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ULER (1757)

HISTOIJ}IRE
L’ACADEMIE ROYALE

DES

' SCIENCES

ET

BELLES LETTRES.

PRINCIPES GENERAUX
bu MOUVEMEN"I‘ DES FLUIDES.
pax M. EULER.

L

/A yont éuabli dans mon Mémoire précedent es principes de Léquili
bre des fluides le plus généralement, rant & I'égard de la diverfe
ité des fluides, que des forces qui y puillenr agir ; je me propo-

de traiter fur le méme pied |& mouvement des fAluides, & de recher -
cher les principes géneraux, fur lesquels route la feience da mouve-
ment des fluides :fﬁnnd(: On comprend sifément que cette matie-
re eft bewucoup plus difficile, & qurll: renferme des recherches in-
plus Jefpére d'en venir sulli
heureufement & bout, de forte quc sil y refte du difficultés, ce ne fera
pas du cdeé du m:!:lmuque mais umqumm du céré de l'analytiques
cetie fcience n'émant pas encore portée i ce degré de perfetion, qui
feroit i r les yriques, qui renfer-
ment les principes du mouvement des fluides.

H. 1 s'agit donc de découvrir les principes, par lesquels on
puifle déterminer le mouvement d'un fluide, en quelque &t qu'il fe
trouve, & par quelques forces qu'il foit ﬂ-l]n.ué Pour cet effer exa-
mmgng en dénail tous les articles, qui conftiuent le fujer de nos re-

| & qui tant connues qu'i
Er d'sbord Ia narure du fluide eft fuppofée connue , dont il faut confi-

gl ’ dérer Jes diverfes efpeces : le fluide elt donc, ou mmmpvdl‘bl:. ou

cuuegz Havpe ET SrENER, compreflible. il n'eft pas fusceprible de comprelfion, il faut diftin-
Libraires de la Cour & de I'Académie Royale. jguer deux cas, I'un oil toure la malle eft compofiée de parties homo-
MDCCLVIL genes, dont la denfité eft partour & demeure toujours la méme, hu

ANNFE MDCCLY

dp
E + V. (pu) =0

96w | v (u@(pu)) + 7p = 0

dt

OE 7 E B
E-I_ (u(E+p)=0
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NAVIER (1822)

MEMOIRE

SUR LES LODIS DU MOUVEMENT DES FLUIDES;

Pan M. NAVIER.

Lo b Pdeadimio voyale des Schonves  lo o8 mars 18aa.
—————
I. Notiona pedliminaires.

I..n:; gu‘imni-m:n mpréwutum, am moyen d'l'nqullt':r:l:a nx
differences I!ﬂl‘[il‘[ll.'l., lea conditions geirui:'uluﬂ e |.'t:r|11'1|1'hl'|!
ot du mouvement des fluides, Ces dquations ont été déduites
de divers |1.r1'r||::ipuu1 itm' supposent tous gue lies moléeules du
flnide sont suscepribles de prondee les unes par rapport aux
putres dos mouvements qllﬂ]?ﬂl"]ll"ﬂ, RINE OppOSoT auoung
réaistonee ; et e glisser sans effort sur Jes pul'nia des vasos
dans ||.'ﬂ[|111:||l le fuide est contenu, Mais les dilférences con-
sidérables, ou totales, que présentent dans certains cas les
effets naturels avee les résultats des théories connues , indi-
quent la nécessitd de recouriv & des notions nouvelles | et
d'avaoir dgard & certaines actions moldenlaires qui se mani-
festent principalement dans les phénombnes du mouvement.
On sait, par exemple, que, dans le cas o Vean s'éeoule hors
d'un vase par un long toyan dun petit diamétre, le cal-

0%u

A+wWVlV.u)—uVxVxu)= Pz
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OKES (1845)

{ON THE EFFECT OF THE INTERMAL FRICTHOSN OF FLLUIDS 08 THE MOTION OF PEMDULLIMS

ON THE EFFECT OF THE INTERNAL FRICTION OF FLUIDS
ON THE MOTION OF PENDULUMS
Sir George Gabriel Stokes
[y ————y

e et Trasmasmrions o sk s bridire Pliabsscbuiasl Sowiery, Yol [ . [8]
Fiprssied o blafavnsn ol s Firvcsl Fain, S Comgs Casbvid oo snd S | Ladun, Ve B, 1380 raed)|

