chamber  at 
approximately  frequency  FB  to  drive  the  working 
chamber  (now  at  some  different  natural  fre- 
quency  than  FA  since  it  is  cooler  than  the  original 
combustion  temperature)  is  organ  pipe  reso- 
nance  at  least  for  a  brief  span  of  time,  although 
theoretically  it  should  be  possible  to  drive  the 
working  chamber  at  organ  pipe  resonance  at 
multiple  points  during  the  expansion  stroke.  In 
Figure  1  1  A,  the  principle  of  organ  pipe  resonance 
is  illustrated,  with  piston  14  approaching  BDC,  the 
air  chamber  38  resonating  at  or  near  its  FB 
frequency,  and  the  latter  exciting  the  working 
chamber  16  at  temperature  TA  and  having  length 
Lw  at  its  fundamental  organ  pipe  frequency, 
schematically  shown  by  the  wave  lines  94. 

It  is  important  to  emphasize  the  significance  of 
the  heat  exchange  relationship  between  the  cap 
32  and  the  air  in  the  chamber  38  during  the  latter 
stage  of  the  compression  event  of  each  cycle. 
Storage  of  heat  from  a  previous  cycle  in  the  cap 
significantly  contributes  to  the  overall  efficiency 
of  the  cycle  and  the  temperature  of  the  cap  is 
therefore  important.  The  cap  temperature  can  be 
controlled  by  selecting  suitable  materials  for  the 
cap  and  connecting  the  latter  to  the  main  piston 
body  in  such  a  manner  that  a  desired  cap  tem- 
peratrure  is  established  and  maintained  during 
engine  operation.  To  ensure  that  FB  will  match  FA, 
the  temperature  in  the  air  chamber  38  must  be 
controlled  at  the  prevailing  pressure  upon  igni- 
tion  of  the  fuel  to  obtain  the  required  Helmholtz 
resonance  that  is  critical  to  the  satisfactory  oper- 
ation  of  the  system. 

Moreover,  in  a  spark  ignited  engine,  it  is  impor- 
tant  that  the  temperature  in  the  air  chamber  38  is 
maintained  below  the  detonation  or  "knock" 
temperature  of  thefuel  in  the  working  chamber  16 

at  the  prevailing  pressures  so  that  engine  knock  is 
avoided  at  all  engine  operating  conditions.  Also, 
as  will  be  explained  in  more  detail  below  in 
connection  with  Figures  12a  —  p,  the  temperature 

5  in  chamber  38  also  must  be  controlled  so  that  the 
production  of  radicals  in  chamber  38  and  protec- 
tion  of  radicals  transferred  into  (or  already  in)  the 
chamber  38  are  assured  by  maintaining  the 
temperature  in  the  chamber  below  that  at  which 

w  the  radicals  therein  would  react  into  less  desirable 
compounds  from  the  standpoint  of  combustion 
enhancement. 

The  present  invention,  in  addition  to  providing 
a  suitable  piston  and  combustion  chamber 

75  geometry  for  a  given  engine  in  accordance  with 
the  formulas  mentioned  above,  also  contem- 
plates  an  adaptive  engine  tuning  system  for 
controlling  the  air-to-fuel  ratio  of  the  charge 
supplied  to  the  working  chamber  of  the  engine 

20  using  the  inventive  piston  and  chamber.  If  spark 
ignition  is  used  to  initiate  combustion,  the  spark 
advance  setting  may  also  be  controlled  in  addi- 
tion  to  the  air-to-fuel  ratio. 

As  a  starting  point,  the  engine  10  or  72  (Figure  3 
25  or  4)  is  completely  "mapped"  (i.e.,  the  relation- 

ships  of  engine  operating  variables  are  estab- 
lished  and  plotted)  on  a  suitable  test  stand  (not 
illustrated)  to  establish  for  the  particular  engine 
the  relationship  between  air-to-fuel  ratio:  spark 

30  timing;  indicated  horsepower;  indicated  specific 
fuel  consumption;  engine  speed;  load;  fuel  flow 
rate;  and  emissions  (unburned  hydrocarbon  and 
carbon  monoxide,  in  particular). 

As  shown  in  Figure  13,  a  set  of  curves  is 
35  generated  from  the  engine  mapping  procedure  to 

show  how  carbon  monoxide  (CO),  unburned 
hydrocarbon  (UHC),  indicated  specific  fuel  con- 
sumption  (ISFC)  and  indicated  horsepower  (IHP) 
relate  to  air/fuel  ratio  for  the  engine  over  its 

40  operating  range.  It  should  be  noted  that  experi- 
mental  tests  in  the  laboratory  indicate  that  an  air- 
to-fuel  ratio  of  approximately  16:1  at  best  power 
and  approximately  20:1  at  best  economy  will 
consistently  be  indicated  for  all  engines  when  the 

45  piston  and  combustion  chamber  geometries 
established  by  the  formulas  previously  men- 
tioned  are  utilized.  Thus,  an  initial  fuel  air  distribu- 
tion  system  can  be  established  for  any  engine 
using  the  piston  and  combustion  chamber  of  this 

so  invention  that  will  provide  an  overall  air-to-fuel 
ratio  in  the  charge  between  the  limits  of  16:1  at 
best  power  and  20:1  at  best  economy.  There  still 
remains,  however,  the  problem  of  controlling  the 
air-to-fuel  ratio  under  other  conditions  of  engine 

55  operation  to  attain  maximum  attainable  efficiency 
of  the  engine. 

To  achieve  the  maximum  attainable  efficiency, 
the  present  invention  contemplates  using  a 
recently  developed  curve  that  relates  CO,  UHC, 

60  ISFC  and  IHP  to  air/fuel  ratio  at  various  oper- 
ational  speeds  of  the  engine.  This  curve,  called 
RQI  for  "Run  Quality  Index"  is  mathematically 
computed  according  to  the  following  formula: 

65 
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(IHP)K 
RQ|= 

(iSFC)(UHC)(CO) 

nd  is  illustrated  as  curve  106  in  Figure  13,  with 
he  ordinate  scale  to  the  right  of  the  drawing.  The 
IQI  curve  thus  relates,  in  effect,  what  is  supplied 
o  the  combustion  chamber  with  what  is  thrown 
way  in  the  exhaust  stream  to  provide  a  sharply 
leaked  curve  106  that  indicates  a  best  air-to-fuel 
atio  for  best  practical  running  of  the  engine.  It 
vill  be  seen  that,  at  maximum  RQI,  the  engine  is 
iperating  at  its  maximum  practical  efficiency  at 
my  speed  and  load,  which,  of  course,  is  not 
tecessarily  the  same  as  the  maximum  theoretical 
ifficiency  of  the  engine  under  the  same  con- 
iitions.  The  maximum  RQI  curve  is  intended  to 
sstablish  a  target  for  establishing  a  charge  air-to- 
uel  ratio,  and  suitable  spark  timing  during  actual 
mgine  operation.  It  still  remains  necessary  to 
)rovide  a  suitable  control  means  to  enable  such 
:ontrol  over  the  air-to-fuel  ratio  and  spark  timing 
assuming  spark  ignition)  so  that  the  composition 
)f  the  charge  can  be  adjusted  in  a  direction  that 
vill  ensure  maximum  engine  RQI  operation  dur- 
ng  all  engine  operating  conditions. 

