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.'.'_i} Vintrodﬁction
‘v'The'study,of_éiréréft Wakeé ié‘éurféntlj é‘éréééiﬁg érbblém in
aerodynamiés‘bebaﬁse oflfhe dangerous réliing momentSv§uffered by |
aircrﬁft whiéh may-penetraté-the wake of'préceed;ng aircraft, par-
ticularly during'landing and:takeéff. The problem has been ﬁnder
intensive investigatich with'regard_to,its various aspects: far-
hfield Voftéx Structure andbdecay,'hear—fieid roliﬁp of the wing
ﬁoftex'sheet; stability;'ihtefaction; and coalescence of vortices
 .their""meandefihg" under’thé'inflﬁence of.ambient gustsvand tﬁrbu—.'A
flence énd tﬁe pracfical problem of iﬁfluencing tﬁé structure of
the wake by adjustments in the Qihg li%t distribution and-spoilers
_or flaés'to introduce concentrated turbulence and Vorticity‘dis—
cohtinuitieskinto the wake. The bibliography dealing with this
subject has become extensive. Reference 1 which describes the
most :ecent'underwater towing tests is the most direcfly applica-~
blento the research enviséged here; additional.réferences are
‘given in that paper and . need not-be repeated.

Thé study of the vortex-sheet rollup as a function of the
broad range of possible moqifications in the wihélgeometry,‘includ?
Aing flaps, spoilers, engine exhaust, jets, etc. poses particularly
difficﬁlt experimental problems and underscores the need for an
aécurate, convehient and.economical means of visualizing the fine
-structure oflthe wake. Methods of direét flow visualization have
always been useful and are oftén essential in the study of such

/. complex flows, and_particularly) in guiding attgmpts to optimize
their configuration. However, clear flow visualization is not .

easily imvlemented. Obviéusly, none of the methods which rely on
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interactions of the flow with diagnostic radiation traversing it,

dsuch as schliren, interferometry or light scattering and absorb—~
~tion are applicable because of the asymmetry and three—dimenSion- ‘

‘ality of the field Dye or smoke injection do not yield satisfac—

tory results because of turbulent dlffu510n of the dye. Conversely,
a clear record of the motion of neutrally buoyant, evenly distri- h
buted tracer particles can yield a complete and accurate picture.

The flow can be seeded With scatterers relatively eaSily, particu-

larly in water. ‘However, in a flow_as complex as a multi—vortex

lwake,,the eye has difficulty following and interpreting the infor-

dimenSional information. The success and usefulness of particle- ¥

tracer visualization would be enhanced immeasurably by the develop-

~ment of movie-holography which stores and reproduces the full three-

dimensional visual information. In addition, the method lends it-

self to subsequent quantitative reduction of selected recoxds in

terms of three-dimensional components of the local velocity.field

at all points of the flow. |

Holograms of tracer particles in fluid. flows have been ob-
tained and discussed in research literature.. Thompson,.et al (2)
developed a holographic'technigue'for studying'the size distribu—'
tion of fog droplets. Fourney, et al (3) extendedvthe technique
by using a time sequence of bolograms to determine sire, velocity_
and spatial distribution of particles in a twoephase air-water
flow. Many other investigators have utilized the technique to

study various problems, among them Shofner, et al (4) who utilized

“mation in realltime. Simple photography loses the essential three-.'
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the'ﬁechnique to measure turbulence in a fluid:by'seedinglit with

“relatively smali‘partiC1es (lloﬁ);L He]repértedVan'inabiiity to

~ determine the position of a .specific particle in thejdirection

perpendicular to the hologram to better than tl mm. However,
Lee, Fourhey and Moulton (5) showéd that this was due to the lim-

ited numerical aperture and that diffraction limited resolution

~could be obtained by the technique and a particle could be'locé-

ted in'this direction to within 20um.

Other‘inyestigatbfs,_fbr ekample Whrker} et aiA(G) used the
technique to_étudy drop size distribution in liquid propellant
rocket engines. In their studies the major difficulties resﬁl—'
ted from the high droplet density. The upper liﬁit-féﬁnd»in

Reference 7 was 1.5 X 104 particles/cmJ (for a size distribution

where 92% of drops are between 10-%9Q’diameter)} However, this

limit is far in excess of that to be used for seeding purposes
in this stﬁdy.

| The full potential of the method for flow visualization, in =
particular, motion—holography (holographic movies) is Qet to be
developed. This, and its applicatioh tQ the aircxaft wake problem

is the subject of the present program.



II. Description of the Research Accomp;iShed

The research has as an objectlve the development of holographlc

.v1suallzatlon of the vortex—wake of a llftlng w1ng whlch w1lr then

be applled to the study of the 1nfluence of w1ng conflguratlon on

the vortex-sheet rollup.
The objectlves stated in the orlglnal prOposal were modlfled

in dlscu551ons with the contract monltor-, 1nstead of almlng at

“the visualization of the vortex-wake of a towed model of an air- .

craft, it was agreed to empha51ze testlng of a model of a w1ng in

. our 4 x 12 inch water-channel. Instead of focuSLng on the rollup

of.the complex vortex-wake,‘we dec1ded_to pursue a more basic studyj

~of the velocity field and decay of a simple trailing vortex pair.

These changes led to an increased concern with the quality of
the flow an the water—channei (which originally had been intended
to serve only as a test-bed for the development of tracer particle
holography) Early testS'ln the existing channel showed that be—t_
cause of its small cross—sectional:size and relatively high turhuf
lence level we could not maintain a "clean" trailing vortex.. It
turned out upon disassembly of the facility‘that previous research

during which salt-water solutions were"ueed'in'the channel resulted

in substantial corrosion of the facility. In view of this, it be-

came necessary to rebuild an entirely new water-tunnel. - The School

of Engineering granted us additional funds ($15,000) for the pur-

. pose, at no cost to the grant.

