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An Universally Applicable
Thermal-Hydraulic Drift-Flux Based
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1. Introduction

The development of LWR Nuclear Power Plants (NPP) and the question after their safety
behaviour have enhanced the need for adequate theoretical descriptions of these plants.
Thus thermal-hydraulic models and, based on them, effective computer codes played
already very early an important role within the field of NPP safety research. The models and
codes should have the potential to describe the steady state and transient behaviour of
characteristic key parameters of a single- or two-phase fluid flowing along the
corresponding loops of such a plant and thus also along any type of heated or non-heated
coolant channels.

Obviously many discussions have and will continue to take place among experts as to which
type of theoretical approach should be chosen for the correct description of thermal-
hydraulic two-phase problems when looking at the wide range of applications. Very
comprehensive reviews and critical discussions of different possible methods have been
published already very early in the book of Ishii (1990), in the workshop presentations of
Wulff (1987) and by Banerjee and Yadigaroglu (1990). Due to the presence of discontinuities
in the first principle of mass conservation in a two-phase flow model, caused at the
transition from single- to two-phase flow and vice versa, it turns out that the direct solution
of the basic conservation equations for mixture fluid along such a coolant channel gets very
complicated. What is thus the most appropriate way to deal with such a special thermal-
hydraulic problem?

With the introduction of the ‘Separate-Phase Model” concept it could already very early a
very successful way be shown how to avoid upcoming difficulties in finding solution
methods to treat such a two-phase flow situation under the assumption of separating the
two-phases of such a mixture-flow completely from each other. This yields a system of 4-, 5-
or sometimes even 6-equations defined by splitting each of the conservation equations into
two so-called ‘field equations’. Hence, compared to the four independent parameters
characterising the mixture fluid, the separate-phase systems demand a much higher number
of additional variables and special assumptions. This has the consequence that an enormous
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amount of CPU-time has to be expended for the solution of the resulting sets of differential
and analytical equations in a computer code. It is clear that, based on such assumptions, the
interfacial relations both between each phase and the (heated or cooled) wall but also
between each of the two phases are completely rearranged, raising the difficult question of
how to describe in a realistic way the direct heat input into and between the phases and the
movement resp. the friction of the phases between them. This problem is solved in such an
approach by introducing corresponding exchange (=closure) terms between the
equations based on special transfer (= closure) laws. Since they can, however, not be
based on fundamental laws or at least on experimental measurements this approach
requires a significant effort to find a correct formulation of the exchange terms between
the phases. It must therefore be recognised that the quality of these basic equations (and
especially their boundary conditions) will be intimately related to the (rather artificial
and possibly speculative) assumptions adopted if comparing them with the original
conservation laws of the 3-equation system and their constitutive equations as well. The
problem of a correct description of the interfacial reaction between the phases and the
wall remains. Hence, very often no consistency between different models due to their
underlying assumptions can be stated. Another problem arises from the fact that special
methods have to be foreseen to describe the moving boiling or mixture level boundaries
(or at least to estimate their ‘condensed” levels) in such a mixture fluid (see, for example,
the ‘Level Tracking’ method in TRAC). Additionally, these methods show often
deficiencies in describing extreme situations such as the treatment of single- and two-
phase flow at the ceasing of natural circulation, the power situations if decreasing to zero
etc. The codes are sometimes very inflexible, especially if they have to provide to a very
complex physical system also elements which belong not to the usual class of ‘thermal-
hydraulic coolant channels’. These can, for example, be nuclear kinetic considerations,

heat transfer out of a fuel rod or through a tube wall, pressure build-up within a

compartment, time delay during the movement of an enthalpy front along a downcomer,

natural circulation along a closed loop, parallel channels, inner loops etc.

Despite of these difficulties the ‘Separate-Phase Models” have become increasingly

fashionable and dominant in the last decades of thermal-hydraulics as demonstrated by the

widely-used codes TRAC (Lilles et al., 1988, US-NRC, 2001a), CATHENA (Hanna, 1998),

RELAP (US-NRC,2001b, Shultz,2003), CATHARE (Bestion,1990), ATHLET (Burwell et

al., 1989, Austregesilo et al., 2003, Lerchl et al., 2009).

Several reasons can be named why this method is preferred by many authors and users:

e Advantages due the unique formulation of the up to 6 basic partial differential egs.
which allows then also to apply a unique mathematical solution method,

e the possibility to circumvent discontinuities (Wulff, 1987) in simulating the transitions
from single- to two-phase flow and vice versa, thus avoiding difficulties in describing
the movement of phase boundaries along a coolant channel,

e avoiding the very difficult direct theoretical treatment of a mixture-fluid approach,

e allowing establishing within the resulting ‘modular’ codes the necessary set of solution
equations (ODE-s and constitutive equations in dependence of corresponding
perturbation parameters) by combining them by means of an adequate input data set,
i.e. outside of the code, with the advantage that the user does not need to be familiar
with the construction of digital codes.

www.intechopen.com



Coolant Channel Module CCM. An Universally Applicable Thermal-Hydraulic
Drift-Flux Based Separate-Region Mixture-Fluid Model 249

e giving the possibility to assume further-on that, in the case of two-phase flow
situations, the water-phase can adopt temperatures below, the steam phase above
saturation conditions. This means, the model can also take care of ‘thermal-hydraulic
non-equilibrium’ situations, an important advantage for the application of this class of
codes (as this is for example the case if cold water is injected into a steam dome or
steam into a sub-cooled water plenum etc.).

It is on the other hand clear that as an alternative for the description of two-phase
phenomena by splitting them into different phases the direct solution of the basic equations
of a mixture-fluid technique could be regarded as a very appropriate approach, provided
that despite of the above mentioned difficulties an exact solution can be found. This direct
method could therefore be seen as a real counterpart to the currently preferred and
dominant ‘separate-phase models’.
However, in the past the difficulties in the direct treatment of a ‘mixture-fluid approach’
have been responsible for the fact that only approximate and very simplified solutions for
special situations could be provided, thus demanding severe restrictions in their field of
application. As pointed-out by (Fabic, 1996) in the early seventies such simplified
‘homogenous equilibrium models (HEM-s)” have been derived under the assumption of a
homogeneous fluid, a mixture where water and steam phase are assumed to move with the
same velocity, i.e. the slip remains equal to 1 and the relative and thus also drift velocities
equal to 0. Since for most purposes this is too far from reality, it is obvious that such
simplified “homogeneous” approaches (see for example Dunn, 1998) could only be applied
to special cases, for example where the speed of the calculation has to be enhanced in order
to be usefully applied in comprehensive two-phase flow studies. Their shortcomings are
mainly responsible for the seemingly widespread misunderstanding of the quality of
‘mixture-fluid” models, their poor image and the subsequent unfair treatment of this class of
models.
Zuber et al. (1965) and Wulff (1987) proposed already very early a concept called (a bit
imprecisely) ‘drift-flux model” which has been continuously expanded according to the
rising demands in reactor safety research. In fact it is a ‘four-equation non-homogeneous
non-equilibrium two-phase flow model” with mass-, energy- and momentum balances for
the mixture and a separate mass balance for the vapour phase based on a specially
developed ‘drift-flux theory’. It has been successfully applied in a number of post-
calculations of reactor transients (with up to ten times real-times simulation speed)
including BWR instability simulations with large power and flow oscillations.

