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Abstract

We present a one dimensional model for compressible flows in a deformable pipe
which is an alternative to the Allievi equations and is intended to be coupled in
a "natural way” with the shallow water equations to simulate mixed flows. The
numerical simulation is performed using a second order linearly implicit scheme
adapted from the Roe scheme. The validation is performed in the case of water
hammer in a rigid pipe: we compare the numerical results provided by an industrial
code with those of our spatial second order implicit scheme. It appears that the
maximum value of the pressure within the pipe for large CFL numbers and a coarse
discretisation is accurately computed.
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1 Introduction

The work presented in this article is the first step in a more general project:
the modelisation of unsteady mixed flows in open channels and in pipes and
its finite volume discretisation. Since we are interested in flows occuring in
closed pipes it may happen that some parts of the flow are free-surface (this
means that only a part of the cross-section of the pipe is filled) and other parts
are pressurised (this means that all the cross-section of the pipe is filled). The
Saint Venant equations, which are written in a conservative form, are usually
used to describe free surface flows of water in open channels. They are also
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used in the context of mixed flows using the artifice of the Preissman slot
[19],[5] : Cunge and Wegner [6] studied the pressurised flow in the pipe as if
it were a free-surface flow by assuming a narrow slot to exist in the upper
part of the pipe, the width of the slot being calculated to provide the correct
sonic speed. This approach has been credited to Preissmann. Implementing
the Preissmann slot technique has the advantage of using only one flow type
(free-surface flow) throughout the whole pipe and of being able to easily quan-
tify the pressure head when the pipe pressurises. Nevertheless, as pointed out
by several authors (see [18] for instance) the pressurising phenomenon is a
dynamic shock requiring a full dynamic treatment even if inflows and other
boundary conditions change very slowly. In addition, the Preissmann slot tech-
nique is unable to take into account the depressurisation phenomenon which
occurs during a waterhammer.

The commonly used model to describe pressurised flows in pipe-lines is the
system of Allievi equations. These equations are usually solved with the char-
acteristics method (see [20] for instance). The resulting system of first order
partial differential equations is not written under a conservative form since
this model is derived by neglecting some acceleration terms. This non conser-
vative formulation is not appropriate for a finite volume discretization. Above
all, it appears that a "unified” modelisation with a common set of conserva-
tive variables (see below) could be of a great interest for the coupling between
free-surface and pressurised flows and its numerical simulation could be more
effective.

In this paper, we derive a 1D model from 3D compressible Euler equations
by integration over sections orthogonal to the flow direction and by using a
linearized pressure law. We will consider entirely rigid as well as deformable
pipes (through the use of a Hooke’s law for the deformation of the pipe due
to the change of pressure). This model is a 1D first order hyperbolic system
of partial differential equations written in conservative form which is formally
very close to the Saint-Venant equations for shallow water. This particular
fact is used to derive a model and a numerical scheme for mixed flows in an
article (in press at the present time) [2]. The goal of the present paper is essen-
tially to build the new model for pressurised flows, to describe a finite volume
discretisation and to carry out a code to code validation by the resolution of
standard critical tests of waterhammer.

The paper is organised as follows. In section 2, we present a formal derivation
of the model from 3D compressible Euler equations. Section 3 is devoted to the
finite volume discretisation of the proposed model. Since the CFL condition
for explicit scheme is very restrictive, we choose, following [11,8], to discretise
the system of first order conservative partial differential equations by a linear
implicit finite volume scheme to avoid the usual CFL condition for an explicit
spatial discretization. For the boundary condition treatment, we propose an



adaptation of a classical method ([7,14] for instance) to the implicit case.
We recall the principle of the first order explicit Roe scheme and then we
adapt it to build a linearly implicit method. Then the method to build the
"missing” boundary conditions is described, and the second order MUSCL
scheme is formulated. Finally in section 4, we present the numerical validation
of this study by the comparison between the resolution of this model and the
resolution of the Allievi equation solved by the research code belier used at
Center in Hydraulics Engineering of Electricité De France (EDF) [21] for the
case of critical waterhammer tests.

2 Formal derivation of the model

This model is derived from 3D system of compressible Euler equations by inte-
grating over sections orthogonal to the flow axis. Hence, we neglect the second
and third equation for the conservation of the momentum. In the cartesian
coordinate system (shown in the figure 1), where the vector iis along the
pipe axis, the equation for conservation of mass and the first equation for the
conservation of momentum are:

A+ div(pU)=0 (1)
O (pu) +div(pul)=F, — 0,P (2)

with the speed vector U= ui+ v}'—l— wk = ui + V. We use the linearized
pressure law:

P — Po
P=F+=5 (3)
in which p represents the density of the liquid, pg, the density at atmospheric
pressure P, and (3 the water compressibility coefficient (which is the inverse
of the bulk modulus of elasticity). The sound speed is then given by:

1

fd /Bipo
Practically, 3 = 5.0 107'° m? /N and thus ¢ ~ 1400 m/s.

c

(4)

Exterior strengths, with z-component F,, are the gravity g and the friction
—pgSy i given by the Manning-Strickler law (see [19]),

1

where A = A(x,t) is the given surface area of a section Q(x,t) normal to the
pipe axis at position z and at time ¢, (see Fig. 1), K, > 0 is the Strickler



coefficient of roughness and Rj(A) is the so called hydraulic radius given by

A
Ri(A) = B P,, being the perimeter of €. For instance, in the case of a

fully-filled circular pipe with diameter § we get Ry, = §/4.

