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ABSTRACT 

The paper discusses a repertoire of three-dimensional computer programs that have been developed 
to perform critical analyses of single-phase, two-phase and multi-fluid flow in reactor components. 
The basic numerical approach to solving the governing equations common to all the codes is pre
sented and the additional constitutive relationships required for closure are discussed. Particular 
applications are presented for a number of computer codes. 

1. Introduction 

Because a nuclear reactor system relies entirely on fluid circuits for energy transport, mathematical modeling 
of thermal-hydraulic phenomena plays a pivotal role in reactor design and development. Methods of improv
ing the accuracy and efficiency of thermal-hydraulic computations are continually sought. Reactor design 
is supported by a large repertoire of analytical computer programs. These programs embody knowledge 
accumulated from years of research and development focussed on quantifying fluid flow and heat transfer 
in single-phase and two-phase systems. Each computer program comprises several areas of expertise, in
cluding physical modelling, which selects the appropriate conservation equations to be solved and associated 
constitutive relationships required to describe energy transfer between the fluid and its boundaries, and 
mathematical modelling, which chooses an appropriate approximation to the conservation equations and 
numerical means of solution. 

2. Geometric Framework 

The first step in any computational analysis is to select a model of the geometries required as a framework 
for the analysis. The appropriate form is often dictated by the hardware. In most of the coolant circuits 
of a CANDU reactor, the fluid behaviour may be adequately described by one-dimensional (cross-sectional-
averaged) models. However, in the reactor fuel channel, flow must distribute itself among the intricate flow 
passages of the fuel bundle. In the secondary side of the steam generator, and in the calandria, the flow 
distribution is also complex. Multi-dimensional analysis is necessary to model detailed local distribution of 
flows and temperatures in any of the geometrically complex components. AH of these components have a 
similar internal structure; i.e., flow passes through some array of rods or tubes. Alternative computational 
frameworks for rod array systems are reviewed by Sha [1]. 

Although the finite-element method lends itself readily to fitting complex external boundaries, it has not 
often been used for flow systems with complex internal boundaries. Instead, the equations have usually been 
formulated for finite control volumes and integrated in finite difference form [2]. 

Except for the 1-D case, the simplest and most natural geometric division of a rod array is a subchannel. 
Subchannels are readily defined as communicating flow channels bounded by rod surfaces, and fictitious lines 
between rod centers. Each subchannel is divided into a number of axial control volumes. 

An alternative approach is to impose a coordinate system on the entire flow vessel and represent the internal 
hardware by distributed resistances and heat sources. This classic "porous medium" approach is more 
suitable for geometries in which rods are densely packed. Information on overall flow distribution inside the 
rod array is required, rather than details Swithin each control volume. The volume available to the fluid 
(i.e., not occupied by hardware) and flow area blockages are computed suitably at control volume interfaces. 

Note that the porosity and subchannel concepts remain artifacts that do not reduce to the true solution in 
the limit, as zero velocity cannot be imposed at all solid surfaces. In fact, standard finite-element methods 
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do not so reduce either. This degree of fidelity can be achieved only by using finely divided body fitted 
coordinates [1]. 

The examples in this presentation are restricted to the subchannel and porous medium formulations. 

3. Models of Single-Phase Flow 

The next step in a computation is to decide on a flow model. As in modelling the geometry, the most 
complicated available model normally need not be used; simplifying assumptions are frequently valid and 
may reduce the complexity of the equations to be solved. 

Single-phase flow is normally modeled adequately by solving the conservation equations of mass, momentum, 
and energy. The exact form of the equations will depend on whether the fluid should be considered incom
pressible or compressible, and inviscid or viscous. These decisions affect both the form of the equations and 
the behavioural modes of the solution. 

The above considerations are common to single or multi-dimensional form. However, the problem of tur
bulence modeling is peculiar to modeling multi-dimensional flow. The model of turbulence exerts influence 
only by means of its effects on pressure drop in a 1-D calculation, but in multi-dimensional cases it de
termines velocity distribution. It is usually modeled by a suitable means of computing the distribution of 
effective viscosity. This may be introduced by algebraic relationships or the more detailed models involving 
further differential equations of transport. Note that additional differential equations thus introduced are 
not governing equations of the flow field, but merely part of the turbulent model. 

4. Models of Two-Phase Flow 

The assumption of equilibrium produces the simplest model in which the phases are taken to be homoge
neously mixed, and to have equal velocity and equal temperature (EVET). The two-phase mixture is treated 
as a single fictitious fluid having properties determined solely by the relative proportion by weight (quality) 
of vapour in the mixture. Thus the partial differential equations to be solved are the same as for single-phase 
flow: conservation of mass, momentum and energy of the mixture, while algebraic relationships cater for 
the two-phase properties' and the equation of state for the mixture. The homogeneous model is suitable for 
conditions in which departures from mechanical and thermal equilibrium are known to be minimal. 

For cases in which gravitational or centrifugal forces are known to induce phases to travel at different 
speeds, a two-velocity model is required, and an additional relationship is required for relative velocity. 
Early separated flow models used a void correlation instead of the equation of state, and a simple numeric 
slip factor to impose the higher velocity of the vapour phase in vertical flow. This was later quantified by 
relating relative velocity to the rise velocity of vapour bubbles in liquid and the radial distribution of vapour. 
This simple drift-flux model, also referred to as UVET (unequal velocity equal temperature), uses algebraic 
relationships for relative velocity, and hence still requires the solution of the same three partial differential 
equations of conservation, but an additional equation, usually based on gaseous phase continuity, is required 
for void distribution. 

