


Lec ture 1

Fluid : A subsrance in the Ligurdl or Gas phase is refer to be flurd.

Mechanies : /s the branch of physical science that deals with the behaviour of stationary and moving bodies when subjected to Jforce.

Flurds:
Oef 1.

Def 2.
Def 3.

Flurd 15 a substance that continuously deforms (.e. flows) under an applied shear stress.

Substances rhat are unable 7o support shear Stresses in static equilibrium and possess the ability to flow.

Tree

According o Rreology there is no clear distinction berween flurd and soiid. Fluidity —> Debora number: De= -
‘KP

Tret —> Relaxation time
Tep = 7ime of experiment
Do — 00  Sotrd-like

Den 1 Intermediate
Der O Fluid-tike

The Concept of " Continuum”,

The material /s rreared as Continuum , meaning that /it can be
contrrually sub- divided /mro infinitesimal elements with

properties (such as density, pressure, temp. etc) being those [ \

:
Xg ) Il i
of the bulk materral. 7 ] /):;ﬂ] W\ £

Flurd Velocity ‘ Jj
- -y T
V= VXY Z.T)= Vb * Vyly+ VeCr

V=IVI=w' v+ v

Density at point C is defined as:

volume 8V
mass 6m

molecular

intermediate} k)g«iV

example: volume of 1012 m3

i
i
contains 2.5-10'* gas molecules!! ; '
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Sready - State (Vetociry rs constant) : V SVxy )
v _
ot ~ 4

Plane Flow: V= Vix g t)=Veixg.2) i+ Vyxyt)]

Unidirectional Flow: V= Vicy.2)7

Pressure and Stress

inside the item Care abour Mass
Body force : acting throughout the volume of flurd et . (example : gravity)

Surface force : internal forces acting across surfaces of furol efements. Can be decomposed:

tnormal)  Crangent/al)
Pressure. Shear Care about Volume.
&L



We can decompose the surface force acting on a surface of fluid element at point C into normal
and tangential components:

cause by norma( ﬁ;ié” caused by shear force
We can then define normal stress (o) and tangential or shear stress (z) as:

. OF, .
o,=lim —*, 7, = lim —*
,-0 54 &A,,—>0&4n

Stresses exerted on dA, = iid4,

Due to this definition, o and r depend on choice of the surface orientation!

We look for an alternative definition of stress exerted by the = = = =
fluid at point C that does not depend on the choice of surface OF =JF,i +5Fyl +0F .k
passing though C:
: o . OF,
For Example we choose plane with normal at x direction: o, = lim 5A'
i A _—0
SA=1i0A, oF
TX" = m -
A, >0 5,4(
. OF.
0 7= lim —=
rormal Y| "
double index:
1st: surface orientation
2nd: force direction
17
y Oy
i T A4
. .Vx/ :
y Yo y
| - Tl
o i x/zf TZ)’ f i
o T ‘ .C // [~ O Reversing the direction of esther normal or force: revert sign
—y 7. 0 Tt
;a; i_:xy p- - T —> x Flipping both: preserves it !
' 224 i o
z everything positive.
All stress components here are positive!
22
Static Flusod: Sthear Stress absent.
Normal Stress: ZTF=0 1

P
Cix=6yy = 6,,= =P (Pascal Law) 35

(Pressure uniform everywhere.)
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Viscosity — Shear Stress, Shear/Srram ([ Deformation Rate

For a fluid encapsulated between two long Aivection:
(24 ! ;]

