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Vortex flows paint themselves

G. E. Koppenwallner and D. Etling
Universitat of Hannover, Germany

The artsstitke pictures of vortex flows presented here have
been produced by the fow 1tsell. The method of this “nat-
ural™ flow visualization can be described briefly as follows:
The working flutd ts water mixed with some paste tn order
to mcrease the viscosity. Vortex flows are produced by
pulling a stick or stmilar devices through the fluld or by
mjecting fluid through a nozzle into the working tank.
The flow visualtzation 1s performead in the following
way: the surface of the Aud at rest s sparkled with ofl
paint of dufferent colors diluted with some evaporating
chemical. After the vortex structures have formed due to

wakes or Jets, a sheet of white paper 1s placed on the sur-
face of the working fluld, where the ofl color 1s attached to
the paper tmmediatefy. The final results are artistitke
paintings of vortex flows which exhibit a rich vartety of
flow structures.

Keywords




Figur= | Photograph of Nannto taken from a Yomiuri Shimbun belicopter during early March, 1996, by Masafumi Nasjo of the
Dadly Yomsurt, Tokyo, Jupan

Naruto: past and present™

Norman ). Zabusky and Wesley

Loboratary for Visiometrics and Modeling

Rutpers Universit

The Naruto strait contains a tidal current whose edges
constftute a glgantic cascading “maelstrom.” It is not far
from Kobe, Japan and Hes between the cety of Naruto on
Shikoku Island and the tsland of Awaji (Hyogo
Prefecture) and connects the higher Seto Inland Sea
(Setonatkat) and the lower Osaka Bay!' The rushing tidal
current 1s a sloping surface jet (exceadtng 5 m/s) in-or-out
between the two seas The phenomenon s strongest during
the first hour of every 6 h and 25 min pertod, particularty
at full moons In the early spring, when Nanjo's photo-
graph was taken (earfy March, 1996). A bridge now spans
Naruto to Awajt and was hintshed in March of 1985.

In the photograph we see a near-vertical aerial view of
a sight-seeing boat close to the southwestern (counter-
clockwise-vortex) edge of the cascade Dominant vortex
structures may be 30 m in diameter We awalt the
quantthcation of the stratthed turbulence of this natural
wave-voriex system.

Keywords
maelstrom; whirlpool; tidal vortex.

* This page semmarwes the Narulo tmages collected by N. 1 Zabesky
during his viskt 1o kepan tn 1996. The photograph above was proveded by
Masafums Nasfo of the Datly Yomturt, Tokyo, Japan and s printed with
his permission. The pholograph was submiited & the posier, “Naruto
96 to the 1996 Gallery of Fluid Molion 2t the American Physicad
Soctety Diviston of Fluld Dynamies ansux meeting in Novemnbet, 1996
Another sshentssion was 2 video “NARUTO: Past and Present,” ereated
by Norman L Zabesky and Wesley Townsend. It was based om the 19th-
cemtury Uksyo-e print by Ando Hiroshige and aa NHK Tokusttma video
made durtng the bridaes mauguration ceremony 2 March of 1985 and
Nanjo's print. The wideo was provided by Professor K. Isha of the
Department of Appliad Physis al Nagoya University N 1 Zabesky
acknowiedpes the g of these tmages. Many of them can be seem on our
URL homs page. hitpricatp rutgersedu/vesab naruto himi

'For sighiseeing mibrmation, e Joy Gluck, Sumt (Geck, and Gamt
Giuck, Japar Ienide Ow! (Personally Omemted, 13d. Asheya, Japan,

1992)
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Figure |

The collision of a droplet with a solid
surface

S. Chandra and C. T. Avedisian

Comnell University

The photographs displayed above show the impact,
spreading, and bofling history of n-heptane dropiets on a
stainless steel surface. The impact veloctty, Weber number,
and inetial droplet diameter are constant (values of | m/s
43 and 1.5 mm respectively), and the view 1s looking down
on the surface at an angle of about 30°. The photographs
were taken using a spark flash method® and the Aash dura-
tion was 0.5 ps The dynamic behavior tHustrated in the
photographs 1s a consequence of varying the tnitial sur-
face temperature

'S Chanéra aad C. T Awedistan, “On the collision of 2 droplet with a

sobid surface.” Proceadings of the Royal Sociaty of Londos A @2, 1341
(1991).