The de51gn and constructlon of the water tunnel was COLpleted.
It is shown on Figure 1 and described in more detail below. The

multiple-pulse laser system and associated holographic optics were
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_deve10ped and-teSted. Holograms of tracer partlcles in water can
'5jnow be taken routlnely. Thls part of thn research is descrlbed in

" more deta11~1n the follow1ng sectlon.

' A theoretlcal study of the motlon of tracer partlcles in vor-

tical flows and the development of a novel liquid-drop tracer gen-.

‘ erator are also described in the follow1ng. Early experlments w1th

quanine crystals,.aluminum flakes and hollow micro-balloons showed

the impbrtance of the tracers for the success of the holographicb

.visualization;-in~particu1ar, the relative density of tracers (having
- a size appropriate for visualization) is dimportant in the study of

vortical flow where particle residenceltimes are long.

These unexpected difficulties with the development of the fa-

>c111ty and the technlque lead unfortunately, to tlme and cost

roverrun. DLrlng the period of the grant we have only been able

to complete the preparatory work, some of which is original research,
but ‘which does not fully satisfy the initial objectiVe. We are con-
tinuingl(without funding) to calibrate and improve the overall facil-

ity and plan to seek at an early date the support necessary to pro-

.ceed with the research plans originally stated_inAwhich is now a

proven and fully operational facility.



'II. The Water Tunnel

;?he’new Water tunnel (Figﬁreil)'qperetes iﬂ‘e closed'circuit.
fA large auxlliary sterage fesefvoiffbefmlts eﬁpﬁylﬁg‘ehe ﬁestlsec-'
" -tion withogt having to discardvthe’test fluidilwhich‘ls weter‘de—

. aerated and purified to preﬁent'the aeposit'bf films on the optical-

w1ndows and - cav1tat10n),.thls also permlts convenlent fllterlng_out

of tracer partlcles as they accumulate in the c1rcu1t during VLsual—f

: 1zat10n tests.

The-tunnel has a nomleal.test seeiioﬁ crossfsection'of'IZ i,lZ'
'-lhches,'ls fﬁ. long.  The flow cross¥sec£ion is compensated fof
| boundary la§er displacement effects. Four'palrs of tﬁree—foqt'long
-si&elwindows permit access at all st:eamwise,locaﬁlohs and/dr mount-
. ing of models}' Plate glass windows are available for optical stud-
ies of £he'flow.. The parallelism of the side walls and axial align-
ment Of the tennelswere éiven careful attention.

The flow is driven by an 18 inch modified ship»piopeller and
an electric motor with a Varidrive transmissiOn.l The power-section
is}vibratiOn mounted and insulated from the tunnel circuit. The
maximum.design flow velocity in the tunnel is 15 ft/sec. Down-
stream of the test section the tunnel is.ventedlto:atmesphere through
a stand-pipe which extends 5 ft.labove‘the test-section centerline.
This'deterﬁines the mean test section pressure as well as the head
of watervat the propeller station (12 ft. of head). |
| The inlet nozzle contraction ratio is 16:1. The settling cham-
ber is exceptionally large (4 ft x 4 ft x 8 ft long). ‘The chamber
has provisions for extensive turbulence management heneycombs, f£fil-

ters and screens. At the inlet to the test section there is a .



large~re51stance PVC foam filter (Scott foam, 10 pores per inch,
[two 1nches thick) supported by a stalnless steel screen stletched
‘on a frame. Immediately ahead of the fllter, an Openlng (stand

- pipe) across the entlre top of the chamber is prov1ded for a closed

. alr—chamber resonator to absorb low frequency fluctuatlons and

~ surges in the c1rcu1t.>.12_1nches downstream of the filter there

'~1s a flow strengthenlng honeycomb (1/8 inch cells, 9 inches long).
Both the filter and honeycomb sections are recessed into the walls

;so as to'maintain a uniform'cross—sectional area; provisions are
made (and continually being improved) to maintain the filters and
honeycomb flat and uniform. The remainder of the settling chamber
doWnstream of the hOneYComb can accommodate additional tdrbulence;‘
. management screens. The optimar number, fineness and spacing of
these screens remain to be determined, particularly if the tunnel
is to be developed further for.minimum turbulence level. With the
basic arrangement: filter, honeycomb and a single screen spaced 1l
ft.'downstream of the honeycomb. The turbulence level in the test
section is abont 1% at 10 ft/sec'(preliminary results) but we are
confident that it can be reduced much further.

The tunnel test section is manufactured of plexiglass (with
glass windows) in four carefully doweled and matched sections. The
rest of the tunnel is entirely lined with bonded plastic (PVC)
which is externally framed as needed with lumber and marine plywood.
The honeycomb (aluminum) is coated with resin. With this.construcf
tion we hope to have eliminated corrosion problems and minimized
spurious electrical disturbances to hot film and hot wire instru-

mentation.



Thermal expan51on with which we had pxoblems at the outset is

Aabsorbed by a plastlc bellows connectlng the lnlet to the conver-—

. gent nozzle and the settllng chamber and a rubber dlaphragm junc—

F‘tlon between the test section and the downstream return leg. The
test_sectiOn inlet is rigidly ﬁeld to the leboratory frame. The
16 foot test section rests on roller bearings ou a steel T-beam
" structure which allows 1t to expand in the downstream dlrectlon.
The support structure is deSLgned for a maximum deflection under

load of 0.001 1neh, the bearing-plates are spaced two feet apart.
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be dlrectly applied to two liquid phases so long as the 1ndex of

techniques due to the limit of resolution and the large focal depth

Iv. Descrlptron of Holographlc Technlqpe':

Holographlc techniques have: been used for several years to

»study twofphase flows and/or aerosols. The small llquldfdroplets

f!in a gas phase lends itself to-ahalysis hv means of optical tech-

niques. High magnlflcatlon requlred to observe these droplets

- ;results in a small area of observatlon ‘and very small depth of fleld _;;
when conventional Optlcal methods are used., The adventages of holo~

' graphic recording a volume of partieles‘for 1a§er analysis has been

desoribed-in detail in References'( 3)-and ( 5);V-The technique can
\
refractlon difference between the two is sufficient to cause scat-
tering from the droplet phase of a»magnitude_which will allow a
hologram to be\recorded.

