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Hydraulics-pressurized flows

Scope of the course

-Design and size a water distribution network (water
supply/heating networks)

-Calculate flow rate distribution in a water supply network
with respect of water demand and operating pressures

... develop the ability to implement design methods into
algorithms (using Matlab)




Course overview

-Scope 2 C/
-Reminders and exercise (~2-3h)
. 0
20Us \100[/5
mm) Calculate the flow distributions in N

G H (6 |
a meshed-type network \ \ \

-Project (~9-10h)

Design and size a water distribution network for the heating (2
storey building)

Project Scope

Design and size a water distribution network for the heating of two
storey-building (pump, pipes...) according to the heating demand

o/oCJ




Reminders

* Fluids properties

* Conservation equations
 Head losses

* Pipe networks

e Centrifuge pump and operating point of a system

Reminders: fluids properties

Fluid/solid

React differently to shear stress: solid deform only a finit amount,
whereas fluids deform continuously until the stress is removed

Liquid/gas

Both liquids and gases are fluids: differ strongly in both degree of
compressibility and formation of a free surface (interface) for the
liquid

Liquids: incompressible, gases range from compressible to
incompressible

Density (at standard conditions: 20°C and 101.325 kPa-sea level
atmospheric pressure):

=998 kg/m3 P, = 1.21 kg/m3

pwater




Reminders: fluids properties

Viscosity: Resistance of adjacent fluid layers to shear.

M is the absolute or dynamic viscosity of the fluid.
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In Newtonian fluids, the rate of  In non Newtonian fluids, velocity
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Reminders: fluids properties

Viscosity: Resistance of adjacent fluid layers to shear.

M is the absolute or dynamic viscosity of the fluid.
Absolute viscosity has dimensions of force x time/length?
Hyater = 1.01 10°3 N.s/m?

M, = 18.1 106 N.s/m?

(At standard indoor conditions)

*Kinematic viscosity v is sometimes used in lieu of dynamic viscosity p

vV=uU/p

v =1.01 10° m?¥s1

water —

Vv, =15.10° m¥s1




Reminders: fluids properties

Reynolds number:

g_- > Laminar Re < 2000
b Inertial forces

Re = —
Viscous forces

g—: > Transitional . . .
(dimensionless ratio)

|
gh > Turbulent Re > 5000 VL
Re = —

c

_

-/'

== | L is a characteristic
length scale

1
i

v is the kinematic .
viscosity of the fluid.

Reminders: fluids properties

Laminar vs turbulence flows

For steady, fully developed laminar flow between 2 parallel plates:

‘ o '1)2_."2’ (fp
y 2b v 2u e

The resulting parabolic velocity profile in a wide rectangular
channel is commonly called Poiseuille flow.

Maximum velocity occurs at the centerline (y = 0), and the
average velocity U is 2/3 of the maximum velocity. 10




Reminders: fluids properties

Laminar vs turbulence flows

Fluid flows are generally turbulent, involving random perturbations or

fluctuations of the flow (velocity and pressure):

VELOCITY
A

Turbulence can be
guantified
statistically.

The velocity used is
the time-averaged
| velocity.

- TIME

In flow through pipes, tubes, and ducts, the characteristic length
scale is the hydraulic diameter D,, given by

D, = 44/P,

A: cross-sectional area of the pipe, Pw: wetted perimeter

VELOCITY FLUCTUATION

|
\ PROBABILITY
/" \L

\j

Reminders: mass conservation

Continuity equation m = J‘p‘, dA = constant

where m is the mass flow rate (kg/s) across the area normal to flow,
Vis fluid velocity normal to differential area dA, and p is fluid
density.

When flow is incompressible (p = constant) in a pipe:
m = pVA O = m/p = UxA=cst

Where U, the average velocity is defined as follows:
_Qe_1 Uy
U—A —AffS V.ndA

Q is volumetric flow rate (m3/s)




Reminders: momentum conservation

D: material domain
7 the external normal

Momentum principle :

mV is the momentum.

withm = [ff pdV

13

Reminders: energy conservation (Bernoulli equation)

The Bernoulli equation derives from the conservation of momentum
and express the conservation of energy along a streamline;

The change in energy content AE (per unit mass) of flowing fluid

is a result of the work (per unit mass) done on the system (heat
absorbed or rejected neglected).

