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1. Introduction

KAERI has developed a three-dimensional thermal
hydraulics code, CUPID [1, 2], for the analysis of
transient, multi-dimensional, two-phase flows in nuclear
reactor components. The code was designed for use as a
component-scale code, and/or a three-dimensional
component, which can be coupled with a system code.
In the CUPID code, a two-fluid three-field model is
adopted for two-phase flows, and the governing
equations are solved on unstructured grids, which are
very useful for the analysis of flows in complicated
geometries.

This paper presents a new numerical scheme to
calculate the pressure gradient of the two-fluid
momentum equation on unstructured grids. The new
scheme is compared with the previous schemes in the
CUPID code, and the results are discussed.

2. An Improved Numerical Scheme for the Pressure (a)

Gradient Calculation

In the previous versions of the CUPID code [1, 2],
the pressure gradient at a cell center was evaluated by
using the Green-Gauss reconstruction method:
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where the subscript f indicates the faces of the cell 0. In
the case of a two-dimensional mesh, the pressure at the
face f was determined by:
P, = WoPy +W, Py (2)
W, +W,
where P : the pressure at the cell 1, which is connected
to the cell 0 via the face f, and the weighting factor wy
and w; are obtained using the inverse-distance method.
This method, i.e., the Green-Gauss reconstruction
with an inverse-distance weighting, has a second-order
accuracy on structured meshes, but may have some error
for skewed unstructured meshes. To overcome this
problem, the Frink’s reconstruction was adopted in the
new version of CUPID [3]; the cell face pressure was
calculated by the interpolation of the face node
pressures:
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where P, and F, are the pressure at the nodes a and b,

consisting of the face f. The pressure at a node is
obtained by

Pn :nzcwc,iR:‘i r‘chu:,i (4)
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where the weighting factor was determined by using the

pseudo-Laplacian method[3]. The Frink’s reconstruction

provides a second-order accuracy on both structured
and unstructured meshes.

The reconstruction of the pressure gradient at a
boundary cell is somewhat different from that at inner
cells because of the interpolation error of the pressure at
the boundary face. To mitigate this error, the pressure
gradient at the boundary cell was evaluated by the least-
square reconstruction method in the CUPID code [4].
This method greatly enhances the accuracy of the
pressure gradient at the boundary cells. However, the
results of numerical tests showed non-negligible error at
the boundary cells of skewed unstructured meshes.

Thus, a new iterative method based on the Frink’s
method was developed to evaluate the pressure gradient
at the boundary cells. The iteration sequence is:

() The node pressure P, is determined from Eq. (4).

(b) The pressure at a cell face P; is calculated by using
the node pressures P, In the case of a two-
dimensional mesh, Ps is calculated by Eq. (3).

(c) Using the Green-Gauss method, the pressure
gradient at a cell center is reconstructed:
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(d) Using the reconstructed pressure gradient in Eq. (5),
the node pressure at the boundary is updated as
follows:
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n~ Xc,i ):' (6)

(e) The above steps (b) through (d) are repeated until
the node pressure at the boundary converges to a

certain value, i.e, |p _pl<g .

3. The Results of Numerical Tests

To assess the accuracy of the above iterative methods,
a simple test function in a two-dimensional space was
introduced:

ftest(xl y)=Xx+Yy, (7)
Then, the gradient of fi is exactly obtained:
Vflest :i+i- (8)

For the numerical tests, a structured grid and an
unstructured grid in Fig. 1 were used with the following
three numerical methods for evaluating the gradient:

(a) GG(IDW): The Green-Gauss method with the
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inverse distance weighting.

(b) GG(IDW)+LS(B): The Green-Gauss method, with
the inverse distance weighting, for the internal cells
and the least square method for the boundary cells.

(c) GG(FRKrgr): The Green-Gauss method with the
pseudo-Laplacian weighting and the iterative
process for the boundary cells.

In the numerical test, the cell center values were exactly

obtained from Eg. (7). Then, the gradients at the cell

centers are numerically obtained by using the above
three methods. The results of numerical tests are shown
in Fig. 1, where the absolute value of the difference
between the numerical and exact gradients is presented
[4]. The errors generated in the corner boundary cells
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tend to propagate into the inner cells when the first two
methods are used. However, the new iterative method,
GG(FRKrer), Yields very accurate results for both the
structured and unstructured grids. The numbers of
iterations were about 30 for structured meshes and
about 90 for unstructured meshes, where gy was 107
This requires additional computation time, but the
increment is negligible because the number of boundary
cells is very smaller than that of the internal cells.

The numerical tests using the well known cavity
problem also showed the new iterative method leads to
the most accurate results for both the structured and
unstructured grids [4].
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(b) Unstructured grid
Fig. 1. The errors of the gradients of the test function with different numerical methods and grids.

4, Conclusions

The accurate evaluation of the pressure gradient term
in the two-fluid momentum equation is very important,
In the course of the CUPID code development, a new
numerical scheme to calculate the pressure gradient of
the two-fluid momentum equation on unstructured grids
was developed. The new scheme was compared with the
previous schemes in the CUPID code, (i) the Green-
Gauss method with the inverse distance weighting, and
(ii) the Green-Gauss method for the internal cells and
the least square method for the boundary cells. The
results of numerical tests showed that the new scheme is
very accurate for both structured and unstructured grids,
and that the previous methods, on the other hand, have
significant errors when applied on unstructured grids.
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