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2 :00 At te  m u on Cha i rm in hr  . at
An j T D ’ t .~~:: , VA

2:05 I n j e c t i o n , At on ’i z at i n ’~ . I gn i t i o n  h r  J . A .  Sc ’ ic~ 
-z

and Co 1 .~t~~c, ~ 1 1. -i - i d  F u e l s  in V D I  A t ,i v , n i v e r s i ’~y
H i g h — S : e r ~i A :  r 1r.- ::rle. (Ar )~d~— 7 4 — 2 T . N A )

2:30 M i x i n g , I g n i t . : o n  a n d  ( e ’ iuSust ion in ‘ r e  H .  l i ’ !  e H::’ n / ~’ .T. , i r ~ .,N ; i
F l o w i ng Reac t  i n g  Fuel — Ai r Mixtures S c ic ur e s A:’r 1 

~~ ,~~ i :r ~ s A~.sc~
( F6 2 0 _ 7 7 — ( _ : s ) H .

2 : 5 5  T u r b u l e n t  t l i x in g  and ( omh u s t ion Drs C. ‘ . P e t e r s / P  . 1 .  C~ i. ss ~~~‘,

i i i  H i g h — S p e e d  F~ ows ~!. L .  L a s t e r  — N
( P 0 — 7 7 — 0 0 1 5 )
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3:35 Research on Ramjet Combustion at  l)rs S.R . Craig/F.!). S t i ~~~
AF A PL A I A1 ’L / ~~l T ( 1  r i — l I w s , )

6:00 F u n d a m e n t a l  S tu d i e s  of Du mp 1)r J . E .  ‘ - r e , ’r \
Combust ion Pilenomena at AFAPL A FAPL/ RJT — ~~P A E - S ,

4:25 Turbulent Vortex Flame S t a b i l i t y  Dr A .  H .  C h o u d h u r v
and Spreading with Gas Jet Impinge— i n  i v  o~ S o a t h e r n  C i i i  f o r ~
nient (A I ; SL _ I 7 _ 3 y ~.)

4:5(3 Flow F l a m e  l r ’ t e r a c t i o n ~ ant i  P r  N .  ( e r ~~t e i n
rransieT\ t ~ amo Phe omena U n i v  ol Sou1~ -e rn C a l  i i  e r:i j~

( A E O S E — 7 7 — 3  ~5/i )
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A F ’A P L , ’ RJ ’r  — N P A I D  . OH

M :35  C o m b u s t i o n  St  u d i c s  o~ Fae~ F low F .  ‘
~~~~~~

React ive Syster:s Cr;’’~’ ‘hI ~. e : v c r s :  v . n g l a n d

‘1 :00 Resea rch on Me San i sme ~ t Ore n • ’ • Or t  S .  P . . ’ . Wa ‘

Sup e rsonic Cornhust ion and F • N i  ig . N . T . C : s  i N a
Externa l Burning Relever t . 1 .~\ .  ~~~~~~~~

to I’S N -ivy and Air Force A pp l ie d Phv :.ics L:~
s JoS n r ;  ‘ on N ~~~ U n i v — s

i i

it

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~
. - .

~~~~~~~~~
- - .---

~~~~~~
- . -- -- - - -

~~~~~~~~~~~~~~



— .  . _ —.- —--- .r~~~~~~~~~~ .—=-=.=—-- ~~~~..-.-— 
._ _-

~~~~~

_

T u e s d ay  AM

~1:3O - Summary of E x t e r n a l an d  ha:.c Dr C . E .  Pe t e r s
Burn ing JAWNA F Worksh op  AEDC (.\Ro)

(P0 77-0015)

~ :55 AFAPI Turbojet Combustor Program Mr R. Henderson and
Overview Capt R.M . Mc(regor

AFAPL — W P A F E I , OH (In—House)

10:2 1) BREAK -

10:35 Fundamental Modeling of Kinetics Dr J. svithenbank
Mixing , Evaporation and Combustion Univ ~ i Sheffield , Eng land
in Gas Turbine Combusiors (AFOSR—74—2682)

11:00 Low Frequer lcy C o r n b u s t  o;i i usta— Capt F .N. Underwood
hi l ity  i n  (N~s Turbine AFAPL ([n—Hou se) WPAFB , OH a nd
Augmentors i)r J . Rusnak

P&W Aircraft , Florida

11:25 Mechanisms of Radiati on Augmented Dr A .F. Cerkanowicz
Ignition and Combustion Exxon

(F49~~ O—77—C—OO85 )

I 1:50 Combu stion 1y r1 . n i C s  0 Adv anced Dr F. Culick
Chemical 1.asing Syst eris Ca l it inst of Tech

(AF OSF—74—2694)

12 : 1 5  LUNC h

13 Sep 77
T u e s d ay  I’M

1 : 4 5  A f t e r n o o n  C h a i r m a n Dr J .  M u r r a y
A r my R e s e a r c h  O f f i c e
D u r h a r  , NC

1:50 F u n d a m e n t a l  M e c h a n i s m s  of Ca r b o n  Dr H .  C a i c o t e
Forna t ion on Hy d roca r l ’on and  Ac roC hem
S y n t  ho t  i c I - n e  1 C O , I I b U n I  i on  ( F A Y t  ~1— 7 7—C— 00 2~

2 :  15 Me d ia n i  ems of E x h a u s t  Po l  u t a n t  I)r C .5. SaInIIC ic on
and P l u m e  F o r m a t i o n  i n  C o n t i n u o u s  U n i v  of C a l i f — I r v i n e
C o m b u s t i o n  ( A F O S R — 7 4 — 2 7 1 0 )

2 :4 0  C o m b u s t i o n  D y n a m i c  E f f e c t s  on D r  F . A .  W i l l i a m s
I g n i t i o n , C o m b u s t i o n , E x t i n c t i o n  U n i v  of C a l i f — L a  J o l l a
and  Smoke P r o d u c t i o n  ( A F O S R — 7 7 — 3 3 6 2 )
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Tuesd ay I’M

3:05 BREAK

3:20 Consideration o~ W idened Spec ifica— Capt T. Ro stf ord
tion Fuels for A ir— Breathing Gas AFAPL/SFF (In—House)
T u r b i n e  E n g i n e s  W r i g h t — P a t t e r s o n  A EB , O~I

3 : 5 5  P y r o ly s i s  of H y d r o c a r b o n  Fu e l s  Dr W . P 1 ; i z o w s k i
- E x x o n

(A F A P L  C o n t r a c t )

4:20 ADJOURN

7:00 Soc ia l  Hour (Cash  B a r )
BANQUET

14 Sep 77
Wed nesda y AM

8:30 Morning Chairman Dr S. Lanier
EPA — D u r h a m , NC

8:35 Design Criteria for Catal ytic Drs i.!. Kesselring /R.M . R e n d a l ’
Combustors ; Overview 2nd EPA Au crexjAe rothern c Ccrp
Catal ytic Combustion Workshop

9:05 Experimental and Theoretica l I)rs A . E .  Cerka nowi c z ,
Aspe cts of Hybr id Catal yt ic V . J .  S :rn i r r s k i  and  1!. Sh a v
Combustion Exxon

9:30  Investi gatIon of Air—Breathing ~)r  E .  N l a r z
Engine Catal yti c Combustion — N A S A — L e w i s
Joint NASA/A FAPU Program

Air Force Research Studi es and Capt  T. R o s i t o r d
Needs in Ca tal yt ic Combustion AYAPL (in—ihouse )

10:2 ( 1 BREAK

10:35 MechanIsms of High Temperature Dr F. V. Bracco
Catalytic Comb u s~~lon P r i n c e t o n  t t n i v e r s i t v

(A F O S N — 7 6 — 3 0 5 2 )

11:00 C o n t r i b u t i o n s  of S n r t i c e  C a t a l y s i s  Ors I I .  W i s e  a n d  C . M .  Ah~~ow
and (as Ph~~.e ~ i !eti cs t o Catal yst S t - r n f o r d  sear h ~is~ i~ ~~e
Combostor Performanc e (F69620—~7—C—O ’~23)
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14 Sep 7 7
W e d n e s d a y  AM —

1 1 : 2 5  F l a m e  r~f fi ~enc y , S t a b :  1 i z a t  ion Dr A . i . ~1e 11cr
• and P e r t o r m t i c in  P r t r i x i n g /  Pur , j i : c  U n i v e r s i t y

P r e v a p o r i z in g  C om b u s t or s  ( A F O S R — 7 ~~-2 9 3 ô )

11:50 L II NC H

~6 Sep 77
Wed n e s d a y  PM

1:30 A f t e r n o o n  Cha i rma n - l)r J . P .  Man h o~ m
AFAPL/S FI - I  — WPAFB , OH

1:35 A i r  Force S u p p o r t e d  R e s e ar c h Dr J . R .  M a r h c i m  and B .P .  B o t t e r i
D e v e l o p m e n t  T r e n d s  and Needs  in AFAPL ( I n — H o u s e )
A i r c r a f t  F i r e  and Exp l o s i on
T e c h n o l o g y

2:00 A i r c r a f t  F u e l  F i r e s  i n  F l i g h t  Dr L. M ahood
F a l c n l n  R-~ i ;  Com pa n y

2 : 2 5  I g n i t i o n  of  F u e l  Sp r a y s  n v  F Irs W . A .  S i r  i gn a n o  and
i n c e n d i a r y  M e t a l  P a r t i c l e s  H . S .  Un man

P r i n c e t o n  U n i v e r s i t y
( A E O S R — 7 6 — 3 0 4 l  )

2 : 5 0  i g n i t  i o n  of L i q u i f  Fai l .-; h\ - H i g h  Dr 1. F i s h  iwa ~~i
I n t e n s i t y  R a d i a t i o n  ~a t i c n . : i R u r e a u  of  S t a n d a r d s

( I S S A — 7 7 — 0 0 1 6 j

3:15 B REAK F
3:3() Ignit i on of Fuel Spr ays b y Hot Prs A. Lofcbvre/ J . Skifstad

S u r f a c e s  a n i  Sta h i l i z a t i o o  ~, f P u r d u e  I J n i v e r s i t y
A i r c r a f t  F i r e s  ( A F O S R - - 7 7 — 3 4 4 6 )

( : 5 5  Igni  r le : ,  (. I I I ! , t i - ~~t i o n , r , ~t t a t  l o u  D r  Fl.  U s ’
m d  2 t i c n c h  i uig of Coi nh us t  ih i  c O h i o  St a t e  Jo iv e r s i  t y

M i x t u r e s  ( A F O S R — 7 3 — 2 5 1 1 ’) 
- 

-

4 :20 B a s i c  I n s t ; i h l  [ity M c c r , i n i s m s  in PIr T . Y .  Toong
Ch e m : c a l l y  R e a c t i n g  S y st e r r :~ M a s s a c~~u sc~~t s  I n s t  of Tech

( A F O S R — 7 4 - -2 6 19 )
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15 Sep 77
T h u r s d a y  AN

8 :30 Mor n ing Cha i rman Dr M. F<oquemerc
A F A P L / S F F  — ~s’~ AF~~, OU

8:35 S t a t e — o f — t h e — A r t  of C~ u i h u s tj o n  Dr  R .  ~,oulard
D i a g n o s t i c s  and  F u t u r e  R e q u i r e m e n t . s George W a s h i r . g t o r ,  l S n i v e r s i t v

( A F O S R — 7 7 — 3 4 3 9 )

9:0 5 Diagnostic A s s e s s m e n t s  f o r  A i r —  Dr Dan L .  H a r t l e y
Breathing Combustion Systems Sandia—Li vermore

9:35 Review of Laser Raman and Dr A .C. Eckbreth
Fluoresce nce Tech ni ques for United Technology Re search Co’~
Prac t ical Combustion D i a g n o s t i c s

10:05 Evaluation of Improved Diagnostic Dr W . K .  M c Cr e g g o r
Techniques and Future Needs for AFRPLRFSC and AEDC (ARO )
Combustion Flow s

10:35 BREAK

10:50 AFAPL Research and Needs in Dr s  M.  R o qu e m o r e , A.  Ga rsc .u~~de i
Combustion Diagnostics and Schri ehcr

A FAI ’1~ ( I n — H o u s e )

11:20 Laser  H o l o g r a p h i c  T e c h n i q u e s  f o r  Dr I) . C~ orge
P a r t i c l e  and Drop le t  S i ze  M e a s u r e —  A F R P L / D Y S C  ( I n — I l u u s e i
ni e n t s  and  A n a l y s i s  in C h e m i c a l l y
R e a c t i n g  F l o w s

11:45 Lase r  In d u c e d  F l u o r e s c e n c e  Sp e c t r o —  Dr J . W .  D a i l y
scopy f o r  Spec i e s  C o n c e n t r a t i o n  U n i v  of C a l i f — B e r k e l e y
M e a s a r e m e n t s  in T u r b u l e n t  C o m b u s t i o n  ( A F O S R - - 7 7 — 3 3 5 7 )
F I ow s

~2 : i ( )  LUNCH

15 Sep 77
Thursday PM

:30 AL te m oon Cha i rma n I) r B ‘r . I f sni
A I - 0 S R / - A  ( ) ‘  ~~ r -u ,, ‘-~a ui ,~~’e r

1:35 P am an  S c a t t e r in g  M e a s u r e m e n t s  f o r  Dr H. ~app
Time and Space Resolved Data in (‘,ene~~u I E l e c t r i c  — Sche~~e c ! a J v
Combustion Systems (r’, 2 ~~_ 7~~_ c_ o Ut i~~)

2:00 App lIcation of Tunable Lasers for Drs P. Eu sti~~, C. K r u g e ’ .
Accura te Measurements of Reacting H. ~ it ch n e r and S.A. SeY
Flow Parameters finder Combustion Stan~ -’rd l’ r ’kve r s i rv
Condi~ ions

Vi 
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15 Sep 77
Thur sday  PM

2 :25  
• 

Cohe rent Structures in Turbulent Dr N. Chigier
Flames y Laser Anemome try Univ ci Sheffield , England

(AF O SR—77 — 3 .24)

2:50 LDV Measurements and Analysis in  Dr Do~ 1e Thompson
Turbulent and Mixing Flows Purdue University

* 3:15 BREAK ( A F AP L  Contract)

3:30 Multi—Angular Scanning Absorption— Dr R. Goulard
Emissi on Techni ques for 3—D Combus— George Washington University
tion Diagnostics (AFOSR—77—3439)

3:55 Executive Session Dr B. T. Wolison
AFOSK Contractors and Grantees Onl y AFOSR!NA (Program Manager)

4:30 ADJOURN

vii 
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AIRBREATHING PROPULSION COMBUSTION
“What ’s Next?”

Robert E. Henderson
Manager , Combustion Technology Group

Turbine Engine Division
Air Force Aero Propulsion Laboratory

During the 1976 AFOSR Contractor ’s Conference , Dr. Hans von Ohain ,
Chief Scientist of the Air Force Aero—Propulsion Laboratory , presented a
historical suuui~xy of Airbreathing Propulsion Combustion . He described
many of the early problems encountered with the combustion system of the
first jet engine developed in Germany during the late 1930’ s and early
19~4O ’ s. The purpose of this presentation is to highlight where we are
today in the areas of Ramjet Combustion, Fuels Combustion Research and
Turbopropulsion Combustion as sponsored by the Air Force Aero Propulsion
Laboratory and what we expect the future will hold/require.

1. Ramj et Combustion Technology

Ramjet combustion technology programs being conducted at the AFAPL fdil
into three main product lines .

a. The first and most advanced is that of the high perfoni~nce ramj e-t ,
where high speed and long range potential make it an ideal candidate for
strategic missions . Currently there are two major ramje t engine prograrn~being conducted , one by the Marquardt Corporation and the other by Chemical
Systems Division , both of which are in support of ASAUI. Future high per-
fonr~nce ramjets may involve advanced combustors which will have high per-
fonr~nce with very short LID ’ s and capable of withstanding very high tem-
peratures (without ablative liners) over longer durations . In addition ,
variable geometry inlets and nozzles will allow the ramj et to take advantage
of its max imum cycle potential without being penalized for off design oper-
ation , thereby extending range.

b. The tactical missile propulsion area is relatively new to the Air’
Force effort . The tactical ramj et combustor offers a much wider range of
combustion problems due to the distinct differenoes between the liquid f :el
ramjet , ducted rocket , and solid fuel ramjet.

(1) The liquid fuel ramjet can employ the same coaxial center dump
comb.istor or it can have suit iple side dumps .

(2) The ducted rocket consisting of a fuel rich gas generator pro-
vides a high temperature gas pilot which can aid in flame stabilization .

(3) The solid fuel ramjet , in which a solid hydrocarbon fuel is
cast within the rarnjet cornbustor , is a relatively simple engine but with
a very complicated combustor process. In this case , the fuel injection

_ _  _ _ _ _ _ _ _  _ _ _ _
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is coupled to the combustion process and care ful matching of the grain burn
rate to the desired flight mission profile is necessary .

C. The high speed propulsion area has been dormant in the Air Force
since the late 1960’ s when several small scale scrainjet and dual mode
engines were tested. Recent interest in hypersonics between the Air Force
and NASA, and the emergence of the National Hypersonics Flight Research
Facility ( foni~r X_2Li~C program) , has revived interest in the high speed
propulsion area. Combustor programs are cur~~nt1y planned for the Mach 3-6
subsonic combustion ramjet followed by small research efforts in the dual
mode scramj et area .

2. Fuels Combustion Research

Three topics are currently receiving such attention in the fuels com-
bustion research area at the A~A?L . The first subject concerns efforts to
assess the impact of future “wide-spec fuels” on current combustion systems
as well as to develop improved hardware with increased fuel flexibility.
Catalyt ic combustion is the second topic. While initial investigation of
this new concept focused on NO~ control , real iz~~ion tha t util ization may
offer significant performance improvements has also spurr ed deve1~pment .
Finally, recent advances in laser , spectroscopic instrument ., arid time—gatin~,
electronics technology have allowed significant gains to be im~ide in the
combustion diagnostics area .

a. \pJide~~~~c Fuels Research --- Because of the globa il nature of aircraft
operations , Jet fuels of the future are likely to be produced from a combina-
tion of basic synthetic crudes , ie ., coal , oil , shale , tar sand , etc . Pro—
duction of fuels from blends of synthetic cnides and natural crudes may
also be expected . In light of the wide variations in materials from which
~~rld—wide jet fuel product ion can draw , it is anticipated that economics
will dictate the acceptance of future fuels with propert ies other than
those of currently used JP_L~~, JP-5 , and Jet A . Much additional technical
information will be required to identif y fuel specif ications which provide
the optimum solution to the following objectives :

(1) Allow usage of key ~nrid-wide resources to assure availabilit\.;

(2) ilinimize the total cost of aircraft system operation

(3) Avoid sacrifice of engine perfoni~nce ~
‘ flight safety, or environ-

mental impact .

b. Cata’ytic Combustion Research -- In response to the c:c~ncern for air-
craft gas turbine engine exhaust emissions, AFAPL initiated an investigation
of catalytic combustion in 1972. This concept is based upon the alternate
reaction paths available to catalyze reactions . As applied to gas turbine
engines , it permits the combustion of fuel/air mixtures leaner than the low
flammability limit. Further considerations of the concept have indicated 
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advantages in performance, component life , stability and emissions . Current
AFAPL programs are pursuing the application of catalytic combustion to gas
turbine engine main burners and afterburners .

C.  Combustion Diagnostics Research -- An improved technology base is
necessary to generate new ideas and improved approaches which will eventually
satisfy future turbopropuls ion combustion requirements. This technology base ,
as in the case of any science , must be established through the strong inter-
action of experiment and theory. Well designed experiments provi iing insight
into the fundamental processes occurring in practical combustion devices are
needed. Theories explaining these results and capable of predicting fut -

experimental results are also essential. The intent of combustion diagnost~c~-is to provide the tools needed to collect the necessary data- Programs at
AFAPL are currently underway to utilize optical diagnostics to acquire this
information .

3. Turbopropulsion Combustion Technology

The evaluation of the aircraft gas turbine combustor over the past
forty years has been extremely impressive . While the combustion system ~~~~
the primary limitation in development of the first aircraft gas tur’- ne in
1939, the complexity and hardware costs associated with current ‘-\Tta~ing
engine components (compressor and turbine ) now far exceed that of the corn-
bustion system. Recent developments , however , have once ag~.in caused sig-
nificant shifts in development emphasis toward combustion L ..chnolog’,’.
concepts and technology improvements will be necessary to - atis~y recently
legislated exhaust pollutant regulations . Moreover , futu ’e emphasis on engine-s
which can utilize fuels with a broader range of characteristic- ar’e expected
to require addit ional combustor technology development.

In order to provide a better appreciation for the role of the gas turbine
combustor in the overall development process, a suninary of the propul sion
system development act ivity is given. Beyond those externally imnosc~. corn-
bustor requirements cited above are the combustion system performance improve-
ments necessary to keep pace with new engine developments. Further reductions
in combustor physical size and weight are expected to continue as f inn require-
ments. Performance improvements, especially with respect to engine thrust/
weight ratio and specific fuel consumption , will require higher combustor
temperature rise , greater average turbine inlet temperatures, and closer ad-
herence to the design temperature profile at the turbine inlet . High n~rforrn-
ance designs must also permit greater Mach number operat ion within and around
the combustor to reduce pressure drop and minimize the physical size of com-
pressor exit diffuser hardware . Likewise the au~ nentor is a fairly simple
combustion device but with today ’ s complex high performance augniented turbo-
fan engines , the au~~~ntor structural design and fuel distribution system
has become increasingly complex -- and is further aggravated by a requirement
that the hardware design cannot be f inalized until all upstream componeritry
has been well characterized . Costs (both iiiitial and operating ) must be
minimized , as experiences with high temperaturu engines have confin~~d the
necessity to consider reliability and maintenance aspects of life cycle cost 
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as well as performance and fuel consumption .

L~• Requirements/Trends/Research Needs

The airbreathing propulsion uombustion technology area is literally
exploding today and the deira.1ds of torrn~~rrow~ s system wiTi 1 place even
greater challenges on this rapidly advancing f ield. Environmental quality
and energy conservation measures are requir ing a thorough understanding
of all aspects of combustion -- chemistry , thermodynamics, gas dynamics ,
etc. Consequently, the research community must continue to take an
aggressive role in the investigation and study of such relevant areas
improved fuel-air mixing, staged combustion , catalytics , diagnostics and f -

~~~~

chemistry . A brief list of some specific research needs of interest i~given below:

a. Ranijet Combustion

(1) Development of liquid fuel ranijet scaling criteria , droplet
combustion and determination of fuel-air distributions, interactions of
flameholder/durnp recir’cijlatrion rep ions , hysteresis and 5( ;rl r ;tior - ir t bid ity .

(2 )  Invest igation of new concer ti~ such an s~~n I er—~ ‘~t ir~~~~gerrn~for improved ramj et combustor perfonrunce .

(3) Studies of alternate rainjet cycles suoh as solid fuel, ducted
rocket and dual mode supersonic combust ion ramjet .

(~ ) Improved rarnjet modeling techniques s~iuport~~ y -ie~~ i ed flow
field characterization .

b. Fuels Combustion Research

(1) Improved understanding of practic:il hydrocar bon fuel pyrolysis
to permit inclusion of gross fuel chemistry o~ fects in combustor design
models.

(2) Enhanced modeling capability for prediction of wide-spec fuel
effects on combustor performance.

(3) Investigation of prcce~~-en renponsible ,for c},~ r:o~1)., i~~r~~vil ,
and physical degradation of cata1’-i~t systems.

(~ ) Study of the influence of liquid fuel impingement (~fl ~r .ilyt’~
surfaces.

(5) Determ ination of effects of turbulence on C/i P , ‘n r ’~~~e n - c ,
LARS and other remote diagnostic measurements.

(6) Systemat ic evaluation of the per tor’mance of conventional diag-
nost ic probe designs when making measurements of various species in chemic.illy
reactive environments .

___  _ _ _ _ _ _ _ _  -~~~~~~- 
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c. Turbopropulsion Combustion

(1) Improved understanding of combustor inlet diffuser aerodynamics ,
ie., boundary layer bleed systems , vortex-controlled diffusers , d iffucion
with swirl , etc .

(2 )  Improved aerodynamic mixing for high temperature rise systems
to assure exit temperature uniformity.

(3) Improved ignition for wide-spec fuels under cold start , high
altitude operation.

(4) Improved fuel injection techniques for large t~’rn -down ratio
systems designed to accommodate wide-spec fuels.
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Air Breathing Combustion:
An Overview of Power Program (9NR) Projects and Interests.
J. R. Patton and S. M. B. Murthy -

An overview of current projects and future interests will be
presented.
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ARMY SUPPORTED RESEARCH AND NEEDS IN AIR—BREATHING COMBUSTION

James J. Murray

U. S. Army Research Office
Research Triangle Park, Nor th Carolina

Overview of the US Army Tank—Automo tive Research and
Development Command Propulsion Ac tivities

Power systems continue to be a priority item in terms of required
intensive research and advanced development to ptorude military equipment
with even greater performance potential. Curren t thrusts in developing
advanced military engines seek to reduce fuel consumption and increase
fuel tolerance with engines of smaller size ,, lighter weight , lower cost
and higher R.AM—D . Engine sys tems and componen t technology can make ad-
vanc es from several directions . Advances can be made by continuous in-
jection and control systems, by use of improved materials all owing high
temperature—high efficiency—high output combustion and through studies
of improved combustion systems for wider fuel tolerance. The ability of
the engine combustion system to provide this advanced higher output with
even wider fuel tolerance has significant impacts on the military logistic s
problem . This requires a broad based fuels research and engine research
program to provide the widest possible base of knowledge to proceed into
the future.

Of high current interest are also the wide variety of methods pos-
sible to provide for increasin g horsepower and re sponse of engines at
lover speeds with resulting improvement in acceleration and agility.

It is intended that military and commercial fuels be similar in
order to simplif y the total logistic support of the Departmen t of Defense
and permit full operation with a minimum of restrictions on fuel properties.
The value of having capability to use several different fuels in military
engines has long been understood , and a flexible fuel policy has been
under implementation for several years .

The Tank—Automo tive Research and Development Command (TARADCOM) has
curren t research program s in four primary advanced engine development
ar eas wi th goals of providing for better fuel economy , wider fuel tolerance
and increased performance. These advanced engine program s are:

a. Advanced diesel technology development (fuel injection , variable
ar ea turbocharger for high efficiency and turbocompounding) .

b. Advanc ed stratified—charge engine development (small bore and
large bore stratified—charged engines).

L - ~ ~~~~~~~~~~~~~~~~~~~~ ~~~- - ~~~~~~~- ~~~~~ 
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c. Advanced turbine studies (advanced turbine cycles , turbine idle
fuel reduction, reheat combustor investigation and turbine combustion
research).

d. Advanced engine studies (Hot Engine).

The long range diesel engine investigations with the most advanceck
goals for improved fuel economy explore operation of a hot piston and
cylinder with minimum cooling and conversion of maximum possible energy
to useful power.

Prom the above it can be seen that TARADCOM is interested Ir th .
use of high temperature ceramics for diesel and turbine engines and that
investigations are proceeding into new areas of higher tesmerature, higher
output combustion required for military engines of the future.