0 Imm

I —

The effect of surface temperature on droplet shape
may be seen by reading across any row; the evolution of
droplet shape at varfous temperatures may be seen by
reading down any column. An entrapped air bubbie can be
seen in the drop when the surface temperature 1s 24°C_ At
higher temperatures vigorous bubbitng, rather lke that of
a droplet stzziing on a frying pan, 1s seen (the botling potnt
of m-heptane s 98°C) but the bubbles disappear as the
Letdenfrost temperature of s-heptane (about 200°C) 1s
excoaded because the droplet become levitated above a
cushion of its own vapor and does not make direct contact
with the surface. The droplet shape 1s unaffectad by sur-
face temperature tn the early stage of the impact process
(1=0.8 ms) but 1s affected by temperature at later time (cf.
=16 ms) because of the progressive influence of tntermit-

tent solid-lsquid contact as temperature 1s increased.

Keywords
cavitation bubble; Leidenfrost effect; surface tension.
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Figure l(a)
Figure 1(b)
Figure 2(a)
Figure X(b)

The bifurcation of liquid drops

Michael P. Brenner, X. D. Shi, Jens Eggers,

and Sidney R. Nagel

The breakup of fluid drops ts one of the smplest and most
ordinary examples of a hydrodynamic singularity, In
which physical quantities diverge In a hinite amount of
time. These pictures document our experiments and com-
puter simulations of a water drop falling from a nozze.'?
In the top panel we show a sequence of photographs
in which the drop first breaks at the bottom and then near
the nozzie. The sacond row shows 2 numerical simulation
ol the process using modihed long-wavelength equattons’

;

E

Figure 1(c)
Figurs 1(d)
Figure 2c)
Figure Xd)
Keywords

surface tension; dripping faucet; droplet pinchoff;
simulation and experiment.

'X. D. Shi, M_P. Breazer, 2ad S . Nagel, “Cascasde of strecture 2 2
drop falling from 2 faucel” Scimor D6S, 219 (1994)

IM. P Bremser, I Egpers, K. Joscph, & R Nagel, and X. D. She,
*Breakdown of scaiing in dropiet fission 2t high Reynoids nember”
Phyz Flaads®, 1573 (1997).

'1 Fgpers ind T. . Dupost, *Drop lormagios i 2 ooe-dimesional sppros-
mmation of the Navier -Stokes ageation,” J Fhuid Mack. 262, 205 (19%4)



Figare 3

Figure 2

Water balloon rupture in low-g

M. M. Weislogel

NASA Lewis Research Cemtar

and S. Lichter

Northwestern University

A qualfitative study of the bursting of water balloons In a
simulated low-gravity environment was conducted aboard
NASA Lewiss DC-O atrcraft. Following rupture by a
syringe needle, the balloon retracts tanpent to the water
surface leaving a smooth surface near the puncture loca-
tton, Fig. 1. Asymmetries soon develop as the membrane
rips apart, ejecting a directfonal spray from the surface.
When the balloon parts from the drop enttrely, it causes a
large deformation of the rematning Isquid mass leading to
signthcantly underdamped oscillations which persist for
the duratton of the simulation.

In Fig. 2 an approximately 2.5 liter blob of undulating

Figure 4

water hovers after rupture of the membrane A free
floating, red-dyed water blob flattens, crowns, and breaks
up after tmpact by an tmpinging bluve-dyed water jet, Fig.
3. In Fig. 4 a large air bubble 1s blown Into a free Aoating
blob ustng a straw. Such flows are unearthly tn that a bal-
ance s struck between capiilary and inerttal foroes over
truly large length scales

The tests were performed to develop technigues to rap-
idly deploy large Hquid drops In a2 micTogravity environ-
ment. The footage has also proven of peneral interest and
ts used to Introduce students to low-g phemomena
Quickttme movies may be found at http:Vzeta lerc.nasa
gov/ballcon/blob.htm. Related ground tests were also per-
formed ustng high-speed video photography and may be
found at http:iizeta lerc.nasa gov/balloon/hs htm.