]'Jll-p:-mumuflhrmdhuulmn!hhmmufd::p:nddunhnm&urdphlbufbmmd:hmu
rru:Lﬂrrl:n:bd::whrrLudup:r‘umlknpcnmuﬂLmhlh:rqulﬂnnqurdumm = overy
thai bwcrval rrory pasilly be mekod amony Goss most d d by minclem
kammhﬂ:b:ﬂmﬁ:ﬁT:!:nln'uhﬂhvh:hhmbrmmHm-n;mdlk:\rﬂlmﬂ:ﬂlm
whach st ke made, m oeder te doduce from the aciua] cheorvations the noult which woesld comospond o the
ideal cane of 2 simple pendelum poriormang ind by wrrall oacillations in vacsum. There @ osly onc of thes
comections which bows on the mbgerd of the presmil paper, namcly, the comection. sweally lermed the masrnan o0 2
vecssm Un sccoeni of e incorvenicser and capomsc sficreding cxporaments in 3 wcmm apparsiun, e
ohsrvations arc usaally made m ar, mnd it then beoomes: nooosary 1o spply 0 small corrocson, 0 onder 1o Poduce
the obsorved posulk e whai mﬁharbnmuhcn:dhulhrpmdﬂmhmumngm:1m:m The masi
obvaan effest of e air comiss n 2 dimisgen of the movisg force, asd conssgeent increme in e lime of
vibntion, sring from e booyancy of e fled The concotion for b m canby cakoulsicd fom b frst
principlcs of kydnosiatics, and formead for & conuideable Bme the mby L . thought necoary ke
ke o n:n:lu:lu:'|lcn.lnhdmlh:1-:u 182% Hewel, m o very important memoir i whach be determined
by ;n.:wrm:bndd:ku;lhul’lhrmﬂdn pendlem. paisicd ost from ihooectcal consdentions ihe nooousty of
kg sccoent of the merts of ihe 2 as well o of i buoyancy. The mmencal caleslstion of ibe offect of the
merim forms a3 problom of hydeodyramios which Bowsd did not sftack; bui he dod from gemeral i
that 2 Buid, o ai sy eeic & uid of el dessity, hos pe otbor cifoct o dhe time of vory small vibeations of 2
pendubem than thai # dmnishes i graveéy snd incecascs it momest of mertia. b b casc of 3 body of which ke
dimcrsiom arc small compancd wiik the leagth of e ding wanc, Bomcl d the increme of ok
bry it of 3 mus eqeal ok e the mas of the ol L which mewi be el in b sdded o the it
of the body sscl. Tha Bcior & be dricrmined capenimenially for 2 sphere o lighe mor thas beo inchos i damcicr.
seveny inairasd m watcr. The result for air, obtamcd in o rather indeoct way, was & = L3459, whach vk Boscd
in a2 mibecquoni paper incrcmecd o (U956 A b sphoes of the shove siac havieg boon swng @ waier with bes
dufferent knpiks of wire in sucomsion gave bwo values of & differing o ble from osch ofber, nd cqual o osly

shaut tewec-thrds of the vales chininod for sr.

The afmbos of the scintific workd havisg bren calked (o b subjoct by e pubbcalion. of Boscls momos,
fecsh. rescarches both thoorctical and caxperimental soon sppearcd. bn onder 10 cxarmene the cifict of fhe o by &
e et meibod than thal copleyed by Boad, 3 larpe vacusm sppanies was coeciod #f fhe cxposs of the
Bcard of Losgsiude, and by moaes of thin apparsies Capism (sow Colonel) Sabine deiermened the cffest of e ar
on e Bme of vibalion of & partcular nvassble pesdulem. The results of the capenimenis ar costained - a2
memeir read bofiors the Royal Secicty in blarch 1819, and pranicd in the Phuibapdical’ Troanacios Tor ikat yo
The mcan of cght vory comaniont cxpeniments gares 1635 an the facier by whach for thal poadelem the old
coerection for buoryascy must be meltiplicd i order 0 pree the whale coevection on sceousl of the mr. A very
remuarkahlc facd was deoovord in the coures of e ouponiments. Whike the ciffods of wur ai the simosphorc
presnes and wnder 3 prossurs of shosi ol an stmosphene wons (ousd o be o scarly o prashic propodaosal =
the dastas, it wan fand that the ciffoct of hydmogen ai the stmaspheric proens was much gacster, comparcd with
the cifect of air, thas corcspondsd with i donaty. In fact, il apprarcd thai the matio of the cffod of hydeopen and
air on ke Hmes of vibeabon was showt | o § 104, while the ribie of the demitics is osly shewt | i 13 In spesieing
of s mdlluhn:l:iﬂbm:mrutn.'ﬂl:cll'lh\curul'lhl ratis fpom thal shown by cxporimeni is gresier s
can well ke ascribad i dental crmor in the ptiulary @ repotiton prechaced results sbmost
identical. May i nol indicaic an inhorent property in the clastic Suids, analogras o Bat of vacidity in bged, of
resistamas o the metion af hadies passny thronpgh them, independenily of their dessty 7o property, m ach case

