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Significant learning outcomes

Conceptual Knowledge

» Describe laminar flow, turbulent flow, developing flow, and fully developed
flow in a conduit.

» Describe how to characterize total head loss by using component and pipe
head loss.

» List the steps used to derive the Darcy-Weisbach equation and Poiseuille
flow solution.

» Describe the main features of the Moody diagram.

Procedural Knowledge

» Classify flow as laminar or turbulent and developing or fully developed.
» Using equations or the Moody diagram, find values of the friction factor f.
» Calculate pipe head loss, component head loss, and total head loss.

Typical Applications

» For flow in a pipe, find the pressure drop or head loss.

» For a specified system, find the flow rate.

» For a specified flow rate and pressure drop, determine the size of pipe
required.
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10.1 Classifying flow

Pipe, Duct or Conduit: A closed
fluid conveying section having Circular pipe
pressure greater than atmospheric.

Average velocity
Ve Water

_ — >: 50 atm
J,, (uo)eardr) ) e o
— — 1.2 atm
Wonm = pors; Y !u(r)rdr
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10.1 Classifying flow

Laminar and Turbulent Flows

Reynolds number: The ratio of inertial to viscous forces

Re:i: oV L’ _ poVL0L
F LNVL Y7

Vv

L is a characteristic length. For pipes, the characteristic
length is the pipe diameter. So,

_pVD VD 4Q  4m
7 v aDv  aDu
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Dye Re < 2000 Laminar flow
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Developing and fully developed flow

Hydrodynamic entry region
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10.2 Specifying pipe sizes

A larger schedule indicates

Nominal pipe size (N PS) thicker walls. A schedule
40 pipe has thicker walls than
Table 10.1 NOMINAL PIPE SIZES a schedule 10 pipe.
NPS (in) OD (in) Schedule Wall Thickness (in) ID (in)

172 0.840 40 0.109 0.622
80 0.147 0.546

1 1.315 40 0.133 1.049 — -

ID (Inside diameter)

80 0.179 0.957
2 2.375 40 0.154 2.067
80 0.218 1.939
4 4.500 40 0.237 4.026

80 0.337 3.826 OD (Outside diameter)
8 8.625 40 0.322 7.981
80 0.500 7.625
14 14.000 10 0.250 13.500
40 0.437 13.126
80 0.750 12.500
120 1.093 11.814
24 24.000 10 0.250 23.500
40 0.687 22.626
80 1.218 21.564

120 1.812 20.376 7




10.3 Pipe head loss

. To (RDAL) @
Total head loss= pipe head loss+ component head 7 —————-"\ »
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AAL : AZ
(p, +72,)—(p, +72,)= DTO (Slnazﬂj

From energy equation:

(_Hj C

(p,+92.)~(p, +12,)= 1,

4Lro_(Lj 4r, pV?I12) [ 4, (Lj V?
s Dy (DApV?/2 y oNZ212 D) 29
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10.4 Shear stress distribution in pipe flow

ds

Angle a r dlrectlon
\\; % 8
s direction
Force dlagram

'X\ ,)

Radius;0 \ (===

1\‘ aa i
\21“> p + -(—liAl)

Control volume

pA—(p+(;pALjA ~Wsina —7(22r)AL =0
S
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pA—( P +$AL)A—W sina —r(22r)AL = 0
S

W = AAL  sina =Az/ AL

T=I{—E%p+ﬂﬂ

ds

Maximum shear stress (1,) ——
occurs at the wall

—
-
—/
—

Linear shear-
stress distribution
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10.5 Laminar flow in a round tube

Velocity profile T — ,ud—v _ —,ud—v (y =1, - r)

z (vertical)

21\ dV d yAh
=|—I(p+z)|=constant = —
( r jdr [ds(p y)} AL
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Discharge and mean velocity

Q:deA

_ o roz—rz _Q/Ah
Q= jo[ » j_AL}(andr)

N EAFN .
°- (4/1][&} 2 |, (
V =Q/A=Q/(m?)
7 _[ N j{y/Ah} _ Vi

8u )| AL 2
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Head loss and friction factor

i

yAh :_[ D? (ij[(pzﬂfzz)—(pﬁﬂl)]

7/D2 f 7/D2 D 2g
B ¢ _ 64 64
" D2 oDV Re
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EXAMPLE 10.2 HEAD LOSS FOR LAMINAR FLOW

Oil (S 0. 85) with a kinematic viscosity of
6x10" m /sﬂowsmalScmplpeatarateofOOZOm /5. m=
What is the head loss per 100 m length of pipe?

