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Abstract. The most commonly used hydraulic network models used in the drinking water community exclu-
sively consider fully filled pipes. However, water flow numerical simulation in urban pipe systems may require

to model transitions between surface flow and pressurized flow in steady and transient situations. The governing
equations for both flow types are different and this must be taken into account in order to get a complete numer-
ical model for solving dynamically transients. In this work, a numerical simulation tool is developed, capable

of simulating pipe networks mainly unpressurized, with isolated points of pressurization. For this purpose, the
mathematical model is reformulated by means of the Preissmann slot method. This technique provides a reason-
able estimation of the water pressure in cases of pressurization. The numerical model is based on the first order
Roe’s scheme, in the frame of finite volume methods. The novelty of the method is that it is adapted to abrupt
transient situations, with subcritical and supercritical flows. The validation has been done by means of several
cases with analytic solutions or empirical laboratory data. It has also been applied to some more complex and
realistic cases, like junctions or pipe networks.

1 Introduction tions, much easier to solve. MOC schemes can handle com-
plex boundary conditions. However, the main issue with
The numerical simulation of water pipe networks is char-these kind of methods is the need for interpolation in some
acterized by the difficulty of simulating both transient and cases, so that they are not strictly conservative. This results
steady states. Most of the time, the water flow is unpressurin a diffusion of the wave front that implies a wrong arrival
ized but, under exceptional conditions, the limited storage catime of the waves to the boundaries. Hence, a new efficient
pacity of the pipes could cause a momentary pressure peak ifumerical scheme is justified in order to solve accurately the
the water level raises quickly. Under these conditions, a preswave front propagation.
surized flow should be taken into account, implying a change Two main points of view have been considered by the
in the mathematical model in order to solve the problem ac-researchers to study mixed flow problems along the last
curately. decades. The first one consists of solving separately pressur-
The most commonly used hydraulic network models usedized and shallow flows, treating the transitions between both
in the drinking water community exclusively consider fully flow types as internal boundary conditions. These models are
filled pipes. However, a complete pipe system model shouldcapable of simulating sub-atmospheric pressures in the pipe,
be able to solve steady and transient flows under pressuibut the need for solving both mathematical models implies a
ized and unpressurized situations and the transition betweeRigh level of complexity. Other authors, e@arcia-Navarro
both flows (mixed flows). Many of the models developed to et al. (1994, Le6n et al.(2009, Kerger et al (2010 devel-
study the propagation of hydraulic transients solve both sysoped simulations applying the shallow water equations in a
tem of equations, e.gsray (1954, Wiggert and Sundquist  slim slot over the pipe (Preissmann slot method). An esti-
(1977). For this purpose, numerical schemes derived frommation of the pipe pressure can be obtained from the water
the Method of Characteristics (MOC) are employed. Thislevel in the slot. The great advantage of this model is the use
method transforms the continuity and momentum partial dif-of a single equation system for solving the complete prob-
ferential equations into a set of ordinary differential equa-
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lem. This technique has been widely used to simulate localrable 1. List of symbols and units.

transitions between pressurized and shallow flows but some

stability problems have been reportdadjkovic et al, 1999

when simulating cases with abrupt transitions. The reason is 4
a big difference between the wave speeds (frehOms?!
in shallow flow to~ 1000 m st in pressurized flow). In or-
der to solve this issue, the slot width could be increased, but .
this implies a loss of accuracy in the results, due to the no- cyy
mass/momentum conservation. b
This work is focused on the development of a simulation f
model able to solve pipe system networks working mainly #»
under free surface flow situations but exceptionally pressur- s
ized. Hence, itis based on the second option previously men—f
tioned and it is aimed to generalize the shallow water equa- ;,
tions by means of the Preissmann slot method. The explicit 1,

Symbol Meaning Units
Wetted cross-section M

Ay Full pipe cross-section fn

by Preissmann slot width m
Pipe/channel width m
Wave speed mst
Water hammer speed ms
Diameter m
Pipe elastic modulus Pa
Pipe thickness m
Froude number -
Accelaration due to gravity ES
Elevation of the hydraulic grade line m
Free surface depth m
Hydrostatic pressure force term 3m