D tvrd '
Pp, = VP V.T+pg

CLAY
MATHEMATICS
INSTITUTE
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https://www.claymath.org/millennium-problems/navier%E2%80%93stokes-equation

I it c OTvers (CFO)

i
ke

Joseph-Lis Lgrge Siméon Denis Poisson
(1736-1813) (1781-1840)
Jean Léonard Marie Poiseuille Ludwig Eduard Bbltzmann

(1791-1869) (1844-1906)

H KHAWAJA, IAP FAGDAG MED PRESENTASJON AV FORSKNINGSAKTIVITETER, 9 DEC 2022

Augustin-Louis Cauchy

(1789-1857)

12



_BLE OTHERS (FLUID MECHANICS)

» Archimedes 287-212 B.C.

» Sextus Julius Frontinus 40-103 B.C.
» Leonardo daVinci 1452-1519

» Galileo Galilei 1564-1642

» Evangelista Torricelli 1608-1647
 Edme Mariotte 1620-1684

» Blaise Pascal 1623-1662

* Sir Isaac Newton 1642-1727

* Henri de Pitot 1695-1771

* Daniel Bernoulli 1700-1782
 Leonard Euler 1707-1783

» Jean de Rond d'Alembert 1717-1783
* Antoine Chezy 1718-1798

* Jean Charles Borda 1733-1799

» Joseph-Louis Lagrange 1736-1813
» Giovanni Battista Venturi 1746-1822
» Pierre-Simon Laplace 1749-1827

» Siméon Denis Poisson (1781-1840)
e Claude Louis Marie Navier 1785-1836

Augustin Louis de Cauchy 1789-1857
Jean Louis Poiseuille 1791-1869
Gotthilf H. Ludwig Hagen 1797-1884
Henri Philibert Darcy 1803-1858

Julius Weisbach 1806-1871

William Froude 1810-1879

Robert Manning 1816-1897

George Gabriel Stokes 1819-1903
Ernst Mach 1838-1916

Osborne Reynolds 1842-1912

Lord Rayleigh [John William Strutt] 1842-1919
Ludwig Eduard Boltzmann 1844-1906
Vincez Strouhal 1850-1922

Edgar Buckingham 1867-1940

Moritz Weber 1871-1951

Ludwig Prandtl 1875-1953

Lewis Ferry Moody 1880-1953

Theodor von Karman 1881-1963

Paul Richard Heinrich Blasius 1883-1970
And others...

"If | have seen farther than others, it is because | was standing on the shoulders of giants.”

Sir Isaac Newton
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‘§ WEATHER PREDICTION
I;‘ BY
: NUMERICAL PROCESS

LEWIS F. RICHARDSON “R.MEeT.Soc., FIust.P.

L Ak=12,24h
Ap = IS0mé 4

nummc.ﬂJ unstebl !

L.F. Richardson (1922)
Weather Prediction by Numerical Process,

Cambridge University Press

CAMBRIDGE
AT IHE UNIVERSITY PRESS
1922
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“Essentially, all models are wrong, but some are useful,”

“Remember that all models are wrong; the practical question is how wrong
do they have to be to not be useful.”

George E. P. Box
(1919 — 2013)
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“These days it is common to see a complicated flow field, predicted with all the
right general features and displayed in glorious detail that looks like the real
thing. Results viewed in this way take on an air of authority out of proportion to
their accuracy. In this regard, modern CFD is a very seductive thing”

UNDERSTANDING

Doug McL
AERODYNAMICS (1%1%—(:20%?