parallel plates: . Shearstress: ;... ¢ 52
ime: : X
T=Ty =
M F 54,50 54
y v v Sy
8y Alufidl Strain(shear) rate:
P Angle
X
z N 0 lim 5_7 = d_7 =y /
510 5t dt
8= Su- &t
We can’t describe the change with
88 ;. ) 84 _
M<«—M P__P o&F,, & time, thus we use measurable 3 =Zend ¥
y i I—’ . If ts very smalt
T ov 5 | Fuid = parameters: ton ronlire 4
hy” et N
g 14 4 t+6t S0~ 6udt; Sl=3Sytandy ~SySy §4 =4y sr
/ N%—/
z (0]} oy O .
54, 5—};=5—u=y=Const 8y §r=fu- §t
Sy Su . 20 Sr _ Su _ .
—}/:—zy:(‘onst 375 e
st Sy 9
Exactly the velocity of rhe surface
me
Ah Shear Stress exssts on each loger.
\
In any unidirectional flow
d}/ 'y de * Fluids for which shear stress T = 7,,, is linearly proportional to strain (shear) rate y are called
dt dy Newtonian fluids, e.g., water, gases, oils, alcohols, naphtha, etc. and the proportion constant is the
viscosity.
water
Viscosity - Newtonnan Fluid b
>4,
Shear stress <> Szram rate
. glycerol
fg, =>
We then say that glycerol is more viscous than water! 22
Newtonian Fluid (proportionality coeffrcient p)
T
G . .
> VIsScosity (How much material will resist the force.)
if p— 00, solid - like
Dimensions and units of viscosity:
Fi. |1 _|FT]_[ M
] -
In the S| system we use the units of Pa-s,
The viscosity of water at room temp.: 0.01P = 1cP = 103 Pa -s (1 P=0.1 Pa-s) s
3 2
Y Kinemazrc V/.'scasity v= A - [ %7—_ s A
Kinematic viscosity: v="= [ﬁﬂ = 7} P % T



V/'scns/ry ~ non- Newzonian Flud k% 8k 1%

= Fluids for which the above does not hold are | = Generalized Newtonian fluid:
called non-Newtonian fluids, e.g., polymer

solutions, emulsions, dispersions, gels, etc. r=my" = m|7’"_17
Fapp (7)
T - . o
Pt n<l:7T,uappJ«—shear—th1nmng Y10
’,,"’ & n>1:771T yappT-shear-t}ﬂckening
L -
TO ’&\(\(\\ ‘\f)\
s“e%v e < = Bingham fluid:
\%‘s‘o \(@6\(\% ' ~toTHY
N
2 -
e ® Viscoelastic fluid: |7 = Gy + uy
7 (Kelvin model)
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Lecrure 2

(norma( foree )

Srazic frurd | shear stress absent; the only surface force /s due to pressure.

(or fturd i a rigrd - body motion )

In a sratic flud: SF=0

In a fluio in a rigrid - body mozion: Z F=ma

lé

_, density
Body pForce: d/:'; = 7dm = ézo/dl/ = Jpdxdydz

P, > i Re e pg Force Balance (y-direction)
z dz ) Clxyz)| —n P, = P Assuming we know what is P, if we expand the
n dx R_, € 1 pressure at y, and y, using Tylor series:
nody dF, =OpdA _(w Ao (0
yd = Pr=pct(g) Or=W+=pet|o0
X ~ dFpe = =pedA Ve g
ZFzmﬁ r - - ;
dFp, Prdlh pL=pc+<z—p> L=+ =pc Zp> ..
Y C\/\-’;/mu y
ZF = dFee + dF“_ de,
Fluid sratic eguation oAdF. =P 5 25 ﬂ) (dxdz2))t P+ 3.'/ _251) (dxa{z)w
(1)
- -> -> v
vp+pG-d)r=0 P.  dFs, 2
) ) ) = ( ) dxdy JZJ
l//ctor/an eyaanon
-VP+pg=a olF;=-(—£t+ayf+a—"z’/?)a(xdydz=-(V,”)ca{V
=_ 9 .
V= X éx 2y €yt az €, 2F = ma |
E,P:_aée‘_,.sﬁey_‘_ggel Z(f:d;::+dF5:(—VP.’Fg)dV=a’FdV
F_ = =
22 + g, = Ay = 0= P69
_ _E J _ Basic application of the Fluid statics @_: = 'i
oy P9y =0 equation: d 0 9 .
)4 /4 P
ap ) -==0, -—==0, -—>-pg=0 (g=g)
-2 pg.= 0 ox oy Oz
p=r(z)
dp
b Pg