At the Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) at Garching/Munich very

early activities have been started too to develop thermal-hydraulic models and digital codes

which have the potential to describe in a detailed way the overall transient and accidental
behaviour of fluids flowing along the core but also the main components of different

Nuclear Power Plants (NPP) types. For one of these components, namely the natural

circulation U-tube steam generator together with its main steam system, an own theoretical

model has been derived. The resulting digital code UTSG (Hoeld, 1978) could be used both
in a stand-alone way but also as part of more comprehensive transient codes, such as the
thermal-hydraulic GRS system code ATHLET (Burwell et al., Austregesilo, 2003) with an
high level simulation language GCSM (General Control Simulation Module) to take care of
the balance-of-plant (BOP) actions. Based on the experience of many years of application
both at the GRS and a number of other institutes in different countries but also due to the
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rising demands coming from the safety-related research studies this UTSG theory and code
has been continuously extended, yielding finally a very satisfactory and mature code
version UTSG-2 (Hoeld, 1990a).

During the research work for the development of the code UTSG-2 it arose finally the idea to
establish an own basic element which is able to simulate the thermal-hydraulic mixture-
fluid situation within any type of cooled or heated channel in an as general as possible way,
having the aim to be applicable for any modular construction of complex thermal-hydraulic
assemblies of pipes and junctions. Thereby, as described in detail in this paper, in contrast to
the above mentioned class of ‘separate-phase’ modular codes instead of separating the
phases of a mixture fluid within the entire coolant channel an alternative theoretical
approach has been chosen, differing both in its form of application but also in its theoretical
background. To circumvent the above mentioned difficulties due to discontinuities resulting
from the spatial discretization of a coolant channel, resulting eventually in nodes with a
transition from single- to two-phase flow and vice versa, a special and unique concept has
been derived assuming that a (basic) coolant channel (BC) should be subdivided into a
number of sub-channels (SC-s) with the imposition that each of these SC-s can consist of
only two types of flow regimes, an SC with just a single-phase fluid, containing exclusively
either sub-cooled water (setting Lrrype=1) or superheated steam (Lrrype=2), or an SC with a
two-phase mixture (Lrrype=0). The theoretical considerations of this ‘separate-region
approach’ (within the class of mixture-fluid models) can then be restricted to only these two
regimes. Hence, for each SC type, the ‘classical’ 3 conservation equations for mass, energy
and momentum can be treated in a direct way. In case of a sub-channel with mixture flow
these basic equations have to be supported by a drift flux correlation yielding an additional
relation for the appearing fourth variable, namely the steam mass flow. This can, eventually,
be achieved by any two-phase correlation (for example also a slip correlation). But, to take
care also of stagnant or counter-current flow situations, an effective drift-flux correlation
seems to be more effective. For separate-phase models no such direct experimentally based
correlations are available. It has to be noted that, different to the ‘drift-flux model” where a
4-th mass balance equation for the vapour phase is introduced, the fundamental mixture-
fluid equations are based on an adequate drift-flux correlation in an analytical form.

It is obvious that this procedure has, however, the consequence that varying SC entrance
and outlet boundaries have to be considered too. As demonstrated in this paper an adequate
way to solve this essential problem could be found and a corresponding procedure been
established.

As a result of these theoretical considerations an universally applicable 1D thermal-
hydraulic drift-flux based separate-region coolant channel module (and code) CCM could
be constructed. Its aim is to make it possible to calculate automatically the steady state and
transient behaviour of all characteristic parameters of a single- and two-phase fluid within
the entire coolant channel. It represents thus a valuable tool for the establishment of
complex codes and can contribute even in the case of complex thermal-hydraulic systems
which may consist of a number of different types of (basic) coolant channels to the overall
set of equations by determining automatically the different differential and constitutive
equations needed for each of these sub- and thus basic channels.

To check the performance and validity of the code package CCM, to verify and validate it
(see Hoeld, 1978, 1990b, 2002a, 2007a, 2007b) the digital code UTSG-2 has been extended to a
new version, called UTSG-3. It is based, similarly as in the previous code UTSG-2, on the
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same U-tube, main steam and downcomer (with feedwater injection) system layout, but

now, among other essential improvements, the three characteristic channel elements of the

code UTSG-2 (i.e. the primary and secondary side of the heat exchange region and the riser
region) have been replaced by adequate CCM modules. Naturally, during the application of

UTSG-3 and thus CCM both codes have been continuously expanded to a now very mature

form (Hoeld, 1998b, 1999, 2000).

It is obvious that such a theoretical ‘separate-region” approach can disclose a new way in

describing thermal-hydraulic problems, regarding the resulting ‘mixture-fluid” technique as

a very appropriate way to circumvent the uncertainties apparent from the separation of the

phases in a mixture flow. The starting equations are the direct consequence of the original

fundamental physical laws for the conservation of mass, energy and momentum, supported
by well-tested heat transfer and single- and two-phase friction correlation packages (and

thus avoiding also the sometimes very speculative derivation of the ‘closure” terms). In a

very comprehensive study by (Hoeld, 2004b) a variety of arguments for the here presented

type of approach is given, some of which will be discussed in the conclusions presented in

chapter 6.

The very successful application of the code combination UTSG-3/CCM demonstrates the

ability to find an exact and direct solution for the basic equations of a 'non-homogeneous

drift-flux based thermal-hydraulic mixture-fluid coolant channel model’. The theoretical
background of CCM will be described in very detail in the following chapters.

For the establishment of the corresponding (digital) module CCM, based on this theoretical

model and written in double-precision (with its single-precision version CCMS) very

specific methods had to be achieved, thereby taking into account the following points:

e The code should be easily applicable, demanding only a limited amount of easily
available input data. It should also be able to simulate the thermal-hydraulic mixture-
fluid situation along any cooled or heated channel in as general a way as possible. It
should thus be able to describe any modular construction of complex thermal-hydraulic
assemblies of pipes and junctions. Such an universally applicable tool can then be taken
for calculating the steady state and transient behaviour of all the characteristic
parameters of each of the appearing coolant channels and thus be a valuable element
for the construction of complex computer codes. It should yield as output all the
necessary time-derivatives and constitutive parameters of the coolant channels required
for the establishment of an overall thermal-hydraulic code.

e It was the intention of CCM that it should act as a complete system in its own right,
requiring only BC- (and not SC-) related, and thus easily available input parameters
(geometry data, initial and boundary conditions, parameters resulting from the
integration etc.). The partitioning of BC-s into SC-s is done at the begin of each
recursion or time-step automatically within CCM, so no special actions are required of
the user.

e Knowing now the characteristic parameters at all SC nodes (within a BC) then the
single- and two-phase parameters at all node boundaries of the entire BC can be
determined, but also also the corresponding time-derivatives of the averaged
parameters over these nodes. This yields a final set of ODE-s and constitutive equations.

e The quality of such a model is very much dependent on the method by which the
problem of the varying SC entrance and outlet boundaries can be solved, especially if
they cross BC node boundaries during their movement along a channel. Hence, on the

www.intechopen.com



252 Steam Generator Systems: Operational Reliability and Efficiency

basis of the ‘Leibniz’ rule (see eq.(29)), special measures had to be developed which
allow the characterisation of their transient behaviour in deriving own differential
equations.

e  For the support of the nodalized differential equations along different SC-s a “quadratic
polygon approximation” procedure (PAX) was constructed in order to interrelate the
mean nodal with the nodal boundary functions. Additionally, due to the possibility of
varying SC entrance and outlet boundaries, nodal entrance gradients are also required
from the PAX procedure too (See section 3.3).

e Several correlation packages such as, for example, packages for the thermodynamic
properties of water and steam, heat transfer coefficients, drift flux correlations and
single- and two-phase friction coefficients had to be established and implemented (See
sections 2.2.1 to 2.2.4).

e [t order to be able to describe also thermodynamic non-equilibrium situations it can be
assumed that each phase is described by an own with each other interacting BC. Then,
in the model the possibility of a variable cross flow area along the entire channel had to
be considered as well.

