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Overview

» Pipe Flow is important in daily operations and is described in general as flow in a closed
conduit (pipes and ducts). It is also known as an internal flow.

» Some common examples are oil and water pipelines, flow in blood vessels, and heating and
cooling applications.

» The fluid in such applications is usually forced to flow by a fan or pump through a flow
section.

» Particular attention should be paid to friction, which is directly related to the pressure drop and
head loss during flow through pipes and ducts.

» When real world effects such as viscous effects are considered, it is often difficult to use only
theoretical methods. Often theoretical, experimental data, and dimensional analysis is
used.

» Theoretical solutions are obtained only for a few
simple cases such as fully developed laminar

flow in a circular pipe Elbow
Some common pipe flow

Valve

components are shown:
v

Inlet /‘ T .'\
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Overview

Pipe flow versus Open-channel flow:

-Ch 1 Flow:
Pipe Flow: Open-Channel Flow

* Pipe is completely filled with fluid « Pipe is not full of fluids
* Pressure Gradients drive the flow « Pressure gradient is constant
* Gravity can also be important * Gravity is the driving force
i.e., flow down a concrete spill way.
Rectangular
Circular pipe duct
[
W /
fater ™
30atm 1.2 ‘Elil]l
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Overview

» Pipes with a circular cross section can withstand large pressure differences between the inside

and the outside without undergoing significant distortion.

» Noncircular pipes are usually used in applications such as the heating and cooling systems of
buildings where the pressure difference is relatively small, the manufacturing and installation

costs are lower, For fully developed laminar pipe flow,

Vg 18 half of maximum velocity.
Vo 1

avg

» The fluid velocity in a pipe changes from zero at the
surface because of'the no-slip condition to a maximum

at the pipe center

> Ve

1s the average speed through a cross section

i

From the conservation of mass T

m=pV, A, = | pu(r) dA, _ _
- a. A, is the cross-sectional area,
u(r) is the velocity profile,

~ R p is the density.

Fa

o R
] pulr) dA, ] pulr)2er dr
B YA _ i

Vivg = pA. = p'lTRE R J; ulrjrdr R circular pipe radius
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Laminar or Turbulent Flow

Osborne Reynolds 1842-1912, a British scientist and mathematician, was the first to distinguish the
difference between these two classifications of flow by using a simple apparatus as shown

Small flow
rates
., Pipe L J a 5 Laminar
Reynolds x, N |
(1842-1912) _0=va|[ oyestreak ({ Increasing the
. —\ flow rates
/ ﬁsmomh. well-rounded T
entrance
~ Turbulent
Transitional

A

flow
g g—' ) Laminar

Increasing the

~Laminar flow rates
flow
J 8—‘ ) Transitional @
Turbulent

Tﬁ g—' ) Turbulent
Ch Jord
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Laminar or Turbulent Flow

If we measure the velocity at any given point with respect to time in the pipe:

u, x component of the velocity

0
—= [-ﬁ.— A—ry /MMMMWA Turbulent —> Re>4000
V =ui + vj + uﬁ
Reynolds Number
Dependency: '\/\/‘ I Transitional > 2300< Re <4000
Re = PVD/ﬁ — Laminar ——=> Re < 2300

r
» Turbulence is characterized by random fluctuations and highly disordered motion.

» Transitional flows are relatively steady accompanied by occasional bursts.

» Laminar flow is relatively steady and characterized by smooth streamlines and highly
ordered motion.

> For laminar flow there is only one flow direction: V = ui

» For turbulent flow, there is a predominate flow direction, but there are random

components normal to the flow direction: V = ui + vj + wk
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Laminar or Turbulent Flow

> In laminar flow, fluid particles flow in an Laminar Flow

orderly manner along path lines, and

Yvy

» Momentum and energy are transferred across

streamlines by molecular diffusion

» Turbulent flow is a flow regime in which the movement of fluid particles is chaotic,
eddying, and unsteady, with significant movement of particles in directions transverse to the

flow direction

» Turbulent flow is characterized by random and rapid Turbulent Flow
fluctuations of swirling regions of fluid, called eddies, | - ad PIERLY: VL y
throughout the flow. MO N TN T Ly

-

» These fluctuations provide an additional mechanism

for momentum and energy transfer
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Laminar or Turbulent Flow

Reynolds Number

» The transition from laminar to turbulent flow depends on the geometry, surface roughness,
flow velocity, surtace temperature, and type of fluid, among other things.

» The flow regime depends mainly on the ratio of inertial forces to viscous forces in the fluid,

This ratio is called the Reynolds number
[nertial forces  Va yf') B P]i'{l‘.gi)

For internal flow in a circular pipe  Re = - =
Wiscous forces v i3

where V,,, = average flow velocity (m/s), D = characteristic length of the
geometry (diameter in this case, in m), and » = w/p = Kinematic viscosity
of the fluid (m?/s).

» At large Reynolds numbers, high inertia and thus, the viscous forces cannot prevent the
random and rapid fluctuations of the fluid  furbulent

» At small or moderate Reynolds numbers, the viscous forces are large enough to suppress these
fluctuations and to keep the fluid in line  laminar
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Laminar or Turbulent Flow
Reynolds Number

» The Reynolds number at which the flow becomes turbulent is called the Critical Reynolds
Number, Re,,

» The value of the critical Reynolds number is different for different geometries and flow
conditions

> For internal flow in a circular pipe ~ Re_ = 2300

[

» For flow through noncircular pipes, the Reynolds number is based on the hydraulic diameter

D, defined as D, = 44, p is its wetted perimeter.
o P A_ is the cross-sectional area
Circular tube: Square duct: Rectangular duct:
a
@ a ]
(f

o - dab 2ab

y ¥ = =
_ A D24y -D D :-'51-;!2 —u h AQa+b) a+b

h 7D h ™ dq
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Laminar or Turbulent Flow

AN =y

— — 1 |
| : :
| D 2V2(ab) :\ /:
. = — ! :

R vl + b i

Example

Water at a temperature of 30 °F flows through a pipe of diameter I} = 0.73 in. (a) Determine
the minimum time taken to fill a 12-0z glass (volume = 0.0125 ft*) with water if the flow
in the pipe is to be laminar (b) Determine the maximum time taken to fill the glass if the
flow 1s to be turbulent. Repeat the calculations if the water temperature 1s 140 °F.
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Example Cont.
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Example Cont.
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Entrance and Fully Developed

The entrance region in a pipe flow is quite complex (1) to (2):
The fluid enters the pi ith \ iform flow.
© TUIC ehtets The pipe With nearly tnitorm How The frictional effects are negligible
The viscous effects create a boundary layer that merges. and the velocity profile remains
When they merge the flow is fully developed. eésent.lally consufmt in the radlél
direction (Irrotational flow region)
The viscous effects and the

velocity profile changes are

significant, \

Entrance region

v flow \ /
: Boundary laker
. . Inviscid core
Uniform velocity - ’/ !
i
profile e |
B
i’
Irrotational (core) flow =
region, the frictional © . _ .
effects are negligible L Fullydeveloped |, Developing
| flow | ow
CREMICAL wtipiismnnsiaty v crssmass | cans v vaminy va v s asimis | atssissss 2 5 1oy s o
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Entrance and Fully Developed

l, €, .
—= = (.06 Re for laminar flow and oo 4.4 (Re)"® for turbulent flow

» For very low Reynolds numbers (Re = 10), the entrance length is short: £, = 0.6D

» For large Reynolds number flow the entrance length can
be several pipe diameters: ¢, = 120D for Re = 2000

» For many practical engineering problems: 10* << Re < 10° so that 20D < £, < 30D

Bends and T’s affect Fully Developed Flow:
» Pipe is fully developed until the character of the pipe changes.