The basic scheme is shown in Fig. 2. During the recording

' proﬂednre the droplets are back illuminated by a ruby laser. The

- T

‘forward scattered light from each’droplet acts as the information

beam ih‘the holographic process, while the light‘which is not scat—
tered forms the referenoe beam.. The reconstructdon portion of this.
in-line holographic scheme consists of vieWing the Volome iﬁage N
through a microscope as shown in;Figi_ 2.

One of the major advantages of this scheme is.the possibility
of u51ng effective 1arge apertures. | | |

Matkin et al ( 3) reported some dlfflcultles uS1ng the holographlc

of the‘reCOnstructed image. These difficulties can be substantially
improved by using a large aperture in the holographic system. This

islahéiogbus to the use of small f/number stops in ordinaryvmicro-'

seOpy.l_.v




Raylelgh crlterla is one of the’ typlcal expressxoos used to ex-
‘press the llmlt of resolutlon in ordlnary opt1ca1 systems. |

B = 1.22)/D B '

This equation states the weil—kbown fact thatAfor classicai._
'jOptics the reSolation is inversely proportronal_to tbe aperture

‘size. This is also true for holography since the holographic pro-

. cess can be considered as a process which merely freezes the opti-

.~ cal wave front at a particular instaht. Any process that is then

performed in the wavefront to extract 1nformat10n w111 be llmlted "
by the laws of ordinary optics. Stlgllanl et_al. (S,fhave ex—- |
perimentally and theoretically‘studied these_relationships includ- -
ing the effects of the film. These studies:involved the minimum |
size‘particies that could be clear;y imaged by the holograpbic
technique. Also,Bieringer and Ringlien (93ﬁshowed an excellent'
reconstruction of'objects of a few micron sizes using a large aper-
ture. Their results are confirmed by the above statement.

- Meier (lo) also has shown that the focal depth is limited by

diffraction in holographic procedures in an identical manner to

that of ordinary optics, and his relationship follows
N g2
Az = 2f0,(1/a)dy

The above equation states that the focal depth 1s proportlonal to
the square of theif/number. The less the focal depth the ‘more
'criticai'the focusing becomes. This then results in less uncer-
tainty about the drop size and its location.- Locating the drops
more'aeourately will improve the acchracy Of the Velooity deter-

mination. , . , _— ' .-




'As one goes to lower f/number optioe the oost'increaSes._:How-
-jetef, latge apertures in hologfaphy can be easily'aohieved by mov-
einé the ﬁolographic plete close to.the:volﬁme,being sampled in or-
der to include the iight from a large scattering angle.

o Due‘to'soatteriog properties of sﬁaii dtOpé'the'light inten-
eity.falls off‘Very fapidly asltﬁe»scatteriné angle is increased.

| " Since the photographlc film used requlres light of a certain inten-
sity there is an angle beyond Whlch one - cannot operate. ThlS will
‘deflne the f/number. This point of cutoff is a functlon of drop
size;.the’film oharaCteristics, and the'method>of illuminetion.
Fortunately, the cutoff angle increases with.aecreasing dFOpvdiae
meter. | |

General formulas for computing the location and magnification

~of reconstructed images have been derived {( 3). Since,
microscope was required to magnify the iﬁage, the-recordihg-and re?
construction of holograms were always made sﬁch,that the conjugate

real image could be observed._bThe location and magnification of |

conjugate reel images are given by

]
xlaa bi

b'. = e —
ic ~,*2a (a bi) _Alabi

__/ -a -at + b'ic
Mic °'\—a + b, -a’

where
a = distance from hologram to recording source

- distance from hologram to object

“ >Q ) o
I

'= wavelength

‘)' ~ denote reconstruction

.A.
~—

..(_)éf:-denote conjugate image




V. Results of Holographlc Recordlng

‘ The prellmlnary ho .ographic work was performed by taklng.holo—
grams of 25u glass spheres supported on a thln glass slide with
lﬂthe He-Ne gas laser. Since a complicated calculation was required
to deternine the exact aperture; for the sake of convenience the
ﬂ‘dlstance from the ob]ect to fllm plane was expressed as the- relatlve
. aperture. Flgure 3 of Reference 5 clearly demonstrates that the
i_resolution of the reconstructed 1mage is 1mproved as the aperture
is increased. Consideriné the arrangement_of the critical flow
equlpment and the- comparlson of the reconstructed images for the
dlfferent apertures, it was decided to use 5.08 cm (2 in.) as the
distance from object to film plane. |
The average size of the glass,sphere is 25u diameter in the
‘reconstructed irages, but the smallest glass sphere shown is less
than 10p. This image has distinctive boundaries indicating that
the holographic technique can.record.drops of only a few micron
" diameter. | |
The other purpose of using a large aperture technique was to
shorten the focal depth for the reconstructed image so that the loca-
tion and the welocity and/or position of the drop could be determined
~more accurately. The focal depth of the reconstructed image was dc-
termined'from the error caused by refocusing the same image several
times, and it was found that the focal depth was less than 10u. An
excellent example of the short focal depth achleved by this technlque.
1s shown in Flgure 4 of reference 5 which consists of reconstructed
1mages from a triple pulse exposed hologram of - alr—water two—phase ;
~ flow. ﬂjc} Flgure 4 shows that the flrst two 1mages are in focus and

'fthehthirdt;s out of focus in one phase and that the f;rst two 1mages‘

12



.are out of focus and the-third is in-focus in other plane. The dis-
tance between these two 1mage planes was 20u. |

‘_pgllcatlon to quuld Liquid Two Phase Flow

The extension of the results outlined above to liquid'droplets:
in a liquid flow follows directly with only one_complication. Tﬁe
iudex of refraction difference between the tuo'phases must be suf-
ficiently large to generate enoughiseattered ligﬁt that a hologram-

- may be recorded. Various types.of'particles, and particle'genera-
tors have been experimented wlth, as detailed in previous sections
of this report. Examples of the results are shown in Flg. 5 of |
.the.appendix. This appendlx detalls the results of the work done

with-liquid—liquld two-phase flow.