Pressure force term due to channel/pipe width change§ m

first order Roe scheme has been chosen as numerical method EUid elastic mogu'us et Paﬁ(s
H H n annlng’s roughness coeftricien St
for all t.h(.a simulations. . o Wetted perimeter m
Implicit methods or parallel computation have been dis- ¢ Water discharge A1
missed, as the calculation times are not long. Fluxes and r Hydraulic radius m
source terms have been treated by means of an upwind Bedslope -
. . ¥ Energy grade line slope -
scheme Garcia-Navarro and Vazquez-Cend@®00. All [ Time s
the symbols and units used are described in Table u Flow speed mst
This paper is an extension of the one presented at the 12th* Eigenvalue mfi
edition of the International Conference on “Computing and Z" E'r%i';"ggg’lron averaged flow velocity mrsnls
Control for the Water Industry - CCWIZOJ—?’FeméndeZ' 0 Angle between pipe and longitudinal coordinate rad
Pato and Garcia-Navarrd014. x Longitudinal coordinate m
z Elevation m
n Vertical coordinate m
2 Mathematical model P Fluid density kg
70 Boundary shear Pa
2.1 Shallow water equations
The unsteady open channel water flow are usually modelled
by means of the 1D shallow water or St. Venant equations. -
These equations represent mass and momentum conservation ab(x,n)
along the main direction of the flow and become a good de-/2 = / (h—m) Tdn 4)
scription for the behaviour of the most of the pipe-flow-kind 0
problems Kundu et al, 2012 Abbott, 1979. The conserva-
tive form of this systems of equations is presented in EL)s. (
. dA(x,n)
and Q): h=—"" (5)
an
d0A 0Q . . . .
a7 + P 0 (1) in which n andh(x, r) represent vertical coordinate and the
f * free surface depth, respectively. The remaining telSand
Sr, represent the bed slope and the energy grade line (defined
50 9 (02 in terms of the Manning roughness coefficient), respectively:
— 4+ —|=—+4+gh)=gh+gA(So—S 2
5 ax<A gl) gla+gA(So— Sy) (2) ,
P _ 010In ©)
whereA is the wetted cross sectio®, is the dischargeg is 0= 79y = "A2R4/3

the acceleration due to gravit§4 represents the hydrostatic
pressure force term antd accounts for the pressure forces
due to channel/pipe width changes:

whereR = A/P, P being the wetted perimeter. The coor-
dinate system used for the formulation of the shallow water
equations is shown in Fig- A vectorial form of the Egs.1)

h(x.1) and @) is widely used:

I = / (h —n)b(x,n)dn 3 au

oF
— =R
0 at

P

@)
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Figure 1. Coordinate system for shallow water equations.

A(x,t)

where

U=(A,0)7" (8)
2 T

F=(0.0%4+gh) ©)

R=(0,gl2+gA(So—Ss))" (10)

In those cases in whidh = F(U), whenl> = 0, itis pos-  Figure 3. Example of pipe junction.
sible to rewrite the conservative system by means of the Ja-
cobian matrix of the system EdLY):

ou au oF
_+\]—=R, J_ (CZO 2 1> (11)

U \2—u? 2 3 3 9H 4
ar X au us  2u I T (15)
. t ad ox pD
wherec is the wave speed (analogous to the speed of sounc?
in gases), defined as follows: in which H(x,r)=elevation of the hydraulic grade
line, v(x,r)=local cross-section averaged flow velocity,
c= /g% (12) 0(x,t)=angle between the pipe and the horizontal level,
9A D = diameterp = fluid density, g is the boundary shear, typ-

