Reports

Visualization of Turbulent Flame Fronts with Planar

Laser-Induced Fluorescence

Abstract. This report concerns the quantitative time-resolved visualization of
reaction zones in laminar, transitional, and turbulent nonpremixed flames. Two-
dimensional OH molecular concentrations were measured with planar laser-induced
fluorescence excited by a sheet of light (formed from a single tunable ultraviolet laser
pulse) and detected with a two-dimensional, image-intensified photodiode array
camera. From the resulting data details of instantaneous flame front structures
(including positions, shapes, and widths) were obtained.

Many important processes such as tur-
bulent combustion, atmospheric chemis-
try, chemical lasing, and chemical pro-
cessing involve a complicated interplay
between fluid mixing and chemical kinet-
ics (I). Although the basic relations un-
derlying these phenomena are fairly well
established in nonreacting turbulent
flows or reacting laminar flows, the un-
derstanding of reacting turbulent flows
remains limited. However, the combi-
nation of numerical modeling and laser-
based experimental measurements prom-
ises rapid advancement in this field.

Two approaches to the numerical
modeling of chemically reacting turbu-
lent flows have been developed. The
Eulerian approach characterizes the tur-
bulent fluctuations at any point in the
flow in terms of probability density func-
tions and takes only secondary account
of the structure of mixing or reaction
zones (/-3). The Lagrangian approach
assumes that large-scale ‘‘coherent’
vortex structures dominate turbulent
mixing and models the formation, devel-
opment, and motion of these structures
“-0).

Structural aspects of flames and turbu-
lent mixing have been studied by simul-
taneous, multiple-point laser measure-
ments based on Mie (7-9), Raman (10),
and Rayleigh (11, 12) scattering as well
as one-dimensional imaging of fluores-
cence (13). In the work reported here we
used two-dimensional imaging of OH la-
ser-induced fluorescence (14-17), which
has several advantages over the other
methods. Fluorescence is much more
sensitive than Rayleigh or Raman scat-
tering and is capable of measuring OH
concentrations of parts per million in
flames at atmospheric pressure. More-
over, the fluorescence signals originate
only from regions with large OH concen-
trations, which, in nonpremixed flames,
occur primarily in the reaction zone.
Thus OH fluorescence is an excellent
indicator of reaction zone location and
shape.

Laser-induced fluorescence is a reso-
nance process that occurs when the fre-
quency of a laser corresponds to an
allowed electronic transition of a molec-
ular species present in the laser beam.
After being excited into an upper elec-
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tronic state by absorption, a molecule
returns to the ground electronic level
either by spontaneously emitting a pho-
ton (fluorescence) or by transferring en-
ergy to other molecules through colli-
sions (quenching). In our experiment the
laser beam is expanded into a sheet and
the induced fluorescence is detected
with a multiple-element photodiode ar-
ray. The resulting digital images can be
related to the molecular species concen-
tration in the plane of the laser beam.

For a spectrally broad laser source
with pulse energy per unit area E and
spectral width Av, the number of pho-
tons n arriving from a given collection
volume is

n = n (E/Av) SEN N

where 7 is a function of the optical
system, S is a function of the transition
and the electronic quenching rate, N is
the species number density in the collec-
tion volume, and F is the fractional pop-
ulation of molecules in the initial absorb-
ing energy level. We wish to relate N to n
in such a way that the effects of flow field
variations are minimized. Thus our mea-
surements were carried out at constant
pressure and the molecular transition
was chosen to minimize the temperature
dependence of SF. The remaining pa-
rameters, m, E, and Av, are independent
of the flow field. Preliminary calcula-
tions indicate that the compositional
variation of the quenching rate is small
for the flames investigated. Absolute lev-
els can be obtained by separate determi-
nation of the absolute molecular concen-
tration at a point in the flow, using
optical absorption or saturated laser-in-
duced OH fluorescence (I18).

