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ABSTRACT

- \ The more important results and developments achieved as a direct

result of this contract are as follows:
A model for the calculation of turbulent flows was constructed which
incorporates effects of Reynolds stress relaxation and the generation or

destruction of turbulent energy by rotation, The model was verified

-~

by comparison with experiment, It was then used to predict the properties

of isolated turbulent vortices and applied to the turbulent mixing layer,

in particular to the formation and interaction of the organized structure
in the mixing layer. An alternative approach to the mixing layer in which
it is modelled by a rolling-up vortex sheet between fluids of different
density has also been formulated,

Calculations of strained flame elements for use in the coherent
flame model of H; , F combustion showed that only at very high strain
rates was sufficient vibrational nonequilibrium produced to be of interest
for a chemical laser, This result is reflected in the fact that only in the
early portion of the jet, where strain rates are a maximum, does this
vibrational nonequilibrium occur,

Experiméntal results were obtained in a new facility and by a
new technique, for the amount of reaction product obtained between two
chemically reactix;g aqueous streams, Results at high and low Reynolds
number showed the dependence of the mixing on Reynolds number and
Schmidt number, A transition Reynolds number region was found and the
nature of the generation of small scale motions which dominate the forma-
tion of reaction product was explored,

y A new facility to explore energetic reactions with substantial heat

release has been designed, is being built, and should be used for the
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first measurements in the summer of 1979, The design problems were
formidable but the facility is unique and offers the prospect of obtaining
new and very important data with which to compare existing models, As

a result of the design, the range of problems and parameters that can be
studied in the facility and the possibilities for the development and applica-
tion of new instrumentation and diagnostics are very great,

State-of-the-art, very high speed and precise laser Doppler velocity

measurements were completed under this contract, The acquired expertise
will find application in the turbulent combustion experiments, It has
already been applied with considerable success up toa Mach number of

2,2, The extension of two-point velocity measurements has now been

made and a multipoint multichannel LDV system has been designed and

is nearing éompletion.

A laser induced fluorescence technique was developed and success-
fully applied to the observation of turbulent mixing in a water jet, It
allowed the direct observation of a concentration field to the smallest
turbulent scales. Both direct photographic techniques and imaging of a
line on a 1024 detector Reticon array have been used to obtain the data,
Image processing will give quantitative measurements of the concentration

field and potentially an inferred velocity field,

Accession For [




II, INTRODUCTION

The general aim of the research carried out under this contract
was a combined attack, both experimental and theoretical, on the
problem of trying to predict and understand chemically reacting
turbulent flows. This major contract made it possible to focus a wide
diversity of interest and expertise at Caltech on the problem, As a
result, four separate but overlapping tasks were identified and described
in the first proposal, two concerned with predictive models and two
with experiments,

Section III is a summary of the progress made in each of these
tasks, Section IV lists the publications derived from this research
and also lists the seminars, presented papers and invited lectures given
by GALCIT faculty, research fellows and students on the work, Section
V is an appendix which includes details of the research referred to in
each Task summary but may not yet be available as a final publication

in the open literature,

This research was sponsored by the Air Force Office of Scientific

Research (AFSC) and the Air Force Weapons Laboratory (AFSC), United

States Air Force.
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III. GENERAL SUMMARY
TASK I, A Study of Turbulence Models and Applications
Principal Investigator

P.G. Saffman

The problem of developing a turbulent model that would allow the
quantitative examination of the int eraction or organized turbulent structures
was considered, One of the main features of the large eddies is the presence
of mean vorticity or mean solid body rotation. To deal with their interaction,
it is necessary to have a turbulence model which has been demonstrated to
be effective in the presence of rotation, Two important physical effects
need to be taken into account, First, there is the generation or destruction
of turbulent energy by rotation and, second, there is the relaxation effect
of the Reynolds stresses in following the rotation of the principal axes of
strain,

A model was developed which appeared to contain the essential physics
of turbulence in rotating fluids and tested by comparison with the experi-
mental data on turbulent flow in the gap between rotating cylinders, The
model was then applied to determine the structure of an isolated turbulent
vortex and the coalescence of turbulent large scale structures in the
turbulent mixing layer, In the first application, the existence of a
similarity structure for the decaying turbulent vortex was demonstrated
with an inner laminar core whose size is inversely proportional to the
Reynolds number, In the second application, a turbulent time-dependent
spatially -homogeneous mixing layer was calculated from the model
equations, A small disturbance with wavelength equal to that of the most
unstable disturbance of the associated Orr-Sommerfeld problem was

imposed and followed to finite amplitude, This temporally developing

¥




mixing layer, instead of the spatially developing one, was considered for
reasons of computational cost, The growth of the disturbance into two
noticeable eddies which then coalesced was followed, It was concluded
that turbulence models can be constructed which will allow the description
of the interaction and coalescence of organized structures,

Work was also started on an alternative formulation of the mixing
layer in which it is modelled by a rolling-up vortex sheet. The equations
of motion of the vortex sheet have been formulated as a singular, non-
linear integro-differential equation, The mathematical problems

association with this equation are, however, severe,




TASK II. The Coherent Flame Sheet Model for Turbulent Chemical
Reactions
Principal Investigator

F.E. Marble

In order to adapt the coherent flame model to the H-F chemical
laser, an extension of the theory was demanded that developed into a
more serious task than had been anticipated, Before beginning the
analysis of turbulent jet structure, calculations of laminar diffusion
flames under various rates of strain were required, This was accom-
plished through use of the Blottner code, obtained from TRW and the
Defense and Space Systems Group, and reworked for the computing
facilities at Caltech, In order to achieve the degree of vibrational inver-
sion that we considered appropriate, it was necessary to strain the flame
at rates far in excess of other computations we have made, Strain rates
of 10* sec-! showed a first indication of non-equilibrium vibrational
states while strain rates of 107 sec-? achieved a large degree of total
inversion. This strain rate was accompanied by a distinct change in the
laminar flame structure,

Where the strain rate was generally less than 10° sec™?, the flame
behaved very accurately as if the reaction rate was infinitely fast, at
lezst so far as the reactant consumption rates are concerned., Thus the
reactant consumption in this range was ~+/De where D is the appropriate
binary diffusion coefficient and ¢ is the strain rate, The numerical
calculation gave the factor of proportionality and its dependence upon
reactant concentration, The strain rate, entering only in the manner

shown, demonstrated that the consumption rate was controlled by




diffusion and totally insensitive to chemical rates. On the other hand,
when the strain rate was greater than 10® sec™®, the reactant consump-
tion varied as ¢ ‘t. Examination of the results showed that the flame
was chemically limited in this range and that the chemically active zone
filled the entire flame thickness, It was then clear that the proper form
of the reactant consumption rate for large values of ¢ was ~:—c~/D/e
where J/D/ec is proportional to the thickness of the reaction zone and

T isa chemical time, For the entire range of strain rates, the reactant

consumption rate is

l+'rce

which behaves as /D¢ for strain rates ¢ << 1/ T. and as (l/'rc) v D/e
for ¢ >>1/7_.

To accomodate this more complex burning law, the entire integral
formulation was reworked, This extended model was used in the study
of a circular jet of hydrogen issuing into a background of stationary
atomic fluorine, Calculations were made of the distributions of flame
surface area chemical species, and vibrational states of HF at several
values of z/d along the jet axis, The calculations were done also for

Wor
two values of —%—S , where Wy is the initial jet velocity emitted from a

nozzle of diameter d. This parameter essentially determines the quantity
T.¢ and hence, according to the above relationship for the reactant

consumption rate, accentuates the type of flame structure that leads to

non-equilibrium of the vibrational states of HF,

This work is covered in detail in Appendix C which will be

available as a GALCIT Technical Report,
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TASK III, Dilute and Energetic Chemical Reactions in Turbulent Flow
Principal Investigators:

A. Roshko and G. L. Brown (since October 1978)

A. Isothermal Chemical Reactions in Turbulent Flow

The blow-down water channel facility was utilized fully during the
present reporting period for several investigations of turbulent free shear
layers and wakes. The principal experimental techniques made use of
the visible (red) reaction product which is produced when the reactants
phenolphthalein and sodium hydroxide mix chemically in the turbulent
mixing region, Flow photographs and movies were used to obtain
information about the large- and small-scale structure of the flows
and a light absorption technique was used to infer the instantaneous
amount of visible product,

The main results of the past year's research are as follows:

1) At high Reynolds number (Re) the mixing in the shear layer is
independent of Re and, based on a comparison with previous measurements
of Konrad in a gaseous flow, at most only weakly dependent on Schmidt
number (Sc = %),

2) At low Re the mixing is a strong function of Sc.

3) A transition region exists in which small scale, three-dimen-
sional motions are introduced and develop in the layer. They are super-
imposed on the large, quasi-two-dimensional vortex structures. These
small scale motions generate a very large reaction interface area and
strain rate, thereby permitting the mixing rate to be as large as the
entrainment rate of fresh reactant into the shear layer, The transition
appears to be determined mainly by the initial conditions of the shear

layer rather than by the large scale Reynolds number, The parameters




which seem to best characterize the transition are the development

distance x/6, based on the initial momentum thickness and the Reynolds

U, 6,

number of the boundary layer on the high speed side,

4) The wakes from a blunt and from a sharp trailing edge of the
splitter plate were also found o exhibit a mixing transition across which
the aqueous mixing increases by an order of magnitude or more. Again
the physical explanation is in the emergence of small scale motions in
the transition region, At large Re, the wake mixing is likewise
independent of Re,

Reference
Konrad, J.H. "An Experimental Investigation of Mixing in Two-Dimen-
sional Turbulent Shear Flows with Applications to Diffusion Limited

Chemical Reactions', Ph,D. Thesis, 1977, California Institute of

Technology.
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B. Energetic Chemical Reaction in Turbulent Flow

Work on the overall design and fabrication of this facility continued,
The major recent work has been in the final design of the upstream
contraction, test section, and downstream gas cooling, scrubbing and
collecting region, Construction is presently underway at the Caltech
Central Engineering Shop. The major concerns have been material
compatibility with Fluorine, compatibility with corrosive and high-
temperature HF, machining costs and overall safety. Safety remains
a prime concern as both Fluorine (Fg) and the reactant product
Hydrogen Fluroide (HF) are highly corrosive and extremely toxic,

The main results of the past year's work are as follows:

1) The apparatus has been moved to what was formerly the
""Clean Air Car Laboratory' from its former location in the Guggenheim
penthouse, The major reasons for this move are (i) availability and
(ii) preferable, particularly from the safety standpoint as this location
is much more accessible, affords more room for working and allows
more isolation in terms of the exhaust gas containment, Since the
experiment is to be performed here in the heart of Caltech, containment
is considered one of our strongest safety requirements because of the
toxicity of the F; and HF and their low threshold limits (0.1 ppm for
F,; 3 ppm for HF), The pipe link that joins the high pressure supply to
the reactant holding tanks has also been completed,

2) The two adjustable metering valves have been built. Each is
made of a 316 stainless steel housing into which the reactant gas enters
and then chokes through a series of 8 rectangular slots which are milled
into a Monel tube, The choked area is variable by means of a movable

stainless steel piston, With 100 psi (6.9 x 10® N/m?®) inlet pressure

——
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the mass flow rate is continuously adjustable up to 1,5 kg of Nitrogen

per second,

3) A modularized design for the test section has been adopted.
It consists of a series of sections linked together in the downstream
direction. Each section has been optimized in terms of our three
requirements of material compatibility, cost and safety.

(a) The contraction section: overall 27 x 46% x 9% inches

(69 x 118 x 24 cm). This part contains the settling chamber, screens
for turbulence management, splitter plate and the contraction. Stainless
steel was found to be excessively expensive and somewhat questionable
as to its stability in the presence of rapidly flowing Fg (approx. 100 m/s),
The final design, presently under construction, uses TFE Teflon sheet
for containment of the flowing F3 and aluminum jig plate for overall
structural integrity, The Teflon is bonded to the inner surface of the
aluminum plate using PR-1730BT, a Viton-based adhesive, which is
the only such material that we have found that is stable in both stationary
and flowing gaseous F,;. (Thesetestswereperformed by C. Moran at b
JPL as part of their compatiblity studies. )

The final design has been commented upon by groups working with
F, at TRW and JPL. It appears to be entirely satisfactory and con-
struction should be relatively fast and much less expensive than it would
have been in stainless steel, ‘

(b) The test section: Overall 14 x 26 x 10 inches (36 x 66 x

25 cm). The main reaction occurs at this station and stainless steel
has been used for compatibility reasons, It consists of a 316 stainless
steel box framework with easily removable glass sidewalls for accessi-

bility, Clear-through visibility allows for optical studies (shadowgraph,
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schlieren, LLDV) of the mixing layer in the sideview, The top and bottom |
walls are also of glass and allow for similar study of the planform of the
mixing layer. A traverse mechanism platform can be substitute for

- the top and bottom walls, while accessibility remains through the side-

walls. Some parts of the traverse mechanism will be subjected to hot

HF attack and those parts have been made replaceable, Provision has

T ————
e 5 .

also been made for film cooling of the sidewalls by injecting cool

Nitrogen at the beginning of the mixing layer., Etching of the glass by

the HF and thermal shock due to heat release are considered the major
problems and film cooling may be required only in the maximum heat
release cases (temperature rise of 1000° C),

Drawings for this section are complete and construction will begin

immediately upon completion of the contraction section,

(c) The diffuser/afterburner section: This divergent section
allows the reaction to go to completion before the exhaust gases are
discharged downstream into the exhaust gas section,

(d) The exhaust gas section: The design problems associated
with collecting or processing the hot and highly toxic exhaust gas in a
built -up environment like Caltech are formidable. Because of the
large flow rates associated with this facility, processing of the hot
exhaust gases on the fly and discharge to the atmosphere were initially
considered as impractical because of the extremely low concentration
o exhausted HF or Fg3 which could be considered, In particular, packed
absorber beds commonly used in chemical laser or rocket engine work
are totally unsatisfactory because of size, pressure drop and time to
reach stzady state conditions, Some typical magnitudes for the present

facility are as follows:
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mass flow rate on one side of layer ~ 1 kg/sec
maximum molar concentration of Fg ~ 5%
maximum temperature rise ~ 1000°C
initial volume (2 reactant tanks) at ~ 30 ft® (,85m®)
100 psi (6.9 x 105 N/m?
typical heat release ~ 10® J/s
final volume at ~ 1000° C and ~ 800 ft* (22.6m®)

1 atmosphere pressure

Collecting 800 ft® of corrosive and toxic gas at 1000° C, and then
subsequently scrubbing presents a substantial problem, A heat exchanger
and gas containment gas were designed for the facility and appeared to
be a possible solution, The design is briefly described below. More
recently, however, after discussions with J, Ortwerth and using some
results on HF/F3 scrubbing obtained at the Boeing Research Laboratory,
it has been decided to replace the heat exchanger and gas containment
bag by a system in which 5% sodium hydroxide solution is sprayed in a
fogjet into the exhaust gas to cool it to about 100° C and partially
neutralize the HF and Fj;., The final volume to be handled will now
be significantly reduced and probably no more than 300 ft® (8.5 m?),

The exhaust gas and carryover spray are then caught in a large teflon
bag and subsequently scrubbed and discharged to the atmosphere, this
latter process occurring at a much slower rate, Some additional work
remains to be done on the caustic spray system be fore the design is
complete,

(1) Heat exchanger and gas containment bag: This design
was pursued at some length because of its many intrinsic advantages.

It will not now be built, however, and has been superseded by the

1o
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scrubbing system outlined above., The exchanger was designed to
remove approximately 10° J/sec for four seconds using a thermal mass
concept, Fifteen laminar flow elements, each consisting of many
closely spaced stainless steel plates precooled with liquid nitrogen,
would reduce the exhaust gas temperature to typically 100° C, This
exhaust gas is then trapped in a large stainless steel, very thin sheet,
bag of a metal bellows design (10 ft by 10 ft), A teflon bag was not used
so that the system would be failsafe. As before, the trapped gas would
then be neutralized at a slower rate,

(2) Gas feed system: Finally, the supply lines and valves
for transferring Fg from the high pressure supply bottles to the
reactant tanks remains to be built, We have had useful inputs from

JPL on this design and forsee no major problems here,
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TASK IV, Advanced Instrumentation and Measurement Techniques
Development
Principal Investigators:

P.E, Dimotakis and H, W, Liepmann

A, Laser Doppler Velocimetry

1) High speed flow measurement, The experiments, data
reduction and analysis on turbulent boundary layer measurements of
mean u, v, u',v', and u'v' in high speed, high Reynolds number turbulent
boundary layers were completed during the contract period, Preliminary
results were presented at the Third International Workshop on Laser
Velocimetry, at Purdue University in July 1978 (see Appendix D), The
final results will be published as an AEDC report, under whose sponsor-
ship the work began. A pre-print of the report, by Dimotakis, Collins,
and Lang is appended (Appendix E), We believe these measurements
constitute the state-of-the-art in precision high speed laser Doppler
velocimetry, which also specifically addressthe difficulties in making
measurements in the vicinity of solid boundaries (walls).

In these measurements, a flow Mach number range of 0.1 to 2.2
was covered in two differant facilities (GALCIT Merrill Wind Tunnel
at M ~ 0.1 and the 20" JPL Supersonic Wind Tunnel for the higher speed
flows), As a result of our measurements, we were able to show con-
clusively that the discrepancies that had arisen in the past in high
speed flow measurements of the Reynolds stress in the vicinity of walls
were unrelated to compressibility effects, as opposed to what had
originally been claimed. We were also in a position to make investiga-
tions into the nature of turbulent transport in the vicinity of the viscous

sublayer which, even though it is usually only a small fraction of the
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turbulent boundary layer thickness (typically ~ 0,001 boundary layer

thicknesses at high Reynolds number), can have significant effects that |4
extend over the lower 20% of the turbulent boundary layer,
2) Multipoint, multichannel laser Doppler velocimetry., The

design and fabrication of the electronic components of the multipoint,

multichannel laser Doppler velocimetry system is proceeding satis-
factorily even if a little behind the schedule we had hoped would have
been possible, The design is by now complete and the effort is presently
expended in the fabrication and assembly in a manner that will render
the manufacture of additional channels as inexpensive as possible,

To this end, computer aided design and computer aided manufac-
turing (CAD/CAM) techniques have been used wherever practical, In
particular the special purpose wire wrap/printed circuit boards, on
which the system is being assembled, were designed on the computer,
which also computed and stored the coordinates for the 7, 000 holes
that had to be drilled and generated the artwork on a digital plotter,

The resulting plots were then used to generate the negatives used

to etch the printed circuit boards., Reduced copies of the resulting
board etch pattern are included in Appendix F, The drilling was {
subsequently done by using the computer to feed the stored coor- ]
dinates of the holes to a digital 3-axis positioning table on which a

precision 45, 000 RPM drill motor (fitted with tungsten carbide drills)

e

was mounted,

As of this writing, the high speed analog front end signal

processing circuitry for four channels has been fabricated. We anti-
cipate that the first measurements using the new system will be realized

during the current calendar year and that it will be available in time
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to be used in the high heat release combustion facility presently under

construction, 1 ‘
Concurrently with the design and fabrication of the multichannel

system, we were able to measure at the same time the velocity at two

points in a high Reynolds number, two-dimensional shear layer, This

was possible through a modification of the existing processor that

allowed the signals from two optical channels to be time multiplexed into
a single digital processor, thereby essentially measuring the selected
velocity component at two points in the flow simultaneously., The results
are summarized in a paper submitted to the AIAA Journal for publication,

A pre-print of this paper by Koochesfahani, Catherasoo, Dimotakis,

Gharib and Lang is appended. The measurements and resulting new

conclusions, that were made possible by our ability to monitor velocity

at one additional point in the flow, suggest to us that our efforts at truly [

multipoint measurements should yield a wealth of new information about %
.

turbulence.
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B. Laser Induced Fluorescence,

One of the most rewarding parts of the research under this task
has been the development of the Laser Induced Fluorescence (LIF)
technique. This has allowed the positive identification of the concentration
field of one of two aqueous mixing species that is labeled in terms of a
dye that can be selectively excited to fluoresce by a laser illuminated
field (beam, sheet or volume). The technique not only allows flow
visualization under conditions that are inaccessible by conventional flow
visualization techniques, but also allows quantitative measurements to
be made since the fluorescence intensity emitted from a point in the
flow is linearly dependent on the concentration of the fluorescing dye
and the local intensity of the laser field.

As of this writing, two methods of acquiring data that result from
this technique have been used, The first method utilizes the laser as a
sheet illumination source and records the data photographically by
focusing the plane illuminated by the laser on the image plane of a 35 mm
camera, Examples of data recorded in this fashion appear on Figures
2a, 6, 7, 8, and 9 of Appendix H. The second method utilizes the laser
as a line illumination source (beam) and images the illuminated line on
a linear charged coupled device (CCD) detector array of 128 or 1024
detectors that are electronically scanned at high speed to produce a
sequence of synchronous voltages that are proportional to the light
intensity incident on the corresponding detector, These voltages are then
used to modulate the intensity of a cathode ray tube beam which is driven
by a raster scan pattern synchronously with the electronic scanning of the
detector array, The resulting pattern on the CRT screen is then photo-

graphed to produce an image corresponding to the concentration of the

labeled mixing species on the illuminated line as a function of time.
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Examples of data recorded in this manner appear on Figures 4 and 5
of Appendix H.

Several important discoveries were made possible by this new
flow diagnostic method, It was possible to determine, for example, that
entrainment of irrotational fluid into the turbulent region of a jet was
by means of a mechanism not significantly different from the mechanism
that was found in the two-dimensional shear layer., In particular, it was
found that entrainment does not proceed as the result of a diffusive
process of a turbulent - non-turbulent interface, but rather as a result
of the induced velocity as a result of the large structures that are also
found in the turbulent jet, Secondly, it was established that, at least in
the case of water (high Schmidt number) it was possible to find unmixed
reservoir fluid all the way to the axis of the jet, contrary to the conven-
tionally accepted ideas in this matter, Thirdly, it was also established

that the notions of intermittency and a turbulent region that is separated

from the non-turbulent region by an interface that is topologically relatively

simple are of questionable validity, Lastly, evidence was found that the
structures in the turbulent jet grow in size by a mechanism akin in many
ways to the coalescence process that is dominant in the two-dimensional

shear layer. These are important observations because they suggest that

the organization of turbulence that was found to exist in the two-dimensional

shear layer may also be found in other turbulent shear flows. This leads
us to hypothesize that all turbulent shear flows are organized to a lesser
or greater extent, depending on the topology of the geometry, in a

hierarchy of flows that places the organized wake of the circular cylinder

on top.,

e
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It should be emphasized that all these conclusions were made

possible by the fact that the data that result from the Laser Induced

Fluorescence measurements are field measurements as opposed to | 3

%‘ . point measurements, The information regarding the structure of the b
various flow patterns that were observed would simply not have been :

available by measurements on fewer dimensions, A preliminary report

of some of the early conclusions is included in the form of Appendix H,




C. Acoustical Imaging

Transmission of sound waves through a given flow field can be
utilized to extract information about the flow, Since a temperature
change is the principal cause in changing the speed of scund, trans-
mission imaging was demonstrated by using a steady plume as the object,
A heater was mounted at the bottom of a water tank, while two piezo-
electric probes were rigidly connected and traversed through the tank
(Fig. 1). A pulse generator triggered a function generator to generate
3 MHz sine-wave bursts of about 50 msec duration, which were fed into
the transmitter probe, The receiving probe picked up the sound bursts,
whichwerethen amplified, bandpass filtered and averaged, The plotter
recorded this signal, which is a measure of the transmitted sound
amplitude, as a function of the traverse position. Figure 2 shows such
a plot while Figure 3 shows the actual temperature variation through the
plume as measured with a thermocouple, As expected from ordinary
shadowgraphy, the acoustic trace shows the second derivative of the
thermocouple trace, where the amplitude decrease in the center is due
to the deflection of the center rays out from the center,

In order to investigate unsteady flows, an acoustical sensing array,
comprised of 100 piezoelectric elements in a line, has been designed and

fabricated, Each element measures ,035'" x 0,5'" to give a total length

of 3.5"., Since utilizing sound waves give the opportunity to measure also

the phase of the signal directly, processing electronics are under design
to extract amplitude and phase from the incoming signal, which will then
be recorded in digital form ontape as a function of time, The recording

speed is designed to be 500 frames/sec, The unique feature to have
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amplitude and phase available at the same time allows one to obtain

various images from the same recording, e.g., amplitude only images

and phase only images. It is also possible to apply various numerical

reconstruction techniques like Fresnel Transforming, which require

the knowledge of both amplitude and phase,
It is planned to apply this technique in a gas flow using sound
frequencies of about 350 kHz. Since the speed of sound is a strong

function of the temperature only, an acoustical image can give com-

plementary information to the optical image., Another application is a

flow situation, where light is too sensitive, like in the HF mixing layer

facility,

3
2
*
{va
3




131914

4339 W3707
swi v:»h.

OILYWIHOS 1 @andrg

e e T

103043u3p

W———

uorjound

40304339

TN




M ST IV aWNTd 40 IOVWI NOISSIWSNWEL FANLITIWY OILSNOOY ‘'z @andrg

e f L Ly oo

T 0 0 R I A 1 A
: L P N R . PN ek N
w, ) NS 8 * Lw‘ 1 (IS S5 O 1S 1) 8% * T Locwl.l-.
w i - .,T.% —_—— J.Ll_l_rr. —
; i 54 1) ; SRR b R [t el
i 5
- " o~ |.‘|,...||wT<|7.l .

