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1. Introduction

In the field of computational hydraulics the modelling can be dominated
by the effects of source terms and in some cases, quantities which vary
spatially but independently of the flow variables. This paper is concerned
with the shallow water equations and how the additional terms should be
discretised, given that Roe’s scheme has been used to approximate the
flux terms, extending recent research by other authors (Glaister, 1992;
Véazquez-Cendén, 1999; Bermidez and Viazquez, 1994). In each of these
papers the discrete form of the source terms has been deliberately con-
structed along similar lines to the numerical fluxes. This is done to ensure
that equilibria which occur in the mathematical model are retained by the
numerical model, and that in the absence of additional terms, the conserva-
tive fluxes are retrieved for accurate modelling of discontinuous solutions.
However, all previous work deals only with the first order scheme. In this
paper the extension of these ideas to higher order Total Variation Dimin-
ishing (TVD) versions of Roe’s scheme (using both flux limiting and slope
limiting techniques) is described. It is then possible to construct a source
term approximation which has each of the above properties on all types of
regular and irregular grids in any number of dimensions; see (Hubbard and
Garcia-Navarro, 1999) for details. Furthermore, following on from (Garcia-
Navarro and Véazquez-Cendén, 1997), a new formulation is presented for the
discretisation of the flux in the case where it depends on a spatially varying
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quantity which is independent of the solution. The one-dimensional shallow
water equations have been chosen to demonstrate the effectiveness of these
new techniques, by modelling the effects of a sloping bed and the inclusion
of breadth variation in open channel flows.

2. The General Discretisation

The one-dimensional equations representing a general system of conserva-
tion laws with source terms may be written

Qt+£x :§> (1)

where U is the vector of conservative variables, F' is the conservative flux
vector and S includes all of the source terms. The flux is assumed to de-
pend not only on the conservative variables but also another independent,
spatially varying quantity, denoted here by B(x), i.e. F' = F(U, B(x)).

Using the standard (cell centre) finite volume approximation of the flux
terms in (1) with forward Euler time-stepping gives
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in which F* represents a numerical flux evaluated at an interface between
cells and S* =~ [ S dzx is a numerical source integral over the cell.

Roe’s scheme (Roe, 1981) is used here to discretise the flux derivatives,
with a minor modification to take into account the dependence of the flux
on B(z). This approximate Riemann solver splits the flux difference at an
interface into independent components, giving

AF,, = (AAU+ Q)H% = (RAR'AU +R R*lﬁ)i%
Nw ~ Nw
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where V ~ g—%AB (so it reduces to the standard Roe flux difference split-
ting when B is constant). AF represents the jump in F across the edge of a
grid cell, R is the matrix whose columns are the right eigenvectors 7y, of A,
the approximate flux Jacobian, A is the diagonal matrix of eigenvalues )\k
of A, and the components of R™! AU are the ‘strengths’ d, associated with
each component of the decomposition. Additionally, 4%, the coefficients of
the decomposition of the extra term, are the components of R™'V. The
final expression in (3) indicates how the flux difference is decomposed into
N,, characteristic components, IV,, being the number of equations in the
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system (1). Throughout ~ denotes the evaluation of a quantity at its Roe-
average state (Roe, 1981), calculated specifically so that (3) is satisfied.
The numerical fluxes which are used in (2) are simply

F. =

1 1/~ ~ =~ - L~
1= 5 (B +F) = 5 (RIART AU+ Rsgn(DRT'Y) , (4)
T3 2 2
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in the first order case, where |A| = diag(|\¢|) and sgn(I) = A~'|A|. When
a flux limited high resolution scheme is being used,

Fr ., =

1 /e~ - _ -
o (Essa+ Ei) — 5 (RIALR™ AU + Rsgn(MLR™'V) ., (5)
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in which, additionally, L = diag(1 — L(r)(1 — |v&|)), where vy, = \yAt/Ax
is the Courant number associated with the & component of the decompo-
sition, L is a nonlinear flux limiter function, and r, = &prmd Jadocal Tf the
high resolution scheme being used employs slope limiters then

Fj . = ; (Efil +F} ) - % (R\A|R*1AQ+ngn(1)R 1v)l+2 :

(6)

where the superscripts -} and - represent evaluation on, respectively, the

right and left hand sides of the interface indicated by the associated sub-

script, so the averages (%) are now calculated from a linear reconstruction
of the solution.

Following the work of (Glaister, 1992; Bermidez and Vizquez, 1994;
Garcia-Navarro and Vazquez-Cendoén, 1997), the approximate source term
integral associated with an edge of a cell is similarly projected on to the
eigenvectors of the flux Jacobian, so that in its linearised form it becomes

/x”lgdx ~ 8,1 = (RR—ls) <Zﬂkrk> G

7 1
z+2

where ﬂk, the coefficients of the decomposition, are the components of the
vector R718S. S; will be constructed out of contributions from both ends
of the cell, with consistency assured as long as the whole of each dual cell
integral (7) is distributed.

