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ABSTRACT

The more important results and developments achieved as a direct

result of this contract are as foUows:
~1

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 rot ation. 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 . A n 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 element s 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 . Thi s 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 .

Experimental results were obtained in a new facility and by a

new technique, for the amount of reaction product obtained between two

chemically reacting aqueou s streams. Result s at high and low Reynolds

number showed the dependence of the mixing on Reynold s number and

Schmidt number . A transition Reynold s number region was found and the

nature of the generation of small scale moticri s which dominat e the forma-

tion of reaction product was explored.

A new facility to explore energetic r~ actions with sub stantial 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 problem s were -

formidable but the facility is unique and offers the prospect of obtaining 
I 

-

new and very important dat a 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 toaMach number of

2.2. The extension of two-point velocity measurements has now been

made and a multip-.~int multichannel LDV system has been designed and

is nearing completion. -

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 pvoces sing will give quantitative measurement s of the concentration

field and potentially an inferred velocity field.

— 
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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 fir st proposal, two concerned with predictive models and two

with experiments.

Section III is a summary of the progress made in each of these

tasks. Sect ion 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 student s 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.

Thi s research was sponsored by the Air Force Office of Scienti fi c

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

States Air Force.

~~~~-
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UI. GENERAL SUMMARY

TASK I. A Study of Turbulence Models and Applications

F Principal Investigator

P . G. Saffrnan

The problem of developing a turbulent model that would allow the

quantitative examination of the i~t 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

st rain.

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 rot ating cy~ ~d~ rs . 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 numbe r . 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
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mixing layer, instead of the spatially developing one, was consider ed 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.

•
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TASK II. The Coherent Flame Sheet Model for Turbulent Chemical

R eactions

Principal Investigator

FE. 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 dif fu sion

flames under various rates of strain were required. This was accom -

pu shed through use of the Blottner code, obtained from TRW and the

Defense and Space Sy stems 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 l0~ sec~~ showed a first indication of non-equilibrium vibrational

states while strain rates of iO~ sec~~ achieved a large degree of total

inver sion. This strain rate was accompanied by a distinct change in the

laminar flam e structure,

Where the strain rat e was generally less than l0~ sec~~~, the flame

behaved very accurately as if the reaction rat e was infinitely fast, at

leE st so far as the reactant consumption rates are concerned. Thus the

reactant consumption in this range was ~~~~ where D is the appropriat e

binary diffusion coefficient and c 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 rat e was controlled by

1r1_~~ _ 
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diffu sion and tot ally insensitive to chemical rates . On the other hand,

when the strain rate was greater than 1O~ ~~~~~~~~ the reactant consump-

tion varied as ~ ~~~. Examination of the result s showed that the flame

was chemically limited in this range and that the chemically active zone

fi lled the entire flame thickness. It was then clear that the proper form

of the reactant consumption rat e for large value s of € was -J- AI D/ c

where .JD/c is proportional to the thickness of the reaction zone and

is a chemical time. For the entire range of strain rates , the reactant

consumption rat e is

l+T C

which behaves as AIDe for strain rates € << l/ Tc and as ( l / T ) A I D / e

for e > > l / r .

To accomodat e this mor e complex burning law, the entire integral

formulation was reworked, This extended model was used in the study

of a circular jet of hy dr ogen issuing into a background of stationary

atomic fluorine. Calculations were made of the distributions of flame

surf ace area chemical species, and vibrational states of HF at several k
values of z/d along the jet axis . The calculations were done also for

W0 Tctwo values of d ~ where W0 is the initial jet velocity emitted from a

nozzle of diameter d. This parameter essentially determines the quantity

.

~ 
and hence, according to the above relationship for the reactant

consumption rat e, 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 w ill 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 reactant s

phenolphthalein and sodium hydroxide mix chemically in the turbulent

mixing re gion. Flow photographs and movies were used to obtain

in.formation 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 measurem ents

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 rat e, thereby permitting the mixing rate to be as large as the

• entrainment rat e 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

\i. ~j  
- A
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which seem to best characterize the transition are the development

• distance x/e1 based on the initial momentum thickness and the Reynolds

number u~e1 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 founa ~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 reg ion. 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 A pplications to Diffusion Limited r
• Chemical Reactions ”, Ph.D. Thesis , 1977, California Instit ut e of

Technology. 

~~~~~~~~~~~~~ — -
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B. Energet ic  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 desi gn of the upstream

contraction, test section, and downstream gas cooling, scrubbing and

collecting reg ion . Construction is present ly underway at the Caltech

Central Engineering Shop. The major concerns have been material

compatibility with Fluorine, compatibility with corrosive and high-

temperature HF , machining cost s and overall safety. Safety remains

a prime concern as both Fluorine (F,) and the reactant product

Hy drogen Fluroide (HF) are highly corrosive and extremely toxic.

• The main result s 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 term s 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 F3 and HF and their low threshold limit s (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/rn’) inlet pressure

- • ~- ••~~-~•~~ - -~~~ -~~ —~~ -~~~-~~~rn-- ~~~~~~~~~~~~~~ .~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~
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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 consist s of a series of sections linked together in the downstream

direction. Each section has been optimized in term s 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 F, (approx . 100 m/s).

The final design, presently under construction, uses TFE Teflon sheet

for containment of the flowing F, and aluminum ji g plate for overall

structural integrity. The Teflon is bonded to the inner surface of the

aluminum plat e using PR—1 730B T , a Viton-based adhesive, which is

the only such material that we have found that is stable in both stationary

and flowing gaseous F,. (Thesetests were performed by C. Moran at

JPL as par t of their corn patiblity studies. )

The final design has been commented upon by groups wor king 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 wonid

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 occur s at thi s 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 allow s for optical studies (shadowgraph,
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schlieren, LDV) of the mixing layer in the sideview. The top and bottom

walls are also of glass and allow for similar stud y of the planform of the

mixing layer . A traverse mechanism platform can be substitute fo r

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

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

HF attack and those parts have been made rep laceable. Provision has

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 10000 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 hi ghly t oxic exhaust gas in a

built -up environm ent 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

or axhausted HF or F, 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 8t sady stat e conditions . Som e typical magnitudes for the present

facility are as follows:

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

:-
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mass flow rat e on one side of layer 1 kg/sec

maximum molar concentration of F, 5%

maximum temperature rise 1000° C

initial volume (2 reactant tanks ) at 30 ft’ ( 85m’)
100 psi (6 .9 x 106 N/rn’

typical heat release 10’ JIB
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 present s 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 , aft er discussions with 3. Ortwerth and using some

results on H F/ F , 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 spray ed in a

fogjet into the exhaust gas to cool it to about 100° C and partially

neutralize the HF and F,. 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 rat e, Some additional wor k

remains to be done on the caustic spray system be fore the design is

complete.

(1) Heat exchanger and gas containment bag: Thi s 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
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scrubbing system outlined above . The exchanger was desi gned to

remove approximately 10’ J/sec for four seconds us ing a thermal mass

concept . Fifteen laminar flow element s, 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,

ba g of a metal bellows design (10 ft by 10 f t) .  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 t ransferring F , from the high pressure supply bottles to the

reactant tanks remains to be built . We have had useful input s from

JPL on this design and forsee no major problems here .
•

i.1
• •
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TASK IV. Advanced Instrumentation and Measurement Techniques

Development

Principal Investigators:

P. E. Dimotaki s and H. W. Liepmann

A. Laser Doppler Velocimetry

1) High speed flow measurement. The experiments, dat a

reduction and analysis on t urbulent boundary layer measur ements of

mean u, v, u ’, v ’, and u ’v ’ in high speed, high Reynolds number turbulent r
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 F). We believe these measurement s

constit ute the state-of-the-art in precision high speed laser Doppler

velocimetry, which also specifically address the difficulties in making

measurement s 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 different facilities (GA LCIT Merrill Wind Tunnel

at M — 0. 1 and the 20” JPL Super sonic Wind Tunnel for the higher speed

flows). As a result of our measurements, we were able to show wn-

clusively that the discrepancies that had arisen in the past in high

speed flow measurement s of the Reynold s stress in the vicinity of walls

were unrelated to compressibility eff ect s, 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 usuall y onl y 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 effect s that

extend over the lower zo% of the turbulent boundary layer .

2) Mult ipoint, multichannel laser Doppler velocimetry. The

design and fabrication of the electronic components of the muitipoint,

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 desi gn and computer aided manufac-

turing (CA D/ CAM) techniques have been used wher ever practical. In

particular the special purpose wire wrap/printed circuit boards , on S

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 plot s were then used to generat e the negatives used - 
-.

to etch the printed circuit boards . Reduced copies of the resulting

board etch pattern are included in A ppendix 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)

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 fir st measurement s using the new sy st em will be realized

during the current calendar year and that it will be available in time

~~~~. ~~~~~~~~~~~~~~~~~~ IiS IIii •~~~~~~5 . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~*.
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to be used in the high heat release combustion facility presently under

cons truc tion.

Concurrent ly with the design and fabrication of the multichannel

sy stem, 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 mult iplexed into

a single digital processor, thereby essentially measuring the selected

velocity component at two point s in the flow s imultaneously. The result s

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 addit ional point in the flow, suggest to us that our efforts at truly

multipoint measurements should y ield a wealth of new info rmation 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 aUowed the positive identification of the concentration

field of one of two aqueous mixing specie s 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 . S

As of thi s writing, two method s of acquiring data that result from

thi s 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

Za, 6, 7, 8, and 9 of A ppendix H. The second method utilizes the laser

as a line illumination source (beam ) and images the illuminated line on

a linear charg ed 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 det ector . 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 specie. on the illum inated line as a function of time.

~~ ~~
. S~~• ~~~~ -
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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 po ssible 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 separ ated

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 geoxndry, in a

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

on top. 

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

point measurements, The information regarding the structure of the

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 conclu sions is included in the form of Appendix H .
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C, Acoustical Imaging

Transmission of sound waves through a given flow field can be

ut ilized to ext r act inf ormation about the flow . Since a temperature

change is the principal cause in changing th e speed of sound, trans-

mission imaging was demonstrated by using a steady plume as the object . S

A heater was mounted at the bot t om of a water tank, while two piezo-

electric probes were rigidly connected and traversed through the tank

(Fig. 1). A pulse generator tri ggered a function generator to generat e

3 MHz sine-wave bursts of about 50 msec duration, which were fed int o

the transmitter probe. The receiving probe picked up the sound bursts ,

whichwer ethen amplified, bandpass filtered and averaged. The plotter

recorded thi s 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 fr om ordinary

shadowgraphy, the acoustic trace shows the second derivative of the

thermocouple t race, 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

fabr icated. 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 amplit ude and phase from the incoming signal, which will then

be recorded in digital form onl~pe as a function of time. The recording

speed is designed to be 500 frames/ sec. The unique featur e to have
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amplitude and phase available at the same tim e allows one to obtain

various images fr om the same recording, e. g., amplitude only images

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

reconstruction techniques like Fresnel Transforming, which require

the knowledge of both amplit ude and phase.

It is planned to apply this techni que in a gas flow using sound

fr equencies of about 350 kI-Iz. Since the speed of sound is a strong

function of the temperature only, an acoustical image can give corn — S

plernentary information to the optical image. Another application is a

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

facility .

-

S r
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Append ix A
S 

NUMERICAL INVESTIGATION OF THE COALESCENCE OF LARGE SCALE

STRU CTURES IN THE TURBULE NT MIXING LAYER

D. D. Knight

I . Introduction
During the past twenty— five years , considerable attention has been devoted

to the phenomenon of the large—scale structures (“eddies”) in turbulent shear
1 2  

5

flows. The early work of Townsend ‘ 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 t~(Yfng layer. Additional evidence of coherent structures H
has been found in a wide variety of turbulent shear flows, including the two—

dimensional wake,4 boundary layer ,5 and axi—syinmetrj c 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.~
0

The purpose of this research is to investigate the ability of turbulence

models (in particular , the model equations of Saff man~~’
12) to describe the features

- I of the large—scale structures in the incompressible homogeneous turbulent mixing

- I layer. Specific attention is focused on the process of amalgamation (“pairing ”)

of large scale eddies.

II. Definition of Problem

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 lb. 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
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“pairing”). In the spatially developing mixing layer , the mean convective

velocity is approximately (U1 + U2)/2 , thereby requiring a computational domain

whose streaawj se extent is several t imes the typical eddy size in order to

consider a similar amalgamat ion .

There is no precise transformat ion between the temporally— and spatially—

developing cases. Qualitat ively , however , the configurations are similar if

related by the Calilean transformat ion

— ~(U1 + U2)t (1)

The free.trea velocity U,, in the temporally developing case is thus defined as

— f(u 1 — U2) (2)

The turbulent motion is assumed to consist of a combination of large—scale

coherent mot ion and fine—scale random fluctua t ions . Considering the instantaneous

streamviae velocity, U(x,y,z,t), a conditional average <LI ’ , denoted by u for

simplicity, is defined by
T

~t + t
u — CU> (Mt (3) r

T
0

where T0 is defined by

time scale of random motion <<T << time scale of coherent motion.

Based on the experimental data ,3 the conditionally-averaged (“coherent ”)

motion is assumed to be two-dimensional and unsteady. The instantaneous streamwise

velocity is thus

where u” represents the f ine—scale random fluctuations. Similarly, the instantaneous

velocities in the y and z directions are defined by

iT ~~~~~. -
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W w + v ”

where in the present case w — 0.

The conditionally-averaged conservation equations are
23u a u

Ilomentum: + u — - -
~~~~~ + -i-- (- <u “u “>) + v—1 (4)

3t j sx 4 az
~ 

3x4 i J 2
J .1 J

au~Mass : ~j — — O  (5)

where u1 • u , u2 — v , x1 — x, x2 — y and v is the kinematic viscosity. The

turbulence model equa tions of Saffman11’~
2 provide additional rate equations for

the “fine—scale Reynolds stresses” cu i
”uj

”>
~ thereby yielding a closure of the

eq~uations of motion. For purposes of brevity the model equations are not

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 motion,

wherein there is no streamvise (i.e., x) variation (e.g., u — U_ f(~) , where

— y/U t is the similarity independent variable and t5 is an arbitrary initial

time). In addition , a perturbation is added to the velocity and pressure field .

The perturbation is the sum of two contributions : 1) the (approximately) most

unstable eigenfunctlon (harmonic) correspond ing to an inviscid (Raleigh) stability

analysis of the initial velocity profile , ax~d 2) ~he first .ubharmonic [i.e., the

eigenfunc tion whose wavelength is twice that of the disturbance in 1)]. The

relative phase of the two contributions is chosen to yield an initial vorticity

field which is symaetric upon reflection through an origin located at the center

of the computationa l 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 subhar.onic, is taken to be 4Z

of the initial kinetic energy defec t of the mixing layer . The initial Reynolds
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bsssd on the velocity difference (2U ,), velocity-profile max imum slope thic kness

and k inemat ic viscosity is 480.

The boundary conditions assume period icity in x over the length of the

computation al domain which is equal to the wavelength of the first subharmonic .

Frs.str. boundary conditio ns are taken at sufficiently large I~ I where S

u — and all f ins—scale Reynolds stresse s vanish.

III. Results

)4san Flow Properties

Tb. mean velocity u in the streauvise direction, denoted by U, is defined as 
r

udx (6)

where L — length of computational domain . The velocity—profile maximum slope

thickness 6 (t) (‘borticity thickness”) is defined by

2U
a 

(7)

I;

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

d6 (U1 — U2)
(U1 + U2)

The experimental best—fit indicated by Brown and Roshko 3 is

d61, (111 -U 2)

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

layer at the end of the splitter plate13 with values varying from 0.16 in the

exp.ria.nt of Liepmenn and Laufer14 to 0.24 in the results of Wygnanski and

Vi.dler .’5 In view of the only approximate similarity between the temporally and

a - ‘

SS -- SSS- 11Fflh1t
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spatially developing mixing layers, the agreement with experiment is reasonable.

In Figure 2, the mean velocity profile U(y ,t) is shown as a function of y/8,

where e is the momentum thickness defined in the usual fashion.8 In this figure,

*the time t has been non—dimensionalized using U,, and the initial half-width of

the mixing layer , with t — 0 implying the initial condition.. It is apparent that —

the mean velocity profile ha. remained self—similar despite substanti al growth in

the coherent perturbations . In particular , define the coher ent perturbation

kinetic energy by

C L

Ecob - I f (u ’2 + v ’2 )dxdy (8)

where u ’ and v ’ are given by

u ’ u — U , v ’ — v  (9)

- 

- 

- 

and define the mean kinetic energy defect by

F

’

~aean ~ k (U 2 — U2)dy (10)

As indicated above , the initial coherent perturbation kinetic energy is 4Z

of the initial Emaen~ At t. 10, however, the coheren t perturbation kinetic

energy 1. 232 of the current mean kinetic energy defect. The self—similarity

of the mean velocity is in agreement with experiment .~ S

a
The initial half—width is defined as the value of y for which U • 99U,,

S for the initial velocity profile.

— ~~~~~~~~~~~~~ ~~~~
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Lsxgs Scale Structure

The evolution and interaction of a pair of large—scale eddies is indicated

Lu Figure s 3. thro ugh 31. Each figure is a contour plot* at a particular t ime

of the conditionally—averaged vorticity r~ where c — -

~~~~~ 

— 
~~~~~ 

. Selected

numsrical values of the vorticity are shown, where the vorticity has been non—

dimsnsionalized 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 subbarmonic 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 Weidaan.16 In particular , the correlation coefficient of the large—
Ca

scale perturbation. at t — 8 (see Figure 3d) is greater than 0.9 for

-1.3 < y/~ c 1.3. This is in agreement with the experimental result of Browand

and Weidman’6 who found the correlation coefficient of the large structures to be

greater than 0.9 for —2 i y/O ~ 2 at a stage in the vortex pairing where the

vorticity contours display a strong resemblance to Figure 3d.

*Th. contour plots were produced on a line printer . The algorithm employed S

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
a w p 1e, the dark region at the center of the eddies in Figure 3. corresponds
to —1.68 c < —1.58 , and the imeediately surrounding blank annular region
corrssponda to —1.58 c < — 1.47. For purposes of simplicity , the numerical
values indicated in Figures 3a to 3i are the mid—range values (i.e., —1.63,
—1.52, ..., for the above case).

**D.fi~S4 by I — — u’v’I{~’~~~’~)~. Note definitions of equations (6) and (9) .

***Thi. is Stage II of Browand and Weidaan’6 (Figure 6b). In comparin g the figures ,
due account must be given to the difference . in definition of direction of
mean flow.