“ < l_‘l‘.r.l : l. . ‘ -
< b % e .blo.g.- L
y .l - —— - -
. i e
) B e -
N : . A
| | | § 1ot songs ol -
¥ P gy~ % H (‘1_‘. y { - s
S AR E A RN “ OOO.~ 7
b bV b R L : ! Y SR g
e £ Tl .ﬂ ! il { ! ge .m.lmlu. e
RREAERREE " LS RERBE N = i oS
8 |5 e 1 L _ _ i 18 =
_ R IR 30 K s m . 2R RN b Alav 4
RS Ay f-f- Aol T a- nait g o\ JCL | .
Fhorid p w it/ SLED R B RS o -
' ‘ Bl [ Y _ _ | m s_.m “ " by | s e -
! i § = bnf t _; ﬂ-" o fsfais § ! ",_4_ -4 —+———] - - el
| | ;¢ 3 '
R s EEEE NSRRI RN ER sty f s -
: vl _ M 1 1 i _ ! m b ] - : I I .rLl.....ld-
. 1 ‘.. A N R - { {er 11 : i - Ho.v.».llli'4 1
e | R ek | —
1108 R e | W s ) R ) S R R A1 % I T o BT 6 T PRI (SRR (R
N W = e -u*-ﬁn |~.: 7 %) E——
TR P ._-_;‘_x il sle = N I O B0 { .._-. *. - m kil e s
ki S e R SERSEREY ipnksNan i REnE oM e




M ST IV 3WNTId HONOYHIL NOILAGIVISIA MHAIVIAIWAL ‘¢ 2an3rg

! o e P
: : I HEEREE e
5 B m ! ! EREE .

o e s

B e T e B e
V3 i ' ¥

I
|
dew o
(R0
1
i
)
L
T
2 e
!
i
.
R T
B
=L LG u). oy <
Lo e ot

BEEAE E
o B = - —_t — =2 etk e B b o 1 o
L I
B bl A : iy A

: ;
5110 1) 1 D S ) 1 I ..—- i “1__- fi= -; SR ]
N EEEE s EaS R RN i P AL i
Sy ey oo *«l P Iss joat -t J- <t i | 1
SN ERRRAENEEREE - A by

25

TR,
h

_J' A
..j :
+

e -
1
5
-

!
i3

TR
T

W B

1L
i
ot

- g oe—— o

i
M
I e e e
] EREIRREE
! [ &3 FEE
: FirgmEns
i AR R e




10.

11.

26
SECTION V
PUBLICATIONS

R.E. Breidenthal, J.E. Broadwell and A. Roshko, "A Chemically
Reacting Turbulent Shear Layer,' 30th Anniversary Meeting,
Am. Phys. Soc., Div. of Fluid Dynamics, November 22, 1977.

D.D. Knight and P.G. Saffman, '"Turbulence Model Predictions
for Flows with Significant Mean Streamline Curvature.' AIAA
Paper 78-258, January 1978.

R.E. Breidenthal, J.E. Broadwell, and A. Roshko, '"Turbulent
Shear Layer between Chemically Reacting Streams,'" Eighth U.S.
National Congress of Theoretical and Applied Mechanics, June
1978.

D.D. Knight, '"Model Equation Predictions of the Coalescence of
Vortices in the Turbulent Mixing Layer,'" Eighth U.S. National
Congress of Theoretical and Applied Mechanics, June 1978.

P.E. Dimotakis, D.J. Collins, and D.B. Lang, ''Laser Doppler
Velocity Measurements in Subsonic, Transonic and Supersonic
Turbulent Boundary Layers.'" Third Intl. Workshop on Laser
Velocimetry, Purdue University, July 11-13, 1978.

R.E. Breidenthal, "A Chemically Reacting Turbulent Shear Layer."
Ph.D. Thesis, California Institute of Technology, November 1978.

P.E. Dimotakis, R.C. Lye, and R.D. Morrison, '"Laser Induced
Fluorescence and Particle Streak Measurements in Round Turbulent
Jets." Bull. Am. Phys. Soc. 23 (8), 994, November 1978.

R.E. Breidenthal, "A Chemically Reacting Turbulent Wake.'" Bull.
Am. Phys. Soc. 23 (8), 1010, November 1978.

P.E. Dimotakis, M.M. Koochesfahani, C.J. Catherasoo, M. Gharib,
and D.B. Lang, "Two-point LDV Measurements in a Plane Mixing
Layer." Bull. Am. Phys. Soc. 23 (8) 1007, November 1978. Also
submitted for publication to AIAA Journal.

R.E. Breidenthal, "Chemically Reacting, Turbulent Shear Layer."
AIAA Journal 17, pp. 310-311, March 1979.

L. Bernal, R.E. Breidenthal, G.L. Brown, J.H. Konrad, and

A. Roshko. '"On the Development of Three Dimensional Small Scales
in Turbulent Mixing Layers.'" Second Symposium on Turbulent Shear
Flows, Imperial College, London, July 1979.




27

SEMINARS, INVITED LECTURES, AND PRESENTATIONS

R.E. Breidenthal

McDonnell Douglas Research Labs Mar. 6, 1978 _
General Electric Research Center Mar. 27, 1978 |
University of Texas June 7, 1978 L
Sandia Laboratory - Livermore Jan. 12, 1979
The Boeing Company - Seattle Mar. 9, 1979

P.E. Dimotakis

Massachusetts Institute of Technology Nov. 28, 1977 §
4 2 3 Apr. 20, 1978
Purdue University July 7, 1978
Princeton University Apr. 26, 1979 ¢
Courant Institute of Mathematics, NYU Apr. 27, 1979 /
F.E. Marble
Annual Thermo-Fluids Lecture Series Mar. 5-8, 1979
University of Arizona, Tucson
A. Roshko
Stanford University Mar. 14, 1978
General Motors Research Labs Apr. 10, 1978
McGill University Apr. 12, 1978
Midwest Mechanics Seminar Series:
Illinois Institute of Technology Sept.20, 1978
University of Illinois Sept.21, 1978
Purdue University Sept.22, 1978
University of Michigan Apr. 2, 1979
Michigan State University Apr. 3, 1979
University of Wisconsin Apr. 5, 1979
University of Minnesota Apr. 6, 1979

P.G. Saffman

Symposium on Turbulence, Berlin Sept. 1977
University of Iowa Oct. 1978

e R R T a—




28

APPENDICES*

D.D. Knight, '"On the Approximate Motion of Vorticity-Bearing
Eddies in a Perfect Fluid in Three Dimensions."

D.D. Knight, "Numerical Investigation of the Coalescence of
Large Scale Structures in the Turbulent Mixing Layer."

F.E. Marble, J.E. Broadwell, 0.P. Norton, and M.V. Subbaiah,
"The Turbulent Chemical Reaction of a Hydrogen Jet Discharged
into Fluorine.'" GALCIT Technical Report, July 1979.

P.E. Dimotakis, D.J. Collins and D.B. Lang, 'Laser-Doppler
Measurements in Subsonic, Transonic and Supersonic Turbulent
Boundary Layers.' Third International Workshop on Laser
Doppler Velocimetry, Purdue University, July 11-13, 1978.

P.E. Dimotakis, D.J. Collins and D.B. Lang, ''Measurements in
the Turbulent Boundary Layer at Constant Pressure in Subsonic
and Supersonic Flow. Part II: Laser-Doppler Velocity Measure-
nments." To be published as an AEDC report.

Reduced copies of computer generated printed circuit board
etch patterns for multi-channel laser Doppler velocimetry
processing system.

M.M. Koochesfahani, C.J. Catherasoo, P.E. Dimotakis, M. Gharib
and D.?. Lang, '"Two-point LDV Measurements in a Plane Mixing
Layer."

R.C. Lye, '"Laser Induced Fluorescence Measurements in the
Turbulent Jet.'" Senior thesis, California Institute of
Technology, May 1978 (advisor, P.E. Dimotakis).

*
Material not readily available in the open literature
reporting work under this contract is included in this
appendices.




Appendix A

NUMERICAL INVESTIGATION OF THE COALESCENCE OF LARGE SCALE
STRUCTURES IN THE TURBULENT MIXING LAYER
D. D. Knight

I. Introduction

A During the past twenty-five years, considerable attention has been devoted

to the phenomenon of the large-scale structures ("eddies'") in turbulent shear b
flows. The early work of Townsendl’2 and his colleagues emphasized the importance
of the large eddies in the dynamics of turbulent flows. Recently, Brown and

Roshko3 discovered the remarkable coherence of the large eddies in a two-

dimensional turbulent mixing layer. Additional evidence of coherent structures
has been found in a wide variety of turbulent shear flows, including the two-

dimensional wnke,a boundary layer,5 and axi-symmetric jet.6 These results have

led to new theories as to the role of the eddies in the phenomena of entrainment,7’8

mixing.9 combustion and pollutant formation.lo
The purpose of this research is to investigate the ability of turbulence

| models (in particular, the model equations of Saffmanu’12

) to describe the features
of the large-scale structures in the incompressible homogeneous turbulent mixing
layer. Specific attention is focused on the process of amalgamation ('pairing")

of large scale eddies.

II. Definition of Problem

!i The problem under consideration is the two-dimensional temporally-developing
turbulent mixing layer, indicated in Figure la. The mixing layer is formed by two
parallel streams of infinite extent in the x-direction. The flow is statistically
unsteady, since the width of the mixing region grows in time. In contrast, the

typical experimental configuration is the spatially developing mixing layer formed

by two semi~infinite parallel streams, as indicated in Figure 1b. The flow is

statistically steady, and the mixing width grows linearly downstream.

The temporally-developing mixing layer is considered for reasons of
computational cost. In this configuration, the mean convective velocity of the
eddies is approximately zero, thereby allowing the use of a fixed computational

domain whose streamwise extent is twice the eddy size (for the case of a single

1
%
|
i




"pairing"). 1In the spatially developing mixing layer, the mean convective p
velocity is approximately (U1 + uz)/z, thereby requiring a computational domain ;

whose streamwise extent is several times the typical eddy size in order to

consider a similar amalgamation. &

There 18 no precise transformation between the temporally- and spatially- & ;

developing cases. Qualitatively, however, the configurations are similar if

related by the Galilean transformation

x' = i(U1 + Uz)t (1)

The freestream velocity U_ in the temporally developing case 1s thus defined as

The turbulent motion is assumed to consist of a combination of large-scale
coherent motion and fine-scale random fluctuations. Considering the instantaneous
streamwige velocity, U(x,y,z,t), a conditional average <U>, denoted by u for

simplicity, 1s defined by

vhere u" represents the fine-scale random fluctuations., Similarly, the instantaneous

To
t + '2—- ;
ol i
u=<lU> = F Ude (3) ‘
v L 4
b t - > 4
. 2 &
4
wvhere To is defined by: E
time scale of random motion <<T°<< time scale of coherent motion. :;
I3
Based on the experimental data,3 the conditionally-averaged ("coherent") &
-i
motion is assumed to be two-dimensional and unsteady. The instantaneous streamwise %
|4
velocity is thus 4
U=y +u" F
4
|
1

velocities in the y and z directions are defined by

i
©
;
¢




Vev+v"
Wew+w
where in the present case w = 0.

The conditionally-averaged conservation equations are

du u ¢ 32u
Momentum: iy | +u :—1 » =22 + " . (- <u,"u,") + v i (4)
at j ox ax, | ax 1Y 2
h) i 3 axj
3u:l
Mags: —— = 0 (5)
axi

where Uy Tu, U =V, X "X, Xy "y and v is the kinematic viscosity. The

11,12

turbulence model equations of Saffman provide additional rate equatioms for

the "fine-scale Reynolds stresses' <u1"uj"

equations of motion. For purposes of brevity the model equations are not
R

>, thereby yielding a closure of the

presented here; complete details are given in references 11 and 12.

The initial profiles for the velocity, pressure and fine-scale Reynolds
stresses are taken to be the similarity solution of the equations of motiom,
wherein there i1s no streamwise (i.e., x) variation (e.g., u = U.f(n) » where
n= y/Uato is the similarity independent variable and t, is en arbitrary initial
time). 1In addition, a perturbation is added to the velocity and pressure field.
The perturbation is the sum of two contributions: 1) the (approximately) most
unstable eigenfunction (harmonic) corresponding to an inviscid (Raleigh) stability
analysis of the initial velocity profile, and 2) the first subharmonic [i.e., the
eigenfunction whose wavelength is twice that of the disturbance im 1)]. The
relative phase of the two contributions is chosen to yield an initial vorticity
field which is symmetric upon reflection through an origin located at the center
of the computational region. The pair of eddies which initially develop, therefore,
have the same '"strength,' as discussed later. The kinetic energy of the initial
perturbation,equi-partitioned between harmonic and subharmonic, is taken to be 4%

of the initial kinetic energy defect of the mixing layer. The initial Reynolds

e ey

pe

=




based on the velocity difference (20_). velocity-profile maximum slope thickness

and kinematic viscosity is 480.

The boundary conditions assume periodicity in x over the length of the
computational domain which is equal to the wavelength of the first subharmonic.
Preestream boundary conditions are taken at sufficiently large |y| where

u=U_, and all fine-scale Reynolds stresses vanish.

III. Results

Msan Flow Properties
The mean velocity u in the streamwise direction, denoted by U, is defined as

Usu udx (6)

w
ol [

vhere L = length of computational domain. The velocity-profile maximum slope

thickness Gu(t) ('Vorticity thickness") is defined by

2U

P e T )
au

%Y | nax

Using equations (1) and (2), the computed results yield a growth rate given by

P _ 0.24 b e
& " 0% W T,

The experimental best-fit indicated by Brown and Roshko3 is

s, (U - Uy
& = 0¥m 3,

although the numerical coefficient is dependent upon the state of the boundary

13

layer at the end of the splitter plate ~ with values varying from 0.16 in the

14

experiment of Liepmann and Laufer  to 0.24 in the results of Wygnanski and

Piedler.l®

In view of the only approximate similarity between the temporally and

G TR o AR 8 A
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spatially developing mixing layers, the agreement with experiment is reasonable. 3

In Figure 2, the mean velocity profile U(y,t) is shown as a function of y/6,

§ where 6 is the momentum thickness defined in the usual faohion.s In this figure, 1

& L
the time t has been non~dimensionalized using U_ and the initial half-width of &

the mixing layer, with t = 0 implying the initial conditions. It is apparent that

the mean velocity profile has remained self-similar despite substantial growth in

AP g 3 N s

the coherent perturbations. In particular, define the coherent perturbation

kinetic energy by

L

Nt &*Nﬂ*vﬂuwy (®

-—Q0 o

co

where u' and v' are given by

'.U‘U,V"V 9)

§  u
and define the mean kinetic energy defect by

= | 1w? - vday (10)

-0

E
mean

As indicated above, the initial coherent perturbation kinetic emergy is %%
of the initial Enean' At t= 10, however, the coherent perturbation kinetic
energy is 23% of the current mean kinetic energy defect. The self-similarity 'f

of the mean velocity is in agreement with experinent.l

*
The initial half-width is defined as the value of y for which U = <99
for the initial velocity profile.
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Large Scale Structure
The evolution and interaction of a pair of large-scale eddies is indicated
'
in Pigures 3a through 3i. Each figure is a contour plot at a particular time

of the conditionally-averaged vorticity { where [ = 8.8 Selected

x 2y
numerical values of the vorticity are shown, where the vorticity has been non-
dimensionalized using U_ and the initial half-width of the mixing layer. As
indicated earlier, the particular choice of the relative phase of the harmonic
and subharmonic yields initially two eddies whose maximum absolute vorticity is
identical (Figure 3a).

The vorticity contour plots clearly indicated the growth, interaction and
eventual amalgamation or "pairing" of the two eddies. The features are
qualitatively similar to the experimental dye photographs of Winant and Browand,8
and the experimental vorticity contour plots of the large-scale structures of
Browand and Heid-nn.16 In particular, the correlation coefficient of the large-
scale pcrtutbationc‘. at t = 8 (see Figure 3d) is greater than 0.9 for
‘1.3 < y/6 < 1.3. This is in agreement with the experimental result of Browand
and Heidlnn16 who found the correlation coefficient of the large structures to be
greater than 0.9 for -2 S y/0 S 2 at a stage in the vortex pairing where the

ik
vorticity contours display a strong resemblance to Figure 3d.

*The contour plots were produced on a line printer. The algorithm employed
divided the vorticity at a particular time into a fixed number of equal
increments between its minimum and maximum values. The projection of these
levels onto the x-y plane were printed alternately as characters and blanks.
The result is more precisely a "level" plot, rather than a contour plot; for
example, the dark region at the center of the eddies in Figure 3a corresponds
to -1.68 < { < -1.58, and the immediately surrounding blank annular region
corresponds to -1.58 < 7 < -1.47. For purposes of simplicity, the numerical
values indicated in Pigures 3a to 31 are the mid-range values (i.e., -1.63,
-1.52, ..., for the above case).

#*Defined by T = - u'v'/{;Tz';TYW*. Note definitions of equations (6) and (9).

##*4This is Stage II of Browand and Heidnan16 (Figure 6b). In comparing the figures,
due account must be given to the differences in definition of direction of
mean flow.

> WD TP

o S

il 5"




e b lrl s o, man £

The qualitative features of fluid entrainment by the large-scale structures
have been examined by inclusion of a passive scalar (i.e., diffusion) equation. The
initial passive scalar (e.g., fluid "dye") profile was located slightly above the
mixing layer with a uniform concentration in x and a Gaussian distribution in y.
The "dye" concentration at suceeding times is indicated in Figures 4a through 4i,
where three arbitrary fixed levels of concentration have been plotted with
increasing darkness in order to give a qualitative visual impression of the dye
concentration. At early times, both the diffusion of the dye by fine scale
turbulence and the convection by the large-scale atructures is apparent. As the
eddies amalgamate, a large fraction of the dye-bearing fluid is entrained into
the mixing layer, and the region of maximum concentration eventually coincides
with the final amalgamated eddy. It is interesting that the dyed fluid appears to
be swept across the mixing region before eventually appearing as a-concentrated

eddy-like structure.

IV. Conclusions

The dynamical evolution of the large-scale structures in the temporally-
developing mixing layer have been studied numerically using the turbulence model
equations of Saffman. Preliminary results indicate quantitative agreement with
mean growth rqte and self-similarity of the mean velocity profile. The results
display the observed phenomena of "pairing" of large-scale structures in qualitative

agreement with experiment. Further work is currently being pursued to provide

more detailed comparison of the features of the large-scale interactions.

¢
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Appendix B

On the Approximate Motion of Vorticity-Bearing Eddies

in a Perfect Fluid in Three Dimensions

by ]

Doyle D. Knight

Applied Mathematics Department
California Institute of Technology

Pasadena, California 91125

The approximate equations of motion of a dilute collection
of vorticity-bearing eddies in an unbounded perfect fluid in three
dimensions are derived., The planar interaction of a pair of
eddies is considered numerically for two initial configurations.
Application to a deterministic model of the large eddies in a

turbulent shear layer is discussed.




I. Introduction 2

The past several years have seen a resurgence of interest

in the role of the "large eddies” in turbulent flows. First utilized

extensively by Townsend in his research on turbulent shear flows

(Townsend 1956), the concept of the large eddies has recently been ‘
the subject of considerable research (for a brief review, see
Roshko (1976)).

The present results are a first step in an approximate
deterministic model of the large eddies in a turbulent flow.

The "large eddies" are viewed as simply-connected regiox;xs
or "blobs" of fluid with non-zero vortici{:y in an otherwise perfect
fluid in three-dimensions. They form a dynamical system, whose
approximate equatioﬂs of motion -.are described below. The effects
of viscosity (i.e., entrainment) and generation are currently under

s.tudy.

II. Formulation of Problem

We consider a collection of simply-connected regions of {
non-zero vorticity (the "large eddies") in an otherwise perfect |
fluid in three-dimensions. For simplicity, we assume that the
flow is unbounded, at rest at infinity, and contains no sources,

" sinks or body forces. (For further discussion, see IV).

As the fluid is assumed perfect, Kelvin's theorem allows
that vortex tubes move with the flow, and thus the volume of
rotational fluid comprising each eddy remains constant. We

.th

define the center of mass 51 of the i eddy with volume

i Vi in the usual fashion,

i

R

vt [ x av ) ‘




el

is the position vector. It is straightforward to show

Impulse of i eddy =3[ x aw dv

vorticity = curl

velocity

velocity potential

= outward normal on surface of ith eddy

8> e

As the fluid is assumed unbounded and at rest at‘infinity,

the velocity field can be expressed as

(x - x') A w(x',t)dV(x')

s X
ulx,t) = - 3= J l TE &)
All space S
At some point within the ith eddy, it is convenient to represent

the velocity as a sum of two terms,

uax,t) = up + 4

where EE(E-' t) is the contribution due to the presence of the

eddies exterior to the ith eddy (i.e., the volume integral in (3)

is divided into the region exterior and the region interior to the

eddy). It is then possible to derive the dynamical result

(Saffman, 1971)7

ar
o L Ene e 1
i

1t Professor Saffman has noted that the essential idea of equation
(4) is evident in Betz (1933).
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The system of equations (2) and (4) provide the frame-

work for an approximate description of the motion of the eddies.

III. Approximate Equations of Motion

We first consider the equation for the impulse (4). By

utilizing the fact that in the vicinity of the ith eddy Up may

be expressed as the gradient of a scalar, and expanding up in

a Taylor's series about the center of mass of the ith eddy, we
can obtain after some manipulation

ar | i

o ¥ - AL (5)

where A(t) is a second order tensor given by
A(t) = grad up(R'(t),t)

and contributions from higher order terms in the Taylor series
expansion are ignored. The velocity field at the center of mass
of the ith eddy due to the presence of all other eddies (i.e.,

EE(Bl(t)’t)) can be expressed using the asymptotic form

(Batchelor, 1970),

N .
ap (B, 1) '%’752'1 grad { I(t) . grad (——‘—j———)} (6)
i Ix - B'0)] x = ,13i(t)

where the summation omits the o eddy.
It is possible to give a physical interpretation of the term
on the right side of equation (5), analogous to the "vortex stretching"
effect in the vorticity equation (Batchelor, 1970). The quantity
- A(t:)_l»i represents the negative of the product of two terms:

1) The magnitude of the impulse (i.e., LI:| ), and 2) The

relative rate of change of an infinitesimal material line element

T ————
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vector at B_l (connecting two points along the direction of Ii) due to
the irrotational straining field induced by the other eddies (i.e., uE(Ri(t),t)).

We next consider the equation for the center of mass (2). We

divide the velocity potential in the surface integral over the ith 'eddy

into two contributions, arising from the vorticity exterior and interior

to the ith eddy:

)

e=epto

.k

where up = grad 2% We then obtain

S oghds = [uav ¥u ®®),0v}

v, Y.
i i

L

e

N e

where higher order (quadratic) terms arising from the Taylor series

expansion of up are omitted. Utilizing the asymptotic expansion for

op we obtain

S ‘-’Iads = -%‘,I:
av, -

where higher order terms arising from the non-spherical nature of the

iﬂ'l eddy surface are omitted. The result is

Vo =21y v (Rn), 1) 7
idt = 3' -~ iI~E '~ 2 ( )
where g is given by (6).

For a collection of N eddies in an unbounded quiescent fluid,
equations (5) and (7) represent a closed set of 6N equations for the
vectoral quantities El, ;:, i=1, N. There is in addition the global

requirement that the total impulse be conserved. This condition can

T PR T T s fas g

be easily shown to follow from equations (5), (6) and (7) for N =1lor 2,
and it is expected that it can be shown for arbitrary N. 4 '3
It is trivial to verify that equations (5) and (7) reduce to the

.' ¥ exact description of a single Hill spherical vortex in an unbounded

flow, i.e.,




o8-

ar

x =9
e
da ~ 3~

The basic assumption inherent in the above approximations
is that the collection of eddies is "dilute", i.e., that their average

separation is much larger than their typical size.

III. Interaction of Two Eddies

For the purpose of providing a simple qualitative picture,
the two-dimensional interaction of two eddies of equal volume was
considered. The governing equations were solved numerically using
a fourth-order Runge-Kutta scheme (Isaacson and Keller, 1966).

The accuracy of the method was verified by computing the behavior
with the impulse of one of the eddies set identically to zero. The
motion of the "eddy" with zero impulse is equivalent to that of a
fluid parcel in irrotational flow about a sphere, thus providing a
check on the numerics.

Figure 1 shows the motion of a pair of cddies whose impulses
at t = 0 were equal in magnitude and opposite in sign, directed
along the x-axis (i.e., horixontal), The positions of the eddies are
shown at equal time increments, beginning with t = 0. A notable
feature is the development of a component of impulse in the vertical
direction by each eddy, as evidenced by the inclined trajectories at
large time. As the total impulse is conserved, the final vertical
velocities are of equal magnitude and opposite sign.

An altogether different behavior is indicated in Figure 2,

which shows the motion of two eddies whose initial impulses were

Tt .« TR

T A3 et 5, A

Az

e TR 1 AF

g s ”
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+1 and +3, directed along the +x-axis. Again, the effect of the
straining field produced by one eddy on the other is evident in the
developmént of a component of impulse in the vertical direction.
By use of a Galilean transformation, the initial velocities of the
eddies (though not the impulses) in Figure 2 can be made approx-
imately equivalent to those of Figure 1, and the straining field ex-
perienced by, for example, eddy #1 is qualitatively similar in both

figures. The observed difference between the two cases in direction

‘of vertical motion of eddy #1 at large time can thus be seen to result

from the difference in orientation of its impulse (see equation (5)).

IV. Extensions

e siodiiala

The eddy model as described above is as yet incomplete.
Some of the additional effects which require incorporation are in-
dicated below.

a, Entrainment. The model, being inviscid, provides
no means for entrainment of irrotational fluid by the
large eddies. The turbulent entrainment process
must be modeled, as it is the basic growth mechanism
of a turbulent shear layer.

b. Generation. For turbulent boundary layers on smooth
surfaces, the mechanism by which the vorticity gener-
ated at the surface is 'ejected' into the boundary layer
is a complicated phenomena (see; for example, Kline
et al, 1967). This generation cycle for the eddies re-

quires additional modeling.

