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Abstract

Many of the flows involving two or more fluids encountered in reactor technology and
safety analysis can be treated as one-dimensional in a first approximation. The multifield
codes commonly used to calculate such flows use semi-implicit numerical procedures but there
is a recent trend towards more fully implicit schemes because of their potential for higher
accuracy and greater stability. This paper presents a highly implicit solution procedure for
the G-equation model and compares its predictions in two test problems with analytical re-
sults and with a semi-implicit code. It is concluded that for one-dimensional problems fully

implicit schemes have significant advantages.

1. Introduction

Flows in which several materials or phases are present and move with differing velocities
are common in reactor technology and are frequently met with in reactor safety analysis. A
high proportion of these flows can be treated using one-dimensional multifield models, and
techniques for the discretisation and numerical solution of the PDEs of such models are now
well known. Examples of codes adopting this approach are PHOENICS [1], XFIX [2], SIMMER [31
and CATHARE [4]. The earlier codes tend to use the semi-implicit solution procedure proposed
by Harlow and Amsden [5] while there is a more recent trend towards schemes involving in-
creased implicitness. More highly implicit schemes offer the possibility of better accuracy
and may allow the use of larger timesteps. To assess the potential of one such scheme a very
highly implicit code, SRIGHT, has been implemented at the JRC Ispra. This paper presents the
equations and solution procedure of the new code, applies the code to two specimen problems
and makes some preliminary judgements of the benefits to be gained from increasing implicit-

ness. It is concluded that these benefits are significant especially as regards accuracy.

2. Space Discretisation of the Field Equations

The SRIGHT code actually includes in its field equations several gas phase components
and the possibility of heat and mass transfer between the phases. It also has quite sophisti-
cated material equations of state allowing for variable specific and latent heats and the
calculation of correctly averaged mean properties for a gas phase consisting of a mixture of

constituents. To simplify the presentation we present the equations to which the SRIGHT model
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would reduce in the case of the combined flow of a non-evaporating liquid and an inconden-
sible gas with constant material properties and without exchange of heat.

The conservation equations are discretised on the standard ICE [6] staggered grid which
we take to be uniform, with spacing AX. Upwinding is used throughout and it is convenient to

employ the symbol <>, defining
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where fj is any magnitude associated with phase j and the subscript i refers to the ith cer1,

The semi-discretised continuity equations are with this notation
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The energy equations are discretised in a similar way, while the discretisation of the momen-
tum equations is slightly different because the velocities are defined on the cell boundaries.

As a slight extension of the notation (1) we define
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in which the (ujpjvj)i+l_are obtained by averaging of the cell centre values. The momentum
2

equations in space-discretised form are then
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Here the st are the coefficients of structure drag while Kgp, represents the interphase drag.

These formulae are along the lines of KFIX [2] or SIMMER [3] and no particular remarks need

be made about them. They are supplemented by the gas equation of state:
= P
p = Plposel) (5)

Expressions are also supplied for the drag coefficients. Lockhart-Martinelli correlations
are used for the structure drag while for the liquid-gas drag the expression used in KFIX [2]

is employed with a fixed droplet radius To-

3. Time Discretisation and Solution Procedure

SRIGHT is very flexible in the degree of implicitness of its time discretisation. The

equations (2), (4) and the energy equations analogous to (2} are all of the form
3T Y = Ry A - general cell index (6)

where Q, is a volume concentration of mass, momentum or internal energy and the Ry are the
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rates of change of such quantities. If superscript n indicates current values and super-
script n+l those at the end of a timestep of duration At then (6) is discretised in general

as

n+1 1

o -y = At(GR;H + (1-0)RY) (7
where the coefficient 6 allows for all possible degrees of implicitness, e.g. 8=0 fully ex-
plicit, 8=1 fully implicit. There are different 6 for the different terms appearing in the
discretised conservation equations, the values of which can be specified by the user. For
stability reasons the pdV work term in the gas energy equation and the pressure and drag
terms in the momentum equations are treated purely implicitly.

The conservation equations discretised after (7) together with (5) and the drag laws
form a non-linear algebraic system in the "new" variables Vj,ej,p and o; which must be solved
for all N cells. The method of solution adopted in SRIGHT is the Newton-Raphson iteration
technique. Each of the conservation equations may be written in the form:

EiRy g e Xy eXyyy) = 8504 i)

where X is the vector of new variables and the subscripts i,i+l refer to cell i and its
nearest neighbours. The Sj are source terms arising from "old" values of the variables and

(k)

any physical sources or sinks. To solve the ecuations (8) given Zi as the values at the

kt iteration we seek a vector of increments 6§i such that the §£k+1) defined by

D (9)
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satisfy the equations (8) exactly. Expanding fj in Taylor series one finds that Newton-

Raphson approximations to the increments satisfy
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The functions fj arising from the momentum equations contain the vectors X for next nearest
neighbours also. For numerical convenience the increments of these are not included explicit-
ly in the iteration but the latest iterate values are included in the Sj‘ This might affect

the rate of convergence of the iteration in some instances but should not change the {Ki) to
which the iteration converges. When this procedure is followed then with a suitable ordering

of the variables (9) takes the form
a{sx;} =B (11)

where {Ggi} is a column vector containing the increments for all N cells and A is a 6Nx6N
block tridiagonal matrix. The system (11) may be solved directly for the increments 6Zi' The
X values at the k+1™ jteration are calculated from (9) and the orocess repeated until con-
vergence.