Then equations (1)-(2) become
Op + 0o(pu) + vy (p V) =0 (5)
A(pu) + 0, (pu?) + diviy . (pu V) = pg(sinf — Sp) — ¢ Oup (6)

Equations (5)-(6) are integrated over a cross-section Q(x,t) (Fig.1, left).

inner wall

Fig. 1. Geometric characteristics of the pipe.

In the following, overlined letters represent averaged quantities over Q(zx,t).
For equation (5) we have successively, with the approximation pu ~ pu:

/&spzé’t / p— / p O - 1,
Q(z,t) Q(z,t) o0 (z,t)
T

—
where m € 02, m stands for Om and 1 = is the outward unit vector

—

|
at the point m in the Q-plane (see Fig. 1),

/ B, (pu) = 8,(puA) — / ou Byt - 7,
Q(z,t)

diV(%z)(p V) = pV - 1.
Q(z,t) 09Q(x,t)



Therefore we get the following equation for the conservation of the mass:

0pA) +0.0Q) = [ p (Ot +udi — V)7, (7)

O (z,t)
where we have set Q = Aw the discharge of the flow.

Next, with the approximations pu ~ pu and pu? ~ pu’, we get for the
equation (6):

Q(z,t) Q(z,t) 0 (x,t) 0 (x,t)

/ Ou(pu?) =0, [ pui— / pu? Qi = O, (pa? A)— / pu? Oy
Q(z,t) Q(z,t) O (z,t) OQ(z,t)
1,

diviy.)(puV) = puV -,

Q(z,t) O0(z,t)
c? Opp = 0, / p—c / p O -1t =c?0,(pA) — 2P0 A

Q(z,t) Q(z,t) 00(z,t)

Thus the equation (6) becomes the equation for the conservation of momen-
tum:

)

8t(,0Q)+8x<pAQ+ pA) gPA(sing — S;) + A pa, A+
/ 6tm+u8m V) (8)
0 (.t

To treat the integral terms appearing in equations (7) and(8), we use the
no-leak condition at the tube wall €2 which writes:

U-N=0m-N,

where N is the outward unit vector at the point m. It means that the normal
velocity of the water at the point m € 02 and the normal velocity of m (due
to the deformation of the pipe under pressure rise or decrease) are the same.
Thus, in the present case of axial symmetry, an easy computation gives:

—

(94t + Dt — V') - 11 = (9, (Ot - i) ~ tan & (Dyrih - i)

where r = wm = r(z,t) is the radius of Q and ¢ = (7, N) €] — n/2, 7/2],
with the orientation given by (i,7) (see Fig 1, right). For instance we have
tan ¢ < 0 in contracting sections. On the other hand, neglecting the tangential
deformations in the longitudinal sections of the pipe, we set 9;m = (O, R) N
where R = R(x,t) is the radius of normal curvature at the point m along 02



(see Fig. 1, right ) satisfying R = r/cos ¢. Neglecting the time variations of

- t
¢, this leads to Oy -1 = — an ¢
To

O A and we get :

7\ (a0 4w — V) i L[ pA

Z e (— tan2 ¢) atA
oQ(x,t) \PU pQ

1
Using tan ¢ = 3 0:00, where g is the diameter at rest, omitting the overlined

notations and setting the conservative variables: M = p A and D = p (@, the
equation (7) for the conservation of the mass becomes:

0M) +0,(D) =~ % (2,60 M. o)

To treat the term 0;A, we use a linear elastic law for the deformation of the
section due to the change of pressure, derived from the Hooke’s law for an
2

elastic material: dR = RE dP. Setting
e

A= Ala,t) = S(z, P(x,1)), (10)

for a pipe with a circular cross-section, this law writes (see [19] for instance,
in the case of a constant radius):

oS So

OP ~ ¢E cos ¢ (11)

where 0 = §(z, t) is the diameter of the pipe, e is the wall thickness (assumed to
be a constant for the sake of simplicity), £ is the Young’s modulus of elasticity
for the wall material. ¢ = ¢(x) is the angle (7, N) between the outward unit
vector of the cross-section €2 at a point m of the inner wall of the pipe and the
outward unit vector N at the same point (see Fig. 1, right side). It is assumed
to be constant in time for the sake of simplicity.

From (10) and (11) we get

A6
A= _ 2% a.p
A= 0.5 + 0,

and then, using (3), the term ¢? p 9, A in (8) writes:

o
2 _ 2 2
cpOo,A=c peECOS¢A8$p+c p 0.8
4]
=c'p—— A = pP ———— 0, A+
CpeEcosqﬁax@ )=<p eEcosqﬁax FEpoS



This leads easily to
A p0,A=0,((c*—a*)pA)+a®p0d,S+ pAd,a*

with a given by ¢ = (for a circular pipe) and approximated
P
1z 7
\/ * po BeE coso
by:
c
= ) = 12
e S (12)
BekFE coso(x)

a represents the speed of sound for the considered pipe and takes into account
the deformation of the pipe (by the dependancy in time) and also the non-
uniformness of the pipe by the dependancy in the diameter at the position .
In the infinitely rigid case (£ = +00), we recover the speed of sound ¢ given
by the equation (4) whereas in the rigid case for a non-uniform pipe, we must
take into account the variation of the section with respect to the position x
and thus the variation of the speed of the sound 0,a.