There are additional questions of interest, in particular,




Ee
the possibility of extending the approximate equations of motion

by considering higher order terms, thereby introducing tensor

descriptions of the vorticity distribution within each eddy.

——
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Appendix C

THE TURBULENT CHEMICAL REACTION

OF A HYDROGEN JET DISCHARGED INTO FLUORINE
Frank E. Marble, J.E. Broadwell,
O.P. Norton, M.V. Subbaiah
ABSTRACT

The coherent flame model for turbulent chemical reactions des-
cribes the flame structure in terms of a distribution of laminar flame
elements, each of which retains a flame-like behavior while it is
being stretched in its own plane and transported by the turbulent
field. In its simplest form, which is employed here, it should
describe fast chemical reactions in the early stages of mixing with
some accuracy.

In the present work this model is applied to the turbulent hy-
drogen-fluorine reaction with reference to the H-F laser. Because
the non-equilibrium distribution of vibrational states of the HF mole-
cule is central to the laser problem, flame strain rates € must be
considered such that €% > > ¢ where 7, is the relevant
chemical time. This requirement necessitates modification to the
consumption rate of reactants that is utilized in the model. For
these high strain rates, the flame is no longer diffusion controlled with

| a relatively small zone of chemical reaction. Rather, the chemistry
occupies the entire diffusion zone. The model has been modified to

b | accommodate this new description of reactant consumption and the

mechanics of calculating the distribution of vibrationally existed states
has been developed. 3
. Because the description of the turbulent jet and the chemistry 3

of the hydrogen-fluorine reaction are fixed, the only parameters




oo

required to define the problem are the initial states of the hydrogen
and fluorine streams and the value of We Y /d (sometimes
referred to as a Damkohler number) where Wb is the initial velocity
of the jet issuing from a port of diameter 4 , and ¥ is a character-
istic chemical time of the reaction. Detailed distribution of the HF : *
product species and the corresponding populations of vibrational states ,
have been calculated for two values of We % /d . These "
results are given at distances of 2, 7 and 15 jet diameters downstream
of the port. At similar locations within the jet, the larger value of
We e /d tends to accentuate the non-equilibrium population
of vibrational states. The effect of distance along the jet is more
complex. It is shown that the combined effects of flame surface
density and strain rate produce a maximum in the vibrational popu-
lation non-equilibirum that occurs several diameters downstream of

the jet origin,

e —




:3
:
|
|
1

1. INTRODUCTION

The coherent flame front model(l) is a description of fast
chemical reactions in turbulent flow in which the reactions are
assumed confined to thin flame surfaces. Thé turbulent flame
structure then consists of a distribution of these surface elements.
The model describes the manner in which the flame elements are
stretched and the distribution is dispersed by the turbulent motion,
as well as the mechanism by which neighboring flame surfaces con-
sume the intervening reactant and annihilate each other. A consider-
able advantage of the coherent flame model is that it effectively sep-
arates the detailed structure of the laminar flames from the fluid
mechanics so that systems with complex chemical reactions may be
treated nearly as easily as simple ones.

The work described here treats a turbulent combustion process
associated with the hydrogen-fluorine CW laser. The geometry of
the problem consists of a circular jet of hydrogen gas discharging
into a stationary field of atomic fluorine. Both gases are diluted
with helium. Although this configuration differs somewhat from that
which occurs in practical lasers, it serves to illustrate the mechanics
of applying the coherent flame model in a situation where the assump-
tions of the model are quite closely satisfied.

The central issue is the determination of the degree to which the
vibrational degrees of freedom for the HF molecule differ, during the
turbulent combustion process, from their normal equilibrium distri-
bution as well as the distribution of these states over the jet flame.
The complexity of the chemistry required to describe even a some-

what simplified model of the process demonstrates quite clearly the
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advantages that accrue to the coherent flame description.

The present application of the flame sheet theory differs in
one essential way from the previous developments, references 1, 2.
In earlier applications we have employed the quasi-steady strained
diffusion flame result that, for a diffusion-controlled flame, the re-
actant consumption rate per unit flame area is proportional to
1/5? where £ is the coefficient of molecular diffusion and € is
the strain rate (sec-l) in the plane of the flame surface. In this
circumstance the actual region of chemical reaction is thin in compar-
ison with the thickness of the diffusion zones. In other words, the
characteristic chemical time J¢ is short in comparison with the
value of €& -l; hence £ < < | . But it is almost evident that
in order to disturb the normal distribution of HF vibrational states,
the fluid dynamical time must be short compared with the relevant
chemical time, so that €% %1 . When this circumstance prevails,
the reactant consumption is no longer diffusion controlled and, indeed,
the entire diffusion zone is chemically active. Then the reactant
consumption rate is proportional to the thickness of the diffusion zone,
vg{ divided by the chemical time, or .—J',: \/D-/? . Thus a
local reactant consumption law has been introduced that encompasses
both the diffusion controlled and chemically controlled flame. The

same law is appropriate to describing the distribution of vibrationally

excited states.




2. THE FLAME STRUCTURE MODEL

To make this turbulent flame picture uantitative, define
the flame surface density Zto be the flame surface area per unit
volume; the dimensions of the flame surface are very large in
comparison with its thickness. The local flame surface density is
altered by: 1) production resulting from fluid straining motions,
2) turbulent transport, and 3) flame annihilation, in which
neighboring flame surfaces consume the intervening fuel or oxidizer.

The structure of the flame surface elements is dominated
by the straining motion in the plane of the flame. Then if

€ ~1/time is the straining rate and D~ (length)zltime is

the molecular diffusion coefficient, the flame thickness is ~v'Dr¢

Pl
and consumes reactants at a rate ~VDf¢ per unit flame surface area.

Now when the straining rate is very high so that &% >7?!

where 7, is a characteristic chemical reaction time, the reactant
consumption rate is proportional to the thickness of the diffusion
zones of the flame, because it is within this layer that the reactants
are molecularly mixed. Then the reactant consumption is~ ':h \/D_/?
The representation of the law which encompasses both diffusion

controlled and chemically controlled reactant consumption is

VDE (1)

|+ 67‘

———— —

-————
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When the flame surface density gand the strain rate £ are known

locally, the reactant consumption rates within this region are known

also because they are fixed by the flame structure. The actual flame
structure may be determined to any degree of approximation between
the simplest, where the chemical reaction rates are very rapid so ’
that the reactant consumption is controlled by molecular diffusion, to
the detailed structure involving the complete chemistry with appro-
priate rates. The flame structure with finite rates requires numerical
calculation but, because it is a steady one-dimensional problem, the
actual calculations may be accomplished with relative ease.
The appropriate form of the equation describing the flame surface
density may be deduced from first principles by considering the dis-
tortion and migration of surface elements, fixed to the fluid, in a
turbulent medium. G) Here, it will be sufficient to motivate the form
by physical reasoning and then to suggest the manner in which the
various terms scale with features of the flowfield and the chemistry
of the flame structure. Now in a fluid with mean velocity components
U; , the expression j-'
R R
(2) ‘ :
gives the change in flame density following a mean fluid element.
According to our model described earlier, this change may be written
in the following form

25

e " turbulent diffusion of flame elements into the region

+ increase in flame surface element area by turbulent
straining motions
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- reduction in flame surface resulting from local consump-
tion of the reactants.

In these calculations, the turbulent diffusion of flame surface will be
described using a turbulent diffusivity and the assumption that the
turbulent fluctuation velocities are large in comparison with diffusion
velocities, familiar from usual treatments of turbulent heat and mass
transport. Thus, if we denote o the diffusion coefficient that arises
in the description of momertum exchange, the turbulent diffusion term

applicable to the treatment of the turbulent circular jet is

+3 (r23%)

ar

where the appropriate boundary layer approximation has been made.

The rate of increase of an element of flame surface area is proportional
to the strain rate in the turbulent fluctuations. Under the assumption
that this strain rate is proportional to the rate of strain in the mean
motions, the rate of increase in flame surface density is thus pro-
portional to the product of the strain rate of mean motion and the local

flame density. Thus we take the second term on the right equal to
PAY
£ Z .. lar I &

where, again, we have written the term in the form appropriate to
the circular jet, W being the velocity component of the mean motion
in the direction of the symmetry axis.

The process by which flame surface is removed from the field
is best pictured by considering two neighboring laminar diffusion
flame fronts parallel to each other and containing one constituent,
say, fuel, between them. As the motion progresses, the intervening

fuel is consumed and both elements of flame surface are extinguished,
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A similar process takes place if the intervening constituent is the

oxidizer. To make the mechanism quantitative, we note that fraction

of local volume occupied by fuel is proportional to the concentration {4
¥, of fuel. Moreover, the rates of reactant consumption by an
element of laminar flame are presumed known from detailed calcula-

tions of that flame structure. If we call V, the volume rate of

consumption of fuel per unit flame area, the rate at which volume

occupied by fuel is being consumed is V, z so that the fractional

rate of fuel consumption in a unit volume of space is V. a/(‘ . Thus,

if the flame surface area is nearly uniformly distributed over the region,
this expression gives also the fraction of flame surface that is annihi-
lated so that the flame surface area reduction due to fuel consumption

is

(L8)s - % s

In a completely similar manner, we may reason that the flame surface

area reduction due to consumption of oxidizer is proportional to

and because in a given region, the surface is being reduced by either

the exhaustion of fuel or oxidizer, but not both, the two expressions

will be considered additive.
If now we collect the various terms that have been discussed, ‘
it is possible to write in detail the conservation equation for flame l

surface density

U.l&. 4 W.?.g-
v oz

k& (rB24) - « (W2 - 2 2N e

(3)
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The form of equation has been chosen to be that appropriate for the

analysis of the circular jet. i
l.‘

The conservation equations for the individual reactants are con- i

ventional except for the terms describing the reactant consumption by
chemical reaction. These will be given in terms of the flame surface b

density and the reactant consumption for a unit flame surface supplied .

by one-dimensional flame calculations. For the fast overall chemical
reaction, we need consider only three constituents, the fuel x, ,
the oxidizer K, , and the product i, related by the fact that the

sum of mass fractions is unity

(4)
so that only two of these K, and K, , need be calculated. The

detailed chemistry, in contrast to the overall reaction between fuel
and oxidizer, is contained within the one-dimensional flame structure.
The consumption rate of fuel per unit volume is simply the pro-
duct of the effective influx velocity V, , the flame surface density é; ' '1
and the mass fraction K.Y of fuel in the fuel-containing component %\
in the unmixed state. The conservation equation for fuel may |

be written down directly as

vibewis « 4 RirdR) - =W &

(5) ; l:
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It remains to define the consumption rates V. and V, for the
fuel and oxidizer components. Regardless of whether these quantities
are defined through use of infinitely fast reaction rates or by detailed
calculation of the one-dimensional flame structure, they depend upon
the reactant concentrations on each side of the flame, KT and K7 ,
and the local strain rate £ of the mean flow. It is this latter item
which couples the local diffusion flame structure to the gasdynamic

structure.
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3. THE TURBULENT CIRCULAR FUEL JET

The detailed solution for a turbulent flame structure described
in the manner outlined in the previous section requires a turbulence
model for the mean flow and, because there is a choice of turbulence
model to be used, it is preferable to go directly to the problem of
interest rather than describe the procedure in general. For the pro-
blem of the circular fuel jet, we shall choose the elementary model
utilizing a scalar turbulent diffusivity. Furthermore, we shall, in
the interests of simplicity, neglect the change of mean gas density
associated with the chemical reactions., This restriction in no way
implies that the density change is a negligible factor. Rather the
use of a turbulence model for flows of non-uniform density introduces
a degree of uncertainty of its own which makes it additionally diffi-
cult to judge the merits of the flame model.

Under these restrictions, the gasdynamic field is described by

the equations

(7

(8)
where the pressure of the far field has been assumed constant. Using

the eddy-diffusivity model for the turbulent shear stress Yrg , we write

p/ 2
% oy

(9
where & is the turbulent analogue to the kinematic viscosity. The

customary difficulty arises here in the choic:, rather than the deter-
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mination, of the eddy diffusivity. For the circular jet, however, the '
|
|

choice is made simpler by the fact that the jet momentum, which is

e s B i i i b

conserved along the direction of flow, has the dimension of (velocity)zx |

(length)z. And because ® has the dimension of (length) x (velocity),
there being no other characteristic dimensions in the problem, it is
evident that the turbulent diffusivity is proportional to the square root
of the jet momentum, and hence is a constant. U
It is possible to find a similarity solution for the turbulent jet, u
or more properly for a point momentum source. To carry this out,

it proves convenient to introduce a modified radial dimension

.- LV

(10)
where S is the constant jet momentum flux
o
/l- &. /V‘l Fd" i o
(3 (11) ;
: : i Us-4+ rI
The stream function ¢ , with the usual properties that roE , 5 |
W*-".—g—f , may then be written in the form
Y = BE Fey) (12) ”'
q

Substitution into the momentum equation, Equation 8, yields the

ordinary differential equation for F¢9%)
N _L ” /K -_a__L PF’ > ‘i v ' |
{.zFF-o,’Fr ’.. I 4 (F L F') .

which may be integrated once to give

(13) b

the constant of integration being zero because '!z-F'and F " vanish for
large % . Fortunately, the solution for Equation 13 may be written

simply as




o,

=13

71
/*i—,l

Fey). *
(14)

which satisfies the requirement that the stream function vanish on the
symmetry axis, % =« o , and satisfies identically the momentum con-

servation relation, Egquation 11, as

-
F'y3 2
+ f (F) 2 d (15)
(-]
The velocity components of the mean flowfield are then

"
w:3 5w (3)

"
Ojw

(16)

and

—_—, 2
> — 17
Vir s {1+ 298" s

Now ex;}licit solution of the flame density and reactant conservation
relations require a quantitative form for the reactant consumption rates.
If the chemistry were actually of infinitely fast rate and if the mutual
reactants were uncontaminated by products of combustion, the values
of V, and V. appearing in Equations 5 and 6 could be written

KV, = B, Ve S N AL VDe i
where D is the coefficient of molecular diffusion, 8““%8 proportional
to the turbulent strain rate, and (3. & ,l. are constants for a given
chemical system, depending upon the reaction stoichiometry and the

amount of diluent accompanying the reacting species in the unmixed
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gas streams. Numerical calculations of strained laminar diffusion f

flames, which will be described subsequently, showed that strain rates

between 1030ec'l and 107sec-l were required to achieve a large alteration

in the distribution of vibrational states of H-F. These high strain rates

were accompanied by a distinct change in the laminar flame structure.
When the strain rate was less than lOSM:c-l the reactant

consumption rate behaved as if the chemistry were infinitely fast.

In this range the reactant consumption rate is ~\/D_? where 2 is the ,

appropriate binary diffusion coefficient. When the strain rate was L

-Y
1, the reactant consumption varied as £ - n

greater than 10°sec”
the results showing that the reactant consumption rate was chemically
limited and that the chemically active zone filled the entire flame

thickness. It was clear then that the proper expression for the

reactant consumption rate at large strain rates is

1 ———
NNy
T, Ve (19)

~m———
where \/WE is proportional to the flame thickness and 7 is a chemical

time.

! For the entire range of strain rates the reactant consumption

per unit flame area is

3 v Ds |
KEw e By TEEN (20)

where B * [ L depending upon whether we are considering the
consumption of hydrogen or fluorine atoms. This gives a rate

P‘ \/sr for strain rates €3, ¢4 and G’; /3.) I/D—/:-’ for
larger strain rates £€2,>> ¢ . The equations for reactant consump-

tion and flame density may then be written
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e Bl b od i

& (21)

oK oK, . L el
Ua;"W‘:_f = Yror 1+ Je & (22)
8
P 3 L2 (r928)- L &
U-‘%*V'S'T *-;;v('”-,-él) R K, Ke (23)
Kot 1<, ¢y = (24)

When the chemistry is fast, as it is in this case, it is convenient
to use a linear combination of X, and K3 that satisfies a homogeneous
!
3 : : ger ; R O
diffusion equation. Such a combination is K, + i+ Ol s J
and because a diffusion flame with fast chemistry utilizes fuel and

oxidizer in the stoichiometric ratio ¢ , the quantity F._/(!‘ = ¢ and

J= K, = Ky (25)

[
i+ ¥
Thus J(r, z) satisfies

27 ed . L L
U;;*W‘g"é 7 rav(r»‘r)

(26)
with the conditions J(®) :eand hence, comparing Equations 26, 8, and
9, it is clear that Juna)~W(rn3). The constant of proportionality
between J and W is found by noting that if the actual flow of fuel in-
jected into the stream is ¥ , then the flow of the product formed is

(1+9) ¥ for large values of z where the reaction is complete and

K, = © . Then the integrated flux of the product is, as & ~veo

/K,lq/rd" + ¥ re)
(27

oo
and because integration of Equation 26 shows that /J'V"O" is con-
©°

served along the z direction, it follows that




-

o»
[‘”‘/’d" L (28)

Because J is proportional to W, the integral is the same as evaluated
to ensure conservation of momentum with z and hence it follows, com-

paring Equations 11 and 28, that

J'c .—‘F—\‘/.‘..i_‘:-—"—(‘_c"“')

A e »p * (29)
We have then the algebraic relation
L & & L lE
K, * -""? Ky = % > 2 ("I ) (30)

in addition to the relation Equation 24 and, as a consequence, we need
only work with a single species conservation Equation 21.

In order to make this identification between J(r,z) and W(r, z), it
has been necessary to introduce the volume flow rate ¥ as well as the
momentum/q. of the jet. These two quantities may be used to char-

acterize the jet velocity

velocity ~ /¢ 31

and the characteristic dimension of the jet,

length ~ X/ /"
o (32)
where, in fact, the length ;}"_, s /PR, where R is the initial radius

of a jet with uniform velocity.

.
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4. THE STRAINED LAMINAR
HYDROGEN-FLUORINE FLAME
To complete the detailed description of the model, we require the
numerical solution for the strained hydrogen-fluorine flame which de- E
termine the flame structure, including the distribution of vibrationally
excited states, and the reactant consumption rates. Results of this
type can be obtained analytically when the chemistry is simple but in

the present case in which the vibrational populations result from a

complex interaction of chemical kinetics and molecular diffusion, a
numerical calculation is necessary. These were made with the Blottner g

boundary layer computer program modified so as to apply to the laminar '

diffusion f].ame(4). The boundary layer equations and the numerical f

_,vt scheme employed in their solution are described in references 5 and ~
1 - 6. The program modifications together with a comparison of results §
with experimentally determined HF vibrational population profiles are }

given in reference 7. The following brief description of the computer j

program is taken from the latter reference. '3

The physical situation is sketched in Figure 1. Two-dimensional

streams of hydrogen and fluorine (diluted with helium) flowing from TV

¢
}
|
opposite sides of a splitter plate interdiffuse and react to form the !
laminar flame sheet, in which the various vibrational levels of hy- {
drogen fluoride, HF(v), are produced. When the free stream reactant ;
concentration are uniform and the stream velocities are constant and i

equal to We , the flame is equivalent to the ''standard" time dependent

" diffusion flame (with %), replaced by ¢ ); the strained flame is

generated when Wes is caused to increase linearly with z.

If the chemistry is simple and the reaction rate fast, it is
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straight-forward to prove(s) that the structure and reactant con-
sumption rates of a flame experiencing a strain rate € are identical
to those of an unstrained time dependent flame at the time t= ‘Yae
A few comparisons of our numerical results for Hy-F flames in the
two cases indicated that the two solutions are similar when the same
transformation of independent variable is made. Consequently, the
shorter time dependent computation was used to obtain the results
described in the following.

The Blottner program, which solves the standard boundary
layer conservation equations, was designed especially to treat many
chemical species and chemical reactions and to allow multi-component
diffusion. In the present case, the kinetic system consisted of the

""pumping'' reactions:

s PRl e M = o B R

(33)
together with equations describing the important deactivational effects
of H, HZ F as well as HF itself. The set of reaction equations to-

gether with the associated rate coefficients are given subsequently.

The temperature dependence of the species viscosities are program
inputs. The other transport processes were treated with the simplify-
ing assumption that the Prandtl and Lewis numbers were constant at
unity.

Both reactant streams were at 300°K and 5 torr. The fuel stream

8

composition was: hydrogen, 2.67-10° g mole/cm3, helium 2. 47. 10-‘7

g mole/cm3. The composition of the oxidizer was atomic fluorine,

7

2.67-10°8 g mole/cm3. helium 2.47-10" ' g mole/cm>.

The program outputs consist of various property profiles of

temperature and concentration for instance, and of Hz and F consumption
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rates. The dependence of the latter on strain rate, € , is shown in
Figure 2. As the arguments presented in earlier sections lead us to

expect, the consumption rates at large values of the strain vary like

5-}1 and at low values like én . Equation 20, given previously,
- Ve’
K; V; = .
(] [} @l ’ -+ 7‘ e (zo)

is a fit to the curve in Figure 2. The numerical constants required
for our work are
P, » . 460
Y £95 x 10" sec (34)
The vibrationally excited and ground state populations within

the flame structure depend, as do the reactant consumption rates,

upon the rate of strain. These populations, in the form of integrated
mass (g moles) per unit flame area are shown in Figure 3. We note

the large departures from equilibrium at the high strain rates, indeed

total inversions exist for £>‘or"‘.o. Empirical approximation to
the results in Figure 3 that are convenient for the turbulent jet
analysis are given in Section 6.

The ''complete'' chemical reaction system for the HZ = F2 re-
action as presented in reference 8 consists of some 100 chemical
reactions. For given ranges of temperature and concentration, many
of these reactions have negligible influence on the HF vibrational
populations and need not be considered. For purposes of the present
investigation it was decided that the important excited state pumping
and deactivational processes were contained in the eighteen equations
given in Table 1. Also shown are the coefficients in the expression

for the forward and backward reaction rate coefficients which are of

R TR Ly s W w o s are ,mJ
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the form:
ke = C, T exp (- 1000c,/T) "
‘fu, s D.Tp‘ exy (~tcoo 2,/T) ,!
&
The symbol ™M represents the HF molecule in any state. 3

TR TR o A BN T
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5. INTEGRAL FORMULATION OF HYDROGEN JET
IN FLUORINE

: To treat the jet of hydrogen issuing into a stationary background

of fluorine atoms, consider equations 21, 23 and 30. If there were
no reactions and if the flame straining were negligible (=0 ), then
the problem would possess similarity solutions of the form K."-é'-f!.("()
and & ~ 4§ 6¢1). There is a certain advantage in writing these

quantities in that form, as

)z EBFF A (2.2) (35)

and

2

e
C‘;"g‘(}\{% —(S—:—; €Cy,2)

Now because we shall use an integral technique to obtain our

(36)

final result, it is convenient to rewrite Equations 21 and 23 in
similarity variables and integrate them over the flame cross section.

Introducing the similarity coordinates, % and z, we have

\/'g'/“ _;__;?_(r[)x,)¢5a—i(rv.<.)--"?§.—,l(r1 L/K.) - -—;—(V‘WK.)

® 7 e
bl >
1/'."/“ ' oK) _ ‘\/“D,%'F' rS
B ?5‘%('9’37) P'Ha?.. 12Y | (37
and
_\%“A:T;.%(pua)+%(rwz).é-g-?mug,)‘.;,-(rwz.)

.y LS
‘/J. 2 oW L1 ‘/‘D’LQ:’ l - 2
Lat —zL?- (r»—-é)* "(5—:’ lp'nd‘l’.,]%%" ( - K‘) (38)

Integrate these from % #ro to % «e and take account of the behavior of
K, and & for large radii. We then have from Equation 37

@8 ya n/f - £)
;i-‘-,/(—,f Je.cr, 07y = (£) s

T T o U —
n o e i e Cla e S
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where we have used a new variable for distance along the axis,

- 8 &
f= 53 b

and introduced a Damkohler number

3
o )
J' ] "/.g- « ( ¥ * 7(.

Treating the flame density relation in the same manner

£ -]

At[( )sa8)dy @)=

-z(i)% 1/;%‘-,(-%') e t)
a /4 -?;_i (-F') ‘k '<L 7
2y W ;

where in this notation
Fl
Kp= |- -k!_ (lmp)-i- -?4!,)

To complete the solution using the integral technique, it is re-

(43)

quired to select profile shapes for the mass fraction distribution and
for the flame surface density. These are chosen specifically in the

following form:

’

0 = (F)(1-#w)

Koty = - (fv,")%(“ $Fn)

€ () (——;—1)&(&)(n-hn)[h(‘%)s#(:hrhn)}
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where ¥¢§) and #(§) , unknown functions of distance along the axis,

will be determined through the integral relations, Equations 39 and 42.

This choice posesses several features in its favor:
a) They are exact when there is no chemical reaction.

b) They satisfy exactly the conditions given by Equation
30 among species mass fractions.

c) They satisfy the appropriate boundary conditions at the
symmetry axis and at distances remote from the axis.

d) The flame surface density vanishes, as it must physically,
where either the fuel or oxidizer reactants vanish.

Now the value of Fiyy= 52 fi+ &%) , Equation 14, is the exact

solution for the stream function in the jet problem utilizing the

turbulent diffusivity formulation. Utilizing this and the representations

for f,(m,§) » ¥(nt), $(7,§) given in Equations 44, 45, and 46, the
integrations indicated in the integral relations, Equations 39 and 42,
may be carried out. The integrals are of three classes: (i) those
which may be evaluated directly, (ii) those which may be reduced to
an integral of ('*#’)")-n and have the value
oo
[___3‘_-_7___" 4 ”_'”'(a.(n;)-:)
[ (1+%*) te OB Lo (47)

and (iii) those of the form

.
£ (-£)
(__ ot‘) ] dy
rd . '
i 1;%1(‘5;) (48)
This last class may, after a transformation, be written in the form
!

ane 3/ [}
z)*

x (1=
(£;7) = d
J" -{) ) P % z,h‘ (’-;)l/‘ x (49)

(-]
which is suitable for numerical integration.