_______________________ ~ ii~. T T ~ . .~. . . . . . . . . J
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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 structures 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 S.f fman. Preliminary results indicate quantitative agreement with

mean growth rate 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.

• _
~~~~~ S
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- .. Append ix B

On the Approximate Motion of Vorticity-Bearing Eddies

m a  Per fect Fluid in T hree Dimensions

-

- 

I 

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 eddie s in an unbounded perfect fluid in three

dimensions ar e derived. The planar interaction of a pair of

edd ies is considered numerically for two initial configurations .

Application to a deterministic model of the large eddie s in a

turbulent shear layer is discussed .
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I. Introduc tion

The past several years have seen a resurgence of interest

in the role of the “ lar ge 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 L

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 regions

or “blobs” of fluid with non-zero vorticity in an otherwise perfect

fluid in three-dimensions. They form a dynamical system, whose

approximate equations of motion are described below. The effects

of viscosity (i.e. • ent rainment) and generation are cur rently under

study. -

Il. 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 edd y remains constant. We

define the center of mass of the 1th eddy with volume

V. In the usual fashion,
I -.

= V~’ J’ x dV (1)

— 

— 

-~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _  —
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where x is the position vector . It is straightforward to show

- -  
- that

dR Z 
- 

-

ii + fp n  dS (2)
Dv.

I

where

I .th i tI = Impulse of i eddy = dV
v
i

= vorticity = curl U
I-

u = velocity

= velocity potential

= outward normal on sur face of 1th eddy

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

the velocity field can be expressed as

1 - ~~~~~ A (s) (X’ t)dV (x’) - r
u(x,t ) - -~~ (3)

I i I 3
All space I~~ 

- I

At some point within the ~th eddy, it is convenient to represent

the velocity as a sum of two terms,

u(x,t) = + U
I

where u (x, t) is the contribution due to the presence of the

eddies exterior to the 1
th eddy (i. e. • the volume integral in (3)

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

1th eddy). it is then possible to derive the dynamical result 
I 

-

(Saffrnan , 197])t

.
5 

f~~~E A~~
dv. (4)

- I

t Professor Saffrnan has noted that the essential idea of equation
(4) Is evident In Betz (1933).

i
_ _ _ _

- - - - -•
~
I
~~~~~~
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The system of equations (2) and (4) provide the frame-

work for an approximate description of the motion of the eddie s.

III. Approximate Equations of Motion

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

utilizing the fact that in the vicinity of the 1th eddy 
~E 

may

be expressed as the gradient of a scala r , and expanding UE in

a Taylor’ s ser ies about the center of mass of the i edd y, we

can obtain after some manipulation

dI1
- A (t)I1 (5)

where A( t) is a second orde r tenso r given by

A (t) grad 
~ E(~~

(t), t)

and contributions from higher order terms in the Taylor series

expansion are ignored. The velocity field at the center of mass
.th - -of the i eddy due to the presence of all other eddies (i.e.,

can be expressed using the asymptotic form

(Batchelor , 1970),

~~~~~~~~~ grad{I~(t) - grad ( 
1 (6)

Ix — R3(t)J x R(t)

thwhere the summation omits the i 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)11 represents the negative of the produc t of two terms:

I) The magnitude of the impulse ( i .e . ,  f I ~~ ), and 2) The

relative rate of change of an infinitesimal material line element

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
- -  a~~~~~~~~~~~~ a- -- ---- -~ -~ ~~~~~~~~~~~~~~~



vector at R’ (connecting two points along the direction of II) due to

the irrotational straining field ind uced by the other eddies (i.e. ,

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

divide the velocity potential in the surface integral over the 1th edd y

into two contributions, arising from the vorticity exterior and interior

to the .th eddy: p

- 

-

where UE grad 
~~~~~ 

We then obtain

I ~~~~~~ = f~~E~~
’ 

~~
uE(R 1(t) , t)V

~a-v . v.
I I

where higher order (quadratic ) terms arising from the Taylor ser ies

expansion of uE are omitted. Utilizing the asymptotic expansio n for

we obtain
f A -. i i
j  o1nds - -~- I
av. -

I

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

1th eddy surface are omitted. The result is

dR 1 . .
— 

N ~ 
+ ViUE(R (t), t) (7)

where 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 B
1
, f, I = 1, N. There is in addition the global

requirement that the total impulse be conserved. This condition can

be easily shown to follow from equations (5), (6) and (7) for N 1 or 2 ,

and it is expected that it can be shown for arbitrary N.

It is trivial to verif y that equations (5) and (7) reduce to the

exact description of a single Hill spherical vortex in an unbounded

flow,l e ,

____________________________________________________________________ ~~~~~~~~~~~~~~~~~ -
-

-
-- 

-
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dR 2
~~~~~~~~

The basic assumption inherent in the above approximations

is that the collection of eddie s is “di lute” , i . e . ,  th at their average

separation is much larger than their typical size.

ILl. Interaction of Two Eddie s

For the purpose of providing a simple qualitative picture ,

the two-dimensional interaction of two eddies of equal volume was
~1

considered. The governing equations were solved numerically using

a fourth-order Ruxtge-Kutta scheme (Isaacson and Keller , 1966 ).

The accuracy of the method was verified b y comput ing 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 eddies whose impulses

at t 0 were equal in magnitude and opposite in sign , direc ted

along the x-axis (i.e., horixontal). The positions of the eddie s are

shown at equal time increments , beginning with t = 0. A notable

feature is the development of a component of impulse in the vertical

direc tion by each edd y, 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 di f ferent  behavior is indicated in Figure 2 ,

which shows the motion of two eddies whose initial impulses were

L. ~~~~~~~~
— --- 
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+1 and +3 , directed along the -tx-axis. A gain , the effect of the

straining field produced by one edd y on the other is evident in the

development 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~l is qualitatively similar in both

figures. The observed difference between the two cases in direction

of vertical motion of edd y 4~1 at large time can thus be seen to result

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

IV. Extensions

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 entra inment of ir rotational 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). Thi s generation cycle for the eddies re-

- quires additional modeling .

- There are additional questions of interest, in particula r , 

- 5 - - 
-
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-
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the possibility of extending the approximate equations of motion -

by considering higher order terms , thereby int roducing tensor 
-

descriptions of the vorticity distribution within eac h eddy.

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

-

-
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Appendix C

THE TURBULENT CHEMICAL REACTION

OF A HYDROGEN JET DISCHARGED INTO FLUORIN E

F rank E. Marble, 3. E. Broadwell ,

0. P. Norton, M. V. Subbaiah

ABSTRACT

The coherent flame model for turbulent chemical reactions des-

cribe s the flame structure in terms of a distribution of laminar flame

elements, each of which retains a flame-like behavior while it is 
—

I

being stretched in it s own plane and transported by the turbulent

field . In its simplest for m , 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 vibrationa l states of the HF mole-

cule is central to the laser problem, flame strain rates e must be r I.

conside red such that £ 7~ > ‘ 1 where ~Z 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 sma U zone of chemical reaction. Rather, the chemistry

occupies the entire diffusion zone. The model has been modified to

accommodate this new description of reactant consumption and the - -

mechanics of calculating the dist ribution of vibrationally existed states - -

has been developed.

Because the description of the turbulent jet and the chemistry

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

~~~~~~~~~~~ - ~~~~~~~~~ - —- 
j j -.~ .— . ~. aL.i -~ ~ * ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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required to define the problem are the initial states of the hydrogen

and fluorine streams and the value of 1. 1~ /d. (sometimes

referred to as a DamkShler number) where k/. 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

- I have been calculated for two values of t.~.6 Z. /4. . These

results are given at distances of 2, 7 and 15 jet diameters downstream

of the port . At simila r locations within the jet, th e larger value of

.‘• z /~ 
tend s 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 vibrationa l popu-

lation non-equilibirum that occurs seve ral diameters downstream of

the jet origin.

~~11

L_ _  - ___LL ________________ ~~~
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1. INTRODUCTION

The coherent flame front model~~) is a description of fast

chemical reactions in turbulent flow in which the reactions are

assumed confined to thin flame surfaces. The tu rbulent flame

structure then consists of a distribution of these surface elements.

The model describes the manner in which the flame element s are

stretched and the distribution is dispersed by the turbulent motion, L

as well as the mechanism by which neighboring flame surfaces con-

sume the intervening rea ctant and annihilate each other. A consider-

able advantage of the coherent flame model is that it eff ectively 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 discha rging -
~~

into a stationary field of atomic f luorine. Both gases are diluted

with helium. Although this configuration differs somewhat from that

which occurs in practical lasers, it serves to iUustrate 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-

I 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

VDE where D is the coefficient of molecular diffusion and C is

the strain rate (sec ’) in the plane of the flame surface. In this

circumstance the actual region of chemical reaction is thin in compa r-

ison with the thickness of the diffusion zone8. In other words, the - 

-

characteristic chemical time Z. is short in comparison with the

value of ~ 
- l

; hence C Z ‘- ‘ I . 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 £Z”l  . When this circumstance prevails,

the reactant consumption is no longer diff usion controlled and , indeed ,

the entire diffusion zone is chemically active. Then the reactant

consumption rate is proportional to the thickness of the diffusion zone ,

divided by the chemical time, or ~~~~ JW’IE . Thus a

local reactant consumption law has been introduced that encompasses

both the diffusion controlled and chemicaily controiled flame. The
H

same law is appropriate to describing the distribution of vibrationally

excited states. 

—5— —--5
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2. THE FLAME STRUCTURE MODEL

To make this turbulent flame picture ‘guantitative, define

the flame surface density ~~to be the flame surface area per unit

volume; the dimensions of the flame surface are vezy large in

- I comparison with its thickness. The local flame surface density is

altered by: 1) production resulting f rom fluid stra ining motions,

- 1 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

C /t s.w# is the st raining rate and D’- (length)2 /tirne is

the molecula r diffusion coefficient, the flame thickness is — VP/f

and consumes reactants at a rate -~/DL per unit flame surface area.

Now when the straining rate is very high so that f 7 “‘
where 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’— 1 / D/~ . —

The representation of the law which encompasses both diffusion

controlled and chemically controlled reactant consumption is

_ _ _ _ _  (1)
~~ L 7(.

r IJ

~ I ~~~~~~~~~~~~~~~ — - 
_ _  - -

~~~~ -~~~~~ ___ -
~~~~~~~~~ 
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When the flame surface density sand the strain rate 6 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 a re ve ry 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

actua l calculations may be accom plished with relative ease.

The appropriate form of the equation describing the flame surface

density may be deduced fro m first principles by con sidering the dis-

tortion and migration of surface elements , fixed to the fluid , in a

turbulent medium. (3) 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 feature s of the flowfi eld and the chemistry

of the flam e structure . Now in a fluid with mean velocity component s

the expression

L-

(2)

gives the change in flame density following a mea n fluid element .

According to our model described earlier , this change may be written

in the following form

= turbulent diffusion of flame elements into the region

+ increase in flame surface element area by turbulent
straining motions *

___ — -5--- - - - .— _ - - -~_._._~~~,
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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

velocitie s familia r from usual treatment s of turbulent heat and mass

transport. Thus , if we denote ~,& the diffusion coefficient that arises L
in the description of momentum exchange, the turbulent diffusion term

applicable to the treatment of the turbulent circula r jet is

J..L (r~~ !—~~)a r  r
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 assumpt ion

that this strain rate is proportional to the rate of strain in the mean *

motions, the rate of increase in flame surface density 18 thu s 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

~

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

g1 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. ~~~~ 
80 that the fractional

rate of fuel consumption in a unit volume of space is ,i. 
~~/K. 

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

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

area reduction due to consumption of oxidizer is proportional to

P’ ~~~
£

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 variou s terms that have been discussed ,

it is possible to write in detail the conservation equation for flame

surface density

g + ~~ 

3

---5--—- - - - --5 - - - --—-—~~~~~~ -~~~~- - 
~~~~~~~~~~~~~~~~~~~~~~~ I- 
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The form of equation has been chosen to be that appropriate for the

analysis of the circula r jet.

The conservation equations for the individual reactants are con-

ventional except for the terms describing the reactant consumption by

chemical reaction. These will be given in terms of the flame surface

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 k~ ,

the oxidizer ~~~~~~, and the product c~ , related by the fact that the

sum of mass fractions is unity

(4)

so that only two of these 1<, 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.
1’

The consumption rate of fuel per unit volume is simply the pro-

duct of the effective influx velocity V1 , the flame surface density £
and the mass fra ct ion K.W of fuel in the fuel-containing component

in the unmixed state. The conservation equation for fuel may

be written down directly as

(.J4-~’ 4 ~~‘?-~~ -I- }- (r~~~~ ’ )  -

(5)

Similarly, the conservation equation for the oxidizer component is

U~~~~~
& 4 W

~~~~~
4 : (r~~~~~) ~.

‘V

(6)

~

- - --

~
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- It remains to define the consumption rates V. and V~ for the

fuel and oxidizer components. Regardless of whethe r these quantities

are defined through use of infinitely fast rea ction rates or by detailed

- calculation of the one-dimensional flame structure, they depend upon

the reactant concentrations on each side of the flame , ~~ and ~~
and the local strain rate 6 of the mea n flow. It is this latter item

which couples the local diffusion flame structure to the gasd ynamic

structure.

ri

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _
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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 u sed , it is preferable to go directly to the problem of

interest rather than describe the procedure in general. For the pro-

blem of the circula r fuel jet , we shall choose the elementary model

utilizing a scala r 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
Ii

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 jud ge the merits of the flame model.

Under these restrictions, the gasdynarnic field is described by

the equations

.-~~~~~~

(7)

+ ~~ W ..L . .L f~’~ ~rj£19p  Lt/ ~~ j  p~~~~p. (  
7/

(8)

where the pressure of the far field has been assumed consta nt. Using

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

o r
(9)

where iP is the turbulent analogue to the kinematic viscosity. The

customary difficulty arises here in the choic:, rather than the deter- 

—— - -—5— , — — - -  5 - - - ---—-5-— —--- -i
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mination, of the eddy diffu sivity. For the circular jet , however , the

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

conserved along the direction of flow, has the dimension of (velocity) 2x I 
-

(length)2. And because b has the dimension of (length) x (velocity),

there being no other cha racteristic 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 consta nt.

It is possible to find a similarity solution for the turbulent jet ,

or more properly for a point momentum source. To car ry  this out ,

it prove s convenient to int roduce a modified radia l dimension

~~~~~~~~ ‘~~~ (10)

where,, is the constant jet momentum flux

~~~~~~~~~~~ ~~~~~~~ ( 1 1)

.L 1EThe st ream function ~I’ , with the usual properties that 1/~ 
- 

~~~~ ,

may then be written in the form

Ø’~~ 
c~~i~ T ,) (1 2)

Substitution into the momentum equation, Equation 8, yields the

ordinary differential equation for F~~~

A (p ’- -4~~’)

which may be integrated once to give

~.tFF ’

(13)

the constant of integration being zero because~~F and p ” vanish for

large ‘~ . Fortunately, the solution for Equation 13 may be written

simply an

_ 
-5~~~~--~~~~~~~~ - -  

_-----

~

-

~
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= _________

(14)

which satisfies the requirement that the stream function vanish on the

symmet ry axis , ~~~ a , and satisfies identically the momentum con-

servation relation , Equation 11, as

/ (15)

The velocity components of the mean flowfield are then

- ~~~ -~~~ ~~~~~i8

3 .-“ L. __— ‘

~ (16)

and
r ‘ i f  ~U :

____ 
/ - .. L

I ~~~~~~~~ 4p~~~~J
~~

- 

~~~~~ -i ( — (17)

Now explicit solution of the f lame den sity and rea ctant conservat ion

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 ~ and V4 appearing in Equations 5 and 6 could be written

- 

I 

R7V 1 ~ (3. ~/1:’~ ; K;V. f~ (18)

where D is the coefficient of molecula r diffusion, S U11j~~~~~~i5 proportional

to the turbulent strain rate , and (3. , ,1., are constants for a given

chemical system, depending upon the rea ction stoichiometry and the

amount of diluent accompa nying the reacting species in the unmixed

— — .5 - i-——- -—— - 5 - — —-—‘ ~~~~~~~~~~~~~~~~~~~ I~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~. -
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gas stream.. Numerical calculations of strained lamina r dif fus ion

flames, which will be described subsequent ly, showed that st ra in  rates

between lO3sec 1 and lO 7sec~~ were required to achieve a la rge dlteration

In the distribution of vibrational states of H-F.  These high s t rain  ra tes

were accompanied by a distinct change in the lamina r flame st r u c t u re .

When the strain rate was less than 1O~ eec
1 the reactant

consumption rate behaved as if the chemist ry  were inf in i te l y fast.

In this range the reactant consumption rate is ‘- tJDE where P is the

appropriate binary diffusion coefficient . When the strain rate was

greater than io~ sec~~ , the r ea ctant consumption varied as

the results showing that the reactant consumpt ion  rate was chemica lLy

limited and that the chemically active ~one filled the en t i re  f l ame

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

reactant coneumption rate .tt large s t ra in  rates iS

f-S

( 19)

where is proportional to the flame thickness and ; is .e ch emi c .e t

time.

For the entire range of strain rates the reactant consumption - 
-

per un i t  fla me area is

_ _ _ _ _  

H
~~~~~

where p,~ ,s,~ depending u pon whether we are considering the’

consumption of hydrogen or fluorine atoms. Thi~. g ives .i rate

~ 
for st rain rates C~~~ ‘‘S and ~~~~~/~~~~~) /P/z for

Lari.r st rain rates £2, ~~ . The equations for  reactant consump-

,t..n and flame den sity may then be written

_  

-

~~~~~
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u~~~*w ~~ ( r I~~) — (s, 
~~~~~~~ 

(21)

(2 2)

~~~~~~~~~~~ 
(
~~~~~ T~ gi g, ( 23)

W. t (~~~~~~~~- ‘ ~~~~~~ 
1 (24)

When the chemistry is fast , as it is in this case, it is convenient

to use a linea r combination of k, and K 3 tha t satisfies a homogeneous

diffusion equation. Such a combination is ~~ ~ H 7

and because a diffusion f lame with fast chemistry utilizes fuel and

oxidizer in the stoichiometric ratio .f , the quantity (3.~../(5 if and *

K , 
I+ if (25)

