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— ‘in x, y and z, and the control of the polarization of light entering the
beam di vider. The flow system provides subsonic air flow over a rearward
facing step simulating a dump combustor . The data collection and storage
syste~ consists of a hig h speed burst processor, a dedica ted mi crocomputer
for high speed data collection , and a floppy disc for data storage. Data
processing is done on a CDC6500 computer connected to the system via a phone
li ne. The system wi ll be used to measure and document measuring biases in
an LDV system in highly turbulent and mixing flows .
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SECTION I

INT RODUCT ION

The objective of this research program is to investigate the application
of laser Doppler vel ocimetry to turbulent and mixing flows. Of particular
interest are the various bias errors which are known to arise in such measure-
ments . These errors may result from several effects including nonunifo rm par-
tid e seeding , flow reversa l , particle path through the optica l probe volume ,
optical alignment , and the nature of the signal processing used. All of these
effects can be expected to affect measurements in recirculation zones such as
those found in dump combustors. They will also affect measurement accuracy in
any flow situation involving high turbulence and/or mixing. Since the errors
can exceed ten percent in many turbulent flow cases, it is important to under-
stand their origin and develop methods of correcting measured data or eliminating
the biases completely by suitable measuring techniques.

A secondary objective of the research is to investigate the feasibility
of using fl uorescent particles in mixing studies. By using such particles it
is possible to trace fluid elements originally present in only one input flow.
This wi ll be advantageous in determining bias errors in mixing processes and
may also be helpful in analyzing the compl ex fluid mechanics invo l ved.

Most of the effort during the first year of the program has been directed
toward the design and development of a laser velocimeter system with the
capabilitie s necessary to investigate the biasing problem in a rigorous manner.
This system includes the basic optica l package, a mechanica l system for x-y-z
traversing, the flow system, and a data processing system. All of these system
components will be described in detail following a brief summary of the biasing
prob 1 em.

— l —
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SECTION II

THE BIASING PROBLEM

The basic equation for the common differential Doppler ve l ocimeter is

f — 2Vsin(0/2) (1)D A

where f0 is the measured Doppler frequency , V is the vel ocity component perpen-
dicular to the fringe planes in the probe volume, B is the beam intersection
angle , and A is the wavelength. A is known and O can be measured to high
accuracy , so in principle the only limitation on measurement of the velocity
component V is the accuracy with which 

~D 
can be measured. However , in practice

several difficulties arise , particularl y when the mean velocity or turbulence
intensity are to be determined from a set of measurements. A large number of
effects have been identified which can “bias~ the data to give an erroneousmean velocity . The term bias has been extended to include additional effects
which tend to broaden the measured velocity histogram even if the mean velocity
is not affected.

Thompson and Flack [1] have identified a total of ten biases which affect
LDV measurements made with counter type (individual realization) signa l pro-
cessors. Addi tional biases have been discussed by other workers . Here we will
only consider those biases which appea r to be significant in recirculation zones
and other flows of high turbulence intensity and those which may occur in mixing
regions .

1. Particle Seeding Effects

The most obvious bias error is that arising from velocity slip between
the fl uid and the light scatteri ng particles. A di rect means of eliminating
this effect is to only use particles small enough to accurately follow the
flow. When this cannot be done for some reason a discriminator which rejects
signals above a certain amplitude has been successfu l ly used to reject data
from the larger particles [2]. This minimizes the error but does not eliminate
it entirely , since large particles passing through the edges of the probe
volume will also produce small amplitude signals.

Another particle seeding effect is the uneven seeding bias resulting from
an unequal distribution of particles in a homogeneous fl ow or in mixed f lows.

[1] Thompson , H.D. and Flack , R.D., Jr., ‘An Application of Laser Ve loc imetry
to the Interpretation of Turbulent Structure ,” p. 189 , Proceedings of the
ISL/ AGARD Workshop on Laser Anemometry , Ge rman-French Research Instit ute
(H.J. Pfe ifer and J. Haertig, eds .), St. -L ou i s , France (1976).