» It changes in the bend and becomes fully developed again after some length after | =-
the bend. @
» Many disruptions can cause the /\ =
flow to never be fully developed. <L [ T | (*;m
> In many flows, the fully developed i _Fu;y';:;m' : . _D;:e_lo-:mg o :
region is greater than the developing ! o ow

region.
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Entrance and Fully Developed

Pressure and Shear Stress
» The hydrodynamic entry length is usually taken to be the distance from the pipe entrance to where
the wall shear stress (and thus the friction factor) reaches within about 2 percent of the fully

developed value.

[« Le o
» In the fully developed
= Edge of boundary layer

flow region of a pipe, the ~

velocity profile does not —  E=roee==em—— —
= ’\ / > ] ;

N— Potential core (inviscid flow)

change downstream, and o e

1
|
thus the wall shear stress Beteioiiog fic i ——
remains constant as well. flg
Wall shear stress is : oW
» The wall shear stress is the - changing due to the |
. .. £ change in velocity i Wall shear stress is
highest at the pipe inlet 2 profile as boundary | constant because
where the thickness of the G layer grows. [ ks e
= | constant with s.
. a I
boundary layer is smallest, = i /
= |
and decreases gradually to 2 :

the fully developed value, Distance (s)
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Entrance and Fully Developed

Pressure and Shear Stress

» Innon-fully developed flow,
the fluid accelerates or \"

decelerates as it flows /F

@p/ dx, is larger in the entrance region

Fully developed

» In fully developed flow, P Entrance.flow flow: dp/dx = constant ™
. . The fluid accelerates
viscous effects provide the ]
restraining force that Entrance or decelerates as it
pressure flows
exactly balances the drop . ap/ax = — Ap/e < Ol
pressure force, thereby | T
allowing the fluid to flow
through the pipe with no Ap
acceleration T
I . |
Ap = p, = p> flow driving force x =0 =t %3 N

» The shear stress in laminar flow is a direct result of momentum transfer along the randomly moving
molecules (microscopic).

» The shear stress in turbulent flow is due to momentum transfer among the randomly moving,
finite-sized bundles of fluid particles (macroscopic).

» The physical properties of shear stress are quite different between the two.
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Entrance and Fully Developed

The need for the pressure drop can be viewed from two different standpoints
1. In terms of a force balance, the pressure force is needed to overcome the viscous forces
generated.
ii. In terms of an energy balance, the work done by the pressure force is needed to overcome the

viscous dissipation of energy throughout the fluid.

» If the pipe is not horizontal, the pressure gradient along it is due in part to the component of
weight in that direction.
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Fully Developed Flow

» If the flow is fully developed and steady, no part of the fluid experiences any
acceleration as it flows.

Fluid element at time & Element at time ¢ + &t
Velocity Jr \ f
profile ————————] -,
r \ 3 I
7 T T T - T - 1T S
* e .
pr— "
>V = ulri f £ {

» Every part of the fluid merely flows along its path line parallel to the pipe walls with
constant velocity, although neighboring particles have slightly different velocities.

» The velocity varies from one path line to the next.

» This velocity variation, combined with the fluid viscosity, produces the shear stress
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Fully Developed Flow

» The pressure varies along the pipe from one section to the next. The pressure decreases in the
direction of flow

i.e., if the pressure is p = p, at section (1), itis p, = p, — Ap at section (2)

» A shear stress, T acts on the surface of the cylinder of fluid.

» This viscous stress is a function of the radius of the cylinder, 7 = T(r].
r2rrf
el —
f
prrr I (py - Ap) mr?
—_— e —
£
apply Newton's second law, —
pply - F, = ma,.
> In this case even though the fluid is moving, it is not accelerating a, = ().

» Basic pipe flow is governed by a balance of viscous and pressure forces.
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Fully Developed Flow

» Fully developed horizontal pipe flow is merely a balance between pressure and viscous forces,
» The pressure difference acting on the end of the cylinder of area rrrj, and
» The shear stress acting on the lateral surface of the cylinder of area 27 pf .
(p)mr® — (py — Ap)wr® — (7R27rl = 0 l Ap E
{ r

neither Ap nor £ are functions of the radial coordinate, r,

fir) =_g(x)_

mmmp 27/r must also be independent of r.

—) T = C}"" where C 1s a constant. dB/dy = constant,

At r = 0 (the centerline of the pipe) there is no shear stress (7 = 0).

At r=D/2
(the pipe wall) the shear stress is a maximum, denoted 7, the wall shear stress.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Fully Developed Flow

—) C=27,/D
the shear stress distribution throughout the pipe is a linear function of the

radial coordinate \deal
Laminar (inviscig) ~ Turbulent
{2} =1, priofile profile profile
27,1 : = —
T = T(r) ulr) *
D < , 4
—— r -_ - -_ e —_— —_— —_—
— () =0 ‘ »
4{7-“_ : _-.J )

-\P - T, i
D ’ v N R

A small shear stress can produce a large pressure difference if the pipe is relatively long
(€/D = 1).

» The equation indicates that for both laminar and turbulent fully developed flows the shear
stress varies linearly across the pipe, from zero at the centerline to a maximum at the pipe wall
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Fully Developed Laminar Flow

» For laminar flow the stress equation is

du

The negative sign is included to give 7 = 0 with du/dr << 0 (the velocity decreases from the
pipe centerline to the pipe wall).

» The two governing laws for fully developed laminar flow of a Newtonian fluid
within a horizontal pipe.

1. The one is Newton’s second law of motion and the other is

2. The definition of a Newtonian fluid.

By combining these two equations
du ( Ap )
= — _ r
' dr 2t
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Fully Developed Laminar Flow

Ap Ap\
du = — rdr — u=—|——|r + C
2ud 4t
u=0at r= D}'Z. no-slip condition at the pipe surface

) C, = (Ap/16p0)D".
— wo=(ai -GG
16/t D ‘ D

/ 2
“ Lj
V. R

the centerline velocity. .
V. = ApD-/(16p€)
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Fully Developed Laminar Flow

where R = D/2 is the pipe radius.

o2 (" o dr — 2 “ERE(de(] rf) y R:’(dP)
e=— | wlrrdr= — — dr = ——| —
=R T TR ap\dx R/ 8\ dx

A"

PR -~ !
— wir) = _-"i'xﬂ_g(] — FJ

#

The maximum velocity occurs at the centerline r = (),
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Fully Developed Laminar Flow

The Volumetric Flow Rate:

r=R R , 2
0 = Judzﬁl: J u(r)Zwrdr=27rVCJ [1—(—) }rdr
r=0 0 R

7RV,

2

Vae = QJ/A = Q/mR*  The average velocity is Ve

v RV, V. ApD? 7D* Ap
avg =— 5 = = - Q —
2R 2 32uf 128f

Hagen-Poiseuille Flow

BulV,,. B 2plV,,.

APZP_sz 3 = 5 ‘ ﬂP(lHr
b R D?
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Fully Developed Flow

Inclined Pipes

Force balance in the direction of flow

W, = Wsin 8 = pgV,.nen s5in 8 = pg(2ar dr dx) sin 6

(2mrdr P),— 2mrdr Py g+ 2mrdy ),
— 2mrdx ), 4 — peardrdx)sing =0

I',5|+i'.p:l.rr.l’?