In order to obtain the discrete balance which is required between the flux
and source terms the numerical source term integral of (2) is approximated
by

=) ,l
Z+2 2
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in which the edge contributions are given by

* - j—
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It is now simple to make high resolution corrections to the numerical
source terms which will maintain the required balance. In the flux limiting
case this leads to replacing (9) with

* = 1 /= N —1Q
;.7 = 5 (RO-sn(MLR'S) .

2

(10)

and a similar expression for §Z‘7 1 7. When slope limiters are applied an

2
appropriate correction to the numerical source within each cell is given by
* .« = N N . "
§i - <_i+% +§i7% ) _§<Qi+%’ QZ%> . (11)

The first term on the right hand side is evaluated precisely as before, in
(8), except that the interface values are now those of the linear reconstruc-
tion of the solution within each cell. S is simply the source term integral
approximated over the mesh cell and hence evaluated at the Roe-average of
the left and right states of the linear reconstruction of the solution within
that cell.

3. Shallow water flows

In one dimension, shallow water flow through a rectangular open channel
of varying breadth and bed slope is modelled by the equations

bd bdu 0
( bau )t N ( bdu? + 3gbd” ) B ( 19d%b, — gbdz, > - 12
which, when compared with (1) to find U, F and S, ultimately leads to
or _( 0 1 OF _ (0 13
o0 = \gi—u 2 ) 55 =\ ~foa )

In these equations d is the depth of the flow, z is the height of the bed
above a nominal zero level, b = b(x) is the channel breadth, u is the flow
velocity, and g is the acceleration due to gravity.
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The characteristic decomposition (3) for the equations (12) and (13) is
completely defined by

A 1
ap = @—F?(A(bdu)—ﬂA(bd))
C
A(bd 1
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2 2c
~ ~ _ - _ _ 5 1 3 B 1 3
M =u+¢, M=u—-C¢c, 1 =—-—CAb, J = —CcAb
4g 4g

B=(ane) 2=(21:) (14)

and it is easily shown that (3) is satisfied exactly when

VORAR + /bLdT VIR + Vb

which reduce to standard Roe-averages for one-dimensional shallow water
flow in the absence of breadth variation (i.e. when b® = b%). The corre-
sponding decomposition of the source terms (7) then leads to

~ 1 1~ ~
ﬁl = —~3Ab — —bcAz = —ﬁg . (16)
4g 2

In order for (9) to maintain the correct balance when the flow is quiescent,
b is constructed so that it satisfies

- VORGR + /bLdl
bAz = A(bz) —ZAb where 2z = K — , 17
) v 4D

K being the height of the still water surface above the nominal zero level.

4. Numerical results

The upwind source term discretisation described above maintains still wa-
ter to machine accuracy for an indefinite period for any test case geometry
for both first and higher order schemes (unlike most standard approxima-
tions) so no results of this type are presented here. Instead a ‘tidal’ flow is
modelled in a channel of varying breadth and depth, and compared with an
asymptotically exact solution, described fully in (Vazquez-Cendén, 1999).
The comparison is made between first order, slope limited and flux limited
schemes combined with pointwise and upwind source term discretisations:
in all high resolution cases the Minmod limiter has been applied. The ‘ex-
act’ and numerical solutions (all computed on the same regular 600 cell
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Figure 1. Water surface level and unit discharge for the tidal flow test case for first
order (top) and high resolution slope limited (centre) and flux limited (bottom) schemes.
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grid) to this problem when ¢ = 10800 (‘high tide’) are compared in Figure
1. The agreement is very close, not only for the first order scheme, but also
for both of the higher order schemes when the upwind source discretisation
is used. However, as in the still water tests, the pointwise source discreti-
sation gives, at best, only a reasonable approximation to the depth, and a
very poor prediction of the flow velocity.

5. Conclusions

A new method has been presented for the discretisation of source terms
which provide a balance with flux derivatives in nonlinear systems of conser-
vation laws, extending the work of (Glaister, 1992; Bermudez and Vazquez,
1994; Garcia-Navarro and Véazquez-Cendén, 1997) to high order TVD ver-
sions of Roe’s scheme, using both flux and slope limiters. A technique for
discretising fluxes which can vary independently of the flow variables is
also suggested. The methods have been shown to be effective in the mod-
elling of the one-dimensional shallow water equations (on the understanding
that the TVD condition which underlies the limiting procedures is derived
for homogeneous equations), and they also readily generalise for use on
arbitrary polygonal meshes in any number of dimensions (Hubbard and
Garcia-Navarro, 1999).
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