Fluid energy is composed of kinetic, potential (elevation z, pressure)
energies. Per unit mass of fluid, the relation of the energy change
between two sections of the system is

P 1 5
AEmechanicat = A 92z + ; + EV = Eext

1700-1782

E, ¢ is the external work from a fluid machine (positive for a pump or blower)
V is the velocity along a streamline 14




Reminders: energy conservation (Bernoulli equation)

If there is no viscous frictional forces, no external work
(E...=0), no heat transfer, it comes:

ext

P 1 5
gZ+;+EV = B =cst

B is the Bernoulli constant

Energy (per unit mass) is conserved along a streamline. H 1700-1782

Alternative form is:

Energy per unit weight (Head)
15

Reminders: energy conservation (Bernoulli equation)

When the velocity V varies significantly across the cross section, the kinetic energy
term has to be correctly calculated:

pg 29

The velocity used is the average velocity (U), so that a kinetic energy factor a (a > 1)
has to be calculated to take into account true kinetic energy of the velocity profile.

o the expresses the ratio of the true kinetic energy of the velocity profile to kinetic
energy of the average velocity :

S) = .
eal velocity
‘\ % profile
Y For laminar flow in a pipe, o =2

U 5V For turbulent flow, a =1
Average velocity U . . ]
1/2 : ’ (cylindrical pipes) s




Reminders: energy conservation (Bernoulli equation)

Real fluid flow

If there is now viscous frictional forces and external work (pump),
conversion of mechanical energy to internal energy may be expressed as a
loss AE,

The change in the Bernoulli equation between stations 1 and 2 along the
conduit can be expressed as

+P+0(U2 +E AE;= +P+aU2
gz p 2 ) pump L=\92 p 2 ,

Alternative form is (energy by unit weight):
<+P+aU2)+H AH <+P+aU2)
Z+—+— — =lz+—+—
pg 29 ) PR pg 29 ),

AH, is the head loss through friction v

Reminders: Frictional head losses

In real-fluid flow, a frictional shear occurs at bounding walls, gradually
influencing flow further away from the boundary. A lateral velocity
profile is produced and flow energy is converted into heat (fluid
internal energy), which is generally unrecoverable (a loss). This loss in
fully developed conduit flow is evaluated using the Darcy-Weisbach
equation:

2
AHL:fEE

where L is the length of conduit of diameter D and

f is the Darcy-Weisbach friction factor.
18




Frictionnal head losses (Determination of friction

coefficient f)

* Phase 1: Poiseuille equation for a laminar regime with Re<2000, with a slope
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Frictionnal head losses (Determination of friction

coefficient f)

* Phase 5, friction factor depends only on relative roughness € /D;
2nd Prandtl-Karman equation
Hydraulically rough flow regime (wholly rough).

Phase (5) Rough turbulent
regime: 2nd Prandtl-Karman
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Frictionnal head losses (Determination of friction

coefficient f)

Phase 4: friction coefficient depends both on Re and €/D.

Phase (5) Rough turbulent
Phase (4): Colebrook formula regime: 2nd Prandtl-Karman

f equation
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Frictionnal head losses (Determination of friction

coefficient f)
Moody diagram
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Frictionnal head losses (Industrial pipes)

Other empirical formulae (not exhaustive)

Authors and
conduit type

empirical formulae

notation:
U(m/s), D(m), Q (m3/s)

Comments

s ' 2 40<C<100
Cheay U=y then AH_U*E(S%] 0,008 <32 <0022
castiron 4 2¢ D\ ¢ then , 2 <0
Darcy D.j B uZL B | a=0,000507 8
cast iron - [a +B).U2 then AH=-73e0*p then  0.04< 8.g(0( +Bj <0,06

0,05 <D(m)<0,5

B =0,00001294

Lévy
cast iron
0,08 <D(m)<3

. then
=B %{“3\@ AH = UZL[
B

“2¢D

4.g

2{1+0,75yD

0,013 < de

<0,078
g2(1+0,75/D

3 =36.,4 (fonte neuve)

3 = 20,5 (fonte en service)

Flamant and Maning
castiron
D(m)<1,3

-
Dj= 0,00092.‘\7[}—
D

cast iron in service

23

Reminders: Head losses/ Minor losses

Bends, entrances, exits, contractions, enlargements...

