| I/

—~

S29U3 9 3907 039> (YRS g (sl gD (51 9 T &1 50 (93 5 8



mailto:info@kolbedanesh.com

Y e Sl
Fluid Mechanics

Mohsen Soltanpour

Email: soltanpour@kntu.ac.ir
URL: http://sahand.kntu.ac.ir/~soltanpour/

www.kolbedanesh.com




oYL Suille ©

oy bl

§lol sgpo s walygy
bl

[ oatad b 83 ot Jad

SV iy 2P g =

i !.'-'I Hllﬂlll.i-.‘h‘- Jﬁ__..'r'u'i pr_“..j__..-hJL.'._l | U,_."—l o ety e e =T
T P ST Ll S o a bt K2y
olggh ppay b v plype plpSt 3 SYlpe S0 pile Gl T
m}‘J‘*lJ}F"P’ﬂH‘}J

1o githe | ot o gy Jadnl y e s =1
i § it Pt !

e

-l..-‘h..-ﬁ:rrl dll-!"' JU.IL_‘!J.—# !Jm M\‘JW}‘%HH o2t -a

Gl b sl i pd yo i Sad
'u""‘."rll“'l'“" ‘.-‘-.,"i'! gl B o g Gl sadli e o

(G513 ot o) wpad o LA o)

ol A i A g Jed e 5] B plomt | pugd gl g VB g pd =

St g bt sl g0 0 WWW.KOIDEdanesh.com

http://sahand.kntu.ac.ir/~soltanpour/

939 Jras y



& o

e Mechanics of Fluids
Irving H. Shames
e ST Lo _e LGl 05 aun_C

e Fluid Mechanics
V. L. Streeter

) 05 A _o
e |ntroduction to Fluid Mechanics
Robert W. Fox & Alan T. MacDonalds

) 05 A _o
e Elementary Fluid Mechanics
J. K. Vennard

e Foundation of Fluid Mechanics
S. W. Yaun www.kolbedanesh.com

http://sahand.kntu.ac.ir/~soltanpour/




4x2=8
20x0.5=10

2

<L)

B el bp s Jsbo o 5355 F ¢
() 5 ol pll @

http://sahand.kntu.ac.ir/~soltanpour/

20

www.kolbedanesh.com

:&:JL;-’{)-QS



Introduction

Mohsen Soltanpour

Email: soltanpour@kntu.ac.ir WWW.kolbedaneSh.00m
URL: http://sahand.kntu.ac.ir/~soltanpour/ ’ T




http://sahand.kntu.ac.ir/~soltanpour/

*0

Sl ol Glasl s 780 -

W‘OMOMgJ u‘ ‘u.».o)@b.w% =

5,1 Slazel e zebaes 5l YL SiaskS VY B e yhancad] -

sl 00 Jomite DYl S50 i )6
(Geomorphology) owbis cou,y o) -

P (el g Oyzlea

S0 d> ,agl-c 9 Olasl, slew 055 g ledg, -

|8l > -

www.kolbedanesh.comsw (soled (59, » 50




-

www.kolbedanesh.com

http://sahand.kntu.ac.ir/~soltanpour/



http://sahand.kntu.ac.ir/~soltanpour/



Water Distribution and Treatment
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Weather & Climate

Tornadoes Thunderstorm
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&0, Lloyls\Weatherstock

Global Climate

El Nino / La Nina
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Vehicles

_Aircraft Surface ships
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Environment

Air pollution River hydraulics
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Physiology and Medicine

Blood pump Ventricular assist device

A BVS blood pump
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Sports & Recreation

Water sports

Offshore racing
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Reality
Fluids Engineering System Components | | Idealized
Experimental Mathematical Physics Problem Formulation
Fluid Mechanics

Analytic fluid
Mechanics
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( Experimental Fluid Dynamics- EFD)

Example of industrial application

NASA's cryogenic wind tunnel simulates flight
conditions for scale models--a critical tool in
designing airplanes.