Description of Multiple Q-Spoiled Ruby Laser System

To make multiple-exposed hologramslwhich form the basis of
the visualization system, it is necessary to have a laser with the
ability-to produce many Q—spoiled-pulses. The exPOSure times neces-
sary‘to produce a hologram'of a ﬁoving particle is on the order of
50 nsec. .H010graphic films are typically very slow, therefore in-
tense light pulses are.requiredr

The following system descriptions of the ruby'laser built
for the purpose refers to circuit diagrams shown in Figure:3:and
4.
(a) Energy Storage System

The capacitor is charged by a voltage doubler c1rcu1t con51st1ng

of T. C7, Dl’ and Dz, with Rl llmltlng current through the dlodes

1’




1if the capac1tor voltage reverses;_ The charglng current is llm—
A -1ted by C and the output voltage 1s regulated by llmltlng the ‘
. pulses to the gate of - the trlac, TR—14. The capaoltor can be .
'disoharged through the inductor into the.flash_lamps ot.into_the
energy dump resistors R—2 R-3 through safety relay Ri—l.. RL-2
dlsables the charglng supply lf the door interlock c1rcu1t 1s"
open or the over-voltage flip-flop is set. The status of thlS fllp-
flop is shown by the front panel LED. -This flip-flop w1ll also be . "
set if the capacitor'voltage goes above a level set on.the over- \
voltage trimmer (now set to 3.7 kv). | |
(b) Energy Storage Logic ‘
When the main power is tutned on, the over—voltage flipfflo?
is set and disakles the charging power‘supply. To chargelthe capa-
ﬂcitor, turn on the H.V. power switch and push the reset button
(or supply a +1 to +10 v pulse) and adjust the voltage with the.
left knob,' Full pot. rotatiohhboltage can be set with the Voltage
trim pot (now set to 3.6 kv). To fire (the system will flre above
"800 v) charge the capacitor and push the fire button (or supply a
+1 to +10 v pulse). | |
(c) - Laser Head |
The two flash lamps are connected in series and located at the
two outside‘foci in the polished aluminum double elliptical cavity;.
The center conductor of the power coax (green, .400 inch diameter)
" is positive and the lamp polarlty must be malntalned
. The trigger input to the laser head is a 0 to 2 v’ trahsxtlon.%m
generated when the fire button is pushed. This signal can be_used -

. to synchronize an oscilloscope trace with the high voltage trigger

14
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“.capplled to the lamps.

Las1ng threshold is about 1800 volts, about 625 Joules; when t

prOperly allgned

.,(d) Pockel Cell Clrcult

The trlgger 51gna1 starts a varlable delay c1rcu1t IC- 7. "Af-

vter the delay, IC-5 and IC-6, a variable frequency osc1llator.drivé
‘the base of the avalanch transistor (Raytheon RT 333A). This tran-

-sistor, and the fecharge transistor, produce'a series of -180 voltf"

pulseé that are inverted by the pulse trahsformer,'~These pulses

are attenuated 20:1 to the monitor BNC on the laser head. The
- pulses drive the grid of tube V-1 (type 6LQ6). This is the upper

.tube with the grounded cathode.

. The bias on the vacuum tubes is set for an iq1e current ot
2 to 3 ma, monitored on the back of the upper chasis (1 V = 1 ma).
To setvthis'bias, sléwly‘increase the Pockel cell voltage while
monitoring the'tube curtent. The bias pot is located on the small
copper board on the laser head. Set the bias for 2 to 3 ma at 3.1
kv. | | |

Operation of System

(a) Free Running Mode

Unit can be operated in freévrunningAmode by setting Pockel -
cell voltagé to 0.
(b) Q-Spoiled Mode |

The laser is Q-spoiled by means of a Pockel cell. The Pockel
cell opens 1n less than 15 nsec and remalns open for approximately
100 nsec, and closes with a fall tlmerf approximately 150 nsec.

The Pockel cell may be opened—at a repetition rate of 100 Khz o

15




.lehz.A'The rate_is coptroiied by rate adjustﬁent pot on'a iaser;;
:head},»Ekaét fates ﬁgsﬁ.be detérminéavbf mohitoring‘BNC tést'point
at laser head. Tﬁis is So—ohm>impéaénée;fapprokiméfeiy +8 ;olt,

' 50 nsec duration pulse. The Pockel ceil'operation méy be delayed
from iOO'useQ,to>l.5 msec éf;er‘iniﬁiatiqn.of triggér pulsé. This.
delay is controlled by pét on laser heaa; The déla& gate period

© - must be monitored at pin #9 on 72710 IC.  This gate period is a

o square wave of +2 v for duration'of'Pockel cell operation. An

alternate meﬁhod is to observe thée monitor tést point; ﬁowe&e:,
this-;equires a fast scopé. | | |

To obtain'a string of equél amélitﬁdé pulses requires én.
'-enérgy balénce between flash lamp input aﬁd lasing output. Singe
the lasing efficiency of the iuby is a fuﬁctibn of its teméerature,-
a trial aﬁd error operational procedure with timed intervals must

be established.l

lFor further details see M.E. Fourney Ph.D. Dissertation, Calif.
Inst. of Tech., 1963.
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SETTLING CHAMBER AND INLET

Fig. 1. The UCLA Water Tunnel

‘.



\mirror CT

508 ém (2in)
—

Ruby laser

lens

" mirror P
. " object
. hologrophic
) o film
(A) Recording
mirror
He-Ne laser &

\

mirror .

hologram rotating
diffuser

{B) Reconstructing

Arrangément for Recording and Reconstructing Holograms

%mﬁ:

“haigadelie

W
R

) 'ﬂﬂ"



IWLICA PO

LI w\ ’

A

B

I

. A9VLI0A

- %Ot ¢ .
RI0 B

?;ii .: ?« 4ot )

. S ddusn o_.W\ R ﬂ

9344 OF

‘y M. uwcanmo utqu

gt 0 ot s 4

: vo
2vidk O3

4:wq:u

RS

9:.\
_. wor §
\:I-!ill

i
5

&
e
T R
W

. wo.t ._o> RYY)

ml- 4

ﬂulr

2 4 I ...u...:.