. 2 . 2 ically estimated by means of a Manning or Darcy-Weissbach
The set of real eigenvalues®) and eigenvectorset?) of friction model. The magnitudeyy accounts for the elastic

the system matrix can be used for diagonalizing it. Thesewavess eed in the pipe:
magnitudes represent the speed of propagation of the infor- P PIpe:

mation:
1.2 2 CWH = Kl (16)
A2=u+te, e?=Lu+tce)’ (13) 14 DK

It is very common to characterize the flow type by means Ofbeingethe pipe thickness arfdl K the elastic modulus of the
the Froude numbeFr = u/c (analogous to the Mach num-  ine"aterial and fluid, respectively. By neglecting convec-

ber in gases). It allows the classification of the flux into threey; e tarms, it is possible to reach a linear hyperbolic equation
main regimes: subcriticak'r < 1, supercriticalFr > 1 and system:

critical Fr =1.
dH ¢y 0v

2.2 Water-hammer equations o =0 (17)

g ox
The instant response for changes in a pipe flow is closely re-

lated to the elastic compresibility of both the fluid and the

pipe wall material. Unsteady flow in pipes is commonly de- v | 9H + ﬂ 0 (18)
scribed by the cross-section integrated mass and momenturfiz ox pD

equationsChaudhry and May<s1994: ) )
These equations conform a hyperbolic system, analogous to
oH H C\%VH v the shallow water equations, considering the pressure and the

d .
T Uy TS = e = (14)  velocity as the conserved variables.

www.drink-water-eng-sci.net/7/83/2014/ Drink. Water Eng. Sci., 7, 83-92, 2014



86

0.6
0.5
0.4

0.3

h+z (m)

0.2

0.1

J. Ferndndez-Pato and P. Garcia-Navarro: Finite volume simulation of unsteady water pipe flow

1 /\ ! I
10

15 20 25
x(m)

h+z (m)

02 | B

x (m)

Figure 4. Steady state over a bump. Initial state (dashed line). Bed level (grey). Numerical solution (@)de)st #1;(b) Test #2.

Table 2. Boundary conditions.

Flow regime and boundary Number of physical

BC to impose

Upstream subcritical flow 1
Upstream supercritical flow 2
Downstream subcritical flow 1
Downstream supercritical flow 0

Table 3. Steady state over a bump.

Test Upstream Downstream

Q@@yﬁ h (m)

#1 0.18 0.33
#2 1.53 0.66 (sub)

3 Preissmann slot model 57 1
[ dlh /
. L ) c= ga_A = 83 (21)
The Preissmann slot approach consist in assuming that the

top of the pipe/closed channel is connected to a fictitious naryng fora > pH:

row slot, which is open to the atmosphere. This fact allows to

consider a free surface flow situation, even when the pipe ig, _ g + A—-bH (22)
pressurized, by including the slot in the shallow water equa- s

tions (see Fig2). The slot widthb, is ideally chosen equal-

09 L

07 L

h (m)

0.5

04 i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x (m)

Figure 5. Dam-break test case. Initial state (dashed line). Numeri-
cal results (blue dots). Analytical solution (cyan line).

Ih=—- (20)

ing the speed of gravity waves in the slot to the water ham-

mer wavespeed. Therefore, the water level in the slot corre; _
sponds to the pressure head level. This model is based on thé

_ _ 2
(A bH £>+(A bH) (23)

by 2 2b,

previously remarked similarity between the wave equations

which describe free surface and pressurized flows. The wa-

ter hammer flow comes from the capacity of the pipe system al A

to change the area and fluid density, so forcing the equiv® = 854 =/ &3 (24)
alence between both models requires that the slot stores as

much fluid as the pipe would by means of a change in areahe ideal choice for the slot width results in:

and fluid density. The pressure term and the wavespeed for

A <bH are:

h_A
b

(19)

Drink. Water Eng. Sci., 7, 83-92, 2014

A
CWH = ¢ = by =g2—f (25)
“WH

in which A ¢ stands for the full pipe cross-section.

www.drink-water-eng-sci.net/7/83/2014/



J. Fernandez-Pato and P. Garcia-Navarro: Finite volume simulation of unsteady water pipe flow 87

om 0.51m
0.148 m
Nave, 0 2 0 o
— | ~—] |~
0.5m 3.5m 2.0m 35m 0.5m
Figure 6. Wiggert experimental setup.
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Figure 7. Upstream(a) and downstreartb) pressured head level.