Within the CCM procedure two further aspects play an important role These are, however,

not essential for the development of mixture-fluid models but can help enormously to

enhance the computational speed and applicability of the resulting code in simulating a

complex net of coolant pipes:

e Solution of energy and mass balance equations during each intermediate time step
independently from momentum balance considerations in order to avoid the heavy
CPU-time consuming solution of stiff equations (See section 3.5).

e This allows then also the introduction of an ‘open” and ‘closed channel” concept (see
section 3.11), a special method which can be very helpful in describing complex
physical systems with eventually inner loops, as this can be done for example if
simulating a 3D compartment by parallel channels (Jewer et al., 2005).

The application of a direct mixture-fluid technique follows a long tradition of research
efforts. Ishii (1990), a pioneer of two-fluid modelling, states with respect to the application of
effective drift-flux correlation packages in thermal-hydraulic models: ‘In view of the limited
data base presently available and difficulties associated with detailed measurements in two-
phase flow, an advanced mixture-fluid model is probably the most reliable and accurate tool
for standard two-phase flow problems’. There is no new knowledge available to indicate
that this view is invalid.

Generally, the mixture-fluid approach is in line with (Fabic, 1996) who names three strong

points arguing in favour of this type of drift-flux based mixture-fluid models:

e They are supported by a wealth of test data,

e they do not require unknown or untested closure relations concerning mass, energy
and momentum exchange between phases (thus influencing the reliability of the codes),

e  they are much simpler to apply,

and, it can be added,

e discontinuities during phase changes can be avoided by deriving special solution
procedures for the simulation of the movement of these phase boundaries,

e the possibility to circumvent a set of “stiff’ ODE-s saves an enormous amount of CPU
time which means that the other parts of the code can be treated in much more
detail.
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A first version of the module CCM has already been presented in October 2005 at the
NURETH-11 conference at Avignon (Hoeld, 2005), a corresponding detailed version
published then in (Hoeld, 2007a). Due to the rising experiences in applying this module it
has been continuously adapted during the last years resulting in the here presented final
form.

The theoretical model and module CCM has the potential to be extended, in a second phase,
to a 'porous' coolant channel model too, porous at each node boundary, i.e. to the more
detailed case where coolant mass (water, steam and/or water/steam mixtures) is exchanged
also at nodal boundaries between neighbouring channels (and not only at BC entrance or
outlet).

Parallel to this paper in a second article within this 'Open Access Book' a detailed
description of the last status of the resulting 'Natural-circulation U-tube Steam Generator'
Code UTSG-3 (including main steam and feedwater systems) is given by (Hoeld, 2011). It
demonstrates the ability to apply the 'Coolant Channel Module CCM' as an important
element in a complex system of loops and branches in a successful way.

2. Thermal-hydraulic drift-flux based mixture fluid approach

2.1 Thermal-hydraulic conservation equations

Thermal-hydraulic single-phase or mixture-fluid models for coolant channels or, as
presented here, for each of the sub-channels are generally based on a number of
fundamental physical laws, i.e. on genuine conservation equations for mass, energy and
momentum. They are supported by adequate constitutive equations (packages for thermo-
dynamic and transport properties of water and steam, for heat transfer coefficients, for drift
flux, for single- and two-phase friction coefficients etc.). Thereby second-order terms
(representing, for example, dissipation in flow direction, drag and gravitational work) are
frequently found to be quantitatively insignificant (Wulff, 1987) and will thus not be taken
into account.

In view of possible applications as an element in complex thermal-hydraulic ensembles
outside of CCM eventually a fourth and fifth conservation law has to be considered too. The
equation for volume balance makes it possible to calculate for example the transient
behaviour of the overall system pressure. Together with the local pressure differences then
the absolute pressure profile along the BC can be determined. The fifth physical law is based
on the (trivial) fact that the sum of all pressure decrease terms along a closed loop must be
zero. It is the basis for the treatment of the thermal-hydraulics of a channel according on ‘the
closed channel concept’. If thus such a channel acts as a part of a closed loop (with given
fixed BC entrance and outlet pressure terms) then the necessary entrance mass flow term
has be determined in order to fulfil the demand from momentum balance.

2.1.1 Mass balance (for both single- and two-phase flow)

0 0 =
9 (A[(1-o)pw+aps]i+ 2 G= 1
5¢ 1AlA-a)pwaps]i+ = G=0 1)
containing the density terms pw and ps for sub-cooled or saturated water and saturated or
superheated steam, the void fraction a and the cross flow area A which can eventually be
changing along the coolant channel. It determines, after a nodalization, the total mass flow
G=Gw+Gs at node outlet in dependence of its node entrance value.
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2.1.2 Energy balance (for both single- and two-phase flow)
% {A[(1-0)pwhw+apshs -P]}+ % [GwhwtGshs] =qu=Uqr=Aq )

containing the enthalpy terms hw and hs for sub-cooled or saturated water and saturated or

superheated steam. As boundary values either the ‘linear power qi’, the “heat flux qr” along

the heated (or cooled) tube wall (with its perimeter Urtw) or the local “power density term q’

are demanded to be known (See also sections 2.2.4 and 3.5). They are assumed to be directed

into the coolant (then having a positive sign).

After an appropriate finite-difference nodalization procedure (see chapter 3.2) it follow in

the transient case (as demonstrated in the sections 3.7 to 3.9) then differential equations

e for the mean nodal enthalpies (hwwmn, hsmn) of either sub-cooled water (if Lrrype=1) or
superheated steam (Lrrype =2) in the case of a single-phase flow situation and thus, by
applying water/steam tables, corresponding coolant temperature terms (Twwmn, Tsmn)
too, or, at two-phase flow conditions (Lrrype =0), for the mean nodal void fraction awn
over each node n

and

e  at the transition from single- to two-phase (and vice versa) for the boiling boundary zgs
(if a=0) or, if a=1, the mixture (or dry-out) level zyy (section 3.9). Thereby it can be
taken advantage of the fact that at these positions either the coolant enthalpy or
temperature are limited by its saturation enthalpy or temperature (hw =h’ or hs =h” and
Tw = Ts =Tsat or Ts =Tsar) or the void fraction becomes equal to 1 (or 0).