Now if we utilize these results in the integral relations,
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Equations 39 and 42 , for the hydrogen concentration and the

flame density respectively, then these become respectively

a 3 e (1) - 1S
mlodl » ol Ac&)(o-{)[l.( ;7)) T I-“‘”}(so)
and
+9f
ﬁ{km(t-”[b%('s )”
- ¥2 . + o4
< 2 (2) (nasso) (£)hen (-0[1- 2 ()]

o

"4
-1 (3) t.?s;u-ﬂ[z,um- (—'i';*-’)J,um{

(51)
These are to be integrated from { & 2 , the virtual origin of the jet
being at § =© , to an arbitrary value of § ; the initial values of
«f({.\ zo and QU.) = R, , where h, gives a measure of the
amount of flame surface that is present at the start of calculation.
Physically, the initial value of &({.} is related to an ignition process
which the turbulent flame model does not, of course, describe. It is
to be expected that varying the initial value b will have a significant
effect upon the structure of the fla.me‘ ta ¢, but a much smaller effect
away from the origin. The values of ¢ and g are fixed by the
reactants and by the turbulence model, respectively. The values of «
and A , on the other hand, are numerical constants which are universal

in the sense that they do not depend upon stoichiometry, momentum flux,

or geometrical size of the hydrogen jet.
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6. DISTRIBUTION OF REACTION PRODUCTS

The results that are desired from our calculations are

the distribution of the product HF molecule within the jet and the
distribution of this product over the vibrational states that are im-
portant in the laser operation.

First, the distribution of HF mass fraction follows from the l

hydrogen mass fraction, which we have just determined

Ko, 4y = —;— (—.':— ) (1-4) o :

L

and the general integral, Equation 30. From there we find imme-

diately

§ (el D s dlpteiis i)

from which we deduce

SAE 2, o Ao > H 5 i SR,

Ky = (HQ)(%)(_:-T)

¥

= a(1eq) ('{') (53) b

l

This result may be utilized directly to compute distribution of the
HF product within the jet.

The vibrationally excited states of HF are somewhat more diffi-
cult to calculate because they exist only within the active flame struc-
ture and the populations of the individual states depends upon the |
strain rate. Referring to figure 3, the integrated mass of HF in
the ground state and in each of the first three excited states are shown
as functions of strain rate. These are reasonably well represented
in the form

A ‘ﬁ)(EV.‘“ _‘)l

S‘;‘: S-:l')e

(54)
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where S(i) is mass of HF(i)

v Pper unit area of flame surface, SS) is

the maximum value of this quantity. T S) is the characteristic time
(reciprocal of strain rate) at which this maximum occurs and 6(1) is
v constant giving the breadth of the distribution. As discussed in

section 4, these numbers follow from the calculations of figure 3,

v =0 vi=l v = 2 v =3
st 2 x 1077 7 = 1019 5 % 10719 10-19
6@ | 7.46x107% | 4.38 x 1075 246 = 10~} 1.38 » 167>
(1) 4
&, 25 10 4,17 1. 67

Table 2, Constants for Representation of
Distribution of Vibrational States, Eq. 54

Now to evaluate the distribution of states, explicit calculations
of strain rate and the actual flame surface density are required. The

strain rate then becomes"

al%—\‘;’ s xy/E (_A‘__"Z‘_)-;a (—(rf:'-‘;.,a)

¥ % (55)
and recalling the definition of T from Equation 41,
. % % 3 b 4
. SR (56)

and hence the quaatity g7, required for the evaluation of st s

e75 - ooy (L) =

where the second factor is given in Table 1.

<i)
The distribution of vibrational states, C, , is then

<)) <)
. S Z (58)
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where Z. the flame surface density, may be conveniently written
—_ 2 . a+wd (E'
cg.-.:(_t")_ﬁ.(' = (5) (£)+ yeo
P' o« D Y (= _g__ (I'O' \'i ) % s
s

The value of Y(§) has already been calculated and hence it is a

(59

simple matter to compute the normalized densities of vibrational

states,
ol 7T i) o
c*t = S cﬁ
(60)
where
- —_ L
A e (e )* 2
' AD ¥
(61)
It should be noted that although the normalized population densities are
convenient, in that they remove some of the system parameters from
the results, they do not provide a direct scaling analysis for the
hydrogen fluorine system. The reason for this is simply that the
system parameters are involved also in the parameter T, which

enters Equation 56 for the representation of £ 7. and hence in the

values of S(i).

i
|
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7. RESULTS OF SPECIFIC CALCULATIONS

We shall show two specific cases of a hydrogen jet reacting
with a stationary atmosphere of fluorine molecules. These were
made with the specific purpose to explore the behavior of the model
for a particular kinetic scheme rather than to describe the distri-
bution of chemical species in the jet for a wide range of jet momenta
and geometric scales.

The calculations divide naturally into two steps: (i) Determination
of the centerline reactant concentration and flame surface density, fe§)
and h(4) and (ii) Determination of the distribution of chemical
species within the flame element and, hence, over the jet cross
section.

The solution for the first step follows from equations 50 and 51

which are rewritten here as

af $;7
At it ) (62)
LY _ [(=vm ) BUY) - C(t;7) 2
o\s'(a)sY)\qY
(63)
where now
+ 4
Yty = f\(i)(lﬂf)[" '}( ‘g )]
(64)

and the coefficients are

| 7, 06:7) - Lty

A< () . (65)
;- & (L)
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32 e
B = (&) (1a¢3s0) - A (5E)

- & (J4fﬂ£) (66)

Cih1) = A/ [1- g (1328 67)
To carry out this calculation we require values for the several coun-
stants that arise in the equations. The dimensionless group \//‘T'/b
is determined empirically by the known structure of the non-reacting

jet and o¢ is universal constant which relates the local turbulent

A4
2 r

strain rate to the strain rate l of the mean flow. In fixing
the value of & from jet measurements it is as easy to fix “F/.Q
directly, and this appears to be approximately
o&—‘{&_'- =4
4 (68)
The value of 1, which occurs in connection with the flame
shortening terms of Equation 63, has been chosen on the basis of
the experiments of Hawthorne et a1(9) to be
A= 2 (69)
The integrals Z, and Z,, that occur in the coefficient A(f;7) and
C(§; 7) contain the ratio of chemical time J¢ , to the time defined
by the jet momentum and flow,/g and ¥ . Referring to Equation 41,
the value of ¥ is proportional to
® (Wo‘dt)’/‘
(w, &)

T ~ 7.

= WO ,g
e
(70)

where W, and o are the initial jet velocity and jet diameter. As the

value of ¥ changes from small values (~ !,") to large values, the

'ﬂ‘m"'"’v‘m"‘*d;«z 2 .-‘_‘-'; " ’,“‘ ."_" L TN, WO A 5
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local diffusion flame elements change from diffusion controlled to
chemistry controlled. And from the standpoint of non-equilibrium
populations of vibrational states of HF, the larger values of ¥ favor
,npon-equilibrium.

The solutions for (1-f) and Y , proportional to the centerline
values of hydrcgen mass fractions and flame density respectively, are
shown in Figure 4 for 7= $ and in Figure 10 for Y= 20 , The
general character of the flame density is that the straining process
dominates in the early portion of the jet, increasing the flame den-
sity until the flame annihilation terms become important, stopping the
rise in flame density. After a distance of 10-12 port diameters, the
flame straining and flame annihilation processes are nearly in balance,
but lead to the gradual decrease in flame surface area as the hydrogen
concentration diminishes. The effect of We Y. /4_ is evident and
shows that for large 7T values, Figure 10, the flame annihilation
mechanism is somewhat slower in retarding the growth in flame sur-
face. This results from the higher strain rates involved which lead
to a reactant consumption rate ~ -_',—.- \/07;' , giving lower
values than for smaller strain rates. Thus the active flame occupies
a smaller fraction of the volume for Wt J. /4 large and hence post-
pones the peak in flame density until it has reached larger values of

¢ ~d -

Figure 5 - 9 summarize the distribution of reaction products over
the jet for three distances downstream from the jet port corresponding
to values of § =2, 7, 15. Figure 5 gives the radial distribution of
the ground state, Figure 5a, and three vibrationally excited states
of the HF molecule at a value of § = 2. The general features of

the distribution are similar for all vibrational states but the concentra-
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tion, as indicated on the vertical scale, shows the rapid decrease for
higher vibrational levels, It should be noted that the vertical scales
of each figure have been adjusted so as to give a reasonable geometric
representation of the distribution; the actual magnitudes of the pop-
ulations must be obtained with reference to the scales. Figures 6
and 7 show a similar set of results at { = 7. While the relative
populations of the HF vibrational levels is changed only slightly, the
absolute values of the C(i) are increased by a factor of nearly 3. The
corresponding results for § = 15, given in 8 and 9, show again a
similar relative population of vibrational states but the absolute
values have declined to about half their magnitude at § = 2. This be-
havior, which was described earlier, results from the fact that both
flame density and strain rate enter the final result. The strain rate
decreases along the jet length while the flame density increases at
first and then decreases. In the present example for J = 5, Figures
4 - 9, the flame density variation is the more significant factor.

Two other features should be kept in mind when looking at
these results. First, the actual volume that contains molecules in
any state along the radius is proportional to the radius and hence the
high values near the jet axis carry little weight, the volume weighted
maximum occurring between values of =1 and 2. Second, the
physical radius r is proportional to % ¥ and hence increases
linearly with distance along the jet which, again, influences the
distribution along the jet discussed above.

Figures 10 through 15 give a corresponding description of the
distribution of hydrogen, flame density and HF vibrational states for

a value T = 20, in contrast with the value of T = 5 for the previous
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series, Inasmuch as the chemical parameters remain the same, this
increase in the value of J may be considered, referring to Equation
70, as an increase in jet velocity and/or a decrease in jet radius,
Because it is the comparison with the series for J7# 3 that is of
interest, the specific details of the curves will not be discussed
extensively.

One feature, however, that is particularly apparent in Figures
lla - 11d, is the alteration of radial distribution. This feature
results from the dependence of strain rate upon radius and is accen-
tuated for larger values of 7/%* . Thus it appears in Figure 11 for
§ = 2 but not in the distributions at larger distances along the jet
axis.

For the larger value of T, the flame surface annihilation rate
is considerably reduced over that at T=§ and hence the net pro-
duction of flame surface is somewhat larger. But, on the other hand,
the actual consumption of reactants is reduced. This fact is reflected
in Figure 12 where the mass fraction of HF is shown to be somewhat
less than that for the slower (=5 ) jet. The integrated species
in various degrees of vibrational excitation, however, is somewhat
larger. This demonstrates that the considerable flame surface manu-
factured in the range 2 ¢ § £ ? must wait until the strain rate has
diminished to the point where the integrated density of vibrational
states (see Figure 3) is high. This tendency to delay the diffusional
thickening of the flame sheet, and hence the appearance of reaction
products, is one of the unusual effects of high velocity, high 7 jets.
By the time the value of § #/% has been reached, the populations of
the excited vibrational levels appear to have returned reasonably

closely to the values for J=3 . This relative independence of 7




would indicate that for §2 /% , both examples have reached a

diffusion controlled reactant consumption rate, weakly dependent

upon 7 . This would be expected in as much as 47 fh5)r ¢

for both jets.
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Figure 4, Hydrogen Concentration (1-f) and
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110 Introduction

Recent measurements by Johnson and Rose (1973, 1975), Yanta and Lee (1974,
1976), and Abbiss (1976) have used laser Doppler velocimetry techniques to make
direct measurements of the Reynolds stress in turbulent boundary layers in the
Mach number range of 1.5 to 3.0. A serious_anomaly, however, is exhibited by
these measurements in that the maximum of -u'v' occurs much further from the
wall than is reasonable for flow at constant pressure. The anomaly has been
discussed by Sandborn (1974), who supports the conjecture by some of the au-
thors cited that density fluctuations may contribute substantially to the tur-
bulent stresses near the wall. This conjecture is in direct opposition to the
conclusion by Morkovin (1961) that effects of density fluctuations should be
small compared to effects of variations in mean density for Mach numbers up to
4 or 5.

The purpose of the present experiments is to obtain redundant data over
a substantial range of Mach numbers (M = 0.1 to 2.2), in an effort to resolve
the anomaly in turbulent shearing stress. The flow was documented by conven-
tional means using a Pitot tube, which was traversed through the boundary lay-
er, to measure the mean flow. In addition, surface-friction measurements were
made using both a floating-element balance and a Preston tube. The mean-flow
scaling suggested by Van Driest was applied to the data, to test the adequacy
of a single similarity formulation for both compressible and incompressible
flow. The shearing stress was then computed from the mean flow as part of the
analysis. These results were documented by Collins, Coles and Hicks (1978).

In the work presented here, the instrumentation, data acquisition and ana-
lysis for laser Doppler velocity measurements in the same flow are discussed.
Measurements of u, v, u'“, v'“ and the Reynolds stress u'v' were made over the
full Mach number range.

The low speed (M v 0.1) measurements were carried out in the GALCIT
Merrill wind tunngl The high speed measurements (0.6 € M £ 2.2) were con-
ducted in the JPL  20-inch wind tunnel.

The present paper is a preliminary report of a more extensive discussion
of this work to appear by Dimotakis, Collins and Lang (1978).

2, High speed laser Doppler velocimetry

The first obvious problem that arises in making high speed laser

*Graduate Aeronautical Laboratories of the California Institute of Technology
tlet Propulsion Laboratory

i_
¥




Doppler velocity measurements is that the resulting signal frequencies are
very high. In principle, it would appear that this problem could be controlled
by increasing the fringe spacing. In practice, however, conflicting require-
ments of a minimum number of Doppler cycles needed by the processing electron-
ics, coupled with the spatial resolution considerations inescapably dictate
the higher frequencies.

The restrictions on signal frequencies, above and beyond the problem of
handling the high frequencies per se, arise for several reasons. The relative
accuracy 6u/u, with which the velocity of a single particle can be measured,
is never less than the ratio of the processor clock period T., to the total
flight time At that is used for the measurement, i.e.

Su/u 2 T /At . 1)

In addition to these considerations which limit the accuracy even if the
measurement environment was noise free, other factors become important at high
velocities which decrease the signal-to-noise ratio of a single reading. As
the flow velocities become higher, we are forced to use smaller particles to
minimize problems of particle lag with rapidly decreasing scattering cross-
sections and resulting signal intensities. In addition, as the velocity in-
creases, the scattering particle spends less time in the focal volume. Even
though the number of scattered photons per second remains constant (propor-
tional to scattering cross-section), fewer total photons are collected by t.e
detecting optics.

The extent to which the measurement of particle velocity represents the
fluid velocity is, of course, a separate issue. Small particles can generally
be expected to track the flow quite well if the (Lagrangian) frequency of fluc-
tuations in the fluid velocity is less than the reciprocal of a characteristic
particle response time Tp,. If the flow relative to the particle can be de-
scribed by Stokes flow we have

Tp = (d5/18) (pp/u) = (d3/18v) (pp/Pg), (2)

where dp is the particle diameter, pp and pf are the particle and fluid densi-
ties, respectively, and p is the (absolute) viscosity. It can be argued, and
substantiated from direct spectral measurements (Klebanoff 1955, Perry and
Abell 1975, 1977), that the expected fluctuation frequency in the interior of
the boundary layer should be given by

<w> =~ const[U(y)/y], (3)

where U(y) is the local streamwise mean velocity and where the constant is of
the order of unity. Consequently, the requirement for good particle tracking
in a turbulent boundary layer becomes

UG /yl €1 . (4)
By way of example, using a dibutyl phthalate aerosol, a flow of M v 1 requires

particles € 1.5 um diameter to track the fluctuations at y/§ 2 0.1. For a more
detailed discussion, see Dimotakis, Collins and Lang (1978).

3. Scattering particles

The particle generator for the present experiments utilized a Laskin
nozzle type construction to generate a polydisperse aerosol of dibutyl
phthalate. Particies greater than 1 um in diameter were effectively removed
by an impact plate incorporated in the design. The resulting particle size
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distribution, measured using both

between the last turbulence screen
and the contraction section. The

particles were introduced through a
tube which protruded 5 cm into the
settling chamber. Holes were 0.5
drilled into the tube along the ’
stagnation line as well as the rear

a cascade impactor and a multichan- 4.0 ]
nel particle analyzer, is shown in - Cotc?do genter
Hiaars 1. e } Multi- Channel Analyzer
Two different methods were | \
used to introduce particles into , Hﬁ
the flow depending on the flow fa- "SOﬁl
cility that was used. For the high b 4
speed measurements (0.6 £ M £ 2.2), §a.5~'
which were conducted in the JPL 20" 2 l
wind tunnel, it was necessary to éao_‘[
seed the flow by introducing the 3 '
particles into the settling chamber - ]
55
FI

+ ] T T T ™—0—
:i:: ::cggg. WhE xospacy Ko e 0 o5 10 L5 20 25 30
For the low speed measure- Particle Diameter ( um)
ments in the Merrill wind tunnel
(M = 0.1), although some naturally Fig. 1. Particle size distribution

occurring particles were present,

the flow was seeded using the same aerosol generator in order to increase the
data rate and to better control the scattering particle size distribution.

For these measurements, the particles were injected through a tube spanning

the test section located downstream of the boundary layer plate. The particles
were convected around the wind tunnel circuit and over a period of a few min-
utes filled the whole tunnel. In practice, balancing the rate at which parti-
cles were introduced with the rate that they were lost, in order to keep the
particle number density approximately constant in time, proved very difficult
because the characteristic time lag was of the order of several tens of min-
utes. As a consequence, for the Merrill tunnel measurements the particle num-
ber density varied during the time required for the traverse through the bound-
ary layer.

4. Optics and measurement geometry

The present experiments utilized the laser Doppler velocimeter in the
single particle, dual (forward) scatter mode. For measurements in the JPL 20"
wind tunnel, the instrument was mounted on a vibration isolated traversing
mechanism on top of the wind tunnel test section, as depicted in figure 2.

For measurements in the GALCIT Merrill wind tunnel, the traverse was suspended
from the ceiling of the laboratory.

The light source for this instrument was a Coherent Radiation Model 52B,

4 watt Argon ion laser. The laser was operated single line at 0.5145 um and
etalon stabilized to provide a single mode beam. It was mounted on the tubular
support structure for the optics as shown in figure 2.

The laser beam is directed into the transmitting optics cell where it is
split into three parallel beams, of approximately equal intensity, which form
a right isosceles triangle, whose base is nominally parallel to the wall. The
three output beams are then focused in the center of the tunnel by a 1 m focal
length lens, to a common intersection volume v 0.8 mm in diameter. The optical
axis intercepts the test plate from below at an angle of v 1:100 in order to




permit measurement of the

boundary layer down to

the surface of the pol-

ished test plate. metica tesston -
The resulting inter- o

section volume contains

three independent sets of

(virtual) fringe planes

correspondingly perpen- Rl neries gl

dicular to the u,

(u+ !)//f and (u - !)/v’f

velocity vectors (see

figure 3). By selective-

ly blocking one of the

three beams, any one of

the three velocity compo-

nents can be examined s wonics

without a change in the

focal volume geometry.
The optical axis for

the receiving optics is

aligned at an angle of "V Fig. 2. Measurement assembly

7.5° with respect to the

test plate surface. This

allows viewing the focal volume down to the test plate surface and, recalling

that the transmitting optics axis is in turn inclined with respect to the test

plate, reducing the spanwise extent of the focal volume. The collected light

cone is focused by a 1:1 imaging system into a 0.05 cm diameter pinhole which

spatially filters the collected light accepted by the photomultiplier receiving

optical assembly. The effective measurement volume diameter is defined by the

pinhole in the receiving optics and therefore is equal to v 0.05 cm.
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Fig. 3. Measurement fringes

5.  Signal processing and data acquisition

The output of the photomultiplier was amplified by a direct coupled am-
plifier installed at the base of the photomultiplier housing. That output was
in turn amplified by a low-noise, wide bandwidth, AC coupled preamplifier.

The resulting signal was low-pass filtered to remove the substantial shot
noise above the Doppler frequencies in each case. Note that the pedestal, re-
sulting from the dual scatter optice, is not removed by this processing echeme.
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The filtered signal is fed into a counter type processor (Dimotakis and Lang
1974, 1977, and Dimotakis, Collins and Lang 1978).

The processor uses a four level comparison scheme on every cycle of the
Doppler burst. A TTL signal DIN is defined whose negative slope is driven by
the crossing of the reference level V., from above by the analog input (see
figure 4a). DIN can be prescaled by m = 1,2,4,8 to yield DIN' which is used
by the timing circuitry. DIN' is subsequently checked to ensure that every
period is between two limits, T, and T, + T,. If T was the period of the
Doppler signal, we must have, as a consequence,

T, <ar<T, +7T, . (5)

1
The time intervals T, and T, are front panel selectable and cover the range

60 nsec < T,,T, < 3 msec. The processor updates the flight time register with
the time between the first nega-
tive slope of DIN' and every
successive acceptable negative
slope of DIN' using a 100 MHz
(t¢ = 10 ns) crystal. Every
negative slope is also recorded
in the cycle counter.

The data were recorded in
two different modes. In the
first mode (fixed fringe mode),
the output corresponds to the
(truncated) flight time for a
fixed number of fringes. All
the data for M 2 0.6 (JPL 20"
wind tunnel) were recorded in
this mode. Eight cycles were s brd -
counted for the beam pair at 0° : i
(u, data) with the prescaler m GO | = =
set to 2. Four cycles were _ Ne s Hold =~
counted for the *45° (u,, u, ‘ ' Analog
data) beam pairs with the pre- | —=  Input =
scaler set to unity. l (o) | Disabled

In the second mode (free
fringe mode), the processor only
requires that a fixed number of Prescoler
cycles be reached or exceeded by DIN ’ DIN'
the burst but records the flight N
time and number of cycles
(fringes) of the whole burst.
Both n and (the truncated) At
were recorded in this mode and
the velocity is Fig. 4. Signal burst processing

(o)

u, = ns/At, (6)

where s is the fringe spacing. The data recorded at M v 0.1 (GALCIT Merrill
wind tunnel) were acquired in this mode requiring at least four fringes for the
$45° data (u,, u,) and at least eight for the 0° data (u,) with the prescaler
m set to 2. Thus, in both modes, the same (minimum) number of fringes had to
be crossed.

There are several important differences between the two modes. First,
using the facility of the processor to recognize the end of the burst while
retaining the previous valid measurement, the total flight time can be used,
instead of an arbitrary fraction, in determining the velocity component of in-




terest. This improves the measurement accuracy in an obvious way. Second,
using the whole burst cancels the phase errors that are made in assigning
equal phase to the crossings of the reference level Vo by the signal. Third,
the sampling statistics are different between the two modes. In the first
mode (fixed number of fringes), all we know is that the particle crossed at
least that many. In the second mode (number of fringes unrestricted provided
it exceeds a certain minimum) we know that the particle crossed exactly that
many. That alters the sampling bias, as will be discussed later on.

The data were formatted into records of 1,024 particle measurements each
and written on a Kennedy 9100 digital tape deck. Several records were re-
corded at each measurement location. Data rates up to 50 KHz were observed in
the high speed flow.

6. Data processing

In order to process the high speed data (0.6 € M £ 2.2), which were re-
corded in the fixed fringe mode, a histogram of each record (1,024 measure-
ments) was formed as 2 function of the flight time At. The histograms were
pruned in two passes. First, the data in any bin that contained only one
count and did not have neighboring bins with more than one count were discard-
ed. In the second pass, any data isolated from the main body of the histogram
by at least one zero were also discarded. If, as a result of these two oper-
ations, more than 24 measurements out of the total of 1,024 had to be reject-
ed, the whole record was rejected.

For the low speed data (M = 0.1), which were recorded in the free fringe
mode and for which the actual number of flight time clock counts was large, an
alternative scheme was devised. The data were sorted in velncity bins as
follows. The velocity of each particle was computed as an integer percentage
of the maximum velocity that the processor settings admitted, i.e.

I, = 10011n1/At1. (7)

where T, is the minimum Doppler period setting, njy is the number of fringes
crossed by the ith particle and Aty is the time of flight corresponding to the
ny fringes. The histogram was formed based on the velocity index Ij and each
record was pruned in the fashion described above.

The complexity of processing single particle laser Doppler velocity data
is compounded by the fact that in such measurements the fluid velocity is
sampled in a biased manner. This problem, first pointed out by McLaughlin
and Tiederman (1973), necessitates that the unbiased expectation value of any
function of the velocity u, be computed consistently with this bias, i.e.

<fQu) > = 2 f(u)B () /LB () (8)
i i

where B(u) is proportional to the probability per unit time of making the par-
ticular measurement. The dependence of the sampling bias function B on the
local velocity vector u, as well as the shape of the measurement volume and
the minimum number of fringe crossings required by the processing electronics,
has been derived elsewhere (Dimotakis 1976). If the angle 6 between the in-
tersecting beams is small then, for the fixed fringe mode measurements, the
expression for B(u) simplifiec to

Bixed (W€) = u, (1 + u2/uD)¥(1 - €2(1 + ui/ud)), (9)

where u, is the velocity component perpendicular to the fringe planes, u, is
the velocity component parallel to the fringe planes and perpendicular to the
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long axis of the measurement volume (beam bisector), and € is the ratio
“min/“T of the minimum number of fringe crossings (Doppler cycles) required by
the processor to the total number (maximum) in the measurement volume. If
(u"/u‘)z << 1 equation 9 reduces to the familiar form

Bfixea® = ul' = (k + ¥), (10)

where k is the (integer) output of the flight counter.
In the free fringe mode, the bias function is given by

Bfree(uin) = “:2 (“i + uf')3/2(n + %), (11)
or, equivalently,
Byl e(kin) = (k + ¥)n?/(n + ¥). (12)

See Dimotakis (1976) and Dimotakis, Collins and Lang (1978) for derivations
and a more extensive discussion. Note that equation 12 is in disagreement with
the predictions of Hoesel and Rodi (1977) who suggest that Bﬁ.ee'!Atc k +%).