Problem Definition

Situation:

l. Oil is flowing in a pipe at a flow rate of Q = 0.02 m’/s.
2. Pipe diameteris D = 0.15 m.

Find: Head loss (in meters) for a pipe length of 100 m.
Assumptions: Fully developed, steady flow.

Properties: Oil: S =0.85, v=6x 10" m/s.
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Solutfion

. Mean velocity

3 3
p-©@_0020m’/s . _0020m/s  _{(3m/s

A (mpYs4 (015 m)2/4) E—

2. Reynolds number

R = vD _ (1.13 m/s)(O.’IS m) _ 8
v 6x10" m’/s

3

3. Since Re << 2000, the flow is laminar.
4. Head loss (laminar flow).
= M - 32pv[;V = 32v£;V
D pgD” gD
_32(6x 10" m"/s)(100 m)(1.13 m/s) _
(9.81 m/s°)(0.15 m)”
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10.6 Turbulent flow and the Moody diagram
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1
Colebrook Equation
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Swamee and Jain

formula

Boundary Material
Glass. plastic

Copper or brass tubing

Wrought wron. steel
Asphalted cast iron
Galvanized won
Cast 1ron

Concrete

Riveted steel

Rubber pipe (straight)

0.25

log

k./D

5.74
_|_

3.7

(Re)0.9
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k., Millimeters

Smooth

0.0015

0.046
0.12

0.15

0.26

0.3 to 3.0
0.9-9
0.025

k., Inches

Smooth

6% 107
0.002
0.005
0.006
0.010
0.012-0.12
0.035-0.35
0.001
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10.7 Solving turbulent flow problems

Types of fluid flow problems

Case Given
1 L, D Q Ny
2 L,D, hy Q
3 L,Q, h; D
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EXAMPLE 10.3 HEAD LOSS IN A PIPE (CASE 1)

Water (T = 20°C) flows at a rate of 0.05 m” /s in a 20 cm

asphalted cast-iron pipe. What is the head loss per kilometer
of pipe?

Problem Definition

Situation: Water is flowing in a pipe.
Find: Head loss (in meters) for L = 1000 m.
Assumptions: Fully developed flow.

Properties: Water (20°C), Table A.5: v = 1 x 10-6 m*/s.
Sketch:

'- L=1000m ’|

Water, 20°C & q
Q = 0.05 m¥/s ;L D=0.2m
Asphalted, cast-iron

23




Solution
1. Mean velocity
poQ_ _005m’/s
A

= .59 m/s
(7/4)(0.02 m)’

2. Reynolds number
VD _ (1.59 m/5)(0.20 m)

=3.18 x 10°
v 10°° m?/s

Re =

3. Resistance coefficient
* Equivalent sand roughness (Table 10.4): £, = 0.12 mm

* Relative roughness:
k./D = (0.00012 m)/(0.2 m) = 0.0006

* Look up fon the Moody diagram for Re = 3.18 x 10
and k./D = 0.0006:

£=0.019
4. Darcy-Weisbach equation

_ (L)) _ 1000 m\[ 1.59% m*/s>
hf—f(D)[Zg] - 0'019(0.20 m)[2(9,81 m/s”)

=122 m 24




EXAMPLE 10,5 FLOW RATE IN A PIPE (CASE 2)

Water (7" = 20°C) flows from a tank through a 50 cm
diameter steel pipe. Determine the discharge of water.