Thus J(r , z) satisfies

J..?
~~(r ~~~

J )  
(26)

with the conditions JC’S~~ ~sand hence , comparing Equations 26 , 8, and

9, it is clea r tha t Y ,~~~’ !s/U.fl . The constant of proportionality

between J and W is found by noting that if the actua l flow of fuel in-

jected into the stream is ‘( , then the flow of the product formed is

( 1 4  f ~ Y for large value s of z where the reaction is complete and

o . Then the integrated flux of the product is , as ~

/ k3 14./ r ’d ” ~
J (27)

and because integration of Equation 26 shows that/lkII’CC” is con-

served along the z direction, it follows that

U
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r 
(2 8)

Because j is proportional to w the integral iS the same as evaluated

to ensure conservation of momentum with z and hence it follows , corn-

paring E quations 11 and 28, that

7 - a  

~~ * ~~~ 

~ 
(29)

We have then the algebraic relation

~~~ ÷ ( F

’

) (30)

in addition to the relation Equation 24 and, as a consequence, we need

oniy 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 introduc e the volume flow rate ‘g as well as the

momentum~.si. of the jet. These two quantities may be used to char-

acterize the jet velocity

ve/ecs~ y (31)

and the characteristic dimension of the jet ,

~4 h
(3 2)

where, in fact, the length a if ~~R , where R is the initial radius

of a jet with uniform velocity.

- - - - —.——————~~~~~~~~ - ~~~~ 
5-
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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-

termine the flame structure, including the distribution of vibrationally

excit ed 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 molecula r diffusion, a

numerical calculation is necessary. These were made with the Blottner

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

diffusion flaxne~
4

~. The boundary layer equations and the numerical

scheme employed in their solution are described in references 5 and

6. The program mod ifications together with a compa rison of results

with experimentally determined HF vibrational population profiles are

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

program is taken from the latter reference.

The physical situation is sketched in Figure 1. Two-dimensiona l

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

opposite sides of a splitter plate in t erdiff use and rea ct to for m the

laminar flame sheet, in which the various vibrational levels of hy-

drogen fluoride, HF(v), are  produced. When the free stream reactant

concent ration are uniform and the stream velocities are constant and

equa l to k/.. , the flame is equivalent to the h ’ s~anda rd~I time dependent

diffusion flame (with ‘~~~,, replaced by t- )~ the strained flame is

generated when ~~~ is caused to increase linearly with a.

If the chemistry is simple and the reaction rate fast , it is 

~~~~~~~~~~~~ --SSSSJ-5SS~~ .5 ~~~~~~~~~~~~ ~~~~~~~~~ 
_
~~~~~~~~~ -_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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straight-forward to prove~
8
~ that the structure and reactant con-

surnption rates of a flame experiencing a strain rate C are identical

to those of an unstrained time dependent flame at the time ~

A few comparisons of our numerical results for H,. F flames in the

two cases indicated that the two solutions are simila r when the same

transformation of independent variable is made. Consequently, the

shorter time dependent computation was used to obtain the results

de scribed in the following.

The Blottner program, which solves the standa rd bounda ry

layer conservation equation s, was designed especiaUy 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:

+ 1c —
~~~ • H J ~~ I ,2~ 3 

33

together with equations describing the important dea ctivational effects

of H, H 2 F as well as HF itself . The set of reaction equations to-

gether with the associated rate coefficients are given subsequentl y.

The temperature dependence of the species viscosities are program

inputs. The other transport processes were treated with the simplif y-

ing assumption that the Prandtl and Lewis numbers were constant at

unity.

0Both reactant streams were at 300 j (  and 5 torr. The fuel stream

composition was: hydrogen , 2. 6~i b 8 g mole/cm3, helium 2.47 . 10~~
g mole/cm3. The composition of the oxidizer was atomic fluorine, 

- - 
-

-8 3 . -7 32. 67’ 10 g mole/cm , helium 2. 47’ 10 g mole/cm

The program outputs consist of various property profiles of

temperature and concentration for instance, and of H2 and F consumption

- 

~~~~~~~ . ~
_
~T_~ ~~~~~~
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rates. The dependence of the latter on strain rate, 6 , is shown in

Figure 2. As the arguments presented in earlier sections lead us to

expect, the consumption rates at large va lues of the strain vary like

and at low values like £ . Equation 20, given previously,

0 
_ _ _ _ _ _bC~ ~~~ = 

I + Z £ (20) L
is a fit to the curve in Figure 2. The numerical constants required

for our work are

(91P 
. 4bO

£9S~~~ 
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 6’ 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 H2 - F2 re-

action as presented in reference 8 consists of some 100 chemical

reactions. For given ranges of temperature and concentration, many

of these react ions have n egligible 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 deactiva t ional processes were contained in the eight een equa tions

given in Table 1. Also shown are the coefficient s in the expression

for the fo rward and backwa rd reaction rate coefficients which are of

IL — ——
~~
— —-~---- —

~~
---

~
- —

~~—--- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
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the form:

C. T~ ’ e~~ (- /000

: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (i ooa P,/T)

The symbol frt represent s the HF molecule in any state.
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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 ( oc. ao ), then

the problem would possess simila rity solutions of the form K ,
I

and 
~~ * 

S ( ~~ ) • There is a certain advantage in writing these

quantities in that form, as

g,~~ j-~~~~~~~~~~~~~ -&(~~~~~, i)  ( 35)

and

—,

~- (~;) ~ 
6 ( ~i, z )

(3 6)

Now because we shall use an integral technique to obtain our

final result, it is convenient to rewrite Equations 21 and 23 in

similarity variables and integrate them over the flame cross section. —

Introducing the simila rity coordinates, ~‘j and z, we have

_ _ _ _  _L 1. (rLhC,) 4~~~(rW .)-*~ (“z tJ~~~.) + ..L (~
i
~~Jic ,)

_ _  (3 7)

and

~4 (r~~~~&)~~ ~~J - ~~~~~~~~
‘

j ~~~~~~~~~~~~K) (3 8)

Integrate these from o to 1~ a~~ and take account of the behavior of

~~, and £ for large radii. We then have from Equation 37

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

~~~“~lI I ) 11j  J.~~~ (3 9)
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where we have used a new va riable for distance along the axis ,

‘ 
,

~~ (40)

• and introduced a Damk~hler numbe r

(41)

Treating the flame density relation in the same manner

~f(f )~M~
(3 )

S/4(  V~~~~
(
~~~~~) a z(I, , ()

- 

-L ‘‘
~ ~~~~

-
~~~~~~1

’
) 

~~~~
‘ 

I<-
~~

(42)

where in thi s notation

(~ - f ( + ~~~~-L~ . - r 4 i~) (43)

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

quired to select profile shape s for the mass fraction distribution and

for the flame surface density. These are chosen specifically in the

following form:

~ (44)

1 -  (4’)f (19 ~~4 c i~) 
45)

( “ 7)  t )  ~~~~~~~~~~~~~~~~~~~~~
(46)

—.5--r —

- 
-

— - 
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where -F(S) and 1’( 1) , 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 satisf y 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 rea ctant s vanish.

Now the value of Fc~~~a ~~~ 4~ ’) , 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 &cip,~) , 14 p, t )  , ~~~~ ~ ) 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 C

an integral of and have the va lue

( S’7 _ 
- f z. (f l -j )  — ,

I ( ‘÷ *,‘) ~ 
- 

( Z ( P~~
-

~~~) (47)
0 J2 1

and (iii) those of the form

= 1,’~
_’r V

~
I
~~~~~~~~~~~~~~~~iL

~ I ~~~~~~~~~~ / 4 .ZA /- -L 48

This last class may, after a t ransfo rmation, be written in the form
I

‘/ 1.

.Z,~~( f j7 )  

f 

~~~~~~~~~)
I/j 

~~~~~~~ (49)

which is suitable for numerical integration.

Now if we utilize these result s in the integra l relations ,

I I

L - --.- - 
- - - -

~~~~~~~~~ -——

Iir.~~ —.-~ 
- 

~~~~~~ ~~~~~~~~
‘ 

~~-‘?~~2i~ i - - 
~_______ —-—-5 
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Equations 39 and 42 , for the hydro gen concentration and the

fla me density respectively, then these become respectively

= - 
(+)  

- 
~~~~~~~~

1(t .1 ’) ~~~~ (50)

and

~~~~~~~~~~~~~ ( !4 ’~~
4

) J ~~

~T ( f)
4

(t .~~ago) (
~) t ( ’-~) I ’- ~ C

- 
(

3)

t 

(‘ 4)[1o (1;~~~~ 
- (~~~~) 1, ( t ; 7 ) ~

(5 1)

These are to be integrated from j ~ 2. , the virtual origin of the jet

being at ~ = 0 , to an arbitrary value of f ; the initial values of

and & i~1.) = A , where ~~ 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 fla me model does not , of course , describe. It is

to be expected that varying the initial value will have a significant H

effect upon the structure of the flame ~ a ~~ but a much smaller effect

away from the origin. The values of and _
~~~~~~~

. are fixed by the

reactants and by the turbulence model, respectively. The values of o

and ~ , 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. 

—— 5- _ _ - 5 5 - 5 _~~~5 _ •___ ~~~~
_____ - -.5_5_ --~--_’ -~~ ~~~ 
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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 ove r the vibrationa l states that are u n -

portant in the laser operation. 
I

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

hydrogen mass fraction, which we have just determined

~~ ‘ 
(~~ 

~~~ 
(—

~
-
‘
) ( 1-4) (52)

and the general integral, E quation 30. From there we find irn rn e-

diately

( i-fl ( r ’
) 

I c-f )
from which we deduce

4~~~j F’~

_ _ _ _ _  

14 \
~~ 2.(I*’~~~ ) 

~~ ~~t -~ (53)

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 depend s 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

c ,  (I)

- 

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

(54)

-5 5- —5 -_-~---
_
~~~~~ 5— ~~~ - 

5~ — — ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~_4_•_~•5~ 
— ~~~~~~~~



where ~~~ (1) is mass of HF~’~ per unit area of flame surface , is

the maximum value of this qua ntity. ¶ is the characteristic time

(reciprocal of strain rate) at which this maximum occurs and ~~(1) 
~~

~ constant giving the breadth of the distribution. As discussed in

section 4, these numbers follow from the calculations of fi gure 3,

v = O  v = 1  v = 2  v = 3

2 x lO~~ 7 x l0~~~ 5 x 1O~~~ iO~~~

7. 46x10 6 4. 38 x lO~~ 2. 46 x ~~~~ 1.38 x 1O~~

25 10 4 .17 1.67

Table 2. Constant s 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 -

— 
°‘ ~ ITFI ~~~~~~~ ~~~~~~~ ( (l 4 L:~,a) ,) 

(55)

and recalling the definition of ¶ from Equation 41,

7 
_ _ _

~~ (i .e ~~~~~~~~~~ (56)

and hence the qua:itity ~ ~~~~~~ required for the evaluation o-f S~~ is

(.i)

E T..
”

~~~ (L~~~~’, ( ~~~~~

— )
where the second factor is given in Table 1.

C ; )
The distribution of vibrational states, C~. , is then

- L-y (5$)

~ 

_______ _ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
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where r~
’ , the flame surface density, may be conveniently written

-

~ 

(
/••l

)
YL
_p_ ( ‘4 ” (-

~
•) \

(I, Ioc ~~ ~~
‘ If~ f _  

~~~~~~~ ) ~ (59)
The value of Yt t ‘, has already been calcu’ated and hence it is a

simple matter to comput e the norma lized densities of vibrational

states,

( 60)

where
I _ _

(61)

It should be noted that although the norma lized population densities are

convenient, in that they remove some of the system pa rameters from

the results, they do not provid e a direct scaling analysis for the

hydrogen fluorine system. The reason for thi s is simply that the

system pa rameters are involved also in the pa rameter r, which

enters Equation 56 for the representation of ~ 7~ and hence in the

values of S(1).

L 

— ____________________
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7. RESULTS OF SPECIFIC CALCULATIONS

We shall show two specific cases of a hyd rogen jet reacting

with a stationary atmosphere of fluorine molecules. These were

made with the specific pu rpose to explore the behavior of the model

for a pa rticula r kinetic scheme rather tha n to describe the distri-

bution of chemical species in the jet for a wide range of jet momenta

and geometric scales.

The calculations divid e natura lly into two steps : (i) Determination

of the centerline reactant concent ration and flame surface density, 4 ’t~

and C ~~ 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 rewritt en here as

_1t

= A ( I ; 7 )
( 62)

(oi ~~Z~~ B t I )  ~ C(I ., r)  ~‘L

‘• l~~~ 
/ t

( 63)

where now

Y’~~) f~u~ ( t - . c ) [ ’ -  +( ~
!!

t~
P 4 ]

(64)

and the coefficients are

• ~41i. I;
~

) -  -~j ~
,
Zeii ~

,) )
A (~~ r~i :  (+) — (6 5)

• ~~- - t (~-f~’
) J

~~~~~~~~~~~~
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5(t ~~ 
( f ~~/Z

( , q ~ 3~
o) [

l~~ ~~ 

~ ~~~~~ 
} 

(66)

A C $ ;~~)/ f  ~-+(~~,~~)1 (67)

To carry out this calculation we require values for the several c~..,n-

stant s that arise in the equations. The dimensionless group

is determined empi rically by the known structure of the non- rea cting

jet and ~t is universal constant which relates the local turbulent

strain rate to the strain rate f -~~~

-

~~~~~~~) 
of the mean flow. In fixing

the value of ~( from jet mea surements it is as easy to fix

directly, and this appears to be approximately

(68)

The value of ~ , which occurs in connection with the flame

shortening terms of Equation 63, has been chosen on the basis of

the experiments of Hawthorne et al~
9
~ to be

2. ( 69)

The integrals!. and 2 , that occur in the coefficient A (i 71 and

C ( f . ‘Ji contain the ratio of chemical time 3, , to the time defined

by the jet momentum and flow~,i. and r . Referring to Equation 41,

the value of 7 is proportional to

L 
It

~ 
(\~,‘ cC)

‘I z C(w.e)

(70) •

where ~~ and .L are the initial jet velocity and jet diameter. As the

value of 7 changes from small values (‘~ 
%.‘ ‘) to large values the

• ~~~~~~~~~~ ~.
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local diffusion flame elements change from diffusion controlled to

chemistry controlled. And from the stand point of non-equilibrium

• populations of vibrationa l states of HF , the larger values of 7 favo r

•non-equilibrium.

The solutions for (1-f) and Y , proportional to the centerline

values of hydrogen mass fractions and flame density respectively, are

shown in Figure 4 for V ~ and in Figure 10 for 7 = ~~. 0 • The

general character of the flame density is that the st raining process

dominates in the ea rly 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 st raining 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 “ ~‘ is evident and

shows that for large ? values, Figure 10, the flame annihilation

mechanism is somewhat slower in retardin g the growth in flame sur-

face. This result s from the higher strain rates involved which lead

to a reactant consumption rate _

~~

.. ~/D,’~ , giving lower

values than for smaller strain rates. Thus the active flame occupies

a smaller fraction of the volume for %.~6 3.. /,~ la rge and hence post-

pones the peak in flame densit y until it has reached larger value s of

Figure 5 - 9 summarize the distribution of reaction products over

the jet for three distances downstream from the jet port corresponding

• to values o f t  = 2 , 7, 15. Figure 5 gives the radial distribution of

the ground state, Figure Sa , and three vibrationally excited states

of the HF molecule at a value of 
~ = 2. The general features of

the distribution are simila r for all vibrational states but the concentra-

I
k. __________ 

____________________________________________ __________
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tion, as indicated on the vertica l scale, shows the rapid dec rease for

higher vibrational levels . It should be noted that the vertica l scales

of each fi gure 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 a

populations of the HF vibrational levels is changed only slightly, the

absolute values of the C~~ are increased by a factor of nearly 3. The

corresponding results for f = 15, given in 8 and 9, show aga in a

simila r relative population of vibrational states but the absolute

values have declined to about hail 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 7 = 5, Figures

4 - 9, the flame density variation is the more significant factor.

Two othe r 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 nea r the jet axis carry little weight, the volume weighted

maximum occurring between values of = I and 2. Second , the

physical radiu s r is proportional to ~ *~ and hence increases 
j

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 7 = 20, in contrast with the value of 7 = S for the previou s

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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series. Inasmuch as the chemical pa rameters remain the same , this

inc rease in the value of 7 may be considered , re f er r ing to E quation

70, as an increase in jet velocity and/or  a decrease in jet rad ius .

Because it is the compa rison with the series for 3’  S that is of

interest , the specific details of the curves will not be discussed

extensively.

One feature, however , that is particula rly appa rent in Fi gures

h a  - lid , is the alteration of radia l distribution. This feature

results from the dependence of strain rate upon radius and is accen-

tuated for la rger  values of 7/~~’ . Thus it a ppears in Figure 11 for

• 2. but not in the distributions at larger  distances along the jet

axis.

For the la rger value of 7, the flame surface annihilation rate

is consid erably reduced over that at 7 = 3  and hence the net pro-

duction of flame surface is somewhat larger. But , on the other  hand ,

the actual consumption of reactant s 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 (~ s ) je t . The integrated species

in va rious degrees of vibrationa l excitation, however, is somewhat

la rger. Thi s demonstrates that the considerable flame surface manu-

factured in the range ~~. ~ I S 7 must wait until the st rain rate has

diminished to the point where the integrated density of vibrational

states (see Figure 3) is high. This tendency to delay the diffusiona l

thickening of the flame sheet, and hence the appea rance of reaction

• products , is one of the unusual effects of high velocity, high 7 jets.

By the time the va lue of I U has been reached , the populations of

the excited vibrationa l levels appear to have returned reasonabl y

closely to the va lues for z 5 This relative independence of ‘7

_______ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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would indicate that for 4 ’  ~~~ , both examples have reached a

diffusion cont rolled reactant consumption rate, weakly dependent

upon ~ . This would be expected in as much as ~~~is) L 
~

for both jets.

_ _ _ _  _ _  
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LASER DOPPLER VELOCITY MEASUREMENTS IN SUBSONIC ,
TRANSONIC AND SUPERSONIC TURBULENT BOUNDARY LAYERS

PAUL E. DIMOTAXIS’, DONALD J. COLLINS 2 and DANIEL B. LANG’1California Institute of Technology , Pasadena , California 911252Jet Propulsion Laboratory , Pasadena , California 91103

1. 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 r
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 fur ther fr om 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

V 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
4or 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—

V tional means using a Pitot tube, which was traversed through the boundary lay-
er , to uiéasure 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 V

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 Dop~ ler velocity measuremen ts in the same_flow are discussed .
Measurements of u, v, ~~r, ~~~ and the Reynolds stress u’v’ were made over the
full Mach number range. 

