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We show that some i d van Gogh painti display scaling properties similar to the
observed in turbulent fluids, suggesting that these paintings reflect the fingerprint of turbulence with
such a realism that is even consistent with the way that a mathematical model characterizes this
phenomenon. Specifically, we show that the probability distribution function (PDF) of luminance
fluctuations of points (pixels) separated by a distance R is consistent with the Kolmogorov scaling
theory in turbulent fluids. We also show that the most turbulent paintings of van Gogh coincide
with periods of prolonged psychotic agitation of this artist.

PACS numbers: 47.27.Jv,01.50.fh,42.68.Bz

Everything in the last period of Vincent van Gogh paintings  We show that some impassioned van Gogh paintings display scaling properties similar to the

transmit his own feelings about a figure or a landscape. It has

Starry Night, vividly transmits the sense of turbulence and war - ObS€rved in turbulent fluids, suggesting that these paintings reflect the fingerprint of turbulence with

NASA/ESA Hubble Space Telescope, where eddies probably cau

is the purpose of this paper to show that some impassioned van  SUCH @ realism that is even consistent with the way that a mathematical model characterizes this
peychotic agitation of this artist, reflect the fingerprint of turbu - hhenamenon. Specifically, we show that the probability distribution function (PDF) of luminance

the Kolmogorov scaling theory in turbulent fluids. Specifically

(PDF) of luminance fluctuations (6u) of points (pixels) separatec  fluctuations of points (pixels) separated by a distance R is consistent with the Kolmogorov scaling

Gogh paintings, is the same as the PDF of the velocity differenc

in a turbulent flow as predicted by the statistical theory of Ko theory in turbulent fluids. We also show that the most turbulent paintings of van Gogh coincide

behavior is observed in a field far different from fluid mechanics;

of the foreign exchange markets time series [2]. with periods of prolonged psychotic agitation of this artist.

We mainly study van Gogh’s Starry Night (June 1889), whi
Also, as samples of another turbulent pictures, we analyze Road with Cypress and Star (May 1890) and Wheat Field
with Crows (July 1890, just before van Gogh shot himself). By considering the analogy with the Kolmogorov scaling
theory, from our results we can conclude that Vincent van Gogh was capable of capturing the fingerprint of turbulence.
Our results also reinforce the idea that scientific objectivity may help to determine the fundamental content of artistic
paintings, as was already done with Jackson Pollock’s fractal paintings (3, 4]. Along this same ideas, it also worthy
to mention that another notable ability of van Gogh was recently remarked with an experiment with bumblebees
that had never seen natural flowers; insects were more attracted by van Gogh’s Sunflowers than by other paintings
containing flowers [5]. From this observation, Chittka and Walker suggest that van Gogh’s flower paintings have
captured the essence of floral features from a bee’s point of view.

The statistical model of Kolmogorov [6, 7] is a foundation for modern turbulence theory. The main idea is that at
very large Reynolds numbers, between the large scale of energy input (L) and the dissipation scale (), at which viscous
frictions become dominant, there is a myriad of small scales where turbulence displays universal properties independent
of initial and boundary conditions. In particular, in the inertial range Kolmogorov predicts a famous scaling property
of the second order structure function, Sa(R) = ((6v)%), where 6v = ((v(r + R) — v(r))?) is the velocity increment

ANO-MMNA Mnxavikj PeuoTtwv




. I'evucn .
popinna avTIRETHmON Iog Me 11 Aniaon
’ K , Abvaym A’wmnu@g Auvau}m]
Pon , Nopot TA0ELS, TEGELS | PEVGTAV
, cOUATOIWV , - ;
PEVGTAOV UGGV Mnyoavikng TaLTINTO, Kwnpoatucn
P EMTAYLVO PEVOTOV
Merét dykov E&tcf(ocsetg .
, . , | ovvéyewag-palog , ,
Maoxpookomiki) | EAEYYOV PELGTOV EE106081c oplf Méoec Tipég
avaivon (TemEPAGUEVOV - S OPHTG TOPOUETPOV
. E&omoeig
O100TdoEWMV) g
EVEPYELOG
Apxn
Awatpnong Aropopikég
. ualog eElonoelg
MS,MT" . Oykot eAéyyov Apyn Maloc,
POmS Awgopuct] ATEPOGTAOV Awtpnong Opung
PEVOTAV Availvon 5 . ! o
0O TACEDV OpUNG Evépyelag
Apyn (katoavoun Kot
Awtpnong HECES TYLEG)
EVEPYELNG
Oewpntikn n/kon | Tewpapatikn pelétn (puokd Kot
AwctoTikn LB LOLTIK YEOUETPIKA peyédn) o apOud
Avéivon enilvon (ot adLACTATMV OUAOMV Y10,
ELVYEPNG) GLGYETION
AMNe-MMNA Mnxavikry PeuoTtwv