The experimental arrangement is
shown schematically in Fig. 1. A fre-
quency-doubled, Molectron Nd:YAG-
pumped dye laser (MY34/DL18) was
tuned to the Q; (6) line of the A®S*
(v = 0) « XTI (v = 0) band of OH. The
ultraviolet laser pulse energy was 1 mJ
with a duration of ~ 7 nsec. The beam
was expanded into a sheet (~ 40 mm
wide and 400 pm thick) by use of two
fused silica cylindrical lenses, then de-
flected vertically through Suprasil win-
dows in the combustor. A simple fused
silica lens (focal length, 7.5 cm) imaged
the fluorescence onto the front of an ITT
dual-microchannel-plate image intensifi-
er tube that provided nearly quantum-
limited sensitivity. A fiber-optic bundle
coupled the image intensifier tube to a
100 by 100 photodiode array (6 by 6 mm
active area) that was part of a Reticon
MCS520/RS520 camera system. A Data
Translation DT2782 analog-to-digital
converter interfaced with an LSI 11/23
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Fig. 2. (A) Camera viewing area. (B to E) Selection of images showing
the OH concentration field in two of the flames at x/d = 50, where x is
the axial distance downstream in the flame and d is the fuel tube
diameter (3.2 mm). Images in (B) and (D) are of the laminar flame and
images in (C) and (E) are of the turbulent flame.

computer digitized the output of the pho-
todiode array. The resulting digital im-
ages were stored on floppy disks. Be-
cause the laser irradiance was not uni-
form, its distribution was measured and
used to normalize the fluorescence data.
The fractional absorption of the laser
beam in the flame was estimated to be
negligible, and the polarization of the
laser was arranged to minimize Rayleigh
scattering.

Nonpremixed jet flames (laminar,
transitional, and turbulent) produced in
the fan-induced combustion tunnel
shown in Fig. 1 (/9-21) were investigat-
ed. The laminar flame, characterized by
its nominal cold flow H, Reynolds num-
ber (Re) of 660, had average initial H;
and air velocities of 22.0 and 7.5 m/sec,
respectively. The transitional flame
(Re = 1600) had initial H, and air veloci-
ties of 54.0 and 9.8 m/sec, while the
turbulent flame (Re = 8500) had H, and
air velocities of 285 and 12.5 m/sec,
respectively. The last two flames had
been characterized previously by pulsed
vibrational Raman point measurements
of temperature and major species con-
centrations (19, 21) and by theoretical
modeling studies (20).

Examples of OH images in the laminar
and turbulent flames are shown in Figs. 2
and 3. The camera viewed an area of 3.0
by 3.0 cm and was adjusted so that the
bottom edge of each image corresponded
with the center line of the flame (Fig.
2A). Thus.each element of the 100 by 100
array detected OH fluorescence from a
sample volume of 0.3 by 0.3 by 0.4 mm.
The maximum OH levels (shown in red)
correspond to approximately 6 X 10'¢
molecules per cubic centimeter [based
on the maximum OH concentrations
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measured with single-pulse laser saturat-
ed fluorescence (18)]. Eight levels of OH
concentration are shown in Figs. 2 and 3,
with black indicating an OH level less
than one-tenth of the maximum in each
frame.

The results show that laminar flames
have reaction zone structures with little
shot-to-shot variation in width and posi-
tion (Fig. 2, B and D). Reaction zone
widths (defined as twice the minimum
distance for the measured OH concen-

680 -- 7
1 --
]
©

80

Re 8800

tration to decrease to one-tenth of its
maximum value) measured in the lami-
nar flame from 20 images (including
those in Fig. 2) gave a most probable
instantaneous reaction zone width of 5
mm, with a range of 3.6 to 5.7 mm. In
contrast, the turbulent flame images
(Fig. 2, C and E) indicate dramatic shot-
to-shot changes in reaction zone width,
position, and shape. Most of the images
at this flame position had thin filament-
like reaction zone shapes (Fig. 2C), but
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Fig. 3. Selection of images showing the OH concentration field in each of the three flames at

each of the three locations investigated.
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some broader vortex-like images (Fig.
2E) were observed. Forty images in the
turbulent flame at x/d = 50 gave a most
probable width of 2.1 mm with a broad
range from 1.2 to 9.6 mm. The most
probable width is smaller in the turbulent
than in the laminar flame because of
flame stretching due to increased shear.
The wide range of measured turbulent
flame zone widths may also be due to the
reaction sheet not being perpendicular to
the image plane or to overlapping of
several different reaction zone sheets.