It  is  assumed  that  during  the  engine  mapping 
arocedure  previously  referred  to,  the  best  air-to- 
iiel  ratio  and  ignition  timing  that  produces  best 
RQI  at  each  engine  test  RPM  will  have  been 
determined.  Moreover,  the  air-to-fuel  ratio  in  the 
Drimary  charge  stream  supplied  to  the  intake 
manifold  62  of,  for  example,  the  fuel  aspirated 
jngine  10  shown  in  Figure  3,  will  be  adjusted  so 
:hat  it  provides  an  air-to-fuel  ratio  of  approxi- 
mately  twice  the  best  economy  air/fuel  ratio  at 
Dest  power  operation  of  the  engine,  with  the 
secondary  air  being  adjusted  to  make  up  the 
Dalance  of  the  total  air  fuel  ratio.  The  secondary 
air  (shown  at  70  in  Figure  3)  is  provided  with  a 
control  mechanism  that  continuously  adjusts  the 
quantity  of  secondary  air  supplied  to  the  engine 
intake  to  provide  an  air/fuel  ratio  that  will  provide 
best  RQI  engine  operation  under  various  load  and 
speed  conditions. 

The  secondary  air  is  controlled  by  using  a  "lean 
limit  control"  system  such  as  is  disclosed  in  U.S. 
Patent  No.  4,368,707  granted  to  Irvin  and  Michael 
Leshner,  only  calibrating  the  system  so  that  it 
seeks  a  "lean  limit"  that  corresponds  with  best 
RQI  for  the  engine.  The  patented  system  of 
course,  essentially  seeks  the  lowest  possible  mis- 
fire  lean  limit  of  an  engine  without  regard  to  RQI 
operation.  However,  the  system  can  be  calibrated 
so  that  it  will  seek  the  optimum  air/fuel  ratio 
consistent  with  best  RQI  engine  operation  by  an 
appropriate  adjustment  of  the  calibration  of  the 
system  so  that  a  "misfire"  situation  is  seen  by  the 
system  on  either  side  of  the  maximum  RQI,  which 
is  reponded  to  by  adjusting  the  air/fuel  ratio 
towards  maximum  RQI. 

Thus,  with  reference  to  Figure  3,  the  secondary 
air  stream  70  can  be  controlled  by  a  throttle  plate 
or  valve  110  which  in  turn  is  controlled  by  a 
servomotor  112  which  is  regulated  by  the  central 

control  unn  ot  ine  lean  nmu  uuimui  ayotcm  i  i-* 
similar  to  that  described  in  the  aforesaid  Patent 
No.  4,368,707.  The  lean  limit  control  system,  as 
described  in  the  patent,  senses  instantaneous 

>  engine  power  output  by  sensing  instantaneous 
angular  velocity  of  the  flywheel  60  magnetically 
by  means  of  a  pickup  116  that  senses  the  instan- 
taneous  velocity  of  the  passing  flywheel  teeth 
adjacent  the  sensor.  The  velocity  signal  is  pro- 

o  cessed  to  produce  an  instantaneous  acceleration 
(or  deceleration)  signal  in  the  central  control  unit 
114  after  receiving  the  sensor  signal  16  via  line 
118.  The  central  control  system  114  "interprets" 
the  instantaneous  acceleration  or  deceleration 

5  signals  as  instantaneous  power  readings  of  the 
engine  and  instructs  the  servomotor  112  to  "go 
lean"  or  "go  rich",  whereupon  the  valve  110  is 
opened  or  closed  to  achieve  the  leaner  or  richer 
condition.  The  specific  air-to-fuel  ratio  that  is 

o  sought  by  the  control  system  14  corresponds  with 
that  air-to-fuel  ratio  that  produces  best  RQI  as 
shown  by  curve  106  in  Figure  13.  At  this  point,  the 
engine  is  operating  at  its  maximum  "attainable" 
efficiency,  in  the  sense  that  it  is  operating  under 

5  conditions  that  strike  the  best  balance  between 
the  fuel  supplied  and  the  power  demand  imposed 
on  the  engine.  Of  course,  if  a  misfire  is  sensed  by 
the  sensor  116,  this  would  indicate  to  the  central 
control  system  114  that  the  air-to-fuel  ratio  is 

io  inappropriate  and  that  further  adjustment  must 
be  made  to  produce  the  power  demanded  of  the 
engine.  However,  when  the  sensor  116  observes 
that  the  misfire  limit  has  been  reached,  and  when 
the  central  control  system  114  determines  that  the 

is  secondary  air  controller  112  has  been  set  to 
produce  an  air  fuel  ratio  consistent  with  best  RQI, 
it  can  be  readily  appreciated  that  the  engine  is 
operating  at  its  best  achievable  efficiency. 

A  spark  timing  controller  120  to  control  the 
to  distributor  advance/retard  setting  is  provided, 

preferably,  under  the  command  of  the  central 
control  system  114  so  that  for  each  RPM  of  the 
engine  as  observed  by  the  fly  wheel  sensor  116, 
the  optimum  spark  setting  for  best  RQI  will  be 

is  established  in  accordance  with  the  appropriate 
setting  determined  by  the  previous  engine  map- 
ping  tests.  Thus,  the  central  controller  114  would 
include,  in  addition  to  the  "Lean  Limit  Control" 
system  just  discussed,  a  sensor  for  receiving  or 

50  deriving  an  engine  RPM  signal  from  the  fly  wheel 
sensor  116  and  generating  a  signal  in  response  to 
the  speed  signal  that  controls  the  spark  advance 
mechanism  120  in  the  distributor  via  line  122. 