Application in teaching

er‘?sh'c?—mﬂd dynamics laboratory
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e Scales: model, and full-scale

e Selection of the model scale: governed by dimensional analysis and similarity
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(Computational Fluid Dynamics-CFD)
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Developing flame surface (Bell et al., 2001)

Free surface animation for ship in
regular waves

0.4

0.m

'Wigley Hull in Regular Head Waves 0.005F

Fe=436c10° Fr=030 A=0.052, A9%=00032

Forces

=]

-0.005

bt

1 3 3

Evolution of a 2D mixing layer laden with particles of Stokes
Number 0.3 with respect to the vortex time scale (C.Narayanan)
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Archimedes
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(Dimension) a

slel ady o (primary units) Lol olal 1, Jatase olal .0gds oo oolatuwl pus sbodges lo slp a5 cnl Sl laxs

Al e (Secondary units) a gl b e 3 sl |,

(PRIMARY UNITS) Lol sls

International U.S. Customary cas
Quantity Dimension System of Units System (sl ;? e )
(SI) (USCS) TR e
(Length) Jsb meter, m foot, ft Cm
: lug, slug / pound
Mass >
( ) p kilogram, kg mass. lbm gram, g
(Time) b second, s second, s second, s
<l
N Kelvin, K Rankin, R Kelvin, K
(Temperature)

(Aslug=32.21bm) .5 o\ ft/s? 1, otV IDF 5l cos a5 ol oy jlade SO

g= 9.81 m/s?=32.2 ft/ss

@dyne,dyn) ;s 5 ABF) 5,0 iy «N) (550 a2y 51COS 5 USCS S s )3 i a5 0050 (g5 olasl 5l 9,5
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(SECONDARY UNITS) ¢ 5 sl

Sele 5o (28 Sloazly (o yiege Wisd (o0 ddgi ol laaxls oS 5 5l aS W ls 9525 ok (0 slaaxly

e, le SYLew
Quantity SI Unit Dimension
(velocity) ce .. m/s LT
(acceleration) ot m/s? T2
(force) 5, N M LT
’ kg m/s?
Joule J
(energy/work) 5575 ! N m, ML2T2
kg m?/s?
Watt W
(power) s N m/s ML2T3
kg m?/s3
Pascal P,
(pressure/stress) s/ Lz N/m?, ML1T?2
kg/(m.s?
(density) J&x L ogas p,> kg/m?3 ML3
PR, . N/m? e
(specific weight)  esase K/ (.52 ML-2T-2
(relative density) s J&> 3y 9 \ 1
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1000kg . K///
p(/nB) (100)3cm3 10 Cm3

4.448N
(0.3048)%m?

|0(Ibf (2) = — 47.88pa
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p=p (liqud. T. p)

1K) p\v
p p
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(MASS DENSITY) _pguase o>

D o Glas |y ez axly o 0> KGIM3 oxlg L (rh0” - p) ogass p,>

ML-3 ey

(1.013x10° N/m2 ,L:s 4 288.15 K (4 °C) sl ;o) iigas ol
13546 Kg/m3 =s5.> 1000 Kg/m3 (62.4 Ibm/ft3) =1
800 Kg/m3 = -.3l,L ¢, 1.23Kg/md = 150
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(SPECIFIC WEIGHT) _paase yj9

ADO s QLW“" ‘) > d..‘>‘3 )d U)9 N/m3 d..>‘9 l.> (y' “gamma") L)ogm L))9

! (9.81 m/s?) &b olis g ol o a8
ML2T2 o
(1.013x10° N/m? Lzs 4 288.15 K (4 °C) slos ;o) :iges polie

132.9 KN/M3 =og.> 9.79 KN/m3 =_i
7.85 KN/M3 =81 L 25, 11.8 KN/m® -5
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(RELATIVE DENSITY) i JE&=
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g — Y fuid P fluid
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AL ™ 136

' Yo 98LKN/m*
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(Newton’s Viscosity Law) : ygw <o ) 4958

SVl 40 WS oo S > (S5lge g pubies bghs jo Jlew @l,3 a5 (Laminar flow) ol oL, SO o
3 Gl b Sl canlize 5l y2 slasal p wles (v (59, 2 (o8 i (Newtonian Fluids) ss.s
o o] oges Slaal jo e yu