Ap — y€sinf 27
== 0

{ r

. Fluid cylinder
For laminar flow d

1 d iP
—) L (rﬂ) =;T+pg sin @

rdr\ dr

-5 ma-5)
u(r) = 1 \dr pg sin e

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888 3

Fully Developed Laminar Flow

_ (AP — pgL sin 6)D* Y (AP — pgl sin 8y D

e 2ul B 128l
> If the flow is downhill, gravity helps the flow ' (a smaller pressure drop is required: sin @/ << ()
» If the flow is uphill, gravity works against the flow (a larger pressure drop is required: sin & = 0).

v sin ! = yAz (where Az is the change in elevation) 15 a hydrostatic type pressure term. If
there 1s no flow, V= 0Oand Ap = y{ sinfl = vAz, as expected for fluid statics.

Some general remarks:

1. The flow rate is directly proportional to the pressure drop.
2. The flow rate is inversely proportional to the viscosity.

3. The flow rate is inversely proportional to the pipe length.

4. The flow rate is directly proportional to the pipe diameter to the 4™ power.
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Example

:Dil at 20°C (p = 888 kg/m® and p = 0.800 kg/m - s) is flowing steadily
It|'1rc:ug|'1 a b-cm-diameter 40-m-long pipe . The pressure at the
 pipe inlet and outlet are measured to be 745 and 97 kPa, respectively.
| Determine the flow rate of oil through the pipe assuming the pipe is (a) hor-
lizontal, (b) inclined 15° upward, (c) inclined 15° downward. Also verify that
' the flow through the pipe is laminar.
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Example Cont.
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Example Cont.
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Example

Water at 40°F (p = 62.42 |Ibm/ft® and p = 1.038 x 103 Ibm/ft - s) is
flowing through a 0.12-in- (= 0.010 ft) diameter 30-ft-long horizontal pipe
steadily at an average velocity of 3.0 ft/s (Fig. 8-18). Determine (a) the head

loss, (b) the pressure drop, and (c) the pumping power requirement to over-
come this pressure drop.
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Example Cont.
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Example

An oil with a viscosity of i = 0.40 N - s/m” and density p = 900 kg/m’ flows in a pipe of
diameter ) = 0.020 m. (a) What pressure drop, p; — ps. 1s needed to produce a flowrate of
Q = 2.0 x 1077 m/s if the pipe is horizontal with x; = 0 and x, = 10 m? (b) How steep a
hill, #, must the pipe be on if the oil is to flow through the pipe at the same rate as in part
(a), but with p; = p,?

Re = pVD/u
V=0/A = (2.0 x 105 m*/s)/[7(0.020)’m%/4] = 0.0637 m/s,

Re = pVD/u = 2.87

which is less than 2300.
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Example Cont.

12860
Ap=pr =P =

€£=x —x;,= 10m,

Ap _ 128(0.40 N - s/m*)(10.0 m)(2.0 x 1077 m*/s)

= 20,400 N/m* = 20.4 kPa
r(0.020 m)*

work done by the pressure forces that overcomes the viscous dissipation.

(b} If the pipe is on a hill of angle ¢ such that Ap = p, — p, = (.
1280
TpgD?

—128(040 N - s/m’)(2.0 x 107" m'/s)
(900 kg/m?)(9.81 m/s*)(0.020 m)*

) = —13.34".
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sin @ = —

sin # =

Example Cont.

» The change in potential energy of the fluid “falling” down the hill that is converted to the

energy lost by viscous dissipation
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Losses of Head due to Friction

* Energy loss through friction in the length of pipeline is commonly
termed the major loss h,

* 'This is the loss of head due to pipe friction and to the viscous
dissipation in flowing water.

 Several studies have been found the resistance to flow in a pipe is:

- Independent of pressure under which the water flows

- Linearly proportional to the pipe length, L.
- Inversely proportional to some water power of the pipe diameter D
- Proportional to some power of the mean velocity, V

- Related to the roughness of the pipe, if the flow is turbulent

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

Losses of Head due to Friction

The resistance to flow in a pipe is a function of:

« The pipe length, L

« The pipe diameter, D

. The mean velocity, V

The properties of the fluid ()

The roughness of the pipe, (the flow is
turbulent).
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Losses of Head due to Friction

» Pressure drop AP s directly related to the power requirements of the fan or pump to maintain
flow

» In practice, it is found convenient to express the pressure loss for all types of fully developed
internal flows (laminar or turbulent flows, circular or noncircular pipes, smooth or rough
surfaces, horizontal or inclined pipes) as

V.
Pressure loss: .-'lPJr_ =I_|"I§._)P .\-'-k

where pV2 /2 is the dynamic pressure and f is the Darcy friction factor,

avg

f=— Darcy-Weisbach friction factor,

(4-7y) _ shear shress achng at the wall
(pF 27 2) - knehc pressure

I
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Losses of Head due to Friction

» Then, the friction factor for fully developed laminar flow in a circular pipe,

LpVa, 32ulV,
AP L =1 — - - = 0 :
D2 D~

)  6du 64
Circular pipe, laminar: f= PDE._.S = Re

» In laminar flow, the friction factor is a function of the Reynolds number only and is

independent of the roughness of the pipe surface.
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Losses of Head due to Friction

» In the analysis of piping systems, pressure losses are commonly expressed in terms of the
equivalent fluid column height,

Head loss:  j, = —~ = f=
: 03 po ! D

Represents the additional height that the fluid needs to be raised by a
pump in order to overcome the frictional losses in the pipe

Once the pressure loss (or head loss) is known, the required pumping
power fo overcome the pressure loss is determined from

Woump.2 = V APy = Vpgh; = righy

where \/ is the volume flow rate and #11s the mass flow rate.
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Laminar Flow in Noncircular Pipes

Friction factor for fully developed laminar flow in pipes of various cross
sections (D, = 4A./pand Re = V,,, D,/v)

ab Friction Factor
Tube Geometry or §° f
Circle — 64.00/Re
Rectangle ab
1 56.92/Re
2 62.20/Re
3 68.36/Re
4 72.92/Re
6 78.80/Re
8 82.32/Re
o0 96.00/Re
ab
1 64.00/Re
2 67.28/Re
4 72.96/Re
8 76.60/Re
16 78.16/Re




Laminar Flow in Noncircular Pipes

a'b Friction Factor
Tube Geometry or g° f
Isosceles triangle f
10° 50.80/Re
30° 52.28/Re
76 60° 53.32/Re
). 90° 52.60/Re
2\ 120° 50.96/Re
Right triangle 8 (degrees)
De — 2a siné
H_]+Mﬂ+mﬁ
0 48.0/Re
10 49.9 /Re
20 51.2 fRe
30 52.0 /Re
40 52.3/Re
2 45 52.5/Re
e—a—
Equilateral triangle
av'3 53.3/Re

DH:T
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Laminar Flow in Noncircular Pipes

Concentric annulus 'DI- -"I. DE
Dy =Dy — Dy
) (.00 T1.5 /Re
T/ T 0.01 80.1 /Re
ﬁ” @Dz 0.1 80.4 /Re
- l /Re
- 5
1.0 i /Re
Ellipze
A (ak) 64.00/Re
Dy = 24/ 2(ak)
Wra

i

4
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Turbulent Flow in Pipes

- Turbulent flow in pipe (Re>4000):

Random fluctuation of each velocity component in time and all directions.