Keywords
:aqm inertial oscillations; capillary length-




Laminar jets can splash!

It has been observed that a liguid jet imptnging on a solid
surface can produce splashing. High-speed photography
has revealed that, with a turbulent jet, splashing 1s related
to the jet surface roughness To investigate the tmportance
of the jet shape on splashing, perturbations of known fre-
quency or amplitude are tmposed on the surface of a
smooth laminar jet

The top picture shows the unperturbed smooth jet as
it spreads radtally on the solid surface The varicose defor-
mations tmposed on the Jet surface alter the Aow quite
dramatically (center picture) As we further increase the
ampiitude of the osctliations splashing staris suddenly
The bottom picture shows the beauty and complexity of
splashing.

Keywords

forced jet; atomization; jet impingement.




Figure | Re

O(HUNDRED

omb / water drop

On the right, an aboveground nuclear test in Nevada In
1957 (US Department of Energy).

On the left a water drop falling into & pool of clear
water (photo tnverted, drop dyed with Ruorescein, photo
taken by Peck and Sigurdson’).

The stmilarity in larpe-scale structure is despite a
tremendous difference in Reynolds number and buoyancy
effects.

The hypothesized vortex skeleton structure' is repre-

R Peck and L. Sigurdson, “The three-dimensiosal vortex structzre o

= impacimg waler drop” Phpa Flaldy 6 (2) S64

vimltzation In
Jrpan, Allas of Vismiination 3, 99113 (199

Sigerdson, “Flow lurbuent larpe-scale siructiore

mscarch,” Flow Vi Soc T
L. Sgurdson, Ml Am Phys Soc. 32, 2095 (1967)

1. Ssgurdson and B Peck, Bl Am. Phyx Soc 34, 2286 (1989)

Figure 2 Re= O (BILLIONT) “BIG ENOUGH"

sented by three closed vortex lines: the primary ring with
four axmuthal waves four connected loops “shedding™
from the ring, and four counter-rofating vortex pairs
forming a “stalk” reaching from the primary ring to
another ring of opposite sign sttuated at the bounding sur-
face

The reasons for the stmflarity tn structure involve the
inittal conditions for the vorticity generation. The bomb
shortly after detonation consists of a fireball and vorticity
is generated at 1ts surface. It ts produced from pressure
gradients acting on the density pradient between the less
dense fireball and the nearby air. The pressure gradients
consist of the vertical hydrostatic pressure gradient and
the pressure gradient assoclated with the shock wave
which 1s reflected upward from the ground.

The vortictty peneration mechanism for the water
drop has been an area of investigation.™

Keywords

mushroom vortex.



The colors of turbulence

D. R. Sabatino and T. ). Praisner

Lehigh University

Thermochromic Liguid Crystals (TLCs) possess unique
physical properties which make them a powerful tool for
temperature visuallzations'measurements The imagpes
above fiustrate a variety of turbulent fows for which sur-
face heat transfer is reflected by the color change of TLCs
appiied to a unique thin-film constant heat fAux surface
All of the tmages display color patterns which are propor-
ttonal to the instantaneous convective coefficients.

Figure | fhustrates the surface heat transfer patterns
for a jet of cool fluid iImpinging onto 2 warm surface.
Flgure 2 shows a temporal sequence of patterns penerated
by a passing turbulent jet of cool uld. Instantaneous end-
wall temperature distributions at the base of a turbtne cas-

Figure 1

Figure 2

Figure 3 (lefl)

Figure 4 (right)

Figure §

cade are fllustrated in Figure 3. Figure 4 tllustrates pat-
terns created by free-convection cells distorted by a sink
above the center of the heated plate. Finally, the saquence
shown tn Figure 5 shows the transition of a laminar to a
fully turbulent boundary layer, as fliustrated by the devel-
opment of the classic low-speed streak patterns

While TLC thermography s a useful visualtzation
technique, it 1s even more valuable as a quantitative sensor
of surface heat transfer. Employing a unique experimental
apparatus, TLC measurements have been simultaneously
combined with high resolution PIV to yleld quasi-three-
dimensional results. To see details of this technique and
selected results, visit www.lehigh.edwfluid.