Overview of the US Army Fuels and Lubricants
Research Laboratory Activities*

DoD Fuel Policy assures that engines for tactical and combat vehicles
will be designed to operate on widely available commercial fuels. This
policy also advises that R&D on new fuels and engine work cycles is ~iot
to be restricted . The most common performance objectives are to improve
fuel economy , fuel tolerance, and reduce engine size or weight.

Approaches can also be taken whereby the performance of engines already
in service would be improved by making changes in the fuel composition .
Some fuel composition approaches can be shown to be far better than engine
design approaches for increasing the operating range of a given vehicle.
Other fuel—oriented approaches show promise of increasing engine power
outputs for short periods of operat ions.  Some fuel formulations offer
fire safety under combat conditions , and others show promise of preventing
fuel degradation under long—term storage conditions. These approaches
could result in the development of novel, special purpose , and/or emergency
fuels. In order to be appropriate for investigation , a concept should
satisfy certain prerequisites. It should show promise of improving the
vehicle range, engine power , vehicle fire safety, or fuel storage stability.
A resulting finished fuel should be able to operate as an alternate to a
widely available commercial fuel and have adequate availability for special
combat or reconnaissance missions.  If an approach were to be undertaken
that involved a fuel composition that could not be used in ex is t ing  engines ,
then it should offer unusual potential benefits , such as reduction of the
vehicle configuration applying to a new engine design , and tor improvement
in defensive and offensive capabilities.

Three principal areas of AFLRL research are:

— High—Energy Fuels. The present military requiremen t of increasingly

* The US Army Fuels and Lubricants Research Laboratory (AFLRL) is a contract
operated activity of the US Army Mobility Equipment Research and Development
Command , and is located at Southwest Research Institute.

L - 
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rapid disposition and movement of ground—powered equi pment portends more
extended supply lines and other support functions. Furthermore , the
present and future use of fuel additives that impart specific beneficial
properties to diesel fuel (such as improved fire safety or enhanced long—
term storage stability) may lead to diminished vehicular power and/or
range because of reduced combustion energy content. Accordingly,  the
development of diesel fuels having enhanced combustion energy content
could allay the aforementioned problems and provide an additional degree
of freedom in the formulation of diesel fuels.

Experiments conducted by AFLRL have tentatively demonstrated the
feasibility of utilizing colloidal carbon as an energy—aug menting ingredient .
These evaluations were conducted in conj unction with the use of a water—
con taining “heat—sink ” fire—safety fuel in a single—cylinder diesel engine.
Preliminary results indicated that the added c .irhon mul lified most of the
energy—content loss caused by the presence of water in the fuel. The per-
formance of the diesel engine was not adversely affected by the presence
of the colloidal carbon .

Fire—Safety Fuels. When Army mobility equipment is subjected to
incendiary ballistic attack , the f u e l  sys tem is v u l n e r a b l e  to fire and ex-
plosion. Because of this , both  the n o b i l i t y  and  range of  such corrhat
equipmen t are penalized because of the additional weigh t resulting from
the use of ballistic—deterr ent arr~or . In the case of fires caused or in-
tensified by fuel release , f i r e  vn 1 nerahilitv reduc t ion  c~~u be achieved
by the use of fire—safety f u e l s .  Var ious  f i r e - -  s a f e ty  f u e l s  have hec:i in-
vestigated by t he A rmy and o t h e r  ~ r~~a r i z a t :  ~~‘:is .  i c  a~~~r aJ~es have in-
cluded nonreversible fue l  g e l t a t i o n , use of s e m i — r i g i d , 1— A t pumpahie ,
fuel gels and aqueous—external—p ha se f u el emuls~ c n s , use of h a l o g e n at e d
fire suppressants at re la t ively  hi~- 1 c o n c e n t r a t i on s , and use of organic—
polymer antimist agents at low c o n c e n t rat i on s .

At present , the most promis ing  approach  f o r  de~~- 1cpin g a f i r e — s a f e t y
fuel at AFLRL is based upon u t i 1~~z~~t ion  of a hybrid heat—sink/inert—blanket
mechanism to retard or prevent ignit ion  and f i  iae prop.-igat ion .  Flamma-
bility evaluations conducted by APi RL have demonstrated tha t water—containing
diesel fuel is more f i r e  res i s tan t  tha n  the same fue l  w i t h o u t  the  added
water . This resistance is ev iden t  evOn at  t emp er atu r e s  somewhat higher than
the fuel—water flash point .

Long—Term Fuel Storage Stahilit .~~ Diesel fue1~ when subjected to
long periods of storage or abusive use conditions peculiar to military
operations , can both influence container corrosion and deteriorate to form
both soluble and insoluble deleterious products. These deleterious products
can promote metallic corrosion , plug filters , and stick injectors. Fuel
composition as well as environment , container desi gn , water bottoms , and
inorganic and biological contaminants , interact by various mechanism s to
various degrees during long—term storage . Field tests to identify deterio-
rated fuels or potentially unstable , problem—causing fuels are under de-
velopment . A better definition , throug h basic studi es , of the mechanisms
of diesel fuel degradation is needed to alleviate field—identifi ed fuel

___  —~~~~~~~~~~~
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storage stabilit; problems. Such infornation could better establish the
role of sulfur , unstable organic compounds and impurities , container com-
position and condition , and of additives that counteract the deteriora-
tion process . Similar studies directed toward the storage stability of
gasolines , jet fuels , and fuels from alternate sources are also needed
to varying degress .

Army Research Office Engine Research Projects

“Influence of Fuel Specifications on Aspects of Gas Turbine Engine Per-
formance,” A. M. Mellor , Purdue University

“Instantaneous Heat Transfer Rates in the Exhaust Port of an
S. C. Sorenson , Uni r-~ity of Illinois at Urbana—Champaign

“Improved Engine brough h eat Transfer Control ” , R. C. Murray ,
Oklahoma S~atc dr -

“Diesel Combustion -\n~ s~s ‘sing Rapid Sampling Techniques”, 0. A. Uyehara
and C. L. Borman, Unive:sity of Wisconsin

“Combustion Processes of Reciprocating Engines Using laser Raman Scattering ”,
J . W . L .  Lewis , Arnold Research Cen te r

‘ Ignition and Flame Propagation in Sp ray s ” , W. ~~- .  S i r i gn a n o , P r ince ton
Universi ty

“High Pressure Atomization ’ , F . V . Pra cco , P r ln c e t cn  U n i v e r s i ty

“Wall Effects on Combustion in an Engin e ’ , F. F. Fendell , ‘I’RV ‘systems

“Studies in Rotational Flows Especiall y Asymptotic ~1 ethods ’ , C. S. S. Ludford ,
Cornell University

“Bifurcation and Stability Theory with App lications to Problems of Combustion
and Flame Propagation ,” B . J. Ma tkowsky, Rensselaer Polytechnic Institute

a 
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NASA SUPPORTED A IR-BREATHING COMBUSTION RESEARCH

Gregory M. Reck

NASA Lewi s Res earc h Center
Cleveland , Oh io

ABSTRACT

The Co :ibustion Branch of the Ai rbreathing Engines Division at the Lewis
Research Center is currently conducting research in the following areas :
(1) advanced combustors and augmentors , (2) alternate fuels for aviation ,
and (3) emissions reduction technology . Activities in each of these
areas will be summarized; however , attention will be focused on the emis-
sions reduction area which contains much of the combustion fundamentals
research conducted by the branch.

Research in the first area, combustors and augmentors , is directed toward
developing combustor technology to achieve high performance , low emissions ,
and good durability in both commercial and milita ry advanced gas turbine
engi nes. A new facility for high pressure combustion research is neari ng
completion at Lewis which will have a capability of nearly 40 atm. Combus-
tion studies in this facility will focus on the effects of pressure on
flame radiation , liner heat fl ux , NO

~ 
and smoke emissions , and combustor

space rate. A number of combusto r concepts including swi rl -can and staged
combustors wi th features including heat pipes and rich—burning pilots are
being studied in sector rigs and low pressure annul ar rigs for eventual
evaluation at higher pressures. Additional studies are underway to examine
advanced di ffuser designs , new combustor liner approaches , advanced fuel in-
jector designs , and variable geometry concepts.

Research in the second area , alternate fuels, was initiated approximately 3
years ago with the objectives of evaluating the potential characteristics
of future jet aircraft fuels, determining the effects of those fuels on
engine components , and evolving new component technology if needed. As part
of this effort, a joint program with the Air Force Aero-Propulsion Laboratory
is underway which is aimed at investigating the effects of using alternate
fuels on both commercial and military aircraft . Another program will
examine an approach to minimizing refinery energy consumption (thus reduc-
ing fuel costs) by rel axing fuel specifications. Another joint effort co-
ordinated by the Navy and involving several government agencies is investi -
gating the feasibility of converting shale oil and coal into military grade
fuels. However, before these alternate fuels can be reliably used , more
information is needed in the areas of combustor technology , fuel system
technology, fuel thermal stability data, materials compatibility , fuels toxi-
city, and engine endurance.
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In the third area , emission reduction technology , Lewis has initiated
a number of programs which address both near-term and far-term solu-
tions to environmental standard s for most classes of aircraft engines.
The engine demonstrations of the staged combustors developed in the
Experimental Clean Combustor Programs are nearing completion , and similar
efforts for the Ti , T4, and P2 classes of aircraft eng i nes have been
conducted. These programs were intended to evolve and demonstrate near-
term technology capabl e of reaching emission level s approximately equiva-
lent to the EPA 1979 emission standards. Concurrentl y, both in-house and
contracted activities have been conducted and are continuing to investi-
gate the feasibility of several approaches to ul tra-low emissions levels.
These approaches include forced circulation, premixed-prevaporized , and
catalytic combustor schemes . Grant activities are also underway with the
Uni versity of Cal i fornia at Berkeley ,Massachusetts Institute of Technology ,
University of Michigan and Cornell University to study more fundamental
aspects of lean combustion and stability .

In response to recommendations for reduced NO
~ 

emissions over the entire
engine operating cycle as well as the landing-takeoff cycle , Lewis is
conducting the Stratospheric Cruise Emission Reduction Program (SCERP).
The SCERP objective is to develop and demonstrate the technology necessary
to reduce cruise NO emi ssions by a factor of 6 or more from current levels ,
in additi on to meet~ng the EPA 1979 emission standards. The activity will
be targeted for the high bypass ratio ,’high pressure ratio engines currently
powering the wi de body subsonic transports .

The premixed—prevaporized technique for emission reduction will be explored
-in the SCERP activity . The results from other studies indicate that this
technique has the potential to meet or exceed the program goal . However ,
in considering off-design conditions it is apparent that a form of variable
geometry will be necessary to maintain acceptable combustor performance as
well as low emissions over the entire flight envelope.

The program outline for SCERP is broken into four successive phases leading
to an engine demonstration. The initial phase will consist of a number of
fundamental studies to establish design criteri a for premixed-prevaporized
combustors eventually leading to the development and assessment of a number
of combustor concepts . In the next phase , a number of variations of each
concept will be experimentally screened to identify the most promising.
These designs will then be further developed in Phase III to optimi ze off-
design performance, igniti on, liner cooling, altitude relight , etc. The
best design will be selected for full-scale engine demonstration in Phase IV.

The Phase I activities will be most critical to program success. A number
of fundamental studies are being initiated to examine four key problem areas
associated with the practical application of the premixing-prevaporing con-
cept. These areas are identified as I - Lean Combustion Studies , II - Fuel-
Air Preparation, III - Autoignition and Flashback , and IV - Eng ine Interfaces.

The first element, Lean Combustion, deals with the operation and emissions
performance of premixing -prevaporizing combustors operating at extremely



lean equivalence ratios. Several contracted fl ametube studies are under-
way to examine aspects of lean combustion. The Genera l Applied Science
Laboratories (GASL) is operating a propane- fueled premixed burner to
examine the effects of pressure , temperature , equivalence ratio , and hot
gas residence time on emissions.

Another GASL study will utilize a similar rig to examine the performance
of a numbe r of flameholder designs including cones , swi rlers , grids, etc.
A third contracted effort will be awarded soon to investigate several
technique s for extending the lean stability limi t of premixing-prevaporizing
conibustors , incl uding pilots , catalysts , and heat recircu lation .

Several in-house experimental activities related to the first element are
also underway. The effect of the degree of prevaporization , fuel -air
distribution , dropsize distribution , and flameholder geometry on emissions
will be studied in a circular pipe rig.

Another in-house study will employ a rectangular sector combustor to examine
variable geometry techniques and fuel-injector-flameholder combinations.

The second element , Fuel-Air Preparation, deals with the problem of pro-
viding the desired fuel-air mixture characteristics at all operating
conditions.

An initial contract is being awarded to SOLAR to provide detailed fuel
spray measurements from several types of injectors . A laser morpho kinctometer
will be used to obtain droplet size and velocity data . A second contracted
effort is planned to develop an analytical model of fuel-spray mixtures in
premixing -prevaporizing systems . An in-house fuel spray measurement techni-
que is also under developnient emp loying a forward scattering technique to
determine dropsize distributi on .

In the third element , Autoignition and Flashback , a contracted program is
underway at UTRC to measure the autoignition delay times of several fuels
over a range of conditions. The experimental apparatus has been assembled
and data on Jet A, JP-4, and No. 2 diesel oil at conditions up to 900K and
30 atm will be acquired over the next year.

An in—house program has been initiated to study flashback characteristics
in a premi xing—prevaporizing flame-tube . The test rig incorporates a
flat plate in a windowed section and will exami ne boundary layer flashback
and the effects of heated surfaces on autoignition limit s .

The fourth element , Engine Interfaces , deals with problems or constraints
imposed on the combustor as a result of its integration into the aircraft
engine. In two contracted efforts wi th Pratt & Whitney Aircraft and General
Electric , attempts were made to measure the turbulence characteristics at
the combustor inlet. Several types of hot wires and hot films have been
tried, but to date , data have been obtained only up to approach power
settings.

In-hous e efforts in the area of engine interfaces are targeted toward
identification of engine transient characteristics and determination of the

_ _ _ _ _ _ _ _ _  
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effects of transients on the coin~ustor. Fast response instrumentation
has been instal l ed on an in-house eng ine to mon i tor combustor inlet
conditions during engine stalls. In a related effort, a test apparatus
is being developed wi th the capability to simulate short-term transient
characteristics in a test combustor.

As the results of the Phase I studies become available , the design data
will be applied to combustor concepts. Variable geometry techniques and
control s will be incorporated into the desi gns as required. As the designs
evolve , an assessment of their potential with regard to both emissions
reduction and practical application will be made. The most promising con-
cepts will then be selected for experimenta l screening .
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i n t r o d u c t i o n  -

The ER D A Coi~h’w; t [on Resea rci i  Progra u C ~nzi I s ts of t I~ roe sop;i i: t 
~ ~ 

ro~~r

1. Div i s ion  of I~as ic E ne r~ y cc ien co~. (i~i~8) 
— basic coubust ~oii r e s ear c h

2. D i v i s i o n  of Con~ ei-va t ion P e s e a r c l i  and Technol  o;~v ( CONTh )  — ccmhl lL-  t icr
research  .ipp i ~cd to end -ti ~.e app i ic~~ ions.

3. D i v i s i o n  of F l a t e r i a l s  and Exp l o r a t o r y  Research  (HER)  — co ; :h us t io n
resea r ch app l ied to c o a b u st i o n  of. c o a l — d e r i v e d  f u e l s .

These t h r e e  programs are c o o r d i n a t e d  t h r o u gh a C o m b u s t i o n  Oes earch
Coordin at .  ing P a n e l  c o n s i st  i tig of r e p i e s e n t  at i yes f ro m the  t :I i r ec  d i v is  ic’~ s.
The scope o .  the C o m b u s t i o n  R e s e a r c h  P rog ram is I h e  r e s u l t  of i i i d i v i d u a l
assesSIi ,Cfl t s  i~y the Progran riatia ger s 1 t h e  cr i t i ca l p rob J c~~s in their
respective pro gram areas. : .

Co h ;ti J r ’~; c ’ ir r  
~ ~~~~~ L~L

It is necessary to recognize t ha t  t h e  best use of today ’s fo ssil fu~ )5and com ing co a l— der ived  f ue l s  wil l r e q u i r e  more kno~iJ ed ge and more
prcci3e da ta  f o r  b u r n i n g  ( l l f f c r e n t  types  of .fue l s .  The BES Combus t i on
I~.esearcli P ro gr am s upp o r t s  rc!;carch a i l l e d  at  both  o b ta i n in g  the  basi c
data needed by the app lied scieutist and expanding combus t io n  resear c-~
in new direct ions.

~be BES goals in Corthustion Research are as follows ;

o C b e n l c a l h i n e t i c - s  — to obtain an under standing , on the  m o l e cu l a r
level , o. e]ementary combus t  ion r e ac t i o n s  an d to derive rate
con stan ts usab ) C lii combtis t Ion mode ii n~ studi os • To suppo r t the
(4l1p fl~l i i i  .in i i h  ii ,‘‘‘.ilii .ii i i i  4 ) 1 (1. 1 :1 i~ ( i ’ ; I  ~ I1~~ ill t i i t

i~~~’ h’’,i ~i I ‘-  J I ( c i  a t  ‘ i i  i. .

ii Jl ...,I, . . . ? ,. I~ ui ~ I ~~~~~~~~~ • , ,  I . , , t ,  ,,. •‘ I .,  i I . - t •
~

. t .
~ i. I.~~,i  1,.-, ~ i I. ii ~~~~

~ i i j . k i t  . 1  tt ~ i i  I , . l i i  
~~~~~~~ I I I  l i t ’  L L e . ,t j ~ ,~~l, L I t t  I I .~~i 

~~~~~~~~~~~~~ —
and to e x p e r i m e n t a l ly  tes t  thei r  validity i i i  s imp j e  systems , .

— ~~~~ - —~~~-
- - - - -
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o ~iu r h t t l e i o Co ‘ s ion 1 i  ) c ( s ’ ; ( s — to inveSt i~ - , :i t e  th e  c~ ’~ ’i  n d
proces~.cs 1 clie nic a 1 I uetiCs and t u r b u i e i i t c  in ~. s t  ci ~; such
as flasn~s , b ur n e r s  ~d i : !Lerna l  combust ion c-uginos.

o l)ia~~osti ~; — to dCVI 10~) techn i (j U( ’ S f o r  quaet 1 t a t ive t-casure:—e:~t. S

on conbu~. t 1) 0  sys t  Ci  , pdrt I cu l ar ly  tech n i ~n.-s us i ng la sers. To
stud y enel r ’~ 

t ransf ( r p~ occs!~es ill molecule:, involved in combes:

processes.

o New Advances — to cue i g e  new ideas  and d e v e l o pm e n t s  in the

combustion area .

Coribw ;iJo,i Pc arc~ P r o g r a m  o f t  he
D iv i s io n  i t  C L11n!~~ 1 i S  ~ I~’Li  A~ d Jt ~01i50 ]c~~~

The goals of the COi~~T Cur~au ~:t I on  Eosea rcb Pro gr am arc: to dc’~:iop
technology iecessary to  i n c rea se  e f f i c J c n c y  and a l t e rn a t e  f u e l  u t i l i z at i o :~
in coml)usti on equip~;cnL • The st rat e~ y c’lap l eyed to ach levi- th ese gie~ is
involves end—us e tec nol o~y pr o j e e t s  ~ii th specificall y d C - f i n e d  p r oj e c t :
approaches and obj-’c t iv i - -s atid hal anc e d R&D e f f o r t s .  Five i ’n d—usc J ’ ) t J  a~~t 

-

areas have hee~ d ’  I itied Coin - : poiid I to e.l ..! f’~C8 of eor’btu~ I ion cip i
with high p ote n t i a l s  10t energy c i n i :: c rv.j tiOii .

o In t e rm i t ten t  C or i h u st i o n  Yi~ j nr s

The objec t ive of the IC 1 1 g  i n ’  c-f f ’rt I s to deve lop  advanrc~J t c ch; u lc ;~~v ~~ 
-

reducing f u e l cons e _ i~ t on . : i  ely i ‘n:i~’ilt ;tl Ii 1~~~~C S t h i t  n~’h t o n  [ r o t (‘t

combustion proec .sscs; . t il e r  is di r e e l  od t ‘un i d  l i v e -t ~~~. in~ classes : C:-
homogeneous ch:~rge (ei,a-:ca~~iwi :;h ) , (b) s t r a t  [f l e d  c! :u~ y - , (i) di c:- ,si , (d; ’
di vided char.b er , ar i d (c)  (‘ i!~~- i  I C ’S uSing r~ndi l ied  lot  1

o -

The object ive of the  Cotit itu ous C i’rbnst ion tng ine e f f o r t  is to develop
cotthu stor design te ch iu logy f or  ( a )  e~~er ;i t i  on at  h i  ghi tin n Ine inlet
t empera tures , (h) r e d u c t i o n  of po1 h i t - m t cmi ssj ons . and ( c)  opera t ion
wi th a l t e r nat e  f ue l s .  J f f o r t  is d i r e c t e d  tovard c on t r o l  c~~. ce;~h u st i en
processes in conventional co:Thu~.tors and unConve~ t i~i~ -i1 C -  ibostors such
as ca ta l y t i c  and sur f.-ic~’ coi du sLot-~- . Pot en t  I al. ap1~J i c—i Li o,I ; jnc I id e
St at i on a ry , ; i u t o r s t i v t - , ai - h a i  r i r al t s gas turbin es; si I ri ii ;~ cn~yt n - ’s ; a i d
rank inc ~‘n~, iae s.

o Bo ilers and  Fut  is icos
a

The object lye of the l~oI icr and Furnace effort is to deve lop adva n c e d  bsr :-~. rdesign technology f o r  (1)  o p e r at  ion  at low excess a i r  r a t e s  an~ (2 )  oper~~ i cni
wi th a l t e r na te  f ue l s .  11 f o r t  is (1~ cccted p r i car i ly towa rd h ’u r nc r s  fo r
res ident ia l  and cenn -rc l a l  app l i c at i on s  u sing li qu i d  and gaseC ir fuel !; .
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o Indust ri a I J’ ro c t -  s -  1 -

I he ohj oc t ive  of tin ’ ii do’; t i a 1 l’ i at ’ ess Burni’ r off ~ i ; u cl -v 1 : - ‘ - - need
b u rn e r  desi -.a t c ch i ~n~ t - ’ - ,’ f o r  ( a )  m~’ ’ - ;  ,:t Lan ‘H LII 

~~~~~~
- eL :jr t~ - , - es

( f o~ waste he:i  I. i i i  ifl : t i on) a ;;d (b) c-p - - r a t  ‘ E l i  - l  t o  l e e  I. ~,‘ o - - - -

I’rim—z ry efier t is dh ~s t 1d  t~~sj r d  
~~~ 

liii) II’ 5 aId 5 e C C 5 1  m y  ci fe: ‘ - a~ ‘I( i t h o r l i idu: ;t  i 1 a l  b u r n - i  .