..-.w.>¢w

cwm

e L X

P S 1L O A

_ M
MA—

le?q:

onu

o X ?.._..ﬂ.#/__.
r_.. ..)))\.ﬁ(\ Wi wnot

!’.Jl)?.lﬁlil.. - s

.,r.

' S e hq\Se_
L, _ %0 [
e ", e a&& e s ettt
‘ e (¥l W...v..f .Il
N

ey umﬂﬂAWMQ.:a N \n
"’ . |\.n.r ~ \
reCat | Tv.x...;i..l.l...& -

(-t

L€

v:

T owie”

cc?.

ey v

o b abmenien s

QQ_

s«

e

I|| AAAS = |
i v-a.

Hﬂbo....._

.145.

.m .mam R N _ s
» . ' R .
B . ) . ..u
N R .
Ter( Ny ! .. apis . :
: ooy <. =
A buyy N .

|
»c...cp
b L2171

E_

G

—o—— .llL :

_ ,
,.“.,.ﬂ.ao!..-.

_ s

t oovh -1

s—u.

W . .
[ o -
' s .
f"- . - . -
. .

{IL

R e AN

.r A Ogvis

bﬁ

)i ....c,.c -.....
..

ik

3]
....Mﬂ. -

@.

AT

.

5 A.3:.

T

) . ot
,.._....r, o

].Illl...‘- —————ecag

)

;

_~.l....... _—

© vemes s he

B
. em . seem e e -l"l-ﬂ I.I!'.L bbl - '-l‘.’ '

e e cee mam e

o0 np

o e mm oy "..xll‘..l~ .thl%l.ll-ll..l'

- -

: booo

AT . ...I)c b
L —aAn = . . .
Xty i .
’ -
3& : .Tl.

% : v N
. -
. AR

4

:,.i ..u.

.h- ...,.

.

- - --;-..'.:_-.',_-“ X -~

A £ * ; obLAU
~ fov Mool T3t
. ’ — ofx
[RIN (L Spprapy § ! A __A.v Il:|||l.

-
>
9

>sh\>.z ool A

WD) oL

ML e O

P wmin s mov l

[ P e

ﬂ.!/..ow.

A 4
?.__ o&:.a—w_
LY SR V9
iy wawar

SERDOS [ (W | S L

-
e St
[

u;
S
Elf

IIIAA .!.o!ll-!L

W

ads
g




Tavowlong (odntAvd - ¥({{Ci8 < -

ST B

[ESH

pesH I988T

ov om-ﬂh ) ..A - .._. n. .. . . ...... .. ....

MA@

E { C Cawane ﬂ . R .
‘ Tvd o Lo . S . .
PV . 70 % otv S . S
ag 60C 2:.~|.ﬁr_ Ol | &.@J i ) . . o

T, .RA nvd . ot . ...I...I.lr _/a~
I " Aoor /30001 n#. mﬁSm M WMV TM_.. 3 £ 717, ..w.:ﬁ " b s ,_+ *

T _ ‘ R [
: : . . .. UIAPOASvuY.L | - T . *
o I ..._w vasayy ﬁ i o

.-? - o Co
. l44

:«h

e m FLLN T
NLILOS AL

e

b
FLE A T%l' N. ..qﬂ. T\“.anh_ ¢-

408 Twﬂ.ﬁ--:- L T17S

e g N\ A

B

- oo - .

. \lrl\‘lL

W

. Py

5 berb et

Lelo g

MJ e
(S s

.,v,,Und.rxu

Tl.)ll

. of1 /» L .
. .. . . _ . . nool - . NI0|||.AAO

e

.
R o
. il N
. “ .. .
o e e e e e e : ; —,
_ <&

R NP A B MBI ENE CAE P P 16 BBt s 9B MR, e e

e

on. +

..... - &

., ] . AJJGU Jd) Av

xo? . \
L [Sduv) Au ./%.

. _ .
S SET T T eer Y

S ]
TR T
{2 Jond Y o
s daoravs o4 A ”w:_!i!.\:r.

[ ¢



E APPENDI}‘(.:.'.A“ i

’_sThe Genéretion‘an( iotlon of Near—Neu*rally

Buoyant Tlacers for Holocraphlc Vlsualszatwon

| :.of:Vortlcal Flows |
" Abstract B
Holograms of tracers injected into complek~flow fﬁelds pro--

vide a way of v;suallzlng the structure of the flow and sxmultane~
© ously provide.a~quant1tatlve’record of the complete three-dimen-
: sionel velecity field. A practieal applicatibnvof this technique
to water—channel testing requlres the use of relatlvely large
'tracers which must then be neutrally buoyant to follow the flow.
This papex descrlbes_the qe31gn and pepﬁormancerf a tracer_genera~e
“tor using dr0p1ets'of a mixture of liquids‘the-density of which can
be tccurately.matcheﬁ_tu that of the ambient flﬁid, An analivsi
“the motion of particles of atbitrary deneity-and‘size in solid body.

and potential vortex flows is presented.