[2] Pfei fer, H.J., “Review of High Speed Appl i cations of Laser Anemometry in
France and Germany,” p. 1 , Proceedings of the NA TO/AGARD Symposium on
Applications of Non-Intrusive Instrumentation in Fluid Flow Research
(AGARD-CP-l93), St.—Lou is , France (1976).
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Asalor and Whitelaw [3] have shown this bias to be negligible in most homogeneous
flows, but significant changes in measured mean velocity depending on the seeding
approach have been noted in a mixin g investigation [4].

2. Flow Effects

A bias which is flow dependent and also indirectly related to particle
seeding is the individua l realization or velocity bias first i dentified by
McLaughlin and Tiederman in 1973 [5]. The idea is relatively simple. Propor-
tionately more fast particles than slow ones pass through the probe volume . (The
extreme case would be zero velocity which would never produce a signal.) There-
fore -if a simple (particle) average of the data is performed an erroneously high
mean velocity should be obta i ned . Several correction schemes have been proposed
incl uding a 1/V weighting of the data as suggested by McLaughlin and Tiederman ,
random sampling [6], residence time weighting [7], or more involved methods [8].
Unfortunately there is still considerable disagreement as to the proper correction
approach. Some workers have hypothesized that the slow mov ing par-
ticles may scatter more light than fast moving ones and thus be more readily
detected. This woul d have the effect of automaticall y compensating for the
velocity bias. However, a recent study seems to refute this [9]. Obviously the

[3] Asa lor, J.O. and Whitelaw, J.H., hlhe Infl uence of Combustion-Induced
Particle Concentration Variations in Laser— Doppl er Anemometry,” p. 115 ,
Proceedings of the LDA-Symposium , Technica l Univers ity of Denmark , Copenhagen
(1975).

{4] Barnett, D.O. and Giel , T.V.., “Laser Velocimeter Measurements in Moderately
Heated Jet Flows ,” AEDC-TR-76— l 56 (AD A038283) p. 35, (1977).

[5] McLaughlin , D.K. and Tiederman , W.G., “Biasing Correction for Indi vidual
Realization Laser Anemometer Measurements in Turbulent Flows ,” Physics of
Fl uids, 16, 2082 (1973).

[6] Durao , 0. and Wh i tel aw, J.H., “The Infl uence of Sampling Procedures on
Velocity Bias in Turbulent Flows ,” p. 138, Proceedings of the LE~\-Symposium,Technical University of Denmark, Copenhagen (1975).

[7] George, W.K ., Jr. , “Limitation s to Measuring Accuracy Inherent in the Laser
Doppler Signal ,” p. 20, Proceedings of the LIYk—Symposium, Copenhagen , (1975).

[8] Buchhave , P. and George, W.K ., Jr., “Bias Corrections in Turbulence Measure-
ments by the Laser Doppler Anemometer,” p. 110 , Laser Velocimetry and Par-
ticle Sizi~~ (Proceedings of the Third International Workshop on Laser
Velocimetry) H.D. Thompson and W.H. Stevenson (eds.), Hemisphere Publishing
Corporation , Washington , D.C. (1979).

[9] Bogard , D. and Tiederman , W.G., “Experimenta l Eva l uation of Sampling Bias
in Naturally Seeded Flows ,” p. 100-109, Laser Vel ocimetry and Particle
Sizing, Hemisphere Publishing Corporation , Washington , D.C. (1979).
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problem of velocity bias is still an open question and care fully controlled
experimental measurements are required to resolve the i ssue .

A secon d fl ow reh~ted bias is due to directional ambi guity which results
from the directiona l insen~ itivity of a simple LDV . This can introduce large
errors in measurements made in recirculation zones and other highly turbu lent
regions. The usua l method of el iminating this probl~ ii is frequency shifting
one of the input beams .