o A ltern:i tJ vo Fuel F’’ehi cl 
~~~ -

Th e, ob jec t  lye of t h e ,\i -rnate lii i of fort i :; to dc-v ol op t~’chue 1 e ’ \
Ut ilizin”, a it ern a to f t p ’: 1 :; and no [ 1; ode of cha re :  t c-t’:i i; i - , 

1 iie I t u a;s t

iii C O lIb t i s t i O n  O t t O ]  p r n e n t  d e si g n

The R&D ef~ octe in O5c-~ cm I ’ —t- : ; i -  L&n - imo lugy  p r o j - - er  ;‘i C :; .a- - I udc -  ar t :-~
class ified as app i ~~-d i- e: -earch an d i oc I i no lo ~ j  d : \ ’ - i ~~ ;: :i • ; l i e it~ f l - !  ~ O~~

•

research c fo i t is d i re c t e d  to’aa rd ieproved (i’ : igfl : - I  I i i -  f o r  cci: ~ - : ‘  ~

components , and t he  cr:;dasis in this effort s on ii! i i  , i— n of f i i n d e n e n t n p l.
anal ys~ s t c ’chn i ques .  ‘ Ih ic  t e c h n o l  r~ v dove .lo 1e:eiit  of f e :  d i r e c t  ~-d t ‘:uard
new combus t ion  co i : 1) c i n a )  de s i g n  con -c -p t ;~ and prov i 1 - : : c- ; ~ - :  Ct i l l  i! i c r -  t o r
screening and evalui at i o n  of z~e.; I :~~~- : S  and apI ) J o e L  - I : .

Cnr;bustjon F:-~~i - i i ’eh Pr~~~-e : i ’ ’  of th ~-
D e v i s i o n  o i l  I_ erie I : ;  :ee I :-~p l u - - e r  ~

- 
-

The co mbu ; : t t nn  p r o ; r e ’ i  i.e ~d l ~ con:; HE ut e .j ’ tirn t- ; ’” . oh o f ‘ ‘ :  : -  a
clean , envi rt’a;sc-ntaih y o-:eept ~b i e  i -~~~-~;u~~t ion  ci  cc-s i :t:,d a l—d c ’u  1’ .
! y i t l i c t ic  fuels. Tb is p i o ~~ran ir i c i i ’ es r e ; ’ - a c  ~

; o r ;  - - :i ~ ‘-d tcn ,ard -

o Solvii c~ the pr ei ’l  - ; -‘‘; of e : : I - - ~ on l Ing , i ag ~- ; - , c - : ! c o r r e s i o i ’  I ;
bol lees

o PreventIon of !~O , cml .ssi  0’;; (e.g. by fluid I a cc! ’- !.~-d combu si,  l en )

o Combustion modific ations for abatcr- :’nt of Ill)
- x

o Prevention of o t h e r  cmi s;:le~i wh i c h  arc  ci tl ; c~r dci  “L (’rjou’; to
do~iis t ream 11,1 rd : ’- i  r i ’ , or cr ,v I m o m enta li) C;); : I o S ;  , or bo t h
( a lka l i s , vni i . - d  l i m  h e avy  el -i - n u t s )

o BoL ter fort ;iul at: i on and ci (‘, : i ,  combust ic ’s of  c- c s  1 - ,,J I s l u r r i u - c ;

o Stable and ef f icient cor :h;i:s~ ion of )c”~ iltu a- - :’: a

o Clean combust J u n  of coa l --th r i v e d  li qe ids

T im e H~ R )‘Y 19 77 pr opr ’ . n i  ~ l~~n coal - ; i a e  p roj c . :L : ; , in cfc H cC in p l~;nn~ngin riost (if tie-se tecl i olopy a1c~~ 

---~~~ ~~ - - - . - - ~~~~~~~ ~~~~~~~ -
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EPA Supported Research and
Needs in Air-Breathin g Combustion

by

1)r. S. Lanier
Environmental Protection Agency

Durham , NC

ABSTRACI’ NOT AVAILABLE
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INJECTION , ATOMIZATION , IGNITION , AND COMBUSTION OF LIQUID FUELS
IN HIGH SPEED AIRSTREAMS :GRANT NO. 75-2584

J. A. Schetz and A. K. Jakubowski

Virginia Polytechnic Institute and State Univers i ty
Blacksburg, V i rgin ia

For weapons del ivery and defense and for transportation of
personnel and materials , advanced subsonic and supersonic corn-
bustion air breathin g and composite engines are required for
aerospace vehicl e and missile propulsion . Improvements in the
performance of the propulsion system will resul t in useful im-
provements in total system performance and efficiency . This
research will provide understandin g of the detailed physical
and chemical processes invol ved in such combustion systems, in
choosing acceptable liquid fuels and in the design and develop-
ment of practical injector-mixing systems and combustors for
these advanced engines . This will resul t in the formulation of
realistic mathematical model s to predict these processes.

The approach is based upon detailed experimental obser-
vations usin g primarily optical techniques. Experiments on
penetration , breakup and atomization at high subsonic and tran-
sonic speeds are underway using a modified version of the
VP I&SU 9” x 9” supersonic wind tunnel , and high speed motion
pictures, short duration photomicrographs and streak photographs .
The observations on ignition are underway using hot supersonic
airstreams and kerosene and carbon disulfide as sample liquid
fuels . These experiments are conducted in a specially con-
structed heated air facility , wi th a combustion fired after-
burner to produce temperatures up to 2500°F. Primary observa-
tions are in the form of thermographic infrared photographs
that show the temperature pattern on the liquid surface films
formed near the injection station. The experimental programs
are compl emented by the development of corresponding mathematical
models of the phenomena of interest.

The work currentl y falls into three related tasks . The
first concerns studies of auto-ignition of liquid fuels injected
across hot supersonic airstreams . Attention is being focused
on the region in the ininediate vicinity of the injection port.
The most recent experiments indicate that partial pre-atomization
of the liquid injectant greatly enhances ignition. Two analytical
studies have been completed . A boundary l ayer computer code
was used to predict the detailed state of the boundary l ayer
approaching the injection station. Next, a study of the infl uence
of mass transfer on interface stability was conducted . The second
task involves droplet size measurements . A bench facility was
constructed for evaluation of optical scattering techniques . We

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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have compared the resul ts with direct observations obtained with
nano-second photographs. The resul ts were good. Wind tunnel
tests are now beginning . The third main task has just begun.
We are examining the i nfl uence of a downstream surface step on
jet penetration and break-up. An exploratory test series has
shown large effects under some conditions . A special test
section for a planned comprehensive test program has been de-
signed and constructed and prel iminary testing will begin shortly.



MIXING AND COMBUSTION MECHANISMS
IN HIGH SPEED AIR FLOWS -

AFOSR Contract No: F49620-77--C-0044

P .1.: R. B. Edelman and P. T. Harsha

Organization : Science Applications , Inc .
( SA l)

Location : 20335 Ventura Blvd.
Suite 423 -

Woodland Hi l l s , CA 91364

For airborne weapon delivery at high speeds , advanced
air—breathing propulsion engines incorporating subsonic and

supersonic combustion and capable of operating over wide

ranges of flight conditions are needed. 
‘

Realization of the performance potential offered by

existing and future engine concepts is hampered by insufficient

understanding of the basic mechanisms and their mutual inter--

actions. Turbulent mixing and finite rate chemical reactions

involving condensed phase fuels are the main processes of

interest . Interpretation of data and the development of

realistic prediction s of performance based on the coupling

of the fluid dynamics and chemical kinetics mechanisms are

required in order to develop effective syst~ ms in an economic

and timely manner.

Current emphasis has been on subsonic combustion involving

systems of the integral rocket/ramjet type utilizing the sud-

den expansion (dump ) combustor concept . Simp l i c i ty  is in-
herent in this concept and high combustion efficiency with

wide flame stabilization limits are potentially available as

a consequence of the imbedded recirculatlon zone (s). Consistent

and good performance has , however , not been achieved .

1

L __
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Our effort has been directed toward developing an under-

standing of the parameters controlling the heat release process

as it relates to combust ion efficiency and flame stabilization .

The methodology under current investigation involves a modular

approach wherein the reacting flow field is described in terms

of domains each of which is characterized by a well defined

flow feature . In the sudden expansion burner there are two

f low domains ; a recirculation zone(s) and a primary , or
“directed ” flow . The recircula tion zone(s) is treated with

stirred reactor theory and the primary f low is treated w i t h
ducted jet mixing theor y. Finite rate chemistry for hydro-

carbon oxidation and turbulent kinetic energy (TKE) methods

are included in the model. The two flow regions are fully

coupled thru the boundary conditions along the dividing

streamline separatin g the non-uniform primary flow from the

recirculating flow.

Progress du r ing  the past year includes the completion

of each separate m odu le  and the  coupl in g of these modules .
Cold flow calculations of a representative dump combustor

geometry have been successf ully carried out. In add it ion ,

calculations have also been made using a sim plified version

of our detailed chemical kinetics model in order to investi-

gate the effects of heat release on a representative dump

combustor flowfield. This work is being carried out in close

coordination with the experim enta l work under way at the

Air Force Aero Propulsion Laboratory at Wright-Patterson

Air Force Base and de scrip tions of various aspects of this

work are reported in References 1 thru -1 .

Future plans include systematic ap plication of the model

to available data. Explanation of the observed performance

characteristics and model refinements will be carried out as

part of this effort. In addition , multiphase flow processes

including liquid fuel injection , spray formation and combustion

will be investi gated . Delineation of specific experiments

2
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to be carried out will continue to p l a y  s i gn i f ic a n t  role
in th i s  e f f o r t .

REFERENCES 
-

1. Harsha , P. T. . “Kinetic Energy Metho ds ,” Chapter 8
of “Handbook of Turbulence ,” T. Moulden and W. Frost ,

editors , scheduled for publication Se ptember 1977 ,

Plenum Press.

2. Edelman , R. B. and Harsha , P. T. , ‘ Some Observations

on Turbulent Mixing with Chemical React ion ,” submitted

for publication in AJAA Progress Series.

3. Edelman , H . B. and liarsha , P. 1’. , “Curren t  Status of
Laminar and Turbulent Gas Dynamics in Combustors ,”

Invited s u r v e y  paper  presented at the 1977 Spring

Meeting , Central States Se ction , ‘l’he Combustion

I n s t i t u t e , NASA -LeRC , March  1977 ; to be published

in Progress in Ene rgy  and Combust ion -Science.

4. Ede lman , H. 13 . and H arsha , P. T. , “Ana lytica 1 Modeling

of Sudder ’  E x p an s i o n  B u r n e r s , ” CPIA  pub i  icat ion 287 ,
J u n e  1977.
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TUI~BULENT MIXI~~ AND COMBUSTION IN
HIGH SPEED FLC~.’JS/AFOSR-PO-76-OO0l

D. E. thriss , R . J. Schulz , C. E. Peters

Sverdrup/ARO, Inc. AEDC Division
Arnold Air Force Station, TN.

The objective of this research is the development of
reliable and physically pe r ceptive analytical models for the
turbulent mixing and heat release mechanis me in turbulen t cothus -
tion systeme . The approach taken in this theoretica l and
experimental study is to deve lop analyti cal models for the
par ticular flow processes , then to conduct detailed experiments
in orde r to verif y and refine the models . Major emphasis is
place d on the development of adequa te mode ls for (1) the turbulent
tra nsport proper ties for momentum , energy and mass in a variety of
free and confined mixing systems , including flows with chemi cal
reactions and r ecirculation , and (2)  the interaction of hetero-
geneous turbulent mixing and finite rate chemical reactions .

During FY77 , the stud y concentrated on ducted flows with
entedded , reacting , recirculation regions , such as those f ound in
sudden expansion or “dump ” canb ustors . A series of experiments
with ducted reactive hydrogen—air flows with recircu lation in a
duct to nozzle exit dian~ ter ratio 10 configuration was completed .
The data were analyzed and reported. The data include radial
distributions of hydrogen mass fraction , mean axial veloci ty ,
turbulence intensity, and total pressure, as well as axial
distributions of wall hydrogen mass fraction and wall static
pressure . The report includes a tabulation of the data and a
mathematical analysis to confirm the self-consistency of the
results . Analysis of the da ta led to the following conclusions :
(1) chemical reaction in the flow field has little effect on the
location of the recirculation zone , (2) the gases in the reacting
system mix less rapidly than those in a nonreacting system of the
same configuration and fuel-air ratio, (3) the turbulence inten-
sity based on the jet mean exi t axial velocity has a maximum value
of 0 .20 in the near field which occurs in the mixing zone at the
location of maximum shear stress and (4) the secondary hydrogen
stream is diluted in the area of the nozzle exit plane by counter—
stream tu rbulent diffus ion in the highly turbule nt flow field .

A 2.06-in.-diam inner nozzle was installed in the test
cell to provide a configuration with a duct to jet nozzle exit
diameter ratio of 2.5. A test series using hydrogen-air in the
new configuration was initiated.

An evaluati on of numerical technique s for use in pre-
dicting cont ustor—type flows was conducted. The analysis revealed
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that: (1) there are no completely satisfactory general predic tive
techniques avai lable fo r combustor—type flows , (2)  neither “primi-
tive variable ” codes nor “stream function-vor t icity ” codes ar e
clearly superior in predictive capability and (3 )  some of the most
pertin ent problems which must be resolve d are (a) the effects of
grid spa cing, (b) the boundary condition for vorticity at a sharp
flow separation corner in the “stream function—vorticity ” codes ,
and Cc ) turbulence transp ort and turbulence-chemist ry interaction
modeling. A stream function-vorticity code using coordinate
transformations in conjunction with a re formulation of the vorti —
city conservation equation is being developed at the AEDC unde r
another project for applica tion to cont ustor typ e flows in order
to add ress the grid spacing prob lem.

The Rhodes turbulence-chemistry interaction mode l (mi)
is being incorporate d into the AEDC integral analysis for ducted
mixing flows with recirculation . theck -out has been delayed
becaus e of modifications to th e integr al anal ys is. However , the
modi ficatio :- has been accomplished and check out is in pr ogress.

During FY78 , hydrogen-ai r experiments with a duct to jet
nozzle diameter ratio of 2.5 configuration will be completed.
Both the reactive and nonreactive flow field at one stoichiometry
will be defined with laser velocirneter , pressure and composition
measurements . After the laser velocimeter measurements are
completed, the ducted mi xing apparatus wil l  be modified to permi t
the use of an existing laser-Raman system for determining tem-
peratures and species number densities in the flow fieid. If
successful , the laser-Raman measurements will be repeated in the
duct—jet diameter ratio ~0 apparatus .

The results of the experimental phases will be compared
with the TCI version of th e integral mixing theo ry for ducte d
flows . The comparisons will  aid in the interpretation of the
ducted mixing process and indicate if refinements in the TCI
analysis are necessa ry.
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RANJ ET COMB IJSTORS

R. R. Craig, J . T. Hojnacki
K. G. Schwartzkop f , P. L. Buckley

Air Force Aero Propulsion Laboratory
Ramjet Engine Division

Ramjet Technology Branch
Wri ght—Patterson AFB , Ohio 45433

Dump combustors have become the basis for modern volume limited
ramjet missile designs. Since the comb ustor must contain the rocket
boost propellant , can combustors must not be used and combustion
piloting must depend to a large extent on the recirculation zone
formed by the sudden area change formed in going from the inlet to
the combustor. Although several such combustors have been success-
fully built and tested in recent years , the specific nature of these
prior desi gns have precluded obtaining a sound technical data base
or detailed flowfield data necessary for combustor modeling. The
objective of the In—house programs being conduc ted by the Ramjet
Engine Division of the Air Force Aero Propulsion Laboratory is to
provide such a data base to assist the combustor modelers and to
also provide a data base for making a better first cut at a new
engine des ign.

In the effort being conducted on our thrust rig, a parametric study
of overall combustor performance is being conducted on 6”, 8”, and
12” diameter combustors while maintaining “pressure scal ing” criteria.
The parameters include flameholder blockage , combustor length—to—
diameter (LID) , inlet—to—combustor area (A2/A3), nozz]e area ratio
(A~/A 3), fuel injector location , inlet air temperature , and air mass
flow. Combustor efficiency , combustor pressure drop, and some lean
and rich blowout limits are being obtained for JP-4 fuel.

Previous tests with 25% A 2/A 3 indicated that P3D3 scalin g could be
applied to dump combustors without flameholders , but initial results
with inlet—to—com bustor area ratios of 35% and 45% indicate that
pressure scaling does not app ly when the recirculation zone volume
is smaller than some critical value .

In addition , some tests have been made on th € -~ e f f e c t  ~~ inlet flow
no n—uniformit ies on dump comb ustor e f f i c i e n c y  as we l l  as the ef f e c t
o f fuel injector depth and v i t i a t ed  air heater e f f i c i e n c y .

Experiments being set up to obtain detai led f l o w f i e l d  d a ta  include
a laser anemometer system and a w a t e r  tunnel b r  flow v i s u a l i z i t i o n . 

-~~~~~~~ - - —- - --- - -- - 
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~~~~~~ ~1RAMJET FLUID DYNAMICS +

JAMES E. DREWRY
RAMJET ENGINE DIVI SION

AIR FORCE AERO PROPULSION LABORATORY
WRIGHT-PATTERSON AFB , OHIO 45433

A comprehensive series of cold flow experiments has been performed with
an axisymmetric sudden—expan-sion dump combustor and various annular f lame—
holding elements . This research e f f o r t  is an extension of work previously
reported on the overall characterization of sudden—expansion dump combustor
flowfields . The annular flameholders , which were supported at the dump
stat ion by four small struts , had two basic cross—sections and two basic
diamete rs. Both cross—sections were sharp—ed ged wed ges with eithe r a f u l l —
wedge conf igura t ion  (4 )  or a half—wed ge configu ration (~~~~) .  The inlet
area blockage was held constant at 25% for all of the f lameholders.

Pure argon was injected throug h ei gh t  circumferential wall orifices in
the air inlet upstream of the annular flameholding elements . Detailed
mi xing profi les  of argon concentrat ion were measured at four  axial locations
in the dump combustor using an on—line mass spectrometer. Gas sampling re-
sults from tests using the smaller diameter annular flameholders showed
signif icant ly  enhanced mixing as compared to previous results obtained with
conventional strut—type flameholders . Comp lete mixing was obtained in an
axial distance of less than two combustor duct  diameters  -downstream of the
dump station, in addition to gas sampling , measurements of total pressur e
p rofiles and wall s ta t ic  pressure were also obtained for  the various f lame—
ho lder configurations .

Using results from the p resent e f f o r t ,as well as those from the wo rk
p reviously reported , a general correlation has been made between cold flow
mixing data and measurements of combustion e f f i c iency  from di rect—connect
du mp combustor burn tests as a function of combustor LID. Correlations
ha ve been made for  test cases both w i t h  and wi thou t  f lameholding devices .
The validity of the cold h o w  mixing data as a good i nd i ca to r  of combustor
performance is clearl y established .

+ In—house basic research program (Task No. 2308/S2) .

, 
$ 4
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TURBULENT VORTEX FLAME STABILIZATION
ANT) SPREADING WIT H GAS JETS AND SPRAY CONTR~L

Contract Non . AFOS R-72-2400 and AF O SR-76 -2876

P. Roy Choudhu ry
Melvin Gerstein

University of Southern California
Mechanical Engineering Department
Los Angeles , California 90007

This work is directl y applicable to the desi gn of advanced
air-brea thing engine s , airborne weapon delivery and defense ,
reconn aissarut e , ønd transport. There is at present an
insufficient understanding of the basic mechanisms and processes
involved in advanced air-breathing coinbustors and lack of
realistic guideline s for predicting propulsion system per-
formance and designing combustors with improved reliability
and efficiency and acceptable pollutant emissions . The
objective of this work is to understand and develop accurate
theoretical and mathematical models describing the mechanisms
and processes of gas jet-flame interactions involving vortices
induced by flow separation and gas jets associated with
turbulent reacting flow fields encountered in advanced air-
breathing combus tors , e.g. , dump burners. This research will
provide additiona l understanding and realistic anal ytical
modeling of turbulent reactive flow not now availab le , will
contribute to evaluation of practicability of utilization of
ae r odynamicall y created vor tex induced combustion and
stabilization and guide design and development of advanced
combus tors using this concept with improved reliability,
combustion efficiency , and acceptable exhaust gas emissions .

Study will be made of mechanisms and processes of gas jet-
flame interactions including investigation of gas jets used
as fluid amplifiers to promote and stabilize vortex combustion ,
reduce combustion instability and combustion-driven noise.
Experiments will be conducted in several quasi -2 and 3-D
burners of different characteristic diameters . Cross jets
will be introduced at the combustor periphery upstream of the
flameholder to create vortices in the main fuel-air stream.
The degree of amplification of the recirculation zone in a
cylindrical burner with cross jets will be determined to
ascertain optimum location and total flow rate of jets.
Burner characteristics with air jets performing the dual role
of fluid amplifier and swirl generator will be criticall y
examined . Particular emphasis will be placed on the causes of
rough burning, spectral character of the pressure fluctuations ,
and fuel stratification in a volume-limited cylindrical burner .
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The behavior of fuel droplets in the high ly amp lified , sw l:l in g ,
recirculation zone will be studied in an effor t  to control fuel
stratification by provid ing an optimum residence time for a
given fuel spray. Schlieren , high speed photograph y, gas
chromatograph y, pressure transducers , and noise analyzers will
be used to characterize the observed phenomena .

During this period , the following configurations were studied .
1) A 2-D 3’~ x 1” burner with two steps and a double jet system .
2) A 3” axisymmetric burner with a 2” inlet. Both norma l cross
jets and swirl jets were investigated . - The flow field character-
istics with the normal cross jets under cold flow conditions have
been studied by means of a hot wire anemometer. 3) Tests are
continuing on a 2-D 8” x 1” burner with a total of four sets of
cross jets and four steps. Conclu8ions are : a) In spite of
geometric differences , all burners have similar flame blow off
characteristics. b) A jet to main stream momentum flux ratio
of about 40 produces an optimum result. c) Additiona l
amplification of the recirculation zone caused by the swirl
jet system makes it the best configuration. d) In a burner of
small radius , due to interference the jet penetration is not as
large as that of the 2-D system.

The effect of fuel type , surface character , surface tension , and
surface temperature on the lifetime of a drop exposed to a
surface has been determined . Fue l drops deposited on a hot
surface evaporate in four basic modes: contact , vaporization ,
maximum evaporation rate , and spheroidal. The occurrence of a
mode is dependent upon both fue l and surface properties. The
surface temperature range within which the maximum evaporation
rate occurs can be expanded to produce more rapid combustion
by reducing sur face tension , increasing sur face roughness and
surface deposits. The drop lifetime in all modes of evaporation
is significantl y reduced when a rough surface or surface covered
with carbon deposits is exposed to the drop .

In the spheroidal mode , an instability is observed in which the
drop location with respect to the surface and the evaporation
rate change in an oscillatory manner. The frequency and amplitude
are functions of drop mass and this ins tability may couple with
pressure oscillations within the combustor .

The apparatus to examine homogeneous ignition of fuel-air
explosions has been constructed and wi .l be calibrated .

It has also been noted that the evaporation time changes as
liquid phase cracking produces high molecular weight decomposition
products (precursors of carbon) in the liquid phase. The viscous
small drops produced evaporate slowly and may account for a major
fraction of combustion inefficiency.

_____ 
_ _
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Flow Fl anic ]ntcractions and
Transient Flame Phenomena

by

Dr. 14. Cerstein
Univ. of Southern California

ABS1T~ACT NOT AVAILABLE
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COYiBUSTIQN STUDIES OF FAST~-FLQq

RE2\C~IVE SYSTEMS

Roy A. Coo] cson

h ead of Applied Mechanics Group
Cranfield Institute of Technology,

Cranfield , Bedford ,
ENGLT~ND.

In past rep~r-Ls we have described the ongoing projramne of reseai~chbeing carried out at Cranfield and have indicated the t~c’ areds of interest
U~X)fl which we have concentrated our efforts, namely (a) the process of
heat release within a ducted supersonic stream and (b) the ignition process
with particular reference to hydrocarbon fuels.

In the main, for our heat release studies , we have employed hydrogen
as a fuel burning in a duct with inlet Mach nuirbers from 2 to 3. A full
description of the Mach 2 experiments has been included in a paper sub-
mitted to Acta Astronautica which has been accepted subject to revision.
With the aid of a stagnation temperature bcxDster , which takes the form of
a hydreqen/oxygen burner , we are nc~ conducting a series of experiments
at inlet Mach number of 2.5. A typical plot of static pressure versus
ccirbustor length is shown in Figure 1. In our analytical ‘c’.ork we solved
the appropriate aerothernioclynamic equations by establishing a further eouationwhich is based upan the condition that ignition does occur. In simple
terms this equation is a boundary condition or lower bound , which catpares
the cci~ibustor length with the length appropriate to the ignition delay .
Utilising this equation we were able to solve the equations by the standard
4th order Runge—Kutta technique. This process indicated that there were
four possi.ble solution s in terms of the duct characteristics. These four
solutions covered the static pressure ratio , stagnation pressure ratio ,
static temperature and stagnation temperature. The static pressureform is,of course, the Crocco expression .

Based upan the argument that the criti~al mach number must alwaysby unity we arrived at the c~~clusion that the stagnation temperatureratto thus,

~b/’Toi = (A/At)

is the nost appropriath form for this ‘engineering’ typeapproach . As a check the expDnent Rr0 is calculated at different
points along the duct and the resulting stagnation temperature ratioplotted. Figure 2 indicates that this plot is a straight line hence

-----4
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helping to justify the assumption that the stagnation temperature ratio
is th-.. correct form to use in this situati on .

In our ignition tests we have been able to stabilize both liquid
and g~ - -oc~~; hydrocarbon fla~m2s , in conditions un-~3cr which they would not
normally exist, by the simple e xrU~~nL of aciitng a snall amount of
hydrogen to the flo.: (see references 1 ~i~~i 2 ) .  This process has devel—
opod into a technique by which we are able to dr~ crrnine the effectiveness
of variow- stabilizing devices , based upon the dssuiTtption that one
configuration , which requires imore hydrogen for the initiation of canbust—
ion than another , is a less efficient stabilizing process . In this way
we have been able to a~~~>are the stabilizing properties of aerodynamic
blockage with th~x L provided by a physical flarrt~iiolder .

Currently, ~~ are studying the stabilizing properties of a rearward
facing step with kerosene and methane as the main fuels . The test
section currently being used in these tests is shc~.in in Figure 3. We
btiieve that this will be the first tin-ic that such tests have been
carried out with hydrocarbon fuels, although references 3 and 4 report
research based upon hydrogen and pyrophoric fuels. It will be possible
to vary the step depth and the fuel injection paint , and also as an
added process to inject oxygen into the fuel rich zone behind the step.

As a further outccme of our ignition experiments we have observed
a similarity between the flame stabilization process in subsonic and
supersonic flows. This worked is reported in reference 5.

REE ’r~nENCES

1) CODI<SCX~J , R. A . and ISAAC , J.J. “Factors Affecting Aided Ccxrbustion
of Liquid and Gaseous Fuels injected Transversely into a
Supersonic Air-Stream” . AIM Paper No. 74—1160 , October ,
1974.

2) ISAAC, J.J. and COC)KSON, R.A. “Supersonic Car~bustion Aid For
Hydrocarbon Fuels” . J. AIM, Vol. II, No. 7 July 1973.

3) ORIH, R.C .,  and Cameron, J.M. “Flow Inuediately behind a Step in a
Simulated Supersonic Ccmbustór” . J. AIM, Vol. 13, No. 9
September , l97~ .

4)  ORTh et al “Measurement Techniques for Supersonic Cathustion Testing” .
Instrumentation for Airbreathing Propulsion . M.I .T. Press ,
Cambridge, Vol. 34, 1974.

5) ISAAC, J.J. and CCXJKSCI1, R.A. “Jet Flame Stabilization in Subsonic
and Supersonic Flows” . To be published in next edition of
Caribustion and Flame 
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Research on Mechanisms of Supersonic Combustion and
External Burning Relevant to

US Navy and Air Force Requirements

by

Drs R .C. Orth , P .J .  Waltrup,
F. Billig, R .T. Cusick and J.A. Schetz

Applied Physics Lab
Johns Hopkins University

ABSTRACT NOT AVAI LABLE
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Suninary of External and Base
Burning JANNAF Workshop -

by

Dr C.E. Peters
AEDC (ARO)

ABSTRACT NOT AVAILABLE
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AIRBREATHING PROPULSION COMBUSTION

Outlooks in Gas Turbi ne Combust ion Tec hnology

Within the Aero Propulsion Laboratory, there are two groups
which deal with turbine engine combustion technology , the Com-
bustion Technology Area , under the Turbine Components Branch
of the Turbine Engine Division; and the Fuels Technology Area ,
under the Fuels and Lubrications Division. The principle
difference between the two groups is which end of practical
aspects of a combustion system is approached . The Combustion
Technology groups deals with hardware influences of the combustion

• system while the Fuels Technology group deals with the influence
of fuel composition and characteristics on combustion processes.
The combustion technology program that will be dealt with here
is that of the Combustion Technology group; although the
basic combustion technology needs of both groups are nearly
the same.

The Combustion Technology Area of the Air Force Aero