AL0@OPES NETUED NOKPOGKOTIKMV Kol oo0

OLLPOPIKAV EEIGMGEMYV PONS

MAKPOXLKOIIIKEY EZILQYEIX

AIAQOPIKEYL EZILQLEIX

I Exgodlovv toug vououg dStamjonong Exqodlovy Toug vonoug g Otamyonong
TS WACUC, OOUNC Rl EVEQYELUC YL HACAS, OO #OL EVEQYELUS U8 £V
ULCL TEOQLOYT] TOU LWOOU. ONUELD TOV WOV,

2 Tlepryodgouvy yevird to medlo 0oNg [Teovyodgpovy avaivtizd to Tedlo QONG
2OL EVOLAPEQOVY TOVE ALOYOAOVUEVOVS 2O EVOLUPEOOVY TOVS CLOYOAOVIEVOUC
UE TOUXTLAC TOOPAIATH QONG QEVOTMV. ue ™) Hewontia) nelet) me 00Ng Oev-
OTMV.

3 Egapudovrat 08 6y20UE TETEQUOUEVOD EqapudCovta o€ 6y7ovg amelpoaton
neveboug nat divouv nEoeg TIuES uey€oug nat dlvouvy axoLfels THES
Twv neyebav. TV HeTAfANTOV.

AMO-MMA
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Opwopuot -

I1<oio :

Ileoto pon¢ :

AMNO-MMA

2VYKEKPIUEVT] TEPLOYT TOVL YDPOV, GE KABe onueio g omoiog Kdde
QLoKkO peyeboc Exel o opopuevn tTiun (otabepn N petafPantn).

‘Eotm euowd péyeboc A = 1o medio tov A givar g Guvaptnom g

nopong A(x,y,z,t)
Babpwto Medio m.y. to nedio g mukvomrag p = p(x,y,z,t) (uérpo)

ALWOVOOUOTIKO TESGLO_TT.Y. TO TEDI0 TNC TAYVTNTOG
U=U(x,y,zt,)( uézpo,5/von, gopd)

O y®pog Hésa otov omoio Kveitan éva pevoto. Etval kabopiopévo dtav
OlvovTol Ol TIHES TV UETAPANTOV TOV (TLKVOTNTA, TAYVTNTA) GE KAOE
onueio Tov ko o€ KABe oTIyun.
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Tpoyrwa — Pathline

Fluid particle at r = ¢

start

Pathline g
- . N 'S
o' N/ @

Fluid particle at r = 7,4

Fluid particle at some
intermediate time

A Pathline is the actual path
traveled by an individual fluid
particle over some time period.

Same as the fluid particle's
material position vector

(xparticle (t) i yparticle (t) > Zparticle (t))

' A e Particle location at time t:

o

)
2
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I'popun Porg - Streamline 414

Point (x + dx, y + dy)

Streamline
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e A Streamline is a curve that 1s

everywhere tangent to the instantaneous
local velocity vector.

Intersection of two path lines are possible whereas two
streamlines can never intersect each other

Path line consider single fluid particle whereas streamline shows
multiple fluid particles directions
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I'pappég Poric - Streamlines oes

Stream lines give the instantaneous picture of a particle in a fluid flow.
Streak lines and path lines give the particle motion in a particular period of time.
In steady flow of the fluid all streamline, streak line and path lines coincide with each other.

Airplane surface pressure contours, and
NASCAR surface pressure contours and streamlines
streamlines

AlMNe-MnA Mnxavikj PeuoTtwv 9



I'poppn Aéhevonc 1 Ivoong ¢AréPa- Streakline oo

e ['pouun mov dnovpyeitor amod Eva
PELOTO TOL APNVEL TV OGS Eivar o
Bapr) mov ekyvETAL GLVEYDC GE Eva TEDTO
POMC G€ KATOL0 GMNUELO TOV

e Ivoonc pAéPa N ypauun otAevoNC ivar o
TOTOG TOV COUATIOI®V PELGTOV TOV EYOVV
TEPAGEL O1000Y KA OO Eva GMUELD TNG
pong.

e Eueavng oe mepauata : Paen ce pon
VvEPOD 1) KATVOG GE POT| EPQL.

e Poikiog comvac: Kdébe kheiot) empdvera,
oLV oynuatiCeton and Eva dmepo apBuod
POTKAOV YPOLLUDV.
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YVYKPIOELS 8

e T'a otabepn| por|, TPOYLIA, YPOLUUT POTC KO VOONC GAEPA elvar 101eg
e [0 un otabepn) por) umopel va givat TOAD O1OPOPETIKEG,.