The term 0,.5 is approximated by 0,5y where Sy is the area of the cross-section
at rest (So(z) = S(x, P,)). Thus the equation (8) for the conservation of the
momentum becomes:

D? D|D
0y(D) + 0, ( + a® M) =g M sinf(z) — g K(A) DlD| + M 0,0’ +
M M 10,A M (13)
t 2

Lastly, proceeding for 0;A in the same way as for 0, A, we get:

+a?

with k = k(z,t) = %a(mﬁ)%

We can now formulate the system of coupled first order hyperbolic partial
differential equation obtained for the two following cases :

For a rigid pipe
U + 0, F(U) = G(z,U) (15)

where
) t
U=, 9@ =00, D) . )= (D, 37+ ater )
and the source term G, writes:

t
G (x,U) = <0 , gM sinf(x) — g K(A) D]|WD| + M 0,a® + a(x)? ]\Z 815(]) (16)



For a deformable pipe

QU + 0, F(U) = Gy(x,U) (17)

where
U=(pA, pQ' = (M, DY . F(U)—(D, 2+a<x>2M)

and the source term (G4 writes :

19, A

Ga(z,U) = G, — === (8,60)° U (19)
4 A

Let us mention that the above model is formally close to the system of Saint-

Venant for shallow water, where the unknown state vector U and the flux
F(U) are given by:

2

U=(A,Q)" and F(U)= <Q, A+gll(A)> :

A = A(x,t) being the so-called wetted area and g I1(A) arising from the hydro-
static pressure law. Then a common set of conservative variables is for instance

t
pA pQ
U= <Aeq: - 7Qeq: )
Po Po
face -equivalent discharge”). The two models mainly differ by the pressure law.

It is the reason why it seems natural to formulate the mixed flow problems
as a first order hyperbolic system of partial differential equations with dis-
continuities (in the gradient of the pressure) located at the interface between
the two types of flows (free surface/pressurised). The modelisation, the treat-
ment of this type of discontinuity, the numerical results and the experimental
validation will be presented in a forthcoming paper [4,2].

("free surface -equivalent area” and ”free sur-

3 The finite volume discretisation and its implicit formulation

For the numerical approximation of (9), (13), (14) with suitable initial and
boundary conditions, we use a finite volume method with a Roe-like nume-
rical flux in a partial linear implicit version. We present here a second order
extension of the implicit first order scheme described in [3] and adapted to a
pipe with contracting or expanding sections.



The main axis of the pipe, with length L, is divided in N meshes m; =

[.1:1_1/2,.1:14_1/2] 1 < 4 < N such that T o= = 0 and Tyl = L. We denote

by x; the center of m; and by h; its length At denotes the timestep. We

set tp = 0 and for n > 0, t,.1 = t, + At. The discrete unknowns are
M : :

Ul = , 1 <i< N, 0<n < ngu that approximate the mean
Dy

value of U(x,t) on m; X [tn,tn41], and A? that approximates A(z;,t,). The

upstream and downstream boundary states Uf', Uy, are associated to fictive

meshes denoted 0 and N + 1.

Let R be a diagonalizable d x d real matrix with real eigenvalues \q,---\g

associated to eigenvectors rq,--- ,7q: diag(\;) = P~' M P. We set |R| =

P diag(|\;|) P~ (“absolute value” of the matrix R).

3.1 Principle of explicit 1st order Roe scheme. Well balanced VF-Roe scheme

In this section we recall the principle of the explicit first order Roe scheme and
explain how to bypass the difficulties which arise in the case of a deformable
pipe and/or a non uniform geometry.

Roe’s scheme, derived from Godunov’s method, is based on the use of an
approximate Riemann solver (see [8] for instance). It takes the conservative
form:

Uinﬂ - Uy + FZ—L&-I/Q T Fz‘n—1/2
For all 1 < i < N, U? is computed as the averaged value of the initial data
Uy on the mesh m;. The right hand side G} is a centered approximation of
the contribution of the source terms in the mesh m;, the numerical flux £}
is given by Fii ),y = F(U},5(0, U, Ulyy)) where Uf, (€, U, U,) is the exact
solution, along the line £ = x /¢, of the linearized Riemann problem:

=G 1<i<N, n>0. (20)

oU oU
~—~ +RU,U)— =0
or T RO U5
(PRL) U, ifz <0,
U(z,0) =
U, ifx>0,

the function R with values in the set of 2 x 2 real matrices being subject to
the conditions

(1) R is continuous,

(2) R(U,U,)- (U, —U,) =F(U)— F(U,) (Roe’s condition, ensuring conser-
vativity)

(3) R(U;,U,) is diagonalizable with real eigenvalues.



The two first conditions imply R(U,U) = JF(U), Jacobian matrix of the
function F' (consistency). In its centered form, the numerical flux takes the
form:

n FUN+FUL) L hom n
Fi+1/2 = 9 -+ §‘R(Ui an+1)’ (U = Ui+1)

The timestep (at time t,) in the resulting scheme is classically subject to a
“Courant-Friedrich-Lévy type” condition:

(CFL) At < C C €]0,1]

. 1<k<2 1<i<N}

NTL
max {‘)‘k,z'+1/2

where S\ZZ +1/2 1s the k™ eigenvalue of the matrix R(U,UP",). C is called the
CFL coefficient.