2.1.3 Momentum balance (for both single- and two-phase flow)

0 Py (Y (P 4Py 4P
ot G (5,) = (G )at( 5 )st(, ) +( 5 )x 3)
describing either the pressure differences (at steady state) or (in the transient case) the
change in the total mass flux (Gr =G/ A) along a channel.

The general pressure gradient (%) can be determined in dependence of

e the mass acceleration

(g_lz’ Ja=- % [(Grwvw+Grsvs)] 4)

with vs and vw denoting steam and water velocities given by the eqgs.(9) and (10),
e the static head

(Z)s = - cos(®zc) ge [aps+(1-c)pw] (5)

with ®zg representing the angle between upwards and flow direction, i.e.,
cos(®zc)=*£ zeL/z1 and zp denoting the length, zgr the relative elevation height with a
positive sign at upwards flow)

e the single- and/or two-phase friction term

G |Gy |

(@
0 2dywp

Z)F=-fR

www.intechopen.com



Coolant Channel Module CCM. An Universally Applicable Thermal-Hydraulic
Drift-Flux Based Separate-Region Mixture-Fluid Model 255

with a friction factor derived from corresponding constitutive equations (section 2.2.2)
and finally
e the direct perturbations (0P /0z) x from outside, arising either by starting an external
pump or considering a pressure adjustment due to mass exchange between parallel
channel.

2.2 Constitutive equations

For the exact description of the steady state and transient behaviour of single- or two-phase
fluids there are needed, besides the conservation equations, a number of mostly empirical
constitutive relations. Naturally, any effective correlation package can be used for this
purpose. A number of such correlations have been developed at the GRS and thoroughly
tested, showing very satisfactory results.

2.2.1 Thermopdynamic and transport properties of water and steam

The different thermodynamic and transport properties for water and steam demanded by
the conservation and constitutive equations have to be determined by applying adequate
water/steam tables. This is, for light-water systems, realized in the code package MPP
(Hoeld, 1996). It yields the wanted values such as the saturation temperature Tsat, densities
(P, p"), enthalpies (h', h") for saturated water and steam with respect to their local pressure
(P) and corresponding densities (p) and enthalpies (h) for sub-cooled water or superheated
steam (index W and S) again with respect to their independent local parameters T and P (but
also h and P).

For the solution of the conservation equations also time-derivatives of these thermodynamic
properties which respect to their independent local parameters are demanded. They get, for
example for the case of an enthalpy term h, the form

$eh@) = ShTEOPEI] = (Gh) g Tun(®) + (G v 5 Pun(t)

d
hT % Tuin(z,t) + hP 3¢ Pun(z,t) %

Hence the thermodynamic water/steam tables should provide also the derivatives (Tg,;,
p’F, p/ P WP h"P) for saturated water and saturated steam but also the partial derivatives (pT,
pP, cp = hT, hP) for subcooled water or superheated steam with respect to their independent
parameters T and P (but also h and P). Additionally, corresponding thermodynamic
transport properties such as ‘dynamic viscosity” and ‘thermal heat conductivity” (and thus
the ‘Prantl number’) are asked from some constitutive equations too as this can be stated, for
example, for the code packages MPPWS and MPPETA (Hoeld, 1996). All of them have been
derived on the basis of tables given by (Schmidt and Grigull, 1982) and (Haar et al., 1988).
Obviously, the CCM method is also applicable for other coolant systems (heavy water, gas)
if adequate thermodynamic tables for this type of fluids are available.

2.2.2 Single- and two-phase friction factors

In the case of single-phase flow with regard to equation (6) the friction factor fr will, as
recommended by (Moody, 1994), be set equal to the Darcy-Weisbach single-phase friction
factor fpw being represented by
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fr = fow = (21—2 (at single-phase flow) 8)

with the parameter & depending on the Reynolds number Re = G di/(A 1) and the relative
roughness etw/du of the wall surface. The factor & can be approximated by the relation

E= 2 Ioglo(d—“) +1.14  if Re > Rects = 441.19 (d—“) 11772
E1w E1w
=-_2 10g10 (2.51 Rie + 3(;TTWdH ) if Re < Rectp (9)
For two-phase flow conditions this factor can be extended to
fr= fow ®@ 3,  (at two-phase flow) (10)

with the single-phase part fpw to be determined under the assumption that the fluid moves
with the total mass flow G (=100 % liquid flow). The two-phase multiplier ® 3, (dependent
only on steam quality and pressure) is given by (Martinelli-Nelson, 1948) as measured
curves. A possible attempt to describe these curves analytically could, as proposed by
(Hoeld, 1990a, 2004a), be given by the approximation function

/
D 2, = ex hX S Gwods gex 1
2PF p > 77 (f
J1+EX+£X "/ (fwp)w

with the factors

f1= 44216 + 0.7428 106 P
fr=12.645 + 4.9841 106 P
f3=17.975 +25.7440 106 P (P in Pa) (12)

For the special case of a steam quality X nearing 1 the friction term has to approach the
single-phase steam friction factor (fpw)s. Thus the two-phase multiplier has, as shown above,
to be corrected in an appropriate way (for example, by changing the curve after a maximum
of X at about 0.8).

2.2.3 Drift flux correlation

In the case of two-phase flow, the three conservation equations (1), (2) and (3) demanding
four independent variables (G, a, P and Gs) have to be completed by an additional two-
phase relation in order to obtain an adequate representation of the needed fourth variable
Gs. This can be achieved by any two-phase correlation, e.g. also a slip correlation. However,
to take care of stagnant or counter-current flow situations too an effective drift-flux
correlation seemed here to be more appropriate, correlations which can be seen as a “bridge’
between Gs and a.

For this purpose an own drift-flux correlation package has been established, named MDS
(Hoeld, 2001 and 2002a). It is based on the result of a very comprehensive study (Hoeld et
al., 1992) and (Hoeld, 1994) comparing different slip (6) and drift-flux (3) correlations with
each other and also with a number (5) of available experimental data in order to check their
validity over a wide range of application. Besides them, it had to be found which of them is
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most suited for incorporation into the MDS package and thus CCM code. Due to different
requirements in the application of CCM it turned out that the drift-flux correlation
package in the form of the ‘flooding-based full-range” Sonnenburg correlation (1989)
should be preferred. This correlation combines the common drift-flux procedure being
formulated by (Zuber-Findlay, 1965) and expanded by (Ishii-Mishima, 1980) and (Ishii,
1990) etc. with the modern envelope theory. The correlation in the final package MDS had
to be rearranged in such a way that also the special cases of o — 0 or a — 1 (where its
absolute values but also their gradients are demanded by CCM) could be treated.
Additionally, an inverse form had to be installed and considerations with respect to a
possible entrainment be included.

For the case of a vertical channel this correlation can be represented as

vp = 1.5 viwLim CoCyp [(1+Cvp2) = (1.5+Cyp?) Cyp]

with vp— vpo= % Covwiim if a—0

(13)

where the coefficient Cyp is given by

Cwo =% Vg 1-Coa (14)
Vi Coot

The resulting package MDS yields in combination with an adequate correlation for the
phase distribution parameter Cy relations for the limit velocities vs.iv and vwiiv and thus
(independently of the total mass flow G) for the drift velocity vp in relation to the void
fraction o. All of them are dependent on the given 'system pressure P', the 'hydraulic
diameter duw' (with respect to the wetted surface Awsr) and its inclination angle ®zg), on
specifications about the geometry type (Lgryre) and, for low void fractions, the information
whether the channel is heated or not.