*The low speed (M ~ 0.1) measurements were carried out in the GALCITMerr ill wind tunn~1. The high speed measurements (0.6 4 M 4 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
tJet Propuls ion Labora tory

- 4, - - - j
_ _ _ _ _ _ _ _ _ _ _ _  -



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 c nsiderations inescapably dictate
the higher f requencies.

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 -an be measured,
is never less than the ratio of the processor clock period Tc. to the total
flight time ~t that is used for the measurement , i.e.

óu/ u ~ t~/~ t . (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 tie
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

rp (d~ /l8) (P~/~.i) (d~ /18V ) (P p /P f) ,  (2) 
V

where d~ is the particle diameter , Pp and pf are the particle and fluid densi-
ties, respectively , and ~i 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

<Ci)> const(U(y)/yJ, (3)

where U(y) is the local st reamwise 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

r~ ( U ( Y ) / y ]  4 1 . (4)

By way of example, using a dibutyl ph thala te aerosol , a flow of M “.‘ 1 requires
particles 4 1.5 pin diameter to track the fluctuations at yf4S ~. 0.1. For a more
de tailed 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. Particles greater than 1 pin in diameter were effectively removed
by an impact plate incorporated in the design. The resulting particle size

- V ~~~ * ~~~~~ - ---~~~~~~~~~~~~~ 
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dist ribution , measured using both
a cascade impactor and a mult ichan— 4.0 

~~~~~~~~~ Coscod i lm ctond particle analyzer , is shown in P0 I

f4 1 Muffl -Chon nsl Analyzsr
6 3 5 1 ’Two d i f fe rent methods were V

used to introduce particles into i -o

* the flow depending on the flow fa— ~~~cility that was used . For the high ~ -
speed measurements (0.6$ M4 2.2), ~~2.5-
which were conducted in the JPL 20” V

wind tunnel , it was necessary to h0- I ~~seed the flow by introducing the
particles into the settling chamber •between the last turbulence screen 1 .5 -

and the contraction section. The t

particles were introduced through a 1.0 V

tube which protruded 5 cm into the
settling chamber. Holes were 05~ 

V

drilled into the tube along the *

stagnation line as well as the rear __________

side at ±30° with respect to the ‘ ‘ ‘

flow vector . 
0 0.5 1.0 1.5 2.0 2.5 3.0

For the low speed measure— Porti cis Diameter ( M m )
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 downatrewn of the boundary layer plate. The particles
were convected around the wind tunnel circuit and over a period of a few m m —
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 dif f icult
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 nun—
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 pm and

* 
etalon stabilized to provide a single mode beats, 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
spl it 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 in focal
length lens, to a counson in tersec tion volume ‘u 0.8 ma in diameter. The optical
axis intercepts the test plate from below at an angle of “ 1:100 in order to

V - V . V ~~ V V  ~~~~~~~~~~~~~~~~~ —~ —-~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -V
~~



---V- S 
-~~~ _~~~~~~_V,_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V~~~~~~~~~~~~~~~~~~~~

—

permi t measurement of the
boundary layer down to
the surface of the pol— _.

ished test plat e. ~~~~~~~ ~~~~~~~ ~V- 
- -

The resulting inter— - - -

section volume contains
three independent sets of
(virtual) fringe planes
correspondingly perpen- , _ , _  

*

dicular to the u ,
I— •~~~ M(~ + v) / and (~ - !~) / v’2 —

velocity vectors (see •

figure 3). By selective—
ly blocking one of the ‘°‘

~~~~~~
““ ~~~

three beams , any one of
the three velocity compo— ., ,~ V -

nents can be examined ~~~~
,t-. .,—,

without a change in the
focal volume geometry. H-

- 

- 
The optical axis for

the receiving optics is - 
-

aligned at an angle of ‘p’.. Fig. 2. Measurement assembly
7.5 with respect to the
teat 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

V optical assembly. The effective measurement volume diameter is defincd by the
pinhole in the receiving optics and therefore is equal to % 0.05 cm.

C C  Fig 3 Measurement fringes

5. Signal processing and data acquisition

The output of the photomultiplier was amplif ied by a direc t coupled am—
• plifier installed at the base of the photoittultiplier housing. That output was

in turn amplified by a low—noise , wide bandwidth , AC coupled preamplifier . V

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 Bcatter optics, is not removed b!g this processing scheme.
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The filtered signal is fed into a counter type processor (Diaotakis and Lang
1974, 1977, and Dimotakie, Collins and Lang 1978).

The processor uses a four level comparison scheme on every cycle of the
Doppler burst. A TTh signal DIN 1. 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 — 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, 11 and T 1 + T~ . If t was the period of the
Doppler signal , we must have , as a con sequence ,

< mt < + . (5)  *
5-

The time intervals t
1 

and T 2 are front panel selectable and cover the range
60 naec < r 1, T 2 < 3 msec. The processor updates the flight time register with

V the time between the first nega—
tive slope of DIN’ and every
successive acceptable negative
slope of DIN ’ using a 100 MHz
(tc — 10 ns) crystal. Every

in the cycle counter.
The data were recorded in AIN

negative slope is also recorded

two different modes. In the
VO~~~~~

VLfirst mode (fixed fringe mode),
the output corresponds to the j~ _ j ~jj j(t runcated) flight time for a DIN

* fixed number of fringes. All _________V 
- the da ta for M ~ 0.6 (JPL 20” 

--

* wind tunnel) were recorded in
this mode. Eight cycles were - . - - -- ____ - 
counted for the beam pair at 0° I V

(u 1 data) with the prescaler in ~ _ j ~~~ atoIItf~~
V set to 2. Four cycles were - 

Icounted for the ±45 0 (u2, u3 I Ana log V

data) beam pai rs with the pre— —
~~~ Input

scaler set to unity . (a) Disabled
In the second mode (f ree

f ringe mode), the processor only
requires that a fixed number of
cycles be reached or exceeded by DIN ’
the burst but records the flight
time and number of cycles
(fringes) of the whole burst. (b)
Both n and (the truncated) lit
were recorded in this mode and —

the velocity is Fig. 4. Signal burst processing

u1 — ne/lit , (6)

where a is the f ringe spacing. The data recorded at M ‘u 0.1 (GALCIT Merrill
wind tunnel) were acquired in this mode requiring at least four fringes for the
±45’ data (u2 , u 5) and at least eight for the 0° data (u 1) with the prescaler
in set to 2. Thus , in both modes , the same (minimum ) number of fringe s 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 tine can be used ,
instead of an arbit rary fraction , in determining the velocity component of in— 

_~ 
V _ ~V~-V V~ 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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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 phas. to the crossings of the reference level V0 by the signal. Third,
the saaplin~ 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 lUlz were observed in
the high speed flow.

6. Data processing

In order to process the high speed data (0.6 4 M 4 2 . 2 ) ,  which were re-
corded in the fixed fringe mode, a histogram of each record (1,024 measure-
ments) was formed as a function of the fl ight time lit. The histograms were
pruned in two passes. First, the data in any bin tha t con tained only one
count and did not have neighboring bins with more than one count were discard—
ad. 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—

V 
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 veincity 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.

Ii — lOot 1ni/litj, (7)

where r1 is the minimum Dopple r period setting, iii is the number of fringes 
V

crossed by the ith particle and At1 is the time of flight corresponding to the
nj f ringes. The histogram was formed based on the velocity index r 1 and each L I
record was pruned in the fashion described above .

The complexity of processing single particle laser Doppler vflocity data - -

is compounded by the fact that in such measurements the fluid velocity is
sampled in a biased manner. This problem , fi rst 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.

V <~~~~ (& > — f (~ 
) B~ 

1 (u j) / E B
1 (~j

) (8)
I i

where 8(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 0 between the in-
tersecting beams is small then, for the fixed fringe mode measurements, the
expression for B(3~) simplifiec to

Bfixed (u;c) u1 (l + u~/u~)½[l — c2 (1 + u~/u~)1, (9)

where u 1 is the velocity component perpendicular to the fringe planes , u,1 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
‘hsin~~T of the minimum number of fringe crossings (Doppler cycles) required by
tKe processor to the total number (maximum) in the measurement volume. If
(u 11 /u~) 2 << 1 equation 9 reduces to the familiar form

~~ix.d(& 
u u~~ (k + 1~~) ,  (10)

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

V

Bfree(u;n) u 2(u~ + u~)
3
~
’2(n + ?~), (11)

or , equivalently ,

B (k;n) (k + ¾)n 2 /(n + ~). (12 )

See Dimotakis (1976) and Dimotakis, Collins and Lang (1978) for derivations V 

-

and a more extensive discussion . Note that equation 12 is in disagreement with
the predictions of Hoesel and Rodi (1977) who suggest that 8j1~~~~At 0 (k + ~) .

7. 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 0 for the profiles was computed from the
laser Doppler measurements. In figure 5 four profiles in the Mach number
range 0.6 4 N 4 2.2 are plotted as indicated. The agreement for the lower speed
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profiles is very good. We do not have an explanation for the small discrep-
ancies that can be seen in the highe r Mach number profiles . The top data points
in figure 6 correspo nd 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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Pig. 7. 0.6 4 N 4 2.2 u ’/Ue profiles Fig. 8. N “ 0.1 u’IU~ profile

7 and 8 are taken from Klebanoff (1955). The apparent fluctuation level In H-
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,

measurements are presented in figures 9 and 10. The solid lines
represent the Reynolds stress computed from the corresponding mean velocity
profiles by integrating the boundary layer equations in the manner described
in Collins, Coles and Hicks (1978). The filled squares are taken from
Kiebanoff (1955). The upper points in figure 10 are computed on the basis of 

V

equation 10 for the-bias. 
V

Several questions can be answered imeediately by the present data.
First, 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/0 4 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, ~he - -

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.

V Except for the M 4’ 0.1 stress measurements, the agreement between the
computed stress profiles and the directly measured values is quite good, for
y/O ~ 2. The discrepancy near the wall, however, remains an open question as V

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 cosmon 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/u1, 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 t~JardB
the vail. 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 4 M
4 2.2) should look approximately like a half Gaussian , resembling the concen-
tration of a passive contaminant int roduced far upstream at the wall. The re-
corded data rate vas divided by the local streamwise velocity and plotted in
figure 11. To the extent that correlations between the scattering particle
rn~~~~r density fluctuations - -

end the •tr*mrn~øe velocity 
5

5
5 5 S

can be neglected , the ratio is .• ‘

proportional to the local par— 
5

5
5

tid e number density. The de— .‘

crease as the wall is ap— 
I. 

S V

proacb.d, extend ing to a large ,t,I.
S, 

,,.SI~~~~
’ • .

fraction of the bounda ry layer ..‘~~
thickness , is quite conspicu— • H
ous. The velocity component - I -~~perpendicular to the vail is ~. 

I 
V
VI

measured to be negative in the ~ ,,•
~~ ‘h ... •

vicinity of the wall , a conse— ~~ s’.’ ~~. II ? . ISI
quence of the fact tha t the
positive half of the probabil— ~ •
ity density of that quantity s. 

~~~~..•• • , 
.
,

is underrepres ented in the ,., ,,pu~i1F~
#

laser Doppler measurements. ,, .1 . n.i.ios
The underrepresentation of 

•
?

that motion also results in a “ 0

lower measured value for the ~ 5

—u ’v ’ correlation since the o s  0

upaw.Ziing carries fluid .., n.0.50~
with lower strea mvise veloc— •, 

5
,

ity. This motion (bursting) , 0
0

which has been observed to °~‘ 0

be intermittent and quite 5.1

violent , is held responsible °i. ,: ,: ,. .: •. .. ,. 
~~. •. ~•. ~~~. I, . ,. ‘~~Z V V V

for a very large fraction of V / T H E I R

the total stress near the
wall (Blackvelder and Kaplan Fi8. 11. Particle number density profiles
1976).

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
an infinite sink for particles . The conclusion £8 then that the discrepancy
in the measured Reynolds stress near the wall arises because the scattering
particle menber density is very strongly correlated with the instantaneous
stress wid not as a result of any local failure of the particles to track the
flow.
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Sunm~ary

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 bou ndary layers at constant pressure in subsonic and supersonic

flows. Two facilities were used for these studies. In one faci l i ty,  data

were obtained on a flat plate at Me 
= 0.1, with Re e = 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 Re e 23 ,000 and 40 ,000 .

Part I of this report is a detailed ana lysis of the mean flow as observed

using Pitot-tube, Preston-tube, and floating-element balance instrumentation.

The emphas is 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 ana lysis 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 ana lys is techniques, have been included

j 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 assessme.~t is

made of the ability of the laser-Doppler velocimeter to measure the details

of the flow s involved .
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I. Introduction

The turbulent boundary layer at constant pressure has been the subject

of exper imental and theoretical inves tigations for many years, and provides

a veil 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

H (1976) have used laser-Doppler velocimetry techniques to make direct measure-

meats of the Reynolds stress in turbulent bou ndary layers with free-stream

Mach nuiñbers in the range 1.5 to 3.0. However, a serious anomaly is exhibited

by these measurements in that the maximum value of -r~V ~ccurs much further

from the wall than is reasonable for flow at constant pressure. This anomaly

has been discussed by Sandborn (1974), who supports the conjecture by s ome of

the authors cited that density fluctuations may contribute substantially to V

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 (M
e 

0.1 to 2.2), in an effort to resolve V

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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wind tunnel at a free-stream Macb number Me~ 0.1. The high-speed experi-

meats were performed in the ceiling boundary layer of the J.P.L.t 20-inch

wind tunnel at Mach numbers 0.6 � Me� 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-

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

Van Driest (1955) was appl ied to the data , to test the adequacy of a sing le

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).

In the present report, the instrumentation, data acquisition and

analysis for laser-Doppler velocity measurements in the same f lows are

— — ,2 ,2 ~- ,  1-
described. Measurements of u, v, u , v and the Reynolds stress -~u v

were made over the full Mach number range. These measurements are discussed L

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

wor k.

II. Measurement Considerations at High Speeds

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

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

the Doppler f requency

v 2 sinef2 u , (1)D

~J et Propulsion Labor atory -
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as a function of the flow velocity u~ with the beam separation angle 8

as a parameter. For these computations , the wavelength has been assumed

to be X 015145 p.m, corresponding to an argon-ion laser.
/

A reduction in the beam separation angle e, 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

~ 2 sin$/2 

V 

(2)

Because the (TEM~j Gaussian beam radius at the focus is given by

(3
0 11W

where R is the beam wavefront radius of curvature after the focusing lens

(R f lens focal length), and v is the l/e
2 intensity envelope radius

at the focusing lens, the resulting number of fringes is then given by

(e.g., Dimotakis (1976))

Nf 4 -f tan8/2 . (4)

The number of fringes, Nf~ 
is plotted in Figure 2 as a function of the

focal volume d iameter 2 w0 with the angle $ as a parameter for a wavelength

— 0.5145 ~m. As can be seen from Figure 2, spatial resolution consid-

erations place a lower bound on the angle 8, presenting a criterion which

7
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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

per se, 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 ~t that is used for the mea-

surement, i.e.,

I

(5)

Ii
By way of example , a processor with a clock frequency of 100 MHz

— io 8 sec) can measure the velocity of a Mach -.~ 2 particle in air
C

(u ..
~ 530 rn/see) in a 800 ~zm 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 resul ts  in rap idly

decreasing scatter ing cross-sections (Born and Wolf (1975)) and consequent

signal intensities. In addition , as the ve locity increases , the scattering

particle spends less time in the focal volume. As a result , even though

the number of scattered photons per second remains cons tant , proportiona l

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

8
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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.

III. Scattering Particles

A. Particle La~

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 , r , the par ticles are expected
p

to follow those fluctuations.

For small solid par ticles in gas flows, the equation of motion in

a Lagrangian frame can be approximated by

(6)

V 
If the particle Reynolds number

Re 
- U

f1 
, V (7)

is small, and the flow can be described by the continuum equations, we

have the class ical Stokes flow for a spheri cal par ticle for which the

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

by

L d 2 p d 2
— .1 (_E )  — ....~~

_.. (..z) (8)p 18 
~.i l8~ Pf

9
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which is independent of the fluid density. A plot of the particle response

time as a funct ion of the particle d iameter 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 Xlebanoff (1954)

in a boundary layer at constan t 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) 
~~~~~ • (9) 

S

u(y) ~u(y)ju (y)

for the wake region, and

S (w ,y)
_ _ _ _ _ _ _ _  !JX 

~1I—~ I , (10)
u ’2 (y) 

u(y) Lu(y)J

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

These spectra then result in expected frequencies given by

— const. , (11) V

in the wake region, and V

(w) — conSt. u(~1 (12)y y

~1•
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in the boundary layer interior. Consequently, particles above the sublayer

should track the flow well , provided tha t

I u(y) 
~ 1 , (13) 

V

y

or V

p e  < i~~~~ y/ 6 _ - .
6 LU 4~1~’ue

Substituting Equation (8) for we obtain an upper bound on the particle

diameter for the particles to track the flow,

d~ < d
pmax ~ 

4.8~ (15)
- e 1.

for di-butyl phthalate aerosol in air at 25°C.

A prediction of Equation (12) is that the turbulent wavenumbers k w/u

increase as the wall is approached,

k COnst. (16)
y

This result is confirmed qualitatively by the photograph in Figure 4 in

which the turbulent boundary laye r 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 Cantvell and is reproduced here

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

11
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was io
6. The inonotonic 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 consistent  wi th  the hypothesis for the reg ion

closer to the wall, but outside the viscous layer by von K~rm~n (1930). V

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

in Equation (14) is bounded by the relation

+
U/ U  u

Y Iu  e T  e (17)
uvyl!ue ÔU /V 6+

where U
T 

is the friction velocity de fined as

V 

U E (T / p )¾ . 

- 

(18)

The ratio ue
+/6+ has been shown by Coles (1968) to be a function of

Re 9 for incompressible flows wi th  zero pressure gradient .  The square root

of this quantity is plotted in Figure 5 , for the range of Re 9 covered by

the present measurements (8 x < Re
9 
44 x lO~) .  The data for this figure

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

compared in Figure 5 to a straight line f i t  given by the emperical relation

Ju
+/6+ f(R ee) 5.01 Re8

°~
435 

. (19) 

-

‘

In writing the lower bound in Equation (17), e f fec t s  of compressibility

have been ignored. Using the numerical result of Equations Q$)and (l9), we

then have

12
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9~ 
(~) ¾ ; far from the sublayer

M (pin) (20)
d < d

~ ~max 2 4 2
~~ 

; near but outside the sublayer
M R e 8

°

By way of example, a flow of M
e 

— 1 requires particles less than 1.5 pin

in diameter to track the f luctuat ions  at y/ 6  — 0 .1.

B. Techniques for SeedingV the Flow

The particle generator for the present experiments used a Laskin

nozzle type construction to generate a poly-dispersed aerosol of di-buty l

phthalate. Particles greater than 1 1un in d iameter were ef fect ively

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

particle size distr ibution, measured us ing both a cascade iinpactor and

a multi-channel particle ana lyzer , is shown in Figure 6. These results

indicate l i t t le contribution to the number density for sizes greater tha n

1 psn. While little is known about the distribution below 0.4 pin , it was

possible to ascertain that no particles with a diameter less than 0.1 1jm

were present.

1’~o d i f fe ren t  methods were used to introduce particles into the flow

depending on the f low facil i ty tha t was used . For the high-speed measurements

(0.6 
~~
Me~~

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 set t l ing chamber from above. Holes were drilled into the tube along

13
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g ives the mean value of the part icle number dens i ty .

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 dis t r ibut ion 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 e f fec t s  of compressibility. These data are fur ther  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 
V

are important in understanding the resul t ing laser-Dopp ler 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 V

of the boundary layer is then determined by the diffus ion 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 substant ially to the structure of the particle

- I number density profiles. Because the entrained fluid contains no particles,

15
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the measured distributions shown in Figures 7 and 8 exhibit  a rap id decay

away from the wall , wi th  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 of 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 wal l .  This 1os~ to the wa ll is evident from -
‘

the observation of an oil film on the test surface.

IV. Optics end Measurement Geometrl

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 7L , cm

in the stxeau~ ise direction, and 20 cm in the direction norma l to the test

plate. For measurements in the JPL 20-inch wind tunnel, the instrument was k
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

vertical t raverse and was repeatable to bet ter  than 0.005 cm. The orig in 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.

16

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~—~~~~~~~- - - -~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~



__ -~~~~
-—