o Ouvypappéc pong (streamlines) gival (o ctrypoic oToypaeic Tov 1EdioV
pong

e O tpoyiéc (pathlines) ko  vewdng eAéPa (streaklines) elvon n popen kot To
ayvapl TNC PO GLVOEOEUEVA UE TN YPOVIKT TOVS 16TOpia

o Ivoonc pAéPo: otiyaio anetkdvion Uog pong OAOKANPOUEVNS YPOVIKA
(instantaneous snapshot of a time-integrated flow pattern)

o Tpoyld: exkteBeipévn 610 YPOVO O100POUT PONG EVOC LELOVOUEVOD COUOTIOIO0
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2 nédooor ece

2 uéQooot yio Tyy wEPIYPaPN TOL TEIOV POXGS :

Mé£00oog Lagrance : O mopatnpntig mtopokorlovdel v kKivnomn evog GUYKEKPILEVOD
oTolYEIOV TOV PELOTOV KAOMS OVTO KIVEITAL GTO TEGTIO POTC.

Mé0oooc Euler : O mopotnpN NG KOTOYPAPEL TIC OLOTNTEG TOV PEVGTOV GE ML
OUYKEKPLUEVT] GTOLYELDOT TTEPLOYT] TOV YMPOL, KAODS TO PELGTO
OLEPYETOL OO OVTNV.

Joseph Lagrange (1736-  Leonhard Euler (1707-
ANO-MMA 12
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Analysis Approaches sels

e Lagrangian (system approach)

Describes a defined 1114SS (position, velocity,
acceleration, pressure, temperature, etc.) as
functions of time

[TapakoAouBei Tn B€on evOg PETAKIVOUUEVOU TTOUAIOU

e Eulerian

Describes the flow field (velocity, acceleration,
pressure, temperature, etc.) as functions of position
and time

MeTpA Ta TTOUAIQ TTOU TTEPVOUV ATTO UIQ OUYKEKPIUEVN
Oéon
Av peletovoate vepod Tov PEEL LECH GE EVAV Ay®YO Ol
npocyyion Oa viobetovoare? Eulerian

AlMNe-MnA Mnxavikj PeuoTtwv 13




M<£0ooog Lagrange st

Named after Italian mathematician Joseph Louis Lagrange (1736-1813).

Lagrangian description of fluid flow tracks the position and velocity of
individual particles.

Based upon Newton's laws of motion.

Difficult to use for practical flow analysis.
e Fluids are composed of billions of molecules.
e Interaction between molecules hard to describe/model.

However, useful for specialized applications
e Sprays, particles, bubble dynamics, rarefied gases.
e Coupled Eulerian-Lagrangian methods.

AlMNe-MnA Mnxavikj PeuoTtwv 14



M<£0oo00¢ Euler -

e FEulerian description of fluid flow: a flow domain or control volume is
defined by which fluid flows in and out.

e We define field variables which are functions of space and time.
Pressure field, P=P(x,y,z,t)

—

Velocity ﬁeld, V:V(x,y,z,t) 17=u(x,y,z,t)f+v(x,y,z,t)]’+w(x,y,z,t)/€
Acceleration field, da=d(x,y,z,t) d=a,(x,y.zt)i +a,(x,y.zt)j+a (xy,zt)k
These (and other) field variables define the flow field.

e Named after Swiss mathematician Leonhard Euler (1707-1783).

AlMNe-MnA Mnxavikry PeuoTtwv 15



2OVYKPLoN TOV 2 ngdoowv

(BA. Iivaxkag 4.1)

Feature

Basic idea
Solid mechanics (application)

Fluid mechanics (application)

Independent variables

Mathematical complexity

Field concept

Types of systems used

AMNO-MMA

Lagrangian Approach
Observe or describe the motion of matter of
fixed identity.
Used in dynamics.

Fluid mechanics uses many Eulerian ideas
(e.g., fluid particle, streakline, acceleration
of a fluid particle). Equations in fluid
mechanics are often derived from an
Lagrangian viewpoint.

Initial position (x,, ¥o, o) and time (£).

Simpler.

Not used in the Lagrangian approach.

Closed systems, particles, rigid bodies,
system of particles.

Mnxavik PeuoTwv

Eulerian Approach

Observe or describe the motion of matter at
spatial locations.

Used in elasticity. Can be used to model the
flow of materials.

Nearly all mathematical equations in fluid
mechanics are written using the Eulerian
approach.

Spatial location (x, y, z) and time (¢).
More complex; for example, partial derivatives
and nonlinear terms appear.

