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PREFACE

This report describes the first year’s work on this research contract.
The research , by its nature, requires new and precise measurement and data
analysis techniques in carefully controlled flows with well—defined boundary
conditions. Thus much of the work during the initial year of this research
has involved the development of instrumentation and apparatus. This work is
outlined with reference to publications. The initial results which have been
obtained with the diffusion flame and spray experiments have also been of
sufficient interest to be reported in the open literature. Experimental
investigations of aspects of the diffusion flame structure has received
financial support from the Office of Naval Research (Project SQUID), Sub-
contract No. 8960—30. The Science Research Council, U.K., has recently pro-
vided finance for major items of equipment utilised in this research, i.e.
a high speed camera and improved modules for the laser anemomet ry system.

1. INTRODUCTION

The objective of this research is to obtain increased understanding
of turbulent combustion in flows related to propulsion systems. The specific
approach of the study is to quantify the roles of large eddies (coherent
structures) in these flows; for example their relation to interface burning
regions, residence times, macro and inicromixing, and droplet vaporization and
burning in fuel sprays. Precise measurement techniques, with good spatial and
temporal resolution , must be utilized to permit the specialized conditional
sampling and correlation, data processing techniques which are required for
this ‘coherent structure ’ approach. Thus particular emphasis has been placed
on the development of measurement techniques, particularly laser anemometry,
micro—thermocouples and ionization probes. Ultimately the signals from
combinations of these probes will be simultaneously acquired by computer to
enable specialized and novel data processing techniques to be applied to
measure the structures and histories of the large eddies and the interface
burning regions associated with them. For this fundamental investigation it
is considered of great importance that the boundary conditions of the flows
studied are known precisely and are carefully controlled. This is essential ,
both from the point of view of comparisons with flow modelling approaches and
to enable unambiguous interpretation of data. Thus considerable effort has
been expended initially on the design of the apparatus to achieve this aim.

The investigation concentrates on three main areas:

(1) The structure of an axisynimetric diffusion flame , in a low velocity
secondary flow, developing from laminar initial conditions.
(2) The structure of turbulent fuel sprays: This utilizes a novel laser
anemometry technique for simultaneously measuring droplet sizes and velocities.
(3) A flow visualization investigation , using high speed cine—photography , of
the above flows and also of a range of other flows, e.g. a flame impinging oii a
flat plate .

These aspects are described in more detail below and fuller accounts
viii be found in the papers referenced. ‘°‘ 0

2. DIAGNOSTIC TECHMQUES

During the first year of research emphasis has been placed on the
development of three main measurement techniques which will permit the
objectives of the investigation to be 
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rr~~ Laser Doppler Anemometry (LDA)

The LDA system has been developed, firstly, to improve its accuracy
for real time velocity measurement in diffusion flames, and secondly, to

• . permit simultaneous measurement of droplet sizes and velocities in spray
flames. -

Velocity Measurement

A forward scattering, I watt, Argon—Ion laser anemometer is used.
A counter—processor, developed in the Department, is interfaced with a
PDP—8E computer and a PDP—1l03 microprocessor. During the last year the
optical qualities have been improved by the instalment of a TS1 beam splitter.
A Bragg cell unit has also been purchased. Off axis light collection, at
an angle of 70, is used with a slit aperture to minimise the measurement

• volume dimensions. An extensive , and continuing, series of tests has been
carried out to maximise the accuracy of measurements of instantaneous
velocity. The signal processing and high level validation logic have been
extended and improved. A double counter is used , which counts and compares
the velocities from two sets of fringes. Logic gates are operated from both

• the AC signal and the pedestal. ‘Bad’ signals are also recognised and rejected
by their positions in the velocity probability distribution. The LDA has been
developed and its performance calibrated by using signals produced by a rotating
disk and by comparison with hot wire data for cold flow experiments. Velocity
can be measured with better than 1Z accuracy. The maximum velocity counting
rate, of 2kHz at flow velocities of the order 10 ms 1, is found to be limited
by the maximum seeding levels which can be utilized , which are themselves
limited by fluid dynamic and light scattering considerations.

Particle Size Measurement

The authors have described 1 a technique for simultaneous measurement of
particle sizes and velocities by measuring the peaks of the pedestal signals
produced by particles crossing the LDA measurement volume. This work has
continued during the last year, under AFOSR support , and the use of various
LDA optical geometries has been studied and re~orted .

2’3 At the 17th .
International Combustion Symposium the authors4 described the application of
the technique to a kerosene spray flame. The development and proving stage
of this technique has now ended and work has begun on its application to
study the structure of turbulent fuel sprays. In brief, single and joint
probability distributions of signal peak and velocity, derived from several
thousand fuel droplets, are converted to droplet size distributions and size—
velocity correlations by using light scattering analyses, backed up by
calibrations using a TS1 monosize particle generator. Particles can be
measured in the range of, at least, 15 ~jini 1

~ d ~i 3OO un~ and with number densities
up to 1010 m 3. The major restrictions are that the particles should be
near—spherical and with known optical properties.