We treat the entire effect of a disturbance as if it occurs at a single
point in the flow direction.

By treating these losses as a local phenomenon, they can be related to
the velocity by the loss coefficient K:

AH

UZ

= K—

29

K depends on the particularity of the fittings

24




Reminders: Pipe networks

Branched network

[
A ﬁ//ﬁﬁ/ﬁﬁ

A

Hydraulic characteristic ZONE
An only path from A to B Rural area

Reminders: Pipe networks

Meshed-type network (several loops)

L
A A //ﬁﬁ

a0

Hydraulic characteristic

ZONE

Several possible paths from A to B

Urban




Reminders: Pipe networks

Meshed-type network
AN : ;

A B C
51 X 6| * 7
F E D
. . 3 4 \
-Hypothesis on the choice of flow direction o o

E D
-Arbitrary initial flow rate (Q) distribution vs Arbitrary head (H) distribution
-Mass conservation for each node

-Head losses around each loop (3, AH = 0)

Unknown= Flow rates in section/Nodes heads

Solution = ?

Exercise: computation of flow rates/heads in a

meshed-type network

-Hypothesis on the choice of flow direction

-Arbitrary initial flow rate (Q) distribution vs Arbitrary head (H)
distribution

-Mass conservation for each node

-Head losses around each loop (3 AH = 0)

Unknown= Flow rates in section/Nodes heads

Solution = ?




Reminders: centrifuge pump

Hmt [mCE]
el — pompe 1
30 L = — pompe 2
) ----pompe 3
o~
NN
20 \*-\
\ \
\ \\
10 \\ \\\
NEAN
0
0 30 60 90 120
Q. [m’h’]

Reminders: operating point of a system

Tank

elivery/discharge pipe

Hy — Hs = AHg(Q)

h Hp — Hs = Hp(Q)
Hp — Hrgnk = AHp(Q)
Suction pipe @
0 ( —Hs = 8Hs(@)

= = Hp — Hs = H,(Q)
Hp —h = AHp(Q)




Reminders: operating point of a system

Hyy Characteristic curve:

CC =h+ AH(Q)+AHL(Q)

CC

Hn(Qp) = H, = CC(QP)

Exemple des changements de section

¥ - ligne de chorge [an Elargissement brusque

oS AH
."‘U: : igne piezometrique IUJL'J: Vi \ (U —U )2
[ 29 : gne pezemeliavs 4% D’apres Borda AH=U17V2)

(U-Up)?
2.g

AH =

: | T 2 2 2 2 2
S = : Us (U U3z (s 1
== ot =5l soie <o)

2.g 1o Cec

Dans un rétrécissement brusque la perte S 3

. _ 2
de charge se localise en aval de la avec Cc =063+ 037-[} 32
section contractée telle que 0=C..S»




Appendix : Head losses/ Minor losses

Exemple des changements de section

Rétrécissement en biseau

2 ]
\'~ U K=| L-1| sng POUr 0<>

S, 0( Sa‘_—": Cc 2
~ | ) Tt

K ={—1J pour 0>—

Ce 2

avec Cc donné par la formule précédente

\ Convergent

—_— Si le convergent est court et bien tracé, la perte
—/ de charge peut étre négligée dans la plupart des
applications
e Divergent
Wr

D, K peut varier notablement avec I'angle d'ouverture
_ > < .y
I D, 0. K est approximé par:

— ] c=ofut) {22

Exemple des changements de direction

1= arrondi T

k :wvoir cl-aprés; Ah =k :g

k est donné par |e fableaw suivant, en fonction de coude arrondi

r = raycn de courbure du coude en métres;

o

d'aprés la formule de Weisbach, on a @/

X (o ”] 1] oo Tt . K
k= (0131 + 1,847 {2r) a0 d = diameétre intérieur du tuyaw en méires;

#t = déviatien en degreés.