The field is an Eulerian concept. When fields
are used, the mathematics often includes the
divergence, gradient, and curl.

Control volumes.

16



o000
n.y. Ileoto Tayvtnrog: Eulerian and Lagrangian S0
e00
. . . . . . . . .
Eulerian: the fluid motion is given by completely describing the necessary o
properties as a function of space and time. We obtain information about the flow
by noting what happens at fixed points.

Lagrangian: following individual fluid particles as they move about and determining
how the fluid properties of these particles change as a function of time.

Measurement of Temperature

Euleria\ g Lagrangian

Location O:
T = T(xg, yg, 1)~ Particle A:

T, = T,{6)
Yo

——%o

X

AMNO-MMA Mnxavikry PeuoTtwv

If we have enough information, we
can obtain Eulerian from

Lagrangian or vice versa.

Eulerian methods are commonly
used in fluid experiments or

analysis—a probe placed in a flow

Lagrangian methods can also be
used if we “tag” fluid particles in a
flow

17



000
7 4 0000
2VYKpPLon TOV 2 ngdoowv eecs
o000
L X
o
Lagrangian: Select a body and Fulerian: Describe the
describe its motion. motion at spatial locations.

For example, for this

, 4

particle the equations are ® For example, at any location

y=gt § l ° in space, the speed of a

of? o particle is given by
s = 5

- °
v = speed of particle (m/s) v =4/2g|7|
s = position from origin (m) ° vy = speed at location z (m/s)
t = time to fall a distance s () z = vertical location (m)

°

g = gravitational constant (9.81 m/s®)

ANO-MMNA Mnxavikry PeuoTtwv 18



Mapadsrypo eoes
Yuvvovaouévn Eulerian-Lagrangian Method °ce
= o

[atpodikaoctikn avdivon tov atvynuatog Columbia:

[Ipocopoimon e TpoYLiS TOV GLVTPIUULOV GOITAC YPT|CLLOTOIDVTOS
e 1 uéBooo Euler yio 1o meodio porg kot

e 1 uEBooo Lagrange yio ta cuvTpipuia.

ANO-MMNA Mnxavikj PeuoTtwv 19



Eion pong :

Acvumigotn po1] : Otov n TukvoTNnTo TOL PEVGTOL GE KAOE GNELO TOL TOPAUEVEL OTADEPT] LE TO
ypovo (netaforn < 1%)

Youmeoti) por] : Otav o1 petaforég TG TuKVOTNTOG LE TO YPOVO EIVOL CTUOVTIKES
(> 1%). ZoumectOTNTO GTO OEPIOL GNUAVTIKY GE VYNAES TEGELS & LYNAES TAYVTNTEC.

u
AvMach=— u — taydmmta pevotov ko u<0,3 Mach = acvunicot pon
c

c —> ToLTINTO YOV u> 0,3 Mach = cvumieot pon

14 L4 /4 u /4 14 14 7
Moviun pon : 6to ? = 0 y10 kaBe onpeio Tov mediov PorC
t

(ta TeprocdTEPD TPOPANLOTO UNYOVIKOD, GTAOEPT) OE CLYKEKPIUEVO OMUELD , UTOPEL VL
uetafarieron and onueio o onueio )

Mn poviun po1 : To ddvoopa e TaydTTaC 6€ £va TuYaio onueio petafarieton pe to xpovo.
(T.y. Klvnon pevotod o€ cCOANVO HE LETAPOAALOLEVT TOPOYN ).

AlMNe-MnA Mnxavikry PeuoTtwv 20



Mo v ontTikn avomapdoTact Tov TEGIOV LG LOVIUNG (XPOVIKE aVEEAPTNTNG) PONG YPTCLOTOLOVLLE TNV EUTELPIO LLOG GE NAEKTPIKE 1
LOyVN TG TTEST0L KO ELGAYOVLE TIC YPOUUES PONG Y10 TO TEDTO TAXVTNTAG, Ol OTTOIES £YOVV TIC TAPUKAT® 1OLOTNTES:

* H epamtopévn og kaBe onueio pog ypappng pong etvat oty KatedBouvon g ToydTNTog Pofg 6TO GNUEID 0VTO
*  H mokvétra tov ypoppdv pong ivatl avaioyn Tov HETPOL TG TOYVTNTS 6TO GNUElo avTd
o Orypappég pong dev téuvovtat, ektdg omd onueia 6mov 1 tayvtnto undeviletan (onueia npepiog). Ze avtifetn nepintmon,  ToLTNTA OEV

umopel va oplotel Hovadikd o€ avTo TO oNuElo.