Propulsion Labora tory is responsible for development of new
technology and hardware systems which meet the gas turbine
combustion needs of the Air Force. The primary combustion
technology needs of the Air Force encompass the in~in combustor
and augmentor systems of gas turbi ne engines.

The areas of technology required to meet the Air Force
combustion systems technology needs cover a broad spectrum
of scientific disciplines . Combustion , thermodynamics gas
dynamics , heat transfer, structures and ma terials are major
disciplines required to carry out the Air Force ’s program of
advanced development . These technica l disciplines are directed
at major development facets such as concept definition , model-
Ing, stability , and emissions/efficiency to produce advanced
technology combustion systems which can be engine demonstrated.

The current program of the Combustior? Technology group
addresses design , performance and phenomena understanding of
both ma -in and augmentor combustion systems. Programs which are
currently underway are: the Nigh Mach Turbopropulsion Combustor
program, the Shingle Combustor, Augmentor Rumble Stability ,
Low-Pressure, High-Temperature Augmentor , and Combustor Design
Optimi zation . These five programs address new technology of
high payoff and areas of concern.
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The “High Mach” contract is a hardware program to design
and test an integrated Diffuser/Combustor system capable of
utilizing inlet flow at M3 

) .5 with very low losses . The
diffusion system utilizes a bleed vortex-controlled diffuser
and has shown that performance far in excess of past standards
can readily be achieved .

The Shingle Combustor program is an engine simulation ,
• cyclic rig demonstrati on of the Shingle Combustor design

durability limi ts. The Shingle Combustor is a double-walled
construction design which isolates therma l and structural
loads of the combustor.

Augmentor Rumble Stability is currently being addressed
under three contracts . The contracts utiLze analytical !

• empi ri cal modeling of flameholder combustion and full -
scale experimentation to i nvestigate rumble -inducing conditions.
NASA is supporting the Air Force in this area by providing
engine tests of hardware from these programs .

The Low-Pressure , High-Temperature Augmentor contract is
a program to design . fabricate and test augmentation hardwa re
capable of effi ci ent operation in fan airstreams .

The Combustor Design Optimi zation is an effort at Purdue
Uni versity under the Senior Investigator program to analyze
combustion/combustor flow models. This program is to discover
areas of weakness and to design experiments needed to provid e
data to resolve found deficiencies .

These current programs address areas of technology which
are expected to have the greatest payoff or are problem areas .

In the comi ng year. two new programs will be added to
address the same basic engine technology areas as the current
Hiah Mach Combustor , and Shingle Combus tor programs . The
programs to be added are the Swirl Flow Combustor and
Advanced Ma terial Segmented Combustor programs . The Swirl
Flow Combustor program is investigating high velocity burning
as an alternate approach to diffusion to achi~ve effectivecombustor utilization of high subsonic Mach number flow .
The Advanced Material Segmented Combustor will be a program
to design a combus tor system for very high temperature ,
very long life which utilizes advanced materials; i.e.,
ceramics.

a
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The current and coming programs point out the Air Force ’s
near-term interests in advanced aerodynamics and high
durability combustor designs . Improvements in all of the
basic technology discipl ines mentioned above are needed if
the Air Force is to reach its goals. Specific basic research
needs of the Combustion Technology group include reaction
kinetics , turbulence/mixing , heat transfer (convection!
radiation), combustion instability , and diffusion. Basic
research in areas such as stress predictions , ma ter ia l
properties , is of interest , but in a less direct way .
Advances in areas such as material properties must be
in a highly refined state , such as a new material which has
been through manufacturing technology development. To the
Combustion Technology group, the most important and usefu l
of basic research is advancements in understanding of com-
bustion , aerodynamics (turbulence, diffusion, droplet !

• two—phase flow, etc.), an d he a t transfer  phenomena .
Such advancements can be directly applied to developing
new combustor designs without secondary development
of the new technolo gy.

a
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Progress in Modelling Combu stor s

P . G .  Fe lton , 3. Swithenbank and A. Turan

Abstract

Analytical models are required for the desi gn and development of

combustors whose app lications range from gas turbine eng ines to industrial

boilers. Recent advances in the solution of the problem of predicting

the perform ance -of combustors have been based on finite difference and

stirred reactor methods.

Three—dimensional finite difference methods were p ioneered by

Professor Spalding and co—workers and these techniques have been successfully

app lied to the prediction of gas turbine combustor flow patterns . Due - to

the limitat ions of present computers these methods cannot be extended to

comp letely include fue l spray dynamics and realistic chemical kinetics.

This difficulty is overcome by using the computed flow patterns to define

a network of interconnected stirred and p lug—flow reactors. The detailed

kinetic scheme presentl y consists of 13 species undergoing 18 reactions to

represent the combustion of hy drocarbon fuels such as kerosine . A model

of fuel evaporation is incorporated which assumes the fuel spray to be

composed of 21 x 12 pm size ranges , evaporation is calculated using a forced

convection model. The mixing of fuel vapour and air is modelled using a

micro—mixing parameter , TSD, based on turbulence dissipation rates. The

overall method thus combines 3—1) f l u i d dynamics , turbulent mixing, evaporation

and chemical kinetics.

The model has been verified b y experiments which show that flow velocity

profiles , chemical speci u s (CO , NO etc.) can be successfully computed. 
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LOW FREQUENCY COMBUSTION INSTABiLiTY
IN GAS TURB INE ENGINE AUGMEN TORS

Captain F. N. Underwood, Jr
AF Aero Propulsion Laboratory

and
.1. P. Rusnak , E. A. Petrino, R. C. Ernst

Pratt and Whitney Aircraft , GPD

While the phenomenon of combustion instability has plagued
all types of high heat r elease combustors , the probl em has
been most severe in flight propulsion systems where weight
considerations require highly efficient structures. In
turbojets , ramjets , and rocki t .; 

* the ~— r sur e , v ibra t ion  and
heat load s r esu lt i t i i -~ f rom -~~r n t - w - t  ion inst a t -  I i ty , supe r-
imposed on the norma.1 I - u i ~l i t i - ~~, ~u-u- usually - - n t  r ; i c k y e .

In the early 1050’ s h igh  i r q ~~ency combustion instabi l i ty
(screech ) presented problems in ai’- t- ri- -it hi rt ~; .-!i~ iner . Engineers
sought s n iu t .  i nn s  t On -ict mat- - r i  - - i i  ~n 1.-~ lug  and analyt ical
studies , but ur ~f r n - i t - ; y  + ti n m ~ ~t n r  n T h n  I~~;y 1 analy t ica l
techniques of t~~ n -l y. - i r :; ~~ r v .- -

~~ it - - - ; I. • ~; t  - . ~~~~ i n n
manu factur r- rn t u r - r - -  - - i~ — -~n i n - - t r v ” .-~rn~ in -sd i~~-p i - - sich n
involving c h - t r - . -n i t  ft - in;. - 1 - . i l e r s  • ~

- mt - u s~ - r i - ; .  inni - - i l i i ip e
fuel jnIp~— t • v e i n - i  t y  . 1+s • n - f - un pilo t it - .; . They
tested fuel  -i i i  it  ives - u- I corn i. - • I -  . chamber u : t f f  . Alt ou~ n

I t i ;  -
~ 

- - -
~ 

• - 1 -  - - , n - l a ~ • t a 0 1 1  er , - - - I un 1 mttr~; - - - i t

improvem .-n t t ie ri - 11 n w i .  r — 1 . 1  I - ’

in t nu -  form f ac -istjc t - -  - - r~e.ti i n  i- - ) w r ~- int;-o—
duced . ~c r t - - n - ’ , I i : - ’ - ar . us . - i  r~~~ 1 , 1 , 1. - . - Oi ~~h ~~

- - -

i n s t a b i l i t y  is no J~~,n.-r r.-.-:i -I u - t as t seric .r n t - i t t .

W ith  the  - t~ - :  t of -
~~

+ -  ml -. - t -- 1 w  at t~~r t - T nr in -i t irbofan
engines , a I vi.- ot low Or .  ni y i n st tibil i v  known tn rumble
or chugg ing ~ can. a ser ious s r hlti n . t a i l c is a -n iosl ic
afterburning - oniOn . • i t s  I t n t  - i -iii y ( p r u - n s - i r  e ;ci 1. st . ions fed
by the  combustion i n ~ in, : . :)  oc - i i r r i x ~~ u s s u : t i ly  at. h i t ~O fuel / a i r
ratios at ~l i.~ht. M tn~ irih u -rn :.‘ l i i  i t  i1 I.-~’; when l w  -luc t , inlet
air temperatures a n t  r - s .m ru- . ox  L;t .  . This ati I i ty usually
leads to af terburner  blowout - m d / o r  fan m t ~~~o and .--n~ ine stall.
The frequency of oscillation usually 11 . - n  between 30 and 200 Hz.
This occurrence of irrstahilit :v - i t ~ow. - r - frequencies makes
use of screech liners of conventional desinn inappropriate.
For adequate damping the abno”b i ng devices ;iru- designed so that
the resonant frequency corresponds to the expected frequencies
of pressure oscillations. Since the required cavity volume for
the liner is inversely proportional to the square of the
resonant frequency, the liners of large cavi ty volumes required
for low frequencien would necessitate an unacceptable increase
in engine weight.
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Data from - i g i r i e  rn’gr :unn- and t trLy n imb I - i n v e s t l c d  ions
suggest ;o’ver:il possib e rn .ncharLi sins whi -h i- -ga a t -  or ‘ l i i i ; - I ow
frequency c nmh si- nt ion I r i s ;  t at ’ i i  if :‘ ~ a ft .  - cia r ut ’  i - s . t E m -/ ca r t  i n
sunima ci s~ed undu- s - the 0 Ii ow i ng c it  .‘g oni  es

1 ) Longi tudinal  syst em dynamics .
~~
‘) Pressure d istur -b ance s  at -  t h e  f~ie1 in j e ct o r .

~
) Combustion efficiency one illations .

L) Insufficient and/or non—uniform fuel vaporization .
5) Low recirculation wake energy .
6) Turbulence upstream of the flarnehoider.

Even subtle changes in  f i am e h o l d e r  desi gns have al tered the
rumble ‘aharacteistics  of a turb o fan -i en g i n e .  W i t h  some expe r i ence
at hand , the design engi neer f i n :  nu -cessfu I ly pr or luceu ‘ 11 xes ”
for u n s t ab l e  c c r s I i t ions . Red i  ;;~ ri but  ion c t h e  t u t ~l —~~ o—a l r
mixt u re ratio has worked , and d - r i c h i n g  t he  farm duct t r am lessened
rumble problenis in the ~~ ; t. . However , com p lete  i toh  r ’s s * and ng ci ’

this combustion/dymami nis problem has been inadequate  1-0 des ign
rumble—free mixed flow at~ erburrters wi th  c o n f i d e n c e .

The nllnlion+’ of t h i s  r i ce: n- - F r  p r o ] e c t  i i ;  t o  d . - v i r - ’ a re-
liab le - mp i  ruc -a l s it; ] n r r i a ly t - i t - r 1  m o t e l ,  t h a t  w i l l  a id  ; t l l t - r t t r r n e ; -
des i~ ne rs . The a i s p r -  ‘ I i ’ h used ‘I - g a i t  by i no tat i r ig men ];  i i i  i sins
though t t cant r ihul ; e to runib le . A ; the ms ,ior m e d ian sin s were
be~ ng invest igat e l * 

a mat-hu-ra~t- i c - i m o d e l  I tait could t - e l i  u-~ un—
stabl e u-~ r i- l i t i  ens a s p i  t l i :i t  - o u l i i  00 .-xt -c ndnd tn l s i n ~~v - t i ve

desi 1~n;; was CSLI’ ( ’ I UJ 1 l i ~~iI ’ i l .  ‘l i t  t s s i ’  t-cnl :s t o  i n  p r a c t  m a t
t h e  rnath emn at lu - ; ;  mu ;; t I -  rj go -~n r; en - I ich to model the ahy irs
‘o-i —urat .el y, y - t  s im j - ~ e er i s ugl i  t~ b - i ; -  nd by e r t r i eor ’ s; -o t , F i t - r  than
t h e  e-i gi nator. F- c-c f-hi s ‘near’ , a n t  l e ; a r s i -  i t  t h e  - urrent.
s t at- ct ’  t h e  art,, vi- pti r~~.iod a 1 I r e - s i r  s-i n u l v s j s ; -, f  i l . ; i - cm—
b unt  j u n  p r oh l -os .

‘1st - m : t , t u - n - * t  l i -a l mode l  of I i i - - si . u~~ie nt o r  ;;ys tem i-is : ;  developed
in i t I r u — - s i n  - ‘ - f  c u r  I. l i t u i l  t y  Ii ‘;v- n t - .r ~ • and er i t ’r -g_y e q t r : r t  lori s for

r u m - — I r ca-union -i -i l t irr i  v - i t -  i : i n t s  V t - i w .  L s .p l  a n -  ( i - i r s . ; I - i - s n  l e t - h —
rmi ques wu re u - s i-i l to oht,ain a di  s t r u t t e d  p - i r ;u n t - t  -n  n o ]  i t t - i on i n
t h e  r ru -quen cy loma , i  n r -~’1at I rig, i n  ci; s r i - s  , t P a p  - u ’a l .nrc-n -  , anti
Velc:-cit i  -n at  the  fan e x i t  , ‘ 1 -~ s tc - ] in l J er  , s u t i d  r i P a ’r l e  exi  t~ plane
a t~ 0° h -at - ru-lease rat u- and l i i t stt j ci with in t h e  a uirs- ’ - ret,or . Ti in

--‘n stab i i i  ty  w i n  sos; i~rn (‘1 - ci ng t anda 1- i t  c on t ro l  t h enry
t e ci r u i iirl ’n. In th i ,; m i t  5o1  of :tI m t - i l i l . y  sm ;s n ’sssr ;s - n t , t - h u -  tin -r ear—
izm ’ i ti -si t ar l i l i ’  i o n  r a t - - i s forne il  tn vcry niriti;a - i dui l ly i- it  an
arn p l  i tu de ar id  f r e q u en c y .  The i i  rm , :umr I y .-iJ  s ’ y s s  t i:’;’ i - q  ua t  I ru-u are
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RADIATION AUGMENTED COMBU STION
CONT RACT F4962O—77—C---0085

Anthony F. Cerkanowicz

Exxon Research and Engineering Company
Government Research Laboratories

Linden, New Jersey 07036

Aircraf t operating limitations due to combustion associated
phenomena such as flammability, flame propagation , ignition and stable -

combustion are becoming increasingly itupor tant in advanced military
aircraft. These limitations orig inate in part from system design
factors rather tha n inherent combustion phenomena . Techniques are
being uncovered in various laboratories for extending current limits
by providing for non—conventional combustion augmentation. These
techniques involve combustion augmentation by creating unique effects
which are brought about by massive heat exchange , centrifugal force ,
catalysis , plasma torch exposure , improved spark discharge , laser
irradiation , and vacuum ultraviolet or ultraviolet irradiation.

There are potential payoff advantages available when using a
combustion augmentation technique because of the basic difference by
which a stable combustion wave is created compared to the thermal energy
effect generated by the standard spark igniter . For exam p le , military
turbine engines usuall y are required to have relight capability at high
altitudes and low combusror inlet pressures and temperatures. The initial
reactions created by augmentation , such as irradi ating a combustible mix-
ture with ultraviolet light , are not governed by the usual thermal reaction
kinetics parameters , and thus it may be possible to initiate self—sustaining
reactions in environments of in let  pressure and temperature that are lower
than required with a th ermal spark system . The rcliglit capabi lity should
be limited only by the blow—out limit of the combustor configuration.
Further , the ultraviolet light irradiation method , in particular , does not
hav e an upper pressure limit where the igniter becomes inoperative . This
is a consequence of the radiation source electrodes being protected from
the combustor environmental pressure. Therefore , a photochemical ignition
system should have wider ignition capabilities in terms of the combustor
inlet air parameters of pressure , temperature , and velocity.

New aircraft engines manufactur ed after 1979 will have to meet
stringent emission standards. Combustors designed to meet these standards
could have diff iculty achieving ignition and relight capability with the
standard spark igniter because of the igniter sensitivi ty to local fuel—
air ratios . The augmentation techniques proposed are considerably less
sensitive to local fuel—air ratio at light—off , and therefore m ay provide
a practical method of maintaining more acceptable ignition and religh t
capabilities with the emission—controlled engines of the 1980’s. 
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The impact of the novel augmentation techniques on combustor
operating characteristics will be delineated in the proposed effort.
Demonstration of feasibility and the development of realistic design
criteria for the most effective augmentation approaches ~.xi1l be themajor goals of the stud y.

The program direction is to demonstrate and characterize
dynamic augmentation of combustion initiation , reaction kinetics and
propagation rate in practical fuel—air mixtures at reactant conditions
encountered in aircraft engine combustors. Although the primary
technique to be investigated involves vacuums ultraviolet and ultraviolet
irradiation from plasma short arc devices , other approaches such as
laser irradiation , conventiona l spark modification and plasma torch
utilization will also be considered . Passive approaches such as
cata lytic combustion are not included except to the extent of being
used In combination with one of the techniques of interest. Particular
attention will be given to those aspects of combustion such as
flammability limits which represent limiting conditions on combustor
operation.

In order to provide the Air Force with the desired results
quickly and economically, an overlapping multiple Task program which
involves comprehensive experimental and analytical assessment of the
most effective augmentation techniques is being followed . Suitable
vacuum ultraviolet (VUV) and ultraviolet (LW) sources will be acquired
from light source manufacturing specialists and fully characterized
using spectroscopic and combustion diagnostic techniques . Additional
basic combustion tests will be performed to delineate Source—reactant
mixture interaction. Characterization of photochem ical ignition at
aircraf t combustor conditions will be explored experimentally using a
flow conrbustor both in a simple premnixed flow mode and in a cannular
combustor mode using gaseous and liquid fuels. Experimental tests of
augmentation techniques other titan photoch emical will also be scheduled
during the program . Computation techniques will be utilized to predict
operational parameters in aircraft typ e systems .

Specific program tasks which have been identified include:

• Source Acquisition (pulsed VUV and continuous LW
sources )

~ source C aracLei i~aL-iuu (speclL’ai and u~ Liea1
nature)

• Source/Combustion Characteristics (interaction
of photon flux with reactant mixture)

• Combustor Ignition Experiments (simulated f l o w
comnbustor operation)

• Alternate Techniques
• Technical and Feasibility Analysis
• Engine Test Plan

L -
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In particular , the presentation will Include comments related to
vacuum ultraviolet and ultraviolet source needs of tire program and
present an analysis which provides verification of combustion enhance-
ment effects based on past results. These past results will also be
briefly reviewed . Meeting participants who are familiar with this
previous work in the photocheinical area are invited to submit questions
or discussion topics prior to the meeting . .
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COMBUSTION DYNAMIC PROCESSES ASSOCIATEI’)

WITH CHEMICAL ADVANCED LASING SYSTEMS :
THE LAMINAR MIXING LAYER FOR TILE

COMBUSTIO N OF CS 2 /02

AFOSR CONTRA CT AFOSR-74 -2694

F. E. C. Culick

California Institut e of Technology
Pasadena , California 91125

This program is concerned with several problems arisin g in
CW chemical lasers generall y, the CS 2/0 2 system bein g used as
the  particular example . Because fresh rea gent s must be int roduced ,
and combustion products removed , there must necessarily be an
average flow in a continuously operating chemical laser. We are
stud ying princi pall y those features which are imp lied by the t e rm
“combustion d ynamics , ” encompassin g the various macrosco p ic
and micros cop ic rate processes taking place in a chemically-
reacti ve flow system . The potential app lications a re primaril y to
high power continuousl y operating lasers .

The fi r st phase of this program , spanning somewhat more than
two years , was devote d to questions of chemical kine tics and com-
bustion problems of p i-e-mixed flames . In addition to establishin g
the chemical kinetic mechanism , the work produced computations
and measurem ents of flame speed. The results fo rm the basis for
present and future work on reacting mixing layers.  To da te onl y the
low Reynolds number laminar case has been examined . It appears
that many striking feature s may be due to the fact tha t the combus-
tion processes are founded on a branchin g chain mechanism . The
I l/ F 2 and H g /F systems , for exam ple , react accordin g to a chain
mechanism which is not intr insically branchin g.

As for the h ydro gen/fluorine systems , a product of combustion ,
in the present case carbon monoxide , is generated by a sufficientl y
exother mic reactio n to he initiall y excited in vibrational/rotational
states . Observations of the spontaneous emission from vib r ationa l/
rotational transitions is a rela tivel y direct mean s of determining
many characteristics of the mixing layer. In particula r , emission
spectra , which fall in the infra -rcd , have been used to infe r the
temperature field in the mixing layer; and spacial distributions of
relative populations in the vibrational levels of carbon monoxide.
Over much of the field , a substantial total inversion exists between
the twelft h and thirte enth levels; this occurs one or two levels below
the reg ion i t-i which a non-e quilibrium distribution (but not a total
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inversion) was found in p r e— mixed  f lames. Although the population
inversion is unquestionably produced , our apparatus in present  fo rm
is such that the associated gain is insufficient  to overcome the losses ,
and stimulated emission in the form of laser output has not yet been
observed .

The apparatus which has been used to obtain the data reported
here consists of an injector containing two parallel slits, each
20 cm x 2 cm , separated by a thin sp litter plate. One s tream con-
tain s CSZ and diluent ; the other contains Og and dilu ent. Helium,
argon and nitrogen have been used as inert diluents, giving qualita-
tively the same result s. A few tests have been performed with O g
added to the CS2 and stream, or CS2 added to the 02 stream. The
optical path is of course parallel to the face of the slit s, so that the
flow field examined is essentially two-dimensional.

Visua l observation, and photographs , show that chemical reac-
tions are  not simply confined to a reg ion near the plane of the split-
ter  plate, and the visible emission exhibits very obvious asymmet ries
in planes normal to the axis . When the CS2 and 02 are initially
introduced in separate streams, a tongue of brig ht yellowish emis-
sion extends downstream f rom a position near the splitter plate , but
progress ing  into the CSg stream. The emission may be due to the
reaction CS4-S-’ CS2, the CS2 being formed electronically cxcited.
In the reg ion within the O g s t ream, the blue emission characteris-
tic of electronicall y excited SO2 appears spread out. The reg ion
on the other side of the yellow emission is dark.

On the other band , measurements  of temperature, both with
thermocouples and from the emiss ion spectra , show a field which is
more nearly symmetr ical  about tir e axis . The reg io n of maximum
temperature, 2600°K-2700°K for  the condition exis t ing in our tes ts ,
occurs close to the plane of the splitter plate , roug hl y 3-5 cm down-
stream from the face of the injector .

The injector is mounted on a moveable table , tir e whole contained
within a large aluminum chamber.  The table can be moved verti-
cally up and down the t ranslated parallel to the axis. In this way the
flow field may be translated while the optical axis  i~ fixed , and spa-
cial distributions of the emission spectra are  obtained. Presently
the spacial resolution is approximately 15 miii.

Owing to the relatively low signal/noise ratio , it is very  difficult
to measure  the fundamental emission spectra. Thus , as others  have
done , we work with the f i rs t  ov e rtone spectra , using a lead sulfide
detector placed at tire exit slit of a McPherson Model 2051 mono-
chrometer (1 meter). The data are  taken on a stri p chart  recorder
but must be processed in two important respects. Firs t , the call-
bration of the optical system is applied. This accounts for the response
of the optical components , the influence of the slit width , and the
effects  of absorption, primari ly by water vapo r (the f i rs t  overtone
spectra lie in the range 2. 2-3. 1 microns).  Second , the spectra
contain emission from both R-branch and P-branch transi t ions, and
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the overlapp ing of the spectra produced by the various vibrational !
rotational transi tions . Moreover , the fact that the fl-branch exhibits
a bandhead , while the P-branch does not , must be taken into account.
The proc essing is performed by a compute r program.

With the processed dat a the temperature is obtained from the
shape of a sing le vibrational /rotational band , usuall y that for the
2-0 transition . In practice , this is foun d simultaneousl y with values
of the relative populations in the vibrat i.~ nal levels . Thus , althoug h
the raw data show the pre sence of a population inversion , considerable
reduction is required to verif y that this is indeed the case .

Due to limitations set by our pump ing facility, we have been
forced to work at pressures les. s than 20 tor r , and with flow speeds
less than 6 mete rs / sec.  The Reynold s numbers are below th ose
required for turbulent flow. 

-
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IONIC MECHANISMS OF CARBON FORMATION IN FLAMES

W .J. Miller and H.P. Calcote

AeroChem Research Laboratories , Inc.
P.O. Box 12, Princeton , NJ 08540

Problems associated with soot formation in je t engines will
increase as “new f uels ,” i.e., coal , tar sand , and sha le oil de-
rived fuel s, come into use . These new fuels will have higher
molecular weight , will contain more aromatics , and will have a
greater C/H ratio than do currently used petroleum derived fuels.
These propertie8 all increase the smoking, or soot producing ten-
dencies of combustion systems. There is presently insufficient
understand ing of the basic mechanisms and processes associated
with soot formation in air—breathing engines to make realistic pre-
dictions of the effect of soot formation on engine performance ,
heat transfer , plume structure and pollutant formation. Thus it
is impossible to p redict the effec t of “new fuels” on Air Force
missions.

It is the objective of this program , which was initiated in
January , to determine the mechanism(s) of soot formation in air—
breathing engines so that the effect of “new fuels ” on the Air
Force ’s mission can be predicted .

A nonequilibrium process is involved because soot is produced
at a much lower equivalence ratio or carbon to hydrogen ratio ,.
than would be expected for thermod ynamically balanced reactants
and products. Thermodynamics predict that all of the oxygen would
be consumed in producing CO before carbon is formed . This is not
the case . While numerous mechanisms have been proposed to explain
the formation of carbon in flames and jet engines , the evidence
for an ionic mechanism has persuaded us to pursue this idea fur-
ther. This will be done by determining the effect of fuel type ,
pressure , flame temperature and chemical additives on both carbon
and ion formation in both premixed and diffusiod laboratory
flames. The principal experimental tool will be a special mass
spectromete ! with which the ion content will be observed as the
flame approaches sooting.

The critical stoichiometry at which soot is produced is a
function of flame geometry and flow rate . Meker and flat flames
become cellular as gas flow is decreased and soot sets in at the
tip of each of the individual cells . For initial studies , an
annular Meke r burner is being used in which the mixture of inter-
est is fed to the inner burner and a near stoichiometric C,H./air
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flame is fed to the annulus surrounding the test flame to shroud it
from cool ambient air and provide an ever—present ignition source.

The effect of unburned gas flow ra te on the minimum f uel/air
ratio for soot formation has been measured for C2H3 , C6H1~ (n.-
hexane) ,  C6H12 (cyclo-hexane), C6H6 (benzene), CuR e (toluene), and
C91112 (isopropyl benzene ) at 1 atm and , in addition , for C2H2,
C.H6, and C91112 at pressures of 300, 150 , and 75 Torr. Different
gas velocities give rise to various peculiar flame shapes which
must alter the rate of heat transfer from the flame to the burner.
The actual flame temperature under any given set of conditions may
very well differ significant ly from that for any other condi t ion
and flame temperatures are known to have a pronounced influence
(other things being presumably equal) on soot formation . Cooling
due to these effects can reasonably be expected to be greatest at
lower gas velocities. This may explain why lower equivalence
ratios are of ten required at low gas velocities , i.e., the tempera—
ture in the soot nucleation zone is lowered , chain reactions are
slowed and polymerization is enhanced.

In general , at the higher flow rates , the flames are better
behaved in that either a single rounded cone or the familiar multi—
cone Meker configuration is obtained ; fluttering cellular flames
are often observed at low flows . As the flames become better
defined and more stabl-~, the point at which soot is observed be-
comes essentially independent of total gas flow. Because this
occurs over a range of high flows, it appears that under these con-
ditions heat transfer to the burner becomes negligible and the
flame temperatures attained are constant and probably approach the
adiabatic value.

The critical equivalence ratio for soot formation changes very
little with pressure. This is in substantial agreement with the
results of McFarlane et al at pressures above 1 atm. This point
will be checked in future work as an adjunct to our continuing mass
spectrometric experiments.

The flames examined to date by mass spectromejry have been
200 Torr C2H2 and C6}16 air flames held at a stoichiometry just
short of the onset of soot formation. Flame s heavily laden with
soot will inevitably clog the mass spectrometer sampling orifice
but it is anticipated that a system now being built will facilitate
investigation of flame zones well past the point of nucleation and
into the particle growth stage . For the present , however , we have
to be content with an examination of the very early stages of
nucleation or ion cluste ring , i.e., the sampling of flames at
equivalence ratios just short of that required for sooting .
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The ion spectra of fuel—rich C2R2/air flames display a wide
variety of species , many of which have not been previously observ—
ed . As the equivalence ratio is increased toward soot formation
the predominant ions are a t masses 39, 53, and 63 corresponding to
C3R3~ , C4H5

+, and C,H3+, respec tively. These three Ions remain
abundant as the fuel content is further increased but higher
molecular weight species become rapidly more prevalent. The heav—
ier ions (above mass 63) appear to be separated by an average of
13 amu and the more massive the ion , the greater is its sensitivity
to fuel concentration. In the richest of the flames examined , i.e.,