-Unsteady flow.

| |
- Good mixing. | |
\
|
U-d----- VARV -
Velocity is averaged in time: |
t; X | |
> : :
j V. (t)dt } |
: |
u=-= — T=tet .
T 1 |
| |
VX : Axial velocity component — . . ‘
¢ Time [
Chemical Engineering Departme ) , , !
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Turbulent Flow in Pipes
The time-averaged velocity profile for turbulent flow is:

1/7 .. . .
u(r) =u | r “‘Empirical equation  obtained  from
ax R experimental measurements”

g 5 =\ >

: i N
____________ ; o |

: ) >
: = >
! S/ R
s v ]
— —

Laminar flow has parabolic Turbulent flow has flat velocity
velocity profile: profile:

2 1/7
1 ' uiry=u__|1 '
U(I‘)—Umax - E ~ Ymax R
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Fully Developed Turbulent Flow

The importance of turbulence
» Just imagine some chemical impurity being emitted from the bottom of the pipe. This
chemical would only diffuse very, very slowly to the top of the pipe.

» In a turbulent flow regime, the impurity would be quickly carried to the top of the
pipe.

» Turbulence is very important for the mixing of dissolved substances in fluids. Why do
you stir your tea or coffee after you place the milk in?

» Turbulence flows also greatly promote heat transfer.

In turbulent flow, the swirling eddies transport mass, momentum, and energy to other regions
of flow much more rapidly than molecular diffusion, greatly enhancing mass, momentum,
and heat transfer.

» Turbulent flow is associated with much higher values of friction, heat transfer, and mass

transfer coefficients

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Fully Developed Turbulent Flow

Turbulent shear stress:
The turbulent shear components are known as Reynolds Stresses.

Shear Stress in Turbulent Flows: Turbulent Velocity Profile:

Pipe wall Viscous
sublayer

— h‘
Tlam | — — |
~ Thurb T Qverlap
i layer

Quter
layer

Pipe centerline

/

0 0 Vv
0 T, iilr)
() —_—
. . 1
In viscous sublayer: T, .o > T 100 to 1000 times greater. w(r)
T

In the outer layer: t,.;, 100 to 1000 time greater. I

>, .
laminar 0 ]

. . ] Turbulent layer
The viscous sublayer is extremely small. 1 Y

| Owerlap layer

LY _—
Buffer layer
Viscous sublayer
-

Chemical Engineering Department | University of Jordan | £
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Fully Developed Turbulent Flow

Velocity Profile

» Turbulent flow along a wall can be considered to consist of four regions, characterized by the
distance from the wall Vg 1

1. Viscous (or laminar or linear or wall) sublayer: The 1

very thin layer next to the wall where viscous effects are r w(r)

dominant (thickness < 1% of pipe diameter) Lo

1 Turbulent layer
L Overlap layer

2. Buffer layer, in which turbulent effects are becoming

significant, but the flow is still dominated by viscous

. Buffer layer
effects. Turbulent flow Viscous sublayer
3. Overlap (or transition) layer, also called the inertial
sublayer, in which the turbulent effects are much more

significant, but still not dominant

4. Outer (or turbulent) layer in the remaining part of the
flow in which turbulent effects dominate over molecular
diffusion (viscous) effects.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888

The time-average velocity profile
Velocity Profile

Some alternative. approach include the Power-Law equation:

— I/n
% = (1 — E) n = 7 for many practical flows. Lo

n, chosen based on the Reynolds number.

Laminar

10 —>
i uir) = ;\'Tl'i,‘g(] -

5
RJ

n g

Turbulent ==

6

5 I3
104 10° 108 0
Re = 20

4] 0.5 1.0

Turbulent velocity profiles a;e relatively flat in a pipe flow.
The power-law equation is not valid at the wall, since that would give an infinite velocity
oradient.

Also, cannot be precisely valid near the centerline because the shear does not go to zero at the
center-line.  dufdr £0 at r = (.
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The time-average velocity profile

» The variation of power-Jaw exponent nn with Reynolds number (based on pipe
diameter, D, and centerline velocity, U) for fully developed flow in smooth pipes is

given by
n==17+ 1.8log Rey, J. O. Hinze

for Re, > 2 x 10°

The value of n is related empirically to f by

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Friction Loss In Turbulent Flow

C

1 i
¥ ot
iy
» Using Darcy equations we can calculate the friction losses in turbulent

flow. It depends on the surface roughness of the pipe as well as
Reynolds number (IN LAMINAR, LOSSES ONLY DEPEND ON THE

REYNOLD NUMBER)

* The €, the average wall roughness can be obtained from tables
(experiment has been conducted to determine the value). The average
value is for new and clean pipe.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Friction Loss In Turbulent Flow

» Most turbulent pipe flow data is based on experiments. In turbulent flow, in order to do
dimensional analysis we consider the roughness of the pipe, as well as density which relates to

momentum.
Variables: Ap = F( Va Da ‘63 s i-'l’& p)
- roughness
” Velocity .. . . .
R=DP2 S profile, u= uty) Roughness is important in the viscous sub-layer in
y i > turbulent flows, if it protrudes sufficiently in this
| =2 layer.
e «  The viscous layer in laminar flow is so large, that
small roughness does not play a role.
Range of roughness for validity of this analysis is
2 e U AN forr  0=g¢g/D < 0.05
il S R B Then, the dimensionless groups are the following:
y | g Ap ~(pVD { &
T \\_“._. Py _T_ L > = ¢ —’B’B
Rough wall Smooth wall sz ,'L ‘

elD.
Crition] Bagfinesring Besmrie Represent the ratio of the mean height of roughness of

Tel. +962 6 535 5000 | 22888 the pipe to the pipe diameter

Moody Chart

1 2
Recalling the definition of the friction factor: Ap = f D 2
Then the friction factor is one of our dimensionless groups: f=4¢ (R e £ )
*
Then using experiments, we can find the above relationship with various D
manufactured pipe roughness values:
Equivalent Roughness, £

Pipe Feet Millimeters \—> “MOOdy Chart”

Riveted steel 0.003-0.03 0.9-9.0 . .

Cosiciats 0.001-0.01 0.3-3.0 Colebrook Relation for Non-Laminar part of the
Wood stave 0.0006-0.003 0.18-0.9 .

Cast iron 0.00085 0.26 MOOdV Chart (Curve ﬁﬂ

Galvanized iron 0.0005 0.15 1 e / D 251

Commercial steel - = _20 10 +

of wrought iron  0.00015 0.045 ‘\/f g 3.7 Re‘\/f
Drawn tubing 0.000005 0.0015 o . . . .
Plastic, glass 0.0 (smooth) 0.0 (smooth) » Implicit relation required iteration to find

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Friction Loss In Turbulent Flow

Roughness value, € for new and clean pipe

Glass Smooth Smooth

Plastic 30 = 107 1.0 = 10®
Drawn tubing; copper, brass, steel 1.5 < 10°° 50 % 10°
Steel, commercial or welded 46 % 107 1.5 » 1074
Galvanized iron 15 < 104 50« 10
Ductile iron—coated 1.2 % 107* 40 = 10
Ductile iron—uncoated 24 < 104 g0 = 10
Concrete, well made 1.2 % 107* 40 = 10
Riveted steel 18 < 1077 6.0 = 107

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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o For a given Reynolds
number of flow, as the

relative rOUghneSS is o l/,aminar\\\\ Fully rough pipe flow (flevels off)

increased, the friction factor S e/D = 0.01

fdecreases. ’ Lm pRrisp ot

Transitional T+ < &D= 0.0001

o For a given relative 0.01

roughness , the friction i )

factor fdecreases with !

increasing Reynolds

number until the zone of o

complete turbulence is TiE 104 105 106 107 108

reached. Re
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Tel. +962 6 535 5000 | 22888




Moody Chart

0.1 THTHE
Laminar "~
A

Transitional o0 The transition region is shown in the

shaded area ( 2300<Re<4000)

o0 The friction factors alternate between
laminar and turbulent flow.

