Chap 7 Flow of a Real Fluid

4 viscosity, turbulence

7.1 Laminar and Turbulent Flow

e Laminar flow (J&ii):
- ghetsta A H9 5F
- E59 = Atolol tivrE &l §l&
e Turbulent flow (BLI):
- BFHGL FANG BF
- S5 Wl tiaf o] =A%
e Reynolds experiment (Read text)
For the same fluid (same viscosity),
VT : laminar—turbulent (upper critical velocity)
V{ : turbulent—laminar (lower critical velocity)

lower critical velocity < upper critical velocity

L » more engineering importance
Vdp Vd  inertia force
7, v viscous force

Reynolds number, R =

where d=characteristic length scale
(pipe flow: diameter, open channel: depth)

R >R,: turbulent flow, R<R, : laminar flow

where R, = critical Reynolds number



7.2 Turbulent Flow and Eddy Viscosity

\" = vV + vV, +V
- e - s \ X y;
Instantaneous time—mean .

in x and y directions

root-mean square (rms) of v, or v,

— /2 — /2 . .
= \vg) or lvy) = turbulence intensity

rms of o for o)
0 W lime
Laminar flow
Y
V+ oy
v
-> X
dv . . :
T = 11— shear stress due to viscosity b/w molecules

fluid viscosity (property of fluid)



Turbulent flow

I4
V+ oy
k!
v
> X
T = &— shear stress due to momentum transfer

ﬂ
7

eddy viscosity (property of flow)

PV, = excess momentwm per unit Volume
(v P = mass per unit veolume)

L

x

Time—-averaged (or mean) shear stress due to
momentum transfer:

T-= PUxVy >0 adel momentum to the particle
—> accelervte particle

negative < O : subtract momentum from the panticle
—» decelernte particle

T= - f—v),cvy = Ee_yna/o(: stress
positive

Note: Positive shear stress retards the fluid motion.



Prandtl (1926): v,,v, o £9

dy

where /=mixing length (unknown function of y)

Near a wall, VX,vyi -

At the surface of a wall, v,,v,=0 — /=0

Assume /=xy (linear variation with y), which is
in good agreement with experimental data,
where x =von Karman constant ( 0.4 ) and
y=distance from the wall.



7.3 Fluid Flow Past Solid Boundaries

e For a real fluid flow, v=0 at solid boundary
(no-slip condition)

e Effect of surface roughness:

- Laminar flow: Viscosity is dominant.
Roughness has no effect on the flow.
- Turbulent flow: Viscous sublayer is formed near
the surface with thickness 9, .

Y
T  x 2ur-bulent
reg son

P o~ Viscous sublayer
‘7”’4”777‘7'77;3‘:777'# (Lam nar NJO' m)
If roughness<<d, — smooth boundary

— no effect of roughness on the flow

If roughness>¢,/3 — rough boundary
— roughness has effect on the flow

Note: For the same roughness, the boundary can
be either smooth or rough depending on the
property of the flow (.:8, depends on the flow
characteristics). In general, vI =R T=5, .



7.4 - 7.8 External Flows

(over a wing or flat plate, etc)

/\__/—
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e LExternal flows are less important in civil and

environmental engineering, so it i1s not taught in this
class.
e Internal flows: flows in ducts, channels, and pipes

7.9 Flow Establishment-Boundary Layers

— Unestablished flow s Established flow

[ Boundary layer -

B \ =
! e 1 g L
= e o _
= Core e e =
| ¥ St JE=v] |EES

Sy ‘: i I

| Boundary layer

¢

= Same velocity profile

unestablished flow (~20d)
J
complicated to analyze

\

net effect = entrance head loss (Section 9.9)



7.10 Shear Stress and Head Loss

T, lon fluid}

dWw = (:, + %’) A dl

Horiz, datum

A = constant cross—sectional area
P = perimeter of the pipe
R, = A/P = hydraulic radius

Impulse-momentum equation along the pipe (1):

~ —_— 2 dl
pressure shear

forces force bodyvforce

Using Qup; =VAp, Qupy =(V +dV)A(p +dp),

d dz
pA—(p + dp)A—7,Pdl - (}/ +—7jAdI— —(v+dv)? Alp+dp)-V2Ap

Qo1 =Qopy =Qp for steady flow

d 2
— Adp — 7 Pdl - (7/ + ?jAdZ =Qp(V +dV -V) = pAVdV = ,L)Ad[v2 j



V, ; %o
(&4_2#_’_ le _(&4-—24— sz = F(IZ - I]_): A(EL) — hL1_2

h

head loss due to pipe friction

Shear stress in the fluid (7):

|
e
il

= — !
= _—Streamtube
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For the streamtube of radius r,

: Ry a? oo
/4
27

r  varles linearly with r from zero at the
centerline to 7, at the pipe wall.