at an equivalence ratio of 2.1 , just on the verge of soot ing , the
ion spectrum is dominate d by masses 39 , 53, 89 , 127 , and 165.
Masses 39 and 53, the ions C3H34 and C,1154 , are commonly observed
species in a great many hydrocarbon combustion flames. Under the
conditions prevalent In these experiments , mass 63 is almost cer-
tainly C5H3+ and the ion at 165 amu is most likely C 13H9+.

Notwithstanding the present uncertainties in ion identifica-
tion at higher masses——which are being corrected by modifications
to the mass spectrometer——it appears quite reasonable to postulate
that the reaction -

f Ti + I’ U IT + L UI..3fl3 ‘~ ~.2II 2 ‘ “2

is responsible for the formation of the ion with mass 63, and tha t
mass 89 results from

+ Call2 4 C,Hs+

Masses 127 and 165 (and all the other heavier masses , as well) F
of fer more possibilities for speculation. It Is interesting to
note, for example , that naphthalenic and phenalenic structures,

- 

- 

and

correspond closely to mass numbers 127 and 165 and both are charac—
terized by electronic configurations capable of great delocaliza—
tion of charge and thus the possibility of producing extremely - -

stable ions.

The experiments are continuing.
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MECHANISMS OF EXHAUST POLLUTANT AND PLUME FORMATION
IN CONTINUOU S COMBUSTION

(NA74—0l2—N)

UCI Combustion Laboratory
School of Engineering

University of California , Irvine

INTRODUCTION

The UCI investigation of exhaust pollutant and plume formation
in continuous combustion is a combined analytical and experimental study
of turbulent , backmixed combustion. The objectives of the UCI program
are directed to clarifying the relative influence of those mechanisms
responsible for pollutant production in continuous combustion.

APPROACH

The AFOSR UCI Combustion Laboratory program includes both experi—
mental and analytical studies in a task organization structure of four
elements:

o Element A: Limits of Combustion

The evalation of backmixed zone behavior (size, velocity
distribution, turbulent intensity) and emission -that accompany
flame instability at blowout .

o Element B: Mechanisms of Pollutant/Plume Formation

The conduct of parametric studies (analytical and experimental)
to identify the relativ e contribution of the chemical reactions,
transport processes (heat and mass diffusion , f luid mechanics ,
and recirculation behavior) , and system parameters (e.g. geometry,
flow rates) to pollutant formation.

o Element C: Model Development and Evaluation

The eva luation and refinement of numer ic~l procedures and models
or turbulennce by judicious comparison of numerically predicted
profiles of velocity , turbulence energy, temperature , and tracer
concentration to experimentally determined profiles (cold, heated ,
and hot flow).

The evaluation and refinement of numerical procedures and the
coupled models of turbulence and c hemical kinetics by a
judicious comparison of numerically predicted profiles of
velocity, turbulence energy, temperature , tracer concentration ,
and mass fractions of hydrocarbons , ni tric oxide, carbon monoxide,
oxygen , and carbon dioxide to experimentally determined profiles
(hot flow).

________  
______  -—- -~ - - -
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o Element D: Supplemental Studies

The conduct of studies that support the investigations of
combustion stability, pollutant formation, and numerical
methods, and address specialized questions current to
practical baclunixed combustion systems.

Lean Combustion. The evaluation of the emission
characteristics of the opposed jet combustor (OJC)
and the potential of utilizing the OJC in stabilizing
lean combustion .

Particulate Formation/Luminosity . The investigation -

of (1) particulate formation in reacting flows with
recirculation with special emphasis on alternative
fuels , and (2) luminous flame radiation in reacting
flows with recirculation with special attention to
alternative fuels and impact on combustion linear
degradation. -

NO Probe. The exploration of chemical transformation
of nit rogen oxides in sample probes and sample lines
while sampling combustion products.

An opposed—reacting—jet combustor (OJC) is adapted for the present
study because of the similarity to practical continuous combustion devices
and the experimental versatility of the OJC. The OJC utilized a high
velocity jet stream opposing the main f low as an aerodynamic flame holder.
The option of a nonpremixed system is currently being ins talled .

The numerical procedures used to solve the governing equations for
the OJC f loufield are based on an extended version of the Impcr 1.,~ College
3—dmensional program dubbed TEACH. In cooperation with the Enviro~imental
Protection Agency (EPA), the CRISTY method is being adapted to the UCI
OJC configuration as well.

RESEARCH STATU S

During this period theoretical descriptions were app lied to the opposed
jet combustor (OJC). In addition to the predictive method of TEACH, the
CHAMPION code was made operational and adaptation to the CHRISTY code to
the OJC configuration was continue d in cooperation with the EPA. Predicted
profiles of chemical composition and turbulence properties were compared to
experimentally determined values with emphasis on inlet and boundary condition
specification and grid sensitivity. In addition , lean stabilized data were
recorded to further assess the potential application of the OJC in practical
combustion systems and to initiate the exploration of pollutant formation in
backmixed flows. Chemical transformations that may occur in probes and lines
used to sample and transport nitrogen oxides were investigated in the presence
of oxygen, carbon monoxide and hydrocarbons . Pressure , residence time, and
probe history are presently being addressed. Results were reported in three
publications , and five technical papers. 

—-—~~~~~~
—-~



FUNDAMENTAL CO MBUSrION STUDIES
RELATED TO AIR -BREATHING PR OPULSON

by

F. A. Will iams

Profe ssor of Aerospace Engineering
Department of A pplied Mechanics and Engineering Science s

Uni versit y of California , San Diego
La J olla , Califor~ija 92093

Research results will be presented on the combustion of carbonaceousparticles and on theory of structures and propagation speeds of premixed turbu-lent flames. These studies are moti vated by questions concerning combustionefficiencie s and smoke emissions in airbreath ing propulsion systems.  The workrepresents a continuation of investigations reported at the previous meeting onair-breathing combustion dynamics.

Materials and apparatu s des’~ribed at the previou s meeting were employedin stud ying the combustion of carbonaceous particles. Emphasis was placed onascerta ining how the h ydrogen content and differing consistency cause the combus -tion to diffe r f rom that of pure carbon studied earl ier .  Experimental te chnique semployed involve d laser igni t ior , hi gh-speed cinenl icrograph y, two-color opticalpyrometry ,  scanni~-ig e l ec t ron  lAl ic rograp h y and attempts to collect and analyzeself-ext inguished par t ic les .  Burning was studied in oxygen-nitrogen mixtures ,usually pure oxygen , at pressures  from 0. 5 to 2 atmospheres and at room tempera-ture.

The cinemicrograph y suggested a burning me chanism similar to that ofcarbon , with the exception that there  appeared to be a possible tendency for gas-phase combustion to occu r in addition to surface combustion. Both increases anddecrea ses in the size of the image on the fi lm we re observe d , but it was unclearwhether swelling or displacement of the particle caused the increases.

The two-color optical pyrometry gave burnir g temperatures in the rangeof 2000 °ic to 3000 °K , simila r to the range obtained for carbon. Howe ver , theintensity_ time history was less regular than that of carbon , there being typicallytwo peaks in intensity and a linear decrease in intensity only near the end ofburning. This behavior is consistent with swelling of the particle during com—bustion and with the occurrence of some emissions from gas-phase reactions . Afilter pair in the 4000 and 5000 A range gave lowe r temperatures than a pair in the5000 and 6000 A range , but the difference was less than the estimated error in the

L -
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measurement; these results thus neither prove nor disprove that radiant emis-
sions occur from gas-phase reactions .

Burning time s were obtaine d from both the cinemicrographic and optical
pyrometric measurements. Results were consistent with the diameter -squared
law. Burning-rate constants obtained from these results were somewhat larger
than burning-rate constants calculated from simplified theory for carbon particles.
If corrections are made for swelling, gas-p hase reactions , variable propertie s
and particle motion , then agreement between experime ntal and theoretical burning
time s can be obtained.

Scanning electron micrographs of partially burnt  material revealed the
gradual development of a filament-like structure , similar to that observed for
carbon. Thus , it is concluded that in many respects the bu r ning mechanism of
carbonaceous particles resembles that for carbon particles. One difference was
that it was impossible to collect samp les of self-extinguished carbonaceous par-
tilces due to a tendency for the particle s to disintegrate and disperse into very
fine sub-particle s prior to extinguishment . This may be a result  of the hydrogen
content of the material c r  mere ly a s t ructural  phenomenon produced by weaker
inter-grain  adhesion.

The turbulent combustion theory for premixed flame s was based on an
expansion procedur e in which the nondimensional overall activation energy was
treated as a large parameter and the ratio of the laminar flame thickness to the
tur bulence scale was treated as a small parameter .  There result formula s for
turbulent flame structure and turbulent flame speed in react ing flows having
large-scale turbulence . The f lame th ickness  is predic ted to increase with increa-
s ing turbulence inte nsity, to f i r s t  orde r in the scale ratio. To this same orde r
there is no change in flame speed , but in second order , tu r bulence increases the
flame speed. The formula for the tur bulent flame speed V T, shows that in the
absence of upstream concentration fluctuations VT = VL ( l + 6 /2 ) ,  where vL is
the laminar flame speed and 8 is the mean-square t ransverse  gradient of the
fluctuating displacement (time integral of velocity) of the approaching turbulent
flow. Thi s result differs  from previously available re su l t s  and agrees  qualitative ly
with experimental results on large-scale turbulence i’n some respec t s .  Ups t ream
concentration flu ctuations can further increase the flame speed.

Research sponsored under AFOSR Grant 77-3362 .
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CONSIDERATION OF WIDENED
SPECIFICATION JET FUELS

Thomas J. Rosfjord
Fuels Branch

AF Aero Propulsion Laboratory, WPAFB

Since the advent of extensive jet aircraft use, operators have
enjoyed the luxury of inexpensive , high quality fuel. However
within the last five yea rs, the per gallon cost of jet  fuel has
quadrupled . Based on current IJSAF consumption this price increase
results in a one—billion dollar per year increase in fuel  costs.
Addit ionally, in cer tain geograp hic regions , i t  has been nece ssa ry
to grant waivers permitt ing limited use of non—specif icat ion fuel .
These instances foretell the future. The depleting domestic
petroleum reserves , with corresponding increased dependence on
imported resources, dictate that alternative sources for the produc-
tion of jet fuels be developed . Coal, tar sands, and oil shale
resources have been considered . In pa r ticular , USAF p rograms are
vigo rously pu rsuing the l a t t e r  because of greater chemical s imilari ty
between the derived crude and pet roleum.

It must be realized that fuels from alternate sources will not
be prevalent until the next century. In the interim , considerations
must be made to maximize the use of available petroleum without
compromising requisite performance characteristics. Therefore , the
emphasis is not on deriving a new fue l specificat ion for  a presently
undeveloped resource . Rather , current and ne ar— term program s are
aimed at the impact of relaxing cur ren t  fue l  speci f ica t ions .  The
results of these e f f o r t s  will also indicate the degree of ref ining
necessary to produce an acceptable fuel from an alternate source.

The overall effort to assess the effect of fuel specification
relaxation is quite complex . All components of the fuel system
need be considered , including the fuel tanks , pumps , filters , heat
exchangers , seals, etc . Change s on c ombustor performance——main
and afterburner——must be quantified . Personnel e~xposure problems(toxicology , environmental impact) must also be made. These several
factor s must be married with fuel availability and cost considera-
tions in an optimization study. Note that a minimum fuel cost
alone is not the goal. Rather, the minimal life cycle cost of the
propulsion system is being sought.

As stated, current combustion systems will have to be assessed
in considering changes in fuel properties. Minor modifications may
be economically acceptable in an attempt to achieve minima l system
costs. Rowe’rer, in the long term , future combustors must be initially
designed to be compatible with an evolving fuel. Unfortunatel y , the

- -
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understanding to predict the effect of fuel property variations on
the combustion characteristics does not exist. Therefore a number
of fundamental research topics are vital to effective utilization
of widen specification fuels, including :

a. Improved understanding of practical hydrocarbon fuel
pyrolysis leading to the ability to include gross fuel chemistry
effects in combustor analytical models.

b. Development of particulate formation models which allow
variations in fuel chemistry and pyrolysis processes (the results
of a) in predictions of combustion zone parameters.

c. Enhanced modeling capability to include prediction of
fuel effects on combustor radient loading, smoke emission, ignition
and stability.

d . Inclusion of fuel effects in afterburner IR modeling.

e. Characterization of preignition and flashback as potential
problems in future prevaporizationfpremix systems .

f. Evaluation of methods to relate combustion system data to
final management information (i.e., combustor liner temperature to
lif e, durability, and cost).
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Py-ro lysis of Hydrocarbon Fuels

by

Dr. W. Blazowski.
llxxon

ABSTRACI’ NOT AVAI LABLE
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DESIGN CRITERIA FOR CATALYTIC COMBUSTORS
AND

OVERVIEW OF THE 2ND EPA CATALYTIC COMBUSTION WORKSHOP
EPA CONTRACTS 68-02-2116 AND 68-02-2611

J. T. Kelly, R. M. Kendal l , E. Chu , J. •P. Kesselring

Acurex Corporation/Aerotherm Division
485 Clyde Avenue

Mountain View , California 94042

A thorough understanding of the important physical phenomena occur-
ring in a catalytic combustor is required for proper system de-
sign . The PROF-HET catalytic combustor code models all of the
important physical phenomena occurring wi thin monol i thic catalytic
combustors . The formulation and numerical techniqu es applied in
the code are discussed. Code predicti ons are presented which show
the effect of bed geometry, bed material , and initial gas condi-
tions (i.e., preheat temperature and mass flowrate) on monolithic
catalytic combustor performance. Based on these predictions , a
novel catalytic combustor system design concept is suggested.

Catalytic combustion in a honeycomb monol ith is a ~.omp1ex process
which involves the interaction of several physical and chemical
phenomena. Of primary importance are (1) radial hea t and mass
transport between the gas and wall , (2) axial heat and mass trans-
port in the gas , (3) axial radiative and conductive wall heat
transfer , (4) heterogeneous surface and homogeneous gas phase
chemi cal kineti c reactions. The coupling of these phenomena de-
termines bed performance in terms of maximum throughput , maximum
bed temperature and fuel conversion efficiency. An efficient , yet
adequate , nume r i cal techniq ue , which inclu des all of the above-
ment ioned phenomena , has been develo ped to establish how bed per-
formance varies with bed operating and desi gn parameters . The
technique utilizes matrix procedures to solve the finite differ-
ence form of the governin g differential equati ons. The axial dis-
tribution of both wall and bulk gas properties and wall tempera-
ture are output by the code. The solution procedure is reliab le
and stable for the range of input parameters utilized to date .

Code predictions indicate that (1) maximum throughput levels in-
crease as channel diameter , bed conductivity and surface reactivity
increase , (2) maximum bed temperature decreases as conductivity
increases , (3) complete fuel conversion requires the activation
of homogeneous gas phase reactions. These observations have si g-
nificant system design implica tions.

Based on predictions made during this study a catalytic combustor
design is suggested which utilizes a bed front end with large
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diameter channels and a bed back end with small diameter channels.
The large front end channels permi t bed operation at large through-
puts while the small back end channels prevent breakthrough (i.e.,
poor fuel conversion efficiency). Through experimental testing,
this design has been found to give good performance with methane ,
propane , indolene , and methanol fuels.

The Second Workshop on Catalytic Combustion was held in Raleigh ,
North Carolina on June 21 — 22, 1977. Forty-three people , repre-
senting various governmenta l , industrial , and academic organiza- ~~tions attended the U.S. Environmental Protection Agency-sponsored
workshop. The purpose of the meeting was to provide an overall
summary of the current state-of-the-art of catalytic combustion.

Emphasis was placed on the potential role of catalytic combusti on
in the contro l of NO~ emissions. For conventional combustion sys-
tems , significant amoun-ts of thermal NOx are produced at tempera-
tures above 2800°F, and large fuel NOx emissions are found in lean
systems. Analytical and very limited experimental results are
beginni ng to show that catalytic combustion systems may be able to
minim ize NO~ emissions in systems that operate above 2800°F and use
fuels which contain large amounts of bound nitrogen .

Current work has concentrated on the use of catalytic combustors
with clean , premixed , prevapori zed fuels. Much of this work has
focused on the gas turbine applica tion , with other significant work
having appli cation to industrial and commercial boilers and vent- U
less home appliances . -
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CATALYTIC COMBUSTOR MODELING

Anthony E. Ccrkanowic z

Exxon Research and Engineering Company
Government Research Laboratories

Linden , New Jersey 07036

Conventional gas turbine combustors produce unacceptable
levels of NO~ because of the high t emperatures developed in the
primary combustion zone , especially wider high—power conditions . If
the high flame temperatures can be significantly reduced without
c ompromising combustion efficiency , then a substantial reduction in
NO~ emissions can be achieved . Catalytic combustion is being investi-
gated experimentally and theoretically in this laboratory as a means
of achieving this end , as well as improvements in performance and
cost such as improved stability and product gas uniformity . This
presentation describes the theoretical modeling effort and comparisons
with experimental data .

The objective of this effort was to develop a sufficiently
detailed engineer ing model of the operation of catalytic combustors
to enhance the understanding of this new technology . Currently, the
model considers steady state operation of a radially well mixed plug
flow reactor with heat and mass transfer between gas and solid phases .
Reaction and heat release are considered to occur both on the catalyst
surface and in the gas phase. By employing the appropriate conservation
equations for the two phases , combustor operation can be described in
terms of a two—point boundary value problem . A powerful solution technique
is employed to obtain computer solutions for temperature (gas and substrate),
pressure , velocity, and fuel conversion profiles (in the axia l direction) as
a function of reactor geometry , catalyst and substrate properties, and
inlet conditions . Reactor configurations containing screens , pellets , or
monoliths are handled by selection of appropriate heat and mass transfer
correlations .

One of the initial results was the indication that velocity
variation through the reactor (and hence reactant residence time) cannot
be neglected in calculating con-ibustor operating characteristics. Indeed ,
constant velocity models result in ~1gniticaiiL qverest-laiiation of conversiou.
Many previous modeling efforts neg lect the effect of velocity variation
since they were concerned primarily with catalytic clean—up of exhaust or
tail gas where insufficient heat release occurs to affect the gas velocity
significantly.

The effectiveness and practicality of the model were demonstrated
by excellent agreement between model predictions and experimental catalytic
combustion data (see attached figure). Data from catalytic combustor
experiments are presented and analyzed using a simplified model indicating
the phenomena of catalytic light—off , homogeneous reaction contributions
and both catalytic and homogeneous hysteresis effects . Refinement and
extension of our current model are i~ progress to provide for the
inclusion of multiple fuel species , two—step reaction schemes , and
interna l heat removal, from the catalytic section.
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NASA-LeRC Research in the Area of
Catalytic Combustion for Ai r-Breathing Propulsion Sys tems

Dr. David N. Anderson , NASA-Lewi s Research Center
Dr. Edward J. Mularz , NASA-Lewis Di rectorate , U. S. Army AVRADCOM

Cleveland , Ohio

There are currently two main research programs at Lewis investigating
the use of catalysis in air-breathing propulsion systems. One such
program is part of the ERDA-supported “Highway Vehicle Gas Turbine ~ 

-

Engine Program” . The other program is related to aircraft gas turbines
and is entitled the “Advanced Low Emissions Catalytic Combustor Pro-
gram”. Each of these programs will briefly be described .

Catalytic Combustion for the HVGT

Wi th catalytic combustion, it is possible to obtain both high combustion
efficiency and ultra-low NO

~ 
emissions at the same time . One of the

studies at NASA-Lewis is the investigation of catalytic combustion for
the ERt~-supported Highway Vehicle Gas Turbine Engine Program. Comn~ër-cial catalysts are being evaluated to determine which may be able to
operate efficiently at conditions representing those of an improved
automotive gas turbine engine. Eighteen different 12-cm diameter mono-
lithic catalyst elements have been tested in various combinations to form
26 catalytic reactors. Each reactor was tested with .prernixed propane
fuel a~ an inlet fuel-air mixture temperature of 800K, and a pres~ut4 of3 x l t P Pa. -

-

NO
~ 

emissions were less than 0.06 g N02/kg fuel for all catalysts tested.
CO and unburned hydrocarbons emissions were high at low combustion tem-
peratures, but decreased as the adiabatic combustion temperature (fuel
air ratio) was raised. Emission i ndex goals of 13.6 g CO/kg fuel an~11.64 g HC/kg fuel were achieved at a value of the adiabatic combustion
temperature which depended primarily on the reactor length and the cata-
lyst substrate cel l size. This minimum combustion temperature required
to achieve the emissions goals varied from 1340K to 1560 K for the 26
reactors at a reference velocity of 15 m/s. The reactor pressure drop
ranged from 0.5 percent to 3.5 percent at this same velocity . Those re-
actors which achieved the emissions goals at low values of the adiabatic
combustion temperature tended to have a relatively high pressure drop.
On the other hand , reactors with low pressure drop required relatively
high adiabatic combustion temperatures. This trade-off between the
pressure drop and the required combustion temperature was affected in the
same way by either a decrease in substrate cell size or an increase in
reactor length. For examp le , the performance of a reactor with relatively
small cells and short length coul d be matched in pressure drop and perfor-
niance by a longer reactor with larger cells. 

—~~~~~~~~~~- ------—-——--— - -
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Al though the results of steady-state tests have shown that the cata-
lytic combus tor has promise for the automotive gas turbi ne engine ,
there are a number of areas which remains to be studied . These include
the effect of different fuels , and the effect of catalyst aging.

Advanced Low Emissions Catalytic
Combustor Program

The purpose of this program is to evaluate the feasibility of empls~$!igcatalytic combustion technology in the aircraft gas turbine engine field
to achieve the control of the emissions of oxides of nitrogen for subson-
ic , stratospheric cruise aircraft operation . The system performance must
be mainta i ned or improved compared with current engines , and practical
problems must be avoided such as system endurance and undesirable autoig-
nition and flashback.

The program is a jointly funded effort between NASA and the Air Force and
w i l l  be performed under contracts in three phases . Phase I is a study to
design and analytica Vly evaluate a number of potential combustor candidates;
in  Phase I I , the two most promising combustor designs wi l l  undergo a series
of designs , tests, design modifications , and retests in a combustor sector
rig; further development and testing in eithe r a sector or full-annular corn-
bustor rig will take place in Phase III with one or two catalytic combustor
designs selected for further refinement toward aircraft application.

In the Phase I study , the following goals are established for the con~ustor
designs: The emission goals include a NO emission index less that one at
subsonic cruise, and pollutant emissions *alues sufficiently low over the
EPA l anding—takeoff cycle to meet the 1979 EPA standards. The perfo rmance
goals include high combustion efficiency over all operating conditions and
a pressure los s for the combustor system of 5% or less. In addition to these
goals , combusto r durability , reliability , safety considerations and complexi-
ty of design will be considered in the combustor evaluations .

Phase I is targeted for an October 1 , 1977 start date. This phase will
produce a detailed analysis of potential designs for gas turbi ne comL~ustorsusing catalytic devices. Results of the studies will include recomendations
either for follow-on combusto r research or for’ further work on certain
aspects of ca talyti c combustors before development is practical. Using these
Phase I results, a decision by the government will be made whether or not to
continue the program into Phases II and III.

~ 
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AIR FORCE RESEARCH STUDIE S AND
NEEDS IN CATALYTIC COMBUSTION

Thomas J . Rosfjord
Fuels Branch

AF Aero Propulsion Laboratory , WPAFB

4
In response to the concern for aircraft gas turbine engine

exhaust emissions, AFAPL initiated an investigation of catalytic
combustion in 1972. This concept is based upon the alternate
reaction paths available to catalyzed reactions. As applied to gas
turbine engines, it permits the combustion of fuel/air mixtures
leaner than the low flammability limit. Further considerations of
the concept have indicated advantages in performance , component
life, stability and emissions . Current AFAPL programs are in pursuit
of these benefits.

The fundamental concepts motivating the app lication of catalysts
to gas turbine engine main burners and afterburners are explained
in AIAA Paper 76—46 presented at the 14th Aerospace Sciences
Meeting, January 1976. The requirements of the combustor components
were outlined , as were the potential problem areas and the initial
data available to address them. The advantages resulting from the
application of the concept were shown to be substantiaL Although
the interested reader would benefit from reviewing the referenced
manuscript , the following summary is offered .

Structural considerations of the turbine blades currently
limit the maximum turbine inlet temperature to 2500°F which , in
turn, places a restriction on the overall fuel/air mixture ratio
(f) of approximately f < 0.028 for  JP—4 type fuels.  Such composi-
tions, however , are not within the flammability limits. Therefore ,
the conventiona l and many future coinbustor designs employ several
zones of combustion . In each reacting zone, the air—flow is
throttled to produce a local f greater than the overall value to
ensure combustibility . Associated with the more’ fuel rich regions
are higher temperatures , in some cases exceeding 4000°F. Down-
stream dilution zones mix in the remaining air to reduce the overall
temperature to acceptable levels . The thermodynamics and fluid
mechanics of such combustors lead to unsteady , skewed combustor
exit temperature profiles. As well , the high temperature reg ions
favor the formation of carbon particles , increase the radiant heat
transfer to the combustor and turbine components , and p roduce high
NO exhaust emissions.x 
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The catalytic main burner , because of high chemical activity of
the catalyst , can combust at the overall fuel/ air mixture. A maxi-
mum combustor temperature of 2500°F occurs at the exit. Additionally ,
the tubular character removes the large turbulent fluctuations
associated with conventional systems. Since each reactor operates
independently, the inlet temperature profile is reflected directly
in the exit profile. Therefore, optimal turbine inlet temperature
profiles could be obtained, with .a net effect of an increase in its
overall value. Preliminary engine cycle calculations indicate
that for a 100°F increase in this temperature, for engines of
fixed thrust and size the static SFC reduces by 12%, while for
engines of specified SFC the static thrust per air weig ht—flow
increases by 3%. It is noted that due to the presence of the sub-
strate in the reacting flow, the catalytic unit has a heat capacity
500 times greater than a conventional system, enhancing its
stability characteristics. As well, the low temperature zones
associated with the catalytic combustor decrease the tendency to
form carbon particles, reduce the radiative heat transfer by up
to 80%, and suppress NO~ 

exhaust emissions by two orders of
magnitude.

Catalytic materials can be used in the afterburner to improve
the ignitor and flaineholder. The ignitor application is straight-
forward ; the high chemical activity of these materials , if they
are located in a locally controlled f, should ensure high reliability .
Thus, a separate AR spark system would not be required . The
catalytic flanieholder acts to promote the axial rate of . energy
release in the AB. That is, at any given axial position , a
greater portion of the chemical energy contained in the reactants
has been released . A performance benefit associated with an
increase in combustion efficiency 