In  an  engine  wherein  combustion  is  initiated  by 
55  autoignition,  for  example  such  as  an  engine  72  of 

Figure  4,  at  using  a  compression  ratio  of  between 
5—9  to  one,  the  lean  limit  controller  1  14  would  be 
arranged  to  control  the  fuel  injector  control 
system  79  to  regulate  the  air-to-fuel  ratio  for 

60  maintaining  best  RQI  engine  operation.  The  tim- 
ing  and  quantity  of  fuel  supplied  to  each  cylinder 
of  a  fuel  injected  engine  is  carefully  controlled  by 
the  control  system  114  to  provide  exactly  the  air/ 
fuel  ratio  needed  for  best  RQI  engine  operation.  In 

65  addition,  of  course,  the  control  system  114  would 
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ensure  that  the  fuel  is  not  supplied  to  the  working 
chamber  1  6  in  a  manner  that  adversely  affects  the 
transfer  of  air  without  fuel  into  the  air  chamber  38 
during  the  compression  event. 

In  the  preferred  embodiment  of  this  invention, 
the  gap  g  will  be  configured  so  that,  at  least  over 
part  of  the  upper  operating  speed  range  of  the 
engine,  the  classic  critical  pressure  ratio  that 
produces  choked  flow  through  an  orifice  will  exist 
between  the  air  chamber  volume  VB  and  the 
working  chamber  volume  VA  during  at  least  part 
of  the  compression  event.  Assuming  that  the 
pressures  between  the  working  and  air  chambers 
16,  32  are  not  equalized  by  the  time  ignition  of  the 
charge  is  initiated,  the  invention  results  in  an 
engine  having  a  dynamically  variable  compres- 
sion  ratio  that  is  dependent  solely  upon  engine 
speed.  As  engine  speed  increases,  so  does  the 
effective  compression  ratio  to  produce  increased 
power.  At  lower  speeds,  when  the  choked  flow 
condition  is  not  induced,  the  engine  operates  at 
the  lower  actual  volumetric  compression  ratio  in 
accordance  with  the  ratio  of  the  working  chamber 
volume  when  the  piston  is  at  BDC  versus  the 
working  chamber  volume  when  the  piston  is  at 
TDC.  Preferably,  the  gap  g  will  be  selected  so  that 
the  choked  flow  condition  exists  over  the  upper 
35%  of  the  speed  range  of  the  engine,  although 
this  could  be  varied  to  suit  specific  requirements. 
If  the  gap  g  is  not  constant,  it  will  be  understood 
that  the  maximum  width  of  the  gap  will  not 
exceed  that  required  to  establish  a  choked  flow 
condition  between  the  air  and  working  chambers 
above  the  threshold  speed  at  which  the  effective 
compression  ratio  begins  to  increase  due  to  the 
inability  of  the  pressure  in  the  working  chamber 
16  to  bleed  down  into  the  air  chamber  32  through 
the  gap  g. 

Moreover,  it  will  be  recognized  that  a  choked 
flow  condition  between  the  air  chamber  and  the 
working  chamber  can  be  established  at  the 
moment  of  opening  of  the  exhaust  valve  when 
the  pressure  in  the  working  chamber  suddenly 
drops.  By  properly  selecting  a  gap  width  that  will 
create  a  critical  pressure  ratio  across  the  gap 
when  the  exhaust  valve  opens,  the  expansion  of 
high  pressure  gas  in  the  air  chamber  into  the 
working  chamber  will  be  momentarily  delayed  to 
preserve  and  control  the  discharge  of  highly 
compressed  and  heated  air  with  radicals  from  the 
air  chamber  into  the  exhaust  discharge.  The 
degree  of  preservation  of  heated  air  and  radicals, 
of  course,  will  depend  upon  the  extent  of  the 
choked  condition  and  other  factors.  For  example, 
by  providing  a  sharp  edge  44  at  the  edge  of  the 
gap  nearest  the  air  chamber  33,  choked  flow  can 
be  virtually  assured  for  usual  gap  widths. 

With  reference  to  Figures  12a  —  p,  the  operation 
of  the  invention  is  illustrated  schematically, 
including  the  use  of  the  Helmholtz  resonant  con- 
dition  to  cause  periodic  pumping  of  air  from  the 
air  chamber  38  into  the  working  chamber  16;  the 
choked  flow  condition  between  the  air  and  work- 
ing  chamber;  organ  pipe  resonance;  the  coupled 
oscillator;  and  radical  generation/management  to 

improve  and  control  the  combustion  process  in 
the  engine. 

Starting  at  Figure  12a,  the  piston  38  is  at  BDC, 
both  valves  (intake  and  exhaust)  are  closed,  and 

5  an  axially  stratified  charge  is  pictorially  repre- 
sented  in  the  working  chamber  16,  with  air  and 
very  little  fuel  adjacent  the  piston  and  a  fuel-rich 
mixture  near  the  closed  end  of  the  working 
chamber.  In  all  instances,  at  the  beginning  of  the 

w  compression  event,  air  with  no  or  very  little  fuel 
must  be  present  adjacent  the  working  end  of  the 
piston  to  insure  that  air  is  transferred  into  the  air 
chamber  38  during  at  least  the  initial  part  of  the 
compression  event.  Such  axial  stratification  can 

is  be  achieved  by  utilizing  various  charge  control 
devices  including,  but  not  limited  to,  dual  air 
supply  intake  manifolds  with  associated  air  con- 
trols,  charge  intake  valve  arrangements,  fuel 
injection  controls,  intake  manifold  port  arrange- 

20  ments,  and  so  forth. 
The  compression  event  begins  and  progresses 

as  seen  in  Figures  12b  and  12c,  resulting  in  the 
transfer  of  air  from  the  working  chamber  into  the 
air  chamber,  as  shown  by  arrows  123  in  Figure 

25  12b.  As  compression  progresses,  a  roll  vortex  124 
forms  under  the  cap  32  within  the  air  chamber 
due  to  the  geometry  of  the  gap  g  and  the  air 
chamber  walls,  and  the  fluid  dynamics  within  the 
chamber.  This  roll  vortex  is  important  since  it 

30  produces  intimate  heat  exchange  contact 
between  the  air  entering  the  air  chamber  and  the 
underside  of  the  cap  32  which,  after  several 
cycles,  will  become  heated  to  a  desired  tempera- 
ture  range  to  ensure  that  the  Helmholtz  resonat- 

35  ing  frequency  FB  in  the  air  chamber  will  match  the 
natural  frequency  FA  in  the  working  chamber,  as 
previously  described.  If  the  engine  is  configured 
to  have  a  dynamically  variable  compression  ratio 
as  described  previously,  the  onset  of  choked  flow 

40  between  the  working  and  air  chambers  16,  32  will 
begin  at  some  point  during  the  compression 
event  as  the  piston  reaches  its  maximum  velocity. 