A\ 4

rac Y
an aV
T > T=U—
— = \ on
(Strain rate) s # 5
) £(1/s)
ov
. on — V

(MLAT L) ons b Sl e ) co 1o L (Coefficient of viscosity) co ) oo : U

T N/m2 2 _ kg
— — —Nxs/m?=
H7 v dy (m/s)/m i /n.s

. _ I __

’ wa.kblb‘edénlesh.@mﬁ L KkGIm.s 1 axls S s 5o
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D9 oo 00wl (POISE) 5lgs a5 il 0 GICM.S o uxly COS  aiiacew ,o

1kﬁy = 1000gr =10poise  lcentipoise =0.01poise
M.S  100cm.s

Typical values:
Water dynamic viscosity = 1 centipoises (102 poise) = 1.005*102 kg/m.s
(at temperature T = 20 °C and pressure of 1 atm)

cwss (Kinematic VISCOSItY) Silaaw e 3 oS pumdi ogasis py> o |, Sslos eyl 5

:d.;]
_ILI - ML—l/T—l _LZT_l_m7 2 P
R VIS

sols Ll ft?/S L 55 USCS s wil o (StOkE) Sgl €S o s M?/S o] sl ST e o
D9 (9

1m% =10 stoke

Typical values:

Water =1.14 x10™° m?s™, Air=1.46 x 10~ m s~ , Mercury =1.145 x 10~ m’s™",

Paraffin Oil =2.375 %10~ m s
www.kolbedanesh.com
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(NON-NEWTONIAN) 25 gx sué 3 (NEWTONIAN) 5 g ¥ b

Slule #5145 Ban OYlw ,LS o
SYlw gh o Jold 1) a5 g ool
Slurry olegs paste os) &5,ls v4>4
ol slo ouds Qrease . 5

F 59 o akl) a5 (..high polymer
L o il o (13,8

Ideal solid

Bingham plastic

Shear-thinning

T
Newtonian fluid /ﬁ
1

m A

(7))

=

17

= Shear-thickening e 9 o515 BB e Jlow JT oyl Jlos
> e e o ol e s (1F0) el £

di’ ___ www.kolbedanesh.com .sso oei slml o5, 55 ed S
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gas and liquid pP p, but smal Ap

gas: Ll’l\ Ik Due to structural differences, more molecular
liquid: H\], 1K) activity, decreased cohesive forces

62107 b oo il (oS Lad il L alE g Sl c

48 i Syee o ab oo 20l Les il b Olale Cor )
A5l slake lads g,k bsls

aS ol (698 JoSlo o dl> 5l Lol ey ol o
b oo el Les il L

b/T

u==Ce

u - the dynamic viscosity of fluid ("miu™)
C,b - empirical constants
T - temperature

35,0 60l S5 g 009 90 0aSe l ldoSe a8 o

! . a5 LdsSLo 5,55 5 5 IS 1 el 15 JgSho ardl> 1
2 50 100 S5 om ytin Les G L el com) Jole
Temperature, “yww. kolbedanesh.com
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(Perfect gas) : Job ;&

sl SIS las 55 5 5 26 1o Jlw ledoSle bliie &l 51 a5 el Jlew JolS™ 518
(Specific volume) pgase v
/! .
pv, = RT  (Equation of State) cJl> adslee
L

p=pRT
2,0 Sww Jlow Jgsdo (59 4 Laid (G5 ol A

R:p: %2 :N.m: J
pT KO eK) kICK) kg(K)

ool o U yudady oyl ol G0 o ol s, 1a) el JoSe adls> JulS o sl o JulS 515 L3,
Dyl o0 590 Jol5 55 LS,
V V _ .
. 1 — 2 :R )lfm)‘uaaumr':)})d
PV, . PV, —mR -9 ol Pl

Tl _TZ
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(Avogadro’s law) : g 05 gg! yg58
WS e Jlsl ] ez 2 YY /F (P=1 atm, 72273 0K) Gl bl o ol adS 51 oo 5