AlMNe-MnA Mnxavikry PeuoTtwv 21



Eion porc §"

o0
Opowépopon pon : To ddvuopa g taxdTNTAG €IVt TO AVTO GE OTOL0ONTOTE ONUEID [ILOG ®

YPOUUNG PONG TOV peVGTOD (TayvTnTo 6TOfEPT) KATA LETPO Kol KaTd d1e00vvaeT)) 6€ pa Toyoio
YPOVIKN oTtyn| (01 YPOUUES pong evbeieg Kat mapdAinieg LeTa&y Toug ) .

e
e
Avopowdpopoen pon : Av petadAleton Kot KOG Lo YPOUUNG pong 1 TaybTnTa (e1t€ ¢ TPOog E
pétpo, gite mg mpog drevbuvon) ———

D ——

X1pot pon : Otav ta copotid Tov pevetod Kivovvton pe otafepn ToyxdTNTO KOTE GTPOUOTA.
O\a To copatid Tov PELGTOVH TOV 110V GTPMUATOS KIVOOVTAL E TNV 1010, TOYVTNTO KOTA TN A

dtevhuvon g porg Kot HoOvo.

OXI avapién TV YEITOVIK®V GTPOUATOV. “ \/W\/\/V\/\/\/\
Avtolhayn opung uovo 6€ HopLoKo ERITESO Le SLdyvo. wvoiing ot
Téoelg yo actdbeto & otpofiiicopone eEl6oppomovvTol omd 1EMOELS / SOTUNTIKEG TACELS.

oo potf

TvpPfadng pon : H DN pon pe akavoviotes & Tuyaieg KIVIOELS TOV COUOTIOIMV TOV
PELGTOV TPOG OAES TIG KatevBuvoelg = akavoviotn & tuyaio pLetapopd opung :
= Zoveyng LETOPOAN T®V 1O10THTMOV TOV PELGTOV
= ZTOTIGTIKN TEPLYPAPT] PLGIKDOV WO10THT®V (LEGES TIUEG)

Y

Metofatikn pon : Evolduecso tuquo pong amd tnv otpm 6TtV TupPfdon

AMNO-MMA 22




Opoiépop®n — avouoiopopPn pon

Z 7
IEE=F=EE ==
SS=¥=c2=2 ==
| B e
il ol
/ |/
-—-7 _______ -I’/————
X _
(y)
u,~0R u,~1/R
(@) ®) )
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Ei0o0¢c ™ pong: eCaptnon oo apduo Reynolds

O Reynolds yonouwomolmviag owAives Opopmy dILUETOMV Kol VEQO dLapo-
omv Bepuoroaoiav, forre 6Tt To (00 T oS EECOTATAL GITO TV T TTOU €% €L
Hce GOLEOTaTY TUQAUETOOC, YVOOTH] TROS TLV Tov wg apltbuog Reynolds, ) oot
OlveTal amd Tov Timo:

Avvausigadpaveias Re = Qlf‘.d
OLVAUEISTPIPNG I

OOV Q (VAL 1) TTVAVOTITA TOV VYQOU, U £(VaL 1] TayUTNTA TOL VYOV, d £VUL 1) E0M-
TEOURY] OLAUETOOS TOV CWAVa %Al 1L elvat To IEMdeC Tov vypov. H pon néoa ot éva
owhjva Bewpeital otpwm) edv Re<2.300, evd edv o apBuoc Re>4.000, téte n
oo etvan TepPadne. TNa evdidueosg iueg tov apBuot Reynolds, €yovue peto-
Patixn pon).

AlMNe-MnA Mnxavikry PeuoTtwv
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2TpmT Kot TupPfmong por — Xvykpion

(BA. Iivaka 4.2)

AMNO-MMA

Feature

Basic description

Velocity profile in a pipe

Mixing of materials added
to the flow

Variation with time

Dimensionality of flow

Availability of mathematical
solutions

Practical importance

Occurrence (Reynolds
number)

] | XX )

Laminar Flow

Smooth flow in layers (laminae).

Parabolic; ratio of mean velocity to centerline
velocity is 0.5 for fully developed flow.

Low levels of mixing. Difficult to get a
material to mix with a fluid in laminar flow.

Can be steady or unsteady.

Can be 1-D, 2-D, or 3-D.

In principle, any laminar flow can be solved
with an analytical or computer solution.
There are many existing analytical solutions.
Solutions are very close to what would be
measured with an experiment.

A small percentage of practical problems
involve laminar flow.

Occurs at lower values of Reynolds numbers.
(The Reynolds number is introduced in
Chapter 8.)

Turbulent Flow

The flow has many eddies of various sizes.
The flow appears random, chaotic, and
unsteady.

Pluglike; ratio of mean velocity to centerline
velocity is between 0.8 and 0.9.