Figure 3 shows representative images
from each of the flames at each of the
positions investigated. The turbulent re-
action zones observed at x/d = 100 and
150 differ qualitatively from the laminar,
transitional, and even the x/d = 50 tur-
bulent reaction zones; pockets appear
that are not attached (at least in the
imaged plane) to the rest of the reaction
zone (see cover). In addition, the reac-
tion zone sometimes does not extend
continuously across the image, perhaps
indicating breakup of the flame sheet.

The results reported here are qualita-
tively different from instantaneous flame
fronts previously measured in premixed
turbulent flames (/7), where the instanta-
neous flame thicknesses were the same
as the laminar premixed flame thick-
nesses (0.7 mm) and were independent of
flame positions in accord with a ‘‘wrin-
kled laminar flame’’ model. Our mea-
surements of nonpremixed turbulent
flames indicate that (i) instantaneous
flame thicknesses are considerably nar-

-rower than in laminar nonpremixed
flames, (ii) flame thickness increases
with downstream distance, and (iii) in
some cases the flame sheet is apparently
discontinuous.

The complex reaction zone structures
that have been observed are in many
ways similar to mixing zone structures in
turbulent nonpremixed flames observed
in Mie scattering studies (9). Such obser-
vations may help shed light on the impor-
tance of reaction zone and large-scale
structures in understanding turbulent
combustion and other reacting flow sys-
tems.
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Turbidity Currents: Monitoring Their Occurrence and

Movement with a Three-Dimensional Sensor Network

Abstract. Detailed field data on the occurrence, flow pattern, and internal
dynamics of both surge and continuous turbidity currents have been obtained with a
three-dimensional array of optical and thermal sensors. The array, operated in a
glacial lake in southeastern British Columbia, collected detailed information on the
character of surge events with velocities reaching 110 centimeters per second and
continuous underflows exceeding 90 centimeters per second. The findings (i) indicate
that such currents are frequent events, occurring with density differences between
the incoming stream water and the lake water as low as 0.19 kilogram per cubic
meter of water, (ii) document the differences in the initiation and internal character-
istics of the continuous and surge events; and (iii) support the concept of erosion by

turbidity currents.

The general laws describing the move-
ment of turbidity currents have been the
subject of considerable laboratory and
theoretical study by geologists, engi-
neers, and fluid dynamicists (/). Yet the
collection of field data on such phenome-
na in differing environments has been
limited to measurements over relatively
short time spans and at only a few mea-
surement points. As Normark (2) and
others have pointed out, this lack of
detailed field observations has left pres-
ent theory with only limited empirical
support. In an effort to provide more
detailed field data, a three-dimensional
array of optical and thermal sensors and
a smaller system of current meters were
installed and operated in a glacial lake in
southeastern British Columbia during
the summers of 1977 and 1978. The net-
work provided both a continuous record
of the occurrence of underflow events
and surge events and data on the inter-
nal characteristics of the flows. To my
knowledge, this work constitutes the

first use of a three-dimensional network
in the study of turbidity currents.

A glacial lake provides excellent op-
portunities for measuring turbidity cur-
rents because of the often high and rapid-
ly fluctuating discharge and sediment
loads associated with most glacial melt-
water systems and because of the dimin-
ished thermal, biological, and pollutant
effects. The particular lake selected for
monitoring is in the central Purcell range
at 51°N, 116°W. Its relatively simple
hydrologic setting, with only one main
glacially fed stream entering it, gently
varying lake-bottom topography, shal-
low mean depth of 5 m, and small size of
less than 0.5 km? made it an ideal natural
laboratory for the study of turbidity cur-
rents (Fig. 1).

The primary instrument network was
designed to monitor the passage of un-
derflow currents down the foreslope and
into the lake. It consisted of 27 sensor
packages organized in a 3 by 3 by 3 array
(Fig. 1). Each package includes a tem-
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