The drift flux theory can be expressed (by a now already on G dependent) steam mass flow
term

o/ o /
Gs = . (CoG+Ap'vp) = AGrs (15)
P’ Cac
with the coefficient
p// p//
Coc=1-(1-—7F)alo —» 1ifa—> 0 and > — if a—> 1 (16)
p p

by considering the definition equations of the velocities for steam, water and drift

vp = (1-0Co) vs— (1-a) Covw (17)
Gq .
Vs = i with Gs=G-Gw = XG (18)
Aoap
vw= — W with Gw=(1-X)G (19)
" A(l-a)p’ "

www.intechopen.com



258 Steam Generator Systems: Operational Reliability and Efficiency

By means of this drift-flux correlation now the fourth variable is determined too. Then also
all other characteristic two-phase parameters can be derived starting from their definition
equations. Their interrelations are shown, for example, in the tables of (Hoeld, 2001 and
2002a). Such two-phase parameters could be the phase distribution parameter Co, the water
mass flow Gy, drift, water, steam and relative velocities vp, vw ,vs and vg and eventually the
steam quality X. Especially the determination of the steam mass flow gradient

//
Gs(a) - Gso(u) = p—/ (Coo G +Ap/VDo) = Ap//Vs() or =0 if o = 0and LHEATD =0orl
p

- Gg® = A"’T/// (1+ Con) (G - p''vem) = Ap'vwr ifa— 1 (20)
will play (as shown, for example, in eq.(70)) an important part, if looking to the special
situation that the entrance or outlet position of a SC is crossing a BC node boundary (o — 0
or —» 1). This possibility makes the drift-flux package MDS to an indispensable part in the
nodalization procedure of the mixture-fluid mass and energy balance.

The solution of the basic (algebraic) set of steady state equations demands the steam mass
flow term Gg as the independent variable, and not the void fraction a. The same is the case
after an injection of a two-phase mixture coming from a “porous’ channel or an abrupt
change in steam mass flux Grs (as this takes place after a change in total mass flow or in the
cross flow area of a following BC). Then the total and the steam mass flows G and Gs have
to be taken as the basis for further two-phase considerations. The void fraction o and other
two-phase parameters (vp, Co) can then to be determined from an inverse (INV) form of this
drift-flux correlation (with Gs now as input):

o = fprr (NV) (Gs orvp, G,DP, Zzi , de,..) (21)
L
As shown in (Hoeld, 2002a) counter-current flow (CCF) along the entire void fraction range
can be stated if the signs of the gradients of the Gs-a. curve at o = 0 and a=1 are opposite, i.e.
if the total mass flux Gg lies within certain lower and upper limits

If Gpcr, £ G = % < Ggcy then CCF
22)
(with Gper=- % p' vwivm and Grcu=p' vsLim) (
Besides vertical up- or downwards, co-, stagnant or even counter-current two-phase flow
situations (along channels of different geometry types such as rod bundles, rectangular
ducts, round pipes etc.) the drift-flux correlations must have the potential to describe also
two-phase flow situations through inclined or even horizontal channels in order to make the
theoretical model as generally applicable as possible.
Usually correlations and thus also the drift-flux theory are based on steady state
measurements. During transient calculations the correlation can thus be used only in a
pseudo-stationary ways, i.e., a change in void fraction results in an immediate change in drift
velocity and thus in all the other characteristic two-phase parameters. There exist, however,
physical phenomena (interactions of melt with water, condensation shocks, water and steam
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hammer) where the delay between relative velocity and void fraction has a special
importance, also if this delay lays within a range of 0.01 to 0.1 s. In the ‘drift flux model’ this
is taken care by the fourth mass balance equation for the steam, in the separate-phase
models by the (time-dependent) exchange term within the mass balance equations for the
two phases water and steam. To cover thus in this approach also such transient phenomena
the drift-flux considerations can be extended by providing the drift velocity vp with respect
to the void fraction with a corresponding time-delay function of 1-st order. Then the original
(pseudo-steady state) drift velocity parameter vp = vppsg has to be expanded to its transient
counter-part

VD = VppsE - (VDPSE - VDB ) exp(- t@ ty ) (23)
VDT

with vppg = vp at the begin of a time interval t = tg. All the other two-phase parameters are
then calculated accordingly. The disadvantage of not directly knowing the time coefficient
Ovpr is outweighed by the advantage of having a direct and controlled input coefficient,
avoiding thus the uncertainties of the sometimes very complex separate-phase theory. There
exist different possibilities to determine indirectly this coefficient, either from similar
theoretical considerations as performed to establish the exchange terms, from experience or
from adequate parameter studies.

2.2.4 Heat transfer coefficients

As input to the energy balance eq.(2) the linear power value qi (or the corresponding heat
flux gr along the perimeter Urw) are demanded. They describe the heat transferred into or
out of the coolant channel), i.e. from a heated or cooled surface (for example from or into a
U-tube wall or out of the canning of a fuel rod). These terms (but also the local surface
temperature Ttw of the channel wall) can be determined by solving an adequate Fourier
heat conduction equation with its boundary condition

=1FS

gr = artw (Ttw-T) = % = —q (24)
This is, for example, demonstrated for the case of heat conduction through a U-tube wall in
(Hoeld, 2002b, 2011).

Hence, a method how to get the necessary heat transfer coefficients arw at different flow
regimes within a coolant channel had to be established. In connection with the development
of the UTSG code (and thus also of CCM) an own very comprehensive heat transfer
coefficient package, called HETRAC (Hoeld 1988a), has been established. It combines, for
example, especially for this purpose chosen HTC correlations for each possible flow
situation within LWR-s and steam generators (i.e., into or out of heated or cooled tube walls
or fuel elements) in a very effective way. Thereby adequate correlations for the cases of sub-
cooled water, sub-cooled and nucleate boiling, onset of critical heat flux, transient or instable
film boiling, stable film boiling, onset of superheating and superheated steam for different
geometry constellations and over a wide range of input parameters (pressures, total and
steam mass flows, coolant temperatures, wall temperatures or heat fluxes etc.) had to be
selected. The package describes not only heat transfer from wall to the different phases but
also between these phases.
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This classic method is different to the ‘separate-phase’” models where it must be assumed
that the heat is transferred both directly from the wall to each of the two possible phases but
also exchanged between them. There arises then the question how the corresponding heat
transfer coefficients for each phase should look like.

3. Coolant channel module CCM

3.1 Channel geometry and finite-difference nodalization
The theoretical considerations take advantage of the fact that, as sketched in fig.1, a “basic’
coolant channel (BC) can, according to their flow regimes (characterized by the logical Lrryre
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Fig. 1. Subdivision of a “basic channel” into ‘sub-channels” according to their flow regimes.
Discretization of BC and SC-s

=0, 1 or 2), be subdivided into a number (Nsct) of sub-channels (SC-s,), with the consequence
of having variable entrance and outlet positions.