~~~ 
could be attained.

Alternatively, becausc of the asymptotic naturc of the energy
release, a substantial length reduction would be possible while
retaining current performance levels. The option of a combination
of these two benefits is also available.

Either of two approaches can be taken to achieve the accelerated
rate. First, if catalysts are located to promote the initial
processes (fuel reforming , initial oxidation reactions, etc.) then
a higher rate could be achieved . Selective cata~lyst—coating of
conventional hardware may achieve this goal. The influence of the
catalyst may , however , be confined to the boundary layer over the
device. Second , if the size of the sources of the combustion (flame—
holder width) could be increased without increasing pressure losses,
the sources would merge at shorter downstream distances, filling the
AZ cross—section with reaction. Thus, a greater distance remains
before the AR exit to completely consume the fuel and release the
energy. The use of an annular ring of honeycomb material would
permit increases in flow blockages without prohibitive increases 
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f

in pressur e loss. The device would he coated with catalyst ,
substituting a catalytic in i t iat ion for the traditional fluid
mechanical residence time ignition .

While the principle AFAP L programs are pursuing the app lication
aspects of catalytic combustion , a need exists to investigate
several related fundamental concerns, including:

a. products of cataly zed reactions, and their role in the
total energy release;

b . tr ansfer of the energy release controlling mechanism ;

c. processes responsible for chemical , thermal , and physical
degredation of catalyst systems ;

d. un steady, catalytic combustor modeling ;

e. influence of liquid fuel  impingement on catalyt ic  surfaces;

f .  flame stabilization in the presence of a catalyst f or bot h
bluff and porous bodies .

_ _ _ _ _ _ _ _  ~~~ - -- - -~~~~~~~~~~ ---
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MECfL A~ f.~M OF 1il~~Il ~PEI~1PERATURE

CATALYTIC C i U 1 110N

~:i~~~~T A F i ~~1~— ’(~ - — 3052

V.

Princeton U!Iiver~ity
- 

Department i i  /kr~~~~~LL C u and Mechanical Sciences
~~~~~~~~~~~~~~~ h .J. O85~ o

At present , there is an Ln:ufficient understanding of the basic
fluid dynamic , sur face and chemical ~rocesses involved in catalytic
combustion and a lack of reali~ tic ~- ‘Ji i~ iit1es for predicting combustor
and propulsion system p~~r t  r : u ~ce , ~L !Ld fu r  the solution of existing
combustor d i f f icul t ies .  The objective c f  this research is to clar ify
the relative influence of chemical kinetics and transport processes
associated with catalytic conTh~n5 tion phi~nomena encountered in advanced
air—breathing combusti ci cLn ~ir1es . TNi s  work will provide additional -

understanding and i-caUstic a a! ;, t - ica l  ~dciin: of the reactive flowfield associated with ~i i ~ ’t i  t i - ! atu i c -a t a iyt ic  combu st±~-n , now not
available , and contr ibute  to ~ ‘t a 1  ~i~ hii~~ real L tic guidelines and
techn iques for overcoming pru ~~c’t~t d i i i c ul t i e ~ aad design criteria for
efficient, stable , je t en~~in L  ua~ ai:~L ! c  corn u~~tu ia i . -

Measurements will be t —~k m  C f  v c l o - i t . y , t u I ~! ci t - i r e , pressure and
composition withim a b cyc1 1: c cat:il~~ t -u10 a bon i w y  layer using both~physical and optical tech !~~~i -i i~ an.i var y ir ~~ the ~-a r ricters cf the
experiment over their  u~~er at i ng  i a i~~~e.; i-f interest .  A t-~ c dimens ional
model with mutiple ra~i u~d s~i c i - u ~e t -e : ict iura~ w i i  a] ~o he formulated
arid the compu ted resuli wi l l  he c u - l - : u  i i  wi t h  the nt: ’isur d ones .

During the f~ r - ; t ;,‘e ar -  - I the j rei l-rn -ii , a ctead ’~ cuznhnstor was
designed and built with an appropr ia te  test se -i~~;. Chro matographic
Gas Analysis was impftec t ;tc - - !  an-i some preliminary data were collected .

Steady Combustor - A ~te rhi ceahucto,- was -onstructed and tested.
It delivers up to 100 SCFM, at i. n a x i m i u r  t emper -- ture of 1000°F and a
max imun pressure 01 10 a i r .  at th e  test section . It consists of a
reciprocating compressor , which incLu des  particulate and oil filters;
a f irst , low temperature , re~ civi~~ tank to smooth out pressure fluctu-
ations ; a bypass valve to control the flow rate to the test section . a
flow meter: three heaters in araIi~~i whose energy input can be varied
continuously to vary the te st section temperature , an automatic high
temperature safety shut ~~i system~ a high pressure, high temperature
settling tank; a colIverc~i !i~ mt fuel addition section ; a mixing and
turbulence control section; a test section ; a water addition cooling
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section; a downstream valve to control the pressure ; and a exhaust
system. To assure steady state operation, the compressor ~~

j run con-
tinuously and excess air is bypassed away from the ic ;~tcr ; and the test
section.

Test Section - The test section for the catalytic 1lau p late
boundary layer arid the catalytic honeycomb experiments was -i e s~~j’c-d and
constructed. The test section houses stainless steel gridc which are
used to inject fuel and to control turbulence ; it supports the catalyst
while allowing for electrical connectiofls to the catalyst as needed.
The modular design of the test section permits changes in physical di-
mensions to be easily made. Both optical (laser) and physical (gas
chromatography, hot wire anemometry, and thermocouples) eccess to the
test section are allowed for. The first honeycomb catalyst was selected
fitted into the test section and preliminary testing to establish opera-
tional procedure for the experiments are in progress. The honeycomb
catalyst is pure platinum on a ceramic substrate. It was made available
by Engelhar d md.

Gas Composition Measurements - An expansion quenched , water coo 1ed ,
stainless steel gas s a mp l ir p ~ probe was designed and constructed for use
with a Hewlett-Packard Model 330 ~ras chromatograph . I~i t he hon eycomb
experiment, the gas temperature and csincentration measurements along
the length of the honeycomb are made by inserting a thermocouple probe
and a gas sampling probe li to a drilled out channel (from the back of
the honeycomb) of progressively len~ tt~eaed depth. The channel only covej s
a small portion of the cross sect ion .  thus keep ing the bulk of the honey-
comb temperature constant . One thus determines the gaseous species pro-
duced by the catalyst  as a ~unc t  Pci of the ca taLyst  ic-n~~t1i (or residence
time within the catalyst) .  The meas ui-ed composition at the exit p lane
identifies the exten t of the catalytically induced reactions . The down-
stream , gas phase measurements identify the species by, the mechanism
of , and the limit within which catalysts (of various length s but fixed
temperatures ) act as an igniter of homogeneous reactions .

- - -  - - - -  .- ~~~- - - _ _
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CONTRIBUTIONS OF SUR FA2E CATALYSIS AND GAS Ph ASE
REACTION TO CATALYTIC COMBUSTOR PERFORMANCE

II. Wise and C. M. Ablow

SRI International
Menlo Park, California 94025

Catalytic monolith combustors are being considered in the
developmen t of advanced air—breathing engines. Currently the
stability and efficiency of such combustors are limited by blow—off
at high power and extinction at idle. The objective of the re-
search is to assess the relative contributions of surface catalysis
and gas phase reaction to catalytic combustor performance by a
mathematical model of the reactive flow through a catalytic monolith.
The model will assist in optimizing catalyst kinetic properties,
catalyst placement in tile monolith , and flow geometric factors for
extending the operating range of catalytic combustors.

In the first phase of the research, the theoretical temperature
dis tribution on the monolith duct wall has been found from a model
that takes account of heat conduction in the wall , heat transfer to
the stream, and heat generation and fuel consumption by the catalyzed
reaction. For simplicity, the heat transfer is described by uniform
parameters, and the two limiting conditions of infinitely fast
catalyzed reaction on a heat conducting wall or finite reaction rate
on a monconducting wall arc analyzed.

In the case of the conducting wall the location and magnitude
of the maxim um temperature depends on the Lewis and Peclet members.
The wall temperature increases inonotonically down the duct if the
Lewis number is greater than one . The temperature has a maximum
that can be nearly the adiabatic catalyzed reaction flame temper-
ature and can be near the duct entry for appropriate values of
Pec].et number and Lewis member less than one.

The temperatures reached in the case of finite catalyzed
reaction rate on a nonconducting wall are determined by the duct
entry gas temperature, the Damkohler number , and the activation
energy for the wall reaction. The wall temperature is found to
increase down the duct in almost all cases. The increase is con-
tinous for low entry gas temperatures, but for higher entry
temperatures shows jumps from the low values of kinetically con-
trolled catalyzed reaction at the wall to the high values of
diffusion controlled reaction.
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FLAME EFFICIENCY , STABILIZATI(~~ AND PERFOPMANCE IN
PREVAPORIZTNC/PRE~fIXING COMBUSTORS

S. L. P1cc , D. A. Schmidt and A. M. Mellor

The Combustion Laboratory , School of Mechanical Engineering
Purdue University, West Lafayette, Indiana -

Advanced combustor concepts involving fuel prevaporization and

premixing upstream of the flame stabilization zone are considered. Applications

include automotive, catalytic , ramj et, as well as aircraft propulsion systems.

However, problems of poor combustion efficiency, upstream flame propagation ,

lean blowoff and incomplete prevaporization and premixing must be overcome.

The Purdue program which is currently in its second year considers these problems

using a simplified sudden expansion combustor, a compromise between the disc

flameholder , which has been studied extensively by Tuttle et al. (1977) for EPA,

and the dump ramjet burner of Stul l et al. (1974) . Flame stabilization occurs

via a bluff body recirculation zone characteristic of ramje t and turbojet after-

burners .

During the current grant period , combustion efficiency and lean blowoff

limits were measured using five different geometries , two fuels (Jet A and

liquid propane) and several fuc l injectors over a wide range of burner inlet

conditions typical of modern continuous combustion systems . A comparison of

the resul ts from these two fuels shou ld identify any important heterogeneous

effects since liquid C3!-!8 fl ash vaporizes under these inlet conditions whereas

Jet A ic not expected to completely vaporize in the fue l preparation tube.
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Conventional correlating parameters (air loading parameters) examined

using these data are unable to collapse geometry , equivalence ratio and

heterogeneous effects. Therefore , a characteristic time approach (Mellor , l976a)

which has proven successful in correlating and predicting CO and NO
~ 

emissions

in both simplified (Tuttle et al., 1977) and conventional combustors (Mellor ,

1976 b,c; Hammond, 1976) is considered. The characteristic time model separates
the combustion process into three subprocesses involving heterogeneous, chemical

and fluid mechanic effects, each characterized by an appropriate time scale.

For lean blowoff the important times are: 1) the fuel droplet evaporation

time (Teb)~ 2) the fuel ignition delay time (Thc) and 3) the shear layer mixing

time (t
51

). Teb will be important only when complete prevaporization has not

been achieved in the fuel preparation tube. The characteristic time correlation

for lean blowoff is based on the theory of Zukoski and Marble (1956) but

modified to include heterogeneous effects:

where Tsl = Thc + aTeb -

T51 L/V
E/RT

Thc = e

and L = length scale

V = air velocity

T = adiabatic flame temperature at the blowoff equivalence ratio

R = universal gas constant

Teb = droplet evaporation time calculated from “d2” law

a,E = empirically determined constants = .059 msec , 12500 cal /mole
respectively .

- 
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The model includes pressure, temperature , velocity, fuel and

injector variations; however, geometry effects have not been completely

determined at the present time (See t-ig. 1). The characteristic timc iodel

for combustion efficiency also exhibits similar trends.

Three mechanisms of upstream flame stabilization have been identified

from a review (Plee and Mellor, 1977) of current literature: 1) classical

flashback (Fig. 2A), 2) flame propagation through reversed flow fields (Fig. 2B)

and 3) pre-igi~ition of separated flow regions (Fig. 2C) . The latter two

resemble classicai flashback in appearance; however, closer examination

indicates that they are induced by flow disturbances such as steps, diverging

sections, surface discontinuities , etc. and even methods of fuel injection.

To date classical flashback has not been observed in non-catalytic combustors

burning liquid jet fuels or propane. Instead, upstream combustion as a resu lt

of mechanisms (2), (3), and autoignit ion of the main air stream are responsible

for much of the reported flashback in the literature. Only catalytic corn-

bustors appear capable of experiencing classical flashback because reference

velocities are extremely low.

Using the simplified prevaporizing/premixing combustor , an attempt

was made to induce classical flashback. Results are consistent wi th the

literature and indicate that classical flashback is not a problem in non-

catalytic combustors utilizing straight cylindrica’ fuel preparation tubes.

__ j
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Recircula tion Zone

~~~~~~~~~

A. Upstream flame propagation as a result of
flashback in the boundary layer or along
the centerline.

+~~~
1 _ _ _

B. Upstream flame stabilization as a resul t
of flame propagation through the sepa ra ted
flow region (d ~ L).

LI — L 
Stable Flame

Fuel __
~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~

C. Upstream f lame stabilizatidn as a result of
autoignit ion in the separated flow reg ion
(d << I.).

Fi gure 2. Flame schematic illustratinc~ three possible
mechanisms of upstream flame propagation.

CL-~774
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AIRCRAFT FIRES IN FLIGHT (AFAPL CONTRACTS)

Levelle Mahood

Fa lcon Research and Development Company
Denver , Colorado

Over the past decade, combat experience proved that  CVCfl ti le most
modern high—performance aircraft were vulnerable to conventional
anti—aircraft weapons , and that  fue l  f i res and exp losions we-re p re—
valent kill mechanisms. The Air Force Aero Propulsion Laboratory
(AFAPL/SFH) implemented a series of in—house and contracted pro-
grams to: 1) define the  problem of combat threat—induced aircraft
fuel fires and explosions , and 2 )  to  evaluate various a ircraft pas—
aive defense measures.
We at Falcon R&D have p a r t i c i p a t e d  t h r o u g h  th ree  contracted etforts.
Our in i t ia l  e f f o r t  was t o  develop a computc r i . :ed  a i r c r a f t  v u l n e - r i -
bility analysis program which i n t e g r a t e d  t h r o a t  c i  t oo t -; and ta rn —
mability subroutines into tr i — scr v i -o coord inated v u ! i i c r a h i l i t \ -
programs. The model was coits t ruc ted to a 1 low conven  i c ut  up da t  i i t g
as more data became av i i la bl .
T~o particularly import til t ar. aa w h or e  d at i wt -r  I k i n g  were pr o—
impact flammability c i  a i r c r a f t  t u o l  t a n k  u l l a g e  an d  t h e  mechan i sms
of fire initiation and l k t  .1 ~ i i rn~ - i i r  in  void S~~’O  ~

- - d j a c ~~~- n t  t o

damaged aircraft fue l . - 
~~

- i l l  p r o se-nt  t k - I o c h  10  t i~ -e

two problems and r :rc ~ to  d a L e .
The first program c o n s i s t s  ot  t cc I t o  i gic • c o n s t r u c t  i c c  and checkout
of an aircraft fuel t n c k  s i m u l a t o r  1 r  I H e  JOJ ~ i 1c . c-  i on  v u l n e r j —
b ility assessment . ko  a r e  sup i ~ ‘r I c c l  b y a ~ ut n oii I r a~ I - • ~ I e m s

Research L t h o r a t o r i o s , I n c . ,  Day ton , Oh i o , who i s  re~~j - n i u i b l e  b r

a major par t  of t he  d e t a i l  dt~~ign and roust i t  I icc ’ sork. ~~
‘
t a re

in the 15th month of a 2 7 — m o n t h  I r og r am.  Tue d e t c i l  d e s i g n  is
virtually complete.
There are several features of t h i s  s i m u l a t c i  wh ich make i t  uni quely
suited for generating and s t u d y i n g  r oa li st ic a ii ~-r at t b u d tank
ul lage  environments.  These are :
1. Simultaneous s i m u l a t i o n  in l u l l — s c a l e  and r e a l — t i m e  of t h e
effects of mission and aircraft subsystem dynamics on the t a n k
fluids. These Include pressure and temperature variatIon (—40 °F
to +300°F) of fuel and vent air entering and leaving t h e  tank , in-
dependent control of the temperatures of the six walls of the tank ,
and t ime rates of change of wall temperature as high as 10°F per
minute.
A 20,000 pound capacity simultaneous slosh and vibration table is
used to agitate the tank and liquid fuel to simulate the effects

1~ 
~ - - - 
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of nominal and extreme aircraft vibration and maneuvers. The test
tank is 4 by 6 feet in the plan view and is 3 feet  hi gh. It is
provided with a horizontal baffle which can be relocated to simu-
late wing fuel tanks of various depths .
2. The capability to ignite the flammable ullage vapors at any
time without damage to the  explosion—proof test tank. Also, fire
extinguishing is provided within the tank , within a bounded region
surrounding the tank and in the test bay .
3. The use of five independent , hydraulically—driven , vertically—
translating ullage gas sampling probes and an on—line , high—speed
quadrupole mass spectrometer to obtain fuel/oxygen ratio readings
within the ullage. The design goal is for a maximum sampling/
reading rate of 30 or more per minute. Viewing ports are also pro—
vided f or te levis ion and uiovie cameras. Conventional pressure and
temperature transducers are also provided .
4. Automatic , remote simulator operation and data acquisition for
the entire system. Supporting computer software is also planned
f o r  preparing th~ o p e r a t i ng  i n s t r u c t i o n s  f o r  the on—line control
computer uid fir r educ ing  the  large quantity oil data into a readily
i n t e r p r e t e d  t o r m a t .
lii i - - lutegrat t i ‘‘ s i t u i c i  t t c d  a l  r o r a t  t I uci s  environment ’’ (SAFE) sys-
tem w i l l  i c u r t  t o  l v  d i i l i ca t  o t i c  h o u n d a r y  condi  I i  o h s  and phenomena
for a c t u a l or h yj ~~t t l c t  l c d  , i r c r a t t  , miss ions , and t i l e  I system
o p e r a t i l i k  c o n d i t i o n s .
The second i c r  - a m i s  .i s t  c i c h ~u c c l  t l i e  i n i t  i a t  j i~l i  , s u s t a i n ment , and
ext  m e t  ion ot t i r e -s i n v o i d  s i c ic  c s  ad h itec -n t t o  a dann t~-~-J aircratt
fuel tank 011. 1( 1 t h e  111 1 u t  l i e  1 lIce s l i j ’ o i  ream . }‘ l l c l t es t  pro-
grams ~ ‘i~siste d it I i I . I r b i  p r o j e c t i l e s  I n t o  r e p l i c a  a i r c r a f t  fue l

ink w i t h  air t low d n t e E  ccl  c t ’e i t  I cc e x t e r n a l  re gion of damage.
in c o n s i s te n t  “ c u t ~~ . n~~- I ten c i t  allied cn che - l  kid i c i l t e s t  con—
d i t  j o l t s .

h ence , th e a p p r o i c h t  1 this s t u d y  is to l e t  h u m  l i r e  ro sts wi th
more prec ise ly c - c i t  rol t a b le  c orid i t  j a i l s  and hi ~h ue- r I c - c  lu t  ion
instrumentation . By t h i s  mean s , t i l e  many v a r i a b l e - s it loo ting air—
craft void spa-c I i r - c ;  c iii he t c . c I a t e d  and individuall y investi-
gated . s

To obtain test cont t ’  m d  c h i g h r a t e  0! t e s t  l u g ,  the  fo l lowing
simulations ar  u c o t - c i :

I. The sli pstream bo iinuuli r ’~ l ive-i tht i c kne us , its velocity profile ,
and pressu r e c~ et  t i c~ e um t ( e p ) :c e- s imulated full—scal e with a
closed—ci rcu i t  d u c t / b l ow e r sys tem .
2. The termina l of toots of t h e  U.  S. 0 .50—caliber  Armor—Piercing
Incendiary (API) Type M—8 are simulated by an incendiary device
developed by AFAP L and by a modified Ballistic Research Laboratories
fuel spray simulator which simulates both the fuel spray generated

_ _ _  _
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by a projectile peil ’tr;it i u p  a I u~~l t an k  and the subse quent leaking
fuel stream.
3. The void space r c p r c s -n t i i p ;  t h e  i n t e r i o r  of the a i r c r a f t  be-
t ween i t s  skin an d t h e  f u e l  t ank  w a l l  is s i m u l a t e d  f u l l  scale and
is var iab le  in u j i i u c i i m g  f r o m  2 to 12 inches .  i n t e r n a l  a ir  circula-
tion w i t h i n  the  a i rc r i l t  is s i m u l a t e d  by a blower and open duct
system.
A c r u c ia l  aspect ol this program is the precise determination of
stead y — s t a t e  ai r f low condi t ions  in the simulated slipst ream , the
void sp ice , and in the region of the bullet hole in the skin prior
to introducing the i n c en d i a r y  material and the fuel. Another im-
portant feature has been viewing the  combust ion phenomena w it h
high—speed movie C Z i f l l c I is simul t aneous ly f rom above and f rom the
side.
The e f f o r t  to d a t e  has  c on s is ted  of c o n s t r u c t i n g  a sus ta ined and
f l a sh  f i r e  “env elope ” fo f  th c  t icos t  s i g n i f i c a n t  t es t  var i ab l e s .  A
“f lash” fire is cons i u , r  d a t r i o s  i e f lt  e f f e c t  w h i c h  does not
normall y lead to loss of t i m e  a i r c r a f t , whereas  a “sustained” fire
is essentiall y an al reril t “kill” .

This p rogram also ~ Oe bides the parallel devel opment  of an “Exte rna l
Fire Model ” whu i ou w i l l  ho added is a s u br o ut  in c  to  th ~ a i r c r a f t
v u i n c u r a h i  i i i  v p i~~~p r : u  p ccv m i s  l v  in cu r  1Ofle~t l .  Pr o  t O S S O U  Wi 11 j am
Si r ignano  of P r i n c c ~ eli  liiii ve c lit v his developed the b a s ic  f l a sh
fire model a s P  is pre - s e uuc ly ext c O d  t o g  i t  to  s u s t a i ne d  I ire condi—

t i ons  for fue l p o o i s  and SLic ums . F c u i  h i s  s imp le  p r o b l e m s , he has
used i n p u t  - vj i n  c I o su l :  m a t  ch i  ng t 10 t e s t  u j u i l i r i t  us  and c o n d i—
t i l _Ins.
The test ~u r c c p  I i t  t~ is bee n c S L  til.R-d t o  iuc lude simulated damage and
th~ m sul 01 l e c : t s  o~ du - c n t i a i r c u a t t  ~~ i H t l w u q  ui in  l i eu  of incen—
d i a r ’ b u l l e t s .  h i t  t o t S  i r e  s i m i l a r , e x c c - p L  t i o c thu i n c e n d i a r y
and pur t~ s i m n u t u i t  h c c i u s  c u t  tue p 1 c c ~~e ct  l e  ir e  m c-p laci d by pyrotechnic
dev i~ e . ~l u i t i i  p e T l c - l i t o  h l u ) l l .s  I m ULI  h o t  ed ges iii th e- aluminum simula ted
a i r c r a f t  s k i n i  c u d  t i l t t i u i k  wit i I .
The ii t c- r t e s t - - w i l l  y i e l d  a l t t  t c r  u n d e r - u t  i c i c h i n g  of su s t a ined
f i r e- ;  in iir c r u t  t ye j u l  s p l . c s  s i t  Ii I a c e r e l  f e - c t s and prov ide  f o r
a d i r e -ct  c o t u p m n i s o t i  o t  [user  111,1 j)t 0 c u t  i l e — i n i ~~i a t e d  f i r e s .
ilui th t ime fuel t u t i r k  s m u t  l i t o r  c u d  t h u  s t u u ~lv  01 e x t  e r na l fuel fires
could g r e a t l y is lIl t i t  f i . u ; : i  b a s i c  n ~~t-arc h p r o p r i l n i s . L o r  examp le ,
more det f i  i i i  L i v e  I - u i - i  u p u a v  mode- I s  t i c  l c t e e t d - d  whi ch relate to bullets
or f ragments  ~io; i u °  I ;  r o u g h a t ank wa l l  or e l i t  e r in g  or leaving the
liqui d f u e l  s u r f a c e- w i t h  in th u r i n k .  The i n t e r a c t i o n s  of such
sprays with projec t lie i n p i c  t f l i-Olt S also rice d to be better under-
stood . In situ met hods of nie -asuring hydro carbon vapor/air concen-
trations within t o u t  lank ullage a r - necessary, as well as methods
to monitor the c o m b u s t i o n  process which are compatible with the
fuel simulator and void  space f i r e  t es t  apparatus .