Following Roe’s method ([16] in the case of one-dimensional Euler equations)
we get, in the case of an entirely rigid pipe, the following Roe matrix:

0 1 I + up /T
R(UL,U,) =  with g =tV T UV

02_,&2 2% \/Ml+\/Mr

The eigenvalues of R(U;,U,) are M=t—c <0< )y =1u-+c, associated

1 1
to the right eigenvectors 71 = and 7y =

uU—c U+ c

In the case of a deformable pipe, we have no longer such a Roe matrix because
of the dependency of the sound speed a upon z (via cos¢ and the diameter
9). Moreover, in the case of a non constant slope and overall in the case of a
contracting or expanding section, the centered treatment of the corresponding
source terms gives a scheme which is unable to preserve steady states.

Following Gallout ([9]) we can bypass the non existence of a Roe matrix by
writing a priori the scheme under the conservative form (20) with £, , com-
puted as above, but using a matrix R(U*,U}".,) = JF(U) where U is some
Un n

Z—;ZH) This
matrix is subject to the conditions 1 and 3 and to the consistency condition
R(U,U) = F(U). The corresponding scheme is called a VF-Roe scheme in [9].
We choose this approach, combined with an upwind treatment of the part
of the source terms due to both the slope (term gM sinf) and the geometry

M
(terms a? i 0.Sp and M d,a?).

For the sake of simplicity, we built our first order explicit scheme without

intermediate state between U* and U, (for instance U =

10



taking in account the time derivative of A (and thus assuming A = Sp). The
general case is obtained via a straightforward splitting method that we briefly
explain at the end of the next subsection.

Following Leroux et al. [13,17] we use a piecewise constant function to appro-
ximate the bottom of the pipe as well as the area Sy. Let be z the elevation
of the pipe axis at position x. Setting

2 2
Z=z- CL—lnSO and V(x)= ¢ (Qx)
g c
-1

(for the case of circular pipe ¥(z) = <1 + M) ), we first remark

eF coso(x

that u

gM sin9+a25—08x50 =—gM3,Z — M (InSp)c®d,V. (21)

Next, adding the equations 9;Z = 0 and ;¥ = 0 to the system (9)-(13) and
setting
W = (Z,%,M,D)",

we get the following system:

OW +0,®(x, W) +gMd,Z + M (InSy —1)c* 9,V = TS(W) (22)

with
0 0
0 S 0
(I)Z‘,W - T W =
= ) 0
D? D|D|

Such an approximation of the topography and the geometry introduces two
stationary waves for each local Riemann problem at the interfaces w;1/s.
Let W be an approximation of the mean value of W on the mesh m; at
time t,,. Integrating the above equation (22) over |z;_1 /2, Zit1/2[X [tn, tni1[ With
piecewise constant data at time ¢,,, we deduce an explicit Finite Volume scheme
written as follows:

" n At * — n n
Wit =w; _h<¢< ir1/2(0 ’Wi’W"“))_

D (W07, Wi, W) )+ (23)
+ALTS?

where T'S]' = T'S(W}") and W}, »(§ = x/t, W', W]i,) is the exact or ap-

1 (3
proximate solution of the Riemann problem at interface x;./, associated to

11



the left and right states W and W} ,. Notice that neither the topography

nor the variation of the section and the sound speed appear explicitly in this
formulation (9,Z = 0 and 0,¥ = 0 on |@;_1/2, Z;41/2]) but contributes to the
computation of the numerical flux. Following Gallouét et al. [10] we compute

*

)2 (0=, W, W/,) using an approximate Riemann solver of VF-Roe type:
let be

0 0 0 0

0 0 0 0
Bz, W) =

0 0 0 1

gM *Mln Sy(x) a(x)* —u? 2u
the convection matrix associated to the non-conservative form (22), then
ir12(€ = x/t, W, W]i,) is the exact solution, along the line § = z/t, of
the linear Riemann problem
oW +.J 9, W =0
W = (Z;, U, M, D™)! if x<0 (24)
W‘Z—l - (Zi+17 qji+17Mz‘7-L&-1>Dz'TL+1)t if >0

7

W = (Z,%,M,D) =

F_ 7 | U U
with J = J(W, Wi,) = B (xz‘+1/2a M)

2
J has the eigenvalues 5\1 = 5\2 =0, :\3 = a?+1/2_di+1/2 and 5\4 = ﬂ?+1/2+di+1/2,
with

o D+ Dy ~ a; + a;
Uit1/2 = M, + My and az?+1/2 = Tﬂa a; = VU (zy).
The eigenvectors are:
ey pp = (U o) ¢ In(So)i41/2
N 0 _ -9
= ro =
9 My 0
0 0
0 0
B 0 ~ 0
rs = and 74 =
1 1
2~L?ﬂ/z — Git1/2 a?ﬂ/z + Git1/2
- M™ + M
with M7, 5 = ZZZH and (Sp)i+1/2 = So(wiy1/2). The solution of the

Riemann problem (24) consists in four constant states connected by shocks

12



propagating along the lines £ = x/t = \;. Since the velocity is practically
always less (in magnitude) that the sound velocity, we have —a < @ < @ and
then 5\2 < 0= 5\1 < 5\3. Since the values of the “corrected elevation” Z and
of ¥ are known, we are looking for the states on each sides of the line ¢ =0
denoted by (M ,ZE/Q, D71 y) for the left side and (M, ﬁff/z, DZ’: /o) for the right
side (see Figure 2 above).

t
17
n,— n,+
M 1
i+1/2 M i+1/2 “)
(3) D n,_ Dn’+
i+1/2 i+1/2
n n
WI w i+1 X

Fig. 2. Solution of the Riemann problem (24). The number of the lines corresponds
to those of the eigenvalues.