High levels of mixing. Easy to get a material
to mix; for example, visualize cream mixing
with coffee.

Always unsteady.

Always 3-D.

There is no complete theory of turbulent
flow. There are a limited number of
semiempirical solution approaches.
Many turbulent flows cannot be accurately
predicted with computer models or
analytical solutions. Engineers often rely on
experiments to characterize turbulent flow.

The majority of practical problems involve
turbulent flow. Typically, the flow of air and

water in piping systems is turbulent. Most
flows of water in open channels are turbulent.

Occurs at higher values of Reynolds numbers.
25



AL0GTOTIKOTNTO PONG

e Movodidotat
e Awodidotatn

o Tpiodidotarn (u=u(X,y,z,t)) m.x. Kamrvog Kopuvadog

AMNO-MMA

(©)

Mnxavikry PeuoTtwv
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r r
Ewon po 0ecs
N POT|G oo
L X
o Atpifn) pony (1I€®Oeg pevotov=0, 1BaVIKA PELGTA) o

e [EDONC pon (poM TOV TPAYUOTIKOV PEVGTAOV, TO 1IEMOES EYEL TIUN))

Opuoko otpopo: H neproyn tov peustov eviOg Tng omolog mapatnpeiton
uetafoin e touTnTog oo u = 0 éwg u = 0.99u

e —_—
_— —_—
_— ¥ —_—
S — [
_— _—
—_— '.-
—_— X —_—
—_— —_—
JE— _
_— —_—
—— —_—
o o
_— 44
—_— D —
B —
-
P —— W "
JE— e —
)

Bix)

AMNO-MMA

Inviscid flow: Region of flow in which
viscous forces can be neglected when
solving the equations of motion

Flow separation: Where the flow
moves away from the wall

Wake: The region
of separated flow

behind a body

Boundary layer: A thin region
of viscous flow near a wall

H po| dwoywpileton oe 3 meproyéc,

1. arpiPovg pong (inviscid flow)

2. omocBopedpota (wake)

3. opko orpopa (boundary layer)

Mnxavikry PeuoTtwv 27



I poc averToynévn pon §§f

Ieproyn €160060v: AvEAvel cuVEXMC TO OPLAKO GTPOUA GE TTAYOC, LEYPLC OTOL N POT VO KOTAOTEL
TANPOG AVOTTUYUEVT).

I poc avarToypévn: omote To 1IEOON POVOLEVO ETIKPATOVV GE OAN TN JLUTOUNG TOL GOAN VO KO 1)
KOTOVOUN TOYLTNTOV OgV UETAPAAAETOL KATE U KOG TS POTS -

Su Ip
kpttnpo : —=0M ——=c710o.
prep 9x i 9x

Mnkog meploym €16000v (X) = g = 0,05 Re (Xtpwt1 pon))

X >10d (TvpPBaonc pon) m.y. dctypotolnyio aepi®mV KOUVAOOS

o OpLard oTpopa

: 7 |

1 E e — I
> , > — ____________::

— d_d_,.--""-f--'__ ) T&'
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Mwg o1 uNXAaVIKoi TTEPIYPAPOUV TN PON (BA. Mivaka 4.4)

Description

Engineers classify flows as uniform
or nonuniform.

Engineers classify flows as steady
or unsteady.

Engineers classify flows as laminar
or turbulent.

Engineers classify flows
as 1-D, 2-D, or 3-D.

Engineers classify flows as viscous
flow or inviscid flows.

Engineers describe flows by
describing an inviscid flow
region, a boundary layer,
and a wake.

Engineers describe flows as
separated or attached.

Uniform and nonuniform flow describe how velocity varies spatially. ®
Uniform flow means that the velocity at each point on a given streamline is the same.
Uniform flow requires rectilinear streamlines (straight and parallel).

Nonuniform flow means that velocity at various points on a given streamline differs.

Key Knowledge

Steady flow means the velocity is constant with respect to time at every point in space.
Unsteady flow means the velocity is changing with time at some or all points in space.
Engineers often idealize unsteady flows as steady flow. For example, draining tank of water
is commonly assumed to be a steady flow.

Laminar flow involves flow in smooth layers (laminae), with low levels of mixing between
layers.

Turbulent flow involves flow that is dominated by eddies of various size. Flow is chaotic,
unsteady, and 3-D. There are high levels of mixing.

Occasionally, engineers describe a flow as transitional. This means that the flow is changing
from a laminar flow to a turbulent flow.

One-dimensional (1-D) flow means the velocity depends on one spatial variable; for
example, velocity depends on radius r only.

Three-dimensional (3-D) flow means the velocity depends on three spatial variables; for
example, velocity depends on three position coordinates: V = V(x, y, z).