~~~~

r~ ~~~~~~~~~~~~~~~~~~~~ 

V 
~~~~~~V ~~~~~~~V 

- - -

In prac tice , 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+ _
~~~lny

+ + c + ~~~~sin
2 Y , (22)

where

U — U/U
T 

(23)

y
4 

— ~ - y) _L , (24)

y — (y - y) —~~ , (25)

and where y0 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 1., U and y0 with ,t. 0.41 and c 5.0 given, and 6 was V

computed as a cons t raint imposed by the local friction law ,

U + _ ! lfl 6+ + C + ~~ii . (26) H

• The tecbn~.que for this analysis is outlined in Part I of this work by

Coll ins, Coles and Hicks (1978) in conjunction with the mean-flow data
F .
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presented there . The results of this procedure lead to corrections y

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 instrume nt was a Coherent Radiation Model

52B, 4-watt argon-ion laser. The laser was operated single line at

0.5145 .tm 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

as the assembly is traversed and also that the relative alignment between the

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 prc ~rve

the proper polarization of the beam. The transmitting optics cell contains

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

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

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

of two multiply-coated beam sp litters. The resulting beam pair is then trans- H

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

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

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 tunne l by a 1.0 meter focal

length, antireflection coated lens, to a common focal volume -~-O.8 mm in

18
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d iameter. 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

f ringe p lanes correspond ingly perpend icular to the u, (u + v)/./Tand

- v)//Tvelocity vectors. The geometry of the three beam pairs, and

actual photographs of the fr inges 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- 
V

volume geometry. This method we consider superior to the more common one

of rotating a single beam pair in the desired orientation which, in our

experience, cannot easily be done with suff icient reproducibility and

without slight displacements of the focal volume.

C. Ceometry of the Intersection Volume

The three intersecting beams, taken in pairs, define three planes,

along which the measurements were taken. Even though considerable care V

~
Vi

was taken to orient these planes at 00 and ± 450 with respect to the wall,

the small deviations that were measured were taken into account in the data

analysis . - 
-

V

The subtended angles between the beam pairs were measured by two

different methods on two d i f f e ren t  occasions and fou nd to be within — 0.37.
‘1

of the values :

01 measurement — 0.02112 rad V

V 
82 4. (u + ‘h,) measurement — 0.01490 rad (27)

8 ~~ (u - v) measurement — 0.01424 rad .• 3
~~ r _ _
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Thus, 82 
83 8

1/JT 
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 (ang le 0, Figure 12) had to be determined by a separate

measurement for each profile. This was accomplished by permanently mounting

V 

a second razor blade to one side of the test plate with its edge aligned with V

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 0 is small in every case but must be accurately known C
to estimate any quantities that involve v, the velocity component norma l to

the wall.

Using the geometry as defined in Figure 12, we have f r om the law of

cosines,

9
2 ÷ 9 2 

9
2

2 3 1cos c~ = 2 8 2 e3 ‘

cos ~ = 2 e’~ 
2 (28)

3
vl

and ,~ 2 ~~2 ,~ 2
~l ~~~~ ~3

2 9 9  
- -

V 

1 2

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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u1 
b11u + b12v

u2 
b21u + b22v - (29)

• 
u
3 

= b31u + b32v 
- 

,

where - -

b11 cos~ b12 
= sin0 

1
b21 cos(y + 0) b22 

— sin(V + ~
) (30)

b31 cos (~~-Ø ) b32 -sin(~~~~Ø) J .

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

of the data. In particular, since sin(~ + y) sin~, we mus t have

(u1) sina 
= (u2) sina 

+ (u3) 
sin~’ . (31)

Recall from Equation (1) that

2 sin0 ./2 ei
= 

1 
U
i ~ 

u~ , (32)

so that the consistency Equation (31) becomes

(v
D

) ( v
D ) + < V D~~~~

.
1 2 3

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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b12\ f(u~)\

I l~ I 1 = 1  1 (34)
b21/ \(v~)/

and

/b11 b
12\ f(u~~)\ f (u ) \

I I~~~~ I 1 = 1  1 (35)

\b31 b32/ \(v~~)/ \(U3)/ .

Inverting Equations (34) and (35) , we then have

(u~) sin(y + 0) - (u ) sin0 12
I siny

- (36)

(U
2) 

cos (O) - (U l) cos(y + 0)
(VI) 

= 
sin? ‘

and

(u 1) sin(~ - 
0) + (u3) sin0

(37)
(u > cos(~ - 0) - (u ) cosØ

V (v11) 
1 

sink .

The final values for (u) and (v) were then estimated by averaging the two

independent estimates ,

(u) - f ((ui> + (u~~)) 1
(38)

(v) f ((vi) + <~ >) J
Using Equations (29) , we can also relate the mean-square fluctuations 

V

of the measured velocity components, to (u ’2), (v ’2) and (u ’v ’). In

- 
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particular , we have

(u’1
2
) b1~

2 
(U ’2

) + b12
2 
(v ’2) + 2 b11b12 (u

’v ’)~

(u ’
2
2
) b~1

2 
(u ’2) + b22

2 
(v ’2) + 2 b21b22 (u

’v ’) (39)

(u ’3
2
) b3~

2 
(u ’2) + b32

2 
(v’2> + 2 b 31b 32 (u

’v ’) .

Note that while Equa t ions (29) are redundant , Equa t ions (39) are not ,

except for special choices of 
~~~, 

‘j and 0. Inverting Equations (39),

we then have

— 
~11 (u

’
1
2
> + C12 (u

’
2
2
) + C13 (u

’
3
2
) 1

(v s2> — c21 (u 1 > + C22 (u 2 > + C23 (u ) (40)

F (u ’v ’) — C31 (u
’
1~~
) + C32 (u

’
2
2
) + C33 (u

’
3
2
) J ,

where the C~~ ma t r ix  is g iven by,

C11 sin(~ + y) sin(j ~ - 0) sin(y + 0)/A
F ,

C12 -sine sin(~ - ~) s inØ/A

C13 siny sin( y + 0) sinØ/A

C2 1 -sin(~ + y) cos(~ - 0) cos(y + 0) / A

C22 sine cos(~ - 0) cosØ/A (41)

C23 — siny cos(y + 0) cosØ/A
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c31 
— 4 sin(~ + y) sin(~ - V - 2Ø) /~

C32 — sine sin(~ - 20)/A

c33 -f siny sin(y + 20)/A ,

and where

A sin~~
. siny . sin(B + y) . (42) 

V

D. Receiving Optics

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

7 5 0 with respect to the test-plate surface, thus permitting a full view

of the focal volume throughout the boundary layer. This inclination of

both the transmitting and the receiving optics with respect to the test

surface results in a reduction of the spanwise extent of the focal volume.

The collecting lenses consist of a pair of 15.24 cm diameter, ff 5  achromats

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

common cell. This configuration 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 wi th  a 20 mm focal length , f/5 coated

lens , a 30k wide 0.5145 ~m f i l te r  and magnetic lensing to restrict the photo-

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

is coup led directly to a low-noise fast rise-time preamplifier, cons tructed

inside the tube hous ing at the base of the photomultiplier tube . The photo-

detection system was designed with a frequency response in excess of 50 141z.
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The effective focal-volume diameter is defined by the pinhole in the

receiving optics and is there fore equal to 0.05 cm .

Oscilloscope traces of raw signals from the outpu t of the preamplifier

at the base of the photonsiltiplier are included in Figure 13. These photo-

graphs are multiple exposures taken of particle bursts at the highest

recorded velocities of Me— 2.2 (Re0 
-~ 4 x l0’

~) 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 signa l is a lmost exact ly one -half the u-

component frequency. This feature , which wil l  be discussed later, is exploited
‘V

by the processing scheme. Typical signal-to-noise ratios of 15-20 db were

measured at these velocities.

V. Signal Processing and Data Acquisi t ion

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 def ines a refere nce level V0 and two symmetric

levels V0 - VL, V
0 
+ V

L 
about V0 as shown in Figure iSa. In addition, a fourth
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level V
M 

can also be defined which must be higher tha n V0 + V
L
. The

amplitudes V0, V~ and VM, as well  as the polarity, are independently

selectable. The filtered Analog INput (AIN) must  cross V0 - V~~ from below

and then V
0 
+ V

L 
from below , in that order, before the Digital INput (DIN)

is raised. A subsequent crossing of V0 from above will cause DIN to go low .

This test sequence must be passed by the analog input AIN on every cycle,

otherwise the burst is rejected , the log ic is reset , and the processor waits

for the next burst. If the analog input AIN exceeds V
M 

a t a ny t ime during

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

for the next burst (cf. Figure iSa). Thus the amplitudes V01 V~ and VM

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 ~o

1, 2, 4 or 8. The Analog Inpu t Processor is designed with high-speed ECL L

circuitry and stripline technology with a maximum Doppler frequency of 170 MHz.

2. The Digital Input Processor

The prescaled digital  input DIN ’ is subseque nt l y p rocessed by the Digital

Input Processor . The negative slope of DIN ’ fires a resettable one-shot Ti

of duration r1, as illustrated in Figure 16. The negative slope of Ti f i res

a resettabie one-shot of duration The f i r s t  nega t ive slope of DIN ’ also

raises a signal G, wh ich 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) wh ich stores the FT bu f f e r  and increments the cycle counter (c f .

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 I is the period

of the Doppler signa l, we mus t have , as a consequence ,

T 1 <ml <7] + 12 (43)

V 

where tn = 1 , 2 , 4 , 8. The time intervals and T
2 

are front panel selectable

and cover the range 60 nsec < T1, 
~2 

<3 msec. The maximum Doppler frequency

that can be handled by the Analog and Digital Processors working in tandem

is given by,

( 
~ 

— 
max(m) 

= 8 = 130 1-1Hz . (44)D max znln(7
1) 6

3. The Timer

The 100 MHz crystal clock is divided by 10 to form a 10 MHz t ime

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

reset if required but is normally allowed to overflow . The gate signal

C is inverted to form C and is used to latch the contents of the t imer

counter into the timer buffer, as illustrated in Figu-i~e 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 C—. 50 kllz) to warrant an examination of the velocity fluctuations

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

- 
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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 ~~~ of t he ~t)~

scattering particle . The overall measurement accuracy is o course limited

by a variety of other factors such as opt ica l  p re c i s i o n, si gnal- to-noise

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

(M~~ 0.8), the finite frequency of the processor clock was the limiting

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

highest frequency tha t occurred was 27 MHz in the M~~ 2.2 flow. This fre-

quency was measured with an overall accuracy for a sing l e particle of 27..

A histogram from a 1,024 particle record taken in the free stream (!t~~ 2 . 2 )

of the flight t ime for 8 Dopp ler cyc les, is dep icted in Fi gure 19. It can

be seen that 2/3 of all the counts fall in  one I() nsec bin. At the lower

V
~elocities the limitations arose as a result of the combined effect of all

the other sources of error. For the 0.1 nwasurerneuts an acc uracy of

0.5~ for a single particle was achieved. It should he emp has ized  tha t wh ile

the accuracy for a si ng le par t ic le  ve loc i ty  tm-a .urement does not limi t the

accuracy with which mean velocities can be determine d , it  contaminates the

measurement of the rms f l u c t u a t i o n  levels .

The processor is capable of operating in a variety of modes. 1~o of

the modes that were used in this work will be discussed .

In the first mode , a fixed number of cycles is stored in the Mode Logic

circuitry and compared with the content s of the Cycle Counter after each TRP

put— .’ (cf. Figureb 16 and 17). When the two numht rs match , the Count End 
V

(~~~~ ) )  f ~~~~ is t . i  j s e~! which in turn l owers the CO disabling the system

V - p %  I ~ t~~t 1 V1) . Tb. i ’ t t t  pu t  t hen read and the processor is

7$ 
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reset and waits  for the next burst (dead time — 60 nsec) . All the data

for Me> 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 were counted for the ± 450 
(u U

3 
data) beam

pairs with the prescaler set to unity. The advantage of this scheme was L
tha t 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 ± 450 
directions is approxi-

mately given by

UI

u ~~ u , (45)2 3 2 V

and hence the resulting Doppler frequenc ies are g iven by F,
V
D ~

‘D 2 (46)
2 3 1

This un i formi ty  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

cyc les be reached or exceeded by the burst and records the flight t ime

and number of cycles of the en t i re  bu r s t .  The sequence depicted in

Figure l5a represents such a mode where, assuming that each per iod of

DIN passed the 
~~~ ~2 te st , the end of the burst  was determ ined by the

Analog Input Processor . The f l ight  t ime t~t that  would have resul ted from

29
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such a burst is indicated on the figure while the outpu t of the cycle

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

f r inge plane intervals). Both n and t~t would be recorded in this mode

and the ve locity would be

V 

~~~~~~ • (47)
.L

The data recorded at 0 ,1 (GALCIT Merrill Wind Tunnel) were acquired

in this mode requiring at least four fringes for the ± 45° data (u2, u3
)

and at least eight for the 00 data (u1) . Thus , in bot h modes , the same

miniimi~ number of fringes had to be crossed.

There are severa l 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 determini.~g

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 V0 by the signa l are

~~~~~~ cancelled when the entire burst is used . Third, the sampling statistics

are different between the two modes . In the f i rs t  mode (fixed number of

fringes), all we know is tha t the particle crossed at least that many. In

the second mode (number of fringes unrestricted prov ided it exceeds a cer ta in

miniu~un) we know that the particle crossed exactly that many. The sampling

bias is different  fo r these two cases , as wil l  be discussed in Section VI-B .

B. Output FormattinR 
V

The (i) fl ight t ime , (ii) total number of validated cycles and (iii)

the real time are encoded by the processor into three 32-bit words as binary

-
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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 f ixed- f r in ge  mode , or the

number of fringe crossings, in the free-fringe m ode . These data were then

combined to form a single 32-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 Ke nnedy Model 9100 digital tape deck . Each 1024 X 32-bit buffer
I .

constituted a 4K-bit record on tape . Several records were recorded at each

station depending on the turbulence leve l and average data rate .

VI. Data Processing,

in computing the Reynolds stress -.pu ’v ’ from the measured velocity data,

it is necessary to estimate both the f i r s t  and second moments of the data

and to extract relatively small differences between two large numbers. This

necessitates a careful accounting of all ra ndom and sys tema tic errors tha t

result from spurious measurements. In the present experiments , such errors H

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 f inite clock per iod 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

iavnediate 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 wou ld not a f f e c t  the conclusions presented .
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A. Histo g ram Pruning

The data from the present experiments were recorded as mult ip le records V

of 1024 individual realizations of the three instantaneou s velocity corn-

ponents ~~~~, ~~~ + ~~~ , ~ - v. These data were processed by formi ng 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 f ixed-fringe mode and the histograms

were formed as a funct ion of the integer f li ght time st . . The low-speed

measurements were recorded in the free-fringe mode for which the flight

t ime 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.,

Ii — 100 T
1 

n~ , (48)

~t .  V1

where is the minimum Doppler period and n1 is the number of fringes

crossed by the ~~~ particle in t ime ~~~

The pruning was performed in two passes. First , data in any bin that k
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. If ,

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 2].. 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 k
V 

wall , the histogram is spread over more than for ty  bins .

B. Sampling Bias

The complexity of processing single particle laser-Doppler velocity

data is compounded by the fact tha t the f lu id  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 tha n when It is low. The

fact tha t the measurement probability is a function of the measured quantity

gives rise to the sampling bias ~~~ where ~ is the three-dimens ional ve locity

vector. Consequently, to compute the expectation value of a particular

function of the measurements we must remove this bias , i.e., H

~~~~ 

-

= 
1 (49)

The dependence of the samp ling bias fu nc t ion ~ on the local velocity vector

~~~ , on the shape of the measurement volume , and on the minimum number of

fringe crossings required by the processing electronics, has been derived

- 33

— ——~~~-— --—---------— — - -
~~ -— ----- - _V._ ~~ ~~~~~~~~~~~~~~~ —- V -_ -~~~~ V



~~~~ uI~~~ V_V -_  V_

.~~VV~~~~~~~ ,_,_,, , •-
~~~~

— - - ~~~~~ - ~~~~~ .~~~~~~,_ _,_ —~-—-----— ~~~~~~~~~~~~~~~~ V - - ~~~~~~~~~~~~ V

r -- _V_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — V V - - -—

by Dimotakis (1976) . For data recorded in the f ixed-f r inge mode , if the

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

simplifies to

1/2 
2

~(~~ c) ~~u~ (l + u ,,
2/u 2) [1 - + u~

2/u
1 

)]  (50)

where u1 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 c is the ratio n - In... of the minimum
fllJ fl I

number of fringe crossings required by the processor to the total number V

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 in the context

in which c was defined for Equation (50) .