• Frequency shifting can also be used in principle to minimize i ncomplete
si gnal bi as which resul ts when pa rti cles wit h sma l l veloc ity componen ts per-
pendicular to the fringes pass through the probe vo l ume. Beyond a certain
angle insufficient fringes will be crossed to satisfy the processor and these
si gnals will be lost , resulting in a measured mean velocity which is too high.
This can be an importan t effect i n h i ghly turbulent flows. Wh iffen et.al .,
have analyzed this problem in detail [10]. Obv iously the size of the probe
vo l ume is an im portant factor.

3. Qptica l System E ffects

The size of the probe volume mus t be consi dered i n anal yzi ng poss ib l e
bias effects as was just noted. Another example of this occurs when measure-
men ts are made in steep velocity gradients such as near a wall. One assumes
that all velocities are measured at the center of the probe vol ume , but of
course the signals actually come from any point in the finite pro be vo l ume.
Karpuk and Tiederman showed tha t in the nea r wall reg ion of a turbulent f’ow
the measured mean velocity could be lO~ high and the turbul ence intensity
100% too high [11]. However, -in most flow regions the error is negligible.

Another optical effect is the frequency broadening which occurs if the
in tersecting beams do not meet at their waists . The erro r is usually si gnifi-
can t onl y for low turbulence l evels , however. Durst and Stevenson have carried
out a detailed study of this problem [12].

[10] Whiffen , M .C., Lau , J.C. and Smi th, D.M. , “Desian of LV Experiments for
Turbulence Measurements ,” p . 197, Laser Vel ocime try and Particl e Sizi p~,Hem i sphere Pu blishin g Corpora tion , Washin gton , D.C . (1979).

[11] Karpuk , M. and Tiederman , W.G., “Effect of Finite Size Probe Vo l ume Upon
baser Doppler Anemometer Measurements ,” AIAA Journa l, 14, 1 099 (1976).

[12] Durst, F. and Stevenson , W.H. , “Infl uence of Gaussian Beam Properties
on Doppler Signals ,” A ppl ie d Opti cs , 1979 (to be published).
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SECTION III

VELOC IMETER OPTICAL SY STEM

It is apparent from the discussion in the preceding section that the
optical system configuration has a pronounced effect on t.~e magnitude of
severa l of the bias errors. Therefore the ab ili ty to vary important optical
parameters was a major criterion in the desiqn of the LDV system. Major
features of the system which has been built include variable fringe spacing,
var iable beam diameter in the probe volume , precise contro l of the beam inter-
section point relative to the beam wai st, provision for frequency shifting
one or both input beams , the ability to easily rotate the instrument about the
optical axis , the ab i lity to traverse the p ro be volume in x , y and z and
control of the polarization of light enterinci the beam divider in order to
optimize si gnal modulat ion.

A schemat ic of the LDV optical system is shown in Fig. 1. A 5 watt
argon laser (Coherent Radiation-Model 52) operating at the 0.5145 lim wave-
length is utilized. This is fol lowed by a collimating lens set. which provides
beam control as will be discussed later. The polarization rot~tor (Spectra-Phys i cs , Model 310-21 ) allows rotation of the plane of polarization to main-
tain it perpendicular to the plane of the beam dividing prism fo~ ortimumin tensity match and fringe contrast at the probe volume. This rotator utilizes
a double Rhomb prism assembly and can be utili zed over a 0.4-0.7 ~im wavelen gth
range with negligible insertion loss or polar ization state error.

Two broadban d all-dielectric morrors (Newport Researc h Corp.) are used
to direct the beam leav ing the polarization rotator on the l ower level to the
beam dividing prism on the upper level (Thermo Systems , Model 91 5—1). When
frequency shifting is used one beam leaving the divider passes through an
acusto-optic modulator (AOM) , while the other passes through e i ther a path
compensating block or another AOM . The two beams then enter the beam sepa ration
control optics which consist of two precisely adjustable mirrors and a special
prism hiving a reflective coating on two faces . A more complete description of
the frequency shift and beam separat ion control systems is given in a subse-
quent subsection .