Zs Results and discussion

The mean streamwise velocity profiles are compared to the corresponding
Pitot tube measurements in figures 5 and 6. The agreement can be seen to be
quite good. The momentum thickness 6 for the profiles was computed from the
laser Doppler measurements. In figure 5 four profiles in the Mach number
range 0.6 € M € 2.2 are plotted as indicated. The agreement for the lower speed
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Fig. 5. 0.6 € M € 2.2 velocity profiles Fig. 6. M " 0.1 velocity profile




profiles is very good. Ws do not have an explanation for the small discrep-
ancies that can be geen in the higher Mach number profiles. The top data points
in figure 6 correspond to a computation of the mean velocities using the har-
monic mean (bias function of equation 10), the bottom points correspond to the
more exact bias compensation of equation 12. The differences are small as are
also the differences between these and mean values computed with no compensation
for the bias (not plotted). In figures 7 and 8 the root mean square fluctu-
ations, normalized by the edge velocity, are plotted for the same flow. The
upper set of points in figure 8 are computed using equation 10 for the bias.
Again the differences between the two are small. The filled squares in figures
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Fig. 7. 0.6 € M€ 2.2 u'/U, profiles Fig. 8. M~ 0.1 u'/U, profile

7 and 8 are taken from Klebanoff (1955). The apparent fluctuation level in
the free stream for the higher Mach numbers is largely the result of the
finite clock period (see equation 1), an effect that was not removed from the
data. The error bars are computed on the basis of estimates from different
records. The differences between the present data and the Klebanoff (1955)
data are within our confidence limits. The normalized Reynolds stress profile,
-D'u'v'ltw, measurements are presented in figures 9 and 10. The solid lines
represent the Reynolds stress computed from the corresponding mean wvelocity
profiles by integrating the boundary layer equations in the manner described
in Collins, Coles and Hicks (1978). The filled squares are taken from
Klebanoff (1955). The upper points in figure 10 are computed on the basis of
equation 10 for the bias.

Several questions can be answered immediately by the present data.
Firet, the anomalies reported in previous supersonic boundary layer measure-
ments of the Reynolds stress are not a consequence of compressibility effects.
This can be ascertained directly from figure 9 in which no systematic varia-
tion with Mach number of the Reynolds stress measurements in the vicinity of
the wall can be seen. Second, the difficulty which does exist for y/6 € 2,
cannot be associated with local particle lag, in the context of equation 4,
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since the deviation from the expected behavior would have occurred at increas-
ing distances from the wall as the Mach number increased (the boundary layer
thickness was roughly 2.5 cm for all the measured profiles). Third, the
previously reported anomalies cannot be attributed to the sampling bias. The
differences between the correctly computed Reynolds stress data (lower data
points of figure 10) and the simpler compensation by means of equation 10 are
small, even though the bias function of equation 12 yields results that are
closer to the expected values.

Except for the M v 0.1 stress measurements, the agreement between the
computed stress profiles and the directly measured values is quite good, for
y/8 2 2. The discrepancy near the wall, however, remains an open question as
of this writing. The problem, we feel, is related to the behavior of the
stress producing flow in the neighborhood of the wall. It is a common obser-
vation that the walls of the tunnel become coated with a thin film of the
aerosol used for seeding. This indicates that the flow inside the viscous
sublayer is such that a particle that enters the sublayer has a very low prob-
ability of leaving. The scaling law for particle behavior in a turbulent
boundary layer, as expressed by equation 4, is not applicable in the viscous
sublayer. A particle entering the viscous sublayer becomes caught in the mo-
tion of the longitudinal vortices, whose transverse extent is approximately
20 V/“r’ and ends up on the wall. Consequently, a fluid element coming from
the wall is less likely to carry particles than a fluid element moving
the wall. This causes several problems that show up in different measurements.
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The scattering particle number density profile for the JPL data (0.6 € M
€ 2.2) should look approximately like a half Gaussian, resembling the concen-

tration of a passive contaminant introduced far upstream at the wall.

The re-

corded data rate was divided by the local streamwise velocity and plotted in

figure 11.
number density fluctuations
and the streamiiee velocity
can be neglected, the ratio is
i proportional to the local par-
E ticle number density. The de-
crease as the wall is ap-
proached, extending to a large
fraction of the boundary layer
thickness, is quite comspicu-
' ous. The velocity component
3 perpendicular to the wall is
measured to be negative in the
vicinity of the wall, a conse-
quence of the fact that the
positive half of the probabil-
ity density of that quantity
is underrepresented in the
laser Doppler measurements.
The underrepresentation of
that motion also results in a
lower measured value for the
-u'v' correlation since the
upswelling carries fluid
with lower streamwise veloc-
ity. This motion (bursting),
which has been observed to
be intermittent and quite
violent, is held responsible
for a very large fraction of
the total stress near the
wall (Blackwelder and Kaplan
1976).

flow.
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an infinite sink for particles.
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To the extent that correlations between the scattering particle
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Particle number density profiles

It appears that the particle transport to the wall via the viscous layer
is so effective, even at the lower velocities, as to make the wall look like
The conclusion is then that the diecrepancy
in the measured Reynolds strese near the wall arises because the scattering
particle number density is very etrongly correlated with the instantaneous
stress and not as a result of any local failure of the particles to track the
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Summary

Experiments have been carried out using laser-Doppler velocimetry in
conjunction with Pitot and surface-friction instrumentation for the measure-
ment of the mean flow, the velocity fluctuations, and the Reynolds stresses
in turbulent boundary layers at constant pressure in subsonic and supersonic
flows. Two facilities were used for these studies. In one facility, data
were obtained on a flat plate at Me = 0.1, with Ree = 6600. In the other,
data were obtained on an adiabatic nozzle wall at Me = 0.6, 0.8, 1.0, 1.3,

2.2 with Reg = 23,000 and 40,000.

Part I of this report is a detailed analysis of the mean flow as observed
using Pitot-tube, Preston-tube, and floating-element balance instrumentation.
The emphasis in Part I is on the use of similarity laws with Van Driest scaling
and on the inference of the distribution of shearing stress and of the normal
velocity component from the equations of mean motion., These data serve as a
background for the analysis of the laser-Doppler data reported herein,

The present Part II of this report is a description of both the mean and
the fluctuating components of the flow, and of the Reynolds stress as observed
using a dual forward-scattering laser-Doppler velocimeter. A detailed descrip-
tion of the instrument, and of the data analysis techniques, have been included
in order to fully document the data. A detailed comparison is made between
the laser-Doppler results and those presented in Part I, and an assessmeat is
made of the ability of the laser-Doppler velocimeter to measure the details

of the flows involved.
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I. Introduction

The turbulent boundary layer at constant pressure has been the subject
of experimental and theoretical investigations for many years, and provides
a well documented flow for the assessment of experimental techniques. These
investigations have shown that for the incompressible turbulent boundary layer,
the turbulent shearing stress can be measured directly or can be calculated
from the distribution of mean velocity with the aid of well-established simi-
larity laws. For compressible flows, however, measurements of the Reynolds
stresses are rare, and interpretation of the results is difficult. Recent
measurements by Johnson and Rose (1973), Yanta and Lee (1974), and by Abbiss
(1976) have used laser-Doppler velocimetry techniques to make direct measure-
ments of the Reynolds stress in turbulent boundary layers with free-stream
Mach numbers in the range 1.5 to 3.0. However, a serious anomaly is exhibited
by these measurements in that the maximum value of -6:?7‘ iccurs much further
from the wall than is reasonable for flow at constant pressure. [his anomaly
has been discussed by Sandborn (1974), who supports the conjecture by some of
the authors cited that density fluctuations may contribute substantially to
the turbulent stresses near the wall. This conjecture is in direct opposition
to the conclusion by Morkovin (1961) that effects of density fluctuations
should be small compared to effects of variations in mean density for Mach
numbers up to 4 or 5,

The purpose of the present experiments is to obtain redundant data over
a substantial range of Mach numbers (Mé = 0.1 to 2.2), in an effort to resolve
the anomaly in turbulent shearing stress. The low-speed experiments were

*
performed in the boundary layer on a flat plate model in the GALCIT Merrill

*
Graduate Aeronautical Laboratories of the California Institute of Technology.
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E; wind tunnel at a free-stream Mach number M~ 0.1. The high-speed experi-

4 ments were performed in the ceiling boundary layer of the J.P.L.f 20-inch

wind tunnel at Mach numbers 0.6 < M < 2.2.
The flow was documented by conventional means using a Pitot tube, ‘

which was traversed through the boundary layer, to measure the mean flow.

In addition, surface-friction measurements were made using both a floating-

z element balance and a Preston tube. The mean-flow scaling suggested by

Van Driest (1955) was applied to the data, to test the adequacy of a single

similarity formulation for both compressible and incompressible flow. The

shearing stress was computed from the mean flow as part of the analysis.

The details of these experiments have been discussed in Part I of this

report by Collins, Coles and Hicks (1978).

Qg In the present report, the instrumentation, data acquisition and

g€ analysis for laser-Doppler velocity measurements in the same flows are

described. Measurements of §, V, u'2, v aid e Reynolds stress -pu v’
were made over the full Mach number range. These measurements are discussed

and compared to the results for the mean flow presented in Part I of this

vl e, -

work.

| II. Measurement Considerations at High Speeds

S ——

The use of laser-Doppler velocimetry techniques in high-speed flows

unavoidably results in very high frequency signals. Figure 1 is a plot of

the Doppler frequency

vp = 2 sinfB/2 « , (1)
A 4

*Jet Propulsion Laboratory




as a function of the flow velocity u, with the beam separation angle 6
as a parameter. For these computations, the wavelength has been assumed
to be A = 9;5145 pm, corresponding to an argon-ion laser.

A reduction in the beam separation angle 6, in order to achieve a
reduction in the signal frequency, results in a reduction in the number
of fringes within the measurement ellipsoid, and a consequent reduction
in the measurement accuracy. The interesting beam pair produces a set of
virtual fringes whose spacing is given by

A
ety sinb/2 ° (2)

Because the (TEMO‘) Gaussian beam radius at the focus is given by

wo‘-%% ’ (3)

where R is the beam wavefront radius of curvature after the focusing lens
(R ~ f = lens focal length), and w is the 1/e2 intensity envelope radius
at the focusing lens, the resulting number of fringes is then given by

(e.g., Dimotakis (1976))

w

N, =42

p X tanf/2 . (4)

The number of fringes, Nf, is plotted in Figure 2 as a function of the
focal volume diameter 2 L with the angle 6 as a parameter for a wavelength
A= 0,5145 ym. As can be seen from Figure 2, spatial resolution consid-

erations place a lower bound on the angle 6, presenting a criterion which

e
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conflicts with the requirement to keep the resulting Doppler frequencies

small,

Other difficulties arise if the Doppler frequencies are permitted
to be large. In addition to the problems of handling high frequencies 3
per se, the relative accuracy 6u/u with which the velocity of a single i ]

particle can be measured is never less than the ratio of the processor

clock period, T tO the total flight time At that is used for the mea-

surement, i.e.,

Su Tc :
= >—A-E . (5)

By way of example, a processor with a clock frequency of 100 MHz
(Tc = 10-8 sec) can measure the velocity of a Mach ~ 2 particle in air
(ul ~ 530 m/sec) in a 800 pm diameter focal volume to about ~ 0.7%.

In addition to these considerations, which would limit the accuracy
even if the measurement environment was noise free, other factors become
important at high velocities by decreasing the signal-to-noise ratio of
a single reading. As the flow velocities become higher, smaller particles
are required to minimize problems of particle lag. This results in rapidly
decreasing scattering cross-sections (Born and Wolf (1975)) and consequent
signal intensities. In addition, as the velocity increases, the scattering
particle spends less time in the focal volume. As a result, even though
the number of scattered photons per second remains constant, proportional
to the scattering cross-section, fewer total photons are collected by the

detecting optics. An equivalent way of analyzing this problem is to consider

the noise bandwidth that must be utilized as the velocities, and resulting
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Doppler frequencies, increase. For a shot-noise limited detection process,

the noise power increases proportionally to the bandwidth that is accepted
by the processing electronics. Consequently, using the same particles,

the signal-to-noise ratio will decrease as the velocity increases.

I1I. Scattering Particles

A. Particle Lag

The extent to which the measurement of particle velocity represents
the fluid velocity is, of course, a separate issue. If the Lagrangian
fluctuation frequencies in the fluid are small compared to the reciprocal
of a characteristic particle response time, Tp, the particles are expected

to follow those fluctuations.

For small solid particles in gas flows, the equation of motion in

a Lagrangian frame can be approximated by

d 1 1
= k= W ey . (6)
dt T .
¥ P s P
If the particle Reynolds number
P v P’ ;

is small, and the flow can be described by the continuum equations, we
have the classical Stokes flow for a spherical particle for which the

drag coefficient is CD = 24/Rep. The particle response time is then given

by
2 2
. et () d (B

__.,«_.,_... —
TR 1 A R b oa s




" which is independent of the fluid density. A plot of the particle response

time as a function of the particle diameter is given in Figure 3 for di-
butyl phthalate aerosol particles in air.

In order to estimate the fluctuation frequencies to which a particle
will be subjected, it is useful to examine the Eulerian fluid motions in
the turbulent boundary layer. From the measurements of Klebanoff (1954)
in a boundary layer at constant pressure, and from the measurements of Perry
and Abell (1975; 1977) in pipes, the behavior of the Eulerian velocity
fluctuation spectrum can be inferred. These results give spectra which can

be described by

S (w,y)
uu a 10 £ ] wd
= o k] o
u(y)
for the wake region, and
S (W’Y)
MU o Y g wy (10)
e % 1 ’
a 2 W) u(y) [U(J’)]

in the inner portion of the boundary layer, but outside the sublayer.

These spectra then result in expected frequencies given by

(m)6 = const. # s : (11)

in the wake region, and

(w)y = const. !§¥l " (12)
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in the boundary layer interior. Consequently, particles above the sublayer

should track the flow well, provided that

T _u(y) <

§ (13)
y
or
Dt (o] (1%)
8 T u(y)/ue ¢

Substituting Equation (8) for Tp, we obtain an upper bound on the particle
diameter for the particles to track the flow,
d d ~ 4.83 (15)
P P pm -,
max Meg
for di-butyl phthalate aerosol in air at 25%.
A prediction of Equation (12) is that the turbulent wavenumbers k ~ w/u

increase as the wall is approached,

Ty const.. z (16)

This result is confirmed qualitatively by the photograph in Figure 4 in
which the turbulent boundary layer on the surface of a water channel has
been made visible using a thick suspension of aluminum flakes which pref-
erentially align with the local strain field. The photograph was taken in
the GALCIT low-speed water channel by Brian Cantwell and is reproduced here

with his permission. The Reynolds number for this photograph, based on x,

11
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was 106. The monotonic decrease in scale size as the wall is approached
is quite evident. These observations, and the results of Equation (12) are
consistent with the usual mixing-length hypotheses made for the outer layer
by Prandtl (1942), and are consiséenc with the hypothesis for the region
closer to the wall, but outside the viscous layer by von Kirmdn (1930).

In the interior of the boundary layer, the quantity in the brackets

in Equation (14) is bounded by the relation

u /u u b
) e T e
> —— = 5 (17)
u(Y)/ue 6u,r/\gw &t
where UT is the friction velocity defined as
u_=(r /p)" (18)
T w'tw N

The ratio ue+/6+ has been shown by Coles (1968) to be a function of
Ree for incompressible flows with zero pressure gradient. The square root
of this quantity is plotted in Figure 5, for the range of Ree covered by
the present measurements (8 X 103 < Re9 <4 X 104). The data for this figure

are taken from Table 4 of Collins, Coles and Hicks (1978). These data are

compared in Figure 5 to a straight line fit given by the emperical relation
JuF16" = £(reg) = 5.01 Reg™®4 (19)

In writing the lower bound in Equation (17), effects of compressibility

have been ignored. Using the numerical result of Equations (15) and (19), we

then have
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i*gé (%)!j ; far from the sublayer ,
M (pm) ’
e
dp < dp =2 20
] . X L ; near but outside the sublayer .
M %R 0.435 |
E e g

By way of example, a flow of Me ~ 1 requires particles less than 1.5 um |
in diameter to track the fluctuations at y/§ ~ 0.1,

B. Techniques for Seeding the Flow

NN T

The particle generator for the present experiments used a Laskin
nozzle type construction to generate a poly-dispersed aerosol of di-butyl g
phthalate. Particles greater than 1 ym in diameter were effectively g
]

removed by an impact plate incorporated in the design. The resulting

pa 5 S

E particle size distribution, measured using both a cascade impactor and

"y

a multi-channel particle analyzer, is shown in Figure 6. These results
indicate little contribution to the number density for sizes greater than
1 pm. While little is known about the distribution below 0.4 um, it was
possible to ascertain that no particles with a diameter less than 0.1 um F
were present.

Two different methods were used to introduce particles into the flow
depending on the flow facility that was used. For the high-speed measurements
(0.6 5 Mes 2.2), which were conducted in the JPL 20-inch wind tunnel, it was
necessary to seed the flow by introducing the particles into the settling
chamber between the last turbulence screen and the contraction section.
The particles were introduced through a tube which protruded 5 cm vertically

into the settling chamber from above. Holes were drilled into the tube along

13




the stagnation line as well as the rear side at # 30° with respect to the

flow vector. Using this technique, data rates in excess of 50,000 samples i
per second ware achieved. Preston=tube measurements obtained with and ;7
without parcticles indicate no detectable influence of the introduction of
particles on the surface friction and theretore, probably, on the mean flow, i
For the low-speed measurements in the Merrill wind tunnel (M, 0.1),
although some naturally occurring particles were present, the flow was seeded E
using the same aerosol generator in order to increase the data rate and to if
control the scattering particle size distributfion. For these measurements | 3
the particles were injected through a tube spannfng the test section located

downstream of the boundary-layer plate, providing a uniform distribution of

particles throughout the test section., In practice, the adjustment of the

R

rate at which particles were introduced proved difficult because the charac-

W

r teristic time was of the order of several minutes for equilibrium with
particle losses. As a consequence, the particle number density changed
during the time required for a traverse through the boundary layer, Using
this seeding technique, data rates in excess of 2,000 samples/sec were
achieved at low speeds.

C. The Distribution of Particles

The particle number density was measured by counting the average fre-
quency of occurrvence of valid data from the processing clectronies. These
data are a measure of the wean particle flux (nu). Assuming that correlations

between the scattering particle number density and the streanwise velocity

are small, then

(n) = "‘2%'} ' (21)
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gives the mean value of the particle number density.

It is an unfortunate consequence of this measurement technique that
the measured value of the particle flux (nu) decreases with the signal-to-
noise ratio of the experiment. The most common cause of a decrease in the
signal-to-noise ratio in the high-speed flow experiments has been attributed
to the random occurrence of oil filaments on the windows through which the
observations were made. Imperfections in the lucite windows in the Merrill
wind tunnel had a similar effect on the measured particle flux. In addition,
a more serious problem arose in the low-speed measurements, where the particle
flux was a slowly-varying function of time.

The resulting distribution of particle number density through the
boundary layer is shown in Figures 7, 8 and 9, in which the particle number
density has been normalized by the local fluid density in order to account
for the effects of compressibility. These data are further normalized by
their maximum value in the boundary layer to eliminate the effects of differing
injection rates.

The loss mechanisms of the scattering particles from the boundary layer
are important in understanding the resulting laser-Doppler observations. For
the high-speed experiments, the particle distribution was initially both
spatially and temporally approximately uniform over a restricted volume of
fluid in the settling chamber. The particle distribution in the outer portion
of the boundary layer is then determined by the diffusion of the passive
scalar into the outer flow. In addition to diffusion, the entrainment of
fluid into the boundary layer from the free stream by the mechanism of large-
scale eddy engulfment contributes substantially to the structure of the particle

number density profiles. Because the entrained fluid contains no particles,
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the measured distributions shown in Figures 7 and 8 exhibit a rapid decay
away from the wall, with the particle number density falling to zero in
the outer portion of the boundary layer. This entrained fluid is under-
represented in the Doppler measurements because 9f the loss of statistical
weight.

As the wall is approached, the particle number density, normalized
by the local fluid density, decays more rapidly than the velocity as a result
of the loss of particles to the wall. This loss to the wall is evident from

the observation of an oil film on the test surface.

IV. Optics and Measurement Geometry

A. Position Measurement

The present experiments utilized the laser-Doppler velocimeter in the
single particle, dual forward-scatter mode, The instrument was mounted on
a vibration isolated, two-axis traverse which permitted surveys up to 75 cm
in the streamwise direction, and 20 cm in the direction normal to the test
plate. For measurements in the JPL 20-inch wind tunnel, the instrument was
mounted on top of the wind tunnel test section, as depicted in Figure 10.

For measurements in the GALCIT Merrill wind tunnel, the traverse was suspended
from the ceiling of the laboratory, and was not fixed relative to the test
plate.

The vertical position was sensed by means of a helipot mounted on the
véttical traverse and was repeatable to better than 0.005 cm. The origin for
the vertical position measurements was estimated by placing a razor blade of
known width.normal to the test surface at the location of the focal volume.
The origin was then measured by determining the half intensity of transmission

as a function of position of one of the beams.
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In practice, establishing the origin, to within the accuracy warranted
by the data, by direct measurement proved difficult for a variety of reasons.
These inherent difficulties in measuring the position of the wall, relative
to the LDV traversing mechanism necessitated establishing the origin in y
using the data for the mean-velocity profile. This was accomplished by a
least-squares fit of the mean-velocity data to the law of the wall and the

law of the wake in the form

u+ - 1n y+ +c + 2l sinz Y (22)
o x
where

u+ = u/uT s (23)

+ u

Y =0y -y) 5 s , (24)
R

Yely =92 35 » (25)

and where . is the small offset of the position of the wall required to
establish the proper origin,

For this purpose, a least-squares analysis was performed to determine
the parameters U Il and b with x = 0.41 and ¢ = 5.0 given, and 6 was

computed as a constraint imposed by the local friction law,

* ol + 20
U, - In 6§ +c¢c + x " (26)

The technique for this analysis is outlined in Part I of this work by

Collins, Coles and Hicks (1978) in conjunction with the mean-flow data
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presented there. The results of this procedure lead to corrections .
of the order of the focal volume diameter. In particular, the maximum
correction was 0.18 cm for one case of the high-speed data and 0.075 cm

for the low-speed flow measurements.

B. Transmitting Optics

The light source for this instrument was a Coherent Radiation Model ; é
52B, 4-watt argon-ion laser. The laser was operated single line at

0.5145 pm and used an oven stabilized etalon to provide a single-mode beam.

It was mounted on the tubular support structure for the optics as shown in
Figure 10. This configuration ensures that the focal volume remains unchanged y
as the assembly is traversed and also that the relati§e alignment between the r
transmitting and receiving optics is preserved to within a few percent of the
focal-volume diameter.

The laser output beam was directed into the vertical support tube for
the transmitting optics by means of two separate mirrors in order to prcserve
the proper polarization of the beam. The transmitting optics cell contains

a fixed mirror to direct the beam into the horizontal plane maintaining a

vertical polarization vector. The beam is then split into two beams of

unequal intensity by reflection from the front and rear surfaces of the first

¥
R

of two multiply-coated beam splitters. The resulting beam pair is then trans-

mitted through a second multiply-coated beam splitter which divides the stronger

i 0,

beam into two beams of equal intensity. This arrangement results in three

ek

parallel beams of approximately equal intensity which form a right isosceles
triangle whose base is nominally parallel to the test surface. The three

output beams are then focused in the center of the tunnel by a 1.0 meter focal

S s r SR e i siein o

length, antireflection coated lens, to a common focal volume ~ 0.8 mm in
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diawmeter. The optical axis intercepts the test plate from below at an
angle of ~ 1:100 in order to permit measurement of the boundary layer
close to the surface of the polished test plate.

The resulting focal volume contains three independent sets of virtual
fringe planes correspondingly perpendicular to the u, (u + v)/J/ 2 and
(u - v)/J/ 2 velocity vectors. The geometry of the three beam pairs, and
actual photographs of the fringes formed by each beam pair, are shown in
Figure 11. By selectively blocking one of the three beams, any one of the
three velocity components can be examined without a change in the focal-
volume geometry. This method we consider superior to the more common oOne
of rotating a single beam pair in the desired orientation which, in our
experience, cannot easily be done with sufficient reproducibility and
without slight displacements of the focal volume.

C. Geometry of the Intersection Volume

The three intersecting beams, taken in pairs, define three planes,
along which the measurements were taken. Even though considerable care
was taken to orient these planes at 0° and % 45° with respect to the wall,
the small deviations that were measured were taken into acccunt in the data
analysis.

The subtended angles between the beam pairs were measured by two

different methods on two different occasions and found to be within ~ 0.3%

of the values:

6 u measurement} = 0,02112 rad

1
92 77—— (u + v) measurement = 0.01490 rad (27)
0 i (u - v) measurement = 0,01424 rad.
34/
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Thus, 92 O 93 S GIIJ 2 define a nearly isosceles triangle as illustrated ]

in Figure 11.