--- .4
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~u u I i r i u ’i _ t. h h N l i h t ) ~ ;~ rui I p)gj it ,~ \Nhi
(ti l t ~~ Il !~ i . ~~ h i i ~~c u \  , ) N  J : f l p~~ :--P’PMP

(~~ Ht ~~i< ~(u -~~l t i  1)

— 
hi i i i  ~m iii A P i n  I I  :11; ) ;i n1 I Iowa rd S. I k ci tua n

h ) c p a r t m t m c t u t  i i  -\d - i d i s h u c u c  ; ltich ~- 1 cchi; i ti j cti Sc il -i ; d _ 5

i - i t  i i  eel i p i i i  :1 n I g h  e
li ce t ci i i  I In i Vt’ os it y

I ,  l i c e  I d u l l , Pe; J C l~~ c \

T g t i i t i o t i  of u i ui t ; I ~ i l ~,~ I b I e  t H ; i  - ;ii r n l x t l l r l .- l i v  h u i u i - n c n tp  m e t a l
particles pm~c o - n i t  s a f i n - c-  h L ~; ; r t - -\i t- e- r u f t  Ii l u -s e a t u  he started
in this tuav when  h u t~ i u - c t  l i e s  pe tuc - t r I t e -  i u i c - l  t a n k s  H . F u e l
sp r ay i n g  t l i I S H l c h  t h u :  cc l ; c t t m r u 5 i n t o  t h u e  dr y  c u r  i t  s~l I l s h in g  i n t o
the ul l ag e  v i c l ; i  - a c  u u u u l c t i s t  i b i t e  191 \ t t t i L  ; t h ~_ burni ng ac - I  u i
p a r t i cl e s  a rc  u i u u - ;!e - - i i~ i u s i  the at ua-r: uft si rc ict;u u - t- c c c  c u r i g i n a t u -
front p r o j e c t i l e s  s i t u  u i - t i !i~ rd e- - p l o s i c - - -: . Su m i l : m r f i n e  ima:a rds
e x i s t  in r e S t s  s i t h  c c c u ~P ’ u - ; t l i l y  u - i c ’. i ioiouu -;u t S lId i R  lu li fl ec
where c- i  u - c t  n i t - a l  C c i i !  l a d - c 1 i - t h u  u s  ‘il k - m u  sit~Ip l \ ’ h in i -ni ng m et a  I
p a r t i c le s  [2 , 3 1.  p i i v s r c I 1  :~ u I u t u t  t i - I l  i- c- l u - i - i t  to aircraft
involves it c l o u t ccl P t  ~~I i ul  I u i u l - r i  I i~~ - ‘ u t  a I pa i t  ci os - u - - s i  r ig throug h
a m i xt nrc of  l i i i  I C:; ; r l i i u  I ~l , c i  i t  , ‘ i - I i i r  tue - I c ! : u : n : u r c d  f u e l
tanks. Tb i s  c:d -

~~~~t i pa t I e n  I t l ie  I i  is; I st  c -p  i i  u k : u  u i i i ;  ~c i - s t a n d i n g
how t i c  m l  n m i  :o h u -  H i ’  lua : :u  H ~ o r t h u  i s s i t  t u : i  t i o n .  P- _ I a 1 pa rt  i —

ci us [urIne- il b~ i t c t - ; c s  - c i t  h a u c ’  I i i  - - i t i  i t  i i  - - \ ~~ cl i ’  ‘ O a t  ‘ V , S c u  - ‘

i gn i t i Ott o n  t en- us I c e  t -I - -C ~u ;  ‘ I c 1 e v  i i i  - u  ~ t t i c mi d I ; let 0 i -u ; 1 ned
Also , the cri t u - ri,; lou u g n m i t  (il l ccl u ; u u u l u u s t  ihic d i S c s  b y t o t  and
b u r n i n g  - t a l l i l t  J O l t S  ;:i~~;; [I I:;: t c t e - r un i u u , - uh . i t , :  ; t - - i r t a n t
vari ab le s d ’ u i e c t t i i u p  i p c i u t  - i i  : ; u u  u i ;  t i c h c  d . t : c  ; ; :u l  t 11e , fu u - l / a i r
nt i x l i l t -  t a t  e , p i-~ u - c • :1 i~~i i i t  I - u  I j i ; i  it  I i  l u -  t L l ; q i c  I t  I l  i t - . I t  i s
p l ;i u l i c _ - t  t o  e I l t u : ; ; u i l  cC ;c

~~’’ ni ;is-nm t ; i l 1 : t h e  e u u c u - l i c p c -  i n t h o s e  v ai i —
itbi (‘S , i i i  1 11 oh  luc  ~~ ‘ liP 55 ‘ ii 0 55 1 ~4li ~ , - id ~ ;I  - n -cd i t
t heciret i c - i l  l v  l i t  i s c - t i c- I op -

The objet- t n t - c at th u t i n - t I  c - \ p c n i t i l c - n t  w i l l  bc t o  d e t e r m i n e
t h e  m f l i n t : u c i i u u  si :c: i i t  l c u ; rr t iitg i iuiu; u i n uiii ; p~~i-t m o l t -s i u - e u l c , i  t o  i g n i t e
CII 1 /A i r I i ~ V t  u m e s .  ( I  l i r e  c~~ c i  i f l i c i l i p  e I I I  I t i i  t O  c t  h t c i  heel no
ci ni o n i . ; and cd t  t e l  m e t  a Is . 1 -\ id a I no I i c u ; ; i  p i t  rt i t  ic , sis a l l Ot) pm
in d i  nun - t or , n i I h bc sli (ftrl(Ic d c l i  i t  g l a s s  I I  I e ’;cnt  I I t a Set bane !
air mi~ t I r e - . l i i i  ~ I n c -  o i I I I i i  ti it ci u sed V u S  si I it it ii P1 cx i —

g la s  wi  t i u i l u l t s  ci u . - u i -  t a l  pa 1 I c  Ii- l i i  be gri i t H i t - u  p l I l s e from
a Nd : G l a s s  I n  se t - . ~ic~~; -~U r - c~~~c t l t  v u-i c I i  det  i no u i .  the’ t I n i m i  up  and order
of events tb t n t fol I cc i - . I b i n h i  -cr pu I ;e. A Stlflds t t ’ t m i i d  ~l (c c l C l  tu tU 13
quar t z p t a - - ~- ; i m m - e  I r : ir u ,; Ii u u - c - r - ms - i  i i  ‘c - t ltm sh— mei t iti t c d in the w a l l  of
the  vessel  and prot c ct  c d  f r o m  h i gh t e t i p e n u t  l u I ’ c~ i c ~ a I i  i n  of si  I i —
cone grease • -\ti ur-;c i l l  m u n p u  i-. i I I  he u i - - i c~I t o  i - c o u n t  t h e  pressure
versus t mr - ic in the- vessu l . Ti c ’ -  ri -coid wi l l s i i o m ~ I t  t h e  C114 / A i r
mixture is I g i u l t i d  u \ -  t i l e  a l u n u u i n t l t u l  ‘- n t  l e - I c .  I h m n d  em i s s i o n  of

—
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radiation from alumituim combust ion can probably be recorded to
determine when and if the metal particle burns. Experimental
variables will be the initial gas pressure, between 7 kPa and
140 kPa, and the C11

4
/Air ratio , greater than and less than

stoichiometric , initially at room temperature . It is planned
to compare these experimental results to theoretical predictions
of the minimum initial size of burning aluminum particles needed
to ignite CH4/Air mixtures.

In development of theory, the initial effort involves a con-
stant temperature , inert , sphere surràunded by combustible gas.
(Future developments will include the chemical reactions on the
metal particle surface and a vapor-phase metal-oxygen diffusion
flame around the particle.) A steady-state solution is being
sought for temperature and species concentration in the corn-
bustible gas. To avaid the  problem of a non-zero reaction rate
at large distances from the inert sphere , the reaction rate is
set to zero for temperatures less than a prescribed “ignition ”
temperature. The critical sphere temperature (above which
ignition occurs) is being sought . It is the maximum temperature
for which a steady-state solution still exists and will probably
be a function of sphere diameter. This problem is similar to
work by Sharina and Siri gnano [4] who investigated ignition of
a combustible gas by a moving inert  projectile. Criteria were
derived for the existence of an established flame around the
projectile; in the present work , criteria will he derived for
ign i t ion  around s ta t ionary  p r a t i c le s .  The energy and species
equations that define this problem are :

C T  C T
~~ !_ !_ rr’ ~~—- ~ 2 ) ]  = + ~~~~~~ 

(JL
,.‘ 2 ~r 

‘ 2r C Q FO ~t 
~ Qr

1 D .
pD —

~~
- -

~~
--— [r -uj-— (Y 1.1~) ) ]  = _IIII.Q + p-

~
-
~~

- (Y~.)

m~0 
= - 

~~ Z exp (-E/RT)

where fuel and oxidizer are in stoichiometric proportion . Y~,0 is
the mass fraction of fuel and oxidizer treated as one. Q is the
enthalpy of reaction per unit mass of fuel and oxidizer . For the
steady-state 1)roblem the  derivatives with respect to t ime are
zero , but future developments will include these derivatives in
a non-stationary analysis of ignition . These analyses are ex-
pected to show that smaller particles must be at hi gher tempera-
tures to ignite the combustible gas and thus that there is a
minimum particle size needed for ignition . They may also show
that the total amount of heat supplied by the particle prior to
ignition is more important than particle size or temperature.
These trends would be in agreement with experimental data c-f
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Bowden and Lewis [2J who found that the minimum part ic l e
masses needed for igni t ion of a CH4/Air mixture were lowerfor metals wi th hi gher heats of combustion .
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IGNITION OF A LIQUID FUEL UI~DER HIGH INTENSITY RADIATION*

Takashi Kashiwagi

National Bureau of Standards/Center for Fire Research

Laser technolo~ r has been rapidly advancing in t he last two decades.
Power output s of modern lasers increased significantly and these
lasers can be used as tactical weapons. A high power laser weapon
can ignite aircraft fuel through fuel tank penetration causing fire
or explosion of the aircraft. Itowever, there is little basic in— ~~
formation available about the ignition of flammable liquids by high
intensity radiation. The objective of this study is to obtain a
fundamental understanding of physical and chemical mechanisms of
the ignition of liquid fuels under high intensity radiation , thus ,
enabling future improvements in aircraft- survivability from fire
and explosion threats.

The program consists of an experimental study to clarify the key
mechanisms of ignition , and of a theoretical study to predict the
qualitative effects of physical and chemical parameters on ignition
of flammable liquids under high intensity radiation . Since the
radiative ignition mechanism of flammable liquids is hardly known ,
the theoretical study is deferred until the key ignition process
is confirmed from the experimental study.

The program was started in i4ay 1977 and we have some experimental
results to report . Auto ignition experiments were conducted using
a CO2 laser and n—decane as the flanixnable liquid. At present , the
laser beam hits the n—decan e surface vertically. The effect of
the size of a liquid container on ignition delay time was studied.
Results indicate that there are no significant effects of diameter
and depth of the liqui d container on ignition delay time except
for extremely shallow or small diameter containers. The effects
of incident radiant flux on ignition dealy time have been studied
from about 6000 W/cm2 to below 1000 W/cm2. Above 14000 W/cm2, ig-
nition delay time decreases gradually with increase in flux from
approximately 70 msec to 50 msec. However , below 2000 W/ cxn 2 , it
increases strongly with decrease in flux up to about 1 second .

High speed motion pictures show the onset of flaming in the gas
phase far above the decane surface. After ignition , the flame
spreads rapidly toward the surface and a narrow column of flame
was observed. However, this colum did not stabalize . Its bottom
part started to disappear upward . Then, reignition was observed

* Abstract submitted for the 1977 AFOSR Contractor ’s Meeting on
Air—Breathing Combustion Dyn amics. This work is supported by
the Air Force Office of Scientific Research under Contract
AFOSR—ISSA—T7—0016 .
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near the decan e surface and the column of flame started to grow
upward. This oscillating flame after ignition can be explained as
follows : vaporized decarie from the surface is ignited by the ab-
sorption of the incident laser beam. Then, the long column of
flame absorbs more incident radiat ion so that the energy into the
liquid is reduced. This reduces the amount of vapor and the laser
part of the flame column extinguishes due to the consumption of the
fuel vapor. The reduction in flame size reduces the absorption of
the incident beam and increases energy into the liquid. This
increases the amount of decane vapor and again ignition occurs in
the gas phase. Apparently , this proceês repeats and causes flame
oscillation as observed by the high speed movie. Therefore, one
of the important mechanisms for radiative ignition of decane is
interaction of the vapor plume with the incident laser beam.

The future plan of the program is: (a) to measure the absorption
coefficient and total surface reflectance of liquid n—decane at
the laser wavelength of 10.6 p . The total surface reflectance will
be measured under various incident beam angles to the liquid sur-
face by using the technique of ellipsoidal mirror reflectometer;
(b) to find the effects of laser incident beam angles to the liquid
surface on ignition delay time under various radiant fluxes; (c) to
measure the amount of absorption in the vapor phase during the ig-
nition period; (d) to investigate the relative feasibility of sev—
eral measurement techniques to determine gas phase temperature and
the concentration of vaporized decane during the ignition period ;
(e) to develop and calculate a one—dimensional ignition model in-
cluding absorption of the incident beam in the vapor phase.
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IQflTICN OF FUEL SPRAYS BY HOT SURFACES
i~J~D STABILIZATICtS4 OF AIRCRAFf FIRES

A. H. Lefebvre and J. G. Skifstad

The Combustion Laboratory , School of ~~chanical Engineering
Purdue thiiversity, West Lafayette, Indiana

This new research program is concerned with two general topics re-

lated to aircraft fire safety: (l). the ignition of fuel sprays by hot

surfaces, and (2) the stabilization of both external and internal air-

craft fires. The ignition of fuel sprays by hot surfaces may occur when

a combustible liquid spray (fuel or hydraulic fluid, for example) caused

by accidental or combat damage comes into contact with hot surfaces such

as engine parts or surfaces heated by fires or other sources. The spray

is dispersed in an airflow and may occur over a range of spray conditions

including various droplet sizes, fraction vaporized, etc., with varying

fuel/air mixture conditions, and with a range of airflow properties. It

is necessary to obtain a better understanding of such ignition phenomena

to enable assessment of aircraft fire hazards under those conditions.

The second general topic, that of stabilization of aircraft fires, ad-

dresses two types of situations. The first is the stabilization of ex-

ternal fires arising from external fuel leakage cau~ed by accidental or

combat damage to fuel tanks , etc. External fires may be stabilized by

structural protrusions created by the source of the damage , regions of

separated flow on other parts of the airframe , or by jets of fuel pene-

trating into the airflow from ruptured , pressurized fue l systems. Fires

within the airframe may also arise in void spaces as may be present be-

tween fuel tanks and the external airframe structure, for example. The

occurrence and stabilization of fires in these confined spaces depends
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on the nature and extent of ventilation of the void spaces both from

damage to the external airframe and 1 from the normal internal ventilation

of the spaces , and also on the nature and extent of the fuel injection

into the void space. Both of these f lame stabilization problems nust be

better understood to assess the vuinerability and survivability of air-

craft subject to such hazards .

It is convenient for the purposes of discussion to divide the re-

search into three separate Phases.

Phase I. Ignition of Fuel Sprays by Hot Surfaces

Phase II. Stabilization of External Fires

Phase III .  Stabilization of Void Space Fires

Experimental data are to be obtained and appropriate theoretical models

are to be developed for the ignition of fuel sprays by hot surfaces in

Phase I. The effects of the properties of the fuel spray, the airflow,

and the surface on the ignition phe~iomena will be investigated in that

Phase. Phase II is concerned with the extension of experiment~~
stabilization data to large-scale flameholders of double- and .~~. 

-

vortex types , evaluation of the applicability of existing stability car-

relations to the larger scale devices , and improvement of theoretical

understanding of the phenomena. Both types of flameholding geometries

are likely to occur in aircraft fire situations and extension of the data

to scales larger than those previously investigated is essential to

account for actual sizes of possible flameholding objects present in

areas of structural damage , for example. The investigations of Phase II

will be extended to other pertinent aspects of fl ame stabilization such

as injection of fuel into the upstream boundary layer on the surface of

a solid flameholder , for example. In Phase III, the possible stabiliza-
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tion of void space fires and related external fires under various condi-

tions of ventilation and fuel injection are to be investigated experimen-

tally and theoretical models for the flow conditions and flame stability

are to be developed. The three Phases of the proposed research are to

be conducted concurrently, with varying topical emphasis from year to

year .
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Ignition , Combustion, Detonation
and Quenching of Combustible Mixtures

~~~~~~
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Dr R. Edse
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BASiC INSTABILITY MECHANISMS

IN CHEMICALLY R ?J\CTINC SUESONIC AND SUPERSONIC FLOWS

(Crant AFOSR — 74 — 26 19)

T.Y. Toong

Massac husetts Institute of Technology

Cambrid ge, ~tassachusetts 02139

4

ABSTRACT

This research on instability mechanisms involved in the mutual
influence among sound, entropy , and vorticity modes in chemically
reacting sobsonic and supersonic flows will aid in the design and
development of practical combustors for advanced air -breathing and
hybrid engines, for M~{D generators and chemical lasers. Further,
it will also provide the fundamental information needed to solve
many practical problems related to noise pollution and unconfined
explosions.

The ef fect  of chemical kinetics on high—frequency sound waves
has been studied earlier in this program. The propagaiton of
acoustic waves in the frequency range 300-900 Hz in a non—equilibrium
hydrogen—chlorine reacting mixture was examined in a 5.5 in — long,

• 8 cm — diameter pyrex tube. The photochemical reaction between
hydrogen and chlorine was initiated by ultraviolet radiation in-
cident onto the premixed , homogeneous reactive mixture. The over-
all reaction was measured by monitoring the quantity of ultraviolet
light absorbed by molecular chlorine , and the mean temperature of
the gas by means of a tungsten—wire resistance thermometer. The
high—frequency sound waves were generated at one end of the tube,
by means of a piston—shaker arrangement , in the form of a 2—cycle
burst of a given frequency, and monitored by means of several micro-
phones placed along the tube.

in order to account for the effects due to both the frequency
of sound and the reaction rate, a parameter ~? has been defined as
the ratio of chemical time (the time required ,to consume the initial
chlorine concentration at a constant reaction rate identical to the
initial reaction rate) to the characteristic acoustic time (the re-
ciprocal of the acoustic frequency). Hence, the parameter ~ plays
the role of a normalized acoustic frequency. At large values of ~2
(about 1000), corresponding to high—frequency sound and/or slow
reaction rates, the measured amplification rates agree with the
theoretical predictions for the quasi—steady regime , in this regime
.t was found that the instantaneous rate of sound pressure ampli-
fIcation depends on the instantaneous experimental value of the
expression
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m + B(y-l)  
+

2yT0(t) dt T,,(t)/T0,in 2 J

where in and R are the order of reaction and the reduced activation
energy ,respectively.

The objective of the recent study is to examine the chemical
effect at lower values of ~2 . For 1~thIs purpose, the acoustic fçe—
quencies were decreased to their ~towest accessible values, while
the reaction rates were enhanced by using richer mixtures. However,
due to the poor performance of the piston—shaker system at low
frequencies, it was decided to conduct the experiments, using
standing waves rather than sound bursts.

In the new experimental procedure , the piston—shaker is used
to establish first a standing wave in the reaction tube with the
selected frequency. Once the wave achieves its maximum amplitude ,
the piston—shaker is turned off , and the reaction initiated . The
behavior of the resulting wave Is then monitored by rnierophones and
compared with tha t In a non—reacting mixture.

At high values of ~~, t he measured amplification rates agree
also with the theoretical predictions for the quasi—steady regime;
a result which demonstrates that the acoustic—kinetic coupling is
essentially the same for a travelling wave (sound burst) and a
standing wave (two oppositely travelling waves) at the same frequency
and mixture composition . The measured amp lification rates are also
found to be independent of the initial sound pressure level of the
standing waves , thus confirming the linear approximation emnloyed
in the theoretical predictions.

On the other hand , for lower frequencies (f2 300), the measured
amplification rates are much higher than those predicted and measured
for the high—frequency regime. Typical experimental values of the
amplification rates at lower frequencies are 4 times as large as
those at hic’h frequencies.

In the cours€’ of the theoretical study , the full chemical—kinetic
scheme for the hydrogen-chlorine—argon—oxygen system has been exa-~Ined
with the objective of verifying the approximation cf  the reaction
rate by an f.rrhenlus expression . A rate expressior., similar but not
identical to an Arrhenius expression , is found to ~e va l id  beyond 3
the induction period . The stability of this react~ o~’ was also ex-
amined . Although the scheme does not possess the chain—branching
character necessary for  chemical explosions , it  ma ’: undergo thermal
explosions where heat plays the role of an autoc~ talytic product ,
as was observed during the experimental work.

_ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .— -~~~~~~~ . . .~~~ - .
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Currentlv ,the ~tudv of nonflnear ~ave—kinetic Interactions is
being undertaken. A shock-generating system is being used to pro-
duce planer weak shock waves of different strengths and widths at
one end of the reaction tube. The travelling waves are to be mon-
itored by sensitive pressure transducers , and the reaction histories
by a resistance thermometer and a photomultiplier . The main effort
will be devoted to identif ying the nonlinear effects by a critical
comparison of results obtained in the nonlinear and the linear
region. In particular , wave amplification and dispersion are to
be examined for shock waves of different initial strengths and
widths (time durations), and for reacting mixtures of different
compositions and pressures. On the basis of the features identified
in the experimental study, a theory will be formulated . Such
theoretical analysis would shed light on the detailed features of
the nonlinear effects. The findings of this nonlinear study will
help ~n understanding the mechanism of initiation of explosions,
and consequently, their suppression .

_ _ _  _  _ _  •
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DIAGNOSTIC ASSESSMENT FOR AIR-BREATHING PROPULSION SYSTEMS

D. L. Hartl ey, 0. R. Hardesty , H. W. Coleman

Combustion Sciences Department
Sandi a Laboratories , Livermore, California

Diagnostic techniques for the determination of particulate size
distribution , particulate mass loading .density , gas velocity , gas
temperature and species concentration are discussed. The appl i-
cation of these techniques to air-breathing propulsion systems is
described with particular emphasis on limi tations resulting from
burning coal-derived fuels.
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REVI EM OF LASER RAMAN AND FLUORESCENCE TECHNIQ.UES
FOR PRACTICAL COMBUSTION DIAGNOSTICS

EPA Contract 68-02-2176

Alan C. Eckbreth , I~ ul A . Bonczyk and. James F. Verdieck

United Technologies Research Center
East Hartford , Connecticut 06108

With the advent of laser light sources , light scattering
spectroscopic diagnostic techniques are assuming an ever-
increasing role in a broad spectrum of physical investigations.
Of particular importance is the potential application of laser
spectroscopy to the hostile, yet sensitive, environments charac-
teristic of those in which combustion occurs. These diagnostic
techniques should facilitate greatly improved understanding of a
variety of combustion processes which , in turn, should lead to
enhanced efficiencies and cleanliness in energy, propulsion and
waste disposal systems.

Under Contract 68-02-2176 sponsored by the Envirofunental
Protect ion Agency, the United Technologies Research C~’te r (JrRC )
is conducting an analytical and experimental investi1 ation aimed
at developing non-perturbing , spatially precise , jfl-Sitj diag-
nostic techniques to measure species concentrations and ~empera-
ture in practical combustion flames , i.e., luminous , particle-
laden, turbulent. Under Task I, a comprehensive review has been
conducted, which will be described, of potential, nonintrusive
laser light scattering techniques for thermometry and chemical
composition measurements in hostile combustion environments such
as furnaces. Under Task II, laboratory investigations of the more
promising diagnostic techniques will be conducted.

In the Task I review, various laser diagnostic techniques
potentially suitable for IrpOiflt~

r temperature and species concen-
tration measurements in flames were reviewed. From this list,
four techniques were selected for detailed evaluation including:
(1) spontaneous Raman scattering , (2) near-resonant Raman scat-
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tering, (3) laser fluorescence and (L~) coherent anti-Stokes Raman
scattering (CARS). The spectroscopy of species of combustion
interest was discussed and the applicability of the foregoing
techniques to detection of the various species was examined.
Practical devict considerations were reviewed. with emphasis on
sources of noise (e.r., luminosity, particulates), medium per-
turbations , laser and signal transmission, and signal averaging
in temporally fluctuating media. Each diagnostic technique was
then addressed in some detail in the order previously stated.
Basic physics, species sensitivity, thermometry applicability,
signal to interference ratios, problem areas, a 1 new variations
of the techniques were included in these treatments. Measure-
ment systems approaches were described together with a~proxirnate
cost estimates, probability of success assessments and risk
assignments. An integrated measurement system was described.

On the basis of the foregoing studies , the following general
conclusions were drawn:

(i) For most species of combustion interest, at l.ust one
of the diagnostic techniques investigated is applicable for :Jint
measurements of that constituent. The lone exception is the N
atom which would have to be probed using either a lamp source
absorption of fluorescence technique. Of course, depenaing upon
which technique is relevant, sensitivity limits may vary widely,
e.g., CARS is much less sensitive than satui~~ted laser fluores-
cence.

(2) Practical combustion devices contain fle~es which are
very hostile from an instrumentation viewpoint. Ui~h levels of
spurious radiations, either naturally occurring or laser induced,
must be overcome by the signal of interest. These effects,

• rather than shot noise, are generally the major determinants of
signal/background ratios. A host of other practical problems,
e.g., gas breakdown, window damage, larg~ distances to the

• measurement location, must also be confronted. Temporal fluc-
tuations may well preclude signal averaging approaches to enhance
signal/noise ratios. These effects should be closely examined
in each measurement situation before a given measurement approach
is adopted..

(3) Spontaneous and. near-resonance Raman scattering appear
generally incapable of probing practical flames over a broad

• ‘-~~~~~~~~
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range of operating conditions. Application to exhausts and secon-
dary combustion regions may be possible if particulate levels are
not too high. For primary zone diagnostics , thermometry and
major species concentration measurements appear problematical
even with advanced state-of-the-art laser sources. Trace species
concentration me isurements are definitely precluded, flue to its
advanced state-of-development , spontaneous Raman scattcr~ng
should receive much near term emphasis for fundamenta~.. combustion
research in specially selected clean flame investigat.i.ons.

(
~

) Saturated laser fluorescence has great potential for
the measurement of selected species in low concentrations (ppm)
in both practical and clean flames. Unfortunately, the n umber
of applicable species is quite small. The fluorescence signals
will be independent of gas quenching effects if the absorption
resonances can be saturated and if simple two and three level
models are applicable. Considerable fundamental and. applied
research investigations are required to address these questions
for this potential to be realized or dispelled.

r (5) CARS is ideally suiLed for thermometry and. major
species concentration measurements in both practical and clean
flame environments. Considerable research is nevertheless still

• required. Potential nonlinear laser-soot interaction effects
and. turbulence dephasing effects need to be systematically 

•

evaluated. Simplifications in gathering and treating CARS data
are highly desirable. Species sensitivity limits in flames need
to be clearly established experimentally. Present estimates

F indicate sensitivity to be relatively poor for most molecules,
i.e., on the order of 1000 ppm. CARS variants need to be assessed
vis-a-vis their practical utility and capability in regard. to
lowering d.etectivity limits.

(6) Laser diagnostic technique s capable of point, in-situ
application to practical combustion media are qu~.te expensive and
require skilled personnel for their operation . Considerable sim-
plification of any diagnostic approach wcwld be desirable to
reduce systems costs and. personnel skill requirements.

The Task II experimental investigations will also be out-
lined and an update of recent activities will be given.
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REVIEW OF COMBUSTION DIAGNOSTICS FOR APPLI CATION
TO ROCKET PROP ULSION

W . K. ~4cGregor

USAF Rocket Propulsion Laboratory
Technology Division

ABSTRACT

The Air Force Rocket Propulsion Laboratory (AFRPL) has recently
begun a review of “needs” for combustion flow property measure-
ments over the next several years and an assessment of available
techniques to meet those needs . The needs arise f rom the necessi-
ty to obtain improved performance by either increased energy con-
version efficiency or new propellant formulations, or from the
requirement to characterize plume observables (infrared radiation,
ultraviolet radiation, smoke, etc.). Because of the large costs
connected with cut—and—try testing analytical modelinc’ has become
a principal design tool at AFP~PL in recent years . It is the
definition of input data to the analytical models and data for
verification of the resulting computer codes that is the driving
force for measurements of combustion gas properties . The harsh
environment of the combustion gas plus the inevitability of dis-
turbance of the process forces attention on the non—obtrusive, in
situ techniques that have been introduced recently.

The review of the measurements required for liquid rocket engines
resulted in Identification of local temper~ture and the local den-sity of a few species (H 20, C02 , N 2 , H2 , OH and CO) as being the
most important variables. An assessment of the various diagnostic• tools available revealed that infrared and ultraviolet emission

• and absorption methods with inversion , and/or Laser Raman scatter-
ed Stokes radiation were adequate in principle to meet most for—
seeable requirements. However, a considerable amount of instru—

• mentation development (faster data acquisition, improved signal to
noise ratio, uncertainty analyses, etc.) is required to facilitate

• efficient acquisition of reliable test data. A few examples will
• be presented to support this position.

Jn the other hand , the review revealed that existing diagnostic
technology was not nearly adequate to meet the needs for measure-
ment of the critical variables in the two—phase flows produced in
solid propellant combustion. The critical variables for solid
propellant combustion effluents Include the properties of both
solid and gas phases. Local gas temperature and species densities
are of course desired , but first priority must be given to parti-
cle properties——not just size distribution, but weight or density,
velocity, composition, state, and temperature. Laser holography
and scattering methods are beginning to be useful in some applica—
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tions but the extent of the information obtainable is a size dis-
tribution which , when coupled with knowledge gained from sampling
and electron microscope analysis leads to some conclusions about
the in situ particle properties. What is needed, however, are
techniques which can yield more specific data about the particles.
The AFRPL has pursued work in holography and in some Mie scatter-
ing techniques which push the state—of—the—art and these will be
discussed briefly.

The advanced technique being explored by the APRPL for particle
diagnostics is X—ray spectroscopy . The work in progress is aimed
at determining the feasibility of several approaches at tieing the
spectral absorption and fluorescent yield from an X—ray beam to
atomic composition, atomic density, particle weight, and particle
velocity. Some techniques have been shown to be feasible (on
paper) and the logic leading to this conclusion will be discussed.