0.01

0.001
103 104

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Moody Chart

o Within the zone of complete
turbulence, the Reynolds
number has no effect on the 0.1

friction factor. 1“’"i"‘“‘\‘\\ Fully rough pipe flow (flevels off)

o0 As the relative roughness I 200
increases, the value of the ; / e /D = 0.001
Reynolds number at which the Transitional ~~__&/D=0.0001
zone of complete turbulence i
begins also increases.

o The friction factor is a Smooth turbulent
minimum for a smooth pipe
(but still not zero because of
the no-slip condition) and 0.001
increases with roughness. 10° 104 105 106 107 10%

Re
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0.1

Laminar Critical Transition ;
0.09 flow _,zome | zome Fully rough zone
- iR TT%
008 \ T 4 e
0.07 - IR S 0.05
0.06 sl ___ I il : 0.04
\ iSEHiE R ' : - {003
003 | "“H\“\. | -H'\. INIIE
I} \ \:E%_ = = : 0.2
\\ TS ! o F==c] 0,015
0.04 | = 2 Marks Reynolds Number independence ]
T '\-H_\_‘____"_ =L 04 7 )
v \\\ - 7 - R
"'-.- \ / - 0.008 w
T L ke, vi PP ITTrT 006 £
= . 0o E
= B i u
o 01023 ¥ =
£ ¢ oo E
II E
0.02 ¥ 0.001
Tt T - 0.0008
].ﬂ.I'I'IJI'liI.I'ﬂD'l\-'_I'-=H_ e (0006
. T T : | 0.0004
0.015 L
e T 0.0002
HTT = 0000l
Tl || ~.
oo \ - 0.000,05
0009 i SSet i
="
0.008 RS == 0.000,01
P 2 3 456 8100 2 3 456 &10° T 03456 8105 2 3 4354 Slﬂjwlﬂ“
. i} £ _ &
Reynolds number, Re = m D (.00, (01 ” (0.000,005

Formula for friction factor

» For laminar flow, the friction factor decreases with increasing Reynolds number, and it is
independent of surface roughness.

» The friction factor is a minimum for a smooth pipe (but still not zero because of the no-slip
condition) and increases with roughness. The Colebrook equation in this case (g = (})
reduces to the Prandtl equation expressed as

1/\VF = 2.0log(ReVF) — 0.8.

» The transition region from the laminar to turbulent regime (2300< Re < 4000). The flow in
this region may be laminar or turbulent, depending on flow disturbances

» At very large Reynolds numbers (to the right of the dashed line on the chart) the friction factor
curves corresponding to specified relative roughness curves are nearly horizontal, and thus the
friction factors are independent of the Reynolds number (fii/ly rough turbulent flow)

Sully rough turbulent flow (Re —> o)

The Colebrook equation is reduced to  1/\f = —2.0 log[(e/D)/3.7]. von Karman equation

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Formula for friction factor

» An approximate explicit relation for £ was given by

1 69  [(e/D\"! | elD 5743\
T}r= —1.8 lﬂg[ﬁ + (3?) :| Or fﬂ = {).25 [lﬂg [3—? + __Rgﬂ'g Ji|

S. E. Haaland P. K. Swamee

» The results obtained from these relation are within 2 percent and 1 percent ,
respectively of those obtained from the Colebrook equation.

» It can be used as a good first guess for £

> For turbulent and transition region,

| =

Re

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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e 10°
f=0.001375*[1+(2*1045+ )]

Formula for friction factor

l ] 3 —.- -_: = - a
f . . 09 - SO00 = Re < 10
lll ? "_I|' = _Ii q R = = . ']
{]n[l:h -~ .D] I |:-:'. ."l L= :I]} for ]{I—G - -E':_-".D - ]D_2

P. K. Swamee
gave the following full range equation valid forlaminar flow, turbulent flow

and the transition
: e: +_~1.?4 2500 °
" 37p R R

0.125

L (&) 105

» For turbulent flow in smooth pipes, the Blasius correlation, valid for Re = 107 is

0.316
il RO D

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Relative roughness of new pipes

Standard sizes for Schedule 40

steel pipes

Nominal Actual Inside
Size, in Diameter, in

i 0.269

i 0.364

2 0.493

3 0.622

3 0.824

1 1.049

13 1.610

2 2.067

2% 2.469

3 3.068

5 5.047

10 10.02

e/l

Chemical Engineering Depart
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10-2

5% 1073

2% 1072
10-3
5% 1074
2% 1074
10-4
5% 1077
2% 1077
10-3
0.1 02 04 060810 2 4 6 810 20 40 60 80 100
Diin.)
Lol 1 Lol 1 Lol 1
0.004 0.006 0.01 002004 0.06 O 02 04 06 10 20
D i{m)

Relative roughness of new pipes.

\\

steel
™

«—— Riveted
Y

2% 1072
5% 1072

2% 1072

10-3
5% 1074
2w 1074
10-4
51073

/e

21077

10-3

40 &0 80 100

6 810 20

4
D (in.)

04 060810 2

0.2

0.1

0.2 04 06

0.02 0.04 006

20

1.0

0.1
Dim)

0.0

0.004 0.006




Relative roughness of new pipes.

Equivalent roughness values for new
commercial pipes*

Roughness, ¢

Material ft mm
Glass, plastic 0 (smooth)
Concrete 0.003-0.03 0.9-9
Wood stave 0.0016 0.5
Rubber,

smoathed 0.000033 0.01
Copper or

brass tubing 0.000005 0.0015
Cast iron 0.00085 0.26
Galvanized

iron 0.0005 0.15

Wrought iron  0.00015 0.046
Stainless steel 0.000007 0.002
Commercial

steel 0.00015 0.045

* The uncertainty in these values can be as much
as *a0 percent.

Chemical Engineering Department | University of Jordan | £
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Relative Friction
Roughness, Factar,
s/D f
0.0* 0.0119
0.00001 0.0119
0.0001 0.0134
0.0005 0.0172
0.001 0.0199
0.005 0.0305
0.01 0.0380
0.05 0.0716

* Smooth surface. All values are for Re = 10°
and are calculated from the Colebrook equation.

Equivalent Raughness far Mew Pipes [From Macdy
i Rel 71 nnd Colebraok (Hef. 8i)

Equivalent Bonghness. s

Pipe Feet Millimeters
Biiveied stzel 0003003 05-0.0
Concreis 0531 -0l 0.3-3.0
Wood siove 000060003 01208
Casi ircn 0000 02&
Guolvanized iron 00005 0lLs
Commercinl stz

or wronght iran 0015 0045
Ctrawn inbing R E] 00015
Plastic, glass 010 [smoaih} 0.0 {smaach)

Types of Fluid Flow Problems
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Types of Fluid Flow Problems

» To avoid tedious iterations in head loss, flow rate, and diameter calculations, Swamee and Jain
proposed the following explicit relations that are accurate to within 2 percent of the Moody
chart.

hy = 1.07 ViL In|—— + 4.62 ﬂ)u 70T <D< 1077
iy = AN =4 11 L - | 31}[”} - RC - :!' y “}H

D "37D v,
| oDRNOS T e 317020\ )
V= —1}.%5('“E ”f-) m{ S ('”‘l'f L) Re > 2000
r ) "o \ o, )

SV TN 108 < g/D< 1072
_ 250 =Y VLR
b= G'ﬁﬁ[b ( ) v (gnf) | 5000 < Re < 3 x 10®

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Example

Air under standard conditions flows through a 4.0-mm-diameter drawn twbing with an aver-

age velocity of V = 50 m/s Determine the pressure drop in a 0.1-m section of the tube if the

flow 15 laminar. (b) Repeat the calculations if the flow is turbulent.
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Example Cont.

