Viscous flow in pipes

Pipe flow is a crucial aspect of fluid mechanics



Typical pipe system components.
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Pipe flow (pressure-driven) Channel flow (gravity-driven)
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Laminar, transitional and turbulent flow

Reynolds experiment:
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Laminar, transitional and turbulent flow (video)




Limits of laminar, transitional and turbulent flow
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Remarks:

a) Analytical solutions only for laminar flow

b) Only few engineering applications involve laminar flow. Most involve
turbulent flow. For turbulent flow we use experimental findings and
empirical relations

c) Before using Poiseuille’s law (valid only for laminar flow), check the
Reynolds number to verify that the flow is indeed laminar (Re < 2100)




Entrance region, developing flow, and fully developed
flow
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Pressure distribution along a horizontal pipe.

Fully developed
flow: dp/dx = constant

P l=— Entrance flow >
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Fully developed laminar flow
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Shear stress distribution within the fluid in a pipe

Laminar
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Relation of pressure drop to velocity and flow
Hagen-Poiseuille law
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Laminar flow in non-horizontal pipes
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Fluid cylinder
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Laminar & turbulent flow




Energy equation applied to pipe flow
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Dimensional analysis

Ap =p,—po

( 1 ) (2) 1 Velocity

R=D/2 e profile, it = u(y)

y 5 >
‘ ] a Flow in the viscous
T Viscous sublayer - x  sublayer near rough
and smooth walls.
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€ = pipe wall roughness (RS Nl

Typically, 0 < € < 0.05




Dimensional analysis
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Friction factor for laminar flow
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Friction factor as a function of Reynolds number and relative roughness
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Colebrook’s formula

Empirical formula, equivalent to Moody’s chart:

L:—Z.Olog 8/D+ 251

\/? 3.7 Re\/?

To solve, use iterative method until
convergence. For example, if Re and f are
known, assume a friction factor value, plug it
on RHS of the equation to obtain a new f value
on the LHS. Repeat the procedure with the
new f value until convergence.




Equivalent Roughness for New Pipes

m TABLE 8.1

Equivalent Roughness for New Pipes [From Moody
(Ref. 7) and Colebrook (Ref. 8)]

Equivalent Roughness, &

Pipe Feet Millimeters
Riveted steel 0.003-0.03 0.9-9.0
Concrete 0.001-0.01 0.3-3.0
Wood stave 0.0006-0.003 0.18-0.9
Cast 1ron 0.00085 0.26
Galvanized 1ron 0.0005 0.15
Commercial steel

or wrought iron 0.00015 0.045
Drawn tubing 0.000005 0.0015
Plastic, glass 0.0 (smooth) 0.0 (smooth)
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Minor losses

Elbow
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Entrance flow conditions and loss coefficient
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Flow pattern and pressure distribution for a sharp-edged
entrance.
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Entrance loss coefficient as a function of rounding of the
inlet edge
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Loss coefficient for a sudden contraction
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Exit flow conditions and loss coefficient
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Loss coefficient for a sudden expansion

———— Control volume
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Continuity (1): A,V,=A;V;, Momentum (2): p;A;- pP3A; = pAV; (V3 —V,)

pP1 , Vi _D3, V3 2
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Loss coefficient for a sudden expansion
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Loss coefficients for standard pipe components

Component K;

a. Elbows
Regular 90°, flanged 0.3
Regular 90°, threaded 1.5
Long radius 90°, flanged 0.2 V 907 elbow
Long radius 90°, threaded 0.7
Long radius 45°, flanged 0.2
Regular 45°, threaded 04

b. 180° return bends J 8% glbiow
180° return bend, flanged 0.2 |
180 return bend, threaded 1.5

c. Tees
Line flow, flanged 0.2 A 180° return
Line flow, threaded 0.9 v bend
Branch flow, flanged 1.0
Branch flow, threaded 2.0

d. Union, threaded 0.08 v ! l Tee

“e. Valves
Globe, fully open 10
Angle, fully open 2 !! I
Gate, fully open 0.15 v Tea
Gate, § closed 0.26
Gate, 3 closed 2.1
Gate, 3 closed 17
Swing check, forward flow 2 4
Swing check, backward flow o Union
Ball valve, fully open 0.05
Ball valve, £ closed 5.5

Ball valve, %closed 210
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Commercial creel prpes
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Non-circular pipes
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Single pipe problems

Method: Apply the energy equation between two convenient points in the flow system