Introductlon

Streakllnc v1suallzat10n 1s a useful dlagnostlc tool 1n the
study of complex flow flelds. It allows one to galn an understand-
.1ng of their overall structure and ldenclfy the partlcularly 51gn1—

" ficant reglons for further probing. Unfortunately, truly complex,'

' three dlmenSLOnal hlghly turbulent flows where vrsuallzatlon could

“ ‘be most useful are the most difficult to visualize. Smoke and
~ dyes diffuse rapidly and if the flow is unsteady-(or contains high,
'large scale torbulence) only discrete particle-iracer techniques
can be used. Examples of such flows of.considerable current inter-
.est are the vortex—wake_downstreah of lifting wings or the wakes
generated by irregular obstacles in a chear—flow, such as huildings
in the'wind—bouhdary laver. .
The potential of'particle tracer visualization is greatly en-—
'_hanced by thc development of laser holography. - It is not only aﬂ
way to-visualize the structure ofAthe'flow but also a precise quan-
3titative tool capable of yielding‘data on the local, instantaneous,
three dimensional vector velocity field. A double-exposure holo—»
gram with a propérly.choeen interval between exposures provides a
record of the position of the tracer particles at two instants in
time. The displacement of each tracer between exposures in the
: plane of the film yields the local velocity components in that
plane, like in ordinary photography. A hologram contains, in addi-
tlon, information on the displacement of the tracers along the opti-
cal axis. This information is extracted by v1ew;ng the hologram
through a small depth-of-field optrcal sfsteme(a microscope). Fig-

ure 1 shows, as an example, two microphotographs of a hologram of



a pair of tracers. The mlcrosc0pe is focused on one and on the

other particle, respectlvely. The change in focal adjustment is

. prOportlonal to the dlstance between the partlcleq "into" Lhe pic-.

~ ture. In the example shown here the tracers have a_d;ameter of
200 microns and their spacing normal to the photogreph is found
to be 340 microns. Considerably finer spatial reeolution is,pos?
siple. (1) (2) R | |

The present study is concernearwith the development of a prac~:‘
tical tracer partlcle generator for use in holographlc flow visual-
1zatlon in water—tunnels, spec1f1cally, for the study -of vortex
wakes. ThlS empha51s defines the desirable characteristics of the
trecere,'whlch are rev1ewed below.

- The optical dieturbances associated with takino.holograms
tuTOug: glass windows into a water environment are oons*derebly
larger than ln air. A series of experiments using tracer particles
of'variousbsizeé ranging from 10 microns upwards proved that, what-
ever the optical arrangement, intensity of'illuﬁination and‘perti_
cle material, tracers smaller thanlSO microns did.not yield useful
pictures. "Their image could not be dietinguished easily froﬁ |
"speckle"patternsﬁfand4shadows resulting from nonuniformities in
the glass windows and gradients in the flow. In order to maintain
the value of this technique as a Pvisuallzation" technique, that
is; in order to be able to view a hologram and clearly-see the struc-
ture of the flow field with the'neked eye, tracers of the order of
100 microns are necessary.

The tracers-should be spherical. .It is then possible to deter-

minc accurately when they are in focus, as illustrated in Figure 1.



Wé‘experimentéd with quanine crystals used in the cosmetié dye
ihdustiy. These are platelets'havihg-;fpical dimensions of»30:

‘x 1 microgland a very high refiaétivity. They are atfractive as
 tracers_because of thei; higﬁ drag to mass ratio; their irregular
shape makes i£ difficuit to aefermine‘when they are in focus; the
‘' uncertainty in determining their out;éf—élane shifﬁ'is.an order of
maghituag laréer than for sphericaliparticleé.of.équal size. .

Thé traqér particles must follow the fluid. "This is usuélly.
insured by choosiné small particles which have very higﬁ drag as
compared witﬁ their inertia.. Largér pérticies can follow the flow
only if they are neariy neutrally buoyant; an analytical study of
the motion of tracers of varying specific éfavi£y in vortiéal flow
isAdescribed in the text of this paper} Since it is virtualiy im-
possible to findusolid particle tracers‘with‘aﬁ accurately contrpl—
lable density, one is forced to consiaerntracers Which are droélets
6f a.mixture of liquids invisciblé in Wéter, the specific grévity
:of'which_couid be matched exactly to that of thé ambient fluid.

An unambiguous interpretation of double—exposure holograms
requires that the average spacing between tracers in thé field_be.
significantly larger than the distance they travelled between ex-
posures.. If a typical diameter of the tracer is 100 microns and
its typicél displacement between exposures is set at a few particle
diameters (which gives an excellent practical resolution of the vel-
ocity field) the seeding density should be of the ordexr of one par-

ticle per centimeter; if typical flow velocities in water-tunnels



'range-from 1 to 10 meters/sec,‘the required rate of seed-particle
injection is 100 to 1000 partnclcs pex second )

"~ Last but not 1east, the particle generator must be sufficiently
small to avoid disturbing the flow under study. Considering typi-
.'cal sizes of water- tunnel models, the characterlstlc size of the

tracer 1njector must be of the order of half a centlmeter

The Design of the Drop Generator

A considerable number of designs'of drop.generators.havesbeen
reported in the literature; _None'of theSe designs meetsAall the
constraints discussed in the. Introductionr The two general types
.are: (a) Generators producing a fine liquid jet and relylng on
the Rayleigh instability of the jet to disintegr?te it into drxops.
This princinle is mainly wsed to produce aeroso]_s,but it has also
‘been applied to the generation of liquid drops in a liquid environ*_—
ment(3)._ Generators of this type tend to be high frequency devices.
(b) Generators u51ng some mechanlcal means to shear off small masses'

( )

of liquid: rotatlng blades( ), vibrating - reeds and wires _,”pul—

(6)

sating supply pumps and many others (the references quoted here

are by no means a complete bibliography but merely typlcal examples) .

These devices can be made to éroduce drops of the.size and low free

quency contemplated here but they tend to be physically ueryvlarge,
In the present. design the tracer liquid is ‘injected through

a small hypodermlc needle and sheared off into droplets by a rela—

.tlvely strong, coax1al jet (of ambient fluid) surroundlng the in-

jector tlp. The generator is sketched in Figure 2. The central -




'tnbe is a stainiess_steel hypodefmic with 102 nicfnns (.004 inches)
I.D. and 264 microns O.D. The diameter of the coaxial.jet is .95 .
mm. The overall dimensions of the 1n3ector head are 2.5 mm O. D.'
‘and 5 mm in length 4 o |
The tracer‘liquid is a mixtnre'Cf a minefél oil'(the usual
“"red flUld" used in manometers) and carbon tetrachlorlde. These
. fluids have specific grav1t1es of 0.827 and 1.5, respectlvely.
Experiments included mixtures in varlous'proportlons giving tra-
éers with posifive or'négative buoyancies. The-Surfaée ténsionAv
| ~of the componenté fin water) is nearlyuidentiéai:n 48 dynés/cm
:for the oil and 45 dynes/cm for.éafbon-tetréchloride. One can
' therefore expect no effects due to mixtdre_ratin on the drop size,
"which was experimentally verified. Noté'that there- are other mi*—
turés which could alsc.be used to produce a neutrllly buoyant tra- .
cer, for examplé (7) benzine and carbon tetrachioride.