Moreover, as the third component of 7 is null, the discharge D is continuous

through the line { = 0. Thus D}, , = Dy Jo- In the sequel, we denote D, ,

this value. A classical computation gives:

o g M}
My = Mi'+ o= o i
2 Ait1/2 (ai+1/2 - ui+1/2)

(ZH—I — Zz)‘i‘

Min+1/2 1n<50>i+1/2

20112 (di+1/2 - INL?+1/2)

(a7, —ai)+

. _
Uit 1/t Aig1/2

+— MP, — M-
2ai+1/2 ( i )
1
~57 (Dl — D]
2ai+1/2 ( i )

13



g Mﬁum
i+1/2 i 2 C~Li+1/2 ( +1 )

Mzn In S(] i+1/2
- +1/22~ (So)iry (a7, —al)+
Qi+1/2
(@?H 2)2 - d%ﬂ 2 n n
: 2 (Mg, — M-

20i11)2

o N
Uity/2 — Qit1/2

2 D, —Dr
s (Dha =D

QM;L/Q

i41/2 (Zit1 — Zi)+

(a?+1/2)2 o azz+1/2

M7y o n(S0)iv1s2 , 5
(@ o =Ry, G~ )
i+1/2 i+1/2

and then, for instance, Wy, , (07, WJ*, Wii,) = (Z;, W, M}V 5, DYy )"

Adding the variables Z and V¥ in the system (22) produced upwinding terms:
g Mﬁum (Ziyr — Zi) and Miﬁ-l/Q ln(SO)i+1/2 (a?—i-l - a?).

Considering the two last components of (23) we get our explicit first order
scheme under the form:

Ut —uy F:ﬂ;/z B Fz'rflr/z
: L =H' 1<i<N > 0. 2
A7 + m ; <i<N, n>0 (25)
where
Flit = F(U7y (0%, U, ULY))
i+1/2 = i+12\U 5 Ui Uiy
with
* (0%, UM U ) = (M, DM )t
i+1/2 y Yo Yl i+1/20 ~i4+1/2
and
Dy |Dy .
H = —QK(Ai)]\/‘[nl = H(U}").

Practically, with 3 = 5.0 1071 m? /N and in the undeformable case, the (CFL)
condition gives At < 0.71072 Az. This severe restriction is a motivation for
the construction of an implicit scheme.

14



3.2 First order implicit scheme

A fully implicit scheme based on the previous approach would write

n n n+1,— . n+1,
Urtt — U n Fi++1/2 Fij1/2+ _ it (26)
At h; -
with
n+1,+ * n n
Fi—i—t}Q =F( i+1/2<0i7 Ui H» Uiﬁl)) (27)
prtl ‘DnJrl

H' = —g K(4A) | = H(UY). (28)

It would obviously be of high cost and not easily extended to second order.
Another approach (see [11,9]) consists in linearizing F' and the source term
around their values at time t,,. Then we get, instead of (26)-(27)-(28)

[t _ F;n+1,f _ Fivz+1,+ )

At h; :

with

P = Fiiije + JF (Ui 0%, U, UL ) -
' ( ;—1/2(0i7 UMt Uit - i:—1/2(0i7 Ui, UZ}H))
= 2 TH(UT) - (U7 - )

Thanks to the homogeneity property of the flux function F,

JEWU)-U=F(U)
the numerical flux is given by:

Frly = TF(US (0%, UM ULL)) - (U (05, UL UMD (30)

At this stage (29) is a linear system of 2N equations and 2N + 4 scalar un-
knowns because the upstream and downstream states U™ and UR) have to
be determined. In the next subsection we specify our procedure to close this

system.

15



Lastly, let us explain briefly how to deal with a deformable pipe. The cross
area A7 being known at time ¢, in mesh m,, the source term

10,A 2
14 (Ge00)" U
is discretized by
k(0,00 ) M
according to the following time discrete version of the equation (14)
AP =AY R (M — M) (31)

where we set:

s5r
o k= ()",

e B cos ¢(x;)

e ¢ diameter asociated to A}, and
c

5
\/1 - fBekFE coso(x;)

This leads to a minor modification of the system arising from (29).
Notice that it is convenient, in the source term H(U/"), to replace K (A4;) by

n\2 n \2
K (A7) and in the matrix J to replace @7, » by (@)}, = () +2(az+1) .

o a =

The cross area A is then updated through (31). Notice that the computation
of A allows us to get the pressure via p = M/A and the discharge Q) = D/p.

3.3 Boundary conditions

In order to achieve the description of the implicit scheme, we present now a
way to take the boundary conditions into account. We recall that the upstream
and downstream state vectors (corresponding to /o and xy11/2) at time ¢,
. " My n My, )
are respectively denoted Uy = and Uy, = . (From a
Dg D
mathematical point of view, we must give as many scalar boundary conditions
as incoming characteristic curves, that is one at each end of the pipe. For
example M§ = M(0,t,) and D}, = D(L,t,) are given quantities or, more
generally, we impose some condition f,(M, D,t) = 0 at the upstream end and
fa(M, D,t) =0 at the downstream end.

Numerically, the computation of the boundary fluxes (via the resolution of the
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Riemann problem (24)) requires complete state vectors that one can consider
as "exterior” values on fictive meshes. Ug and Uy, play this role and are
supposed to be known at time ¢,,. Thus the problem is to determine or estimate
the boundary states Uf*" and Uy} in (29).