In a viscous flow, the forces associated with viscous shear stresses are significant. Thus,
viscous terms are included when solving the equations of motion.

In an inviscid flow, the forces associated with viscous shear stresses are insignificant. Thus,
viscous terms are neglected when solving the equations of motion. The fluid behaves as if its
viscosity were zero.

In the inviscid flow region, the streamlines are smooth, and the flow can be analyzed with
Euler’s equation.

The boundary layer is a thin region of fluid next to wall. Viscous effects are significant in
the boundary layer.

The wake is the region of separated flow behind a body.

Flow separation occurs when fluid particles move away from the wall.
Attached flow occurs when fluid particles are moving along a wall or boundary.
The region of separated flow inside a pipe or duct is often called a recirculation zone.
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NMNoéon gival n péon TaxuTnTa ?

Situation

| Fully developed laminar flow in a round pipe.
For more information, see §10.5.

' Fully developed laminar flow in a rectangular
channel (channel has infinite width).

| Fully developed turbulent flow in a round pipe.
For more information, see §10.6.

QO = Volume/time
( of gasoline
|

oy —

‘\\Speciﬁed cross-

sectional area

AMNO-MMA

Equation for Mean Velocity

VIViae — 0.5, where V,,, is the value of the
maximum velocity in the pipe. Note that
Vmax 18 the value of the velocity at the center

of the pipe.
VIV, . = 213 = 0.667.

VIV max = 0.79 to 0.86, where the ratio depends
on the Reynolds number.

QO = Volume/time
of air (instant in time)
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Description

Volume flow rate
equation

Mass flow rate
equation

AMNO-MMA

Equation

|
3.

Q=VA=F=/VdA=/V-dA
A

A
V=f (@ - 7)dA
A

n‘z=pA\7=pQ=/deA=/pv-dA
A ‘A

Terms

Q = volume flow rate = discharge (m?/s)

(310 V = mean velocity = area averaged velocity (m/s)
A = cross-sectional area (m?)
m = mass flow rate (kg/s)
V = speed of a fluid particle (m/s)
dA = differential area (m?)
V = velocity of a fluid particle (m/s)
dA = differential area vector (m?)
(points outward from the control surface)
(5.11) m = mass flow rate (kg/s)

p = mass density (kg/m?)

m=ﬂ:4 p(ﬁ-ﬁ)df

Mnxavikry PeuoTtwv
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Applying the Flow Rate Equations to a Flow of
Air in a Pipe

Problem Statement

Air that has a mass density of 1.24 kg/m’ (0.00241 slugs/ft®)
flows in a pipe with a diameter of 30 cm (0.984 ft) at a mass
rate of flow of 3 kg/s (0.206 slugs/s). What are the mean
velocity and discharge in this pipe for both systems of units?

Define the Situation

/— 00.3m=0.984 ft
— J

Air
p=1.24 kg/m® = 0.00241 slug fft’
=3 kg/s =0.0206 slug/s

Air flows in a pipe.

State the Goal
Q(m’/s and ft*/s) «= volume flow rate (discharge)

V (m/s and ft/s) «= mean velocity

Generate Ideas and Make a Plan

Because Q is the goal and m and p are known, apply the mass
flow rate equation (Eq. 5.11):

m = pQ (a)

AMNO-MMA

To find the last goal ( V), apply the volume flow rate equation
(Eq. 5.10):

Q=VA (b)

The plan is as follows:

1. Calculate Q using Eq. (a).
2. Calculate V using Eq. (b).

Take Action (Execute the Plan)

1. Mass flow rate equation:

m 3 kgls 3
===-——__ -1
Q g

p
35.31 ft’
Q = 2.42m’/s X ( . ) 85.5 cfs|
m
2. Volume flow rate equation:
Q 2.42 m’/
V=— -34 2 m/s
A Gm) X (0.30 m)

V =342 X 112 ft
mls <0 3048 m)

Mnxavik PeuoTwv
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ECWTEPIKO YIVOUEVO

EXAMPLE 5.2

Calculating the Volume Flow Rate by Applying
the Dot Product

Problem Statement

Water flows in a channel that has a slope of 30°. If the velocity
is assumed to be constant, 12 m/s, and if a depth of 60 cm is
measured along a vertical line, what is the discharge per meter
of width of the channel?

Define the Situation

Water flows in an open channel.

AMNO-MMA

State the Goal
Q(m’/s) «= discharge per meter of width of the channel

Generate Ideas and Make a Plan
Because V and A are not at right angles, apply

Q = V - A = VA cos 0. Because all variables are known except
Q, the plan is to substitute in values.