4  Finite volume numerical model

4.1 Explicit first order Roe scheme - gl (/A A
Cit+1/2 = 21\ + N (31)
Roe scheme is based on a local linearization of the conserved i i+1

variables and fluxes:

Following (Garcia-Navarro and Vazquez-Cend@000),
the source terms of the equation system (Baare also dis-

OF = JoU (26) cretizated using an upwind scheme:

It is necessary to build an approximate Jacobian maikrix

whose eigenvalues and eigenvectors satisfy: (Ii&) - (Z ngék> + (Z ngék> (32)
) i+1/2 k+ i+1/2 k— i+1/2

8Ui—12=Ui11-U; = ]; (O"‘e")i+l/2 (27) " in which the source streghfi take the role ofi coefficients
- for the fluxes. Then, the complete discretization of the system

becomes:

8Fit1/2 =Fiy1 —Fi = Jiy1/28Ui11)2 (28) 5t

B 2 B U;’l+1 — U? r <Z ()Lk&k — ﬁk) ék) (33)

= (Ardud) ket i—1/2

- i+1/2

The wave strenght coefficients represent the variable + (Z (Xk&k - 5k) ék)
variation coordinates in the Jacobian matrix basis. The eigen- \ k- i+1/2
values and eigenvectors are expressed in terms of the average

flux velocity and wave speed: 4.2 Boundary conditions and stability conditions

o= (il ) & =(i+o)T (29)  In order to solve a numerical problem, it is necessary to
characterize the domain limits by imposing some physical

where boundary conditions (BC). The number of boundary condi-

tions depends on the flow regime (subcritical or supercriti-
cal). Hence, there are four posibilities for a 1-D numerical
problem (see Tablg).

Qi+1vAi + QiVAif1

finn)o = (30)
and VA A1 (VAiri+ VA

www.drink-water-eng-sci.net/7/83/2014/ Drink. Water Eng. Sci., 7, 83-92, 2014
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Figure 8. Comparision between numerical results (blue), experimental data (green dots) and numerical reskksgesret al(2010 (red
dots) for the four gauges of the Wiggert test case setup.

In the cases that consider pipe junctions, additional inter-Then, the minimum of all the computed time steps is chosen:
nal boundary conditions are necessary in order to model this

feature. Figur& shows an example of a 3 pipe junction. At

The water level equality condition is imposed at the junc- Afmax= min [ Atmax} CAL=—=1 (38)
tion for all the pipes: max
hi=hy=...=hy (34) 5 Test cases

Discharge continuity condition is formulated depengimg N The model is applied to several analytic or experimental test
the flow regime. In the cases presented, water flows in a sub-

e ; cases in order to evaluate its accuracy.
critical regime:

5.1 Steady state over a bump

N
Z 0i=0 (35)
Following Murillo and Garcia Navarrt()2013 a frictionless

cases, the boundary conditions are modified as foIIows. variable bed level is given by:

hy=hy=--=hy = Hyel (36) z(8<x <12 =0.2—0.05x —10)° (39)

ﬁ: 0; = AweIIM and the initial conditions for the water depth and discharge:
i=1 dr h(x,00=05-z(x),  u(x,0)=0 (40)
\;VFT:(:S\Z‘;V;" and Hueir are the well top area and depth, re- The different boundary conditions for the test cases simu-

Aated are summarized in Tale
Figureda shows the generation of hydraulic jump that con-

nects both subcritical and supercritical regimes. In the second

test case, shown in Figb the connection is made without

. any shock wave and it can be mathematically proved (and
Ax/ numerically checked) that this transition takes place in the

—_— (37) .

max(|u1| +cJ) highest part of the bump.