Arguing from the Real Physics

DOUG McLEAN

Common Misconceptions in Aerodynamics, Lecture: https://www.youtube.com/watch?v=0QKCK4IJLOHU
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FUL FLUID DYNAMICS

“Even inaccurate CFD can be useful”

“The power of detailed visualization makes CFD richer in information than experiment”

JOURNAL OF COMPUTATIONAL PHYSICS 43, 357-372 (1981)

Approximate Riemann Solvers, Parameter Vectors,
and Difference Schemes

P. L. ROE

Roval Aircraft Establishment, Bedford, Unifed Kingdom
Received August 14, 1980; revised March 30, 1981

Several numerical schemes for the solution of hyperbolic conservation laws are based on
exploiting the information obtained by considering a seyucnce of Riemann problems. It is
argued that in existing schemes much of this information is degraded, and Lhat only cerlain
features of the exact solution are worth striving for. It is shown that these features can be
obtained by constructing a matrix with a certain “Property U.” Matrices having this property
are cxhibited for the cquations of steady and unsteady gasdynumics. In order 10 construct
them. it is found helplul to introduce “parameter veetors™ which notably simplify the structure
of the conservation laws.

INTRODUCTION

We consider the initial-value problem for a hyperbolic system of conservation Y
laws, i.e., we seek a vector u(x, r) such that

u+F, =0, (1) y

and | 4
u(x, 0) = uy(x). (2)

Philip L. Roe
where F is some vector-valued function of uw, such that the Jacobian matrix
A = &F/éu has only real eigenvalues.

We introduce the discrete representation x, = x, +i 4x, 1, =, + 1 At, and suppose
that uf is some approximation to w(x;, f,).

A multitude of strategies have been devised to obtain numerical results for the
discrete problem, and their relative merits are still largely unclear. We shall address
in this paper some questions relating to those methods which attempt to construct the
solution by solving a succession of Riemann problems. Recall that the Riemann
problem is the initial-value problem obtained when the general data, Eq. (2), is
specialised to

u(x,0)=u, (x<0) u(x,0)=u, (x> 0). (3)
357
0021-9991/81/100357-16502.00/0

Copyright & 1981 by Academic Fress, Inc.
Al rights of reproduction in any form reserved,
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CFD TODAY (2022)

Degrees of freedom
Geometrical complexity
Modelling importance

Computational cost

RANS
| 5
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Y (2022) - EXAMPLE

MD DEM

Heat and massg|

Hydrofluidization :
Y system * g * DEM + DPM * transfer —> Discrete
e e {:/Smchastis:_; (3 grainin ) (:gimplifiedj)
o N NN
DSMC SPT DPD CGP LBM
AN e ]
Lagrangian I |f Discrete l ( 'F’ﬁfEﬁéH“*~\ |Continuum
. 4 i & frame ¢ i
Algorithms _frame Particle .approach , Lamce» __frame Matrix /. approach
/stencil /mesh
Mathematical
MPS Explicit
models MaPPM e Explicit | Implicit
PIC
mplicit Explicit mplicit  SPH, EFG
Numerical Finite Finite Finite
methods difference (FD) volume (FV) element (FE)

Bottlenecks
for three sub-disciplines

Solid Fluid
Mesostructures: Material and interfacial Heterogeneous Integration of units > Continuum : .
structure flow structure mechanics (SM) mechanics (FM)

Mesoscales:

} Y O
Boundary scales: (Boundary scales)j —|— — — — F———f————— | HH

wl e |
I
I 3
I E :

Multiscale: > m - = nd -

Molecule/Atom  Assembly Particle Aggregate Unit operation Environment

L. . N —

. e gl Bl
Multilevel: Material Reactor System
(Development stages): (Chemical technology) (Process development) (System integration and optimization)
Sub-disciplines: Chemistry Chemical engineering Process system engineering 3
Gap 1 between Gap 2 between
i § figande Sy s Model 1 Model 2 Model 3

Correlation between levels: sub-disciplines sub-disciplines
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Fluid

Magnetic Structure

Acoustic Explosives
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Thermal
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I Micro-FLUDIC VaLvE

Fixed w Fixed Fixed Fixed
: : PDMS Chip Channel PDMS Chip
o e | — h
________________ it t
o MM LI
Normal pressure Normal pressure
W
Channel PDMS Chlp
"“--._____\‘
| [
I L
L7
oo \
Pressurization L2 .
area

H Khawaja, | Raouf, K Parvez, A Scherer. Optimization of elastomeric micro-fluidic valve dimensions using nonlinear finite element
methods. The International Journal of Multiphysics, 2009, 3(2): pp. 187 - 200. http://dx.doi.org/10.1260/175095409788837847
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1