The BC with its total length zpr = zpa-zpe can then, for discretization purposes, be
subdivided into a number of (not necessarily equidistant) Npr nodes. Their nodal positions
are zpg, zpk (With k=1,Npr), the elevation heights zgisg, zrLx, the nodal length Azpi=zpk-Zpk.1,
nodal elevations Azgrpk=zrrBk-ZELBK-1, locally varying cross flow and average areas Agk and
Apvk=0.5(Apk+Apk1) with the slopes Az = (Apk-Apk1)/Azpx and corresponding nodal
volumes Vpmk = AzpApwmk. All of them can be assumed to be known from input.

As a consequence, each of the sub-channels (SC-s) is then subdivided too, now into a
number of Ncr SC nodes with geometry data being identical to the corresponding BC
values, except, of course, at their entrance and outlet positions. The SC entrance position zcg
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and their function fcg are either identical with the BC entrance values zgg and fgg or equal to
the outlet values of the SC before. The SC outlet position (zca) is either limited by the BC
outlet (zpa) or characterized by the fact that the corresponding outlet function has reached
an upper or lower limit (fLimca), with the term representing either a function at the boiling
boundary or a mixture level. Such a function follows from the given BC limit values and
will, in the case of single-phase flow, be equal to the saturation temperature Tsatca or
saturation enthalpies (h' or h' if Lrrype=1 or 2), in the case of two-phase flow (Lrrype=0) equal
to a void fraction of o =1 or = 0. The moving SC inlet and outlet positions zcg and zca can
(together with their corresponding BC nodes Npcg and Npca = Npce+Ncr) be determined
according to the conditions (zpnk-1 < zce < znk at k = Npcg) and (zpnk1 < zca < zpnk at k =
Ngca). Then also the total number of SC nodes (Ncr=Npca-Nacg) is given, the connection
between n and k (n=k-Ngcg with n=1, Ncr), the corresponding positions (zxn, ZELCE, ZELNn),
their lengths (Aznn=znn-Znn-1), elevations (AZginn=ZELNn-ZELNn-1), and volumes (Vvin=znnAwmn)
and nodal boundary and mean nodal flow areas (Ann, Amn) with

— z AZNn
Ann = Anna T A Az
, A
Ann = 0.5(ANntANn1) = Ann T 0.5 A AZNH (n=1,Ncr, k=n +Npgcg) (25)
Bk

Hence, also their time-derivatives and that of the nodal volumes can be ascertained from the
relations above.

3.2 Spatial discretization of PDE-s of 1-st order (Modified finite element method)
Based on this nodalization the spatial discretization of the fundamental egs.(1) to (3) can be
performed by means of a ‘modified finite element method’. This means that if a partial
differential equation (PDE) of 1-st order having the general form with respect to a general
solution function f(z,t)

% f(z,t) + % H[f(z,t)] = R[f(z )] (26)

is integrated over the length of a SC node three types of discretization elements can be
expected:
e Integrating a function f(z,t) over a SC node n yields the nodal mean function values fyy,

ZN"f(t) R[£(z,t)}dz =Azxn(t) R[fun t)] (n=1, Nc1) (27)

ZNn-1 (t)

e integrating over the gradient of the function yields to a difference of functions values at
their node boundaries
ZNn t)
|2 HIf(z)]dz = Hlfw(®] - Hifwa®] (=1 Ne)  (28)
ZNn-1 (1)

e and finally the integration over a time-derivative of a function (by applying the 'Leibniz'
rule)
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an(t)af t)dz = A tdf ) <[fr (1) -f t d "
ZNni(t)a (Z/) z = ZNn()a Mn()’[ Nn()-Mn( )]EZNH()

- [fsn(t) ~Eana ()] % Zana () (n=1, Ncr)  (29)

This last rule plays in the case of the here presented ‘separate-region” mixture-fluid
approach an outstanding part, allowing determining the movement of SC boundaries within
a BC in a direct way, i.e., yielding time-derivatives of parameters which represent either a
boiling boundary or a mixture level. This procedure differs considerably from some of the
'separate-phase methods' where, as already pointed out, very often only the collapsed levels
of a mixture fluid can be calculated.

3.3 Quadratic polygon approximation procedure PAX

Looking at the above described three different types of possible discretization elements it is
obvious that appropriate methods had to be developed which can help to establish relations
between such mean nodal (fmn) and node boundary (fnn) function values after a
discretization procedure.

In the ‘separate-phase’ models mostly a method is applied (called “upwind or donor cell
differencing scheme’) where the mean parameter values are shifted (in flow direction) to the
node boundaries.

This is not possible for the mixture-fluid approach of CCM. There, as can be seen from the
relations of the sections 3.7 to 3.9, not only the absolute nodal SC boundary or mean
function values are demanded but as well also their nodal slopes and thus, if the length of
the SC nodes tends to zero, gradients. For this purpose a special ‘quadratic polygon
approximation” procedure, named PAX', had to be developed. It plays an outstanding part
in the development of ‘mixture-fluid models’. In particular, the difficult task of how to take
care of the varying SC boundaries (eventually crossing BC node boundaries) in an
appropriate and exact way had to be solved.

3.3.1 Establishment of an adequate approximation function
The PAX procedure is based on the assumption that the solution function f(z) of a PDE is
split into a number of Ncr nodal SC functions f,(z,t). Each of them being approximated by a
specially constructed quadratic polygon

fan = fan1tannAZNnFbanAZNG2 (n=1,Nct) (30)

Their nodal mean functions fy, (for all SC nodes) will thus have the form

ZNn (t)

1 1
fan = ——— f(z,t)dz = fan1t+ — annAZNAT — DNnAZNR2 n=1,N 31
e (z,t) N1t o annAZNnt = DAz ( cr) (31)

ZNn-1 (t)

the corresponding nodal slopes of either the mean nodal or the nodal boundary functions

g = o ho) = o bz,
Azy,

- & (@tn=1) or —» f{(atn=Ncr>1) if Aznn— 0 (32)
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=2 B ho) o 4 2 a,
A‘ZNn 3

— f% (atn=1) or —» @ (atn=Ncr>1) if Aznn— O (33)

and, finally, their nodal gradients (needed for the case that during a transient the length of a
node tends to zero)

f@ = (a—i)NfaNn +2 banAznn = 4 £8) -3 £8) = Azz (2fan-3 funtfan) (0=1,Ncr)  (34)
N

n

Thereby the approximation functions have to fulfil the following requirements:

e The node entrance functions (fxn-1) must be either equal to the SC entrance function
(fxn1 = fcg) (if n=1) or to the node outlet function of the node before (if n > 1). This is
obviously not demanded for the gradients of the nodal entrance functions (except for
the last node at n = Ncr).

fQ = ann=  either=f9) =f% or = f{) (of the node before)
(n=Ncrif Ncr=1 or > 1)

= 20 A0 =12 Ghurfu2fan) > £0, =F0, Az >0 (39)
ZN

n

(n=1, Ner-1if Ner >1)

e The mean function values fyn over all SC nodes have to be preserved (otherwise the
balance equations could be hurt).