As  the  piston  further  approaches  TDC,  the  air  in 
the  air  chamber  16  has  been  heated  to  a  condition 

45  whereat  its  temperature  is  compatible  with  the 
desired  Helmholtz  resonating  frequency  FB  and 
ignition  of  the  charge  occurs  (Figure  12d).  Radical 
formation  in  the  air  chamber  38  has  already 
progressed  before  ignition  of  the  charge  to  a 

so  point  that  will  be  determined  by  the  pressure  and 
temperature  conditions  in  the  air  chamber  and 
the  nature  of  the  fuel  being  burned  by  the  engine. 
However,  it  can  readily  be  appreciated  that,  since 
there  is  very  little  fuel  in  the  air  chamber,  the 

55  radical  content  that  is  generated  from  minor 
quality  of  fuel  contained  in  the  air  will  be  small  as 
compared  with  the  radical  population  in  the  air 
chamber  that  has  been  produced  in  the  working 
chamber  during  the  previous  cycle,  as  will  be 

bo  explained  momentarily. 
In  Figure  12d,  ignition  has  been  initiated,  the 

shock  wave  preceding  the  flame  front  has  not  yet 
reached  the  gap  between  the  working  and  air 
chamber,  and  then,  as  seen  in  in  Figure  12e,  the 

65  shock  wave  from  ignition  has  reached  and  pene- 
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rated  the  gap  and  has  driven  the  heated  gas  in 
he  air  chamber  into  Helmholtz  resonance  at  the 
Helmholtz  resonating  frequency  of  the  air 
:hamber.  Compression  and  expansion  wave 
nteraction  between  the  working  and  air  cham- 
bers  now  produces  a  periodic  vibrational  transfer 
jf  air  from  the  air  chamber  into  the  working 
:hamber  to  participate  in  the  fuel  combustion 
eaction  process.  Not  all  of  the  air  from  the 
ihamber  is  transferred  at  once,  of  course,  since 
his  would  be  detrimental  to  the  combustion 
Drocess.  Rather,  the  air  is  controllably  released 
:hrough  the  critical  gap  to  react  with  the  fuel  in  a 
:ime  dependent  manner  at  a  rate  that  is  compat- 
ble  with  the  combustion  process  itself.  It  is  to  be 
loted  that  the  transfer  of  air  from  the  air  chamber 
nto  the  working  chamber  progresses  as  a  pump- 
ng  action  even  while  the  pressure  in  the  working 
chamber  is  increasing  and  the  total  average 
Dressure  in  the  working  chamber  is  above  that  of 
tie  air  chamber.  It  is  the  nature  of  the  wave 
nteraction  process  that  the  rebounding  of  the 
shock  waves  from  the  gap  area  produces  a 
momentary  local  reduction  in  pressure  in  the  gap 
/icinity  that  enables  the  expansion  of  the  Hel- 
nnholtz  excited  air  from  the  air  chamber  into  the 
combustion  zone.  The  transfer  of  air  therefore 
Dontinues  entirely  throughout  the  combustion 
process,  and  is  not  simply  dependent  upon  the 
ability  of  the  air  in  the  air  chamber  to  bleed  down 
by  expansion  into  the  working  chamber  after  the 
piston  has  moved  sufficient  distance  away  from 
the  closed  end  of  the  cylinder  to  cause  a  suitable 
reduction  in  pressure  in  the  working  chamber. 

As  shown  in  Figure  12f,  transfer  of  air  from  the 
air  chamber  into  the  working  chamber  proceeds 
as  the  latter  expands  due  to  motion  of  the  piston, 
with  the  air  chamber  still  oscillating  at  its  Hel- 
mholtz  resonant  frequency  FB.  It  has  been 
observed  that  the  highly  heated  air  from  the 
chamber  38  enters  the  combustion  zone  along  the 
outer  cylinder  walls  and  reacts  with  fuel  as  it 
expands  towards  the  center  in  the  upper  area  of 
the  cylinder  working  chamber. 

Thus,  from  the  moment  of  ignition  onward  air  is 
continuously  supplied  into  the  combustion  zone 
due  to  the  Helmholtz  resonance  in  the  air 
chamber  and  shock/expansion  wave  interaction 
in  the  vicinity  of  the  gap.  The  combustion  process 
is  thereby  improved  so  that  all  of  the  fuel  in  the 
charge  is  reacted,  since  the  apparatus  permits  a 
prolonged  combustion  time  that  insures  reaction 
of  all  of  the  fuel  elements.  As  is  well  known 
oxidation  of  the  fuel  (combustion)  is  a  chemical 
process  involving  the  fracturing  of  bonds 
between  the  hydrocarbon  elements  that  produces 
various  intermediate  compounds  having  different 
bond  strengths.  By  providing  additional  time  for 
combustion  with  the  addition  of  highly  energized 
oxygen  into  the  combustion  zone,  the  unstable 
compounds  requiring  additional  time  for  reaction 
can  be  reacted  with  available  oxygen.  The  flame 
front  in  the  working  chamber  never  actually 
penetrates  the  gap  into  the  air  chamber,  of 
course,  since  the  gap  has  been  configured  to 

cause  quenching  ot  any  name  Troni  reacning  ine 
area. 

If  the  engine  operates  in  the  autoignition  mode, 
the  timing  of  ignition  will  be  determined  by  the 

5  pressure  and  temperature  in  the  working  cham- 
ber,  as  is  well  known.  However,  the  autoignition 
process  appears  to  occur  at  multiple  points 
within  the  working  chamber  due  to  the  presence 
of  radicals  that  have  been  previously  seeded  in 

'o  the  incoming  charge  and  additional  radicals  that 
are  supplied  from  the  air  chamber  by  the  Hel- 
mholtz  resonating  action.  A  smoother  auto- 
ignition  at  lower  compression  ratio  is  produced 
and  the  timing  of  ignition  can  be  controlled  by 

is  constructing  the  cap  32  of  a  material  having  a 
temperature  coefficient  that  optimizes  the  cap 
temperature  for  the  fuel  being  burned  and  the 
compression  ratio  of  the  engine.  This  will  be 
discussed  in  more  detail  below  when  a  process 

>o  for  controlling  the  timing  of  autoignition  is 
explained. 

In  Figure  12g,  the  piston  is  approaching  the 
BDC  position  and  organ  pipe  resonance  has  been 
generated  in  the  working  chamber  as  explained 

>5  previously.  The  reaction  of  the  remaining  fuel 
adjacent  the  cap  continues  and  further  heating  of 
the  cap  occurs  by  radiant  energy. 