Evaluating ~(u;c) for the u1 data in the boundary layer, which were

acquired using the fixed-fringe mode (0 .6 ~~
Me~~

2.2), we note that

v2/u2 
<<1 so that, in this case,

2
~(u ;c) ~~u~ .(1 - c ) , (51)

or,

~ UI • (52)

In going from Equation (51) to Equation (52) , an additiona l assump-

t ion has been made . Even though n~~ is fixed by the signal processing

electronics, the total number of fringes crossed, 
~T’ is unfortunately a

complicated function of the particle size. This is a consequence of the

fact that the amplitude levels V
0 

and V
L 
are absolute. A large particle,
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with a correspondingly large scattering cross-section, w ill yield a burst

which is expected to result in more validated cycles. Thus, the ratio c

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

data in the fixed-fringe mode,

>: -1

= 
—l 

— (53)
ui_i

1

In particular, the mean velocity is given by

(ui_) = 
N (54)

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

V

by, 

2 
_ _ _ _ _ _ _ _ _(U i > 
~~~~~~~ 

. (55) ‘1

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

(u ’i_
2) — (ui_

2
~ - . (56)
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V

or 
~~~~ (mi i_~ - (ui_ ))2 ui_3~~

<~~~
1 2

> (57)

The latter form is preferable in avoidi ng finite precision problems in 
- - 

-~~

the computer, at the expense, however, of substantially more computing

time.

In evaluating Equations (54) and (55) , note that the 1th measured

velocity component is given by Equation (47), or

— ns 1 V

U i_ , (58)I T~~
- . i 2

where n is equal to the number of fringes, s is the fringe spacing , 
~~ 

is

the clock period (10 nsec), ki is the (integer) output of the flight time

conuter and x is a random variable representing the collective uncertainty

in the determination of the flight t ime ~t and resulting from (i) the

finite clock period r , and (ii) the uncertainty with which the equal

phase points are determined by the comparators from the signal burst as V

V 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

<U )fi x d  (
~

) N 
(59)

H and

<U
1

2
)f j d  

~~~~~~ 
(32 - a 2 

~
) , 

. 

(60)
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where

E (k~ + f)~ , (61)

and

r 2
2 J X p(x)dx
a , (62)

$ p(x)dx

is the variance of x.

Unfortunately, the situation is less well defined for the ± 450 
data

recorded in the fixed-fringe mode. In that case, the two relevant veloci-

ties, ui_ 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 b-las altogether.

Note that the expression for the sampling bias ~ 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 ‘
~~ 

corresponds

to a particle crossing of exactly fl
1 
fringes. The probability for this event

can be determined from Equation (50). Since 
~ 
(u; ni/nT

) is proportional to

the probability of crossing at least r~1 
fr inges, i.e.,

~f ixed (u ;nj/nT) c c ,  (n < n~lu ) (63)
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we have that

~
, (n n.I ul ~, jn <n~ I u) - ~~ jn < (n. + 

~)I ul , (64)

where ~ 
( ) denotes the probability per unit time of observing the event

in the braces. Consequently,

~free~~~”i~~ T~ ~fixed~~~
,r

~i hm nT
) - 

~~~~~~~~~~~ 
+ 1)/ n

T] , 
(65)

or -

2 2 3/2
+ u,, ) ( i i . + 1/2) , (66)

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

n.
uj~~ 

.

~~~~

- 
, 

(67)

whereas 
V

(ui_
2 + u 2) ~~~~~ 

- 
, 

(68)
i ‘ - -1

where ~t1 is the time of flight for the measured fl j fringes. Substituting

these equations in Equation (66), we have

]• 

(k + 1/2 + x)n~
2

~free ~~~~~~~~ 
~ 

~i 
+ 1/2 

(69)

where, as before , k~ is the integer output of the flight t
ime counter and

x is a random variable representing the uncertainty in the measurement of
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the flight time. Using this bias function , we thus have

- 
(ui_)f tee K 1 2  

‘

and

(ui_
2
>1 

~~~s~2(K
_ :2 K

3 4 )  , (71)

where
I.

m
n .

K
2 0  

1 (72)
~ (k~ + 

1)L ( + f)
- I

and ~2 is the variance of x. Note that Equations (70) and (71) are equally

valid for the 0° data as for the ± 450 data. The data recorded at ~~~ 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 I 
-

also used , which in this case reduce to

<ui_ > = (t)~;~
_ ‘

and 

(u i_
2 ) ( )(Ll 1

_ a 2 L3
i) (74)

where -

V 

-

m

L
~~~~
..E- IL  (75)

i (k~~+~~)
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Note also that Equation (69) for the sampling bias in the free-fringe

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

Buchhave, George and Lumley (1979), who claim that 
~~~ce 

At~ (k . +

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 var iance ~
2 
of x was estimated from the mean-square fluctuations

in the free stream where (u ’2) ~-0 .

The results of this analysis have been applied to the data obtained

in these experiments . The bias correction is mos t important  in the reg ion
I.

near the wall, where the fluctuation levels are highest. These calcula t ions

indicate at most a 27. correction for the low-speed flow data in this region,

and a 3.37. correction for the high-speed flow data . V

VII. Results and Discussion

A. Data Reduction

Following the compu tation 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 i i

were f i t ted  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 u
1, 

11 and 6 , de te rmined - 

-

by this analysis, were then used to infer both the distribu tion 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 ,

V 
using the formulation by Spalding (1961) to describe the flow in the viscous

sublayer. The details of these computations are g ive n 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 abili ty

of the Pitot to obtain valid data in the region adjacent to the wall.

Because of noise considera t ions , the prese nt da ta are limited to a distance

of approximately one focal-volume diameter from the wall. ~ tis fact requires

that the boundary-layer scale parameters 6* and 0 be computed directly f rom

the law of the wall and the law of the wake representations rather than from

a dir~—ct integration of the data, as in the results discussed in Part I.

The scale parameters are defined as

~~ . - (76)

and

° 
~~~~~~~~ ~ 

[‘ - dy . (7?)

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

PU 1 e sinU
— —‘r--

U m T
~e e  

- w cos U

and

2 T . 2
Pu 1 e sLn U

2 
— 2~~~ 2 ‘

m W cos U
e e

where 12V 

m = (T
~~~ T

e) , (80)

and U is defined by the Van Driest scaling

sinU . (81)
e
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Thus,
ç6

* 1 
Te I sinU

6 6 - 

~~ 
j ~~ dy , (82)

w o cos T )

and 

e = ! ~~~f
sinu dy - 

~2 ~~~~

f6  sin2U dy . (83)
V 0 cos li w cos T)

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 paramet rs u
1 , 

J1 and 6, and are evaluated

in terms of the Spalding formulation for the bounda ry layer.

As a result of the differences in the computationa l procedure for the

scale parameters 6* and 0, these quantit ies d i f f e r  s l ightly from those

computed for the identical flows given in Part 1 of this work . Correctinns

for these discrepancies have been included where comparisons are made to

the previous work.

B. Streanvise Mean-Velocity Profiles

A comparison between the mean-velocity profiles obta ined in the present

experiments and those obtained from the Pitot data of Part I is given in

Figures 22 and 23. In order to make a consistent comparison, the Pitot data

from Par t 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 exh ibiting 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 d i f ferences  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 f rom 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
1 , 

11 and 6. The high-speed flow results shown in these

figures illustrate the problem of obtainir.g 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~ � 200 for

these da ta, as was the case for the Pitot data reported in Part I.

The profile parameters u
1 
and 6 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 II, however , are

considerably higher in every case. The self-consis tency of the LDV results

ind icates that this discrepancy is probably not the consequence of data

reduction errors .

C. Streamwise Ve locity Fluctuations

The fluctuations of the streamw ise velocity component, norma lized 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 Kiebanoff (1954) in flow at

constant pressure, represented by the sol id squares • in these figures. For
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these comparisons, the normal coordinate for the data by Kiebanoff 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 records 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 r~umbers

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 the dynamic behavior of the boundary layer at constant

pressure for Mach numbers up to 4 or 5.

D. Reynolds Stress Profiles ‘ 1

The distribution of Reynolds stress, computed as -pu ’v ’, is shown in

Figures 28 and 29 for the data of these experiments. In order to compare

the Reynolds stress deduced from the ‘~xperimenta1 data with the expected

distribution through the boundary layer, a second computation based on the

integral formulation outlined in Part I is displayed as the solid curve in

each figure. The results from the integral formulation coincide with the
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1
results obtained using the Pitot data, with minor differences arising

from the difference in the computed value of the wake 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 Kiebanoff indicates that the integral formulation, based on the

mean-velocity data, yields the expected distribu tion for the total 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 S 
~~. This departure represents a major error

in these measurements and may indicate a fundamental limitation on the
.t t

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 r.
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 ind icates that the particles

follow the flow locally throughout the boundary layer.

Similar distributions for the Reynolds stress , measured using hot-

wire anemometer techniques by Laderma n (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- H
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

1.
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 u7,

II and 6 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 ind icates 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

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

(v/u )~~~~~j
L 

, (84)

where H 5*/Ø 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 improperl y 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 f igure . However , in light of the difficulties in measuring the

normal velocity, this agreement is fortuitous . The magnitude of the error
II

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 streauwise velocity

components indicate the importance of includ ing in the analys is of the raw

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 ana lysis in
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order to account for the bias introduced by sampling . In addition , the

effects  of a f in i te  clock period and noise have been shown to be important

in the proper determination of the streanwise v e l o c i t y  f lu c t u a t i ons , u ’,

near the bou ndary-layer edge. W hen these effects are properly included

in the data ana lys is , a di rect compa r ison betwee n the present laser-Doppler

measurements and measurements in the same flows, presented in Part I of

this work, indicates good agreement for the streanwise velocity components

u and u ’. The present resul ts , when properl y sca led to account for corn- !~
pressibility using the ideas of Van Driest ( 1 9 5 5 ) ,  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 ibis work

• i 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 r
of flows in the vicinity of a wall. The measured Reynolds stress profiles,

-pu ’v ’, deviate from the expected behavior for y/8 ~ 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

in the motion of the longitudinal vorticies, whose transverse extent is

approx imately , and la~ the flow in this region. As a consequence, • 

-

a fluid element coming from the wall is less likely to carry particles than

a fluid element moving toward the wall. This results in an under-

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, -pu ’v 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 streanwise

velocity. This bursting motion has been observed by Blackwelder and Kaplan

(1976) to be intermittent and quite violent, and is held to be responsible
• /Yu,

for a large fraction of the total stress near the wall ~~~—~~~ — < 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

the wall appears as an infinite sink for particles.

We conclude from these observations that the measured disparity between

the Reynolds stress, -~*i
’v ’, and the total stress, as defined by the inte-

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 mus t be solved if this

technique is to be useful  for detailed measurements near the wal l .

For free-shear flows , because of the absence of the wall , this problem

does not arise , and the laser-Doppler technique wi l l  give an accurate

representation of the mean and fluctuating velocity components and their

correlations .
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Nomenclature

Symbol Equation Meaning

o (22) constant in wall law (5.0)

Cf 
(84) local friction coefficient

d (7) particle diameter

integer output of the flight time L
counter

n (21) particle number density

nj 
number of observations w ith velocity u~ r

Re9 
Reynolds number based on 9

s (2) fr inge spacing

u , v streas~~ise and norma l velocity components

(29) velocity component in jth direction

U
T 

(18) friction velocity

u (1) velocity component normal to the
fringe p lane

velocity component parallel to the
fringe p lane

x, y streai~~ise and normal coord inates

a, ~~, y, 0 Figure 12 angles def ined by the beam planes

~(u) (49) bias function

6 (26) boundary-layer thickness

8 (77) boundary-layer momentum thickness

Figure 12 beam separation ang les

(22) Ka~rin~n constant (0.41)

laser wave length (0.5145 14m)

viscosity

v kinematic viscosity
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Nomenclature (Cont .)

Symbol Equation Meaning

hiD (1) Doppler frequency

II (22) strength of the wake component

(5) processor clock period 
I -

11, (8) particle response t ime

1 shear stress at the wall
w

Subscripts

( ) edge or external value

( )f 
perta ining to the fluid

C ) , pertaining to the  particles

( ) wall value

- 

F C ) rms fluctuations

- 

Supersc r ipts

( )+ value made dimens ionless with u7 , v
~

1~ r
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Appendix G

Two-Point LDV Measurements in a Plane Mixing Layer

M. M. Koochesfahani*, C. J. Cathera800 *, P. E. Diznotakis**, M. Gharib *

and D.B. Langt

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 velocirnetry

in the GALCIT Free Surface Water Tunnel. By simultaneous measurements

of velocity at two points outside the turbulent reg ion, 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 Urn -k( U~ + U3) . The determined value of the mean circulation

is consistent with the independent measurements of the mean spacing

between the structures. Results indicate that ii the large structure

vorticity distribution is elliptical, the inclination angle of its axis of

symmetry with respect to the flow direction is small.

*Graduate Student, Department of Aeronautics. Member AIAA.

**Assigthnt Professor , Aeronautics and Applied Physics. Member AIAA.

tGraduate Student, Department of Applied Physics 
-

June 27, 1979
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1. Introduction

In a recent experiment’, the induced streamwise velocity fluctuations

due to the pas*age 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 profile3 (U9 /TJ1 0. 19), the

vorticity (maximum slope) thickness 6~,, normalized with the distance - 
-

downstream from the splitter plate x, was found to be

6
—~~ ~~ 0. 10 . ( 1)
x

The data presented in this paper were taken at ~ = 30 cm with

U1 = 56 cm/s. These parameters yield a Reynold s number , defined by

• 8U6 4
~~ 

W of 1. 4 x 10 at the measuring location, where ~U is the velocity

difference across the mixing layer. Note that the shear layer is fully

turbulent at this Reynold s number.

_ _ _
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b. LDV optic s and electronic s

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 
-

throug h two cube beam-splitters at right angles (fig . 2). The two focal

volumes (measuring stations) were located at the high-speed and low- speed H
edges of the mixing layer , respectively (see fi g. 3) .

The outputs of the two photode tectors were time-multiplexed at the 1 .1

input of a single LDV processor. The processor has been described in

Ref. 1. -)

c. Data processing

The velocity data were low-pass filtered dig itally according to the V

algorithm

~~(t ) = h(t — t )U(t )ôt (ia)in in n n n
n

6t = t  - t  (Zb) - -

n n n-i

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 -T � t - t � T where ZT is the total width f - .f in n f f

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

Recent measurements have shown 1’ 2 , 3, 4, 5, 6 that the two-
-i

dimensional shear layer is characterized by an array of large vortical

- -- - - ~~~~~~~
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structures, which are convected downstream with a velocity U ,

approximately given by U~ ~(U1 + U9).  Now, in a frame moving

with U~ , the induced velocities UH, UL, at the point s (x, b) and

(x, -b) respectively, when the center of vorticity of a particular

structure is at (x c), are given by

1’ 1 (3a)

UL = 
~~~~~ 

(3b)

where r is the total circulation of the vortical structure. Note that

r 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 neig hboring U-

structures is neg lected. It can be shown, however, that the resulting

overestimation of the circulation F is of the same ~rder as the under-

estimation of 1’ caused by neg lecting the expected hig her moments

(quadrupole moment) of the vorticity distribution. The effect of the

quad rupole moment was estimated using the data in Fig . 6a of Ref. 2 .

Using this model , an isola ted , well-defined local maximum in the

velocity measured on the high-speed sid e, associated with a corresponding

well-defined local minimum on the low- 8peed side, was interpreted as

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 .

U

- - - -
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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 c and total circulation

r of each vortical structure. The results for 350 structures are pre-

sented in histogram form in figures 6 and 7.

b. Cross-correlation and Auto-correlation functicns ~ -

The correlation functions of u~ - and u~ = U
L 

- UL~
the velocity fluctuations on the high-speed and low-speed sides , respecti .rely,

were computed from the filtered data by means of the equations

M
RHL (’r )  = ~~ ~~~ u~~ (t )u

1~ (t + 11 (4a )

m=1

M
RHH(T) = > u~~ (t )u~4(t + 1.) (4b)

rn= l

RLL(T) 

~~ 

u~~( t ) u~~(t + T)  (4c ) j
where, for each time shift ¶ , M is the largest index such that

tM + ¶ � T, T being the record length. The results; averaged over

30 record s, are plotted in figures 8 and 9. The smooth curves throug h

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 5(U1 + U,). The

- ~~~~~~~~~~~~~~~~~~~~ - -
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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 r (fig. 7), normalized by the product 
~~~~~

is given by

6~~ U 
~~~ 

(5)

where ~U = U1 - U. is the velocity difference across the shear layer.