"‘\ ’ | | | 3,5
. d]| 1 15 2 25 d 0
y | —
o “‘HJ] s il K - 0,13+1,847 — %
11°25 | opsr | oom 0,018 0,017 2r
22°6 | o074 | o043 0,036 0,034
30 0,088 | 0,067 0,048 0,046
45° 0,147 0,085 0,073 0,069
a90° | 0,294 | 0,170 0,145 0,138
180° 0588 | 034 0,291 0,275

1° brusque — . .
1

b vor doprés; b=k 3 Coude a angle vif

k est donné par le tableau cl-aprés, en fonction de

i = déviation en degrés.

=284 48
B (%) | 2,5 | 30 , 45 60 ! %0 K =sin > sin >

k ‘ 007 | 01 | 0,24 0,47 113

34




Appendix : Head losses/ Minor losses

Débouché d’une conduite dans un réservoir

Orifice de Borda

C.[05 = K1

—— e S a4H___
= B e Orifice a bords arrondis et polis
5
i CcL099 = KLO
\"i-\h_ LU

35

Appendix: Head losses/ Minor losses

Débouché d’une conduite dans un réservoir

= Y — AR — Orifice a bords vifs
N Ii) c.L06=KLCO05
|
\‘\;1_/ v Us
/v/vw-\.
Arrivée dans un réservoir
R . ™ 5 e o (i S — o = o— q—_—— 1 O
u? ~_ligne de
—IG‘Q(; ligne piczometuth("ge ,AH . . .
IS S E B Il s'agit du cas particulier de
T = _— - s I'élargissement brusque traité avec la
ot .. formule de Borda  _  _;
— U = el
— e~ La ligne piézométrique se raccorde avec
la surface libre du réservoir.

36




Appendix : Head losses/ Minor losses

Branchements a 90°

Des coefficients de perte de charge K. et K, sont respectivement affectés a la
conduite rectiligne (indice r) et a la conduite de branchement (indice b) en

fonction du rapport Q, / Q,. Dans tous les cas la perte de charge est ensuite
calculée avec la vitesse totale Vt.

2 2
AH. =K. AHp = KL
Hr_Kr-_ Hb_Kb
2g 2g
=Q,+
Q, Q, Qi=Q,+Qy
Qy
v
(a) (b)
cas (a) Q/Q: 0 02 04 0.6 0.8 1
K, 0 0,02 0.06 0,07a0,15|0,15a021 | 035404
Ky 095a1 0884101 |/089a105|095a1.15|1.10a132| 1284145
cas (b) Qu/Q 0 0.2 0.4 0.6 0.8 1
K, 040,04 0174027 | 0304046 | 04124057 |051a060|0,55a0,60 37
K 008a026|047a062 (0722094 | 0914120

Exemple de robinets

Le fableau suivant donne des valeurs expérimentales moyennes de k,
en fonclion de

Robinet-vanne

b = distance de pénéltration de I"'obturateur dans la section, suppusée
circulaire, offerte par le robinet-vanne au passage du liquide, exprimee en
matres;
r._' D = diamétre de ceite seclion (diamétre intérieur du robinet-vanne),
a y en méires.
p 1 2 3 4 5 6 7
' D ‘ 8 8 8 8 8 8 8
]
k | 0,07 0,26 0.81 2,1 5,3 17 | 98
_____\ ——
- . ve . .
\ k : voir ci-aprés; Ah=k > Roblnet a
Le tableau suivant donne des valeurs expérimentales moyennes de k, en fonction de paplllon

x = angle formé par le papillon et I'axe de la conduite, en degrés.

o | 5 10 15 20 30 40 45 50 60 ‘ 70

k | 024 | 0,52 0,90 1,5 3,9 11 19 33 120 750

38




Appendix : Head losses/ Minor losses

Exemple de robinets

3° Robinets a tournant

¥
Ah =k

k i voir ci-aprés; lg-

Le tableau suivant donne des valeurs expérimentales moyennes de k, en fenction de

= = angle formé par |'axe de la lumiére du boisseau — supposée & section circulaire et de méme diamétre que
I'intérieur du rebinet — et I'axe de la conduite, en degrés.

] | 5 10 15 i 5 35 45 | 55 | 65

k| oos 0,29 075 | 3. 9.7 n | 10 | 4%

Robinet a
tournant
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