As a consequence of the requirement to isolate the traversing mechanism

from vibrations, the relative orientation between the hypotenuse of the

triangle and the wall (angle ¢, Figure 12) had to be determined by a separate i

measurement for each profile. This was accomplished by permanently mounting

a second razor blade to one side of the test plate with its édge aligned with
the surface of the plate. The relative orientation for the optics could then
be determined by measuring the offset between the two beams forming the triangle
hypotenuse. This angle ¢ is small in every case but must be accurately known
to estimate any quantities that involve v, the velocity component normal to

the wall,

Using the geometry as defined in Figure 12, we have from the law of

cosines,
2

cos o = . 3
2 9263

e32 B e12 2 }
cos B = 4 (28)

s 2 9381
a 2 2
91 + e2 3

26,0, 3

cos y =

Assuming now that the velocity vector in two dimensions can be defined
by its components in the three directions defined in Figure 12, we have

that the three measured components are given by
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uy = blu+ b,y h

u, =b

u+b, v & (29)

u3 = b31u + b32v i 3

where

By = esad byy ™ 8inp W
by, = cos(y + @) by, = sin(y + @) 5 (30)
by, * cos(B - ¢) b32 = -sin(B - ¢) J -

Equations (29) form a redundant set, and can be used to check the validity

of the data. In particular, since sin(B + y) = sina, we must have
(ul) sina = (uz) sinp + (u3) siny . (31)

Recall from Equation (1) that

2 sinei/Z 91
AR R, S (32)

so that the consistency Equation (31) becomes

v, Y=oy *+ (v, V. (33)
Dy D, Dy

Alternatively, Equations (29) can be solved in pairs to obtain two in-

dependent estimates of (u) and (v) at each location,
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E | b b2 (ap) Cuy) ]
§ X = (34) j
P21 ®21 vy wd/
k
and L !
| bn b2 (uyy) (up) |
x : (23)
|
; P31 P32 vp? (uy)
1 Inverting Equations (34) and (35), we then have
1 (®,) sinCy + @) - (u,) sing
| <u1) 3 siny
(36)
(uy) cos(9) - (u,) cos(y + ¢)
{vg) = :
1 siny
and -
(u;) sin(B - ¢) + (u,) sing
By = sinB
37
(Ul) cos(p - ¢) - (\13) cosg
(vyy) =
II sinB J
3 The final values for (u) and (v) were then estimated by averaging the two
independent estimates,
i
1
) =3 ((ul) * (uH>)
(38)

w) =3 (<v1> - <vn>)

Using Equations (29), we can also relate the mean-square fluctuations

of the measured velocity components, to (u '2), (v '2) and (u’v’). 1In
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particular, we have

. 2 2
(' ) =1y,

(u'22

)= %

& 132> '

Note that while Equations (29) are redundant, Equations (39) are not,

except for special choices of B, y and ¢.

we then have

(u?

<v42) -

v’y =

where the Cij

)=¢C

11

21

31

21

2 2 2 .2 r
W) + b22 vy +2 b21b22 u'v?)

2 12 2 I2 A
u™) + b32 vy +2 b31b32 u'v? )

(lz ] 12 \
v’y ) + C12 (u 2 ) + 013 (u 3 )

@B+, w46, @ +

(u ) + 032 (uf22> + C33 (u'3 YL

matrix is given by,

11

12

13

21

22

23

= sin(B + y) sin(B - ¢) sin(y + @) /A

= -sinP sin(B - @) sinp/A

= siny sin(y + ¢) sing/A

= -sin(B + y) cos(B - @) cos(y + ¢)/A~

= sinB cos(B - @) cosp/b

= siny cos(y + @) cosg/a

23

@2 45,7 @ 20, @)

Inverting Equations (39),

(39)

(40)

(41)




Cyy = =7 $in(B +Y) sin(B - v - 20)/4 )
€. ™ P! i i 2¢)/
32 =2 8 nB sin(p - 2¢) /0 >

i C33 = -% siny sin(y + 2¢)/A r Fig ﬂ
3
L and where

A = sinB e sinyesin(B + vy) . (42)

D. Receiving Optics

The optical axis for the receiving optics is aligned at an angle of E

~ 7.5° with respect to the test-plate surface, thus permitting a full view é
of the focal volume throughout the boundary layer. This inclination of §>
3

both the transmitting and the receiving optics with respect to the test E
surface results in a reduction of the spamwise extent of the focal volume, ;
¥

The collecting lenses consist of a pair of 15.24 cm diameter, f£/5 achromats

which have been anti-reflection coated and are mounted back-to-back in a

77—
i 1 RN

common cell, This configﬁration provides a 1:1 imaging system that was
measured to be approximately twice diffraction limited. The collected

light cone is directed by a 10 cm diameter multi-layer dielectric coated
mirror into a 0.05 cm diameter pinhole which spatially filters the collected
light that is accepted by the photomultiplier assembly. The photomultiplier
assembly consists of a focusing mount with a 20 mm focal length, f£/5 coated
lens, a 30A wide 0.5145 pm filter and magnetic lensing to restrict the photo-

cathode of an EMI 9813B photomultiplier tube. The photomultiplier tube output

is coupled directly to a low-noise fast rise-time preamplifier, constructed
inside the tube housing at the base of the photomultiplier tube. The photo-

detection system was designed with a frequency response in excess of 50 MHz.
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The effective focal-volume diameter is defined by the pinhole in the
receiving optics and is therefore equal to ~ 0,05 cm,.

Oscilloscope traces of raw signals from the output of the preamplifier
at the base of the photomultiplier are included in Figure 13. These photo-
graphs are multiple exposures taken of particle bursts at the highest
recorded velocities of My~ 2.2 (Ree ~ 4 X 104) at the edge of the boundary
layer. The frequency of the u-component signal is about 26 MHz. The fre-
quency of the (u + v)-component signal is almost exactly one-half the u-~
component frequency. This feature, which will be discussed later, is exploited
by the processing scheme. Typical signal-to-noise ratios of 15-20 db were

measured at these velocities.

V. Signal Processing and Data Acquisition

The output of the photomultiplier, coupled through the integral pre-
amplifier, was monitored on a HP 8553B/8552B wave analyzer which was also
used to align the optics and tune the entire system by maximizing the signal-
to-noise ratio of the Doppler signal. This signal was filtered by a two-pole
low-pass filter in order to eliminate the substantial shot noise above the
Doppler frequencies. The pedestal, resulting from the dual-scatter optics,
is not removed by this processing scheme.

A. The LDV Processor

The filtered output signal is fed into the LDV processor (Dimotakis and
Lang (1977)) depicted in block diagram in Figure 14. The various components '
of this processor are described in the following paragraphs.

1. The Analog Input Processor

The Analog Input Processor defines a reference level VO and two symmetric

levels Vo - VL’ V. + V., about V

0 L as shown in Figure 15a. In addition, a fourth

o
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level VM can also be defined which must be higher than Vo + VL. The

amplitudes V VL and VM’ as well as the polarity, are independently

o’

selectable. The filtered Analog INput (AIN) must cross V_ - VL from below

0

and then Vo + VL from below, in that order, before the Digital INput (DIN)

is raised. A subsequent crossing of V. from above will cause DIN to go low.

0
This test sequence must be passed by the analog input AIN on every cycle,
otherwise the burst is rejected, the logic is reset, and the processor waits

for the next burst. If the analog input AIN exceeds V , at any time during

M
the burst, the burst is rejected, the logic is reset, and the processor waits

V, and V

for the next burst (cf. Figure 15a). Thus the amplitudes VO, L M

specify the range of particle sizes accepted by the processor for the mea-
surement. The frequency of the signal DIN can be prescaled (cf. Figure 15b)

to produce the signal DIN’ which has one negative slope for every m negative
slope of DIN, The constant m is front panel selectable and can be set Lo

1, 2, 4 or 8. The Analog Input Processor is designed with high-speed ECL
circuitry and stripline technology with a maximum Doppler frequency of 170 MHz.

2. The Digital Input Processor

The prescaled digital input DIN’ is subsequently processed by the Digital
Input Processor. The negative slope of DIN’ fires a resettable one-shot Tl
of duration Ty» as illustrated in Figure 16. The negative slope of Tl fires
a resettable one-shot of duration Tye The first negative slope of DIN’ also
raises a signal G, which gates a 100 MHz crystal clock into the Flight Time
(FT) counter, as illustrated in Figure 17. The next negative slope of DIN',
refires the one-shot Tl, resets the T2 one-shot and generates a short TRansfer

Pulse (TRP) which stores the FT buffer and increments the cycle counter (cf.

Figures 16 and 17). If the T2 one-shot times out before it is reset, an error
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flag is raised, the logic is reset and the processor waits for the next

burst. As a consequence, the logic checks that every period of the pre-

scaled digital input falls within predetermined limits. If 7 is the period

of the Doppler signal, we must have, as a consequence,

T, <mT<T, 4T, (43)

where m = 1, 2, 4, 8. The time intervals T1 and TZ are front panel selectable
and cover the range 60 nsec <ZT1, 72 < 3 msec. The maximum Doppler frequency
that can be handled by the Analog and Digital Processors working in tandem

is given by,

)y ® —-(-)-:i’;(‘: y - e — = 130 Mz . (44)
1 60 x 10

3. The Timer
The 100 MHz crystal clock is divided by 10 to form a 10 MHz time

standard which is used as the clock for the timer, as illustrated in

Figure 17. The timer, in turn, has a + 10N prescaler which sets the

time base. This increments a free running 32-bit counter which can be
q: reset if required but is normally allowed to overflow. The gate signal
G is inverted to form G and is used to latch the contents of the timer
counter into the timer buffer, as illustrated in Figuvre 18, The purpose
of this information is to record the real time of each scattering event,
to permit the reconstruction of the velocity fluctuations in time (cf.
Dimotakis and Brown (1975)). While the present data rate was often high

enough (~ 50 kHz) to warrant an examination of the velocity fluctuations

~in time, it was decided not to include such data in the present report.

e, RS
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4. Performance and Operating Modes

The LDV processor operates at the theoretical performance of *+ 1/2
clock count (10 nsec) in determining the flight time Ati of the 1th i
scattering particle. The overall measurement accuracy is of course limited

by a variety of other factors such as optical precision, signal-to-noise - b8

of the signal at the processor input, etc, In all the high-speed cases

(MQZIO.S), the finite frequency of the processor clock was the limiting

factor in the velocity measurement accuracy of a single particle. The

o g AV

highest frequency that occurred was 27 MHz in the M™> 2.2 flow. This fre-
quency was measured with an overall accuracy for a single particle of ~ 27,

A histogram from a 1,024 particle record taken in the free stream (M, 2.2)

of the flight time for 8 Doppler cycles, is depicted in Figure 19. It can

| be seen that ~ 2/3 of all the counts fall in one 10 nsec bin. At the lower

TR T

ri velocities the limitations arose as a result of the combined effect of all

the other sources of error. For the M ~ 0.1 measurements an accuracy of

o

0.5% for a single particle was achieved. It should be emphasized that while
the accuracy for a single particle velocity measurement does not limit the
accuracy with which mean velocities can be determined, it contaminates the r:
b measurement of the rms fluctuation levels, S
The processor is capable of operating in a variety of modes. Two of
the modes that were used in this work will be discussed,
In the first mode, a fixed number of cycles 1s stored in the Mode Logic

circuitry and compared with the contents of the Cycle Counter after each TRP

pulse (cf. Figures 16 and 17). When the two numbers match, the Count End
((EMD) flag is raised which in turn lowers the GO disabling the system

Figures 17 and 153). The output is then read and the processor is
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reset and waits for the next burst (dead time ~ 60 nsec). All the data

for FL>»0.6 (JPL 20-inch Wind Tunnel) were recorded in this mode. Eight
cycles were counted for the beam pair at 0° (u1 data) with the prescaler

m set to 2. Four cycles werz2 counted for the * 45° (uz, u, data) beam

3
pairs with the prescaler set to unity., The advantage of this scheme was
that the digital processor saw the same frequencies and numbers of cycles

for all configurations. This occurs for the present measurements because

the projection of the velocity vector along the * 45° directions is approxi-

mately given by

This uniformity in the processing, allows all the signals to be
processed with identical settings except for a change in the prescaler
from 1 to 2, The particle velocity is then determined by reading the
output of the FT counter which corresponds to the flight time of the
particle for the fixed number of fringes specified.

In the second mode, the processor requires that a fixed number of
cycles be reached or exceeded by the burst and records the flight time
and number of cycles of the entire burst., The sequence depicted in
Figure 15a represents such a mode where, assuming that each period of
DIN passed the Tys Tp test, the end of the burst was determined by the

Analog Input Processor. The flight time At that would have resulted from
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such a burst is indicated on the figure while the output of the cycle

counter would have been n = 3 (number of TRP pulses and also number of

fringe plane intervals). Both n and At would be recorded in this mode

and the velocity would be %4
|

ns |

u = A c 47) |

The data recorded at rg..o.l (GALCIT Merrill Wind Tunnel) were acquired j
in this mode requiring at least four fringes for the * 45° data (u2, u3) ‘i

and at least eight for the 0° data (ul). Thus, in both modes, the same

minimum number of fringes had to be crossed.

There are several important differences between the two modes.
First, using the facility of the processor to recognize the end of the
burst while retaining the previous valid measurement allows the total
flight time to be used, instead of an arbitrary fraction, in determiniig
the velocity component of interest. This improves the measurement accuracy
in an obvious way. Second, the phase errors that are made in assigning
equal phase to the crossings of the reference level Vo by the signal are
cancelled when the entire burst is used. Third, the sampling statistics
are different between the two modes. In the first mode (fixed number of
fringes), all we know is that the particle crossed at least that many. In
the second mode (number of fringes unrestricted provided it exceeds a certain
minimum) we know that the particle crossed exactly that many. The sampling

bias is different for these two cases, as will be discussed in Section VI-B.

B. Output Formatting

The (i) flight time, (ii) total number of validated cycles and (iii) ;ﬁ
the real time are encoded by the processor into three 32-bit words as binary j
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coded decimals (BDC). These data serve as input to the subsequent format-
ting electronics which selected the four least significant decades of the
flight time to form a sixteen-bit word and, depending on the fringe mode,
either the sixteen bits of the real time for the fixed-fringe mode, or the
number of fringe crossings, in the free-fringe mode. These data were then
combined to form a single 3Z-bit word.

The asynchronous data from the processor were recorded in dual 1024 X
32-bit buffers. One buffer was filled asynchronously with the processor
output while the second was clocked synchronously, as a sequence of 4 bits/
word on a Kennedy Model 9100 digital tape deck. Each 1024 X 32-bit buffer
constituted a 4K-bit record on tape. Several records were recorded at each

station depending on the turbulence level and average data rate,

VI. Data Processing

In computing the Reynolds stress -537;7 from the measured velocity data,
it is necessary to estimate both the first and second moments of the data,
and to extract relatively small differences between two large numbers. This
necessitates a careful accounting of all random and systematic errors that
result from spurious measurements. In the present experiments, such errors
are caused by a finite signal-to-noise ratio, and appear as isolated counts
when the measurements are treated in histogram form. Errors are also caused
by LDV sampling bias and by both the finite clock period and by noise in the
processing electronics and in the optics. Errors which arise as a result of
the finite measurement volume have been found to only be important in the
immediate vicinity of the wall, and have not been corrected in the present
analysis. The correction of such errors would result in a correction of at
most the first two data points adjacent to the wall, for which we have the

least confidence, and would not affect the conclusions presented.
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A. Histogram Pruning

The data from the present experiments were recorded as multiple records
of 1024 individual realizations of the three instantaneous velocity com-
ponents u, u + v, u - v. These data were processed by forming a separate
histogram‘for each record, and subsequently performing the statistical
computations using the resulting histograms. For the high-speed flow experi-
ments, the data were recorded in the fixed-fringe mode and the histograms
were formed as a function of the integer flight time b, . The low-speed
measurements were recorded in the free-fringe mode for which the flight
time was large and covered a much wider range. For these data, the histogram
was formed as a function of the velocity of the particles, computed as an
integer percentage of the maximum velocity that the processor would admit,

i.e.,

I, = 100 7. n, s (48)

where T is the minimum Doppler period and n, is the number of fringes
crossed by the ith particle in time Ati'

The pruning was performed in two passes. First, data in any bin that
contained only one count, and did not have neighboring bins with more than
one count, were discarded. In the second pass, any data isolated from the
main body of the histogram by at least one zero were also discarded. 1If,
as a result of these two operations, more than 24 measurements out of the
total of 1024 were rejected, the entire record was rejected. This scheme
was preferred to the more usual one of rejecting data outside a certain

number of standard deviations from the mean. By way of example, the few
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counts in bin 40 of the histogram in Figure 19 would be discarded by this
scheme.

The histograms which result from the data in the present investigations
are illustrated in Figures 20 and 21, In these figures, the histograms at
several locations through the boundary layer are superimposed on the mean-
velocity profiles for that case. For both flows represented here, the
histogram for the free-stream flow encompasses only four bins. Near the
wall, the histogram is spread over more than forty bins,

B. Sampling Bias

The complexity of processing single particle laser-Doppler velocity
data is compounded by the fact that the fluid velocity is sampled in a
biased manner. This problem, first pointed out by McLaughlin and Tiederman
(1973), is a consequence of the fact that the particle flux through the
measurement volume, and the resulting measurement probability per unit time,
is higher when the local fluid velocity is high than when it is low. The
fact that the measurement probability is a function of the measured quantity
gives rise to the sampling bias B(u), where u is the three-dimensional velocity
vector. Consequently, to compute the expectation value of a particular
function of the measurements we must remove this bias, i.e.,

> fwps iy
i

> e

i

(fQu)) = . (49)

The dependence of the sampling bias function B on the local velocity vector
u, on the shape of the measurement volume, and on the minimum number of

fringe crossings required by the processing electronics, has been derived
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by Dimotakis (1976). For data recorded in the fixed-fringe mode, if the

angle between the intersecting beams is small, the expression for B(u)

simplifies to

172
pwe) ~u 1 +u?) - Ea+uin Dl (50)

where u, is the velocity component perpendicular to the fringe planes,

u, is the velocity component parallel to the fringe planes and perpen-
dicular to the beam bisector, and € is the ratio nmin/nT of the minimum
number of fringe crossings required by the processor to the total number
in the focal volume. Note that recording the flight time for a fixed
number of fringes in fact requires that at least that many were crossed.
Consequently, the fixed number of fringes is equal to N oin in the context
in which ¢ was defined for Equation (50).

Evaluating B(u;e) for the ulidaca in the boundary layer, which were

acquired using the fixed-fringe mode (0.6 - Mes 2.2), we note that

u,zlul? = v2/u2 << 1 so that, in this case,
Bluse) ~u (1 - €) , (51)

or,

B(use) exu;, - (52)

In going from Equation (51) to Equation (52), an additional assump-
tion has been made. Even though noin is fixed by the signal processing
electtonicé, the total number of fringes crossed, s is unfortunately a
complicated function of the particle size, This is a consequence of the

fact that the amplitude levels V0 and VL are absolute. A large particle,
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with a correspondingly large scattering cross-section, will yield a burst
which is expected to result in more validated cycles. Thus, the ratio €

is a function of the particle size. In the context of Equation (49), the
transition from Equation (51) to (52) is valid only if the local velocity
vector is uncorrelated with particle size. This requirement will be satisfied

if the particles track the flow.

With this proviso we then have from Equations (49) and (52), for the

uy data in the fixed-fringe mode,

-1
E faydeyy
(EQu)) = = ‘ (53)

-1
L

i

In particular, the mean velocity is given by

N
T (54)
-1
2
i

where N is the total number of data points, as originally proposed by
McLaughlin and Tiederman (1973). Similarly the mean square is given

by,
u
Z 1

R

%) = S=<—— . (55)
A ooy

i

The mean-square fluctuations can then be computed by means of

@ = - w? . (56)




(u'_l ) = . (57)

The latter form is preferable in avoiding finite precision problems in
the computer, at the expense, however, of substantially more computing
time.

In evaluating Equations (54) and (55), note that the ith measured

velocity component is given by Equation (47), or

: 1
S 2: (k +3 4 ) i e
ot s

where n is equal to the number of fringes, s is the fringe spacing, T is
the clock period (10 nsec), ki is the (integer) output of the flight time
counter and x is a random variable representing the collective uncertainty
in the determination of the flight time At and resulting from (i) the
finite clock period B o and (ii) the uncertainty with which the equal
phase points are determined by the comparators from the signal burst as
a result of finite signal-to-noise ratio. The 1/2 is added to k; to remove
the systematic truncation error of the digital counter.

Using Equations (54) and (55) and correcting for the finite variance

of the random variable x, we have

© D ¢ixed (?') JN1 ’ i
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where

o
13N
{1}
~~
Lt
+
N =
A
'
=
-

(61)

and

Q
]

(62)

is the variance of x.

Unfortunately, the situation is less well defined for the 45° data
recorded in the fixed-fringe mode. In that case, the two relevant veloci-
ties, u, and u,, are of the same order of magnitude. Nevertheless, since
only one velocity component was measured at a time, we use Equation (52)
for the bias and reduce the * 45° data using Equations (59) and (60). While
this is clearly not correct, it is better than ignoring the bias altogether.

Note that the expression for the sampling bias B given by Equation (52)
is not appropriate for data acquired in the free-fringe mode because this
equation was derived using the assumption that the probability of measure-
ment is determined by the fact that the particle has crossed at least the
fixed number of fringes. In the free-fringe mode, the measurement of the
number of fringes crossed and of the flight time in units of Te corresponds

to a particle crossing of exactly n., fringes. The probability for this event

i
can be determined from Equation (50). Since B (u; ni/nT) is proportional to

the probability of crossing at least ng fringes, i.e.,

Beixea (wing/np) «p {n< “1'-‘!] ’ (63) E




we have that

f)[n=ni|g}'=f){n<ni|£]'{7[n<(“i+1)l.‘:‘.} ’

where p { ] denotes the probability per unit time of observing the event

in the braces. Consequently,

Brree@sn;/np) o By q(uing/ng) - By qlui(ng + D/ng]

free

or .

2 3/2

-2 2
(u_L + 8. (ni +1/2)

Bfree(!;ni/n'l‘) i

where, in the context of Equation (49), the assumption has been made that

the particle size is uncorrelated with the local velocity. In the context

of Equation (49), note that

whereas

2 2 1
(u, +“”)°°E:-’

where Ati is the time of flight for the measured ng fringes. Substituting
these equations in Equation (66), we have
(k, +1/2 + x)n>
i i

-1
afree (g,ni/nT) = ny + 1/2 -

where, as before, k1 is the integer output of the flight time counter and

x is a random variable representing the uncertainty in the measurement of

(64) :

(65)

(66)

(67)

(68)
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the flight time. Using this bias function, we thus have

ns K0,3 |
<u-L)f.ree T (T) K ’ (70) ‘
c -1,2 '

m
n,
1

(k; + Do, + 3

and 02 is the variance of x. Note that Equations (70) and (71) are equally
valid for the 0° data as for the % 45° data. The data recorded at M=>=0.1
in the free-fringe mode were analyzed using Equations (70) and (71). In
order to compare them to the previous data, Equations (54) and (55) were

also used, which in this case reduce to

L
) = (E.).JlLl_,
1 T L
c -1,-1




Note also that Equation (69) for the sampling bias in the free-fringe

mode is in disagreement with the results of Hoesel and Rodi (1977) and

-1

Buchhave, George and Lumley (1979), who claim that Sfree

= Ati < (ki + %).
If that were true, Equations (59) and (60) would be valid for the free-
fringe mode as well, with the three summations as defined in Equation (61).

The variance 02 of x was estimated from the mean-square fluctuations
in the free stream where (u'z) = 0.

The results of this analysis have been applied to the data obtained
in these experiments., The bias correction is most important in the region
near the wall, where the fluctuation levels are highest. These calculations

indicate at most a 2% correction for the low-speed flow data in this region,

and a 3.3% correction for the high-speed flow data.

VII. Results and Discussion

A. Data Reduction

Following the computation of the proper statistical averages, the data
were reduced to a form appropriate for boundary layer flows by utilizing the
scheme outlined in Part I of this report by Collins, Coles and Hicks (1978).
For this purpose, the Van Driest (1955) scaled mean streamwise velocity data
were fitted to the law of the wall and the law of the wake using a three-
parameter nonlinear least-squares fit with a single constraint equation based
on the local friction law. The profile parameters us Il and §, determined
by this analysis, were then used to infer both the distribution of shear stress,
and of the normal velocity, from the data by an integration of the equations
for the conservation of mass and momentum from the wall to the free stream,
using the formulation by Spalding (1961) to describe the flow in the viscous

sublayer. The details of these computations are given in Part I.
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One significant difference between the present LDV data and the data
obtained using standard Pitot instrumentation (cf. Part I) is the ability
of the Pitot to obtain valid data in the region adjacent to the wall.
Because of noise considerations, the present data are limited to a distance
of approximately one focal-volume diameter from the wall. This fact requires
that the boundary-layer scale parameters 6* and 6 be computed directly from
the law of the wall and the law of the wake representations rather than from
a direct integration of the data, as in the results discussed in Part I.

The scale parameters are defined as

6
i =/ [ . ]
pu_ gy, (76)

(o}

and

6=_/6 zuu [1-—:‘:—]dy - 7)

In terms of the Van Driest (1955) scaled velocity U,

uy
pu 1 e sinU (78)
S e _'—2"“ ?
Pl m T, cosU
and
2 T b
pu - 1 _e sinl (79)
2 ’
pe ez m Tw COSZU
where 1/2

('rw . 're) :
m = T, > (80)

and U is defined by the Van Driest scaling

m-:— = sinU . (81)
e
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Thus,
6
T
1 e sinl
¢ =b-3 T—./ ot i
w o cos U
and
) T 6 9
1 inU i
6= = Tﬂ s n2 dy - 2, TE s1n2U By . (83)
w © cos’U - w9 cos’U

The integrals involved in these expressions were evaluated in terms
of the integrals P and Q defined in Part I. These integrals are functions
only of the mean-velocity profile parameters u, Il and 6§, and are evaluated
in terms of the Spalding formulation for the boundary layer.

As a result of the differences in the computational procedure for the
scale parameters 6* and 0, these quantities differ slightly from those
computed for the identical flows given in Part I of this work, Corrections
for these discrepancies have been included where comparisons are made to
the previous work.