Example Cont.
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Example

Determining the Head Loss in a Water Pipe

Water at 60°F (p = 62.36 |Ibm/ft3 and p = 7.536 x 10-* Ibm/ft - s) is flow-
ing steadily in a 2-in-diameter horizontal pipe made of stainless steel at a rate
of 0.2 ft3/s . Determine the pressure drop, the head loss, and the
required pumping power input for flow over a 200-ft-long section of the pipe.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Example Cont.
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Example Cont.
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Example

Heated air at 1 atm and 35°C is to be transported a in a 300-m-long circular plastic duct with
0.267 m diameter . If the head loss in the pipe is not to exceed 20 m, determine the minimum
flow rate through the duct.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan E
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Example Cont.
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Example Cont.
lteration flguess) V, m/s Re Corrected 7
1 0.04 2.955 4,724 x 10* 0.0212
2 0.0212 4.059 6.489 x 104 0.01973
3 0.01973 4.207 6.727 x 104 0.01957
4 0.01957 4.224 6.754 x 104 0.01956
5 0.01956 4.225 6.756 x 104 0.01956




Minor Losses

» The head loss in long, straight sections of pipe can be calculated by use of the friction factor
obtained from either the Moody chart or the Colebrook equation.

» The fluid in a typical piping system passes through various fittings, valves, bends, elbows,
tees, inlets, exits, enlargements, and contractions in addition to the pipes.

» These components interrupt the smooth flow of the

. .. Pipe section with valve:
fluid and cause additional losses because of the flow

separation and mixing they induce ;
e I ‘D] I

‘_J'
> The loss coefficient of the Ol e~ == @
L = 1L s
component (such as the gate > (B -Py)

valve -

valve shown) is determined by

. .. ipe section without valve:
measuring the additional pressure ~F'Pe section without valve

M M
loss it causes and dividing it by e ©)
the dynamic pressure in the pipe. 1 il s
e (P = Pylpipe —
X Iy Ap
=— = - AP, = (B = Py e — (Py = Py
F(V2g)  Lpv? T
Chemical EngineerinE; L/CPAl UG | ULLLVOLDILY v Jordan | Amman 11942, Jordan g
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Minor Losses

guide vanes

large eddies (flow separation)

» Eddies in the base leg and vena

» Within these eddies mechanical energy is converted into contracta are eliminated. The result is
heat through viscous dissipation; thus flow separation and a smaller loss of mechanical energy
eddy formation is a key mechanism in the minor head loss than in an abrupt turn without guide

» The eddies also decrease the effective cross-sectional area Vvanes.
of the passage because there is no net flow downstream » Smaller loss of mechanical energy

through them

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Minor Losses

Flow (Re =2 x 107 ) through a 907 gradual bend
o

» Reducing head loss by employing a gradual bend > If guide vanes are added to the bend (there is no
flow separation at all and the minor head loss is
further reduced

» No corner in which eddies form, and the eddies in
the base leg are less intense than those in the
elbow

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Minor Losses

. h Ap
Loss coefficient: K =———= .
-ﬁ L I{F‘;‘?g] %IJ,LL__

- - - ; 12

=0 that ._I":.ﬂ — HL EI.I” 12 - '{!L =K, %

where h; 1s the additional irreversible head loss in the piping system caused
by insertion of the component, and is defined as h; = AP, /pg.

The actual value of K i1s strongly dependent on the geometry of the component con-
sidered. It may also be dependent on the fluid properties. That is,
K; = d{geometry, Re)
» For many practical applications the Reynolds number is large enough so that the flow through
the component is dominated by inertia effects, with viscous effects being of secondary

importance

Minor losses are sometimes given in terms of an equivalent length, €.

f= ,th 1_-"2 .-"D
p— — — — L
hy = K, 22 J D 22 - (g = -
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Minor Losses

» Where fis the friction factor and D is the diameter of the pipe that contains the component.

» The head loss caused by the component is equivalent to the head loss caused by a section of
the pipe whose length is L

equiv.

» The contribution of a component to the head loss can be accounted for by simply adding Z,,,,,

to the total pipe length.
Total head loss ( general):
hr = hL,majo'r + hL,minor

L; V2 V7
; Ji D; 2g ; J 2g
1 pipe sections j components
» If the piping system has constant diameter  },; — f L + Z K Ve
L=\UD L) 9 g

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Minor Losses

Sharp-edged inlet
K; =0.50 Vena conlracla

The head loss at the inlet of a pipe
is almost negligible for well- Recirculating flow

rounded inlets (K; = 0.03 for 7D >
Well-rounded inlet
\& K, =0.03

ﬁg/)\/fr

0.2) but increases to about 0.50 for
sharp-edged inlets.
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Minor Losses

Loss coefficients K; of various pipe components for turbulent flow (for use in the relation h, = K;V2/(2g), where V is the
average velocity in the pipe that contains the component)”

Pipe Inlet
Reentrant: K, = 0.80 Sharp-edged: K; = 0.50 Well-rounded (r/D = 0.2): K, = 0.03
(t<< Dand /= 0.1D) Slightly rounded (r/D = 0.1): K, = 0.12
(see Fig. 8-39)
—- | D — V| D —-V | D
Pipe Exit
Reentrant: K, = « Sharp-edged: K, = « Rounded: K, = «
— |/ — —

Note: The kinetic energy correction factor is @ = 2 for fully developed laminar flow, and a = 1.05 for fully developed turbulent flow.
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Minor Losses

Sudden Expansion and Contraction (based on the velocity in the smaller-diameter pipe)

2
Sudden expansion: K, = « (1 = —)

7_‘) 0.6

— || (] e— D

_3 04
— K for sudden

contraction

Sudden contraction: See chart. 02

D — d  — 1

/9-'7 ‘ | dD?

Gradual Expansion and Contraction (based on the velocity in the smaller-diameter pipe)
Expansion (for 8 = 20°): —/—_ Contraction: —K
K, = 0.30 for d/D= 0.2 [ K, = 0.02 for § = 30° K_
K, =0.25fordD=0.4 _ | K; = 0.04 for § = 45° D 9|

—
K, = 0.15 for d/D = 0.6 K; = 0.07 for 8 = 60°

K, = 0.10 for d/D = 0.8 x—x —_)/——

o —
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Minor Losses

L0
Loss coefficient for sudden
09
enlargement.
vy = 0.6 M =S
egion of varbulence 0.8 I 5,
Region of turbul _ =12m kY
:calsa theoretical values) " =
?7?? 22 [
o W 0.7 I I \\
. T I. \
g . E_—,_{T w=3ms Tl
M E 06 77 :N v =Qlj1u's
R — g — =
W77 s rrrrsssrrsrsrarssss z o5 v =6 my
o, E
8
g os
03
0.2
0.1 ,,
i
¥
7
0
1.0 2.0 30 4.0

Diameter ratio Dy /T
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Minor Losses

0B

Loss coefficient for gradual
enlargement.

.

Zone of separation
for large cone angle

0.5

0.4

Resistance cosfficient K

01

Diiameter ratio 0 /0
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Minor Losses

0.5 T T T T T ) |-. II-Il- .|-
Foy = 5 S5 L ]
vy= 1.2 mfs (4 ftfs) 7 K o _l,_-—-—"- e e
kY ]
0.4 3 —_ —
LV I |

= | e | L LY N
g AT AT LR e . "
= ol L _ AT e —
T r l K C— e (200 FH) v, = 12 mfs (40 ftfs)
ﬁ % v, =6 mis 20 fit'sy [ Uy =73 m/s (AU Is) = = —
g 02 -
J 7
@ i
=4 Ry

B

v
of
1.0 2.0 3.0 4.0 5.0
S Diameter ratio L"JJ"D2

1 Turbulence
zones

= ,

Sudden contraction
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Minor Losses

As the cone angle of the 04
contraction decreases, the
resistance coefficient actually ] o
increases

The reason is that the data o 7 )
include the effects of both the e S
local turbulence caused by
flow separation and pipe
friction.