Appropriate convergence criteria appear to be problem-dependent; currently SRIGHT uses

the simple test
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max |6pi|/|pi| < e (12)
1

It was chosen in SRIGHT to determine the derivatives appearing in (10) analytically. The up-
winding formulae of type (1), (3) give rise to jumps in the derivatives when the local velo-
city changes direction but experience to date suggests that this does not give rise to con-

vergence difficulties.

4. Comparison with a Semi-Implicit Technique

It is instructive to compare the solution procedure set out in the previous section with
that employed in a semi-implicit code, for example SIMMER. The space discretisation is per-
formed in the same way while the time discretisation combines explicit, implicit and multi-
step features. The liquid continuity equation (2) is first solved explicitly to provide the
new values of Oy, 0g since o, is assumed constant. The new liguid internal energy is also
evaluated explicitly.

The momentum equations (4) are then treated semi-implicitly with the pressure and drag
terms using new values and the convection terms using old values of the variables. The value
of the velocity-dependent drag coefficient Kgp, is obtained by a two-step method explained
below. The gas energy is first estimated to provide values for the calculation of the new
pressures and then recalculated once the end of step velocities are known. The equation of
state (5) is used to express {VG,L'DG'eG} in terms of the pressure field alone and an ICE-
type iteration based on the departure from local mass conservation of the gas is followed
to determine this field [5]. The new velocities are finally determined fron the new pressures
and the calculation is ready for another cycle. The interphase drag coefficient Kg; depends
on Vgr, = VG—VL, the new value of which is estimated from a combination of the momentum
equations with the neglect oI certain terms in which the estimated pressure gradient 3p/dx
is taken to be the average of the absolute values of 9p/3dx in adjacent cells. This equation
is solved for Vg and hence Kgr, which is used in the discretised momentum equations (4). The
resulting value of the interphase drag is only an estimate but it is not recalculated on the
basis of the final velocity values at the end of the step. This can affect the accuracy of

the procedure as will be seen in the next section.

5. Application to Two Test Problems

To validate SRIGHT and to gain some experience with it the code has been applied to two
situations where other solutions are available for comparison. The first is a simple single
phase shock tube problem while the second is the same problem using a mixture of gas and
particles. In the calculations reported all 0 values were set to 0.5, i.e. time-centered.
For the single-phase shock tube analytical results are available. The initial conditions
were as indicated in Fig. 1 with a space step of 0.9144 m and a timestep of 0.5 ms. 2 pres—
sure convergence tolerance of e = 1074 vas imrosed and was achieved after 3 iterations each
timestep. The computed velocity distribution at 1.5 ms after rupture of the diaphragm is
shown in Fig. 1. Typically for a dissipative scheme the shock front and rarefaction are
somewhat smeared but their positions are well predicted.

The second problem, a "dusty shock", employed the same geometry with an initial 5:1

pressure ratio and with the high-pressure absolute temperature 35% greater than that in the
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low-temperature region. A uniform initial volume fraction of the second (dust) phase was im-
posed with oy = 0.142%, the fixed particle radius being 1 mm. The physical sequence of events
is similar to that in the single-phase shock, with a zone behind the shock front in which the
dust particles accelerate to the local gas velocity. In this problem it was possible to
compare the SRIGHT predictions with those of STMMER, a compariscn of SIMMER calculations and
analytical and other results having been performed in Jones and Jones [7]. I'ig. 2 shows the
gas velocity at 250 ms as calculated by the two codes with the same data as an example of

the results. The discrepancy is striking. After some investigation the root cause of this
and other discrepancies was identified as the much higher interphase slip calculated by
SIMMER. As was outlined in Section 4 there is no iteration in the code to ensure self-consis-—
tency of the interphase drag coefficient Kgr,. A check on the consistency achieved can be

made by comparing the estimated and final end of step slip values, which is done in Fig. 3.
Curves A refer to a timestep of 1 ms, curves B to the same calculation with a timestep of

0.1 ms. In the region just behind the shock where slip values are changing most rapidly dif-
ferences between estimate and final value of up to 60% may be seen in calculation A, which

an order of magnitude reduction in timestep reduces to 26%. SRIGET by iterating over each
timestep ensures that a self-consistent slip velocity is employed and one may expect the
SIMMER slip to converge to it in the limit of small timesteps. This behaviour is in fact
observed as may be seen in Fig. 3.

Apart from ensuring better calculation of the interphase slin and drag than semi-impli-
cit techniques the implicit version of SRIGHT has other advantages as were revealed by fur-
ther calculations. For instance it was found that the calculated results were relatively in-
sensitive to the timestep. Raising the step from 0.1 ms to 1 ms altered the calculated cas
velocity by 1-2%, while the number of iterations required to achieve convergence in the
relative pressure to a tolerance of € = 10”4 rose from 2 to 4. Energy conservation is also
markedly improved in the calculations performed here. "Jith a timesten of 0.1 ms after 250 ms
there was a final total energy deficit of 12.5% of the kinetic energy, which was only doubled
on raising the timestep by an order of magnitude. These results are significantly better

than the authors' experience with energy conservation in semi-implicit codes.

6. Conclusions

The fully implicit numerical solution procedure embodied in SRIGHT is found to be supe-
rior for one-dimensional problems to the semi-implicit procedures to be found in the litera-
ture as regards accuracy and consistency. It is also able to accommodate additions to the
model employed, e.g. the inclusion of added mass terms, without major alterations. The exa-
mination of the effect of certain extensions to the basic model of [2,4,5] is now underway

at Ispra using SRIGHT.
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