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Chapter 5. Incompressible Flow in Pipes and Channels
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Shear Stress and Skin Friction in Pipes (H&t22 2 HH0ME)

* Shear-stress distribution

Flow P lp + del

- -~ - . — e - -
[ 3
[P,
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| b dl

For fully developed flow, V, =V, & A =5,
L YF=0 <« fromEq. (451): $F =m(BV, - B.Vz)

From Eq. (4.52), Y F =p,S, — p,Sp+F, —% =0

= —F,
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— YF=mr’p-m?(p+dp)—(2mdL)r =0

aldl 2 LhsH
dp 27
—Cr22 0 - Eq. (5.1
T g. (5.1)
rife S22 (22 SHHA gIsto 20| a2 U HN)

“w_ o --- Eq. (5.2)

Eq. (5.2) 0 M Eq. (5.1)= BHH,

¢ of pipe -
T T
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Shear stress, =
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* Relation between skin friction & wall shear
HU) ot S 0= D4 A2 Bernoulli &8 83 A2

- 2 \72
b4 h,  --Eq. (471)

SRLES >p, O1EZ pp=p;—Ap 2 EAIE &= A1 fully developed flow?!
F=gd=s = ot IHE =2 72t 25 A0l 2l skin friction h Bt EXHot2 =

o =Va, oy =y, Zy =24 & Ap=Ap, (L3I EBDIE0 O3 2402 2)

0] <= Bernoulli &/ 2

Pa = Pa — APs +hfs =, %: hfs --- Eq. (5-4)
p p p
From Eq. (5.2), —APs , 2Tw _,
L Ny _
Aps E A~H6HH
hy = 2Ty ATy
P Ty p D

2=t
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* Friction factor (Ot& H =), f
< 0IIM 82lot= Ot&E Hl == f = Fanning friction factor
& CHE OFE Al == 2 Blasius or Darcy friction factorJt =0l 0l = 4f Kl i &

¢ Tw 2Ty

fwo - S Eq. (5.6)
pVl2 pV

T wall shear stress = (A M

density x velocity head ' (SIS0 S0

skin friction h,, 2t friction factor f 2t2| 2t |

7 2
h = 20wy _APs _4p LV - Eq. (5.7)
JoR o Jo, D 2
7 2
R = L -~ E5. (5815.9)
2LV L D

2=t
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* Flow in noncircular channels

In evaluating the diameter in noncircular channels, an equivalent diameter (S )t Al &)

Dy Is used.
Deq =4r4| = r,: hydraulic radius (=& &t & BHX| &)
foS S : cross-sectional area of channel
1L L, : wetted perimeter

1) Circular tube: 2) Annular pipes: :
y ) ~ ) pip ~N 3) Square duct.\
__D’/4_D . _aDy"14-aD;" 14 _ D, - D, b b
T 4 : D; + D, 4 H 2 4
N - Deq:D RN - Deq:Do'Di VRN > Deq b y
SHEHO| R 0| Ot 22 & 2 Reynolds number Re &&= friction factor f S 2| Hl &AL Gl
D CH&I D, &2 r Al 2ry £ THUGHA A& OtsE S 201

)
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Laminar Flow in Pipes and Channels

* Laminar flow of Newtonian fluids

2t

CtO )

—

0
g
ol
1[0

O,

i
H

= I = centerlineOfl CHal CH &

(=)

0
rir

u depends only on r

o d_U wall
ﬂdr 3
_ ) \
P >

—-. centerline

Udu = — W7 rdr U=-—w (p2_2 --- Eq. (5.15

fo I, i ly - erlu(w ) q- ( )
7ol 2

Upax =Y (at r=0) L4 ] -Eq. 5.17)
24 Umnax o
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Average velocity

V== udS --- Eq. (4.11)
TL dS = 2zrdr

Eq. (5.15) (28t & X =2

I,
= IO (W — rz)rdr _twlw Eqg. (5.18)
» 4p
r VvV
0] AIS Upax =YW o} D504, |[——=05[ --Eq. (519
2’u umax

- In Laminar flow,
Kinetic energy correction factor, & = 2.0 «— Eq. (4.70) 0l (5.15)2} (5.18)= CH ! ol HI A

Momentum correction factor, 3 = 4

5 Eq.(450)0 (515)2 (5.18)S CHITH et

2=t
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Hagen-Poiseuille equation
Eg. (5.7)1 Eq. (5.18)= Ol &0t 7, tH&! ECH A M A QI Apg &2 HetotH,
_ Ap,D? 2LV,
V = Ps or |Apg = 3 5 ? --- Eq. (5.20)
32Lu D
m?
Il A Q—TV 0122 q 2 Apy SELZRH & Hét It s:
7 Ap; D* H Poiseuill t
= agen-Poiseuille equation
4= 1081 : .
£t Eq. 6.7)UH A Apg =47, /(DL) 0|22,
= Vu - Eq. (5.21)
D
Eqg. (5.21)= Eq. (5.7)0l CH ot ™ f 2F Re AFO[2] 2tH| Dt R & & :
164 _16 - Eq. (5.22)
SO