Note that from the boundary condition

~~~~~~~~~~ (6)
£

— 
r•’

and equation (5) we estimate t , the spacing between structures, to be

.

~~

— 3.9 . (7)

Thi s result is consistent with earlier independent measurements of this

ratio~ ’ ~. It should be mentioned that, strictly speaking, the boundary

condition given by equation (6) should be written instead as (i~7i) = t~U.

The use of the ratio of the mean quantities is justified a posteriori

in this case, since the distribution of F is narrowly peaked about its

mean value. See fig . 7.

b. Cross-correlation and Auto-correlation results

Results of other investigators2 ’ 4, ~ suggest that the vortical

structures in a mixing layer are , by and large, cylinders of elliptical

cross-section whose major axes may be inclined with respect to the

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 thi s 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 as8igned 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, rH, (twice the time to the f i rs t  minimum), than that for the - - -

low- speed side (i. e. , 
~L~’ Thi s becomes clear when one considers the

fact that , in the process of pairing, the vor tex 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

T
HL z(TH 

+ T
L

) (8)

where 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 T HL 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~~~’ THLU (9)

where, from the cross-correlation function, we have I 

-

THLUc~~ 0. 40 . (10)

Combining equations (1) , (9) and ( 10) yields

Lb — 4.0 . (11)

Note tha t the independent estimates of L/ 6~ 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, within 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 smaU. Thi s is consistent

with the finding s 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 U 
-

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 U~~ = ~(U1 + U,) and has a mean circulation

given by 
~ /6~~ U 3.9. The small dispersion about the mean of the

distributions of core position and circulation is noteworthy.

• 
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The turbulent stuct,ures in the flow of a ,~et wer e stuuied

through the use of laser induced fluorescence. The fluiçi to be issued

from the jet Was laoelled with a aye that fluoresced resonantly when

illuminated with laser light. The linearity ox the dye, combinea with

the freedom to illuminate the flow in mar~y ways, makes ttij s a powerful

and versatile i~.ecrinique. some preliminary observ~tions made in this

fashion are discusseu. 
-

~
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The study of turbulent flows has been carr~vU out primari ly

by qualitative flow vi sualization techni que s anu uy quantitative siriglt~

point measurements. The difficulties encountered in corr~1atiug the

single point measurements in space aflu time, aILU interpretiri~ the resulta

if the correlations are carried out , h.~Ve limitee most observations to

be time averageu descriptions of the flow. Such a description neces-

sarily contains little information concerni ng the turbulent structures

tnemselves. Consequently , a detailcu descrip tion of the nature of Li
4 

turbulent structures has not yet evolved due to the lack of adequate

measurement techniques.

A &taileu picture of the structures is necessary for a workirg

ki~owlege of the processes that involve turuulence. Such infonnation

would contribute to the unacrstanuing 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 aefizied uy the shape of the turuulent structures.
1,2,3 2 - -

Kotsovinos and List have constructed a comprehensive H

description of the properties of plane (two dimensional) turbulent jets,

including oouyancy effects. Their aescription includes integral prop—

ertit.s of the flow, such as mass flux anu inomentut~ flux, ana fluctuatiom

properties, such as velocity flueuations ana set/ambient fiuia interface

crossings.

?rom similarity arguments, which are supported by experiments

the momentum flux through any plane perpendicular to the ulww is

equal to a constant. Thus: (t?ig.l)

- L ’ 1~~~~~~~~~~~~~~~~~~~~~ ,
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(2)

(~ 2 2
(1) a. J~\ /)tr ay 

c conut~nt , ~ (x) b(x) const. (2 aim)
max

,—. 2 2 2
b. ~j ”\ /) ii aydx r const. , ii (x) b(x) cons c.. (3 dim)

31 max

where ~i is the momentum flux, ~ is the time averagea velocity which

h~S its maxiiauza on the jet axis, anu b(x) is the local ~et flow width.
14

~imensiona1 analysis gives (Landau anu Lifshitz )

(2) b(x)~~- x

80~ su Ostitution into (1) gives:

(3) a. 
~ 

(2 dim)
max x~

b. ~ #t. 1 ( 3 c ~im)
max x

This is not a strictly accurate description of the flow in

that the entrainment flow can introauce a net momentum flux that invetli-
1

dates equation (1), as Kotsovinos noticed. however the sign of the

correction due to the entrained flow is aependent upon the jet’s envir-

onment and since the correction to the momentum flux is ‘~‘l7~ at an -

x/ J.) of 100, tne effect can generally cc ignored. The change in ~he

flow due to the nonconsi.ant J is that the growth of the ~et width, b(x),

cecomes nonlinear, a decrease in the momentum flux resulting in a

greati r spreading rate.

Ooertlcr ’s solutions for the velocity profile of the turbulent

-- 
~~~~~~~~~~ 
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(3)

jut are given ~~:

!(x ,y~(Li ) a. — - - - - - -  -, St)( h x J - (2 tu rn )

u(x)
max

b. -•

u(x)  ( l 4~1. ) .~~~~~~~ . ( -~ thi t )  r -

Max 11 ‘

~j  x

The fl ue t.u~ tiun and lfltex-I L.i t-te~ic~ me~ ~ut-erne~ ~bu ‘1 1 ~1’a u

KotsuViflO s j z,uieatu that for the t-~u ti~ it  ~ioit~ 1. • t’ t. no ainl i .-Ut t ’
re ’aches t h e center l in e of the ilow , they i ic~ t-~’ t li ; 1 t ttu ’ m i x  ng ;.ii~t

flu e ~aatlons i ncr~’~i :;t’ on e’~u’h :n tie øj t Ia ’ ccii ~‘r 11 lie - lore ~uI it~ - t o

~.ero again in the ambient fluid.

£ (i1~ ) 0.2

0.0 —0.~ — U . 2 --~ .l 0.0 t , .1 0.2 0.3

}~rofile ol. 1’ t~que’~icy of lzii-ci’t’.~e~’ tn>~;si n~

Thht ambient f tu iu  does reo cik the ~ j t ’ t -  ~t Ki~; w i l L  I t ’ born ou t- i’~ t -t i is

investigation, previous me~nJUr f~ILel1t3 1)robabLy be ~ii~ 1 iii i t -t ’~t I~

ution i’onsiuvrations. in fact , par t  of U ii  ~ siudy wa~; t i i i ’ ect .t ’d tow~rd

the structor~s of ambient. fluid Oil  t I t t ’  ~
j  f tiU’ t ’~ ( 1iIflt ’li~i1 U I h t t  j e t

and the pruse4nce of ~inhluiit f ii iU O i l  the two di  nt~’ie. OI t t L , i ~‘i t - ~ i

tdso observed.

Wiu.t is ml sin~ fr om the descrip t i on  ~-o I o. t o  i -h ; .t -  I:.

correlt - teti , wiit ’ t i  i~ 1 o Vt ’ space t o - Vei i  t i  I1i~’ (II’ 0 VOl t i  flIt . ,t t ~ .1 Vt ’II

spatial coordinates. i~t ’rr~ sfltl L i i i  h ave dev ’teped t e c i m ique .  : -  ml L.i’

-—
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to that usea in this investigation that enables t:iem to make such

observations of the entire flow. Tne~ use laser illumination of a

i low laoelled with a smoke tracer to visualize a turLulent fLow in a

gaseou s medium.

The technique employed in this investigation also uses laser

illumination , but here the jet £luiu is lacelled with a fluorescent dye.

The dye is }thodamine 6—G, which is used in dye lasers and fluoresces

resonantly when illuminated uith green light. The fluorescence is at

a longer wavelength, in the yellow, and is excited strongly oy the

51J,~5 2 line of an argon ion laser. The laser’ liglt. , when foCuseU to

a thin pencil or sheet, can be usea to intersect the flow, cau sing the

fluid that was issued from the jet to fluoresce while it simply passes

througn tne amolent fluid. The fluorescence is unafi’ectea by the flow -

(unlike ligkit scattered oy smoke particles which can ue rescatterea) so

that observations of the center’ of a flow can ye made. any scattered

laser light is easily removed by an appropriate optical filter.

Up to near saturation, the fluorescence of IIÔG is proportional

to the incident intensity of the -illuminating beam. Since the uluores- - 
- 

I

cence is resonant and conDequently quite strong, it is not necessary to

even approach the point of saturation in practice, so the fluorescent

light provi.ues a quantitative representation 01’ the jet fiuia concen—

tration in the flow.

The laser light, as Uescrioeu by gaussian optics, Can be

manipulated to proviue illumination that is sufficiently precise to

resolve the finest scale of turbulence with vi tuali.y infinite time resol—

ution. in thia way, the technique of laser induced fluorescence can be 

- -—-5 -- -a- --5-- —---5 — - ‘ -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - j
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useu to retrieve nearly any information on the j et fluiu concentration

fielu as a function of time. ~~~‘ ouserving scattering from small particles

in the flow for a short interval, it is also possible to character ize

the velocity field, yielding a substantial amount of information on the

flow.

APk’AhATUS

~~th two and three dir.iensional jets were studied aur-ing this

investigation, although the emphasis was on the flow from a O.3’

aiameter three uimensiunal jet. This jet with its reservoir o,z.’ oy~d

water’ was suspended above a glass aquarium (2~x 1’ x 1 deep) con— -

tam ing unctyeu water. The flow from the jet was regulated by metering

the introuuction of air into the ~et reservoir. A wide range of ~et

exit velocities was realized by this arrangement, making keynolds

irumbers of zero to several thousanu accessible. This system was con—

- ceived arid designed by L~imotakis. a. two dimensional ,jet With a variable

slit width (1—6 mm x 23.~ cm) designed by the author was also studied in

the course of the investigation.

An argon ion laser, typically outputting several hunareu

milliwaits, was the illumination source, in the various methoas of

illumination u~.ed here, this was enough light intensity when used in

conj unction with a 0.6 mg/liter concexltrdUon ol’ ±itôG. This concentration

- I was sufficiently small that the fluorescent losses aid not attenu ate the I
illuminating oeam significantly in its travei se of the flow, in more

quantitative experiments, it rna~ oe necesse ry to consiuer the attenuation

A~~,
-5- -- —-—‘~~~~~~ -.~~-—‘~~~~ .‘~,——-~~~~~~~~~~ 
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but a calioration of the- fluorescence - arid the calculation ol’ the losses

is not difficult to carry out.

To onserve a line intersecting the flow, a long focal length

lens fucusea the team to a waist, as described oy gaussian optics. The

waist i4ai~ieter aflu the length over which the beam hau not appreciably

eApanaeu permitted viewing of the smallest structures in the flows F
u naer consiueratioit here. To observe a plane in the flow , aiverging

c~1inarical lenses wer e placed Iri the i~eam, expanding the ueaiii in one

dimension perpenuicular to its axi s 01’ propagation. The beam was

i.i.-.flipulateu with a mirror or pri sms to airect it through the flow in

the desired direction.

The resulting fluorescence was recorded in two Ui1’ferent ways

for these two observational schemes. une method consisted of illuminating

the flow with the sheet of light and pho tographing the fluorescence

with a conventional camera LOCUSCO on the plane of the sheet. The second

nio thou used a pencil of light to ill uminate the flow and the concentration

pattern along this line was OoserVed as a function of t ime. The data

f rom the first method can be displayed as concentration as a fu nction of

x arid y at a fixed time. The second metnoas results can oc di splayed

as concentration as a fu nction of x (or y) aria t for a fixeu y (or x).

To collect tne concentration data along the line as a function

01’ tiia., a iirie~.r optic array camera was used. (iig . 1) ThI s camera ,

aes1~ ned by this author with iiimotakis for this use, consists of a

±teticon iineaz’ a rre~y of photothoaes and its associated electronics and

an op tical imaging system. ~ hikon photographic lens images the ilium—

inaU- ci line on the array of U1OUCS.

-- 5 - -5 ~~~~~~-~~~- ~~~~~-— --- ~~~-
- -- --5 -- - 
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Although there exist both 100 ~nd 1000 elezeient array s that

can be Used in the camera , only the 1000 element ar~’ay (each dioae 25 urn •

square , total length 1”) was useu for these measurements. With an

wtternal clock and power supply , the camer’a outputs sequentially a

signal from each element that is proportional to the integrated intensity

- 

i 
that element received since the last sampling. The camera could be

clocked more quickly ( 200 sampling s/see ) than the fastest fluctuations

observed in the flows, permitting observations that were not time

resolution limited.

The outpu t of the camera , then, is a concentration versus

position represenration of the flow when the signal is viewed as a

function of time on an oscilloscope for a single sampling of the array.

The changes in tiiis functional relationship give the desired time

correlated information. To get a concentration ver sus position and

time representation, k&o rrison uesignea an optic array scanner that

synchronously sweeps an oscilloscope screen and mouuiates the oeam

intensity with the output of the camera. The resulting oscilloscope

tu be image, much like that of a radar screen, was recorded photograph-

ically , giving the desired concentration versus x (or y )  and t repre-

sentation.

1~~
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industrial water passed through an inline 10 urn filter was

the fluid us~u throughout this investigation. Even though laser light

scattered by particles could be optically filterea, it was aeemed

important to keep the water as clean as possible. A k(oya HMC 0(G) -

filter was used to preferentially pass the fluorescent light while

blocking the scattered light.

rhere was one arrangement where the particles remaining in

the water were usea to advantage. (Eig. 2 a.) Without any dye in the

~j et reservoir and with a sheet of light (xy plane) along the jet axis,

a velocity field representation 01’ the flow was recoroed. This was

accomplished b~, taking a short time lapse photograph of the light

scattered by the uniformly distriuuted particles. The length and

direction of the streaks recorded on the film wrLount to a two component

(xy ) vector velocity field for the flow. - 
-

As with all the fluorescence measurements, these velocity

field measurements were recorded over a range of Reynolds numbers where

the flow was turbulent (~ii0—140U0). similarity of the flows was preserved I -

over this range to the extent that it was investigated in this study.

That is to say the growth of the jet width and growth of the turbulent

structures was similar over this range. The importance ol’ keeping the

uensities (i.e. temperatures) of the j et reservoir iluid and the ambient

• 
fluiu the same was observed, the reason being thbt the effects of bouy—

aflc~ can alter the flow considerably (Kotsovinos ).

Perhaps the most intuitively suggestive measurement is the sheet

- - -~~~~~~~~ -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I i

illumination of the flow. The flow was illuminated wi th a sheet of

light directed upwara through the bottom of the tank (aquariulti ) as in

the velocity measurement. (11g. 3 a.) However the scattered light

was blocked in this case and the ~et flulu was dyeu, yeiloing a con—

centration field representation 01 the flow. i~ conventional photo—

graphic camer a using I~U0 A~A fri L film recordea tnis representation at

a fixed time value sometime after the flow had established itself.

Tflis means of v~ewa ng the flow was intenued to show turbulent structures

of all scab s, their variations with x/Ji and x/y, anu the spatial

coherence and or dering of the structures. (11g. 2 b.)

The time coherence of the structures is also of interest,

as are the propagation velocities of the structures (in a structural

seflse as opposed to the vector velocity of points within the struct.ures,

as was previou sly discussed). Two difXer —nt methods were employed to

study time variations in the flow. The first consist€ d of viewing a

line intersecting the axis of the jet perpendicidarly. This is a

concentration versus y anu t representation of the flow at a given x

value. (ilgs. 3 b. and 1&) The seconu scheme was to view the axis of - -

tne j et as a function of time; an xt at fixed y (y w 0) representation.

If the commonly held idea that no ambient fluid reaches the jet axis

were tru e, this woulu have been a singulatl~ uninteresting measurement.

The opposite turned out to be the case. (ilgs. 3 c. anu 5)