Properties: =

1. Water (20°C), Table A.5: v = 1 x 10-6 m’/s.

2. Steel pipe, Table 10.4, equivalent sand roughness:
k., = 0.046 mm. Relative roughness (k./D) is

9.2 x 1073,

b sssscs=sss=zr=7 Elevation = 60 m

................

Water D =50 cm Steel pipe
- | | / ®_
%é ~.—Elevation = 40 m
g A . i




Solution

|. Energy equation (reservoir surface to outlet)

2 2
V V
{’.1+_'+z|-_-1_’£+_2+zz+hL
Y 28 Y 28
2 2

V LV
0+0460=0+—2+404+f=—
2g fD2g

or

Vz(%%%(%lf)m

2. First trial (iteration 1)
« Guess a value of /' = 0.020.
« Useeq. (1) to calculate V' = 8.86 m/s.

(1)

« Use V= 8.86 m/s to calculate Re = 4.43 x 108
« Use Re = 4.43 x 10° and k./D =92x 1075 on the

Moody diagram to find that / = 0.012.

« Useeq. (1) with /= 0.012 to calculate V' = 10.7 m/s.
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3. Second trial (iteration 2)

« Use V= 10.7 m/s to calculate Re = 5.35 x 105,
« UseRe = 5.35x 10%and k./D = 9.2 x 10~5 on the
Moody diagram to find that / = 0.012.

4. Convergence. The value of f = 0.012 is unchanged
between the first and second trials. Therefore, there 1s no
need for more iterations.

5. Flow rate

0= VA = (107 m/s)x (7/4) % (0.50)° m* ={2.10 m*/s
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EXAMPLE 10,6 FINDING PIPE DIAMETER (CASE 3)

What size of asphalted cast-iron pipe is required to carry -
water (15°C) at a discharge of 0.08 m’ /s and with a head loss
of 1 m per 300 m of pipe?

Problem Definition
Situation: Water is flowing in a asphalted cast-iron pipe.
O = 0.08 m’/s.

Find: Pipe diameter (in m) so that head loss is | m per 300 m
of pipe length.

Assumptions: Fully developed flow.

CIVL 4046 Fluid Mechanics 28
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Solution

1. Develop an equation to use for iteration.

+ Darcy-Weisbach equation —

2 7S :
hf=f( ZI:,)( é/_g) =f([1,_5)(Q2/gA ) ' zg(f/?t)zDs

* Solve for pipe diameter

0.785%(2gh)
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2. ITteration |

* Guess/ = 0.015.
* Solve for diameter using eq. (1):

s _ 0.015(300 m)(0.08 m’/s)’
0.785°(19.62 m/s°)(1 m)
D =0299 m

* Find parameters needed for calculating f:

=N s
A4 (7/4)(0.299° m%)

VD _ (114 m/5)(0.299 m) _
V' (1.14x 107 m%/s)

k,/D = 0.12/(0.299 x 10°) = 0.0004

D =238%10° m’

Re = X lO5

CIVL 4046 Fluid Mechanics 30



+ Calculate fusing Eq. (10.39): f = 0.0177.

3. In the table below, the first row contains the values from
iteration I, The value of / = 0.0178 from iteration 1 is
used for the initial value for iteration 2. Notice how the

solution has converged by iteration 3.

Iteration # | Initial f D v Re k/D
(m) {m/s)
1 0.0150 | 0.299 1.14 2.99E+05 | 4.00E-04
2 0.0177 | 0.309 1.07 2.90E405 | 3.88E-04
3 | 00176 | 0.309 1.07 2.90E+05 | 3.88E-D4
4 0.0176 | 0.309 1.07 2.90E+05 | 3.88E-D4

Specify a pipe with a 31 cm inside diameter.