Using an explicit characteristic method (for instance) is not convenient because
it is subject to a CFL type condition. The method described below is an
adaptation to the implicit scheme of those studied by Dubois [7] and Kumbaro
[14] (see also [8]). It allows to update the boundary states using known values
at the same level time, so it is naturally implicit. Let us recall the original
procedure in the case of the upstream state, for instance.

We start with given interior vector states U™ (1 < i < N) and any given
relationship
fU(MSH_lv D6L+1> tn+1) = 0.

We have to build a complete boundary state using these data at the same
level time and not at the previous one as in the characteristic method. The
vector states W' and W' are expressed in the basis of eigenvectors of the
matrix J in (24) where we assume that Z, = Z; and ¥, = ¥, (notice that
these eigenvectors depend on the unknown Ugt):

Wit = a7 + Bty + 40T s + 0g Ty

and W = ot 4 BrTFEy 4 40T 0T,

The classical BC method consists of connecting Up 21 to UMM by an unique
jump through the incoming characteristic x = A t, thus setting

angl — O/erl, n+1 /87744’1 and ,Y ,YIHrl
or equivalently D! — Dot = (u1/2 + Gy o) (M7 — M), Then we get

U™ as the solution of the nonlinear system:

Dvll+1 Dn+1 (u1/2 4 a1/2)(M Mn+1)

(32)
fu(MOn—H’ DS—H, tn-f—l) = 0.

Applying this method for nonlinear boundary conditions (BC in brief) at
time ¢, is not compatible with the framework of linearised implicit method
as described above as above. We propose to apply it at time ¢, after a first
step which consists in completing (29) with four linear equations thanks to
a modified procedure that we present further. Solving the resulting system
supplies a first estimate of interior and unknown boundary states, then we
make use of the standard BC method. Our adaptation to the implicit scheme
consists of two steps.

First step : we apply the previous procedure using the eigenvectors of the
matrix .J at time t, instead of time t,,,1. From (32) we get the linear equation
(with unknowns M and Dg*):
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Dyt — Dgth = (@ + ay) (M — M) (33)

and we use a linearized version fn(MJ* D™ t,,1) = 0 of the upstream
boundary condition (around the vector state Ug'). Similarly for the downstrean
state we get

Dzri/tll Dyt = (any1/2 — UN+1/2) (MJT\Lfill M) (34)
and flm( ]T\Lfillv D%illv n+1> = 0.

The linear system arising from (29) is now completely determined.
Second step : equipped with interior vector states issued from the first step,
we apply the standard BC method (32) at time t,,41.

Remark 1 Commonly used boundary conditions are for instance an upstream
constant total head and the downstream flow ((¢) (as in the presented nu-

merical results). The total load in the pipe is defined by H = z + ;L + p,
g

where z is the altitude (m), u the flow speed (m/s), p the relative pressure

2 _
(m) expressed in equivalent water height defined by p = M. We im-

0
pose at the entrance of the pipe with altitude zy a constant load Hy. Thus

Dn+1 ) 2Mn+1 9
we get - = 2¢9(Hy — z9) + —— as boundary datum in
(M ) F Gga, UG,

(32). The downstream boundary condition is Q3L = Q(t,41) which writes

n+1 An+1

% = Q(tne1) with AR, = A% +E%, | (M — M) and a suitable

deﬁn1t1on of k3. A similar technique as above is then applied.

3.4 Space second order implicit scheme

The main inconvenience with usual Roe-type schemes (as the Godunov one)
as well as the implicit scheme is that this type of discretisation is very dif-
fusive. One way to improve the scheme is to perform a second order space
discretisation (which can be coupled with a second-order Runge-Kutta time
discretisation). This type of improvement (for explicit schemes) seems to be
practically a relaxation of the CFL condition more than a better space ap-
proximation.

We recall in the following section the principle of the MUSCL method for a
second order explicit space discretisation and we propose a linearly implicit
version of this commonly used method to improve spatial approximation.
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3.4.1 MUSCL method

The MUSCL method (Monotonic Upstream Scheme for Conservation Laws),
due to Van Leer ([15]), is based on a “reconstruction” step which consists in
constructing a piecewise linear function from cell-averages. Then we can solve
new local Riemann problems extrapolating the averaged states in each cell:
this method, quite simple to implement, is a natural extension of the previous
scheme.

The steps are as follows (with the same notations as in the explicit scheme):
(1) From given cell-averages U, 1 <1i < N at time t,, define slope vectors

i
(2) On each cell |z;_1/2, 2;11/2[ define a piecewise linear approximate solution

=
U'(z) =U"+ (v — x;) 27
(3) Compute fluxes:

n,+ * n, n,—
Flyis = F(Uf (05,017, ULY))

(3 K3

where
h;
Ut = U+ N
n,— n hi-‘rl n
Uiin =U — TEiJrl

(4) Compute updated cell-averages U™ applying (25).

The first step (slopes reconstruction) is crucial. A natural way would consist in

n n
Ui+1 B Ui*l

using the central difference which is a second order approximation

Tit1 — Ti—1
of U'(z;). In order to satisfy some monotonicity and TVD properties, we apply
a limitation procedure, for instance the following classical one (see [12] for

instance). For k = 1,2 we set

(35)

n n n n

Y i d Ui+1,k - Ui,k Ui,k - Ui—l,kz

ik = MINMO ,
Tiv1 — T4 Ty — Tj—1

where the minmod function is defined over R? by

| min(al, b)) sgn(a) if sgn(a) = sgn(b),
minmod(a, b) =
0 else.
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monotonic case extremum

Fig. 3. slopes reconstruction.