5 LV 5 45
hL — f'l Lt 4 kL —J
i Dl' Zg j ! Zg
Major Minor
head losses head losses
Pipe Flow Type problems
Variable Type 1 Type 11 Type 111
a. Fluid
Density Given Given Given
Viscosity Given Given Given
b. Pipe
Diameter Given Given Determine )
Length Given Given Given
Roughness Given Given Given
c. Flow
Flowrate or Given ( Determine ) Given
Average Velocity
d. Pressure
Pressure Drop or ( Determine ) Given Given
Head Loss



Example - Type | problem (pressure drop unknown)

K, = 2 based on
pipe
velocity

1.9 cm diameter

Water at 15 oC flows from
the basement to the second
floor and exits from a
faucet. What is the
pressure at point (1) if one
takes into account

(a) no losses
(b) only major losses
(c) both major and minor losses

copper pipe :
Wide open
1'|_5 . 2 glébe valve
(4) _l_ 1.3cm
E diameter
3m
Q= b4
45 L/min ‘
— @ =]
(1) Threaded
|__4.5 i | 90° elbows
3
Q _ 7.5%x107*™m°/5 _
V1 =7 = oo = = 2.65m/s
A1 T[( : ” mz
3
Q _ 7.5%«1074m°/, _
Vy == = o =~ = 5.65m/s
AZ TL‘( . ” mz
P — PVD 998.2°9/ 4 x2.65"/s+0.019m
e = — =

u 0.001002 S/,

= 50100



Example - Type | problem (pressure drop unknown)

K, = 2 based on

Rl 7z V3
i Btayt+z;=2+ay=2 +z,+ b
T (2) Y 29 Y 29
3m Wide open

globe valve
__L 1.3cm

diameter

}e Assume uniform velocity profile across pipe
2> a,=0,=1

’-—3 m 3
(7)1(8)
]

1.9 cm diameter ©6)

copper pipe

(1) Threaded

|-—45m—-| 90° elbows
(@) No losses > h=0

p1 =Vy(z; —z)t % (v5 - v7)

989.2
+ ==

=9.79 N/ . 6 s * (5.65% —2.65%) ™/,
= (58.74 + 12.4) N/,

=71 kPa



Example - Type | problem (pressure drop unknown)

K, = 2 based on
pipe
velocity

3m 3m 2 2
1%
1.9 cm diameter ’-_ (z) (i) _.I (2 pl + al L + Zl = pz + aZ 2 + Z2 + hl
copper pipe Wide open y Zg y Zg

globe valve
_l_ 1.3cm

(1) Threaded

- 90° elbows

b) Major | > h=f——
(b) Major losses ] fDZg

From table: copper (drawn tubing): €e=1.5*106m - ¢€¢/D=8* 105
Moody's chart with ¢/D = 8 * 10-5> and Re=50100 > {=0.0215

— P l vi
p1 =y(z2—2z)+ 5 (v3 -vi)+pf -5

- k * x ¢ 18 %x2.652
=71 kPa + 998.2 *9 3 0.0215 (mm) > mZ/SZ

=143 kPa



Example - Type | problem (pressure drop unknown)

K, = 2 based on

pipe
’-_3 m(7) (8)3 m—-l
[ ]

velocity
L]
P

Wide open
globe valve
_l_ 1.3cm

diameter

p vz p V3
@ L =+ z,= 22 4 a, =+ z,+ hl
14 29 14 29

1.9 cm diameter ©6)

copper pipe

(1) Threaded

- 90° elbows

l vl v
ior + mi — + YK
(c) Major + minor losses >  h; = fD 20 | — 20

From table: Loss coefficient for wide open global valve = 10
Loss coefficient for elbow = 1.5

2

— p lv1 v?
1 =V(Z2 —z)* 3 (vi - vi) + pf 55 T IpK =
= 143 kPa +998.2 %9/ *265m/ (10 + 4*1.5 + 2)

= 206 kPa



Example - Type | problem (pressure drop unknown)

K, = 2 based on

pipe
velocity

I-_S m(7)A(8) : m_—l
L]

(2)

1.9 cm diameter

: e
copperpipe 3m Wide open
i‘ globe valve
(4) _l_ 1.3cm
diameter
_ 3m ‘ 2
45 L/min l
— —]
(1) Threaded
| A5 i | 90° elbows

|‘./206 kPa
204 A
— () NO lOSSES
186.8 I (¢) Including all

I losses
I
»Pressure :
loss |
136 I
I
© |
& I
= |
- |
71.0 '
68 !
Elevation :
| and |
kinetic |
energy I
I

0 4
0 3 6 9 12 15 18
Distance along pipe from point (1), m
Location: (1) (3) (4) (5) (6) (7)(8) (2



Example - Type Il problem (flow unknown)
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Example - Type lll problem (diameter unknown)

Q=0.04 m
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