For the smaller cone angles, ~
the transition between the two 777 ——
diameters is very long, which
increases the friction losses. Y77 A 50°-60

Resistance coefficient K
o
[3+]

[P ) P | Jis—a0

/ ) 2
0
o, Lo 2.0 3.0

n, . .
! Diameter ratio I/ D,

Gradual contraction
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Minor Losses

Gradual contraction

0.12
/-':
—
/’/I
0.10 L
/ s

i L]
=
é 0.08 /
£ o
[=]
g
2

0.06

[ S |~ 10
~ — :::f” 15°-40
[ | _,_,_,_._--""""'J
0.04
0
1.0 20 3.0

Diameter ratio /D,
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Minor Losses

4] an 2] Q0 120 150 180
8, degraes
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Minor Losses

Eends and Branches
90° smooth bend: 90° miter bend 90° miter bend A45° threaded elbow:
Flanged: K, = 0.3 (without vanes): K, = 1.1 | (with vanes): K, = 0.2 K, =04
Threaded: K, = 0.9
R 45°
V - V —t V = V i
-

180° return bend: Tee (branch flow): Tee (line flow): Threaded union:
Flanged: K, = 0.2 Flanged: K, = 1.0 Flanged: K, = 0.2 K, = 0.08
Threaded: K, = 1.5 Threaded: K, = 2.0 Threaded: K, = 0.9
V Iy 1 |

—Fgendl

) y, — -
V e V' i —

W
——
Valves
Globe valve, fully open: K; = 10 Gate valve, fully open: K; = 0.2
Angle valve, fully open: K, = 5 lclosed: K, =03
Ball valve, fully open: K; = 0.05 Lclosed: K, =2.1
Swing check valve: K, = 2 3 closed: K, =17

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Minor Losses

Flanged elbow
— K; =03

The losses during changes of direction

can be minimized by making the turn l
‘easy” on the fluid by using circular

arcs instead of sharp turns.

Sharp turn
— K, =1.1
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Minor Losses

Character of the flow in a 90° bend and the associated loss coefficient

1.0
b
0-8 @
. a
Secondary
flow
0.6
K;
0.4 -
5 =0.01
0.002
0.2
0.001
— 0
0
0 2 4 6 8 10 12

RID
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Minor Losses

TABLE . Values of K, for Certain Common Hydraulic Valves

A, Gate valves

Closed

Ky = 0.15 (fully open)
Open
Closed

Ky = 10.0 (fully open)
Open
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Minor Losses

C. Check valves:
Closed

Hinge (Swing type)

Swing type K, =25 (fully open)
Ball type K, =70.0 (fully open)

Lift type K, =12.0 (fully open)
Open

D.-Rotary valves:

Closed

< il ) Open

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Ky = 10.0 (fully open)

Piping Networks

piping systems encountered in practice such as the water distribution involve
Numerous parallel and series connections
several sources (supply of fluid into the system) and
loads (discharges of fluid from the system)

For pipes in series, the flow rate is the same in each pipe,
and the total head loss is the sum of the head losses in
individual pipes

A
1 B
le — — - sl
- I L D
oLy D, B Lp Up
lL:"IA=||:"'lE

by \ o=y g+l g
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Piping Networks and Pump Selection

For pipes in parallel, the head loss is the fi: Ly, Dy
same in each pipe, and the total flow
rate is the sum of the flow rates in
individual pipes.

hpy = hyy  — lelE = fzaz_e by o=y, 5
’ T UA:UL-'-QE:QB
Vi _ ( fz-‘izﬂl)m d .J _ AV _ Dj (fz LEDJ)M
V,  \fi Li D, " v, A.Vs  DI\fiL D,

The analysis of piping networks is based on two simple principles

Conservation of mass throughout the system must be satisfied
Pressure drop (and thus head loss) between two junctions must be the same
for all paths between the two junctions

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Example

A &6-cm-diameter horizontal water pipe expands gradually to a 9-cm-diameter
pipe The walls of the expansion section are angled 307 from the
horizontal. The average velocity and pressure of water before the expansion
section are 7 m/s and 150 kPa, respectively. Determine the head loss in the
expansion section and the pressure in the larger-diameter pipe.

Tel. +962 6 535 5000 | 22888 —




Example Cont.
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Example

Water at 10°C flows from a large reservoir to a smaller one through a 5-cm-
diameter cast iron piping system, as shown in Determine the ele-
vation z, for a flow rate of 6 L/s.

7 =1 ) Sharp-edged
entrance, K; = 0.5

|

— Standard elbow,
flanged, K; =0.3
|

] |
D=5cm ."I
@ z=4m
9m Gate valve, ; _____________
b — Contral fully open |
volume :
boundary | 4
_L_&]_l;l ________ __-‘\'“—-Exit. Kp=1.06
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan \'.g
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Example Cont.
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Example Cont.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888




Example

A 5-in-diameter pipe with an estimated 7of 0.033 is 110 feet
long and connects two reservoirs whose surface elevations
differ by 12 feet. The pipe entrance is flushed, and the
discharge is submerged.

(a) Compute the flow rate.

(b) How much would the flow rate change if the last 10 ft of
the pipe were replaced with a smooth conical diffuser with
a cone angle of 10°?

— A

(@) D=5in, L =110t

5"=0.417 ft

(b) D =5in, L = 100t 101t

I e a

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Example Cont.

—_—

(a) D=5in,L=110H

(b)y D

Sin, L = 100 ft 101t

N . 4
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan .
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Example Cont.

D

(a) 5in, L = 1101t

(b) D =5in, L =100t 10
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Example Cont.
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Example

In the figure shown: Where the discharge through the system is 0.05 m3/s, the
total losses through the pipe is 10 v?/2g where v is the velocity of water in 0.15
m diameter pipe, the water in the final outlet exposed to atmosphere.

Sm

d=0.1m

Lm

-

Calculate the required height (h =?) below the tank

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Example Cont.
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Example

The bathroom plumbing of a building consists of 1.5-cm-diameter copper
pipes with threaded connectors, as shown in Fig. 8-49. (a) If the gage pres-
sure at the inlet of the system is 200 kPa during a shower and the toilet
reservoir is full (no flow in that branch), determine the flow rate of water
through the shower head. (b) Determine the effect of flushing of the toilet on
the flow rate through the shower head. Take the loss coefficients of the
shower head and the reservoir to be 12 and 14, respectively.

Shower head
K;=12
Toilet reservoir

with float —
K =14

Globe valve,
C_fn]d I'm K =10 fully open
waler K;=2 KI. =10

— - 1%
® sm Kg=09  4m
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Shower head
K =12
Example C()nt. Toilet reservoir
with float — /

K; =14

Assumptions 1 The flov
lent and fully developec
velocity heads are neglig

- - ] Globe valve,
Properties The prop Cold I m k=10 fully open  1.002
*x 1073 kg/m - s, afjf Kr.=3| | A K =10 jess of
COpper pIpes IS & = 0 5m K;=09  4m

The piping system of the shower alone involves 11 m of piping,
a tee with line flow (K; = 0.9), two standard elbows (K; = 0.9 each),

a fully open globe valve (K, = 10), and a shower head (K, = 12).
SK,=09 +2x 0.9+ 10+ 12 = 24.7,

the shower head is open to the atmosphere, and the velocity heads are negligible,

between points 1 and 2
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Example Cont.

i mp.u o Z ! ine, £ .
pe Izg | pump pg zg 2 I

)
— e =(z,—7y) + hy
Pg
the head loss is
200,000 N/m?
h, = —  _ _2m=184m
© (998 kg/m”)(9.81 m/s7)
Also,
VE

h, = (f% +3 .‘-:',_) —

28
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Example Cont.