(O 0551 ¥Y KG o) o Joslo )2 b ol 58 JsSho £/0¥ XN =TT 5

b5 Ske ol
rg.a)j LSQJ.EJ)O = 9)Lu.~5 oo ul.ws.a -EJ‘).«.O o ‘) )lf albosrs 99

(RV)
T M Vi=V, T,=T, P=P,
4 >
PV, - m.R mR, =m,R,
LT, 22

(85l Sy JsSLo ol sllas Lid

) m, M,— e
ﬁsojU}‘JﬂwneﬁJ 58 5 el #7-Y XA T 0>

WV\AN.koIbedanlesh.(l)m
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M1R1 — Msz

L s

MR = cte

b el ol Ll o slT s 40 9 045 (0 00wl b8 Slom> <ol MR

MR =8312J/
K 8312
E— —

= kg’K
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(bulk modulus) : o> J9dw

-1 ov
IB — ( )T (Coefficient of compressibility) s 3 o515 <o o
\ vV oop '
lpa s>l (Isothermal) <ot gbes
E[K] = v =
pa =15t

Qb oo il HLad mal58l b A jlade il oo YoPA MPpa jaues! jLid g sl sles jo o 6l p A jlais
.dgﬁ@ﬁ‘ﬁsd UTLSA.?!}Jgde \N“‘ atm )Lié)o)m
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(Vapor pressure) : ,bx ,L&s

@ 0uisS 0,55 ledsSde dlawd a5 cl Sixsg Jobs Gl gl o as Ll (o Jlis flee a4 ol el

ML: éaLoc.b.w)‘ odgg.w ‘d.> LSLQJ}Q“ o‘d.:u‘.:).:‘).: J.:ﬁ.wd.oéal,o .>)1345@Locb.w

oo ol Loo sl bog atilo Loo 40 Ss 58 Jlew [Bu jlid el Loo 5l ol JoSds ;'A,tJLaéc\S&QL?J 5
O g

4O ol b SdlS SU o a4 jLed STV a0 ole il b Jbu Jlis ol ol (g9, jlid oS Sl
&5y bl j0) Wlhge> o a0 Ve loo o gT(M‘ V) b Jlis o a5 Jb jo alige o sl sleo
(ol azyo Voo sl i pogy o llas o Voo 5l 2aS g alads

(Cavitation) : gy

S50 asli> g ol o (Evgpqration) TS PR IOV P DN WY - 5 I ) L JOR L g WP DR TRV S o
Dgh e oawel (CavItation) ol M (00,5 jieS Lo jlad 5l Jlew jLid) aas (g, jLad zals

L Gble 4 b,z awgs oals sl M blis o jls 0925 b ()55 (29,5 3 oy (69955 50 ey glS Hla>
098 (oo yrie Slls (50,95 g ledily el ar a8 Wigd (oo p S e g oad Jiie VL jlas
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(Surface tension) : xdaw gaiS

oo orm adl> 5 (CONESION- Stwgn) s sledgsde (pm adls s 5l ol oo iuiS ooy
<l (Adhesion - Soces) LS .8

Jbs 89 50 g s (pl Doldd Juday 09l (0 yidon 55 5 mle uled Joe (Saizr glog s 5l S (0 5
.‘.\-;5 (5'4 | c & :.S . . M% tj_l " &

F. = surface tension force
AIR /‘

Foe—— F,
Interface

O
OO0 w_

Near surfdce forces are increased due to absence of
neighbors such that surface is in tension o per unit length

O
OO¥— Away from interface
molecular forces are
equal in all directions

WATER

O air/water — 0.073 N/m
F_=ox/[L =Force normal to cut, | L=length of cut

o)
[ e ol ywwkolbedanesh.combss oy
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P S i 50 Jobas J 0 1) B Ghwes jlad sloie J3Io jlid) (S ls o jlad o R plats 4y (gl o ks S

Z
y >F, =0
O 2
—P (7R 27R) =0
) Ll —> —P(R%)+0(27R)
dia!
: p_29
' R

020,073% bl s jelome T (sl bl (glod 1o (omba LS ey a5yl ol 0y28,8 a0 L Slie
0.5 mm &L:..w W Lg‘ o)bﬁ 50 o]

o _ 2x0.073

= 05x107 22 "