The presented method uses an explicit time discretizatio
and it requires a control on the time step in order to avoid
instabilities. Hence the Courant-Friedrichs-Lewy (CFL) con-
dition is applied on every branchi) of the network:

Atihax=

Drink. Water Eng. Sci., 7, 83-92, 2014 www.drink-water-eng-sci.net/7/83/2014/
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Figure 9. Shockwave propagation in transient mixed flow at
t =100s (red)s = 200 s (green) and= 300 (blue). 5.4 Transient mixed flow

The aim of the next test case is to prove the model in the sim-
ulation of large-scale strong transients. It considers a uniform
slope (0.1%) rectangular pipe connected to a downstream

2 30 valve (Leon 2006 Leodn et al, 2009. The lenght, width and

§ 250 height are 10 km, 10 m and 9.5 m, respectively, and the cho-
g 0 sen Manning roughness is 0.015.

£ 150 As initial condition, a uniform water depth (8.57 m) and

discharge Q =240n?s 1) are assumed. From this state,
the downstream valve is closed, generating a shock wave
0 2000 o 8000 10000 moving upstream and pressurizing the pipe. Figusthiows

the numerical results obtained for the pressure head at three
Figure 10. Waterhammer simulation. Pressured head at3s  (different times. For this simulation, a 500 cells mesh and a
(red),r = 65 (green) and=9s (blue). timestep given by CFk 0.5 have beed used. It is clearly
observed that the pipe pressure raises gradually with the up-
wards shockwave movement.

5.2 Dam-break

Dam-break is a classical example of non-linear flow with 5.5 Pressurized flow transients

shocks. It has been widely used to test the accuracy and cor/S: . . .
. : . - Afull-pressurized i(edn, 2006 Leon et al, 2009 10 km flat,
servation of the numerical scheme, by comparing with Itsfrictionless pipe of rectangular section (130n7.853m) is

analytical solution. In the case presented, an initial discon-connecte d UDStream 1o a water reservoir that quarantees a
tinuity of 1 m:0.5m ratio with no friction was considered. P 9

Figure5 shows the good agreement between numerical an&onstant pressure head of 290 m. A closure valve is placed

. : : . downstream. When the valve is suddenly closed, a waterham-
analytical solution at the given time. . X .

mer wave is generated moving upwards. Figlishows the

numerical results with CFE 0.8 and a 500 cells mesh.
5.3 Wiggert test case This case simulates a completely pressurized pipe, so it is
necessary to be very precise in the slot width selection in or-
der to ensure the numerical solution accuracy. A waterham-
mer speed of 1000 nT$ and a initial flow speed of 2.0 nT$
are assumed. Following (E85) condition:

The experimental case designed Wiggert (1972 and
widely numerically reproduced (e.d&erger et al. 201Q
Bourdarias and GerpR007) consists in a horizontal 30m
long and 0.51 m wide flume. A 10m roof is placed in the
middle section, setting up a closed rectangular pipe 0.148 m Ay

in height (see Figh). A 0.01snT/3 Manning roughness ¢WH = ¢ = bs = 835 -= 0.77mm (41)
coefficient is assumed. As initial conditions, a water level WH

of 0.128 m and zero discharge are considered. Then a wave

coming from the left causes the pressurization of the pipe. .

The imposed downstream boundary conditions are the sam% Pipe networks

values measured Byiggert(1972 (Fig. 7).

Figure8 shows the numerical results for the four gauges.
The experimental comparison is done only for the secondA case proposed iWixcey (1990 is presented first. A 5km
one, due to data availability issues. An overall good agreedong prismatic main channel (1) dividing into two secondary
ment is observed with only small numerical oscillations pre-branches (2 and 3) also 5 km long with the same 1 m wide
sented. rectangular geometry have been considered, as presented in

6.1 Transient flow in a 3-pipe junction

www.drink-water-eng-sci.net/7/83/2014/ Drink. Water Eng. Sci., 7, 83-92, 2014
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Figure 12. Pressurized transient in a pipe junction. Pressured head vs tig®00 m (red),x = 1000 m (green) and = 5000 m (blue).

Figure 13. (Scheme of the looped pipe network.