e  With the objective to guarantee stable behaviours of the approximated functions (for
example by excluding 'saw tooth-like' behaviour) it will, in an additional assumption,
be demanded that the outlet gradients of the first Ncr -1 nodes should be set equal to
the slopes between their neighbour mean function values. The entrance gradient of the
last node (n= Ncr) should be either equal to the outlet gradient of the node before (if n =
Ncr > 1) or equal to a given SC input gradient (for the special case n = Ncr=1). Thus

f —f .
£ AZM“” " AMZ“ (n=1, Ncr-1, if Ner>1) — (36)
Nn+1 Nn
£ =18 =£% (n=Ncr =1)

= A§ (Zan' 3an + an-l) —> fg\zh)q_1 if AZca — 0 (n = NCT , if NCT > 1) (37)
Nn

This means, the corresponding approximation function reaches not only over the node n
but its next higher one (n+1) has to be considered too (except, of course, for the last node).
This assumption makes the PAX procedure very effective (and stable). It helps to smooth
the curve, guarantees that the gradients at the upper or lower SC boundary do not show
abrupt changes if these boundaries cross a BC node boundary and has the effect that
perturbations at channel entrance do not directly affect corresponding parameters of the
upper BC nodes.
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For the special case of a SC having shrunk to a single node (n=Ncr=1) the quadratic
approximation demands (instead of the now not available term fumn) as an additional input
to PAX the gradient f?), at SC entrance. It represents thereby the gradient of either the
coolant temperature T2, or void fraction a2, (in case of single- or two-phase flow
entrance conditions). If this parameter is not directly available it can, for example, be
estimated by combining the mass and energy balance equations at SC entrance in an
adequate way (See Hoeld, 2005). This procedure allows to take care not only of SC-s
consisting of only one single node but also of situations where during a transient either the
first or last SC of a BC starts to disappear or to be created anew (i.e. zca — Zzpe Or Zcg —
Zpa), since now the nodal mean value fy, at n = Ner (for both Ncr =1 or > 1) is no longer or

not yet known.

3.3.2 Resulting nodal parameters due to PAX
In order to be able to determine the nodal approximation coefficients fnn.1, ann and bnn of

eq.(30) (and, in turn, then also all other characteristic functions of the PAX procedure), it

must, in dependence of the available input data, be distinguished between a steady and a

transient case.

The steady state part of the basic equations consists of a set of non-linear algebraic equations

(as presented later-on in the sections 3.7 and 3.8). It can be expected that as input to PAX the

following data are available:

e SC entrance (zcg) and node positions (znn) (and thus also the SC outlet boundary
position zca as explained in section 3.9) determining then in PAX the number of SC
nodes (Ncr),

e the nodal function limit values fiivnn (usually saturation temperature values at single-
phase flow resp. fiivinn =1 or =0 at mixture flow conditions),

e the SC entrance function fno = fcr and (at least for the special case n=Ncr=1) its gradient f %),

and

e the nodal boundary functions fnn (n=1,Ncr) with fca = fann at n = Ner and fca= frvca if
Zca < ZBA .

These inputs act within the PAX procedure as basic points of the polygon approximation

curves, yielding then the nodal mean function values fy, (at n=1,Ncr) which are needed as

initial values for the transient case. Hence, after rearranging eqs. (30) and (31) it follows

(including the special case of Ncr = 1)

_ (AZyy 1 + A2y, ) 2 + fain1) = AZnnfuina
3Azy, ., + 20z,

an

(n =1, Ncr-1, Ner > 1 if Zca =zga Or N =1, Ncr-2, Ner > 2 if ZCA<ZBA)

= % (fca +2 fcp)+ % Azcaf?) (n=Ncr=1)
= % (fca +2f nn1) +% ﬁ (fca-fnn2) (n=Ncr >1) (38)

In the transient case the discretization of the PDE-s yields (for each SC) a set of Ncr ordinary
differential equations (ODE-s) (as to be shown again in the sections 3.7, 3.8 and 3.9).

www.intechopen.com



Coolant Channel Module CCM. An Universally Applicable Thermal-Hydraulic
Drift-Flux Based Separate-Region Mixture-Fluid Model 265

From their integration it follow then

e the SC outlet position zca(=znn) < or =zpa (at n=Ncr) and thus also the total number Ncr
of SC nodes

and either

o if zca=zpa (i.e. if the now known SC outlet position is identical with the BC outlet) the
mean nodal function values fun, for all Ncrnodes (n=1,Ncr)

or

o if zca < zpa (i.e., if this SC outlet position moves within the BC) the mean nodal function
values fyin of only Ner-1 nodes (n=1, Ncr-1), but now, instead of the missing last SC
mean node function fy,, knowing that the outlet function fn, must be equal to fca =
fLivca at Znn = zca.

Knowing now Ncr these nodal input function values can then be taken (together with its

input parameter fcg and the nodal positions zgg and zg, at n=1, Ncr) as basic points for the

PAX procedure yielding, after rearranging the eqs.(30) to (34) in an adequate way, the other

characteristic nodal function parameters of the SC.

Hence, it follows for the special situation of a SC being the last one within the BC (i.e., if zca

= ZBA)

fan = % (3fmn - fan-1) +% ﬁ (fmn+1- fvn)  (n=1, Ncr-1 with Ner >1 if zca = zpa)
= 3an'2fCE' %AZCA{:(CZ}%I (1’1=NCT =1 if ZCA=ZBA)
= fca = 2(fmn - fvn1) + fan2 (n=Ncr >1 if zca=zpa) (39)

resp. for the case zca < zpa

A . .
fn = % (3fmn - frn1) + % AZNr\ﬂZ'I:InAZNn (bt~ fym) (=1, Ner-2 with Ner > 2 if zea < zna)
A . .
= % (3fmn - fan-1) +i ﬁ (fuvca- fan1) (0 =Ner-1 with Ner> 1if zca < zpa)
= fca =frmca (n =Ncr if zca < zpa) (40)

The last mean nodal function value fmn (at n=Ncr) is for the case zca < zpa not yet
determined (but needed). It follows if rearranging eq.(44) and replacing there fca by frmvca

fsn = % (fLvca +2 fcp)+ % Azcaf &, (n=Ner =11if zca < zga)

AZNn -1
AZCA + AZanl

(Il =Ncr> 1 if zca < ZBA)

(41)

= fyvnat % (furvea-f nn2)= % (furvea+2f nn) + % (fumea -f Nn-2)

The corresponding time-derivative which is needed for the determination of the SC
boundary time-derivative (see section 3.9) follows (for the case zca < zpa) by differentiating
the relation above

% fvn = fixea +fixea % zca (n =Ncr if zca < zpa) (42)

yielding the coefficients
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foxca = % (% frmvca + 2% fcE) - % (£& % ZcE -AZca % f& ) (n=Ncr=1if zcazpa)
= % fvna +% % frivca - % % fNn-2 (n=Ncr>1if zca < zpa)
le°XCA=%f(CZ]gl or =0 (n=Ncr=1or>1if zca < zpa) 43)

The differentials d fyvino1, d Zca, d fimmca are directly available from CCM and, if Ncr=2,
d dy dt . ;

the term =- fnno = it fce from input. For the case that a SC contains more than two nodes

only their corresponding mean values are known, the needed term % fnn2 has thus to be

estimated by establishing the time-derivatives of all the boundary tgljmctions at the nodes

below Ncr < 2. These can be derived in an iterative way by differentiating eq.(40)

4 fyo= S er (n=0)
= % fca= % frvea (n=Ncr if zca<zga)
= %fCA= 2 (% famn - % fyma) + %an_z (n=Ncr>1if zca = zBa)
= % futn + 1 (% e - % fxn-1)
+% ﬁ [% fn - % frin+1- % % ZNn-1] (44)

(n=1, Necr-2 and Ner > 2 if zca < ZBA) or (n=1,NCT -1 and Nct >1 if zca = ZBA)
with

d -3d 1 d 1_Azw, ¢ d . d }
at fn-1 > dt favin-1 > dt fan2 + 4 MoAn [ at friveca at fan-2

fLIMCA _an—Z
AZop +AZy,

(1’1 =Ncr > 11if zca < ZBA)

AZCA] (45)

This term follows after differentiating eq.(44). It plays an important role for the propagation

of perturbations below the last node.

