AD-A172 934  APPLICATION OF RRVLEIGH SCATTERING TO TURBULENT FLOW i1
ITH HEAT TRANSFER A (U) CALIFORNIA UNIV BERKELEV DEPT
F MECHANICAL ENGINEERING L TALBOT 89 J
UNCLASSIFIED RFOSR -TR-86-8881 AFOSR-84-0124 /G 21/2




e L i i b - A I —————

]
[ ]
| N
- W
\io-

o
EEEE

EEE

<

Il
iz Jlis e

=
HN
N

IFFFER
==
- N

IIIII

I

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




Unclassifie

SECURITY CLASSIFIC AD-A 172 934
- NTATION PAGE
ta. REPORAT SECURITY CLASSWCAT:OTDTI'Q 1b. RESTRICTIVE MARKINGS
Unclassified None

3. DISTRIBUTION/AVAILABILITY OF REPORT

WrbimibédPor public release,’

distributionunlimiteq

2. SECURITY CLASSIFICATION AU,

0. DECLASSIFICATION/OOWNGRADI

4 PERFORMING ORGANIZATION RE

5. MONITQRING ORGANIZATION REPO T NUMng l

AFOSR-TR-

NUMBERD

6s. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL Ts. NAME OF MONITORING ORGANIZATION
(If applicable)
University of California r . Air Force Office of Scientific Research
6c. ADORESS (City. State and ZIP Code/ 7b. ADDRESS /City, State and ZIP Code:
Mechanical Engineering Department Bolling AFB, DC 20332-6448
Berkeley, CA 94720
8s. NAME OF FUNDING/SPONSORING ];: OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
Air Force Off of Scientific Req AFQSR/NA AFOSR 84-0124
8c. ADDRESS (City, State and ZIP Code) 10. SOURCE QF FUNDING NQS.
Boliing AFB, DC 20332-6448 eltnentno, | AT vy et~
: 61102F 2308 A2
11. TITLE (Inciude Security Clasm/fication)
pplication of Rayleigh Scattering to Turbulent

&)
r

L. Talbot

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr, Mo., Day) 15. PAGE COUNT

Final enom | _May 85+ 30 Apor B6 June 9, 1986 7

16. SUPPLEMENTARY NOTATION

17 ' COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD. GROUP SUB. GR.
21 o1
21 Q2
19. ABSTRACT (Continue on reverse if necessary and identify by block number)

*-—Studies of premixed turbulent v-shaped flames have been carried out using two-point
Rayleigh scattering. Density fluctuation intensities, two-point density covariances, and
mean density profiles were found to be in good agreement with a wrinkled laminar flame model
which is an extension of the Bray-Moss-Libby model. The probability density function for
the Jocation of the flame sheet within the turbulent flame brush was measured and found to
be approximately gaussian. Mean density profiles of the turbulent flame brush were found td
have a self-similar behavior when scaled with the maximum slope thickness.

A new optical technique was developed to make time-resolved Rayleigh scattering meas-
urements along a length of a laser beam, thus extending the two-point technique to a multi-
rcint one. The equipment necessary to implement this was provided by a DoD-University
Research Instrumentation Grant. “The technique has been applied to the investigation of the
dynamics of v-shaped premixed turbulent flames. Some of the findings are that incident tur-
bulence controls flame motion in the frequency range 100-1000 Hz, and that an increase in \

20. OISTRIBUTION/AVAILABILITY QF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

Premixed turbulent flame structure, Rayleigh scattering

UNCLASSIFIED/UNLIMITED (B SAME AS RPT _ OTIC USERS (] Unclassified TN T e
22b TELEPHONE NUMBER 22c. OFFICE SYMBOL
tinciude Arva Code:

22e. NAME OF AESPONSIBLE INDIVIDU
Julian M. Tishkoff m F"'E CQP (202) 767-4935 AFOSR/NA

. aomou OF 1 JAN 73 1S OBSOLETE. ) Unclassified
; o slcunn’v cussmcnnon oF THiS PA

WA o (Lo B AN




o
.J;«,

P
)

a 3
e
a0

5

v gl P¥ § ‘L{J..

'y
7

5 |'¢

ARt TCTSUGT TN (RN A AR PV DR M UK UN WA N WS UMW AR B

Unclassified

Yo SECURITY CLASSIFICATION OF THIS PAGE

19 cont.

“Preat release for a given incident turbulence intensity increases.the amolitude of the flame

fluctuations without modifying their spectral characteristics. - ,

A study not yet completed and being pursued under the con;$hqition of this grant is
the investigation of the structure of the reaction region just downstream of a flameholder
and its evolution into a thin flame sheet.

L Unclassified




FINAL TECHNICAL REPORT

AFOSR Gray
T 84-01 4Appr
24 usg:;:::,‘:’;bul;bz 10 rolegg,
11I1te . :

- . : y

June 9: 7986

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AFSC)

NOTICE OF TRANSMITTAL TO DTIC
This technical report has been reviewsd and i3

~oproved for public rele~se IAWAFR 190-12,
nisteributio- ‘=~ unlimited.