" DVp Re
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* Laminar flow of non-Newtonian liquids

2.8
- Power law fluids -
2-" Dilatant: n* = 2
du” : ,
T = —K — 2.2 -\JN./IJ
dr \:\Na-.-nnniun: n =1
2.0 '-"--'u'.___h".| 1"'|,<' —
1.8
BtXIE r Ol (2 velocity profile: o N
= I-d 7
Un 141/n _1+1/n Y Psevdoplastic:
u= w N —r 1.2 n=05 ™
r, K 1+1/n 1.0 1.“'-\‘,
A
0.6 |
Fig. 5.4. Velocity profiles in the laminar flow o
of Newtonian and non-Newtonian 0.2

liquids.
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- Bingham model

T—T,=— d_u atr>r

0 dr 0

d—u:O at r <7,
dr

StXIE r Ol (+2 velocity profile:

1 Tw r
U=—I(r,—r)—|1+—|-7
K(W >|:2( er 0:|

Fig. 5.5. (a) Velocity profile and
(b) Shear diagram
for Bingham plastic flow

Pipe wall

o I 0 {
______

- . o i 1
)
r. )
™ To -
)
| Pipe wall

O T
Shear stress, T —=

L]

- Some non-Newtonian mixtures at high shear violate the zero-velocity (no-slip) b. c.
ex) multiphase fluids (suspensions, fiber-filled polymers) = “slip” at the wall
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Turbulent Flow in Pipes and Channels

 viscous sublayer (& 45l E):
viscous shear T, eddy X
buffer layer (& =) or transition layer (& 0| &):
viscous shear & eddy &= &
L turbulent core (&t S & 2):
viscous shear |, eddy diffusion 1

A

turbulent core

R wall

[_ﬂ\

viscous sublayer

Velocity profile for turbulent flow:
much flatter than that for laminar flow

Eddies { in the turbulent core: large but low intensity
in the buffer layer: small but high intensity

|

buffer layer

Re 1
- C.L.

laminar flow
turbulent flow

wall

—> Most of the kinetic-energy content of the eddies lies in the buffer zone.
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* Velocity distribution for turbulent flow

In terms of dimensionless parameters

\f \F . friction velocity

: velocity quotient (2 XH&)

+

*

u
3
u
y

_Y F . distance (2 X&) vy : distance from tube wall
(. ry=r+y)

y"

Re based onu" &y

25

Buffar layer === Turbulant eane

* Universal velocity distribution equations . Viscous _|__ | /

sublonyar

20
i) viscous sublayer: u* =y~

i) buffer layer: u™ =5.00Iny" —3.05 15
i) turbulent core: u™ =2.5Iny" +5.5 10
— intersection@ £ £ £

+ .
y <5 for viscous sublayer

5<y" <30 for buffer zone % 3 5 10 30 50 100 300500 1,000

¥
y">30 for turbulent core
—» Re>10,000 O|&0IIA &2 JIs

2=t
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* Relations between maximum velocity U, N
& average velocity V' 0.9 |
For laminar flow, /' /u,,,, is exactly 0.5. 08 f,,.e—--f"é"’
< from Eq. (5.19) g ail |
[j=N
When laminar flow changes to turbulent, . [ ;
[ |
the ratio V /U, changes rapidly 0.6 —11 |
i |
from 0.5 to about 0.7, ;
Mmﬁ' 10t 107 10°
& increases gradually to 0.87 when Re=106. DV o/

* Effect of roughness

Rough pipe - larger friction factor

s f=fttn of Re&k/D

< k: roughness parameter

k/D : relative roughness

For laminar flow, roughness has no effect

(&) id)

on f unless k is so large. Types of roughness
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* Friction factor chart

Fanning friction foctor, f

0.05
< 0.04
; 0.03
.. S 0.02
£ > 0.015
0.01
/' 0.008
0.004
/ Turbulent How 0,004
Transifion ':3':::;_3:‘__ /
region T . 0.002
RN k/D T
-_- D.Dﬂ]
0.0008
| |1 BN 0.0004
| Material k& » 0.0002
Drown tubing Smoath s
0.0030 | Wrought iron, steel 0.00015 - 0.0001
| Galvonized iron  0.0005 0.000,05
0.0025 |— Cast iron 000085 1 i i e i k/D = 0000008
Concrele 0.01-0.001 k/D = 0.000001 =
0.0020 ¢ 0.000,01
2 345681 2 3455681 2 3456 81 2 3455681 2 345681
|- = 107 == ® 10 - ® 107 =l ® 108 =t x 107 -