3.4.2 An adaptation to the implicit scheme

A direct application of this method to the previous first order scheme would
introduce non linearities due to slopes computations. Instead we propose the
following procedure in three steps:

First step :

JFrom the averaged states U, ¢ =1,..., N, at time ¢,,, we define the slope
vectors X7 following (35). Then we compute at each interface x;11/2 the cor-
responding states U;"", Uj%] and finally UH/Q(Oi,Ui"’JF, 1)

Second step :

A first estimate (7{‘“ of U is computed applying the first order scheme
(29) together with the treatment of the boundary conditions as in section 3.3.
We deduce a first estimate L7 of the slopes X+

Third step :

The second order fully implicit scheme, would write under the form (26) with

Fl s = F(U (0%, U UR))

Y = H(UP)

The linear implicit second order scheme is obtained by linearizing F T{}Qi

around U"" and Uj%[, by using in (24) a matrix J associated to states
(UM, U%T) at time t, instead of (U/™"F, U5 and finally by using the
estimated slope ¥7*! to compute U™"" and U”Jrl It leads to a scheme
under the form:
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U:rl+1 . Un F;n-ﬁ-l,— . F;Tl_+17+ ~
7 7 4 +1/2 1/2 — Hﬂ-i-l (36)

At h; :

with

S * ’ - . | -
L = T (U705, U UL)) - (U o0F, U5, U217))

oyt =Hp + JHUP) - (UM - U

where
n+l,+ _ yrn+l hi sn+1
n+1l,— _ 7+l hi-l-l n+1
Ui =U4 — 9 1)

Finally the updated states U™ are solutions of the linear system arising
from (36) combined with the equations (33)-(34) where M7 Dyt Myt
and D! are respectively replaced with M0~ DPYYT MY and DY
The treatment of the boundary conditions is performed using (32) modified
in a similar way. Finally, in the case of a deformable pipe, the procedure is
the same as in the first order implicit scheme.

4 Numerical validation in the case of a constant radius circular
pipe

We present now numerical results of a water hammer test. The pipe of circular
cross-section of 2 m? and thickness 20 cm is 2000 m long. The altitude of the
upstream end of the pipe is 250 m and the angle is 5°. The Young modulus is
23 10? Pa since the pipe is supposed to be built in concrete. The total upstream
head is 300 m. The initial downstream discharge is 10 m?®/s and we cut the
flow in 5 seconds. The number of mesh points is either 1000 or 150 depending
on the tests and is presented for each of them. Let us define the piezometric
line by:

¢ (p = po)
Po g

piezo=z+ 6 +p with p =
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4.1 Comparison with the solution of Allievi equations

To ensure that the model that we propose describes precisely flows in closed
pipe-lines, we present a validation of it by comparing numerical results of the
proposed model with the ones obtained by solving Allievi equations by the
method of characteristics with the so-called belier code used by the Center
in Hydraulics Engineering of Electricité De France (EDF) [21]. Our code is
written in Fortran 77.

A first simulation of the water hammer test was done for a CFL coefficient
equal to 1 (i.e. CFL = 1) and a spatial discretisation of 1000 mesh points (the
mesh size is equal to 2 m). In the figure 4, we present a comparison between
the results obtained by our first order scheme and the ones obtained by the
"belier” code at the middle of the pipe: the behavior of the piezometric line
and the discharge at the middle of the pipe. One can observe that the results
for the proposed model are in very good agreement with the solution of Allievi
equations. A little smoothing effect and absorption may be probably due to the
first order discretisation type. It is the reason why we perform the same test,
in the same condition (CF'L = 1 and 1000 mesh points) with the second order
scheme. The figure 5 shows that this smoothing effect is much less important
with this second order scheme. It is the reason why in the following numerical
results, we consider the second order scheme with a CFL condition equal to 1
as the reference solution.

4.2 Influence of the CFL coefficient

The purpose of our scheme is to perform a solution with a not accurate spatial
detail but with very low computational costs. As argued before, we choose to
perform a linear implicit spatial discretisation (first order and second order) to
get rid of the CFL condition imposed for the stability of explicit discretisation
of hyperbolic systems of partial differential equations. Since the proposed space
discretisation is only linear implicit (to keep a low CPU time), we can expect
a deterioration of the results for C F'L > 1. Therefore, we performed the same
test as above for different CFL coefficients and 1000 mesh points. We present
in the figure 6, the same quantities (piezometric line and discharge) at the
middle of the pipe for the second order space discretisation scheme. One can
observe that even for CFL = 10, the results are good from the point of
view of the maximum pressure calculation and that the second order implicit
discretisation is very stable in regard of the time discretisation. The very good
behavior of this scheme from the point of view of the time discretisation is
a very good argument for using it, even though we must solve at each time-
step a linear system (which contains only 6 diagonals). Moreover, we wanted
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to study the behavior of the scheme from the point of view of the spatial
discretisation. Thus we perform the same test for different CFL coefficients
and for only 150 mesh points (the mesh size is then 13,33 m). Before doing
this test, we suspected a bad behavior for a coarse space mesh and great
CFL coefficients since the scale of the physical effects of a water hammer is
very small against this space mesh size and this time-step. Figure 7 shows the
behavior of the second order scheme for a coarse grid discretisation and for
different CFL numbers. A great smoothing effect is present but it seems that
the highest pressure value is well computed.