Thé size of the droplets formed by this method depends on a
‘balance between surface tension forcés and ﬁhe drag exerted by thé
surrounding jet on the nascent drop; for near—-neutrally buoyant
drops gravity is absent. A spherical drop of radius R formed on
a needle of radius r (w1€h E%g)l ) and acted upon by a drag
force Co éf\/(}? -r?)  is in ‘equilibrium when

: r r
2020 G

/73) ~/

"This model serves to define the governing parameters for scaling

purposes. In actuality the fluid mechanics in the neighborhood




.of the nascent drop is vcry complex, eopec1a11y whcn f?<'f. o
v»The ratlo (/9rV,ér) represcnto the surface ten51on contact angle
involving the charactcrlstlc of the SOlld llquld and 11qu1d liquid
-1nterfaces, but it is best 1nterpreted as the equlllbrlum drop to-

" tube radius when the drag force (or the amblent flow velocity) van-
ish. Thls can be determined experlmentally, see FJgure 3. Thls

' figure depicts a drop of pure mlneral 011;>the sllght buoyancy force

‘on it can be neglected. For the tracer.liquids tested we obtained
S5 5 L1y
AN A

The perforﬁance'of the coakial—jet'drob~generator is shown on
Figure 4. The.generator can produce drops smaller.than the outer
 @iameter of tne injector tube, in fact, smaller than its internal
‘diameter. In that limit the siﬁple model described above is clear-
ly not.applicable. Turbulence and instabilities of the base-flow
around the end of the injector tube would Seem'to.be responsible
for "tearing" off the nascent drops before they grow to "equili-
brium" size. Figure 5 shows typical photographs (of holograms)
of the near—field; In particular, Figure 5A captures by a shadow-
graph effect the turbulence in tﬁe secondary jet. Due to the rela-
tively large focal depth of the camera, all droplets in the field
are-here approximately in focus, in contrast with the microscope
picture, Figure 1. | |

We inuestigated some variations_in thevdesign which shouid af-
- fect the fiow and pressure fluctuations'in the immediate neighborhoOd

of the injector-tube exit. One of them is the overhand of the in-



"Acoax1al cyllnder in rotating flow

Jector tubc beyond the ex1t~plane of the control jet Best results

(most regular drops of small dlameter) were obtalned w1th an over—

- hang of about one dlameter of the Jet.l We also trled to 1ntroduce

" swirl into the control Jet by thrcadlng the secondary flow passage
'(0 8 UNM mlnlature screw thread) The base pressure around a blunt
(8) ~is known to be very low and
the wake closes much more abruptly than in flow w1thout rotatlon
1These elements should contrlbute to an early "pinching" off of
'drOplets. However, p0351bly because of the low thread-angle and
| depth, thlS dld not measurably change the: performance of the drOp
| generator. -

The operation of this_injector is‘highly.Satisfactory. Drop
sizes are controllable; they issue with good regularity. The drop
‘size distribution is quire narrow, see Figure 6. The drops are

spherical which makes focusing accurate. The Optlcal propertles,

of the droplets (lense-effect) are adequate to produce good photo-

graphic contrast without addition of dye. The coaxial control jet
velocity decays reasonably rapldly (1n a dlstance of the order of
" 10 jet diameters) so that the total dlsturbance to the flow is
reasonably small. We feel that the injector could be ea51ly fab-
rlcated entlrely of stainless tubwng (1nstead of the brass body
used here) w1th a finexr control jet and outsrde dimensions about
half those of the unit tested. The overall disturbance to the
flow can .be assumed to decrease with the square of the jet dimen-

sion.



The Motion of.Traccrs in Vortex Flows

The equations of motion of“partieles in polar coordinates are

~ taken to be - R _?"j .1»5;2

@ (Few?) = - //)we/zz,, A)

FEEP a s
(2) _-(%U fiékg/f = -~ .§§25~ 2%9:£ Y;Sﬂngzgoed;V:)

IRV L fy“

o Jsé*i 48:_232

The pressure:gradient terms as well as the Veloeities uf and Ve

(radlal and’ tangen+1al, respccthQTy) dcscrlbe the flow in whlch 7"“

the particle is 1mbecded. The pressure gradlent term is an approx—

imaticon tc the force on the particle arising from the pre»su~

. N - (9)(10) . .. . e
dlStrlDUelOﬂ on 1tc =surtface . It 1s 1mportant in vovt;cai
flows which are dominated by the balance between centrlfugal and
'presoure forces. The presence of this term leads to the result
. that ‘a neutrally buoyant particle initially in equilibrium with
a fluid vortex will continue to rotate with the fluid without

slip, which is intuitively correct. Body forces due- to gravity-

are neglected in this formulation. The drag force on the parti-
: L7 '

) . B . P .
cle is assumed to be Stoksian. The drag parameter B is pf the order

of 103sec™!

for typical particles (a = 100 microns) in water.
Two cases are discussed below for which the description of

the f£luid motion is the following:



(af' Sqlid_body rotation.

o l ( ]’0 / o), "’4’2’” k7

(b) Free (potential) vortex

f".‘i£4¢=0 KB Ear-

  (4’) | (gp) =0 J-/f/z’/

~ _Tracers in a Solid Body Vortex

Y?\ *3l€§t  ."'-

Substitution of e§uétion 3 into (1) and (2)-yields:
o va'v ‘. -2

(5 r o+ S8r «ﬂa)z'ch"A;/ =0

G /w + 2000 # J’&u/’ SBL P = o

Define the variéble q

- 0
[N o /)
(7) | 5? = -7;

and use

i

. L _ oy 'o/a) /
0  G=fgd. g /)/

to obtain from (5) and (&), respectively:



£ ot ,5”/« ,s*ag,_

.(9) —_
- ofo - ' 55 -2
(20) [/“ 0/ | W - QJQ
b"Sorthat) after rearrangement . L Jﬁ%‘ | .
) | . éﬁ?
ow 4'§§//5”@/§‘%§9y

(11)

Figure 7 shows the character of the‘particle trajectories in
the gqy plane for the case in which (Eﬂié‘) > /SAs .+ which

is the more practlcal case. The solution for the other cases

(the axis of the hyperbolac = 0 is along g = BS/2) exhibits iden-

Pluses and minuses in the various regions

L ]
‘tical characteris t cs

 -designate thé sign of the slopc of C@VQ&) alcng_the curves repre-

senting solutions. The direction of the trajectory (increasing
time) ié indicaﬁed by arfows; |

'Bégiﬁﬁing from any point in the plane, which represents the
initial conditions at the instant of its insertion in the flow,
the particle‘willvmovelfowards a'singular_point marked A in the -
gqv plane. In the physiéal plane this pa£h>corresponds to deéayi§g
oscillation about a spiral, assjmptotic path, which is_given‘by:the

values of Q-— t/r and W at po:Lnt A, expllc1tly.

0 2

.(12).* 6"/(: /‘,/;/A/g/—J /[1/5'/3) j 5} _/ /\’s,
=5 ﬂ( o= 7l /3‘/5’) 7z /f*)]




it follows tﬁét the'average radius of the particle Varies exéonené
.tlally with time at a rate which depends on the ratlo of the fluld
- to particle den51t1es and the dJmen51onlcss parameter B/K..
It is ea511y shown that when S % 1 the_assymptotlc motlon.of
"the particle is a steady rotatien at é)r='ks(the siﬁgﬁlar'point A
 11es at a) = K3)§f= 0). When S > 1 (the.Patticleiis l;ghter theﬁ<
- the fluld) 7Akls negative (r < D) and.it'will move towar@s thei
center of the solid body vortex. The revetse occurs when S < 1.
The second singﬁlar point cn figure 7 . clearly tepresente
an unstable condition.‘ It corresponds te injection 6f the parti- :
" cle with an engular yelocity-aéainet the flow_(negatiVe vélues..'
--ofq)). Any dietutbance will cause the pattiqle te spiral out of

this point and follow the trajectory indicated t?wérds point A.

- Free Vortex Flow
For a potential vortex, one has by substitution of Equations

(4) into (1) and (2)
. (X} . b4 /«; .
(14) /’-;‘-5"8/’-—- e ’I"J//";; =0

S84,
= =0

(15) [0 #2008 v SBws -

Mﬁltiplying the second equation by r it can be ihtegrated
: ' A 2 ' ' '
a () = (4w -#)exp (~SEF)

where ry a) are the initial conditions at the injection of the

tracer, The radlal motlon of the tracer is then described by

11



(17) /’+.5”5/° +/,3 [(.S’—/)4 C'e;/)/—’s’é’f) 1‘2/((78370/&9(-) = O

'where - ' a [p[da P)

The effect of the initial condltlons of 1nject10n decays expo~
'>nent1ally in tJme. It becomes negllglble if: -

(a)" The partlcl° 1n3ectlon condltlons are such that

o2 _
ﬂ ey = A ,,/'cdf | )
(b) after sufficient time t» SB. Since for small tracers in
7water B is large {of the order of 10:3)_ this case is practically

significaht;"The’tihe constant chéractérizing the decay of the-
initial disturbance (SB)-l should be compared with K/y‘ : the
ratio LP(}“ SB) repreuents the number of revolutLOns required
to ettenuate the initial tran31ent.i |

Under thesebcohd;tions (which do not in'aﬁy caee change.the-

general character of the solution)_Equaﬁicn 17 reduces to
. - . .'. _0. 'Z /2—
(18) Fa SBy ¢ /,3_/5"—/)/,, =0

N : 2.5) - S8rr3
g BT
(1) or | rr’

!

Figure 8 shows the character of these solutions in the #,r
plane for both S smaller and larger than unity. Axrows indicate
-the dlrectlon of motion in time. As in the solid body vortex

particles heavier than Lhe fluid (S > l) w111 move outward khlle

12



-lighter particles will move towarés the center. For néutrally
a‘bub§aht particles, S = 1, Eq. 18 can‘be~immediateiy integrated,
showing that neutrallylbuéyéht éérticles.in‘a free vortex will
also reach equiiibrium with the flow.at some radius'(ﬁhich;différs
- ffom the injection radius_dependiﬁg onnfhe initial conditions) re-

gardless of the injection velocities.

-Conclusion

A significant conclusion of this stddy is that the motioﬁiof_.y
a particle in éither a solid-body oxr fréé vortex will coﬁVerQé
to full equiiibrium Qith the fluid regardléss of the initial dis-
'tﬁrbance at the injection‘of‘thé particle, provided that the par-
ticle is neutrally buoyant. Conversély,-when the particle has a
density differéﬁt_(smgller or larger) than the aﬁbicnt_fluiﬁ, it
will always méve (inward or outward, respectively) relative to
the flow. The relative motion becomes asymptétically independeﬁt
of the'initial cbnditions;lthe.error can be estimated from a numer-
ical solution of equations given in the téxf.

The idea of producing ligquid-droplet tracers whose density ana
size is finely controllable seems feasible. The performance of
the coaxial-jet generator outlined in the text is very satisfactory

.

for the purpose.
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.! Figure 3.. Drop forming with no coaxial control jeé.
- Mineral oil, s.g. 0.827.
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Flgule 4. Performance of the drop generator.
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Figure 5. Typical operation of the tracer'générator. Top: R= 3L

0 microns
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Figure 7. Character of the solutlons for the motion of
' partlcles in a solld—body vortex.
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i Figure 8. Characteristic trajectories of particles in
4 a potential vortex.