Keywords
thermochromic liquid crystals; turbine cascade; heat-
transfer patterns.
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4. Hele-Shaw flow past an inclined airfoil. Dyve in o4 hnhe veloorks are represenied there. The model is be
shows the streambines of plane potentiad tlow pest en tween glass plates | men apare. Werld 1973, Reprodacad, with
NACA 64ADLS mirfod st 15° angle of actck. However pevwvashm, from e Asrmasd Meview of Hoed Meckama

hecauwe the Hele-Shaw flow canret shose circulation. the Valure 5 © 1971 by Anmsaal Reveesn I

Kutta comdition o et enforced at the orading edge. Hence

5. HeleShaw flow past a rectangalar block on a plate ) streamiine that pases close 10 2 stagnation point. Thes
["¢ ik L faithfully ssmulanes f-o UMy .-r-,l;-"r::l = ..:.'a'- A preater Jimisa Ol Oye, whh » seen In the & Ll |
fow inme the stagnatase PN of 8 COrEaVe COrmer, ark burrieg of streamline ot the lower rght hassd! corres
the inkrire velocites over an ounsddde coener. The water Frotograph by [} H Peregron

ahes s bomget 1o traved theough the systemn o 1t fallows
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67. Oscillating wake of a blunt-based airfoil. At
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68, Mean flow over a Bune-based airfoil. A 1/300
I eXpPosure averages the Now at the left over a
CYCES 10 @ve a « moketely Jdilfererne Lo

presslon ot tf



151. Generation of turbulence by a grid. Smoke wires ber is 1500 based on the 1-inch mesh size, lstabilicy of the
shaw & uniform lamdnae stream passing through a '), ;-inch shear layers kads o wrbulent flow downstream, Photo
plare with Y%inch square perforations. The Reynolds num graph by Thomas Corke and Hamsan Nagib

153, Homogencous arbulence behind a grid. Behind stream, it provides & weful spproximation w the idealza
a finer grid than above, the merging unstable wakes tion of isceropic urbulence. Photograph by Thomas Corke

quickly form & homogeneous field. As = decays down- arad Hassan Nagib



156. Comparison of laminar and rurbulent boundary
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264. Cylinder at M=2.77 in carbon
dioxide. A finste-fringe interferogram of a
ciecular cylinder in free faght shows the bow
wave wrapped more closely about the fla
face than in the preceding photograph,
both because the free-stream Madch sumber
" w(ﬂ'(r ﬂr\l i“'“ll.r 'hf -.I.illl“lll CApM
nent is lower, being 4/ foe carbon dicxide
compared with 7/5 for ale. The shock wave
u resttachment is visshle, followed by a sec-
ond oblique shock wawve from a bump on
the cvlinder. Phoiograpk from Air Flow
Bramch, U.S. Army Ballistic Reseusch
]_d}urdf.rn'.

268, Cylinder at M=36 in air. A
shadowgraph shows a circular cylinder in
free flight at a srall nggative angle of at-
tack. The apparent squashing of the face is
actually opeical dswomion. The oblique
shock wave from boundary-layer reattach-
ment is seen merging with the wave from
the wake. Ar grear distances they form the
rear of the Newave pressure signatuse,
shown for a sphere in figure 269, thae Is
chamcteristic of any object in supersonk

flighe Jﬁinmrmph.’ﬂ A. C. Charers




266. Sphere at M=153. A shadowgraph
catches a YWinch sphere in free flight
through air. The flow is subsoric behind
the part of the bow wave that is shead of
the sphere, and over its surface back to 45°.
At about %0° the lsminar boundary layer
separates through an oblique shock wave,
and quickly becomes turbulens, The fluc
tuating wake generares & system of weak dis-
turbances that merge into the second shock
wave. Phaograph by A, C. Chaners
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