The remainder of the optical system i s conventional , cons isting of a
focusing lens and a receiving optics package. More details are given below.
It should be noted that the input optics on the upper level (beam divider
through focusing lens) are on a platform which can be rotated about the optical
axis so that different velocity components can be measured . The system as
presently arranged is a one-component forward scatter LDV . However the design
permits later modification for backscatter and/or two-component operation .

1. Beam Collimation System

The output beam from a laser operating in the TEM00 mode has a Gaussian
intensity distribution and a divergence inversely related to its diameter.
When such a beam is split by a beam divider into two parallel beams which are
brought to intersection by a lens as in this LDV system , it is well known that
the intersection es not generally coincide with the waists of the focused beams ,
This can introduce a broadenin g in the measured velocity spectrum [12]. In

-5- 
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addition , signal quality is reduced , since the pea k beam intensity may occur
outs-i de the probe volume. Therefore the collimating lens set is include d in
the optical system to provide the correct conditions for optimum beam inter-
section.

Adjustment of the waist position by means of the collimating lenses is
actually required in the present case only when the system is used without the
acousto—optic modulator and beam separation control optics. When these are in
place, beam intersection following the focusing lens can be adjusted as desired
by the mirrors which compensate for the angular offset introduced by the modu-
lator. However, the collimating lenses are still useful , since they allow the
beam diameter to be varied. This in turn permits the probe volume diameter to
be changed , since it is inversely related to the input beam diameter at the
focusing lens. A diameter increase of only about 50% can be achieved when the
AD modulator is used due to its limited free aperture . This shoul d be adequate
to determine the effect of probe vol ume size on the data , however.

2. Frequency Shift and Beam Separation Control Elements

The optica l system is desi gned so that either one or two acousto-optic
(Bragg cell) modulators may be inserted to obtain a frequency difference be-
tween the input beams . The modulators (Intra Action Corp., Model ADM-40) have
separate driving units which operate at fixed frequencies of 30 and 40 MHz.
This al lows frequency differences between the beams of 10, 30, 40 and 70 MHz
to be obtained .

Optimum diffraction efficiency exists only when a Bragg cel l is precisely
oriented with respect to the input beam. Therefore each unit is mounted on a
rotating base wi th an angular pos ition resolution of 10 seconds of arc . This
adjustment determines both the diffraction efficiency and whether the beam is
shifted up or down in frequency . Details of the rotating base are shown in
Fig. 2.

Since the frequency shifted beam leaving a Bragg cell is angularly de-
fl ected by a small angle (on the order of 5 mi lliradians), some means of pro-
viding alignment of the two input beams for proper intersection after the
focusing lens is required. This is achieved wi th the beam separation control
unit consisting of two mirrors and a 900 prism. The unit is shown in Fig. 3.
When only one modulator is used one mirror can be fixed. The other is placed
on a high resolution mount (Newport Research Corp ., Model 600-2) which is
settable to 0.5 arcseconds in two orthogonal directions. This precision is
required to obtain optimum beam intersection at the probe volume . When two
Bragg cells are used both of the mirrors must be mounted on such mounts.

Beam separation , and therefore beam intersection angle, is controlled
by the moveable prism . Distance between the beams can be varied between 4
and 40 mm. This allows the fringe spacing to be varied over a ten to one
range (without changing probe volum e diameter) with a given focusing lens.

As noted previously the angular control provided by the adjustabl e
mirror also allows the beam intersection point to be made coincident with the
waists of the focused beams . At present this alignment is accomplished visually.
A more precise method is under development. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3. Receiving Optics

The receiving optics consist of the receiving lens set, an adjustable
mirro r to image the probe vol iine on a pinhole, and a detector package. The
detector package consists of the pinhole , a collimating lens, a narrowband
filter (0.5145 pm) and an RCA 8575 photomultiplier. These elements are illus-
trated in Fig. 4. Available receiving lenses are 120.6 and 250 m in focal
length (Thermo Systems, Models 917 and 918).