In  Figure  12h,  the  exhaust  valve  has  opened 
and  the  products  of  combustion  immediately 

so  begin  their  exit  from  the  combustion  chamber, 
accompanied  by  a  drop  in  pressure  in  the  working 
chamber.  The  remaining  oxygen  and  radical 
population  in  the  air  chamber  begin  expanding 
across  the  gap  (in  delayed  fashion  if  the  gap  is 

35  configured  to  cause  critical  choked  flow  between 
the  air  chamber  and  the  working  chamber  at  this 
point)  to  join  the  exhaust  products,  reacting  with 
any  remaining  fuel  or  reactable  hydrocarbon 
compounds  in  the  working  chamber  to  provide  a 

w  thermal  reactor  effect  that  cleans  up  the  exhaust 
products. 

During  the  exhaust  event,  outgassing  of  the 
ring  and  clearance  crevices  of  unburned  hydro- 
carbons  and  vaporized  oil  occurs,  and  it  is  well 

45  known  that  the  presence  of  these  compounds 
contributes  significantly  to  the  unburned  hydro- 
carbon  population  of  exhaust  gases  in  standard 
conventional  engines.  In  the  present  invention, 
outgassing  of  hydrocarbons  from  the  crevice  and 

so  ring  areas  only  extends  into  the  air  chamber  38, 
which  is  closely  adjacent  the  crevices.  (As  seen  in 
Figure  2,  the  length  of  the  crevice  surface  50 
between  the  bottom  of  the  chamber  38  and  the 
top  of  the  first  ring  seal  is  kept  as  short  as  possible 

55  to  minimize  the  volume  of  the  crevice  area  above 
the  ring  seal  grooves).  The  outgassing  of 
unburned  hydrocarbons  and  vaporized  oil  into 
the  air  chamber  38,  on  the  other  hand,  produces 
hydrocarbon  radicals  that  can  contribute  to  the 

60  further  reaction  of  the  fuel  in  the  working 
chamber  16  with  the  available  oxygen  from  the  air 
chamber.  Some  of  the  radicals  formed  by  the 
outgassing  of  the  crevice  area  remain  in  the  air 
chamber  for  use  at  a  later  time.  Thus,  the  heated 

65  air  chamber  38  beneath  the  cap  32  serves  as  a 
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reactor  zone  for  the  fuel  molecules  outgassed 
from  the  piston  clearance  and  ring  crevices, 
thereby  reducing  or  eliminating  UHC  content 
from  this  source  in  the  exhaust  stream.  In  pass- 
ing,  it  should  be  noted  that  most  crevice  areas  are 
dimensionally  too  small  to  permit  the  generation 
of  radicals  therein,  so  that  the  availability  of  the 
larger,  closely  adjacent  heated  air  chamber 
volume  VB  provides  a  significant  benefit  in  reduc- 
ing  exhaust  UHC  that  would  otherwise  be  genera- 
ted  by  the  outgassing  process. 

As  the  exhaust  event  progresses,  the  reactions 
occurring  in  the  air  chamber  cause  further  expan- 
sion  and  agitation  of  gases  in  the  air  chamber 
which  results  in  acceleration  of  the  column  of 
gases  above  the  gap  area  in  the  cylinder  12 
towards  the  closed  end  of  the  cylinder  and  a 
subsequent  rebound  of  the  column  towards  the 
piston  14  to  produce  high  turbulence  and  mixing 
in  the  working  chamber  as  the  exhaust  event 
progresses  (see  Figure  12i  and  12j).  During  the 
middle  part  of  the  exhaust  stroke,  as  shown  in 
Figure  12k,  acceleration  of  the  piston  causes 
momentary  inflow  of  combustion  products  into 
the  air  chamber  as  the  flow  across  the  gap  area 
reverses.  However,  in  Figure  121,  deceleration  of 
the  piston  and  lower  pressures  in  the  working 
chamber  as  the  end  of  the  exhaust  stroke  is 
approached  cause  final  depressurization  of  the  air 
chamber  and  completion  of  the  outgassing  of  the 
crevice  areas  of  the  piston. 

The  final  reaction  of  crevice  vapors  in  the  air 
chamber  at  this  time  produces  various  hydro- 
carbon  radicals  that  can  be  characterized  as  "pre- 
flame"  radicals  in  contrast  to  radicals  present  in 
the  exhaust  stream  resulting  from  the  combus- 
tion  process,  the  latter  being  conveniently  charac- 
terized  as  "post-flame"  radicals.  The  pre-flame 
radicals,  of  course,  will  be  somewhat  different  in 
chemical  composition  from  the  post-flame  radi- 
cals  for  obvious  reasons,  since  they  will  not  have 
participated  in  the  high  temperature,  high 
pressure  combustion  reaction  of  the  fuel  charge, 
but  will  have  only  resulted  from  the  cracking  of 
the  fuel  molecules  at  the  lower  pressure  and 
temperatures  present  in  the  air  chamber  during 
the  exhaust  stroke.  Thus,  along  with  the  air  in 
chamber  38,  post-flame  radical  remnents  from 
the  combustion  products  in  the  exhaust  gases 
and  pre-flame  radicals  from  crevice  outgassing 
will  be  present  in  the  chamber  as  a  highly  reactive 
mixture. 

Upon  completion  of  the  exhaust  stroke,  the 
exhaust  valve  closes  and  the  intake  valve  opens 
(with  perhaps  a  suitable  overlap  to  suit  the  par- 
ticular  engine  requirements),  and  the  piston 
begins  moving  away  from  the  closed  end  of  the 
cylinder  bore  to  initiate  the  next  intake  of  air  into 
the  working  chamber.  As  shown  in  Figure  12m,  as 
the  piston  accelerates  downwardly,  an  outgas- 
sing  of  air  and  radicals  from  the  air  chamber  into 
the  working  chamber  occurs  due  to  the  rapid 
piston  motion  and  the  reduced  pressure  in  the 
working  chamber.  This  produces  a  seeding  of  the 
incoming  air  with  the  highly  reactive  radical 

mixture  in  the  air  chamber.  Since  the  air  in  the 
working  chamber  is  considerably  cooler  than  the 
air  in  the  air  chamber,  the  high  temperature 
radicals  are  "quenched"  and  diluted,  so  that 

5  further  reaction  of  the  radicals  in  the  air  chamber 
is  substantially  delayed  until  they  are  reactivated 
during  the  next  compression  and  combustion 
events. 