Pressure change in an incompressible fluid
(p = Const):

lg Z waterline /"

V In a static fluid (or in a steady rigid-body motion) the
pressure changes (decreases) only with elevation (z)!
F) _ P z
“Lfalo [ -egf e
° 2o
2P (_ -
2z |~ P9 P-P = -pg2-Z)
daP _ _h
dz = -9 P =P+ pgh



= Absolute pressure is measured relative to a perfect vacuum, whereas gage
pressure is measured relative to the atmospheric pressure.
P, ¢ is the Pressure measured relative to a reference pressure. The reference pressure is

arbitrary. Usually it is taken to be the atmospheric pressure.

Patm

) P,

a

Pabsolute = Bgage—i_Patm “ pgage = Pabs — Pam >

P.m =101.3 kPa, 760 mmHg

Pressure measurement by manometersis| p; = p, +pgh
based on:

p=7p.,, +pgh 5 = P28hy + p,
atm
Cross-section of pipe Pc= Pam
Py =Py

D4t P8h = p,8h+ P

P = Pam = P28M, — pghy
—\—
P!a!!
P2 >> P

pA,gage = p2gh2

Fluid 2, p,

Example 1

Water flows in pipes A & B
SG(O”):OSS 5;020'/'/: gravity
SG(Hg)=13.6 SG(H:0) = 1

= 7P B B N O S | SRR PR D

Find: Ap=p, - pg e.
SG(Hg) = J%a

downward : positive
Pat pwghs = pugghs + poighs — pugghs — pwghs = pp

apward : ne

fﬁtlv
Pa—Pg = —pwghi + pug Poitghs + prgghs + pwghs
Pa—Pg = pwg(—h1 + SGghy — SGojihs + SGyghy + hs) =

k
998—g98—( 10+13.6-3—-0.88-4+13.6- 5+8)1n><00254——=257kPa



Example 2

open to atmosphere

l Fuel

7FD/‘ ¢ue (vector)
- - g

M= xF

dM=7xdF,
dF, = -pdA

= fnh Oz (X0~ y (-pwdy))
= f"pywafv “(+€2)

P4~ PEh= Pym
h h=Lsina
%,_/

Pagage = pgLsina

L
s ¥
[AJP = -p9[’ dy
P =P +pPqh-y
F = eq9th=y .
n= +8@x

Fum [P [-pdR off -pida = Jf -pdlAe.
Prege = 09 h-4)
7o = -[pgch-gldAe. = -pg/L (h-y aAe,
dA = dzdy =@1_‘1
d;= w
Fe= —MW/,A"'-wdyex = ~pgw- § e

h
M= f pywdy(+e;)
0

Substituting the pressure distribution
p=pg=pgh-y)

9

- h
M = f pg(h—y)ywdy(+e;)
0
M =pgw [} (hy-y?) dy(+e,)=
2 3\1h
=paw[(5-5)], Cren-

_ h?
M= pgw?(ez)




Center of pressure

M= [ 7 dFa

v AP ffer s
//-"" AdFp = r'x Fe
3 , 2
| ke gt
d y= .b.
L‘ 3
M =7r'xF, T he center of pressure: r'= (-}, %)

Buoyancg Force ‘;Sﬂ (Sur/are Jorce)
(Archimedes, 220 b.c.)
The net vertical pressure force on the

in a fluid (gas or liquid) at rest is acted upon | object equals the force of gravity acting on
the liquid displaced by the object

= Any body completely or partially submerged

a force known as buoyancy force:
Fp= —# pridA
A

g Po

l 2 Fy = —# (po + pgh)ii dA

e
h=Z0-Z i 4 i)
== # [po + pg(zo — 2)h]1idA =
Z 4
fluid, p i
F, A
I = —# [Po + pgzo)iidA + )ff pgziidA
A N

pp = Const 29

Fp= —ﬁ [po + pgzolnidA + # pgzndA
A S A
pp = Const

= Now let’s calculate both integrals:

1) ﬁ; pbﬁ'dA=ffprde=0
T 4

Gauss low

2) ﬁl pgzindA = ]ff V(pgz)dV = pgVe,

For incgmprissable fluidVz = e,

FB =pgVe, 30



Lecrure 3
Average

Inregral Balances - Mass Balance:
———

control volume : cv

cross section : €S

Uniform velocity:
Volumezric flow rate:
8=ViA= ué - AL -uA 7 m
Mass flow rate:

m= e V., A= e ue, - Al = ‘ouA
- [

Alon- uniform velocity:

Non - Uniform flow filed (velocity):
CS

]" xec

Uniform flow filed (velocity): CS

Control volume (CV)

Cross section (CS)

kg m
m sec

Mass flow rate through A :
mz=pff V‘dfi’:p[[ Veosot dA

Mass flow rate through dA:

ndA
a

—

4

Control volume (CV), Cross section (CS)

Mass Balance .

. eav+ § eV dA=0
accumulation (CV) + [Inlet (CS,) — Outlet(CS,)] = 0

3.1 Integral Balances — Mass Balance - EXAMPLE 1

A. Find the maximum velocity U, at section| Solution
2 (in terms of U,); = First we should define control volume (CV)
= Integral mass balance over the CV:

Assumptions:
- Steady state (no change with time)
- Incompressible fluid - p = const

D
A [ ?MwL#pV-d;l:O
Lz Up CV. I v f’/’ s,

Steady state

@ O f#;‘s‘pﬁ-ﬁdA:O

J wlecévan- [ vir & &df =0

-U. TR f I ’_am,[.t-(k) J@H8atr = 0
< | an > Jaco bran
| ax. Y» % a_v‘
au, V)
st
R
Uk + fam (1- (%)‘)mra/r: 4
g | r=R
ICI' =0
r-o
Unmex = 2U,

’u"’tk + 2”“»-9\1 Z_ 0 =>



3.1 Integral Balances — Mass Balance - EXAMPLE 2

O(Final exam 2008B): Layer of incompressible fluid of density p is sandwiched between two parallel plates
as shown in the figure. The lower plate is stationary, while the upper plate is forced towards the lower
plate at constant velocity V. The length of the upper plate is 2L and the width (normal to the board) is W,
so that W>>L. As a result, the fluid is squeezed out of the gap between the plates with velocity u(x), that

can be assumed uniform at any transverse cross-section (see the figure). The viscosity can be neglected.

A. For a proper control volume find u(x)
as a function of V, x and b(t) aif, Py , L

velocrty here 13

A. For a proper control volume find Solution
u(x) as a function of V, x and b(t) = First we should define control volume (CV)
® Integral mass balance over the CV: b _
L t)= bo-vt

E‘—ﬁ Assumptions:
- No accumulation or mass loss in the CV

->
- Incompressible fluid - p = const “(y) - - Ve,

Pam

Py ->
62 I V+ﬁpl7-d;l=0 UKT)= UKXTIC<
t C.S.

b LA 74 x bt)
A= [[-véy @pdeds+ [ uneré- (& rctedl,
= -vey @pdzdx + [ x. . =
OCV -------- i_> # VﬁdA=0 4 j , [ 0 ”( r)ex re‘ )dz y 0
p=gmi—— “Vxw + Ux.OW bo(t) = 0
“Vxw t Ux.TIw (b, -vE) = 0
Vx
ux.t) = ———
bo -vt
Linear Momentum Balence s votume
- tv3 - =
SF = odimy) =ma m PV
dt L. -
. % ms=p-A- v, vetocity
sF=¢ Ir’("-"dA+i[// v
F cs F i} ot cv F ¥ dV Or in a scalar (component) form:
€i&%? — 0
= = ~ 9 = > - SE, = v 7 i) da+ < [[[ py,av
=7 = &[], VeaV = S VeV [[ o7 reth ik all
B . . . P 0
T T UE O Bydne bk ks 4 0 S F, :ﬁpV},(V-n)dA+5£JJpVJ,dV

SF, :ﬁpVZ(ﬁ-ﬁ)dmﬁmszdV
C.S. alC.V.