7.11 The First Law of Thermodynamics and
Shear Stress Effects

dW,
Turbine
dWgpatt

Horizontal datum

dQ,, +dw =dE

where dQy =heat transferred across system
boundary by temperature difference, which was
neglected in derivation of work—energy equation.

dQy N dw _ dE
dt dt dt
Examine term by term:
d .
S{' =may = Qpay

where @, =added heat per unit mass of fluid.



dW Q[l_&_}_Ep_Ej ng[l p2+Ep_Etj
Yy o7 yo o7

Note: no work done by shear stress because
v=0 at the pipe wall for real fluid
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hLl_2 = TO(IZ . Il) = é(iez —lg — qH)

R,
Note:

1. head loss = energy converted to heat (q,)

and internal energy (ie).

2. In hydraulic engineering, it is not necessary
to evaluate g, and ie separately, and it is
more convenient to use the concept of head
loss.

3. 1e,—ie, =c(T,-T,) where c = specific heat
(=4180 J/kgK for water)



7.12 Velocity Distribution and Its Significance

e dg

VR
b oA
‘-_“..x
~_ Differential
streamtube

Total flowrate Q= ”vdA
A

Mean velocity V :ij‘jvdAzg
AR

1 V&
Total flux of K.E. =2 [[V¥dA=aQ = pV? = Vo
o of K. =2 [[Vah=aQ} 7 = Qo oy
Total momentum flux = p”vsz: PQpV
A

where «, f = correction factors:

a:';”v?’dA: 1 ”v?’dA
va; V? [[vdA
_p”Vsz_ 1”v2dA
P77 TV [vea




¥ Horiz, datum

e El.’s and HGL are parallel but not horizontal
because of head loss.

e Straight and parallel streamlines
— hydrostatic pressure distribution
— pl/y+z=const. over cross—section

e ELL is different for different locations over the
cross—section (- v is different)

2
e mean EL = £+Z+ON

/4 29




Flow through a contraction:

!

N R
//es:r variation

Larger veariatim qv
of U over X-sectien
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7.13 Separation

— local energy dissipation — head loss
7.14 Secondary Flow



7.15 Derivation of Navier—-Stokes Equations
Euler equation + viscosity

2-D, unsteady, incompressible flow

26ds
Gtoe 2
2Tax d2
__,T Text -5z =
D C
ITxa ox
y xat 3x 2 py
0% AX 0% dx
- | LI — Gt ST
T __3_73? X faJ%J%
xR Ix 2
A dx 8
T, - 25x 43 <7
_ﬂ ;TR = l
0y- 202 o2
T 2
.4
o,, 0, =normal stresses (positive outward normal to
the surface)
T.,, T, = shear stresses

Xz1 Y IX

(1st subscript: plane, 2nd subscript: direction)
Sign convention: Stresses are positive if positive
direction at positive plane or negative direction at
negative plane.
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e—l T—— all positive




Newton’s 2nd law:
_ - dy/ -
F=ma=—\mv

Surface forces + Body forces:

SF=>Fe+Y Fe,

where ey,e; = unit vectors in X and z directions

SF, = (8i aLjolxolz (7.56)
oXx oz

Y F, = (ai ai—pg)dxdz (7.57)
0z  OX

Reynolds transport theorem:
d( -\ 0 ~ -~ - =
a(mv)=a( gvjpvdv} [[ioi-
where
0 ~ 0 - -
a(g/jpvd‘vLJ=a(g/jp(uex+Wez)d\+j

o( - —~ ou -
=—\uey + we; Jodxdz =| —ey +—e xdz
&l e o = e+ O, e

[[ipi-a= [[+[]+ ][+ [iov-ron

AB BC CD DA



For example, for the plane AB,

- ( audzj ( awdzj - -
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, (au ou 8uj oo, 0T,
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Stokes hypothesis: stresses = f(p,u,w, u)
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These are Navier—-Stokes equations for 2-D flow.

For steady flow of inviscid fluid:

ou ou 1op
Uu—+w—-=

x o pox

Waw 1'ap > Euler equations




3-D Navier—-Stokes equations:

ou ou ou ou 10p o°u o%u o%
FU—F+V—+W— ==ty — +——+—
ot ox oy 0z 0 OX ox® oy° oz

U AV AW =y T T

ot ox oy 0z p oy ox~ oy° oz

oW ow  ow ow  1ap (82w O*W 82w]
U +V— + W— = _

+ =—— V|t t
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o v N v 13p (82v R azvj

Continuity: 8_u+@ w_ =0

ox oy oz

4 equations for 4 unknowns (p,u,Vv,w)

Navier—-Stokes equations in cylindrical coordinates
for axi—symmetric flows (r,z) —» Eq. (7.64) in text
(gravitational force is neglected)

Continuity: auz+u—r+%:0
0z r or




7.16 Applications of Navier—-Stokes Equations

(1) Couette flow

moving wth

)ﬂfo‘n.“t«e{, Men 3
/n Aorrzontad extent
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B.C.’s: u(~h/2)=0, u(h/2)=V
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If Zp 0, u(2)= j linear variation

2
If V=0, u@ _i_p{ —(E) ] parabolic profile
211 OX 2

(2) Hagen—-Poiseuille flow

2 2
r:aautr+u U, =———+ v( ur+16ur_u_r+aurj
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dzuz %-i%r
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Time—averaged Navier—Stokes equations for turbulent flow:

u—u
w — w } time - averaged (mean) velocity and pressure
P—>p

VoV =v4e