11 m V2
18.4 = + 247 | —
(f 0.015m ) 2(9.81 m/s?)

L A
A, wDY4 ~ 7(0.015 m)¥/4
VD V(0.015 m)
Re = — — Re = 3
¢ v © 1.004 x 10 % m?%s
1 15 x 10°6m 251
1 elD 251 5 —=-201lo +

— =-20 log( - ,,) Jr g( 3.7(0.015 m) )
Vf 37 ReVf VI wRel

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

4




Example Toilet reservoir

with float
K; =14
V=00
Cold | Globe valve,
'0 full
(b) When the to .. K, = i L;i’,} G?En
— ] Hlijl
@. Sm
.Ih‘L > = 18.4 m and E—HL 7 = 24.?,
200,000 N/m?
— 1m=194m

he . =
L3 (998 kg/m?)(9.81 m/s?)
3K 3 =2+ 10+09+ 14 =269

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Sh;}wir]lgzad 07
Example Cont. Toilet reservoir f' 7 -
K=14 | ! S~
V=V, + Vs
Globe valve,
Cold I'm k=10 ully open
u;lcr K =2 I L} ff:?:%
—[ | I fj -
____________________________________ © " k=0 Am
. 5m Vi ( 6 m ) V3
hy s + 1 f + 247 | ———- =184
g f'ﬂ 015 m 2(9.81 m/s?) §f'ﬂ.[}15m 2(9.81 m/s?) |
"""" sm Vi (m)vg
+ +269 | ——— =194
f'meSm 2(9.81 mfs} \70.015m 2(9.81 m/s?) |
"""""" Vi W Vs
1""] - L vl = 2 rat V3 = 2
w(0.015 m)7/4 w(0.015 m)7/4 w(0.015 m)7/4
R Vi(0.015 m) V5(0.015 m) V3(0.015 m)
e = = gy =

1.004 X 10 *m¥s’ 2~ 1.004 X 10 °m%s’ 1.004 x 10 °m?/s
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: _—"Ulog(l's = 1[*"5111Jr 251 )

W‘*"I:FI ' 3700015m)  Re,\/f,
15 x 10°°m 251

==-20 Icng( n ._)

1'"&-._:' 3 3?{[}{]]5 m} Re; ,'V_xfz
1 15 X 10 °m . 251

Vi 3.7(0.015m)  Re,\Vf,

V, = 0.00090 m%/s, V,=0.00042 m*s, and V; = 0.00048 m’/s
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Selected Problem

Q1 The head loss for a certain circular pipe is given by
h, = 0.0826fL(VYD3), where f is the friction factor (dimen-
sionless), L is the pipe length, /' is the volumetric flow rate,
and [ is the pipe diameter. Determine if the 0.0826 is a dimen-
sional or dimensionless constant. Is this equation dimension-
ally homogeneous as it stands?

Q2 Oil at 80°F (p = 56.8 lbm/ft’ and g = 0.0278 Ibm/ft

s) 1s tlowing steadily in a 0.5-in-diameter, 120-ft-long plpe
During the flow, the pressure at the pipe inlet and exit is
measured to be 120 psi and 14 psi, respectively. Determine
the flow rate of oil through the pipe assuming the pipe is
(a) horizontal, (b) inclined 20° upward, and (c) inclined 20°
downward.
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1.138

Q3 Water at 15°C (p = 999.1 kg/m’ and p =

*x 1w~ kg/m - s) is flowing steadily in a 30-m-long and

4-cm-diameter horizontal pipe made of stainless steel at a —-@ sl }_
rate of 8 L/s. Determine (a) the pressure drop, (b) the head ‘ l |
loss, and (c¢) the pumping power requirement to overcome . 30 m |

this pressure drop.

Q4 Consider an air solar collector that 1s 1 m wide and 3
m long and has a constant spacing of 3 cm between the glass
cover and the collector plate. Air flows at an average temper-
ature of 45°C at a rate of 0.15 m?/s through the 1-m-wide
edge of the collector along the 5-m-long passageway. Disre-
carding the entrance and roughness effects, determine the
pressure drop in the collector. Answer: 29 Pa

Air
0.15 m'/s

Glass cover

Chemical Engineering Department | University of Jor - Collector plate

Tel. +962 6 535 5000 | 22888 lnsu]mi-on

QS

Water at 60 “F flows from the basement to the second floor through the 0.75-in. (0.0625-ft)-
diameter copper pipe (a drawn tubing) at a rate of Q = 12.0 gal/min = 0.0267 ft'/s and ex-
its through a faucet of diameter .50 in. as shown . Determine the pressure at
point (1) 1f: (a) all losses are neglected, (b) the only losses included are major losses, or (c) all
losses are included.

Ky =2 based on

pi e
-—10ft—-|-—lnft——| velocity
i?? EBII

|/IIEII

0.75-in. diametar T e
coppsrpips 10 ft Wida open
globe valva
l 0.50-in.
- diameatar
= 1o ft
12.0 l, g
gal‘min
" ]
(1} Thraaded
90 albows

| |
|—168 ft—
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Water at 20°C is to be pumped from a reservoir
Q5 . .

(74 = 2 m) to another reservoir at a higher ele-
vation (z; = 9 m) through two 25-m-long plastic pipes con-
nected in parallel. The diameters of the two pipes are 3 cm
and 5 cm. Water is to be pumped by a 68 percent efficient
motor—pump unit that draws 7 kW of electric power during
operation. The minor losses and the head loss in the pipes
that connect the parallel pipes to the two reservoirs are con-
sidered to be negligible. Determine the total flow rate
between the reservoirs and the flow rates through each of the
parallel pipes.

Icm

Reservoir A

:I
w=2m - e

Chemical Engineering Department | Uni
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Reservoir B
Ip=Y9m

Q6

The turbine shown extracts 30 hp from the water flowing through it. The
I-fi-diameter, 300-ft-long pipe 1s assumed to have a friction factor of 0.02. Minor losses are
negligible. Determine the flowrate through the pipe and turbine.

7 (1) | 21 =90 ft
300-ft-long,
1-ft-diametar pipa
Turbine
=002 =,
Q7 The following equation is sometimes used in place
of the Colebrook equation (Eg. B.35):
1.325
f ==

{In[{&/3.7D) + (5.74/Re")]}

for 107 << &/D < 107 and 5000 <X Re << 10**(Ref. 22, pg.

220) An advantage of this equation is that given Re and &/D,

it does not require an iteration procedure to obtain f Plot a graph

of the percent difference in f as given by this equation and the

original Colebrook equation for Reynolds numbers in the range

of validity of the above equation, with /D = 10~*
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Q8 The 1-in.-diameter hose shown in Fig. P8.73 can with-
stand a maximum pressure of 200 psi without rupturing. De-
termine the maximum length, £, allowed if the friction factor
15 0022 and the flowrate 1s 0.010 cfs. Neglect minor losses.

0.010 cfs

0=10.5010n. T
\ 1Ot

MNozzle tip diamater = 0.30 in.
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