CIVL 4046 Fluid Mechanics
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10.8 Combined head loss

2
Major loss (due to friction) hL S f [L) \2/
| g

Minor losses (entrance, contraction, expansion, exit,

valves and bends)

h

L, minor

h =h +h

L, total

(Zf—+ZKj

CIVL 4046 Fluid Mechanics

L,major L,minor
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Table 10.5 LOSS COEFFICIENTS FOR VARIOUS TRANSITIONS AND FITTINGS
Description Sketch Additional Data K Source
Pipe entrance r/d K, (10)

- 0.0 0.50
= d -l 0.1 0.12
h, =K, V?/2g / /< T >0.2 0.03
Contraction Kc Ke
D . D,/D, 0 = 60° 0 = 180° (10)
, 7 e i f2 0.00 0.08 0.50
, = KoV5/2g Dy 0 0.20 0.08 0.49
el 0.40 0.07 0.42
0.60 0.06 0.27
0.80 0.06 0.20
0.90 0.06 0.10
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Description Sketch Additional Data K Source
Expansion > Ky Ky
wmo D,/D, 6 = 20° 6 = 180° )
" t‘;/i D* 0.00 1.00
=K.V /2 = $ : 0.20 0.30 0.87
0.40 0.25 0.70
0.60 0.15 0.41
0.80 0.10 0.15
90° miter bend Without K,=1.1 (15)
Vanes anes
_‘_’ S
With vanes K,=02 (15)
90° smooth bend r/d (16)
— |d - and
\ 1 K, = 0.35 9)
" 2 0.19
i
< 4 0.16
6 0.21
8 0.28
10 0.32
Threaded pipe fittings Globe valve—wide open K,=10.0 (15)
Angle valve—wide open K, =350
Gate valve—wide open K,=02
Gate valve—half open K,=56
Return bend K,=22
Tee
Straight-through flow K, =04
Side-outlet flow K,=138
90° elbow K, =109
45° elbow K, =04

TReprinted by permission of the American Society of Heating, Refrigerating and Air Conditioning Engineers, Atlanta, Georgia,

from the 1981 ASHRAE Handbook—Fundamentals.
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EXAMPLE 10,7 PIPE SYSTEM WITH COMBINED
HEAD LOSS
Ifoil (v =4 x 107 mz/s; S = 0.9) flows from the upper to

the lower reservoir at a rate of 0.028 m*/s in the 15 cm
smooth pipe, what is the elevation of the oil surface in the

upper reservoir?

Properties:

1. Oil: v=4x10"m"/s, § = 0.9.

2. Minor head loss coefficients, Table 10.5;
entrance = K, = 0.5; bend = K, = 0.19;

outlet = K = 1.0.
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@ :I::-: AT Elevation = ?
B0 m 4'1

g '
I _» 7 @ ========= Elevation
D <l r == =%=130m

!- 130 m —

Solution

l. Energy equation and term-by-term analysis

Vi
&+al l-l-z,~4-h -£3+a2V2+zz+h +h;
s TR Yy 28
0+0+2,+40=04+0+2,+0+ 4,
Zy=2zy+hy

Interpretation: Change in elevation head is balanced by the
total head loss.



2. Combined head loss equation
2

V2
et Ehe

pipes components

V
Z—(f— +2K, + K, + Ky)
3. Combine egs. (1) and (2).

Vi L
Zl =22+'2_g'(f5+2Kb+Ke+KE)

CIVL 4046 Fluid Mechanics
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4. Resistance coefficient
* Flow rate equation (5.8)

y— O _ _(0.028m’/s)

== i 1.58 m/s o
A (w/4)(0.15 m)

* Reynolds number

1. /s(0.1
Re=V—D=M=S.93x103
v 4%107 m™/s
Thus, flow is turbulent.
« Swamee-Jain equation (10.39)
f= 0.25 _ 0.25 — 0.036

2
togyg| Ko+ 74| [togyg0+ 2141
37D Re%? - 5930"
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5. Calculate z, using (3):

(1.58 m/s)2

zy = (130 m) + -
2(9.81)m/s

(197 m)
(0.036(0’15 0 +2(0.19)+ 05 + 1.0)

z, =136 m

CIVL 4046 Fluid Mechanics
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