In  Figure  12n  the  piston  is  approaching  the  end 
10  of  the  intake  event  but  the  fuel  has  not  yet  been 

introduced  into  the  working  chamber.  In  Figures 
12o  and  12p,  the  fuel  has  been  added  at  the  intake 
port  area  of  the  working  chamber  (for  the  fuel 
aspirated  engine)  to  produce  the  desired  axially 

15  stratified  charge  before  compression  begins  to 
initiate  the  next  cycle.  As  explained  previously, 
various  procedures  can  be  used  to  obtain  the 
axially  stratified  charge  condition  to  avoid  con- 
tamination  of  the  air  chamber  with  fuel  except  in 

20  very  minor  quantities  (insufficient  for  sustained 
combustion). 

When  the  next  compression  event  begins  (Fig- 
ure  12a)  and  proceeds  to  ignition  (Figure  12d),the 
charge  is  a  radical  seeded  mixture  of  fresh  fuel, 

25  radicals  produced  during  heating  and  compres- 
sion  of  the  fresh  fuel,  post-flame  and  pre-flame 
radicals  seeded  from  the  previous  combustion 
cycle  and  from  the  crevice  outgassing  of  fuel  and 
air  at  the  end  of  the  previous  cycle.  Ignition  is  thus 

30  radical  enhanced  so  that  the  autoignition 
pressure/temperature  zone  is  lowered  in  accord- 
ance  with  known  principles,  as  illustrated  in  Fig- 
ure  14.  In  Figure  14,  a  typical  compression  igni- 
tion  autoignition  zone  128  is  shown  related  to 

35  pressure  and  temperature  within  the  working 
chamber  16.  Zone  130  is  the  radical  enhanced 
autoignition  zone  and  shows  how  radical  seeding 
affects  the  autoignition  zone,  a  phenomenon  that 
has  been  extensively  investigated  by  the  Russian 

40  physicist  N.  N.  Seminov.  The  shape  of  the  radical 
enhanced  zone  130  in  fact  is  sometimes  referred 
to  as  the  "Saminov  Peninsula".  The  zone  132 
below  and  to  the  left  of  the  zone  130  will  require  a 
spark  or  high  temperature  source  to  initiate  com- 

45  bustion  in  the  conventional  engine,  since  other- 
wise  ignition  of  the  charge  will  not  normally 
occur.  Thus,  it  will  be  seen  that  as  long  as  the 
pressure  in  the  working  chamber  is  at  least  above 
the  generally  horizontal  leg  of  the  radical 

so  enhanced  autoignition  zone  130  and  to  the  left  of 
the  vertical  leg  of  the  zone,  the  temperature  alone 
of  the  charge  will  determine  whether  or  not 
ignition  will  proceed  spontaneously  or  only  upon 
instigation  with  a  spark  or  high  temperature 

55  source.  By  controlling  the  temperature  of  the 
charge  by  controlling  the  quantity  of  secondary 
air,  and  by  maintaining  the  temperature  of  the  cap 
32  below  the  detonation  temperature,  the  com- 
bustion  cycle  in  accordance  with  this  invention 

60  can  be  controlled  so  that  ignition  will  selectively 
be  carried  out  in  the  autoignition  or  spark  ignition 
mode.  The  charge  temperature,  will  be  carried  out 
with  the  temperature  of  the  charge  in  the  working 
chamber  close  to  the  radical  enhanced  autoigni- 

65  tion  temperature,  with  the  ultimate  precombus- 
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ion  temperature  of  the  charge  varied  by  varying 
he  fuel-to-air  ratio  via  control  of  the  secondary  air 
idmitted  to  the  working  chamber.  In  this  manner, 
i  slight  increase  or  decrease  of  the  charge 
emperature  into  or  out  of  the  autoignition  zone 
zone  130  or  zone  132)  is  accomplished,  and  the 
jombustion  cycle  is  carried  out  selectively  in 
.park  ignited  or  autoignition  mode. 

In  the  autoignition  mode,  of  course,  it  will  be 
ioted  that  the  cycle  is  a  low  compression  ratio 
5  —  9:1)  fuel  aspirated  cycle.  Severe  detonation 
and  knock  is  avoided  even  with  gasoline  fuels 
because  of  the  controlled  Helmholtz  resonator 
supply  of  air  into  the  combustion  zone  16  from 
tie  air  chamber  throughout  the  combustion 
3vent,  and  the  longer  burn  time  provided  by  the 
ciston  and  combustion  chamber  configuration, 
rhe  type  of  radicals  provided  in  the  working 
chamber  (pre-flame)  is  also  believed  to  enhance 
:he  total  process  and  permit  close  control  of 
gnition  on  either  side  of  the  radical  enhanced 
!one. 

In  the  case  of  a  fuel  injected,  compression 
gnition  engine  such  as  shown  in  Figure  4,  it  is 
anvisioned  that  optimized  ignition  timing  can  be 
assured  by  selecting  a  cap  32  that  has  a  thermal 
coefficient  and  construction  that  yields  best 
Dower  for  the  cycle  when  autoignition  is  carried 
out  in  the  radical  enhanced  zone  130  at  low 
compression  ratios  of  between  5  and  9:1.  That  is, 
a  cap  material  and  cap  assembly  structure  is 
selected  to  have  a  thermal  coefficient  that  will 
produce  a  cap  temperature  that,  for  the  fuel  used 
and  the  compression  ratio  of  the  engine,  will 
result  in  timing  of  autoignition  that  optimizes  best 
power  for  the  engine. 

Claims 

1.  A  process  for  carrying  out  a  cyclic  combus- 
tion  reaction  of  fuel  and  air  in  a  variable  volume 
bore  (12)  of  an  internal  combustion  engine  con- 
stituting  a  working  chamber  (16)  in  which  the  fuel 
is  reacted  to  convert  chemical  energy  into  heat 
energy  for  producing  work  by  expansion  of  pro- 
ducts  of  combustion  against  the  working  face  (18) 
of  a  piston  (14)  reciprocable  in  the  bore  (12),  the 
piston  (14)  drivingly  connected  to  a  work  utiliza- 
tion  device  of  the  engine  and  including  a  resonat- 
ing  air  chamber  (38)  adjacent  its  working  face 
(18),  the  chamber  (38)  including  a  restricted 
orifice  in  communication  with  the  working 
chamber  (16)  and  an  enlarged  volume  (VB)  in 
communication  with  the  orifice,  such  engine  fur- 
ther  including  a  system  for  the  supply  of  a  fuel 
and  air  charge  to  the  working  chamber  (16)  and 
for  compressing  same  while  transferring  a  por- 
tion  of  the  air  part  of  the  charge  into  the  resonat- 
ing  chamber  (38)  during  compression;  an  ignitor 
for  initiating  combustion  of  the  fuel  and  air 
mixture  in  the  working  chamber  (16)  to  produce 
heat  and  work,  with  a  portion  of  such  heat  being 
transmitted  to  the  resonating  chamber  (38), 
characterised  by  the  steps  of: 