4. Traversing System

Precise positioning of the probe volume at a desired flow point is pro-
vided by the traversing system. This is based on a 3-axis mill table which
carries the entire optica l system including the laser. Three Bodine DC gear-
motors with variable speed contro l drive the mill table. Linea r potentiometers
(New England Instrtmients) wi th a lineari ty of 0.25% are used to obtain an
electrica l readout of position on digital panel meters which read di rectly in
millimeters to an accuracy of ±0. 1 nr~. The traverse range is 254 nm in the
y (vertical) di rection and 152 mm in the x and z directions.

An amber Plexiglas (Type 2422) cover encloses the optica l system and
provides not only dust protection for the optics but also is a safety covering
since it blocks the argon laser wavelength.
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SECTION IV

• FLOW SYSTEM FACILITY

The flow system facility was designed to provide a fl exible system with
easy optica l access in which a variety of flow geometries of interest can be

• model ed. The initial geometry is a rectangular channel over a rearward facing
step and is similar to the flow geometry that is present in a dump combustor.

The schematic of the Flow System Facility is shown in Figure 5. The
main el ements of the system are :

1. A variable speed b lower .
2. A two-dimensional flow conditioning section.
3. A two—dimensional test section with pressure measuring instrumentation.
4. An exhaust system to remove the particle laden air (not shown).
5. A particle generator for seeding the flow.

The blower is a Peerless radial blade blower (PWB14GA) with a variable
speed control that can be operated over a range of 0 to .50 m3/sec (1100 CFM)
and provides a flow velocity of up to 50.3 m/sec (165 ft/sec) with the present
system . Tests with the blower indicate that the contro l system is slightly
temperature sensitive . That is , the measured centerline vel ocity decreases
slightly over long time running of the blower. This decrease may be as much
as 3% over a one hour testing period. To maintain a constant velocity for
the tests the blower shaft speed and tunnel flow velocity will be monitored and
adjusted during any long period testing .

The flow conditioning section is a 102 mm by 102 m (4 in by 4 in) square
duct that is 1.9 m (74 in) long, and made of 1/2 in thick Plexiglass. The
flow conditioning section contains honey comb flow straighteners and both coarse
and fine mesh wire screens which produce a relatively uniform flow approaching

• the test section. The entire flow channel is mounted on concrete pillars with
height and leveling adjustments . To isolate blower vibration from the test
section the blower is on a separate stand with a flexible joint connecting the
blower to the flow conditioning section.

The test section like the flow conditioning section is made of 1/2 in thick
clear Plexiglass. The test section geometry is illustra ted in Figure 5. Pitot
pressure traverses can be made at stations along the test section and , in
addition , static pressure taps are provided upstream of the step, in the base
region , and downstream of the step. The static pressure taps can also be used
to introduce seeding into the base region. The seeded flow from the test
section is exhausted to the outside to prevent accumulation of particle l aden
air.

Two seeding systems are currently available. The first is a DOP (Dioctyl-
phtalate) seeder unit consisting of a Laskin nozzle with impactor plates to
remove large particles. This seeder was used extensively in previous work in
a supersonic flow. The second seeder is a commercial system built by TSI and
consisting of a Model 3074 air supply system, a Model 3076 Liquid Atomizer ,
and a Model 3072 Evaporation-Condensation Monodisperse Aerosol Generator.
DOP -is also used in the 1St unit, which provides controlled particle size and
number density seeding.
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It is anticipa ted that a benzy l alcohol-ethy lene glyco l mixture will
be used for the tests with fl uorescent dye tracers.
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SECTION V

L~TA COLLECTION , STORAGE AND PF~.1CESSING SYSTEM

The data collection , storage and processing system is shown schematica l ly
in Fi gure 6. The output signal from the photo multiplier tube is fed to a
signal processor unit. Two different processor units are available. The first
is a high speed unit built at Purdue under a previous contract with the U.S.
Army Missile Comand and is described in detail in Ref. [13]. The second is
the commerciall y availa b le 1St model 1980. Operation of the 1St processor is
descri bed in the Instruction Manua l , Ref. [14].