=0.00288 atm (1atm=101325Pa)

~R(R)+20(2R) =0 == [P =27
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(Capillary) : g0
\QNI/
W i
e
M

ZFZ :O atm

= (nd)ocos@-W =0

2

(ﬂd)GCOSH—%XAhX;/zO

_4ocosd
dy

Ah
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(Stress) : g

a0 b el oo Lateie CuS ke L s (SCAlAN) JISU]
sﬁ)} ‘L)LO) c&_J)‘)}
s 35,8 Laseie Bl s CeaS sliul, Jlade s eodle (VECTON) Loy qquantity) c..s

5L i b ISl adlge 4 &y lozeS ol o (IENSON) [ 9uils

Col (6,5l b 6,10 JISul e G5l (cONtinuous distribution) ! aiwss a9 dield) o
Do 05 o KLY, Z,D) ley g Lad Slaisw 5l ol atwgn lg b oS

ks T(X,Y,2Z,1)
ceps V(X Y, Z,8) = (XY, 2,01 +9(X,Y,2,t) ] +h(X,y,2z,t)k
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st 5 o0d 250 Blbl Lame b e ulos 51 SUrface force) o)
Dgd oo o A e Sl gl 4 as gl esle mhaw axlg gl
T(X,Y,2,1)

2S5 a3 51 2 0 oS sl osle 2 a5 sl (0O TOICE) oz
9 B b)) Conci 5L e el 00le (59, 2 13U Sl g 098 (o0 Ol

,

B(X,V,z,t) '(Wbu”“j

www.kolbedanesh.com

http://sahand.kntu.ac.ir/~soltanpour/

9o &BH9

force distribution)



: (Nonviscous flow) z ) sy b = g (Stationary fluid) le Jlaw jo g5

g Syl 0ol Gk (W)ls Gl S p Liledl pled) e eiSs Gl il Jlw 9 ST Jlow 0

X (04
L g

Tnn
z < — 7, dydz+7_dsdzcosa =0
Ty <d__0‘ ! & —7,.dydz +7, dydz =0
y
dx | % ——> Ty = Tn

dxdydz 1 lr Z Fy =0

— Z'ydedZ —

mxgydz +7,.dsdzsina =0

ydy

— Ty + Ty~ =

—> Ty =Tn
(ol S>o5 AY)
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Al S 1 5 (7 =T, =T,) 09 Cu )l e s S eSS S slhlo g Sle e o ol ol

Sy oz e Jhw 0098 (s
Z F. =ma,

r,.dydz+ 7 dsdzcosa = p———— dXdde

X

dx
_Txx-l_z-nn_p_ax ( 755 0%
2 :: TXX — Tnn

ZFy_

~ 7, dxdz - Ordlydz

wx‘;ydz +r dsdzsina = p

d
_Tyy T 7o :7y(7/+pay)
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Absolute Pressure, Gage Pressure and Vacuum (example)

p4 =301 kPa abs.
(py = 43.6 psia)

p, = 200 kPa gage
(ps=29.0 psig)

Local atmospheric pressure (gage ref.)

p = 0 Pa gage|=|101 kPa abs

3

Paim= 101 kPa abs.
(Patm = 14.6 psia)

pp = —50 kPa gage
(pp =—7.25 psi or 7.25 psi vacuum)

Y

(p = 0 psig = 14.6 psia)

A

pg = 51.0 kPa abs.
(pp = 7.35 psia)
Absolute zero (°

/

solute
ref,

)

p =0 Pa abs.
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(Pressure measurement-Manometery) : g ywgilo— ;Lid g 55 0310

(Manometers) : b ywgilo
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p,~0 pressure of Hg vapors
ormal temperature
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TN = 3
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P =0
P:Patm e I:)A = I:)atm - 7/th
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(Differential manometer) Lol sb pogilo
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(Pressure variation for a static compressible fluid) : 51,5 BB Jlow yo Lid Ol s
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(Pressure transmision) : ,Lié Ju!
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(Static incompressible submerged fluid)
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Centroids and moments of inertia of plane surfaces
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