B. Streamwise Mean-Velocity Profiles

A comparison between the mean-velocity profiles obtained in the present
experiments and those obtained from the Pitot-data of Part I is given in
Figures 22 and 23. 1In order to make a consistent comparison, the Pitot data
from Part I have been replotted using the integral scale 8 obtained from the
LDV experiments. At high Mach numbers, the results exhibit a small discrep-
ancy between the LDV and the Pitot data, with the LDV data exhibiting lower
mean velocities near the wall. The cause of this discrepancy is not clear
at this writing, nor is it clear which measurement is the more reliable.

The low-speed flow mean-velocity profiles have been computed using both the
exact bias correction, according to Equation (70) and using the harmonic

mean according to Equation (59). The differences are small as are the
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differences between these results and the results of the mean value of
these data without any bias correction. The comparisons have not been
plotted here. The agreement between the LDV data and the Pitot data is
excellent for the low-speed results.

The data obtained from the present experiments have been plotted
in coordinates appropriate to the law of the wall in Figures 24 and 25.
The solid line associated with each data set has been computed using the
formulation by Spalding (1961), and illustrates the fit obtained in the
computation of U, Il and §. The high-speed flow results shown in these

figures illustrate the problem of obtaining measurements near the wall.

These data exhibit a departure from the computed profile because of noise

which occurs when the focal volume intercepts the wall, This fact required
that the data included in the least-squares fit be limited to y+ Z 200 for
these data, as was the case for the Pitot data reported in Part I.

The profile parameters u and § computed from the least-squares
procedure agree closely with those parameters computed from the Pitot data
for the same flows., The computations of the wake parameter JI, however, are
considerably higher in every case. The self-consistency of the LDV results
indicates that this discrepancy is probably not the consequence of data
reduction errors.

C. Streamwise Velocity Fluctuations

The fluctuations of the streamwise velocity component, normalized by
the free-stream velocity, are shown in Figures 26 and 27 as a function of
the normal coordinate. These results are compared to the distribution of
the u’ fluctuations obtained at low speeds by Klebanoff (1954) in flow at

constant pressure, represented by the solid squares in these figures. For
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these comparisons, the normal coordinate for the data by Klebanoff have
been scaled with the boundary-layer scale obtained in the present experi-
ments.

The error bars in each of the subsequent figures have been computed
as the standard deviation of the ensemble of recérds used in computing
the mean values. In each case, a few data points for which the error
bars exceed the mean value have been excluded. From these results, it
is clear that, near the free~stream, the velocity fluctuations are properly
computed from the LDV data. As the wall is approached, the deviations
between the present results and those of Kelbanoff are within the confidence
limits in the present data.

It can be concluded from these data that, within the error in the
present experiments, no measurable effects of compressibility have been
found on the mean-square velocity fluctuations. The data for Mach numbers
up to 2.2 are adequately represented by the data of Klebanoff. The differences
exhibited in these figures between the high-speed flow data and the low-speed
flow data arise from the differences in the boundary-layer Reynolds number,
Ree. These results confirm Morkovin's (1961) hypothesis that there is no
essential difference in tﬁe dynamic behavior of the boundary layer at constant
pressure for Mach numbers up to 4 or 5,

D. Reynolds Stress Profiles

The distribution of Reynolds stress, computed as -&Iﬂ?’, is shown in
Figures 28 and 29 for the data of these experiments. In order to compare
the Reynolds stress deduced from the ~xperimental data with the expected
distribution through the boundary layer, a second computation based on the
integral formulation outlined in Part 1 is displayed as the solid curve in

each figure. The results from the integral formulation coincide with the
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results obtained using the Pitot data, with minor differences arising
from the difference in the computed value of the wakc parameter II.

For comparison with the expected behavior at low speeds, the data
of Klebanoff (1954) has been included in these figures as the dark squares
on each figure. The agreement between the integral formulation and the
data of Klebanoff indicates that the integral formulation, based on the
mean-velocity data, yields the expected distribution for the ;otal shear
stress.

The dominant feature of the results for the distribution of the
Reynolds stress, as measured by the laser-Doppler technique, is the de-
parture of the measured Reynolds stress from the results of the integral
computation in the region y/6 =3, This departure represents a ﬁajor error
in these measurements and may indicate a fundamental limitation on the
applicability of the laser-Doppler technique in flows of this type.

Several conclusions can be reached from these data. The anomaly
represented by the departure of the Reynolds stress from the expected value
near the wall has been reported previously by Johnson and Rose (1973), by
Yanta and Lee (1974), and by Abbiss (1976). An explanation of this phe-
nomenon by Sandborn (1974) assumed that the phenomenon is related to the
contributions of density fluctuations to the Reynolds stress. That this
assumption is incorrect is clear from the present data. The observed phe-
nomenon is not Mach number dependent and hence is not an effect of com-
pressibility. These data also indicate that the discrepancy in the Reynolds
stress is not associated with particle lag at the position of measurement,
because for this to be the case the results of Equation (13) require that
the lag occur at increasing distances from the wall with increasing free-

stream velocity. In addition, the agreement obtained in the distribution
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of the mean-square velocity fluctuations indicates that the particles

follow the flow locally throughout the boundary layer.

Similar distributions for the Reynolds stress, measured using hot-
wire anemometer techniques by Laderman (1978), have recently been shown
to agree with the present results given by the integral distributions
shown by the solid curves in Figures 28 and 29.

These results again confirm Morkovin's hypothesis (1961) and refute
the hypothesis by Sandborn (1974) that density fluctuations may be re-
sponsible for major changes in the distribution of Reynolds stress at
high speeds. Similar conclusions were expressed in Part I, based on
the results of the Pitot measurements of the mean-velocity profiles.

E. The Problem of the Normal Velocity

The results for the distribution of normal velocity are illustrated
in Figure 30 for the high-speed flow at low Reynolds number. In this
figure, the solid line is the result for the correct distribution of
v/u, computed from the integral representation of the data outlined by
Collins, Coles and Hicks (1978), using the boundary-layer parameters U
Il and § derived from the least-squares analysis.

The errors in estimating the normal velocity from the present data
are substantial in every case. The principal feature of the data is that
the normal velocity is large and negative at the wall, increasing sharply
in magnitude as the wall is approached. The disparity between the large
negative value and the error bars indicates that the particles are being
convected toward the wall in this region. In the free stream, the velocity
is positive in most cases, but with a magnitude that is larger than the

correct free-stream value as represented by the integral formulation.
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These data illustrate the difficulty in accurately representing 1

the normal velocity. This difficulty arises as a consequence of the §

fact that any small misalignment of the optics will result in substantial
errors in the computed value of the normal velocity, which has a maximum

value

(i) = 7, (84)

where H = 6%/0 is the boundary layer form parameter. In addition, because
of the non-uniform particle distributions, the normal velocity components

of both the flow near the wall and the flow in the vicinity of the boundary-
layer edge are improperly represented.

The fluctuations in the normal velocity are represented for these same
data in Figure 31. These data have approximately the value of the data of
Klebanoff (1954) for incompressible flow, represented by the solid squares
in the figure. However, in light of the difficulties in measuring the
normal velocity, this agreement is fortuitous. The magnitude of the error
bars for these data are approximately one-half of the magnitude of the data,

and indicate a low degree of confidence in the results,

VIII. Conclusions ;
The present experiments lead to a number of conclusions regarding the %;

applicability of the laser-Doppler technique to the study of boundary-layer

flows. The results presented for the behavior of the streamwise velocity if

components indicate the importance of including in the analysis of the raw é

data an adequate technique for pruning the initial histograms in order to

remove errors in the data introduced by noise. These results further indicate

the importance of including proper statistical averaging in the analysis in
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order to account for the bias introduced by sampling. In addition, the

effects of a finite clock period and noise have been shown to be important

in the proper determination of the streamwise velocity fluctuations, u’,

near the boundary-layer edge. When these effects are properly included

in the data analysis, a direct comparison between the present laser-Doppler $
measurements and measurements in the same flows, presented in Part I of

this work, indicates good agreement for the streamwise velocity components

uand u’. The present results, when properly scaled to account for com-

pressibility using the ideas of Van Driest (1955), are also shown to agree
with the low-speed data presented by Kelbanoff (1954). This observation
further corroborates the conclusions expressed in Part I of Lhis work
regarding the proper role of compressibility in determining the behavior
of the mean velocity, and confirms Morkovin's hypothesis (1961) regarding

the role of density fluctuations in the boundary layer at constant pressure.

The present measurements of the Reynolds stress, -pu'v', and for the
normal velocity, v, are in substantial disagreement with the expected results
derived from the mean flow. These observations seem to indicate a funda-
mental difficulty with the application of the laser-Doppler technique as
implemented in these experiments to the measurement of the detailed structure

of flows in the vicinity of a wall, The measured Reynolds stress profiles,

-pu’v’, deviate from the expected behavior for y/6 P 3, indicating an error

in the measurement for the u’v’ correlation in the region adjacent to the
wall, This error arises because of the strong correlation between the normal
velocity component and the particle number density that occurs as a result

of the depletion of particles near the wall. These results indicate that
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the flow inside the viscous sublayer is such that a particle that enters
the sublayer has a very low probability of leaving. The scaling law for

particle behavior in a turbulent boundary layer (cf.Equation (13)) is not

applicable in the viscous sublayer. A particle which enters the viscous
sublayer is subjected to the very high Lagrangian frequencies which occur g
in the motion of the longitudinal vorticies, whose transverse extent is "
approximately 2—2“— » and lag the flow in this region. As a consequence, {
a fluid element :oming from the wall is less likely to carry particles than {;
a fluid element moving toward the wall. This results in an under- f
representation of the positive component of the normal velocity, v, in
the region near the wall, resulting in a negative value for the measured
component normal to the wall,

This under-representation of the motion near the wall also results
in a lower measured value for the Reynolds stress, -é:j;z than would be
expected by an analysis based on the mean flow as described in Part I, since
the upswelling of fluid from the wall is associated with a lower streamwise
velocity. This bursting motion has been observed by Blackwelder and Kaplan
(1976) to be intermittent and quite violent, and is held to be responsible
for a large fraction of the total stress near the wall (?V—T- = 100). The
particle transport to the wall via the viscous sublayer is so effective,
even at the lower velocities of the Merrill wind tunnel experiments, that §t
the wall appears as an infinite sink for particles. |

We conclude from these observations that the measured disparity between

the Reynolds stress, -pu'v', and the total stress, as defined by the inte- jf
gration of the mean flow, arise not as a consequence of compressibility,
as suggested by Sandborn (1974), but as a consequence of particle depletion

which is unique to boundary layers in air. This is a fundamental limitation
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of the techniques for particle seeding which must be solved if this

technique is to be useful for detailed measurements near the wall,

For free-shear flows, because of the absence of the wall, this problem
does not arise, and the laser-ﬁbppler technique will give an accurate
representation of the mean and fluctuating velocity components and their

correlations.
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Nomenclature
; f
’ Symbol Equation Meaning |
c (22) constant in wall law (5.0) 1
3 Cf (84) local friction coef.ficient
dp (7) particle diameter |
ki integer output of the flight time 3
counter y
n (21) particle number density L
4 n, number of observations with velocity uy F
1 ; Reg Reynolds number based on © 1
3 [ (2) fringe spacing "
: : u, v streamwise and normal velocity components
i uy (29) velocity component in ith direction
: u, (18) friction velocity
u (1) velocity component normal to the
4 fringe plane
u, velocity component parallel to the
fringe plane .
X, y : streamwise and normal coordinates ‘
o, B, Ys & Figure 12 angles defined by the beam planes
B(u) (49) bias function i
[} (26) boundary-layer thickness
6 (77) boundary-layer momentum thickness {
01 Figure 12 beam separation angles
n (22) Kdrmdn constant (0.41) |
A laser wave length (0.5145 um)
1% viscosity ‘
v : kinematic viscosity |




Symbol

Snboqripts
(),
()¢
()P
Oy
)’

§' Superscripts
: +
)

Equation

1)
(22)
(5)
(8)

Nomenclature (Cont.)

Meaning

Doppler frequency

strength of the wake component
processor clock period
particle response time

shear stress at the wall

edge or external value
pertaining to the fluid
pertaining to the particles
wall value

rms fluctuations

value made dimensionless with us
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Appendix G

Two-Point LDV Measurements in a Plane Mixing Layer

* * !
M. M. Koochesfahani , C.J. Catherasoo , P.E. Dimotakis**, M. Gharib* :
and D.B. Lang ‘

California Institute of Technology, Pasadena, California

Investigations into the nature of the large structures in a two-
dimensional shear layer were carried out using Laser Doppler velocimetry |
in the GALCIT Free Surface Water Tunnel. By simultaneous measurements ’
of velocity at two points outside the turbulent region, above and below the
shear layer, it was possible to measure the strength (total circulation)
and the location of the vorticity center of the large structures. It was
found that structures not in the process of pairing convect downstream
with the center of their cores close to the ray y/x along which the mean
velocity Um = $(U; + Ug). The determined value of the mean circulation
is consistent with the independent measurements of the mean spacing
between the structures. Results indicate that if the l‘arge structure
vorticity distribution is elliptical, the inclination angle of its axis of i'

;

symmetry with respect to the flow direction is small.

*Graduate Student, Department of Aeronautics. Member AIAA. {4
**Assista.nt Professor, Aeronautics and Applied Physics. Member AIAA.

*Graduate Student, Department of Applied Physics

June 27, 1979




1. Introduction

In a recent experimentl, the induced streamwise velocity fluctuations
due to the passage of vortical structures in a two dimensional shear layer
were measured at a point just outside the mixing layer. Such a velocity
record, however, (see figure 1), provides ambiguous information about
the strengths and the core positions of the vortical structures, since the
induced velocity due to the passage of a strong vortex far from the measur-
ing station, is indistinguishable from that due to a weaker vortex passing
close to the measuring station.

To resolve this ambiguity, simultaneous measurements at two points
were performed, above and below the shear layer, to allow the circula-

tions (strength) and core position of the vortical structures to be determined.

2. Apparatus, instrumentation and data processing

a. Apparatus and the resulting flow field

The flow apparatus and the resulting shear layer have been docu-
mented in Ref. 1.

From the measured mean velocity profiles (Ug /U, = 0.19), the
vorticity (maximum slope) thickness aw, normalized with the distance

downstream from the splitter plate x, was found to be

6
W o
_x— 0- lo . (l)

The data presented in this paper were taken at 't = 30 cm with

U, = 56 cm/s. These parameters yield a Reynolds number, defined by

AUs 4

5 Y of 1.4 x 10° at the measuring location, where AU is the velocity

difference across the mixing layer. Note that the shear layer is fully

turbulent at this Reynolds number.




b. LDV optics and electronics

The streamwise component of velocity was measured at the two
points by a single-particle Laser-Doppler velocimeter in the dual scatter
mode. The two pairs of beams were generated by passing the laser beam . |
through two cube beam-splitters at right angles (fig. 2). The two focal

volumes (measuring stations) were located at the high-speed and low-speed

edges of the mixing layer, respectively (see fig. 3). }j

The outputs of the two photodetectors were time-multiplexed at the i
input of a single LDV processor. The processor has been described in (4
Ref. 1. "

c. Data processing

The velocity data were low-pass filtered digitally according to the

algorithm

]

t?(tm) z hit -t )U(t )st (2a)
n

§t. =t - ¢ (2b)

n n n-1 "~

where h is the (normalized) filter function, U the unfiltered, randomly
sampled, velocity data and U is the filtered velocity data. The summation
over n is such that -Tf < tm - tn < Tf where ZTf is the total width

of the filter h(t).

A Gaussian, low-pass filter was used. The filtered data were

sampled uniformly. See fig. 4.

3. Data Reduction

a. Model

1,2,3,4,5,6

Recent measurements have shown that the two-

dimensional shear layer is characterized by an array of large vortical :




e

|

|

|
structures, which are convected downstream with a velocity Uc' Jg
approximately given by Uc O %(Ul + Ug). Now, in a frame moving '
with Uc' the induced velocities U, Wy, at the points (x,b) and

(x, -b) respectively, when the center of vorticity of a particular

structure is at (x,c), are given by ;
b s | 3

“g = 2v B-c (3a)
T -

Uy, * %% B (3b)

where T" is the total circulation of the vortical structure. Note that
I’ is defined to be positive for an induced velocity in the clockwise
sense, Note also that the absolute values of the induced velocities
reach a maximum at the instant the center of vorticity is on the line
joining the measuring points. In this model the effect of neighboring
structures is neglected. It can be shown, however, that the resulting
overestimation of the circulation T' is of the same order as the under-
estimation of I caused by neglecting the expected higher moments
(quadrupole moment) of the vorticity distribution. The effect of the
quadrupole moment was estimated usinyg the data in Fig. 6a of Ref. 2.
Using this model, an isolated, well-defined local maximum in the
velocity measured on the high-speed side, associated with a corresponding
well-defined local minimum on the low-speed side, was interpreted as | 3
the signature of the passage of a single vortical structure not in the ‘*"
process of pairing. If additional significant disturbances were discernible |

in the maximum-minimum pair (interpreted as resulting from the presence

of additional vortical structures), the pair was not included in the data,.




By way of example, only the data at t = 0.65, 0.98, 1.33, 1.65, 2.35,

2.63 and 3.35 seconds in figure 5 were considered.

The maximum induced velocity on the high-speed side and the
corresponding minimum on the low-speed side were used in equations
(3) to compute the position >f the vortex center ¢ and total circulation
' of each vortical structure. The resulis for 350 structures are pre-
sented in histogram form in figures 6 and 7.

b. Cross-correlation and Auto-correlation functicns

. s RN ptiie oy -
The correlation functions of U T Uy Uy and u o= up ur,
the velocity fluctuations on the high-speed and low-speed sides, respectively,

were computed from the filtered data by means of the equations

M

B3 e,
m=1
M

= z uglt _Jug(e  + T) (4b)
m=1
M

Ry (1) = = 2 u'te_Julte + 1) (4c)
m=1

Ry (M)

Ryrpl™)

where, for each time shift T, M is the largest index such that

t,, + T < T, T being the record length. The results, averaged over

M
30 records, are plotted in figures 8 and 9. The smooth curves through

the data points have been drawn to aid the eye.

4. Results and Discussion

a. The mean core position (fig. 6) is slightly below (i.e., on

the low-speed side) the ray c = 0 on which U_ = 3(U; + Ug). The




small dispersion in the histogram indicates that structures not in the

process of pairing convect downstream with their cores closely spaced

about a single ray.

The mean circulation T (fig. 7), normalized by the product GwAU,

is given by

g = 39 (5)
w
where AU = U, - Uy is the velocity difference across the shear layer.

Note that from the boundary condition

= AU , (6)

=l |"1I

and equation (5) we estimate 2, the spacing between structures, to be

=~ 3,9 , (7)

%=

This result is consistent with earlier independent measurements of this
ratiol‘4. It should be mentioned that, strictly speaking, the boundary

condition given by equation (6) should be written instead as (T72) = AU.

The use of the ratio of the mean quantities is justified a posteriori

in this case, since the distribution of T' is narrowly peaked about its

mean value. See fig. 7. S‘ia

b. Cross-correlation and Auto-correlation results

Results of other investigatorsz'4‘5

suggest that the vortical

structures in a mixing layer are, by and large, cylinders of elliptical

1

cross-section whose major axes may be inclined with respect to the ﬂ
streamwise direction. (See fig. 3). If the angle of inclination is !
|

positive, the velocity on the high-speed side will reach its maximum

before the low-speed side velocity reaches its minimum. This would
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cause the minimum of the cross-correlation function of.the high-speed
and low-speed velocity fluctuations to occur at a positive time shift.

It should be noted, however, that the minimum of the cross-correlation
function has occurred at a negative time shift. See fig. 9. We believe
that pairing is responsible for this result.

In pairing, neighboring vortices rotate around each other and
coalesce to form a larger one. Using fig. 3 of Ref. 5, a schematic
diagram of this process and the resulting induced velocity fluctuations
are sketched on fig. 10. It can be seen that, in the process of pairing,
a pair of vortices taken together can be assigned an effective negative
angle of inclination.

The pairing process also affects the auto-correlation functions

of the velocities on each side of the mixing layer (fig. 8). The auto-

correlation function of the high-speed side data gives a smaller character-

istic time, TH’ (twice the time to the first minimum), than that for the

low-speed side (i.e., TL). This becomes clear when one considers the
fact that, in the process of pairing, the vortex on the high-speed side
must be accelerating, while the vortex on the low-speed side is decelerating.
Note that this is consistent with the results of Ref. 7. It should also be
noted that the data support the relation

1

TaL 2Tyt L)

(8)
where THL is the characteristic time determined from the cross-
correlation function (twice the time interval between the minimum and
maximum).

If we use the characteristic time THL derived from the cross-

correlation function as a measure of the mean time between the passage

of the large structures, the mean spacing would then be given by
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T=r_U |, (9)

where, from the cross-correlation function, we have

THLUc/x > 0.40 . (10)

Combining equations (1), (9) and (10) yields

l,/éw =40, (11)

Note that the independent estimates of I/&w as given by (7) and (11) are
consistent.

Direct examination of the velocity records shows that the maximum
velocity on the high-speed side and the minimum velocity of the low-
speed side, corresponding to the passage of a single structure, occur
at the same time, with;n the accuracy of the present measurements.
Note the time markers on fig. 5. This indicates that if the vorticity

distribution is elliptical, the inclination angle is small. This is consistent

with the findings of the stability analysis by Moore and Saffman (Ref. 8).

6. Conclusion

Simultaneous records of the streamwise component of velocity at
the high-speed and low-speed edges of the mixing layer were used to
calculate the core position and strengths (circulation) of the vortical
structures. It was found that an isolated structure (not in the process of
pairing) travels with the center of its core very close to the > y/x on
which the mean velocity is Um = 3(Uy + Ug) and has a mean circulation
given by F/GwAU = 3.9. The small dispersion about the mean of the

distributions of core position and circulation is noteworthy.
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FIGURE 8. AUTO-CORRELATION FUNCTIONS OF VELOCITIES 4
ON THE HIGH SPEED AND LOW SPEED SIDES F
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FIGURE 9. CROSS-CORRELATION FUNCTION OF HIGH SPEED
AND LOW SPEED VELOCITIES.
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The turbulent stuctures in the flow of a Jet were stuuied
through the use of laser induced fluorescence, The fluid to be issued
Afrom the jet was lavelled with a aye that fluoresced resonantly when
illuminated with laser light. The linearity ot the dye, comvinea with
the freedom to illuminate the flow in many ways, makes this a powerful
and versatile vechnique., Some preliminary observ.tions made in this

fashion are discussea,
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INTROLUCLION

The study of turbulent flows hus been carried out primarily
by qualitative flow visualization techniques anu vy quantitative single
point measurements. The difriculties encountered in correlating the
single point measuremenis in space ana time, anu interpreting the results
it the correlations are carried out, have limited most observations to
be time averageu descriptions ot the flowe such a description neces-
sarily contains little information concerning the turvulent structures
themselves. Consequently, a detalled description of the nature of
turbulent structures has not yet evolved due to the lack of adequate
measurement techniques.

A detailea picture of the structures is necessary for a workirg
kuowlege of the processes that involve turwvulence. Such information
would contribute to the understanaing of energy loss due to turbulence
and especially to the understanding of turbulent dissipation and mixing,
as for chemical reactions. In chemical reactions, such as combustion,
the reaction occurs at the interface of the mixing substances and this
interface is aefined vy the shape of the turwvulent structures.

1,2,3 2

Kotsovinos and List have constructed a comprehensive
description of the properties of plane (two dimensional) turbulent jets,
including vouyancy effects. ‘heir description includes integral prop-
ertics of the flow, such as mass tflux ano momentum flux, ana fluctuatiom
propertivs, such as velocity flucuations ana jet/ambient fluia interface
crossings.

From similarity arguments, which are supported Ly experimenbs’

the momentum flux through any plane perpendicular to the flew is

equal t a constant. Thus: (rig.l)

daliodaiaan
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(2)
2 2
(L) a. .JJ;>ou'oy =constunt , u (x) b(x) = const. (2 aim)
MmaX
2 2 2
b. JJ<;/03 aydx s const. , U (x) b(x) = consv. (3 dim)
max

where J is the momentum flux, U is tne time averagea velocity which
has its maximunm on the jet uxis, ana b(x) is the local et flow width.
vimensional analysis gives (Landau ana Lifshivz )

(2) b(x) ~ x

80, substitution into (1) gives:

(3) a= u~l (2 dim)
max x%

b U Al (3 dim)
max X

This is not a strictly accurate description of the flow in
that the entraimment flow can introauce a net momentum flux that invali-
dates equation (1), as Kotsovinoslnoticed, However the sign of the
correction due to the entrained flow is aependent upon the jet's envir-
omnent and since the correction to the momentum flux is ~17% at an
X/U of 100, tne effecu cun generally ve ignored. The change in the
flow due to the nonconsiant J is that the growth of the jet width, b(x),

vecomes nonlinear, a decreuse in vhe momentum flux resulting in a

greater spreading rate,

5

Goertler's solutions for the velocity profile of the turbulent




e (3)

Jot are given by

= e

T(x,y0 z(gx ) | it )

(k) & =——— =z sech

L‘ u(x)

_max

u(x,y) £

be ot = ¢ -2 ! '

u(x) (1) &y (3 dim)

max L Y" X o

4 i\

The fluctuution una intermittency measurcments perforuca ly
Kotsovinos indicate that for the two adimensional jet no ambient fluid

reaches the centerline of the tlow, 4hey inaicate that the mixing and

fluctuations increasse on each sade of the centerline betore poiny to

zero again in the ambient fluid.
0.h

"’ £ (Hz) 0.2

Bl SRT S0E <t U Ged O.2 0.9
y/x!