Nevertheless, the hydraulics engineers are interested in the value of the highest
pressure in the pipe to make a good evaluation of the size and the strength of
the pipe. Therefore we present in table 1 the highest piezometric line computed
in the pipe and the relative error with the highest piezometric line computed
by the code belier for the preceding water hammer test, P, = 688.442.
The relative error is very small and therefore even for a coarse mesh and a
great CFL coefficient, the highest piezometric level is "well” computed in a
very small CPU time.

CFL 1 2 ) 10

N, = 1000 688 685 680 673
0.04% | 0.4% | 1.2% | 2.2%

N, =150 677 669 655 638
1.7% | 2.8% | 4.9% | 7.3%

Table 1
Highest piezometric level and relative error (in bold).

4.8  Case of contracting or expanding sections

In order to illustrate the effect of the variations of the sections and the im-
portant contribution of the term of geometry (terms a? a1 0,5y and M 0,a>

in equation (13)), we consider the case of an immediate flow shut-down in a
frictionless cone-shaped pipe. We thus computed the waterhammer pressure
rise at the middle of the pipe AH and relate it to the pressure rises calculated
for an equivalent pipe segment AH,, as presented in [1,19].
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Let us hereby recall how do we transform a real pipe with expanding or con-
tracting sections to an equivalent pipe of constant dimension. The similarity
conditions should be preserved in order to transform a pipe with expanding or
contracting sections to an equivalent uniform pipe segment. These conditions
imply that the following properties should not change in the equivalent pipe
segment, compared to the real pipe of the same length L :

(1) inertia forces due to the same way of flow shutdown,
(2) pressure wave propagation time.

Condition (1) leads to the following formula for the equivalent cross-sectional
area S¢, of the pipe segment :

L
L dx

o S(z)

Sy =

The equivalent pressure wave speed a,, can be found from the condition (2):

L
L dx
| ac

We thus perform tests of flows shut-down at downstream end of a cone-shaped
pipe of lenght L = 1000 m, the upstream diameter D; being always equal to 1
m whereas the downstream diameter Dy varies. We use 100 mesh points and
the CFL number is chosen equal to 0.8. Before the shut-down, the downstream
discharge is 1m?/s. Figure 8 shows the ratio AH/AH,, versus the ratio Dy /D.
The model and the proposed finite volume discretisation shows a very good
agreement with the equivalent pipe theory.

Qeqg =

4.4 Effect of the pipe deformation

To see the effect of the deformation of the pipe on the values of the piezometric
line and the discharge, we perform the same water hammer test where we take
into account the deformation of the pipe. Let us recall that from equation (12)
the speed of the sound is in this case non constant and depends on the Young’s
modulus, the thickness of the wall and the diameter of the pipe. We present in
the figure 9 the piezometric line, the discharge and the diameter of the pipe at
the middle of the pipe computed by the second order scheme with CFL =1
and 1000 mesh points.

One can remark that in the deformable case, the pressure is less high since
the pipe absorbs a great part of the stress and the frequency of the smaller

24



(since the speed of the sound is smaller in the deformable case). These results
must be viewed as an illustration of our model.
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cussions and supplying us the numerical results of the belier code. They
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article.

550 . .

500 r
450
400 r
350 r
300 ¢

Piezometric line (m)

250 r

200 r

150 1 1 1 1 1 1 1

12 .

10

Discharge (m"3/s)

_ 2 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Time (second)

Fig. 4. Validation of the model: 1st order scheme
Piezometric line (top) and discharge (bottom) at the middle of the pipe
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Fig. 5. Validation of the model: 2nd order scheme
Piezometric line (top) and discharge (bottom) at the middle of the pipe
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Fig. 6. Numerical behavior for a fine space mesh and different CFL numbers
Piezometric line (top) and discharge (bottom) at the middle of the pipe
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Fig. 7. Numerical behavior for a coarse space mesh and different CFL numbers
Piezometric line (top) and discharge (bottom) at the middle of the pipe

28



Fi ni'te vol ur'ne met'hod I
Equiyalent pipe ‘
e S T e e S
- ! ! ! ! ! ! !
T
I T S S A A
T e
<
05
O 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 35 4
D1/D2

Fig. 8. Comparison in the prediction of pressure rises in cone-shaped pipes between
the present method and the equivalent pipe method
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Fig. 9. Influence of the pipe deformation
Piezometric line (top), discharge (middle) and diameter (bottom) at the middle of
the pipe
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A Nomenclature

Po

N = Sy v €

o =2

Ry,

S

pressure wave speed in a rigid pipe
inverse of the bulk modulus elasticity
athmospheric pressure

liquid mass density at pressure P,
cross section, with boundary 02
center of )

longitudinal coordinate

function of x and P s.t. A = S(z, P)
velocity

P
elev. of hydr. grade line (= —)
pog

pipe length
pipe wall modulus of elasticity
outward unit normal vector

angle between 7 and N

A
hydraulic radius (= P7)

m

Strickler coefficient

outward unit normal vector in the €2-plane
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3 v W e o

~+

S

O <

N

pressure wave speed
gravitational acceleration
pressure of liquid

mass density at press. P
pipe cross-sectional area
wm, where m € 99
time

z-liquid mean velocity
velocity in the Q-plane
discharge (= Awu)
elevation of pipe bottom
pipe wall thickness

pipe inner diameter
pipe inner perimeter

friction

slope of pipe axis
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