Micro—Thermocouples.

The micro—thermocuple technique has been developed to permit point
measurements of fluctuating temperature with accuracy up to at least 2kHz.
Emphasis has been placed upon computer processing of signals with the aim of
simultaneously acquiring signals from several thermocouples and also from
combinations of thermocouples and other probes; to permit, for example ,
velocity—temperature cross—correletion measurement. The authors have reported5

on the use of a computer interfaced thermocouple and have described the new
technique for measuring thermocouple time constant in situ in flames: A square
wave overheating current is applied to the thermocouple. The temperature decay



curve after each pulse is acquired and ensemble averaged over several
hundred pulses. The fluctuations caused by flame temperature fluctuations
are thus averaged out and the resulting smooth decay curve is used to derive
a value for the time constant and to indicate variations from the first order
compensation assumption. Techniques have been developed for manufacturing
thermocouples from Pt — Pt/13Z Rh wires and also Pt/20% Rh — Pt/40% Rh wires.
Diameters used depend upon flame conditions, and range from 25 pm to 75 pm.

Ionization Probe

A flame ionization probe has been constructed and tested. The probe
consists of a 1 mm length of exposed Pt electrode formed from the end of a
Pt wire which runs the length of a coaxial water cooled stainless steel tube.
On application of a potential of 20V between the central electrode and the
outer tube, a current flows which is a function of the ionization level in the
close vicinity of the electrode. Although an ‘intrusive ’ probe the technique
has the advantage of a very high frequency response and it is ideally suited
for the detection of interfaâe burning regions. The use of the signal as
a trigger for conditional sampling of eddy/interface structure is being
investigated.

Flow Visualization/Photography

A ‘Hadland’ high speed camera has been purchased. This is capable of
a framing rate of up to 10,000 pps. It has the important facility for super-
imposing probe signals on film so that observed structures can be correlated
with simultaneously acquired point measurements.

The camera is used to observe flames directly and also by using Shadow—
graph and schlieren techniques. A large schlieren system, using 600 diameter
mirrors, has been set up to investigate the diffusion flame experiment.

A ‘Polaroid’ technical camera an d a double spark unit have been set up
on three dimensional traversing units for investigations on the fuel spray
apparatus.

A Quantimet image analysis computer6 is used to analyse photographs of
• sprays, as reported by the authors.

Digital Signal Processing

The aims of the investigation require particular emphasis on digital
signal _acquisition techniques. Various interfaces have been constructed for the
different techniques described above. Programmes have been developed for the
acquisition of signals and the derivation of probability distributions, spectra
and correlations. In particular, when very large numbers of signals are
required, a PDP 1103 and 8E computer have been combined in a “buffer” system
so that the disk of the 8E can be filled with data, essentially without a break.

3. APPARATUS

Diffusion Flame Experiment

Apparatus has been constructed which produces an axisyminetric flame from
a 25.4 mm diameter nozzle, surrounded by a 400 mm diameter secondary air flow
(as described by the authors in Ref. 7.) Great effort has been exerted to
achieve laminar boundary layers , uniform velocity profiles and low (< lZ)



turbulence levels in the nozzle and secondary flows. These requirements
• were found to be difficult but not impossible, to satisfy, because of the

particular problems produced by the high density of seeding particles in
the flows required for LDA measurements. The LDA system is fixed and the
complete nozzle and secondary flow assembly is traversed radially and
axially. The primary nozzle flow is propane with some air (carry ing seeding

• particles).

Fuel Spray

An atomiser is positioned at the lower end of a coaxial vertical duct of
275 mm diameter. The gas flow conditions in this duct can be varied from
laminar, cold uniform flow to either laminar or turbulent heated or vitiated
flow. This apparatus permits the study of vaporizing or burning sprays with
carefully controlled boundary conditions. The apparatus has facilities for
investigating up to 1 m lengths of spray using spark photography, thermocouples 4
and sampling probes. Work is in progress to guide the LDA beams into .this rig
to permit simultaneous particle size and velocity measurements.

4. EXPERIMENTAL RESULTS

Diffusion Flame-

The initial experiments are concentrating on studying one flame in detail ,
with emphasis, firstly , on determining the initial conditions and the development
of the turbulent flame in the transition region near the nozzle (see Ref. 7.)
The experiments are comparing the structure of this transition region for the
cases of burning and non—burning versions of the same initial flow . It is
considered important to understand thi s relatively orderly vortex—flow before
studying the ‘ful ly  turbulent ’ downstream f lame in detail. This is because the
turbulent f lame is dependent on the initial conditions , for example flow visual-
ization shows that interface burning regions associated with vortices in the
transition region can still be ident if ied far downstream in the turbulent flame .
This has importan t repercussions from the point of view of residence times and
pollutant formation. Measurements of temperature , velocity and vortex passing
frequencies have been made in the transition region with U~j = 6.3 m/s , Re i0~
and U 5 = 0.73 ni/s . The fue l /a i r  equivalence ratio of the propane/air premixe d
flow is 10.4 and the total visible flame length is approximately 1.5 ni.