Profile of frequeuncy of intoerfuce crossing
Thay ambient fluia does reacn the jet axis will Le born out vy this *l
investigation, previous measurements probably being limited by resol-
F | ution vonsiaerations. 1n fact, part of this study was directed toward
the structeres of ambient fluid on tne axis of a three dimensional jet
and the presence of ambicnt tluia on the two dimensional jet axis wes
also obyerved. ;;

What is missaing from the description o fur is deta thet is

correlitea, whother over space ol o piven time or over time ot given
6
spatiul coorainates, Perry ana Linm  have developed o technique similar
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to thol used in this investigation that enables tnem 1o muke such
ouservations of the entire tlow. ‘Iney use laser illumination of a
1low luvelled with a smoke trucer to visualize a turirulent flow in a
gaseous medium,

The technique employed in this investigation also uses laser
illuminztion, but here the jet fluia is lavelled with a fluorescent dye.
The dye is Rhodamine 6-G, which is used in dye lasers and fluoresces
" resonuntly when illuminated with green light. “he fluorescence is at
a longer wavelength, in the yellow, and is excited strongly vy the
5145 £ line of an argon ion luser. The laser liglt , when focused to
a thin pencil or sheet, can be usea to intersect the flow, causing the
fluia that was issued from the jet to fluoresce while it simply passes
lirougn tne amvient fluide. 7The fluorescence is unaftectea by the flow.
(unlike light scattered vy smoke particles which can ve rescatterea) so
that observations of the center of & flow can ve made. any scatterea
laser light is easily removed by an appropriate optical filter.

Up to near saturation, the fluorescence of R6G is proportionsl
to the incident intensity of the illuminating beam. Since the fluores-
cence is resonant and consequently quite strong, it is not necessary to
even approach the point of saturation in practice, so the fluorescent
light proviaes a quantitative representation of the jet fluia concen-
tration in the flow.

The laser light, as descrivea by gaussian optics, can be
manipulated to proviue illumination that is sufticiently precise to
resolve the finest scale of turbulence with vituully infinite tine resol-

ution. 1n this way, the technique of laser induced fluorescence can be

dhialive i

el s i,
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used to retrieve neorly any information on the jet fluiu concentration

tiela as a function of time. ty ouserving scattering rrom smuall particles

in the flow for & short interval, it is also possible to characterize
the velocity field, yielding a substantial amount of information on the

flow.

APPAMATUS

SPECI Y WA

-——

NN

Both two and three dinensional jets were siudied auring thss
investigation, although the emphasis was on the flow from a 0.3"
diameter three aimensional jet. ‘'his Jet with its reservoir or aycd
water was suspended above a glass aquarium (2'x 1' x 14° deep) con-
taining undqyed water., ‘the flow trom the jet was regulatea by metering
the introauction of air intv the et reservoir. A wide range of get
exit velocities was realized by this arrangement, making leynolds
numbers of gero to several thousana accessible. ‘this system was con-
ceived and designed by uimotakis. & two dimensional jet with a variable
slit width (1-6 mm x 23.5 cm) designed by the author was also studied in
the course of the investigation.

An argon ion lasér, typically outputiting several hunared

milliwatts, was the illumination source, 1n the various methoas of

i1llumination used here, this was enough light intensity when used in
conyunction with a 0.6 mg/liter concentration of woG. This concentration
was sufriciently small that the tluorescent losses did not attenuate the

illuminating veam signiticently in its traverse of the flow. 1n more 3

Quantitsative experiments, it myy ove necessary 1o consiver the attenuation
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bul & caliurstion of the fluorescence.and the calculation of' the losses
is not difficult to carry out.

‘o ouserve a line intersecting the flow, a long focual length
lens fucused the Leazm Lo a4 waist, as described vy gaussian optics., The
walst wiameter ana the length over which the bLeam haa not appreciably
eApanded permitted viewing of the smallest structures in the flows
unaer consiceration here. o ouserve a plane in the flow, aiverging
cylinaricsl lenses were pLaced in the veam, expanaing the veam in one
dimension perpenaicular L its axis of propagation. <The beam was
menipulated with & mirror or prisms Lo direct it through the flow in
the desired direction.

The resulting fluorescence was recorded in two different ways
for these two observational schemes, une method consisted of illuminating
the flow with the sheet of light and photographing the fluoreecence
with a conventional camera focusea on the plane of the sheet. <Yhe second
methou used a pencil of light to illuminate the flow and the concentration
pattern clong this line was ooserved as a function of vime. ‘The data
from the first method czu be displayed as concentration as a function of

X and y at a fixed tine.. the second metnous resulis cen ve displayed
as cuncentration as a function of x (or y) ana t for a tixea y (or Xx).

10 collcet tue concentration data along the line as a functiun
of tine, u lineer optic arruy camera was used. (rig. 1) This camera,
aesigned by the author with bimotakis for this use, consists orf a
neticon linear orroy of photodiodes and its associated electronics and
an optical imaging system, « Nikon photographic lens images the illume

insted line on the array of aioues,

T —
¥
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g Although there exist bLoth 10U and 1000 element arrays that

can be used in the camera, only the 1000 element array (each diocae 25 um

square, total length 1") was useu for these measurements., With an

external clock and power supply, the camera outputs sequentially a

signal from each element that is proportivnal to the integratea intensity

that element received since the last szmpling. The camery could be
clocked more quickly ( 200 samplings/sec) than the fustest fluctuations
observed in the flows, permitting ouservations thai were not time :
resolution limited,

The outpul of the camers, then, is a concentration versus
position representation of the flow when the signal is viewed as a

function of time on an oscilloscope for a single sampling of Lhe array.

-
i~

The changes in tnis functional relationship give the desired time
correlated information. 7o get & concentration versus position and
time representation, liorrison uesigned an optic arruy scuanner thuat
synchronously sweeps an oscilloscupe screen and moaulates the beam

intensity with the outpuui of the camera. ‘he resulting oscilloscope

tuve image, much like that of a radar screen, was recorded photograph-

. ——

ically, giving the desired concentration versus x (or y) and t repre-

sentation,

£ i it b i o e A i B o il s e sk il
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HETHODS

Industrisal water passed through an inline 10 um filter was
the fluid useca throughout this investigation. Lven though laser light
scattered by particles could be optically filterea, it was aeemed
importunt Lo keep the water as clean as possible. 4 Hoya HMC O(G)
filter was used to preferentially pass the fluorescent light while
blocking the scattered light.

There was one arrangement where the particles remaining in
the water were used to advantage. (lig. 2 a.) Without any dye in the
Jet reservoir and with a sheet of light (xy plane) along the jet axis,
a velocity field representation of the floﬁ Was recoraed., This was
accomplished by taking a short time lapse photograph of the light
scattered by the uniformly distrivuted particles. The length and
direction of the streaks recorded on the film amount to a two component
(xy) vector velocity field for the flow,

As with all the fluorescence measureiients, these velocity

field measurements were recorded over a range of Reynolds numbers where

the flow was turbulent (500-4000). oSimilarity of the flows was preserved

over this range to the extent that it was investigatea in this study.
That is to suy the growth of the jet width and growth of the turbulent
structures was similar over this runge. ‘he importance of keeping the
udngities (1.e. temperatures) of the jet reservoir 1luid and the ambient
fluid the swie was ouserved, the reason being that the erfects of bouy-

1l
ancy cun ulter the flow considerably (Kotsovinos ).

Perhaps the most intuitively suggestive measurement is the sheet
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1 illumination of the flow. ‘“he flow was illuminuted with a sheet of

light directed upwara through the bottom of the tunk (aquarium) as in
the velocity measurement, (Fig. 3 a.) However the scattered light

was blocked in this case and the et fluiu was dyed, yeiloing a con-
centration field representation of the flow. 4 conventional photo-
graphic camera using LOO ASA 1ri X tilm recordea tnis representaztion at
a fixed time value sometime after the flow had estublished itself.

This means of viewing the flow was intenued to show turbulent structures

of all scales, their variations with x/U and x/y, and the spatial
coherence and ordering of the structures. (tig. 2 b.)

The time coherence of the structures is also of interest,
as are the propagation velocities of the structures (in a structural
sense as opposed to the vector velocity of poinls within the structures,
as was previously discussed). 'Iwo different methods were employed to
study lime variations in the flow. The first consisted of viewing a
line intersecting the axis of the jet perpendicularly. ‘his is a

concentration versus y ana t representation of the flow at a given x

value, (rigs. 3 b, and lj) The second scheme was to view the axis of
the jet as a function of time; an xt at fixed y (yw O) representation, |
If the commonly held ideu that no ambient fluid reaches the jet axis ?é
were true, this woula have been & singulatl; uninteresting measurement, Ei
The opposite turned out w ve the case, (figs. 3 c. snd 5)

osince the illuminating vewn was mede as small as possible to
ouserve the tinest structures und the lincur array or pholodiodes is

only 25 um (1 mil) wiae, the alignment of the system was not a simple

e deadi. M eciaadaod a

task. (oee aPPLNDIX) The width of the sheet or the diameter of the

pencil can be calculated fromg

it i s L S
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23

(5) w(r) s wo( l*(?-‘;_ﬁ;’) ) woc%{;
where Ry is the radius of the laser uveam, f is converging lens focal
length, ana r is the aistunce along the veam axis from the focal point,
veing x or y in the two cases. 50 for A\=S14S X, £ = 1 m, and R = 2mm,
the half width or radius of the illumination is 0.082 mm,

In the yt method, the beam was brought in through the end of
the tunk, intersecting the verticsl jet axis horizontally; In the xt
method, the beam was directed up through the bottom of the tank. 1n all
ol the measurements, the flow close to the bottom was not studied because
of the interruption of the flow due to the bottom and its effects further
upstream,

Some preliminsry observations of a two dimensional jet designed
and vuilt for this investigation were also carriea out, ‘These observa-
tions consisted of the instantaneous concentration fiela in a plane.
when the plane was aligned along the direction of the tlow and perpen-
dicular to the slit, a concentrution pattern much like that of the xy
photographs ot the three dimensionsl jet was recorded. When the plane
was aligned again slong the direction of the flow, but along the slit
instezu, a means of determining the two dimensionality of the flow was

realized. ('Figs. 6 and 7)

e
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EAPEIMENTAL hESULYS alD DISCUSSIUN

A comparison of the concentration field and the velocity
1ield (Figs. 2 a. and b,) allow a number or ovservations, Where the
flow is still laminsr near the Jet exit, the velocity field inaicates
that there is consicerable entraimment of ambient fluid intu the flow,
(Tue vright spot in the photograph is u reflection oi the jet exit
from the back of the tank.) apparently the simple presence ot entrain-
mentu aoes 1ot necessitate turbulence, although such a laminar flow with
S§0 consiaerable an entrainment may be a metastable state thut eventually
does vecome turbulent,

Townsenu7 aescribes a model for entraimment based on the
diffusion of vorticity into the ambient fluid through the flow's bounu-
ary. The ambient fluid is considered to be irrotational outside the
boundaries while the tluid just inside the boundsry is guining vorticity
ty a uniform (on the scale of the smullest structures present) diffusion
process. Any large scale disturbances in this pattern, that might trap
irrotational fluia in the flow for instance, are expected to be due to
normal statistical fluctuations.

The entrainment and the acquisition of worticity are not
diffusion-like but rather have some definite large scale characteristics
in this flow as can be seen in rfig. 2 a., Large scale vorticity extends
deeply into the ambient fluid, setting up a flow that must have sowe
deterministic nature., C(lesrly a moael of uniform entr:inmcnt does not
apply in the ambient tluid just outside the jet,

The instantaneous concentration fields for the three dimen-
sional jet (rig. 2 b.) and the two aimensional jet (rig. 6) are quali-

tatively much the same. after an initial laminar ropion, the flow
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vecomes unsiable ana turbulent, ‘The initial instavility has a form that
is similar in these two cases althogh it is simpler in the two dimensionsl
Jet., because of the relutive simplicity, which is due to the one less
cegree oI frecaom in twu aimensions, the following descriptions are of

the plane jet.

There are two aistinctly aifferent types of trensition to
turiulence. The abrupt change between the types occurs at a heynolas
number (A100) where the tlow at the exit shows a stable perioaic
vorticity. The transition to turbulence for a slow jet seems Lo come
about ofter a developing periodic wander attains a critical rotation,
at which point a vortex is created. (Fig. 10 a.) 1n the case where
the flow already has u periodic vortex strucuure; the faster flow; the
large vortices appear where the wundering vegins. (iig. 10 b.)
apparently the flow already has sufficient vorticity to be turbulent
and any asymmelry in the flow is enough to trigger the large vortices,

unce the large scale vortices appear in the flow, ull the
chaotic comnvtations of turbulence are reulived. 4 general perioaic
walldering trena is still evident in the flow in many records, bLut its
coherence is not especially great - the trend sometimes disappears.
Compare, for example, kig. 2 b., which is fairly typical, to Fig. 9 in
which the meandering is quite pronounced. But beyond any shadow of aoubt
amvient fluid does reach the jet axis.

It should be noted here that when a wi sheet of light wus Hene
used to illuminate the flow, the ambient fluia on the jet uxis was not
evident ot small X/D. ‘This implies that the structures on the axis are

fine scale, especially closer to the exit, and previous measurenents may

e s v e i N e 6L 0 SRt e ol Sl v D
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have not found them due to a lack of resolution. Kotsovinos reports
that the region immune to wmbient contamination narrows with x/D. ‘'Ihis
is consistent with the similarity result that the scule of the structures
incresses with x/u. (on.equently the ability to resolve the structures
improves until the finest structurs are observed «nd wabient fluia is
noticed on the axis. ‘the difficulties in observing the fine scule of
the structures is aggravated vy the fact that the velocity is atl a
maalinun on the jet axis anu so time resolution is important as well,

In checking the two dimensionality of the plune jet, striations
in the flow were noticed along the length of the slit., (kig. 8) similar
phenomena have been noticed vetore, in particular by Konrad8 in a shewr
layer. He begins Lo explain their occurence in terms of a hayleigh
instability, which comes about when a structure is rotating in a sense
opposite to tﬁat of the more general flow. This model turns out to 1it
in well with the Heynolds number dependence of the phenomcenon, a uepend-
ence that appearea to ve present to some degree in the jet as well., Dt
by polishing the contraction surfaces of the jet and taking precautions
10 avoid their contamination with particles or bubbles, the striastions
were maae to disappear. This effect might indicate that the instavilivy
is still triggereu by imperfections in the flow.

kven without the striations, the two dimensionality of the flow
is limited. (g, 7) The initial region shows good iwo aimensional
behavior, but with the onset of lurge scale vorticity, three dimen:ional

structure developse. ‘fhere is still some overall two dimensional Lehavior

seen in the bands of turbulence, but this has the same sort of limited

coherence that the wandering was seen Lo have had.
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the inerecse of the turbulent scale with x/U as given by
similority is slso evident in sigs. 2 b. and 6. ‘The sprewauing of tie
Jet, aue to entrzinment, is very nearly linesr as previously noted
(b(x)~x). Aalthough the turvulence is not uniform within its beunaezries,
it does have linearly spreading edges. That the effects of the large
vortices extends into the ambient fluid i consistent with the facu that
the edges of the jet are not made up of uniform strvctures. The ccncept
of a jet boundery is still valia, but the rotational influences of the
Ilow are not restricteu to ve within those limits.

1t may Le somewhat surprising that the size of structures
uepends only on x/D, while there is considerable variation in the
velocity across the flow, as a funciion of the y coordinste. ‘This
result implies thut structures in different environnents, moving at
aifferent velocities change their scsle in the same wiay. Nevertheless,
this is predicted by similerity and it is vorn out by this investigation,
Observing yt records shows that structures at the edpes of the flow are
elongated in the t direction. (rig. L) ‘thus they are moving more
slowly, yet the xy records show that in sputial coordinates the scale
is preserved scross the flow.

The reneining thechnique used to analyge the flow was the use
of axial illumination. ‘The signul was inverted for this technique so
that the amvient fluid wppears as oright regions. fThis was convenient
UcCause, althuugh some ambient fluia coes resch the axis, Lhe greatest
pParv of the 1low was issuea from the jet and o clearer record is maae
wilh fower oright regions,

The aversge velocity slong the three wimensional jet's axis




(1%)

goes as the inverse of the distance along that wuxis. OUn an xt reccrd,

the velocity of a structure is the slope of its path. Thus we haves ‘1

ax 1 2 i
(6) at x or x ~ t ;
: e ¥
00 the paths should ve parabolic, in an average senses That this is ¥

roughly correct can ve seen in rig. 5., but a larger test section would

be necessary to verify this observation,

This measurement turned out to be particularly revealaing in
that it permitteu the observation of how the flow grows due to the
interaction of the turbulent structures, The growth of the turvulent
scale raises the question of the mechanism of this growth. Ilather than
each vortex expanding (which might wresk havoc with the velocity depena-
ence) the flow causes vortices to combine, becoming part of larger
structures. ‘his can be seen in the anti-branching patterns that lie
between converging parabolas. ‘he comgplicated structure of the vortices

sometvimes give the impression of anomolous velocities; & round stiructure

crossing a line obliquely can heve both positive ana negative apparcnt
velocities. (rig 11) «n example of this etffect is recorced in Rig. §
with the nestled arches of a spiraled vortex L vlocks from the left and
0.75 blocks from the bottom of the figure.

some insight into the nature of the turbulent structures is

) TORL PR SV (ST WU VAR S SRR VY LT R ALY

providea by the the ouservation that their trajectories are basicslly
struight lines on the xt records The mujor exception to this rule is
when several structures are close together, in the process of cumbining,

The parabolas wre made up of line seguents which arc parabolic only in
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an average sense. This provides un analogy to a free vortex ring which
3 travels with a constuant velocity through the ambient fluia. 1t might
5 ve possiuvle, then, to formulste &n atomistic model of turiulence in which
the structures behuve like independent vortex rings that only interact
when they are close together. 'fhis woula not bLe a complete description
though, because it coulu not expluain the perioaic wandering that is

observed in the entire flow,

QNCLUSIONS

A metnoa 101 stuaying the structures in a turbulent flow has
been developud. It has been employed to muke detailed quilitative
measurements of the flow of a turbulent jet and has the potential to
permit quantitative, as well as qualitative, studies of many flows.

In two und three dimensicnal jets, ambient fluia was observed
Lo reach the jet axis. 7The nature of the onset of turbulence was studied
end it appears to be due to an instability caused by the wundering of the
1low. The growth of the jet was seen to ve accomplished b; the combina-
tion of turbulent structures as the jet widih increases. “These structures
appear 1o travel with constunt velocity like free vortex rings except

while in the process of comiining to form larger structures,
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APPENDIX

The linesr optical system is an important part ot the laser
induced fluorescence experiment. ‘he illuminating beam from tue laser
is directed through the fluid flow, exciting any of the fluorescent dye
in its path. The fluorescent light is collected by a lens ana focused
upon an array of phbtodioues for its measurement. (Fig. 41) The illum-

inating beam is a narrow pencil of light and the photoaioae array is a

line of small elements. ‘this could conceivably cause some difficulty in

trying to bring the image of the segment of the illuminated flow to be

observed into coincidence with the diode array. Due to several properties
i of the optical system, it is in fact difficult to determine when the
optical system is optimally aligned.

The beam froi the laser is airected through a lens that focuses
the beam at the cenver ot the line scgment in the fiuid that is Lo bLe
observed. The converging/diverging beam can be describea accurateiy
by Gaussian optics - so the intensity is gaussisn in the distance from
the axis of the veam and the intensity distribution becomes most peaked
where the beam is focused. 1f tnere is a constunt concentration of
fluorescent dye in the fluid through which the Leam is passing, the
fluorescence at any point will oe proportional to the light intensity
at th:zt point,

Gaussian optics gives the intensity of the beam as a function

of position us;

- A
[-2§x & 2 {]
exp W

a(l) 1(%,y,2) = I

ve(y)

B —

-
i

/
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2

Djr=

where, a(2) w(y)= wo |1 * [Ay
wws

-

and Wy is the waist, the smallest raaius of the vewm, given Ly Eqn. (5).
I'he fluorescing dye reiioves some intensity from the rean,
resulting in an exponentially aecreasing total intensity. with very low
dye concentrations these losses can be made small and in this case the
amount of light scatterea by fluorescence does not appreciatly alicr s
intensity further along the beam. ‘Thus the £Xponential aecrcase can s
ignored wnu the fluorescence becomes proportional to I(x,y,s).
rthe low councentration o1l dye provides a mcans ol et
the intensity of the illuminating beam as & functio: of posi
fluorescence can be measured using a collecting len: .
array and the result can ve compared with the follow
see 1f the array is Aligneu to be coinciaent w
illuminated segnent. oince the intensit, o .
to a high uegree of accuracy ahd the o, ¢
it shoulu be possible to caleulots 1o
to reach the orray.
To & good approxii.
to be perfect. That is,

point in the inwge 1.1
«(})

ana the W

L300 e . >
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only introduces a constunt factor proportional to the aperuture size
snd a cosine fuctor due to oblique incidence that is very nearly constani
for these purpovses (wiithin 2p).

e Lo the changing crouss section of the beum, even when the
uxis of the array coinciues (in three dimensions) with the image ot the
axis of ihe illumin.ting vbeam, the light intuensivy that falls on the
phowaiode array will have & maximum, “his maximum occurs where the
cross section is most Qeaked, that is at the image of the origin where
where the intensity has its maximum value. 1f the dioue wrray is
slightly skewed or otherwise misaligned, it is still likely thet a peaked
intensity profilewill be observ;ad, but it will have a different shape.

In practice it is not easy to tell when the profile corresponds to
optinal alignment.

fo calculute how the collecting optics forms an image in the
plane of the array, an impulse response function will be calculated.

This relates the amount of light received at a point in the array, or
imasge, plane to that emitiea at & point in the illumination field. ‘his
function can then.ue multiplied by the intensit; actuully present ana
integrated over the wolume where there is a significant intensity. The
impulse response¢ function will depend on theApojnt in the illumination
field, (x,y,2), and on the position along the arraj, y'e The integration
of the product of the imulse response, G(X,y,z;y') «nd the intensity,
I(x,y,2,) will yield a value for the signel, S(y') thst the photodiodes
will meac:ure,

A point source emitting equully in all girections, as ooes .

point in the dyeu fluid, illuminatcs an sperature of radius P ut a

e P
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: : @7 ; » e
uistance o unitoermly a1f /Qy.ﬁ« 1. ‘The aperature of the lens aerines

a cone of light enmitiea from o joint that is then rocusea to & poiut in

the image taield, (#ig. 42) tThe amount of light from this point theu is

received at a given actector is proportionsl to the fraction of light in
the converpging cone thav is incident upon the cetector, The fraction of
tight collected by the lens that is incicent on the detector is given by
the srea of cone's cross section that oveslaps the detector aivided uy

the totul areu of the cross section. (sig. a3)

the raaius of the cross scction, kg, is a function of the 2z
cooroinate of the emitting point. oince any point in the xy plane is
focused w & pouint in the plane welineu by z 2

o Uy the lens luw gives:

1 g o | z £
- ah) B ENE G Tor

1f we tuke & point not in the Xy plane,

| 1 L. d p N 1
AS)  Zgmp TACT AT TR
from ¢ig. ali, we can write,
a(o) Z.ll::a-:fa or lga P ;9_ - 1
i % ; %(%—mﬁ/zo)) |
R . 3,;*?;-"':“;'% :}o* %g) 2 &z ’

L'z

- 2 1 - 'looi Zo-f)

| 20(%,=1)
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If h, is much smaller thun the size of s uetcctor, the cone
of light can te considered fucusca und the responsc of tne system will
have a sharp step wien the focuseu point rnivves off the edye of the

detector. the aetectors are 25 um square, SO the condition for a step is,

a(7) h, 2 ¢ -‘%é— <t 25 um
(¢)

dere we will define, as is conventionsl, f# = f/2P and M= z,/d,, wnere

M is the magnification. So, for ri=3 ano f#=1.hL,

a{8) 2z << 840 um

The question now arises ir it is necessary to consider z~ 8L0 um
to include all regions where there is appreciable intensiiy in the
integral for 4(y'). we will have to consiuer the largest values of 3
when the cross section is the least peaked, that is where w(y)‘is large.
with & mugnification of 3, the devectors. will view a segment 7.62 cn
long. ‘thus y cun take on vulues bctween -3.8l and 3.8l cm. Looking at

the expression for w(y), we see,

a(9) ™ w(ymx)xzuhum using As51L.5 nm, W, e 25 unm

The intensity at the point where the step condition no longe:r holds
contains the term exp( -222/w2 ), where z 84O um and w 24}y um. ‘this
term, then, intrcauces a factor of L. x 10"1],' inaicating that there as no
light of any significance emitteu where it is not vulia to use a response

thut has ¢ sharp step, we huve delined,

orramere
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4(10) a(y') = \Y{G(x,y,z;y') 1(x,y,2z) ax dy dz

-
using the step condition,
yoeal2 [ar2  exp(=2(x° z2)/wP)
a(1l) o(y')s 1, ( )2 ux dy dz
-af2 | a2 o
0

-

ledioca

where y 3 ply! and a=i 20 um= 75 um, These parameters make the integration

over the anti-inuge of tne detector that lies in the ovject field. We
can integrate z from -eo to @ since there is no appreciatle intensity
outside of {21434V um ana its inclusion will not affect the results.
The function w(y) varies slowly as y takes on values from
-3.81 to 3.8L cm, separutec by 76.2 um as y! moves from detector to
devector, o0 w(y) can Le considereua constunt on the interval (ygre/2,
Yo=&/2) anu equal to w(y,). The integral over 2z introduces a constunt,
wnich can be incorporated into the overall constant, and cancels & term
w(y) in the denominator. The integration over y al:o only introauces a

constunt, We now have,
e 2,.2 5 2
A(12) a(y!') = llg exp(-2x°/w®) ax=1, exp(=-2u€) au
-a/2 w

o121
da

0(y')=13 erfw 31) erf [ z“ ?%
1-( ]

10 account for the inaex of refraction ot the water through
which the beam passes, it is convenient to define yvs y'/n= y'/1.33.
the meisurca intensity profile is slightly narrower thun this calculated

profile (mig. a%) due to soimc misulipgnnent,
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