CTTHEW . XOTTIR
“--1 Information Division

hie?r, Tee’
ACCesion For

NTIS  Crag
DTic TAB ¥
U' a:)nou_md D
. Juititication a
By .. Il
Dl(.t 'bbho' / ....................... -

o Aveuxabiuty Codes
Di't t Ava:r} a :d./or‘*
Special

Y AT k
B AL Vs T 0N
RIS 19 ,-f‘vf,,' ' * N
A YA P N s ) "" $
g A by, (NA X ¥y
a8 G 2y ¥ o i
ST LR !‘."ﬂ";'?‘a!‘g':' L3t T T
4 AL M 3L P RO 14
K IR, o ...
oot B ,(.(.g'*ldg:!!v;.ffz iH

AAAAAA



g%s RESEARCH OBJECTIVES

#?‘ff The objectives of this research program has been to investigate

0:{:?' experimentally the fluid mechanical properties of premixed turbulent flames,
:-";:; through detailed measurements and flow visualization techniques. The com-

bustion configuration investigated is a v-shaped, unconfined, rod-

:‘ stabilized flame propagating into a turbulent, essentially uniform flow.
" Laser-based diagnostics for the measurement of instantaneous density through
i Rayleigh scattering, and velocity through Doppler velocimetry are the

j:; | principal quantitative experimental techm‘dues, while laser-tomographic high
"' speed cinematographic flow visualization provides qualitative information
W on the behavior of the flame. The research has focused on two central

o goals: to determine (a) the detailed structure underlying that which in
i: the large constitutes a turbulent flamé brush; and (b) to what extent this
R structure can be described theoretically by models such as the Bray-Moss-
%ﬁ- Libby (BML) model.

v

. RESEARCH RESULTS

,:j: During the period of this grant, several experimental programs were
E}::r:; pursued.

$;~ 1. Two-point Rayleigh scattering measurements within the turbulent flame
\ 3 brush of ethylene-air and methane-air v-flames were extended to provide
g‘:!:.. more extensive information on such features of the reaction zone as the
= spectral distribution of the density fluctuations, their autocorrelation
Ef'aa functions and integral s.cales, and mean density profiles. Some of the
g;:?‘;s findings include:

;:-. a) The mean density profiles through the reaction zone at different

SE,. distances downstream of the flame holder are self-similar when scaled by
’:fs}' the profile maximum slope thickness which is a function of the equivalence
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ratio and the upstream turbUlence intensity, for a given reactant. This
maximum slope thickness is found to grow linearly with distance from the
flame holder. The.probability function for the location of the wrinkled
laminar flame sheet within the turbulent flame brush was found to be
accurately represented by a Gaussian function.
b) The probability density of 'intermediate states' was measured at
various locations downstream of the flame holder. Contrary to the assump-
tions generally employed in the BML model, the contribution to the overall
propability density function (pdf) contains a signﬁficant contribution
from the intermediate states, rather than being composed of two delta
functions associated with the reactants and products. An extension of
the BML model to take account of the intermediate states, which are due
to the finite thickness of the hrink]ed Jaminar flame sheet, was developed
and shown to be‘in good agreement with the measdred density fluctuation
intensities and covariances. This extension of the BML model of the pdf
also provides a means for introducing finite¥rate ;hemistry into the
production term of the model, although this has yet to be tested.

The work described above has been reported in References 1 and 2.
2) Studies of optical techniques for the visualization of turbulent
flame structure have been pursued using two approaches. In this first -
approach, which was initiated under our previous. AFQSR Grant F49620-80-C-0065
and which we havevcalled 'laser tomegraphy', the unburned gas is seeded
with a silicone 01l aerosol which is illuminated by the scattering of a
sheet of laser light. The aerosol evaporates in passing through the flame,
thus rendering the burned gas transparent to the light and producing a
light-dark boundary which coincides with the instantaneous position and
shape of the flame front. High speed cinematography of the illuminated

flow region then yields a time-resolved record of the motion of the flame

front.
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ﬁ%? The method was used to study the interaction of a Kdrmdn vortex street
.
}ﬁt with rod-stabilized V-shaped laminar flame. The wavelength and frequency
.qﬁy of the flame motion were found to correspond closely to that of the vortex
&
:S' street, allowing a simple phenomenological explanation of the cyclic
v' *
HHY behavior of the flame. Particularly interesting was the observation of the
f; formation and evolution of cusps in the flame front, and how they sub-
Al
gg sequently are erased by the propagation of opposing flame surfaces toward
ad

e one another.
The success of these qualitative tomographic studies encouraged us to

move toward a more quantitative flow visualization technique, the use of a

N
?&;; rapidly scanned linear diode array on which was imaged the Rayleigh-

;ﬁﬁ scattered light produced b& a lafer beam projected through the flame. The
;35 technique, to which we have given the name LARS (Linear Array for Rayleigh
K Scattering), was implemented under DoD-University Research Instrumentation
:S§E Grant AFQOSR 83-0229, and is described in detail in the Final Technical
EE&E Report for this grant (Ref. 4). Much of the effort during the period of
léf the present grant was directed toward the 'fine-tuning' of the LARS system,
o and then to its application in the study of the dynamics of turbulent
r%ﬁt flame fronts.