Take Action (Execute the Plan)
Q=V-A = V(cos30°)A
= (12 m/s)(cos 30°)(0.6 m)

=|6.24 m’[s per meter

Review the Solution and the Process

1. Knowledge. This example involves a channel flow. A flow
is a channel flow when a liquid (usually water) flows
with an open surface exposed to air under the action of
gravity.

2. Knowledge. The discharge per unit width is usually
designated as q.
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"apOX(.bV (BA. Mivakag 5.3)

Label Sketch

Channel flow dy dA = wdy

Pipe flow

AMNO-MMA

Description

When velocity varies as V = V(y) in a rectangular channel, use a
Channel wall differential area dA, given by dA = wdy, where w is the width
of the channel and dy is a differential height.

When velocity varies as V = V(r) in a round pipe, use a
differential area dA, given by dA = 2mrrdr, where r is the
radius of the differential area and dr is a differential radius.
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EXAMPLE 5.3

Determining Flow Rate by Integration

Problem Statement

The water velocity in the channel shown in the accompanying
figure has a velocity distribution across the vertical section
equal to u/u,,,, = (y/d)"">. What is the discharge in the channel
if the water is 2 m deep (d = 2 m), the channel is 5 m wide,
and the maximum velocity is 3 m/s?

u
max

el )]
i

|I| <]

Define the Situation

Water flows in a channel.

u(y)= um(y/d)"z

=

State the Goal

Q(m’/s) «= discharge (volume flow rate)

AMNO-MMA

Generate Ideas and Make a Plan

Because velocity is varying over the cross-sectional area, apply
Eq. (5.10):

V=ﬂA @-i)dA

Because Eq. (a) has two unknowns (V and dA), find equations
for these unknowns. The velocity is given:

Q= /VdA (a)

V= u(y) = ()" (b)
From Table 5.3, the differential area is
dA = wdy (©

Notice that the differential area is sketched in the situation
diagram. Substitute Egs. (b) and (c) into Eq. (a):

d
Q= / Unax (yId)*w dy (d)

The plan is to integrate Eq. (d) and then plug numbers in.

Take Action (Execute the Plan)

d
Q=/umx(y/d)”2wdy
0

Wimax / 4

= ydy
d1/2 5

_ Whmax 2 55 | _ Wimax 2 Fe
d1/2 3 d1/2 3

_ by 2

X X @my"* =[20 m’ls|

(2 m)1/2
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Movipgn pol AOUUTTIECTOU pEUOTOU - [Mapddeiypa

210 akpo@Uolo tou oxhparos 3.3y, oto onoio kataAn-
ye1 owAnvas Siapétpou 18 cm, Bédope va éxope taxdmra
€€680u vepold 12m/s. Av n Sidperpos ownv é§odo eivan
6 cm, va uvnmodoyio8o0v: a) H raxitnta nou npéner va éxel
10 vepd péoa otov owinva. B) I'léoa kg vepoi Oa ektofei-
ovtal og 10 min ka1 y) 1o €i6os pons otov cwinva.

%

m =P =P  ¥x.3.3y
THITTe
A\

Abon.

Aebopéva: vy =12m/s,
d;=18cm=0,18m, ka1
dy =6cm=0,06 m

m = kg /10 min,

€ibos pofis owAnva.

ZntoGpeva: vy,

a) Epappédope v e€iowon s ocuvéxelas om Siaro-
ph 2:

2
V= “'4d2 vy =V =0,0339m%/s (=122m?/h)

Egappédovias v e§iowon tns ouvéxelas otn Siatopn 1:
4.V

1
n~df

v

=V =1,33m/s

AMNO-MMA

2
, ,'_n-d% _n-d% vy _[da
[Enmions: V = 7 VI= g V= — ) =
=v;=vy/9=1,33m/s]
B) Ia va vnoloyicope v nooétnta (nala n 6yko)

nou péel oe opiopévo xpdvo, aflonolotpe us oxéoels opl-
OO0 TWV ITAPOXMV:

V=V-t=V=0,0339m%s-600s = V=20,34m’
H nukvénrta tou vepot sivar p = 1000 l'ig/m3
m=p-V=m=20.340kg

y) To €iSos s poiis oto owAnva kabopiletar and tov
ap10pé Reynolds: Re = vy - dy/v.

Aev avagépetar Oeppokpacia vepold kar unoBérope
nws eival n ouvnBns tou nepifdrdovros, ondte Aapfavope
(niv. 1.2.3) p= 10 kg/ms ka1 v =p/p = 10 m?%s.

Avukabiotvias: Re = 2,4+ 10°. Apa n poh eivar tup-
Bcddns.

Mnxavikry PeuoTtwv
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