The temperature of hot particles can only be revealed through
radiative emission or absorption properties. Consideration of the
interpretation of spectral radiation from particles in terms of
temperature has received some attention in the work at AFRPL over
the past few months. The use of the Planek function to describe
thermal radiation from particles when the wavelength is of the
same order as the particle size is in error and more appropriate
expressions have been developed f or black particles. The Impact
of the new expressions on measurements as well as several other
areas will be discussed.

Finally , the approach to gas phase diagnostics in the presence of
particles will be addressed briefly . First consideration in this
area should be the determination of the extent to which proven
techniques such as emission and absorption spectroscopy , Reman
scattering, and saturated fluorescence can be applied .
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AFAPL RESEARCH AND NEEDS IN COMBUSTION DIAGNOSTICS

W. M. Roquemore and Paul Schreiber
Air Force Aero—Propulsion Laboratory

Introduction

An improved technology base is necessary to generate new ideas
and improved appraoches which will eventually satisfy future turbo— p

propulsion combustion requirements. This technology base, as in
the case of any science, must be established through the strong
interaction of experiment and theory. The intent of combustion
diagnostics is to provide the tools needed to collect the necessary
experimental data. This section presents the background , some
research needs, and AFAPL research for developing and applying

• advanced diagnostic techniques in practical combustion environments.

Background

Jet engine combustor designs are based on past experience and
the cut and try approach. As a consequence, combustor development
is a long and expensive process which will undoubtedly be greatly
extended by future requirements of burning alternate fuels and
complying with pollution regulations. To improve combustor develop-
ment approaches, models are being developed which can calculate
the performance characteristics of different combustor designs.
Some models are available, however; they have not been adequately
evaluated because of the lack of profile data in combustor reaction
zones.

Practical combustion environments are both severe and complex.
They consist of interactions between fuel vaporization , diffusion
and turbulent mixing, chemical kinetics, and various heat transfer
processes. To completely characterize these environments requires
simultaneous profile measurements of particle size, mass and
velocity distributions, as well as gas velocity,, temperatures, and
specie concentrations. The measurements should be made in the
microsecond time frame with spatial resolutions of less than a
millimeter. Complete characterization is almost impossible and
compromises between requirements and what can be measured will have
to be made.

Probes are the state—of—the—art techniques for making combustion
measurements. They are routinely used in combustor development
programs as well as by the combustion research community. To
survive , probes are normally water cooled and are rather large .
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Such probes can cause disturbances in flow fields, act as flame
holders , redistribute fuel by acting as collectors or atomizers
and can be a significant heat sink. Also , samples may not be
properly quenched and catalytic or other types of chemical reaction
nay be induced by the probe or sampling lines. Consequent ly ,
the environment described by probe measurements may noL be the
same as tha t  o cc ur r in g  when probes are not present. On the
positive side , probes are inexpensive , avai lable , and easy to use.
Because of this, they will remain important diagnostic tools in
the future .

The new laser techn iques such as laser Doppler velocimetry
(LDV) , laser Raman scatLerilig (LARS), coherent anti—Stokes Raman
scattering (CARS) and fluorescence offer the possibilities of non—
interfering , real time , point ui isurements. Thes e techniques also
have inherent limitations as well as limitations imposed by the
combustion environment. Unfortunately , their capabilities and
limitations are not well established in reactive environments.

Resear ch_N eeds

The Intent of combustion diagnostics i~ to  rovide corn~ ustiea
da ta  ~eedeJ to esta~1ish ~i Le c l . iio logy ba se n•r f~ i u r o  combu stv ~
requirements. Hence , most  of th e diagnostics needs ~re driven by
the combustion technology needs presented by o t t ~cr  Air Force
speakers and t~ i~ interested r e a d er  should rci &Y L.~ t t !. 0 fl0~~d S.

Combustion i osca re~l Ln ’’o •l v ing t~~ e c d m r  n o  • t hn iques  a
jus t  beginning . An in n y  ~~w technical f i u i ~~, td . r.. are numerous
resea rch oppor tun i t i e s  for imag i nat i v e  s c ien t i s t s  or engineers.
Several of the research e.~cts involving combust ion d in~ n on t  i~:s are
presented below :

a. To a certain extent , the cap ab i l i t ii a  and l i r n i i a t i o n s  of
probes and the optical  t echnique s  h ave not been ~ i I nh t  d in
various combustion envfronments. These are d i f f ic u l t  assessments
to make, since their are no standard methods for compar ison and
no standard combustion sources . One way Is to make redundant
measurements with the d i f f e r e n t  techniques and upe s t a t i s t i c s  to
determine “best values” and ti ror limits. The d i f f e r e n t  diagnostic
techniques need to be systematicall y evaluated far d i f f e r e n t  f u e l
to air ratios, inlet conditions , fuel types, and leveis of
turbulence .

b. Active integration of theory and experiment are essential
for improving the combustion technology base. Theories of com-
bustion processes are being integrated into jet engine combustor
models. These models are in the development stage whe re data are
needed for their evaluation. Programs are needed where laser and

BEST AVAILABLE COPY
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probe t ~ Lot i art U~~t~~t t agethie u in well conceived experiments to
provide dat~’ for e v a l u . t i r t g existing models or the different
theoietlcal aspe cts ~ : i a l e l s .  This is t h e  most impor t an t  Air
Force combustion diagnost ic o t  1~

AFAPL_Programs

The feasibility of using LARS to measure temperatures In the
reactive exhaust of a J85 afterburning engine and a ramjet combustor
are being evaluated . LARS temperatures are determined by curve
titting theoretical and experimental N2 spectra . Very good curve
fits were obtained for the spectra collected in the 385 exhaust .
Also , the LARS determined temperatures compare favorably with
temperatures calculated from gas sampling probe measurements. The
results of the ramjet combustor exit measurements were not as good .
The LARS measurement volume actually extended beyond the combustor
diameter encompassing some cool air. As a re~ult , LARS temperatures
were about 200°K lower than expected. The extended measurement
volume was the resul t of a large d ivergence of the laser beam wh ich
made it difficult to focus. In summary , we have encountered no fun-
damental problems which would prevent N 2 spectra from hoiit g obt~~ined
in these environments. However , numerous problems have occurred
duri od the tests. ‘1h~.y hia”C i o n  mostly instrument.tt ion problems
due to the severe test c c l  environments and are solvable.

CARS is presently being developed as a diagnostic too] for real
time and time averaged measurements of temperature and species
concentrations in laser and combustion media. The method  is based
on the gene ra t ion  of two hi gh—power laser h e m  ( o r e  used as a
pump and the other as a Stokes component) and ~hc sul~ ~equ c n t  u I x i I q ~
of the beams in the  m o l e c u l a r  medium.  The anti—StH~e ;  spectrum of
the medium can be ob ta ined  b y tuning the Stokes be ,m. 1 d m  in~ noe ,

however , requ i res  exce l l en t  frequency s t a b i l i t y .  A CARS technique
emp l o y i n g  a broad—band dye laser in  c o n j u n c t i o n  c , t I i  a singLe—mode
ruby laser allows spatially and temporarily resolved ~~m ec ies con-
centrations and teI ’kpci l I t t i  measurements with a sLip ~1~ laser pulse.
Q—branch spectra are obtained with a grating spectronete r and an
optical multi—channel analyzer. In addition , spectra can be
scanned with the spectrometer and a photomuitip lier or by increasin~,
the slit width , real time in~oqrated Q—branch data ian be measured .
These experimental methods are frequently being employed to
measure species and temperature distributions in lafo ratory burners
and a small rocket plume. The effects of various parameters such
as pressure, mixtures , turbine , and beam intensity are also under
study. Data generated under this study are presently l o n g  used
to design and test environmentally hardened CARS system for in situ
combustion measurements at AFAPL.

Our future efforts involve : (1) designing the experiments to
be conducted in AFAPL ’s combustion tunnel , (2) making model predic-
tions of temperature , concentrati on , and ve loc it y profiles for the
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experiments and (3) comparing model predictions with experimental
results. LARS, CARS , LDV , and probes will be used to collect
profile data. The various tasks will be performed by contractors
working in conjunction with AFAPL.
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Laser Holograph ic Techni ques for Particle and 1)roplet Size Measurements
and Analys is  in Chemically Reacting Plows

by

lIr. D. George
AFRPL/1)YsC ( In—House)

.\l ~ i~~\CT N ’)T AVAILABLE
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INVESTIGATION OF LASER INDUCED FLUORESCENCE SPECTROSCOPY
FOR MAKING IN-SITU SPECIES CONCENTRATION MEASUREMENTS

IN TURBULENT COMBUSTION FLOWS

John W. Dai ly
Department of Mechanical Engineering

University of Cal i fornia
Berkeley , California 94720

(AFOsR—77-357)

ABSTRACT

In the study of complex reacting flows there is a need to measure

species concentrations with spacial and time resolution . In the present

work, ~the appl i cation of Laser Induced Fluorescence Spectroscopy to
:— ‘

the n~asurement of radical species , especially OH ,ina fl ame is being

stud~ed. The method consists of illumin ating the gas with a laser

source tuned to an absorption line of the species of interest. The

specie is excited , re-radiating spontaneously. The fluorescence is

observed at 900 to the laser beam (Figure 1). One of the major

difficulties in applying LIFS has been that due to quenching. Quench-

ing arises because collisional de-excitation in high pressure flames

conpietely dominates radiative de-excitation , causing reduced fluore-

scence. In the present work , this effect is overcome by using a laser

source of sufficient i ntensity to saturate the exciting transition .

Under saturated conditi ons, the population relations are simplified
( 1)considerably and the fluorescence signal enhanced
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We have completed a set of preliminary experiments using sod ium~
2
~

and have e:tablished that LIES is extremely feasibl e for atomi c

species. Using simple electronics , a linear curve of growth was ob-

tained for the range 0.888 -‘ 0.2 PPM with spacial resolution of < 1 mm

and single l aser pulse samp1ing (Figure 2). The detectability limit

was quantum noise limi ted. The curve of growth becomes non-linea r ,,, ~~~~~~~~~

at about 0.2 PPM due to fluorescence trapping.

We have observed OH fl uorescence under excitation at a number of

di fferent wavelengths. We are in the process of generating curve s

similar to Figure 2 for OH , for different excitation wavelengths

and observing di fferent portions of the fluorescence spectrum.

Turbulence measurements require a suitable data acquisition system .

We are currently constructing a gated integrator system which ~~~ ~
interfaced to an LSI-ll microprocessor. This system , which will be

ready in September, will allow us to perform real time statistical ,

anal ysis of our data.

REFERENCES

1. John W. Daily, Applied Optics 16 , 568 (1977).

2. John W. Daily and Calvin Chan , “Laser Induced Flu orescence
Measurement of Sodium in Flame s,” presented at the Sixth Inter-
national Colloquium on Gasdynami cs of Explosions and Reacting
Systems , Stockholm , 22-26 August (1977).
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COMPARISON OF RAMAN SCATTERING METHODS FOR

COMBUSTION DYNAMICS MEASUREMENTS

Marshall Lapp, Principal Investigator
C. M. Penney
Sandy Warshaw

General Electric Co., Corporate Research and Development
Schenectady, New York

Experimental environments in combustion dynamics require measure-
ment probes which can suxvive hostile conditions without producing
significant perturbations and still provide the necessary space and
time resolved data. Current widely—used probes are not able to sat-
isfy these disparate requirements, and therefore non-immersed sensing
devices based upon optical detection techniques have been receiving
substantial attention.

An~ ng potential candidates, probes based upon light scattering
processes possess particularly attractive attributes for measurements
in turbulent, hot, chemically—reacting gases, including submicrosecond
time resolution and three—dimensional space resolution with millimeter
or less characteristic dimensions. In several different Raman scat-
tering methods, measurements can be made both of temperature and spe—
cies concentrations, and non—thermal equilibrium conditions can be
probed.

However , in considering any specific instance for the applica-
tion of light scattering spectroscopy to combustion diagnostics, the
effect  of the particular experimental  conditions (such as the level
and spatial extent of turbulence) and of the measurem ent perturbations
(such as luminosity and/or fluorescence of various f lame components)
must be carefully taken into account in choosing the detailed measure-
ment scheme. Here, we are embarking on a program of flame gas tempera-
ture measurements of one particular type —— based upon vibrational
Baman scattering (VRS) -— in order to compare them with similar mea-
surements made (at the Air Force Aero Propulsion Laboratory) by another
method —— coherent anti-Stokes Raman spectroscopy (CARS). These mea-
suretnents will be made under varying types of e,~~erimental conditions ,
both in laminar and turbulent flow, and with varying degrees of mea-
surement perturbation problems present.

Most fundamentally, VRS is a simpler method to instrument and
produces data which are mere directly related to the desired experi-
mental parameters than CARS, but it is a far weaker process, which
makes it susceptible to measurement perturbations. The strength of
CARS sbould make it a useful probe for many combustion dynamics con-
ditions for which VRS is inapplicable, but its complexity and its po-
tential experimental sensitivity to problems such as turbulent environ-
ments will impose limits to its utility. Thus, our goal is to explore

- - --- -~~~~-- - - --- - -
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the limitations of VRS temperature measurements in carefully con-
trolled combustion experiments, and to critically compare these re-
sults with similar CARS data.

The first portion of our eff ort has been concerned wi th defining
burner conhigurations and assembling apparatus to obtain VRS tempera-
ture measurements on a premixed hydrogen—air flame produced on a
porous plug burner . The initial work on the one-inch diameter plug
burner has been conducted with a horizontal flame and a Spectra-
Physics Model 170 argon ion laser (opera ting at 488 nm), with a SPEX
1400-lI double mDnochromator used for spectral discrimination . In
order to overcome purposely—introduced measurement perturbations, a
pulsed laser source will be utilized next. For this purpose, a
Phase—R Model Dl—2lOOB pulsed dye laser currently is being medified
for narrow—line operation in the 470 to 490 nm spectral range , with
pulse energies of about 1 J and linewidths of about 0.2 nm or less.
Each laser pulse will be monitored for both pulse energy and line-
width. Finally , in preparation for tasks which will start at the
end of the first contract year, work has begun on determining ex-
perimantal problems associated with light scattering measurements
for the coaxial combustor to be used in the turbulent diffusion flame
studies. 

--~~~~~-- -~~~~~~~~
.- - -
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ABSORPTION SPF. CTROSCO P Y OF COMBUSTION Ci~SES

USING TUNABLE iN F R A R E D  DIODE LASERS

AFOSR F4462 0 - 7 6 -C— 0 024

R. K. Hanson , C. H. Kruger , R. B. Eusti.s and N. Mitchner

High Temperature Casd ynamics Laboratory

~-h~chanical Eng ineering Department , Stanford University
Stanford , Call ôrr~ia 94305

1. 
- ~~~~~~~~~~ i~~~

Increasing delT oids on c ’ :~d ti ~~t ion systems (e.g., wi th r egard to
e f f l c i e n  v , fuel ~m i 1  ~m i  cs ions) have stimulated new interest in

~~IIn pro cossts - cl in the development of new laser—based
diagno stics for c~~ I i i b - -s t 1  a studio s. This presentatio n will describe

~ o r k  i 
~
l y m i t  i a t c l  ~t St l r f r l  to  develop and app ly tunable

infrar ed djod’• 1~~ . s f o r  c~~~b iist ion gas measurements. Future
rest-arch p la ns . in~ o lv i np  n p l i c~~t ion of the diod e laser to a study
of turb ol~ i.~ c~ :. i r i t i i n , w i l l  a l so be d i s cu s s ed

Tumi d- 1 e inf F 1 d i , d e  la~ e r s  are w e l l  su i t e d  f o r  in situ
m e a s u r e r s 1 1 1  s ~ t sp.ct j I 5  i~- c r i c n t  u t  ions and t - -  :er a t u re  in combus t ion
gases. Tlic ic 1 Ts t ~r s  a l e  a l s o  a p o w e r f u l  tool fo r  d e t e r m i n i n g
spec t roscop ic ~— . i r c n e t e r s  l i c t d e d  t I  d escr ibe  the  spec t r a l  character is-
t i c s  of r a l  iat i cm I i  on ) i iyh  t - - r i t r a t  u re  gases , such as found in
eng ines , ex h au st s  a m u d  p l e e s .  The d iode  i~~cer  serves as a source
of mci i rc c- l in es i -Itli (10 5 cm ’) iiu ~ rared radiation whose w a v e l e n g t h
can be rapidl y m o d u l a t e d  (> i~~

-
~ cm~~~/m icr osecond)  t o  perform fast ,

hig h — r e s o l u t i o n  a b s o r p t i o n  sp e c t r o s c o p y .  The comp l e t e  f u l ly—resolved
abso rp t i on  p r o f i l e  of a sin g l e  v i b r a t i o n — r o t a t i o n  l i n e  can thus be
quickl y recorded , and from this one can infer the partial pressure
of the absorbing species and the lineshape p~rrameters describing the
absorption line. Temperature can also be determined by measuring
the rela t ive absorption in adjacent lines originating from d i f f e r e n t
v i b r a t i o n a l  levels.  T h e  a b i l i t y  to rap idly modulate the laser sug-
gests that the techni que can also he applied to’ studies of transient
c o m b u s t i o n  phenomena.

Advantages of tunable diode  l a s e r  a b s o r p t i o n  spec t roscopy  are
i t s  simplic i ty , high T c n s i t i v i t y ,  h i g h  s p e c t r a l  r e s o l u t i o n  (orders
of magnitude improv ement over conventional ir c p u c t r o s c o p y ) , and its
fast m o d u l a t i o n  c ap a b i l i t y .  The primary limitation , for some appli-
ca t ions , is that it is a flue—of—sight method . In our first year of
work wi th the diode laser we have demonstrated the feasibility of

~ iode laser tech ni ques for measurin g species concentrations , temper-
ature , and the fundamental spectroscopic parameters of line strength
and collision halfwidth in laboratory combustion systems.

_ 
_ _  

_ _ _ _ _ _
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2.0 Results

Experiments have it - i n  c i n d i m e t o d  in a f l a t  f l a m e  b u r n e r  and in
a shock tube . In the flam e i x p o r  i me n t s , t he  l a s e r  wan  used to pe r-
fo rm ii ig h — r e s o l  u t  i n  opec  t i 0- i epy  of CO and NO v ib ra  t io n - — r o t a ti o n

rans  i t  ions (near  5 m n i i i  ens) in hue  p a nt  f l a m e  r e g i o n  of ,i laminar ,
premnixed atmo spheric-prto sure p r o p a n e — a i r  flame . Results with CO
include fundamental data for line strengths and collision halfwidths
as well as determinations of species concentrations and temperature.
The measured  c o n c e n t r a t i o n s  agree  w e l l - w i t h  c a l c u l a te d  v a l u e s , and
the measured temperatures agree wel with thermocoup le measurements.
In the shock tube experiments , high resolution absorpt ion spoctro—
scopy of shock- -h ca ted  CO was p e r f o r m e d  u s i n g  the test t ime available
behind an incident shock wave. Both  sets  of experiments were exe-
cuted by rapidly varying the diode laser wavelength across the full
width of isolated vibration—rot ation lines and recording the trans-
mitted laser intensity as a function of time (wavelength) on an
oscilloscope.

A t y p ica l  ex p e r i m e n t a l  r e su l t  fo r a full y resolved CO absorp-
tion line in the f l a t  f l a m e  is shown in Figure 1. The experiment
was p e r f o r m e d  by modu lat i.ng the laser acr~ss a sing le CO line
(v 2 ~

- I , P ( l o)  at  v = 2 0 7 7 . 0  cm~~) under fuel—rich (~ 
= 1.36)

conditions where t h e  ~ m ) t ’ t u u i c i n t  rat ion was known. The measured gas
temperature was ?066 K. Time transmitted laser intensity for  a
single scan of the  la s e r  v m s  n o r m a l i z e d  and conver ted to  a s p e c t r a l
ab s o r p t i o n  coo t !  i t i t - l i t  u s i n g  Boor ’s law . Fi gu m t 1 p r ov ides  a com-
parison between  t h e  n ie :u sdm r od  l in e s hap e  and a l i neshap e  c a l c u l a t e d
assuming  a Va i ~ t p r~~f i 1 & ~ . The data can be used to i n f e r  a l i n e —
s t r e n g t h  [S(T) = f~dv] and collision halfwidth ~y under combustion
c o n d i ti o n s .  The prod i c t e d  a b s o r p t i o n  coeffici ent assuming a Voig t
profile and using the inferred values of S and y agrees well
with experiment. B ay i n g  verified the suitability of Voigt profiles
arid having determined S(T) and y(T), the same experiment can be
per formed  to measure  t h e  CO co n c e n t r a t i o n  under  c o n d i t i o n s  where
it is not known.

The presentation will includ e sections on the experimental
appara tus and techni que , relevan t theory of infrared absorption ,
and recent experiment al results.

- 
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Figure 1. Comparison of calculated and measured
spectral absorption coefficient s for a
sing le transition of CO (v = 2 1, P(10))
in an atmospheric pressure , propane—air
fl at flame ; T = 2066 K , ,4 = 1.36. The
best fit to the data is based on a Voigt

profile with a 2.47.
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Coherent Structures in Turbulent
Flames by Laser Anemometry

by

Dr N. Chigier
Univ. of Sheffield, England

ABSTRACT NOT AVAILABLE
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LASER VELOCIMETRY MEASUREMENTS AND ANALYSIS

IN TURBULENT AND MIXIN G FLOWS

AFAPL Contract No : F33615—77—C—2010

P.1.: Warren H. Stevenson and H. Doyle Thompson

Organization : Purdue University
School of Mechanical Engineering

Location : W . Lafayettte , IN 47907

The objective of this effort is to experimentally and

analytically investigate the biasing of individual realization

LDV (Laser Dopp ler Velocimeter) signals and to investigate the

feasibility of the use of fluorescent dye tracers in the study

of mixing and turbulence . The contract was initiated about 1

June 1977. The LDV optical system design is for two velocity

components using a two color , dual scatter , forward scatter

design. Initial hardware and experiments will use only one

component. A 5 watt argon laser is used . The optics can be

rotated to permit component measurements in the plane perpendicu-

lar to the laser beam . Either or both input laser beams can

be frequency shif ted.

The data processor is a high speed unit designed and built

at Purdue. For data recording, a dedicated micro computer

facility is being installed with a direct link tp Purdue ’s main

CDC-6500 facility for data processing.

The initial studies will be carried out in a subsonic wind

tunnel facility . The flow pattern over a rearward facing step

will be probed . Free stream velocities up to about 100 rn/sec

are possible. 

~~~~~ -—- - - --~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Initial experimental studies will concentrate on identifying

and measuring biases arising in individual realization LDV

measurements in highly turbulent flows by

a) comparing results with and without frequency shifting;

b) comparing measurements at different angles to the main

stream flow ,

c) controll ing the seeding particle s ize,  dis tr ibut ion and

concentration, and

d) using fluorescent dye tracers in the seeding material.

A parallel analytical program is being conducted which

consists of developing a turbulence model on the computer to

study and compare the effects of the experimentally derived

results.



- - - ~~ -- - - ~~~-- - ~~~~~~ —-~~~~~ — --- _ _ _ _ _

‘U

ABSORPTION — EMISSION TECHNIQUES
IN 3-DIMENSIONAL DIAGNOSTICS

R. GOULAR~J

THE GEORGE WASHINGTON UNIVERSIT Y
WASH iNGTON, D.C. 20052

AFOSR - 77 - 3439 (New Contract)

It is proposed to develop and test the absorption-emission
techniques as three-dimensional combusti on diagnostics. It will be
shown that by using multiangular scanning, the traditional “onion-
peeling ” method can be extended from axisynimetrical flows to arbitrary
distributions of radicals and pollutants in the flow . Since scattering
“point ” techniques are limited by their very small cross section , such
an extension would be a step improvement in sensitivity , down to low
radical concentration.

The following five areas will be investigated:
1. Known pro~iles of radicals or pollutan ts [see for instance

Klueg and Slusher ’ s test data (1974)] will be used to produce predicted
p~rallel beam absorption data f0 Cr) in 20 x 20 positions (r,o). This
information will be fed to the ACTA computer and profiles will be
retrieved in video form. We plan to check the effect of the number of
positions (o ,r) and the effect of adding measurement noise. This
simulation will be made for severa l pollutants as well as for the major
constituents of the flow.

2. Special attention wil l be given to fan sh~ped beams (rather
than parallel beams) as they appear best suited for situations where
the access to the flame is limited . The steps described in Task 1 will
be repeated in this case and an optimum set of viewing points will be
determined .

3. On the basis of these first two tasks , an optimized design
will be proposed which wil l enabl e an accurate nieasurement of the flow
field (incJuding low ppm components). The result would be a proposed
scanning device to be built a year from the beginning of the contract and
then tested in the laboratory .

4. A study of emission technique , based on a two - or three-fan
geometry will be compl eted . Since the sizing of each cell is already
available in the literature , an instantaneous map of the temperature
and the major constituents concentrations would be obta i ned by this
procedure (see Part II , Section E).

5. Finally, the field of combustion will be continuously
evaluated for new diagnostics and measurement needs (See Part I). The
potential of other techniques in obtaining similar data will be carefully
assessed , so that the proposed work will concentrate on those aspects
for which it is uniquely suited . Similarly, we shall assess the impl i-
cations of new model s or suggested theories in terms of needed diagnos-
tics of critica l profi le or local measuremen ts.
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A TWO L1N1~ /~1O1~1C FLUO1~FscE~cF: F1,AMI:

SPEC1 1~.O~-IE R1C ~- ET11O]) 1-’OR 1-1LAsuRr ~-1]:NT

OF SPATiAL TEISPERATURES OF FLAHES

J ohn _ fl r ;td sh~-’,~

Step han ek3

Iliroki 11~ r~’gucl’i

James Winc iorducr

Department of Chemistry
Universi ty of Florida
Gainesvil le , FL 32611

Most flame temperature methods , e.g., sodium line reversal , iron two—

line cm~~’m~ien , two line absor~’t~ on , etc. , do not give local flwi e t empera-

tures but rather a ceries of line of sight intensity measurements must be

transformed via a mathematical treatment , e.g., Abel inversion. We have

applied the two—line atomic fluorescence method (1,2) to the temperature

measurement of analytical flames (3—6). This method provides local flame

temperatures (ca. 600_30000 K) directly (without any mathematical treatment)

owing to the characteristic optical arrangeucnt in atomic fluorescence spec—

t rometry . Also , it may be applicable to the lower or higher temperature via

appropriate use of elements. In this paper , the theoretical considerations ,

experimental setup , application to the temperature profile measurements in

the var ious flames and the “figures of merit” compared to the other methods

will be discussed with respect to the two—line atomic fluorescence method .

As a consequence , temperature profiles in various nnalyti.ca~. flames

obtained by the present method reveal, along with t h e  intensity profiles of

_ _ _  _ _
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a~:om i.c f luorescence , the fL-~iie ~:t r u ct u tc .~; , t h e  e f fe ct  of t:hc f ] a ~~c sheath

with t h e  ~ncr t  gas , the a t om i z at i o n  processes  in flaucs , the q u en ch i n g

effect s of the l I m e  component s and so f o r t h .  These results and further

V devclopr-~cnt in this area will  be given In the talk.
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