~$nce the illuminating &~eaji was made as small as possible to

ooserve the fj ~ e~t structures and the l in iar  array of photodi~ode s is

only 25 urn (1 mil) vice , the alignr~ent of the system was not a simj le

task . (~ ee a~PPI~Nj) lX) Ths-~ width of the sheet or the diameter of the

pencil can be calculated frorng

~~~~~~~~~~~~~~~~~
—.-•—————
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(10)

(5) w(r)  ~ w (  l4~~~~ )

where is the radius of the laser beam, f is converging lens focal

length, anu r is the uistance along the oeam axi s from the 1’oca]. point,

being x or y in the two cases. ~o for ~~~ 5l1.~5 ~~, f ~ 1 in, and It0 ~

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 tank, intersecting the vertical jet axis horizontally, in the xt

method, the beam was directed up through the bottom of the tank, in all

of 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 preliminary observations of a two dimensional jet designed

• and ouilt for this investigation were also carrieo out. These obser va—

tions consist€d of the instantaneou s concentration fiebu in a plane.

~zien the plane was aligned along the direction of the 110w and perpen-

dicular to the slit, a concentration pattern much like that of the x~y

photographs of the three dimensional jet was recorded . When the plane

was aligned again along the direction of the flow, but along the slit

insteac, a means of determining the two diinensionality of the flow was

realized. ( ?igs. 6 and 7)

- - - ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Pg~~ A~j~ThL ~ UL~L~ ANI) Dl~~~~~luI~

~ comparison of the concentration field and the velocity

i ield (11gs. 2 a. and b.) allow a number of ooservatioxis. Where the

flow is still laminar near the je t exit, the velocity field inajcatt-s

that there is consicera ble entrainment of ambient fluid int o the flow,

t (The bright spot in the photograph is a reflection of the jet exit

from the back of the tank.)  apparently the simple presence 01 entrain—

ment aoes not necessitate turbulence, although such a laminar flow with

so cons3.oerabie an entrainment may be a metastable state that eventually

does become turbulent. - 
-

~7
Townseriu ciescribe s a model for entrainment 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 fluid just insine the boundary is gaining vorticity

a uniform (on the scale of the smallest structures present) diffu sion

process. ~jiy large scale disturbances in this pattern, that might trap I
irrotational fluia in the flow for instance, are expectea to be due to

norma]. statistical fluctuations.

The entrainment and the acqu isition of vurticity are not ‘1

diffusion—lik e but rather have some definite large scale character istics

in this flow as can be seen in rig. 2 a. Large scale vorti ci ty extends

deeply into the ambient fluid , setting up a flow th~1t must have some

deterministic nature. Clearly a moael of uniform entr: inxncnt does not

apply in the ambient fluid just outside the j et.

The instantaneous concentration fields for the three dimen-

sional j et ( i.lg. 2 b.)  and the two dimensional jet . ( r ig .  6) are quali-

tatively much the same . after an init ial laiiin~.r r t i~ion , the flow

_ _  

L i
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~ec~ines unstable anu turbulent. The initial instauiity has a form that

• is similar in these tho cases aithogh it is simpler in the two di mensional

jet . because of the r elative simplicity, which is due to the one less

cegree of fret uom in two auinension~, the following descriptions are of

th~ plane ~et.

There are two uisti nctly uiflerent types of transition to

turLulence . The abrupt chang e between the types occurs at a heynolos

number (‘v lOO ) where the flow at the exit shows a stable periodic

vorticity . The transition to turbulence for a slow jet st;ems to come

about after a developing periodic wander attains a critical rotation,

at which point a vortex is created. (hg. iC) a.) in the case where

the flow already has a periodic vortex structure; the faster flow; the

large vortices appear where the wandering begins. (i~’ig. 10 b.. )

41pparently the flow alreauy has sufficient vorticity to be turbulent

an~1 any asymetry in the flow is enough to trigger the large vortices.

Once the large scale vortices appear in the flow, all the

chaotic connotations of turbulence are reali~.ed. A general periodic

wanuering trena is still evident in the flow in many records, Lut its

coherence is not especially great - the trend sometimes disappears.

Compare , for example, 11g. 2 b., wh3ch is fairly typical, to 1’ig. 9 in

which the meandering is suite pronou nced. uIit beyond any shaaow of ooubt

ambient fluiu does reach the ~et axis.

- 

- 
it should be noted here that when a ~ ~e sheet of light WaS I

used to illuminate the flow, the amt i ent fluia on the ~et axis was not

evident at ~ma1l x1’~~. This implies that the structures on tiLe axis are

f3ne scale, especiali~ closer to the exit , and previous measurements may

liii. ~~~~~~~~~ ~
, -

~~ -— -~ - ‘--~~~~ - “  ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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1
have not found them due to a lack of resolution. Xotsovino s reports

that the region immune to ambient contanlination narrows with x/D. This

is consistent with the similarity rcsult that the scale of the structures

increases with x/ iJ. t.~ n.~equently the ability to resolve the structures

improves until the fi nest structurs are observed and ambient fluiu is

noticed on the axis. The difficull4Ls in observing the fine scale of

the structures is aggravated uy the fact that the velocity is at a 
- -

ma.Aizaum on the j et axis anu so time resolution is important as well.

In checking the two dimensional ity of the plane j et, striations

in the flow were noticed along the length of the slit. (p 1g. 8) ~imu1ar
8

phenomena have been noticed cefore , in particular by Konrad in a shee~r

layer . He begins to explain their occurence in terms of a Rayleigh

instability , which comes about when a structure is rotati ng in a sense

opposite to that of the more general flow. This model turns out to lit

in well with the Reynolds number de pendence of the phenomenon, a depend-

- - ence that appt~areu to tie present to sonic degree in the ~et as well. iut

by polishing the contruct,aon surfaces of the jet arid taking precautions

to avoid their contamination wi th particles or bu bbles, the striations

were macic to disappear. This effect might inuic~- te that the instauility

is still triggereci oy imperfections in the flow.

Even witliout the striations, the two dim~nsionallty of the flow

is limited. (~1.g. 7) The initial region shows good two dimensional

behavior, but with the onset oi~ large scale vorticity, three dimen. lonal

structure develops. There ~s still some overall t~:o dimensional Lehavior ,

seen in the bands of turbulence, but thi s has the same sort of limited

coherencc’ that the wander ing was seen to have had.

-- - S 

-
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‘ijit. in ’re.~se of the turbulent scale with x/ii as given by

siriiilari ty is also evident in r~ gs. 2 b. and 6. The spreacing of tne

jet , Que to entr~~ni.ient, is very nearly liiiear as previously ziotee

(b(x)~’x). Although the turoulence is not uni form withi n its beu noaries,

it do .s  have linearly spreading edges. Tha t the effects of the large

vortices extends into the ambient fluid i~ consistent with the fact that

t h e  edge s of the jet are not mace U~ of uniform structur.~s. The ccncept

ol a jet boundary is still valia, but the rotational influences of the

i’low are not restricteu to ie within those limits.

At may be 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 funct ion of the y coorthnate . Thi s (
result implies that structures in different environments, moving at

- different velocities chang e their scale in the same way. Nevertheless,

this is predicted by similarity and it is oem out by this investigation.

Observing yt records shows that structures at the edges of the flow are

elongated in the t direction. (r ig .  h) Thu s they are raoVing more

slowly , yet the xy records show that in spatial coordi nates the scale

is preserved across the flow.

The rei.ia ining thechnique used to analyz e the flow was the u se

of axial illumination. Th~ signal was inverted for thi s technique so

that the amt4cnt fluid appears as ori~hit regions. This was Convenient

LA CaU SC , although some ai rnien-t £luiu cues reach the axis, the greatest

part oX the flow w~s issuec from the j et &a.d .. clearer record is mauc

wi ~h fewer uri ght regions .

The avel age veloci ty along th three uimcnuional j et ’s axi s

- —  - ~~~ • ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

-
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goes as the inverse 01 the distanc e along that u~ is. On an xt recerd ,

the velocity of a structure is the slope of its path. Thus we have :

dx 1 2
(6) or

oo the paths shoulci tie parabolic, in an average senSe . That this is

roughly correct can tie seen in rig. 5., but a larger test section would

be necessary to verify this observation.

Thi s rneasure i ient turned out to be particularly revealing in

that it permitteu the observation of how the flow grows due to the

interaction of the turbulent structures. The growth of the turtiulent

scale raises the question of the mechanism oX’ thi s growth . hather than

each vertex expanding (which iiig ht wreak havoc with the velocity d~ penc—

ence) the flow cau ses vortices to combine, becoming part of larger

structures. This can be seen in the anti—branching patterns that lie

between converging parabolas. Thu complicated structure of the vortices

sometimes give the impression of anomolous velocities; a round structure

crossing a line obliquely can h~ ve both positive and negative apparent

— 

velocities. (i.’ig 11) i~n example 01 this effect is recoroed in i~ g. 5
with the nestled arches of a spiraled vortex 1~ blocks from the left and

0.75 blocks from the bottom of the figure.

~oine insight into the nature of the turbulent structures is

provideu by the the otservation that their traj ectories arc basically

straight lines on the xt record. The major exception to this rule is

when several structures are close together, in the process 01 combini ng .

The parabolas are made up of line segments which art - Pa~~ boliC o n ly  in

- - ---5- ——-- - .

‘-‘:Y -
~~~~~~~

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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an average sense. This provi des afl analogy to a fx-ee vortex ring which

travels with a constant velocity through the ambient 1luia. it might

ue possiole, then, to formulate an atomistic model of turLulence in which

the structures behave like independent vortex rings that only interact

when they are close together. This woulo not Lu a complete description

though, because it coulu not explain the periodic wandering that is

observed in the entire flow.

WI~~LUJioN~

~ metiioa for sbuo~ing the structures in a turbulent flow has

been developed. It has been employed to make detailed qu~ litative

measurements of the flow of a turbul ent •‘et and hdS the potential to

permit quantitative, as well as qualitative, studies of maz~y flows.

in two and three dimensional jets, ambient f lub was observed

to reach the ~et axis. The nature of the onset of turbulence was studied

and it appears to be due to an instability caused by the wandering of the

flow. The growth of the jet was seen to be accomplished o~ the combina-

tion of turbulent structures as the ~et wiath i ncreases. These structures

appear to travel with constant velocity like free vortex rings except

while in the process of comeini ng to form larger structures.

.

- -~~-~~~~~~ - - - - 5- -~~~-—~~~~~~~~~~~~ ~~--- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5-.-
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.1 ~A.)UlU 1ik~ to - x t > r t  a~ wi LI% 1~~~t- t tu~li’ ~~ . j p i  ( ‘ I t- I~~I I I-Iy

Uw~nks to iir . ~‘~ u1. ti~~t-~ L 1:; toz’ t~I .~t 1v i~ ’* ’ , ‘ i I ~u~ i .~~m , ai~t~ .~ ii ~ i~ ht-

which were vss~iiti ~i ~ to t i t is  work -. i .~1 ~~~~ ~ra t-~ - Vu L 1~ - .~ck nowl~’d~, t ’ (h o

assi stanct~ ci’ ~to er I ~‘ i’i’  ~;o U foi’ ~~ (‘oII:~ t r u e  t -~ ~‘ u 01’ t,~u opt i c .a’r..~v

scanner ~ t i~t other work on t t~ ct eet.rciuc ~~ -~- 1i ~. tmp Loy ~‘~i in t -hi ~ . werl

The des~r11 iatvi t’ .4l~ j I.~ ’fl: t.tiIOt.j OIl l~y th~ ,~el’e I I. ~t I t- .~ 
(‘ a101) W I’l’e ..1 ~,o

:~r~’~-tly : ppre~’i . - t- ( (t~ ~t : i  w . i : ;  lb. ’ d. T ’kT\ ~.lIIl Wi)l’k u I ’ .i’~’~- l~~~~~ut’ii .i

• I wou I~i like t o  (haul ’: (-he I’hy it ’a &JIl.h-1 t - l ’.I(Iu.. l. - (~~f lhl I I I i- ’.’ Vol’

,d h~w ~~ me to ~ Vu iii tak .in~ ~.notht ’i ’ I , i (~~r,~ I o rv c r ~ o ,t u ~;uch . n  t ’uli  1’ ht  —
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x,D

Re 500 , D 0.3” , y 0

Fig. 5 xt representation of the flow
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APPENIJIA -

The linear optical system is an important part 01’ the laser

induceu fluorescence experiment. The illuminating beam from tue laser

is directed through the flu id flow, exciting any of the fluorescent dye

in its patti. The fluorescent light is collected by a lens and focused

upon an array of photodioctes for its measurement. (Fig. al) The ilium—

m ating beam is a narrow pencil of light and the photothoae 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 arr~*y. Due to several properties

of the optical system, it is in fact difficult to determine when the

optical system Is optimally aligned. F

The beam from the laser is airected through a lens that focuses

the beam at the ceu4.,er of the line segment in the fiuid that is to be

observed. ‘the converging/diverging beam can be descr~ bea accurateiy

by Uaussian optics — so the intensity is gaussian in the distance from

the axi s of the ueaJfl anu the intensity distribution becor~it-~s most peaked

where the beam is focused. if tulere is a constant concentration of

fluorescent dye in the fluid through whi ch the l,~ea,u is passing, the

fluorescence at any point will oe proportional to the light intt nsity

at that point.

Gaussian optics gives the intensity of the beam as a fu nction

of position as;
r 2 2
I_ 2 ( x 4 z )

exp L
A(1) A(x ,y, z)  ~ 10 2w (y )

5--- . 5--. _- — - - -.. ‘
- - . — -

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

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ /~~TF u1~~~ .~



__________________________________ - - ‘~~~~~~~~~~~ 5- ” ’

(30 )

2~~~
where, ~(2) w(y) = w0 14

--

afld is the waist, the smallest racius of the ueam , given Ly Eqn. (s).

The fluorescing dye i-~ ov~~s some intensity from the team,

rt~sulting in au exponential Ly Qecreaslflg total intensity. with vt ’r: 1o~

dye concentr~’t.ions these losses can b€ made small and in this Case U~-

amount of light sc.~ttereu by fluorescence does not apprecial ly .4~~r ‘ I’

intensity further along the beam . Thus the .‘~xponential aecr~ . - a t

igxuored aflU the fluorescence becomes proportional to 1(A ,~~,i.’.

j~he low concentration ox’ dye provi.de~ e -a~ Ji - ol ‘I~~t~•~~~~ ’ ~h

the intensity of the illumi nating bean as a f u nc ti ~~- I p.asi~~ - -.~
fluorescence can b~ measured using a collect~n~ 1, ~ - - - -

array and the result can ot colilparea with the fu1 1~~
see if the ari-ay i~ aligneu to be— coinclut nt w~ u ~~-

illu~uinateu segment. aince the ~ • ~s: t: of ~~ -

to a high uegree of accuracy ~nu UI ,  U , L~

it shoutu be possible to c - d r u~~ • ~ ‘ ‘

to r~’ach the array.

‘l’o a good a~p~
to be perfect. r~~~ ~~~~ ~~~~

point in the i. - -  - . I’ s .  t~: -.** ‘.~

4’. ’ ~)

~.Pw- t .

i i I . a~~ i- •

- -  - - - - -  
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only introduces ~ constant factor proportional to the; aper~ture size;

and a e;osine factor due to oblique incidence that is very neGrly constant

Lor these purposes (wi t.hin 2~t).

iiue to the changing cross section of the beaiit, even when the

•1 axis of the array coinciues (in Uu’ee thmehsions) with the iMage of the

axis of the illumin(.tj flt Deam, the light intensity that falls on the

phowaiode array will have a maximum. ~his maximum occurs where the J
cross section is most peaked, that is at the iMage of the origin where

where the intensity has its maxirtiuni value, if the Uioue array is

slightly skewed or otherwise misaligned, it is still likely that a peaked

intensity profi]~ will be observed, but it will have a different shape.

In practice it is not ea sy to tell when the profi]f. corresponds to

optiMal alignment.

To calculate how the collecting optics forms an image ~ n the

plane of the array, an impuj.se res?onse function will be calculated.

This relates the amount of light received at a point in the array, or

image, plane to that. emittea at a point in the illwlination field. This

function can then t.~e multiplied by the intensit~ actually present anu

integrated over the volune where there is a significant intensity. The

impulse response function will depend on the point in the illumination

field, (x ,,~r ,a), and on the position along the array , y ’. The integration

of the product of the im~ulse response, G(x,y,z;y ’) and the intensity,

i(x ,y, z ,) will yield a value for the signal, S(y’) that th~ photodiodes

will measure .

A point source emitting equally in all iirections , as ooes a

point in the dycu fluid, il1.uminatt~s an aperatu re of radius ~ at a

— _ _ _ _ _ _
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uistuflce 
~~ 

unifo iini.j t f ~~/~z2 e~ 1. The ~peraturt oX’ the lens (~~J1I~e5

• u COIlS Of light t~uitteu fiom .~ ; oint tha t is then focuseu to a Io i ht  in

th e inta~.~. 130th. ~~~~ 4t 2) Ihe anu unt  of light front this point th~ t is

recei veu at a give !t ucteeto r is proportionbi to the fraction of light in

the Cot3vt r~ing cone th~it is inciw nt u~;on the ~etcctor . The fractior~ of

Lig ht collccteo Ly the lens that is inciøent on the detector is give n by

~~~ a rea of cone ’s cross section tha t ovei laps the detector aivi~ed uy

the total area of the cross section. (~i.g. it3)

~~~ rauius of the cross s~-ction , hc, is a function of the z

coorolnatt of the emittitti ;  point. ~iiice any point in the xy plane is

focused to a point in the plane ueiineu by z z0 d0 the lens law gives:

:1. 1 1  z f
— + — ~~~• it (b~) do~ z0-.±’

if w~- take ~ point not in the ~y plane,

1 1 1  1 1  1
A(5) ~~~~~~~~~ ~i~~ ? ~~z0

_i

from L’~3g .  4t14, we can wr i te ’,

_ _  
d

U — do—a or P — 1

1 _
d z0—ft  f Z0(l~~/Zo)

t~ ~~ — :~~ (~ ~
~ 1. -

so ~ rL~.I_~___
zo(z 0—f )

_ _ _ _ _ _ _ _  

—~--~~~
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if is much smaliw than the size of a uctector , the CUflC

of light can be considered fucu sea and the respons. of tue systi-m will

flBVC a sharp Step ~nen the i’ocuseo point r.zuves off the eui~t: of the *

detector. The aetectors are 25 urn square , so the condition for a step is,

z’ Ct 25 urn
0

ilere we will define, as is conventional, f~ f/ 2P and H z0/d0, wnere

ft is the magnification. ~o, (or ~~~~ an~ f~~’ 1.I~,

4t(8) z <( 8~o urn

The question flOW arises if it is necessary to consid :r z~~814O ust

to incluac all regions where there is a~preciable intensit~ in the

integral for ~(y ’). tve will have to Cofl5~ UCV the largest. values of s

wnen the cross section is the least peaked, that is where w(y) is large.

With a magnification of 3, the detectors, will view a segment 7.62 ~LI

long. Thus y can take on values between —3.81 and 3.81 cm. thoking at

the expression for w(y), we see,

A(9) 
~~~ 

w(y,ax)t2l.
~
J4um using A*511.&.5 tvn, W0 c 25 urn

The intensity at the point where the stop condition no longei holUs

contains the term exp(_~z
2/w2), where z 81~O urn and w 21*14 urn. This

term, then, intr~auces a factor of 14. x indicating th0t there is no

light of ar~y significance emitteu where it is not valia to use a response

that has a sharp step. ~Je ha ve defined,
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( 314 )

~(1O) ~(y ’) ~~~çG(x ,~ ,z;~~1) i(x ,y,z) ox dy dz

• using tito step condition ,

• 
~~&~

4
~/2 ~~a/ 2 ~~p (_ 2 ( x2 z2 )/w2)

~(ll) ~(y ’)Ak 1o w( ) 2 ox dy dz
)
~~~ .~~/2 ) w2 

y
0

where y0~ i1y ’ and a i1 ?~ urn~ 75 urn. These parameters make the integration

over the anti—image oX’ the detector that lies in th~ ot~ject field. We

can integrate ~ from -~~~~ to Since there is no appreciable intensity

outs~ dc of t~ \~ 314~
) urn aria itS inclusion will not affect the results.

The fu nction w(y )  varies slowly as y takes on values from

—3 .81 to 3.83. cm, separatea by 76.2 urn as y ’ moves from detector to

det.ector . ~o w (y )  can be con~i uereu constant on the interval (y~ra/ 2,

yo-a/2) anu equal to w(y0) .  The integral over z introduces a constant,

wnich can be incorporatcd into the overall constant, arid cancels a term

w(y)  in the denominator. The ant e- gration over y a1~o only introauces a

constant. ~e now have,

Ii
A( 12) ‘(y ’) i~\ oxp~—2x 2/w’) dxv 12\  exp( —2u 2) uu

w

2.121
= I~ erf~~~~ - l~ erf 

~
L \aowo hhl J

TO acCOUlit for the inuex of refraction of the wate r through

which the beaj~ passes , it is convcnicnt . to define y ”. y~/n :  y ’,’1.33.

the flku sureU int .en sity profile is sI.ightly narrower than this calculated

pruI310 ( r ig .  
~~~~~ uue to some; nisalignnent .
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The more important results and developments achieved as a direct result
of th is contract are as follows :

A model for the calculation of turbulent flows was constructed which
incorporates effects of Reynolds stress relaxation with the generation or
destruction of turbulent energy by rotation. The model was verified by corn-
parison with experiment. It was then used to predict the properties of
isolated turbulent vortices and appl ied to the turbulent mixing layer, in
particular to the formation and interaction of th~ nraan’iz~d ctrw’ tn rp ‘in th~
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mixing layer. An alternative approach to the mixi ng layer in which it is model-
‘l ed by a rolling-up vortex sheet between fluids of different density has also
been formulated.

Calculations of strai ned flame elements for use in the coherent flame model
of H,, F combustion showed that only at very hi g h stra in rates was suff icient
vibr~tlonal nonequllibrium 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 maximun, does this vibrational nonequllibri um occur.

Experimental results were obtained in a new facility and by a new technique
for the amount of reaction product obtained between two chemically reacting
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 smal l scale motions
which dominate the formation of reaction product was explored.

A new facility to explore energetic reactions wi th substantial heat release
has been designed, Is being built , and should be used for the first measurements
In the suniner 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 possibilitie
for the development and appl ication of new instrumentation and diagnostics are
very great.

State-of-the-art, very high speed and precise laser Doppler velocity meas-
urements were completed under this contract. The acquired experties will find
appl ication In the turbulent combustion experiments. It has already been ap-
plied with considerable success up to a Mach number of 2.2. The extension of
two—point velocity measurements has now been made and a multi point multichannel
LDV system has been designed and is nearing completion.

A laser induced fluorescence technique was developed and successfully
appl ied 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
Recticon array have been used to obtain the data. Image processing will give
quantitative measurements of the concentration field and potentially an inferred
velocity field.
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