Although the origi nal intention was to use the Purdue processor exclu-
sively, partial failure of the unit and the realization that data from a “one
of a kind” processor would be less useful to other researchers has led to ob-
taining a IS! model 1980 processor which will be used for the majority of the
research. The Purdue unit will be used as a back-u p unit and may be used for
limited comparison studies .

The processor data rate depends on the seeding density and the amplifier
setting (which effecti vely sets the trigge r level). Data rates may be as low
as a few per second to rates in excess of 20,000 per second. To collect and
store this da ta a dedicated microcomputer (IMSAI 8080) wi th periphra l equipment
is used. The IMSAI 8080 was chosen for its flexibility , low cos t , and com-
patibility with severa l other systems being used at Purdue . The design , con-
struction , and software programming of the microcompute r facility has been one
of the major portions of the effort to date .

Figure 6 illustrates the major units of the data collection , storage and
processing system . The signal from the TSI processor will no rmally be trans-
mi tted as a digita l signal directly to the microcomputer. The option to trans-
mit an analog vo l tage is also available. However this option requires digita l
to analog conversion in the processor and subseq uent analog to digita l conver-
sion in the microcompu ter and will not be the norma l mode of operation.

Supporting data such as pressures and position info rmation can also be
read as part of the data package . The processor data is then stored either on
a floppy disc and/or is transmitted over phone lines to Purdue ’s main computer ,
the CDC 6500 .

Although some da ta conditioning is done by the microcomputer , the data
analysis is all done through FORTRAN progranming of the CDC 6500. A FORTRAN
program has been developed which reads the data stored on disk , and performs
some statist ical manipulation. The program consists of a main routine and
fou r subroutines .

[13] Zammi t, R.E., Stevenson , W .H., and Pedigo , M.K., “A Processor for High
Frequency Burs t Signals ,” IEEE Transactions on Instrumentation and
Measurements , IM-25, 235 (1976).

[14] Instruc tion Manua l for TSI Mode l 1990 Counter , Thermo-Systems Incorporated ,
St. Paul , Minneso ta.
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The main routine reads the data from the disk and converts the digital
information to a Doppler frequency by the following formula:

= N x lO~ (2)
D X 2

where N is the number of cycles per burst , n is the ex ponent , and Dm is the
digital mantisa. The Doppler frequency is used to calcula te the fluid
veloc ity through the formula :

(f - f ) A
- 

2 sin(O/2)

where 
~D is the Doppler frequency , f5 is the frequency shift , A is the laser

wavelength , and o is the angle between the beams. Once all of the velocities
are found , the main routine calls subrout ine STATS to do the statistical
manipulation .

STATS finds the particle average velocity , V , the variance (turbulence
intensity), a2 , the standard deviation of the data set, a, and the standard
deviation from the mean , am, as given in the following standard equations:

~~i~l 
(4)

n 2
a ~~( V - V )  (5)n 1=1

(6)

aam =

A histogram of the data is plotted using subroutines lUST and USHV1 .
The program also contains a subroutine called SELECT. SELECT edits the
original data set by removing any data points that do not lie within a speci-
fied number of standard deviations from the mean. As before, STATS, HIST and
OSHV1 are called to determine the statistical quantities and plot a histogram
of the revised set. Additional subroutines will be developed as needed .

Presently, modifications are being made to incorporate time information
from a high speed clock which will be added to the microcomputer. Time infor-
mation will be recorded with each sample. This will allow the recording of
elapsed time between individual si gnals so that processing techiques based on
both time and particle averages can be compared .

_ _ _ _



SECTIO N V I

CONCLUSIONS

A laser velocimeter flow measurement facili ty including a flow system
• and advanced data processing system has been designed and fabricated. The

• facility will allow carefully controlled measurements to be made in highly
turbulent and mixing flows simulatin g those found in dump combustors . This
will allow the biasing problems expecte d in such flows to be investiga ted in
detail.
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