(a)  dimensioning  said  resonating  chamber  (38) 

and  ontice  sucn  tnat  it  constitutes  a  neimnouz 
resonator  with  the  Helmholtz  resonating  fre- 
quency  of  the  chamber  (38)  corresponding  closely 
with  the  frequency  of  the  shock  waves  generated 

5  upon  initiation  of  combustion  of  the  fuel  in  the 
working  chamber  (16)  while  maintaining  such 
dimensions  less  than  wavelength  of  the  said 
resonating  frequency  at  the  approximate 
temperature  of  the  resonating  chamber  (38)  dur- 

o  ing  the  combustion  of  the  fuel  and  expansion  of 
the  variable  volume; 

(b)  exciting  the  heated  air  in  said  resonating 
chamber  (38)  at  its  Helmholtz  resonant  frequency 
during  each  combustion  reaction  event  in  the 

'5  working  chamber  (16)  by  said  shock  waves  to 
cause  periodic  pumping  of  heated  air  from  the 
resonating  chamber  (38)  into  the  working 
chamber  (16)  throughout  the  combustion/expan- 
sion  events  under  conditions  where  the  tempera- 

>.o  ture  of  the  air  in  the  resonating  chamber  (38)  is 
higher  than  the  temperature  of  gases  in  the 
working  chamber  (16); 

(c)  inducing  organ  pipe  resonance  of  the  gas  in 
the  working  chamber  (16)  at  some  point  during  its 

?5  expansion  after  each  initiation  of  the  combustion 
reaction  in  the  working  chamber  (16)  by  the 
periodic  flow  of  hotter  air  from  the  resonating 
chamber  into  the  cooler  working  chamber  (38) 
through  said  orifice  at  said  Helmholtz  resonating 

30  frequency. 
2.  A  process  as  claimed  in  claim  1,  charac- 

terised  in  that  the  closed  organ  pipe  resonance  is 
induced  at  least  when  the  working  chamber  (16)  is 
at  or  near  maximum  volume  (i.e.,  at  its  longest 

35  length)  following  the  combustion/expansion 
event. 

3.  A  process  as  claimed  in  claim  1  or  2,  charac- 
terised-  in  that  the  air  in  the  resonating  chamber 
(38)  is  whirled  rapidly  within  the  chamber  (38)  to 

40  cause  heat  exchange  with  the  piston  (14),  particu- 
larly  the  working  face  (18)  area  thereof. 

Patentanspruche 

45  1.  Verfahren  zum  Durchfuhren  einer  zyklischen 
Verbrennungsreaktion  von  Kraftstoff  und  Luft  in 
einer  Bohrung  (12)  variablen  Volumens  eines 
Verbrennungsmotors  mit  innerer  Verbrennung, 
der  eine  Arbeitskammer  (16)  bildet,  in  welcher  der 

so  Kraftstoff  zur  Reaktion  gebracht  wird,  urn  chemi- 
sche  Energie  in  Warmeenergie  umzusetzen  und 
Arbeit  zu  leisten  durch  Ausdehnung  von  Verbren- 
nungsprodukten  gegen  eine  Arbeitsflache  (18) 
eines  in  der  Bohrung  (12)  hin-  und  herbewegli- 

55  chen  Kolbens  (14),  wobei  der  Kolben  (14)  mit 
einer  Arbeitsmaschine  des  Motors  antriebemafiig 
gekoppelt  ist  und  eine  Resonanz-Luftkammer  (38) 
in  der  Nachbarschaft  seiner  Arbeitsflache  (18) 
aufweist,  wobei  die  Kammer  (38)  eine  mit  der 

60  Arbeitskammer  (16)  in  Verbindung  stehende  ein- 
geschrankte  Mundung  und  ein  mit  der  Mundung 
in  Verbindung  stehendes  vergrolSertes  Volumen 
(VB)  aufweist,  wobei  dieser  Motor  weiterhin  ein 
System  fOr  die  Zufuhr  einer  Kraftstoff-/Luft- 

65  Charge  zu  der  Arbeitskammer  (1  6)  und  zum  Kom- 

13 
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primieren  der  Charge  wahrend  der  Ubertragung 
eines  Teils  der  .  Luftanteils  der  Charge  in  die 
Resonsanz-Kammer  (38)  wahrend  der  Kompres- 
sion  aufweist,  sowie  eine  Zundeinrichtung  zum 
Einleiten  der  Verbrennung  des  Kraftstoff-/Luft- 
Gemisches  in  der  Arbeitskammer  (16),  um  Warme 
und  Arbeit  zu  erzeugen,  wahrend  ein  Anteil  dieser 
Warme  zu  der  Resonanzkammer  (38)  ubertragen 
wird,  gekennzeichnet  durch  folgende  Schritte: 

a)  Dimensionieren  der  Resonanzkammer  (38) 
und  der  Mundung  derart,  dafc  sie  einen  Helmholtz- 
Resonator  bildet,  wobei  die  Helmholtz-Resonanz- 
frequenz  der  Kammer  (38)  in  engen  Grenzen  der 
Frequenz  der  StolSwellen  entspricht,  die  bei  Einlei- 
tung  der  Verbrennung  des  Kraftstoffs  in  der 
Arbeitskammer  (16)  erzeugt  werden,  wahrend 
diese  Abmessungen  kleiner  gehalten  werden  als 
die  Wellenlange  der  Resonanzfrequenz  bei  der 
angenaherten  Temperatur  der  Resonanzkammer 
(38)  wahrend  der  Verbrennung  des  Kraftstoffs  und 
der  Expansion  des  variablen  Volumens; 

b)  Anregen  der  erwarmten  Luft  in  der  Resonanz- 
kammer  (38)  bei  deren  Helmholtz-Resonanzfre- 
quenz  wahrend  jedes  Verbrennungsreaktionser- 
eignisses  in  der  Arbeitskammer  (16)  durch  die 
StolSwellen,  um  ein  periodisches  Pumpen  von 
erwarmter  Luft  aus  der  Resonanzkammer  (38)  in 
die  Arbeitskammer  (16)  wahrend  der  Verbren- 
nungs-/Expansions-Ereignisse  unter  Bedingungen 
zu  veranlassen,  bei  denen  die  Temperatur  der  Luft 
in  der  Resonanzkammer  (38)  hoher  ist  als  die 
Temperatur  von  Gasen  in  der  Arbeitskammer  (16); 

c)  Induzieren  einer  Orgelpfeiffen-Resonanz  des 
Gases  in  der  Arbeitskammer  (16)  an  einem  gewis- 
sen  Punkt  wahrend  seiner  Expansion  nach  jedem 
Einleiten  der  Verbrennungsreaktion  in  der 
Arbeitskammer  (16)  durch  periodischen  Strom 
heiBerer  Luft  aus  der  Resonanzkammer  in  die 
kiihlere  Arbeitskammer  (38)  durch  die  Mundung 
bei  der  Helmholtz-Resonanzfrequenz. 