None of the above models permits the temperature of either phase to depart from saturation. To simulate 
non-equilibrium phenomena such as subcooled boiling, superheated liquid, and flashing, etc., a mechanism 
that permits these effects must be added. Again, early studies used algebraic relationships, but more rigorous 
models now use a separate energy equation and equation of state for each phase, and model heat transfer 
between phases. 

The advanced drift flux, unequal-velocity, unequal-temperature model is a combination of both of the above, 
and therefore requires the solution of five conservation equations: a mixture momentum equation, two 
continuity equations and two energy equations. 

Finally, the full six-equation, two-fluid model abandons the algebraic definition of relative velocity and 
instead computes phase velocities using two momentum equations containing models of wall-to-fluid and 
fluid-to-fluid stresses. 
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It is apparent that with each level of complexity of the two-phase model, additional partial differential 
equations are added, and hence more involved numerical schemes are required. However, since the basic 
equations have the same form as for single-phase flow, most advances in numerical techniques for simulation 
of single-phase Sow can be extended to two-phase applications. 

The above discussion covers the options in two-phase flow, with boiling and condensation; however, it 
is frequently necessary to deal with a non-condensable component. For small concentration, when such a 
component can be considered to travel at the same velocity as the host flow, its distribution can be simulated 
by a transport equation with appropriate source terms. Otherwise, a separate momentum equation is also 
required for the component. 

5. The Conservation Equations of Two-Fluid Flow 

The equations are formulated using the principle of interpenetrating continua, Harlow and Amsden [3]. This 
permits the equations of each fluid to be written separately, as if each fluid behaved as a continuum, but 
with additional terms which represent their interaction. This yields for each fluid ib; 1 continuity equation, 
3 momentum equations, 1 energy equation, 1 state equation, and 1 algebraic constraint. This can be stated 
in Cartesian Vector form for fluids k and £ as follows: 

( I M + V - M ) } ^ ^ (l) 

{•fr(<xPU + V • (apUU)}k = -akVP + {apg)k + rki + rkw (2) 

{ap^ + V • (aphU)}k = -<*k^ + ( ^ ) f c + V • ( K V T ) * + ** + <f>kl (3) 

at + ak = 1 (4) 

P = i{h,Pk) (5) 

For three dimensional cases, these equations result in a set of 5*2 partial differential equations and 2 con
straints. These are to be solved on a grid of at least 10*10*10, which, if converted to ordinary differential 
equations (ODES) in time, would yield 12 000 simultaneous ODE's. The domain must be discretised into 
control volumes and the equations integrated over each control volume, using appropriate interpolation func
tions. As simultaneous solution is impossible, a class of iterative solutions have been developed for 3D 1 
fluid flow. They may be extended for 2 fluids [4]. 

In order to solve the equations, it is necessary to write them in discrete form with reference to finite control 
volumes. To maintain continuous definition of all variables, it is important that all variables are evaluated 
correctly where averages across grid points are required, using appropriate interpolation functions or weight
ing functions. In this area, the finite element, finite difference and finite control volumes overlap somewhat 
(see [2]); however, finite control volume analyses are predominant. 

Most common schemes for multidimensional flow originate from one of two major sources, the ICE [3] 
procedures developed at Los Alamos National Laboratories and the SIMPLE [5] procedures from Imperial 
College in London. Both use the staggered grid concept, although the nomenclature is somewhat different. 
The ICE procedures solve the equations in differential form, whereas SIMPLE users prefer to integrate 
about the control volume. Both apply equally well to 1, 2, and 3D situations, and the resulting equations 
are equivalent. 
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6. Constitutive Relationships 

The next most important ingredients in a thermal-hydraulic code are the constitutive relationships required 
for closure. These are the models of the subprocesses which supply the algebraic relationships necessary for 
closure, in other words, to balance the number of definitive equations with the number of variables. 

In single-phase flow, detailed expressions are required for friction and heat transfer and elements of the 
turbulence model. In two-phase flow, depending on the model, correlations are needed for void fraction, 
relative velocity, heat transfer and friction between hardware and each phase and between phases. The 
question of flow regime affects all of these. 

Once a numerical scheme has been developed and exhibited convergence and consistence, the choice of the 
constitutive relationships determines the detailed results. These must obviously be chosen judiciously. A 
fairly satisfactory repertoire of relationships has been developed for the homogeneous model. Some doubt 
exists about the correct choice for the advanced models and further research is continuing. 

7. Application Examples 

The presentation will discuss examples of modelling three-dimensional two-phase flow in reactor components, 
including fuel channels, steam generators, and condensers. Some current computational concerns will be 
discussed. 

• ASSERT - Three-dimensional two-fluid analysis of flow and phase distribution in reactor fuel bundles; 
application to CANDU and MAPLE reactors [6]. 

• THIRST - Three-dimensional analysis of flow and phase distribution in steam generators; application 
to steam generators [7]. 

• THIRST/SLUDGE - Three-dimensional analysis of transport, deposition and entrainment of particulate 
matter (fouling) in steam generators; application to modelling fouling [8]. 

• SPOC - Three-dimensional analysis of steam, water and air distribution in power plant condensers 
application to design of tube banks [9]. 

• FAITH - Three-dimensional two-fluid analysis of two-component flow in ducts and vessels; application 
to flows in bends and through broach plates [10]. 

• FLOW3D - Three-dimensional analysis of flow in arbitrary geometries; application to flow in pool 
reactors [11]. 

Further details of the applications are in reference [12], and the above references. 

8. Validation 

Validation of code predictions against experimental evidence is essential to establish credibility. In order 
to illustrate that validation is a priority, the presentation will illustrate comparisons with data wherever 
possible. 
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