Fig. 3. Manning roughness coefficient for all the pipes is Using this steady state as initial condition for the tran-
0.01sn1/3, The main branch has a slope of 0.002 and thesient calculation, a triangular function of peak discharge

secondary ones 0.001. Omax =3.2mPs™! and a period of 600s (FidL1) is im-
First, a steady state has been calculated from the initiaposed at the beginning of the pipe 1. Figd2shows the
conditions: numerical results using a 100 cells mesh and a €FL9
condition.
013,00 =0.1m*s™ %, (42)
02(i,0) = Q3(i,0) = 0.05nPs™* 6.2 Transient flow in a 7-pipe looped network

In this section a simple looped pipe network (see Hig).
is presentedVixcey (1990. Each pipe is closed, squared,
h1(i, 0) = h2(i, 0) = h3(i, 0) = 0.2m (43) 1m wide and 100 m long. The bed slopes &gg = 0.002,
So0.2 = S0,3=0.001, Sp.4 = 0.0, Sg,5 = So,6 = 0.001, Sp,7 =
0.002 and a 0.01 s /3 Manning friction coefficient is con-
01(1,1)=0.1 m3s1 (44) sidered. A first calculation provided the steady state from the
following initial conditions:
and free outflow boundary condition at the outlet of pipes 2
and 3. 01(,0) = 07(i,00 =0.1m’s ™! (45)

using as boundary condition the inlet discharge:

Drink. Water Eng. Sci., 7, 83-92, 2014 www.drink-water-eng-sci.net/7/83/2014/
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0-(i,0) = 03(i,0) = 05(i, 0) (46) 7 Conclusions
= 06(i,0) =0.05nP's™" The present work leads to the conclusion of the reasonably
good applicability of the Preissmann slot model for an es-
i timation of the pressure values in unsteady situations be-
04(.0)=0 (47) tween both shallow and pressurized flows. In this second

case, a small deviation of the ideal slot width induces a mass

and momentum conservation error. On the other hand, it is

hj(i,0)=02m, G=1...7 (48) clear that wider slots increases the stability of the numerical
and the upstream boundary condition: model. Hence, in benefit of the results accuracy, it is remark-
1 ably important to find an agreement between both facts.
01(1.n=01m’s (49) The model takes advantages of the similarity of both equa-
Free outflow downwards boundary condition has been im-tion systems (shallow water and pressurized flow) and pro-
posed. vides a simple way to simulate occasionally pressurized

JunctionsJ; and J» are treated as normal confluences Pipes, treating the system as an open channel in the Preiss-
(Eq. 34) and a storage well of 5%top surface is assumed Mann slot. This results in an easier implementation of the
in junctions Wy and W (Eq. 36). The previously computed Model because it avoids the managing of two separate sys-
steady state is now used as an initial condition for a secondeéms of equations (shallow water and water hammer) in or-
calculation. A triangular function of peak dischar@ax der to model separately the pressurized and the free surface
and a period of 600 s (Fid.1) is imposed at the beginning of flows.
the pipe 1. The minimum discharge is 0.3 sn. The use of an explicit scheme implies a limitation on

Two different situations were studied. In the first one the the computational time step, which increases the calculation
peak discharge is fixed tOmax = 2.0m®s~! and the flow  time, specially in the in the pressurized cases, due to the
remains unpressurized all over the pipe system. In the secsmall width of the slot.

ond case, the maximum discharge is increase@iax = Finally, the authors want to remark the possibility of
3.0ms L, so pressurization occurs in some points of pipeadaptlng the method to more realistic systems, like pipe net-

1. Figurel14 shows the results for the pressurized case. TheWorks which can be punctually pressurized. Some additional

T . internal boundary conditions are necessary in these cases, in
results in pipes 3 and 6 have been omitted because of SYM5rder to represent pipe junctions and storage wells.
metry reasons. The discharge at the center of the pipe 4 is

constantly zero and equal in magnitude but opposite in signegited by: L. Berardi
in the symmetric points, which verify the simmetric character
of the pipe network.
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