2.  Verfahren  nach  Anspruch  1,  dadurch  gekenn- 
zeichnet,  da(5  die  einer  geschlossenen  Orgel- 
pfeiffe  entsprechende  Resonanz  zumindest  dann 
induziert  wird,  wenn  die  Arbeitskammer  (16) 
genau  oder  annahernd  ihr  maximales  Volumen 
(d.h.:  ihre  groftte  Lange)  im  Anschlufi  an  das 
Verbrennungs-/Expansionsereignis  aufweist. 

3.  Verfahren  nach  Anspruch  1  oder  2,  dadurch 
gekennzeichnet,  dal3  die  Luft  in  der  Resonanz- 
kammer  (38)  in  der  Kammer  (38)  rasch.verwirbelt 
wird,  um  einen  Warmeaustausch  mit  dem  Kolben 
(14),  insbesondere  dessen  Arbeistsflache  (18)  zu 
veranlassen. 

Revendications 

1.  Procede  d'execution  d'une  reaction  de  com- 
bustion  cyclique  d'un  carburant  et  d'air  dans  un 
alesage  (12)  de  volume  variable  d'un  moteur  a 
combustion  interne,  constituant  une  chambre  de 
travail  (16)  dans  laquelle  le  carburant  reagit,  afin 
qu'il  transforme  I'energie  chimique  en  energie 
thermique  permettant  la  production  de  travail  par 
detente  des  produits  de  combustion  contre  la  face 
de  travail  (18)  d'un  piston  (14)  qui  peut  se  depla- 

cer  en  translation  dans  I'alesage  (12),  le  piston 
(14)  etant  raccorde  a  un  dispositif  utilisateur  du 
travail  du  moteur  afin  qu'il  I'entrame  et  compre- 
nant  une  chambre  pneumatique  resonante  (38) 

s  adjacente  a  la  face  de  travail  (18),  la  chambre  (38) 
ayant  un  orifice  de  dimension  limitee  qui  commu- 
nique  avec  la  chambre  de  travail  (16)  et  un 
volume  agrandi  (VB)  qui  communique  avec  I'ori- 
fice,  le  moteur  comprenant  en  outre  un  ensemble 

w  destine  a  assurer  I'alimentation  de  la  chambre  de 
travail  (16)  en  une  charge  de  carburant  et  d'air  et 
la  compression  de  cette  charge  avec  transfert 
d'une  partie  de  I'air  de  la  charge  dans  la  chambre 
resonante  (38)  au  cours  de  la  compression,  un 

m  allumeur  destine  a  declencher  la  combustion  du 
melange  de  carburant  et  d'air  dans  la  chambre  de 
travail  (16)  afin  que  de  la  chaleur  et  du  travail 
soient  produits,  une  partie  de  la  chaleur  etant 
transmise  a  la  chambre  de  combustion  (38), 

20  caracterise  par  les  etapes  suivantes: 
(a)  la  realisation  de  la  chambre  resonante  (38)  et 

de  I'orifice  avec  des  dimensions  telles  qu'elle 
constitue  un  resonateur  de  Helmholtz,  la  fre- 
quence  de  resonance  de  Helmholtz  de  la  chambre 

25  (38)  correspondant  etroitement  a  la  frequence  des 
ondes  de  choc  creees  apres  declenchement  de  la 
combustion  du  carburant  dans  la  chambre  de 
travail  (16),  avec  maintien  de  ces  dimensions  a 
une  valeur  inferieure  a  la  longueur  d'onde  de  la 

30  frequence  de  resonance  a  la  temperature  approxi- 
mative  de  la  chambre  resonante  (38)  pendant  la 
combustion  du  carburant  et  I'expansion  du 
volume  variable, 

(b)  l'excitation  de  I'air  chauffe  dans  la  chambre 
35  resonante  (38)  a  la  frequence  de  resonance  de 

Helmholtz  pendant  chaque  etape  de  la  reaction  de 
combustion  dans  la  chambre  de  travail  (16),  par 
des  ondes  de  choc,  afin  que  I'air  chauffe  soit 
pompe  periodiquement  de  la  chambre  resonante 

40  (38)  a  la  chambre  de  travail  (16)  pendant  les  etapes 
de  combustion-detente,  dans  des  conditions  dans 
lesquelles  la  temperature  de  I'air  present  dans  la 
chambre  resonante  (38)  est  superieure  a  la  tempe- 
rature  des  gaz  dans  la  chambre  de  travail  (16),  et 

45  (c)  I'induction  de  la  resonance  en  tuyau  d'orgue 
du  gaz  dans  la  chambre  de  travail  (16)  a  un 
moment  de  sa  detente  apres  le  declenchement  de 
la  reaction  de  combustion  dans  la  chambre  de 
travail  (16),  par  ecoulement  periodique  d'air 

so  chauffe  de  la  chambre  resonante  a  la  chambre  de 
travail  (38)  qui  est  plus  froide  par  I'intermediaire 
dudit  orifice  et  a  la  frequence  de  resonance  de 
Helmholtz. 

2.  Procede  selon  la  revendication  1,  caracterise 
55  en  ce  que  la  resonance  en  tuyau  d'orgue  ferme 

est  induite  au  moins  lorsque  la  chambre  de  travail 
(16)  a  son  volume  maximal  (c'est-a-dire  sa  lon- 
gueur  la  plus  grande)  ou  presque  apres  I'etape  de 
combustion-detente. 

60  3.  Procede  selon  la  revendication  1  ou  2, 
caracterise  en  ce  que  I'air  present  dans  la  cham- 
bre  resonante  (38)  tourbillonne  rapidement  dans 
la  chambre  (38)  en  provoquant  un  echange  de 
chaleur  avec  le  piston  (14)  et  en  particulier  avec  la 

65  surface  de  la  face  de  travail  (18)  de  celui-ci. 
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