o The first quantitative application of the LARS system has been to the
ﬁ&g study of the same types of flames investigated earlier (Refs. 1 and 2) by
itéé two-point Rayleigh techniques. HMethane-air premixed turbulent V-shaped
?g;% flames at an approach velocity of 2 m/s and a range of inlet turbulence
??i levels and equivalence ratios from 5%-8% and 0.6-0.8 respectively were
%$£4 studied. The statistics of the flame front position were obtained by
:;%' extracting the flame boundary from the images and generating a pdf of its
.§3\ distance from the mean. The standard deviation of these distributions
33? varied from 0.31 mm to 1.38 mm and show that increases in inlet turbulence
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5: and equivalence ratio thicken the turbulent flame zone by amplifying the
;H flame motions. These results lend support to various modeling assumptions.

o Comparison of the spectra of the flame front oscillations and the cold

3; flow velocity indicate that the incident turbulence controls flame motion

e at frequencies between 100 and 1000 Hz. Changes in heat release for a

?:. given inlet turbulence increase the amplitude of the flame fluctuations

;2 without modifying the spectral characteristics.

" A paper describing this work (Ref. 5) has been accepted for present-

%% ation at the forthcoming Twenty-First (International) Symposium -on

1;3 Combustion, Munich, 1986.

:ﬁ 3. Experiments now in progress are being carried out to investigate the

#:I structure of the reaction zone glose to the flame holder, the object being

.§ to determine how the flame stabilization and recirculation zone evolves

& into a thin flame sheet. It appears likely that this region cannot be

f; adequately described by the Bray-Moss-Libby model, even in the limit
2’3 very fast chemistry. Since in this transition region density changes |

} can be the result of convection/conduction heat transfer as well as com- |
é%» bustion heat release, the location of the reaction zone cannot be deter- |
%ﬁ mined uniquely by Rayleigh scattering measurements and, as will be described, |
. must be supplemented by other diagnostics.

ég The combustor configuration for this study is the same as for previous

;1 v-flame studies with the exception that flame holder is either a 6 mm

;: diameter rod or a bar with 6 mm x 3 mm cross-section. The bar provides

,’ a well defined flow separation point and good optical access to the immedi-

?‘ ate downstream wake region. The rod was chosen for comparison with other

%; v-flame data. Two conditions have been studied: a very lean flame, close

;% to being blown off the flameholder at 6 m/s, equivalence ratio ¢ = 0.54;

\

o and a slightly richer, well stabilized flame at 6 m/s, ¢ = .63.
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Point measurements of dénsity using laser Ray1eigﬁ scattering have
been made in a region beginning at 0.5 mm downstream of the flameholder
and extending to 80 mm downstream. Flame brush extent and position have
been calculated from time averaged profiles using the steepest gradient
method. The well stabilized flame has a nearly constant rate of brush
growth, agreeing with other v-flame data, while the very lean case shows
a much more rapid growth for the first 25 mm and then slows down for the
rest of the observed region, possibly indicating increased interaction with

'the recirculation zone.

To examine the evolution of the structure of the brush with distance
downstream the probability density function (pdf) of gas density at the
center of the flame has been ca1§u1ated at several locations. Results show
that close to the flameholder the richer case has the bimodal pdf character-
istics of wrinkled laminar flames, while the very lean case, although it
has a thicker flame brush, has a broad monomodal pdf. Further downstream
the very lean case also develops a bimodal pdf at the center of the flame.

Detailed two-component LDV velocity field measurements have been made
recently for both flameholders at both equivalence ratios, plus isothermal
conditions. In addition, conditioned measurements have been made by using
silicone 0il droplets for seed, which disappear in the flame, conditioning
the signal by reporting only unburned gas velocities. ‘Spectral data of
transverse velocity fluctuations have also been obtained. Time averages
of mean, rms and covariance of axial and transverse (perpendicular to the
flameholder) velocities have beén calculated.

As noted, the pdf of the beginning region of the reaction zone in the
lean combustion case is monomodal, and consequently a unique flame front
B location cannot be specified by Rayleigh scattering measurements alone.

o Under the continuation of this Grant, we will complete this investigation
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by utilizing ionization probe studies to provide additional information

. on the evolution of the reaction zone into a thin flame sheet. Another
7% possibility which will be explored is the use of laser-induced fluorescence
3
r}{ measurements of CH concentration, as described in the continuation proposal
‘FD
' for this grant, to locate more precisely the position of the flame front.
. .
? Reference 6 represents a progress report on this work.
3 ’
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