Reynelds number, Re

Friction factor plot for circular pipes (log-log plot)

Relative roughness, k/D

gitierm
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* Friction factor for smooth tube * Drag reduction

f =0.046Re % for 50,000 < Re <10° _ o
0.125 Dilute polymer solutions in water

6
f =0.014+—= for 3,000 <Re <3x10 -> drag reduction in turbulent flow

Re032
(wide range) . :
Application: fire hose (a few ppm of PEO

* Non-Newtonian fluids in water can double the capacity of a

fire hose)
' I
\"-\ F= 16/ke,
g Men-nawthonion |
w1 friction foclor diogram 0.01 = W ]
& \ =+4.] ) 0.008 S o Py —
2 oo | 11 -ia T4 ::_‘- e s 0.004 ““-\ -..,_H"""-—— - == —
P e s e e N SEwa Sl
£ 7 : = —~—— RN f 0.004 = — =% 1
N 5 Wi ey P —il 0| \ / rn | |
m 7 1] N <o N 0.003 . N ("é p Y l 10 ppm)__|
5 ' N AR REET '%*’-a- |
w3 ; o % e s o~ 'y 0.002 NG, ____‘,.;- i
| 3 1 il S M 7 ~T""50 ppm
2 : ~ = e = 1
Exparimenial regions g \ ™ - {_-1&.; M |
= = = Exropoloted regions L 0.0 ‘l o 0,001 |
0.001 1 x T 2%x10°3 4 6 BI04 2 3 4 &6 810
) 1000 10,000 100,000 Ra

Maodified Reynolds number, Re,,

2=t
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* Friction loss from sudden expansion

T s [

\7612 { V,, : average velocity of smaller or upstream section)
K, : expansion loss coefficient

K, can be calculated theoretically from the momentum balance equation (4.51) and
the Bernoulli equation (4.71).

2

S

Ke =[1—S—3J for turbulent flow (o =21 & g =1)
b

Laminar flow?! 2R0=a=2& p=4/3= AtE0IH K,

M
1]
i
1
0
O
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* Friction loss from sudden contraction

C—-C Plane of vena contracia

cross section of minimum area

h. =K \sz { V,, : average velocity of smaller or downstream section)
fe™ ey K. : contraction loss coefficient
K.<0.1 for laminar flow > hy, is negligible.

S
Ke = 0-4(1—S—bj for turbulent flow (empirical equation)
a
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* Friction loss from fittings

Ne — K \E {\7a . average velocity in pipe leading to fitting
f f 2 K : fitting loss coefficient

Table 5.1 - Loss coefficients for standard pipe fittings

* Total friction -

a

17 it 7|
| . Fru:ﬁu'vl:- = ] 1 K |

‘Flil" : .-f/; ' ";J \% Pressun [

Velacity « ¥ | “ .W / elocity = ¥,

I i Velocity in tube v Pressure = py """'_;""'"“"
| 4 ___,I :
a | { | b

Entrance header Exit header

V2
h; _(4f—+K +K +Kfj
D 2

K] _fitting loss coeff. He
contraction loss coeff. v

- Bernoulli equation without pump: Pa=Py , 0(Z,—2Z,)=h;

Ex. 5.2) Homework

2=t
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* Minimizing expansion and contraction losses

. Contraction loss can be nearly eliminated by reducing the cross section gradually.

— K, =0.05

In this case, separation & vena contracta do not occur.

. Expansion loss can also be minimized by enlarging the cross section gradually

To minimize expansion loss, the
angle between the diverging walls
of a conical expander must be less
than 7°.

For angles > 35° - The loss
through this expander can become
greater than that through a sudden

expansion.

Separation of boundary layer in
diverging channel
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* Flow through parallel plates (Prob. 5.1 & 5.31} &1 2)

In laminar flow between infinite parallel plates,
upper plate

(£Z0I) Force balance: 2yWp, —2yWp, =24.W < from Eq. (4.52)

pa_pbzz z':—,ud—u

L y Hel dy
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(Pa— Pb)
PRl yay =
25, b CHe!
4~ (Pa—Py) U 2| (Umax 3LY=0) _(pa—py)(b
24l 2 M 2ul
1 a/2
gjudS =——[7 “UW dy
_(Pa—pp) 7Y
= 12,uL Pa — Pp b2
LU 1_( y jz Vo2
' Umax (b/2) Umax 3

Related problems:

(Probs.) 5.4, 5.8, 5.10, 5.12, 5.13, 5.17, 5.20 and 5.21

2=t
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