Fluid Inlet Fluid Inlet

H Khawaja, M Moatamedi. Multiphysics Modelling of Fluid-Particulate Systems. Academic Press, 2020, ISBN 978-0-1281-8345-8.
https://doi.org/10.1016/C2018-0-02737-1
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H Khawaja. Study of Sound Waves in Fluidized Bed using CFD-DEM Simulations. Particuology, 2017, 38: pp.126 - 133.
https://doi.org/j.partic.2017.07.002
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I SHock-TUsE (VIDEO)

H Khawaja et al. Experimental and Numerical Study of Pressure in a Shock Tube. J Press Vess-T ASME, 2016, 138(4): 041301.
http://dx.doi.org/10.1115/1.4031591
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SHOCK-TUBE

H Khawaja et al. Experimental and Numerical Study of Pressure in a Shock Tube. J Press Vess-T ASME, 2016, 138(4): 041301.
http://dx.doi.org/10.1115/1.4031591
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LS-DYNA keyword deck by LS-PrePost

LS-DYNA keyword deck by LS-PreP.

Fringe Levels

Time = 0.022001 Fringe Levels Time = 0.022001
Contours of X-displacement 5.0086-04 Contours of X-displacement 5.008e-04
min=-0.00155602, at node# min=-0.00155602, at node# 375
mMax=0.000500828, at no 2.951e-04 max=0.000500828, at node# 863 2.951e-04
8.9466-05 | 8.946e-05 |
-1.162e-04 _ 1.462e-04 _
-3.219¢-04 -3.219¢-04
-5.2T6e-04 -5.2T6e-04
7.333e-04 -1.333e-04
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H Khawaja et al. Study of CRFP Shell Structures under Dynamic Loading in Shock Tube Setup. Journal of Structures, 2014.
http://dx.doi.org/10.1155/2014/487809
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Daniel Brunner, Joe Goodbeard, Klaus Hausler, Sunil Kumar, Gernot Boiger, Hassan Khawaja. Analysis of a Tubular Torsionally
Resonating Viscosity—Density Sensor. Sensors, 2020, 20(11). http://dx.doi.org/10.3390/s20113036
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WindTech

H Khawaja, D Swart, S Antonsen @ Windtech AS. Measuring Environmental Exposure. UK Patent GB 2588580. Link
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H Khawaja, D Swart, S Antonsen @ Windtech AS. Measuring Environmental Exposure. UK Patent GB 2588580. Link
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Torgeir Myrvang, Hassan Khawaja, Validation of air ventilation in tunnels, using experiments and computational fluid dynamics. The
International Journal of Multiphysics, 2018, 12(3): pp. 295 - 311. http://dx.doi.org/10.21152/1750-9548.12.3.295
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Asier Zubiga, Synne Madsen, Hassan Khawaja, Gernot Boiger. Atmospheric Contamination of Coastal Cities by the Exhaust

Emissions of Docked Marine Vessels: the case of Tromsg. Environments, 2021, 8(9), 88.
https://doi.org/10.3390/environments8090088
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Gernot Boiger, Marlon Boldrini, Viktor Lienhard, Bercan Siyahhan, Hassan Khawaja, Mojtaba Moatamedi. Multiphysics Eulerian-
Lagrangian Electrostatic Particle Spray Model for OpenFOAM® and KaleidoSim® Cloud-Platform. The International Journal of
Multiphysics, 2020, 14(1): pp.1-16. http://dx.doi.org/10.21152/1750-9548.14.1.1
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Zahra Andleeb, Hassan Khawaja, Kristian Andersen and Mojtaba Moatamedi. Finite Element Analysis to determine the impact of Infill density on Mechanical
Properties of 3D Printed Materials. The International Journal of Multiphysics, 2022, 16(3), pp. 317-335. https://doi.org/10.21152/1750-9548.16.3.317
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Fig. 4. De-icing demonstration of R2R CNT coated sheet (IR and colour im-
ages), when ice is frozen inside cold room at steady state temperature of —2 °C.

Taimur Rashid, Hsin-Ling Lang, Madiha Taimur, Nicold Chiodarelli, Michael De Volder, Kare Edvardsen, Hassan Khawaja. Roll to Roll coating of carbon
nanotube films for electro thermal heating. Cold Regions Science and Technology, 2021, 182: 103210. https://doi.org/10.1016/.coldregions.2020.103210
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