The major physical processes of vortex formation and coalescence in the
init ial  region of mixing layers of je ts  appear to be similar for cold and burning
conditions . In both cases , wave instabil i t ies develop in the laminar flow and
vortices are forme d which have significant  periodicity . Coalescence of
distorted vortices results in the establishment of turbulent flow and this can
be identjfied by high—speed cine photography and from major power spectra. For
Re of 10”, coalescence in the flames occurs between 16 and 20D, compared with
x<2D under non—burning conditions. Regions of flame luminosity indicate that
reaction is occurring predominantly at interfaces which bound individual vortices.
Wave instabilities in vortices are identified by luminous axial streaks. The
luminous streak s mark the azimuthal y d i s t r ibu ted  troughs of ring vortices and

• are caused by quenching and/or oxygen starvation . Approximately 12 waves are
seen to form around the circumference of the f lame but the number of waves
(and streaks) is a funct ion of the Reynolds number. Downstream of t r ans i t ion
detached islands of flame can be seen to be extinguished , due to detached fuel
eddi es , local quenching and local oxygen starvation.

Significant differences are measured in vortex passing frequencies and
Strouhal numbers for burning and non—burning conditions. The high value s of
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St between 1 and 2 in the first 2D of the non—burning jet are not detected
under flame conditions . For the particular flame studied St is 0.4 at 8D
and decays to 0.15. Coalescence is random in both cases but, in the fl ame,
separation distances are larger, resulting in lower vortex passing frequencies.

Combustion causes temperature , density, viscosity, conductivity and
molecular diffusion changes of the order of one magnitude. Buoyancy forces
are generated, due to density differences and density change results in
expansion, which must manifest itself in radial expansion and/or acceleration,
so as to accommodate the increased volumetric flow rate. The results obtained
so far from the present study suggest that the changes in kinematic viscosity
have been the most important factor in the transitional flame in the very
significant changes seen at Re lO~ . The initial region is stretched in the
axial direction from 3D to 2OD. The potential core length is increased and
the rate of growth of the mixing layer is reduced. This stretching is not due
to increased convection speeds, but is caused by the delay in the establishment
of turbulent flow. The fundamental mechanisms of potential flow, causing the
roll—up of the interface, remains but , through the action of increased kinematic
viscosity, instabilities are damped. The net effect is roughly equivalent to
reducing the Reynolds number. The detailed mechanisms of vortex growth and
the physical structure of mixing layers in flames are now being investigated in
much greater detail using the cross—correlation and conditional sampling
techniques required for studies of coherent structures.

Fuel Sprays

The authors have described 3’4 the application of the LDA par t i c l e  s iz ing
technique to measure droplet size dis t r ibut ions  and s ize—veloci ty  correlat ions
in a kerosene spray . Temporal size distributions were measured at the same
positions under burning and non—burning conditions. Comparison of distr ibutions ,
in terms of local liquid phase volume f lux as a function of diameter , showed
clearly the preferential  vaporization of smaller droplets . Size — ve l oci ty
correlations clearly demonstrated a variation in the local average velocity for
drop lets , as a function of drop let diameter. By assuming that the smaller
drop lets move with the local gas velocity , averaged local droplet Reynolds
numbers can be derived as a function of droplet diameter.  The variance of
droplet velocities was found to be highe r for the smaller droplets , which is
expected as, the smaller the droplet , the more closely it should follow the
turbulence fluctuations.

Flow Visual iza t ion

In addition to obtaining f i l m s  of the flows out l ined above , t he authors
have established a ‘library’ of films of combustion flows, with concentration
on the identification of the larger eddies and coherent interface burning regionc~.
Films of a diffusion flame impinging on a flat plate have been taken for various

• initial conditions. These clearly show the formation of vortex ring eddies
and their  subsequent breakdown into three—dimensional eddies .

5. CONCLUDING REMARXS

During the first year of research instrumentation techniques and apparatus
have been developed for the measurement of turbulence structure in diffusion
flames and fuel sprays, with emphasis on the rules of the large eddies and
coherent interface burning regions. The initial experiments have clearly
demonstrated the importance of large scale structure , its developmert froir
transitional structures and the interaction between combustion and the
formation of these structures. The new LDA system has clearly demonstrated
the interaction between the turbulent gas flow and the droplets in the fuel
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spray. Work is now in progress:

(1) In the diffusion flame, to more fully map the transitional flame and
also the downstream turbulent region. Emphasis will be placed on simultaneous
measurements by several probes, to permit conditional sampling comparisons
with flow visualizations and comparisons between burning and non—burning flows.
(ii) In the fuel sprays, a systematic investigation of spray structure using
the new measurement techniques.
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