The differentials d fmn (at n = Ner if zca = zpa) or d zca (at n = Ncr if zca < zpa) can only
. . gt . . t . . . B

be established if &16}7 are combined with correspon%mg expressions being derived within

the mixture-fluid model (See chapters 3.7 and 3.8). They will then be added to the overall set

of ODE-s.

Finally, with regard to the eqs.(32) and (33) the slopes, gradients and approximation

coefficients can be determined.

3.3.3 Code package PAX

Based on the above established set of equations the subroutine PAX could be installed. It is
derived with respect to the (automatic) calculation of the nodal mean or nodal boundary
values (for a steady state or transient situation). It allows also determining the gradients and
slopes at SC entrance and outlet (and thus also outlet values characterizing the entrance
parameters of an eventually subsequent SC). Additionally, contributions needed for the
determination of the time-derivatives of the boiling boundary or mixture level can be gained
(See later-on the eqgs.(87) and (88)).
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Before incorporating the subroutine into the overall coolant channel module the validity of
the presented PAX procedure has been thoroughly tested. With the help of a special driver
code (PAXDRI) different characteristic and extreme cases have been calculated.

PAXDRI Calculation: Spatial discretization of PDEs
Spatial quadratic polygon approximation procedure PAX

10
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/
<
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3 /Qf(z)
04 N\
E ’ \k(j\ fN"
3 ; i
S

0.2

0.0 VZ

0.0 25 50 75 10, 12,5

Position z(m)

Fig. 2. Approximation function f(z) along a SC for both steady state and
transient conditions after applying PAX (Example)

The resulting curves of such a characteristic example are plotted in fig.2. It presents an
approximation curve of an artificially constructed void fraction distribution f(z) = a.(z) along
a SC with two-phase flow both in a steady state but also transient situation. Both curves (on
the basis of fmn and fan) should be (and are) identical.

3.4 Needed input parameters

3.4.1 Initial conditions

For the start of the transient calculations corresponding steady state parameters will be
taken as initial conditions.

3.4.2 Boundary conditions

For steady state and especially for transient calculations the following input parameters are

expected to be known (as boundary conditions), all of them being restricted to only (easily

available) BC values (They will then, within CCM, be automatically translated into the

corresponding SC values):

e Power profile along the entire BC. This means that the nodal heat flux terms qrsg and
grek (at BC entrance and each node k=1,Npr) are wanted, known either directly from
input, calculated from corresponding power density input values qpg and gpk or from
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gee and the nodal power terms Qgpx = 0.5*(qsk*+qpk-1)Azpk. These values can be also
achieved (on the basis of given nodal wall temperature values) by solving the appropriate
‘Fourier heat conduction eq.” taking into account the heat transfer boundary condition of
eq.(24) (see sections 2.2.4 and 3.5). This can, for example, be done by applying an own heat
conduction module as demonstrated by (Hoeld, 2002b, 2004a and 2011).

e  For normalization purposes at steady state conditions then, as an additional parameter,
the total nominal (steady state) heat power Qnowm,o is asked.

e  Channel entrance temperature Tpgn (or enthalpy hpg)

e System pressure Psys and its time-derivative (dPsys/dt), situated at a fixed position
either along the BC (entrance, outlet) or even outside of the ensemble. Due to the fast
pressure wave propagation the local pressure time-derivatives can then be set equal to
the change in system pressure (as described in section 3.6).

e Total mass flow Ggev at BC entrance together with pressure terms at BC entrance Pprinv
and outlet Ppan. These three parameters are needed for steady state considerations
(partially used for normalization purposes). In the transient case only two of them are
demanded as input, the third one will be determined automatically by the model. These
allows then to distinguish between the situation of an ‘open” or ‘closed channel’
concept as this will be explained in more detail in section 3.11.

e  Steam mass flow Gspein at BC entrance (=0 or = Ggeiv at single- or 0 < Gspeiv < Gpein at
two-phase flow conditions). The corresponding entrance void fraction o will then be
determined automatically within the code by applying the inverse drift-flux correlation
(see eq.(21)).

Eventually needed time-derivatives of such entrance functions can either be expected to be

known directly from input or be estimated from their absolute values.

By choosing adequate boundary conditions then also thermal-hydraulic conditions of other

situations can be simulated, such as, for example, that of several channel assembles (nuclear

power plants, test loops etc.) which can consist of a complex web of pipes and branches

(represented by different BC-s, all of them distinguished by their key numbers KEYBC). Even

if the ensemble consists of inner loops (for example in case of parallel channels) the case can be

treated in an adequate way according to the concept of a “closed” channel (see section 3.6.2).

3.4.3 Solution vector resulting from the integration procedure

The characteristic steady state parameters are determined in a direct way, i.e. calculated
according to the non-linear set of equations for the SC-s (being presented in the chapters 3.7,
3.8 and 3.9), combined to BC parameters and then send again back to the main (= calling)
program. However, since the constitutive equations demand parameters (coolant
temperatures, void fractions, pressures, etc.) which are the result of these calculations a
recursive procedure in combination with and controlled by the main program has to be
applied until a certain convergence in these parameters can be stated.

For the transient case, as a result of the integration (performed within the calling program
and thus outside of CCM) the solution parameters of the set of ODE-s are transferred after
each intermediate time step to CCM. These are (as described in detail also in chapter 4)
mainly the mean nodal SC and thus BC coolant temperatures, mean nodal void fractions
and the resulting boiling or superheating boundaries. These last two parameters allow then
to subdivide the BC into SC-s yielding the corresponding constitutive parameters and the
total and nodal length (zxn and Azny) of these SC-s and thus also their total number (Ncr) of
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SC nodes. The needed SC (and thus BC) time-derivatives are then determined in CCM (as
described in the sections 3.7, 3.8 and 3.9) and then transmitted again to the calling program
where the integration for the next time step takes place.

3.5 BC (and thus also SC) power profile

The power terms (Qgk) into or out of a BC node k (with corresponding positive or negative
signs) can, together with a linear power term or power density term at BC entrance, be
expected to be either known from input (e.g., in the case of a heated loop) or from the
solution of a Fourier heat conduction equation (in connection with the energy balance
equation). From this BC power profile obeying to the relation

Qo= L Azp(quactqreci) = L Azs(UsiqretUsiaqrsia)

2 2
= %AZBk (AkqprtAsk-1qsk-1) and thus qip = 25;; - qLBk-1 (k=1,Ngr) (46)

the corresponding SC nodal terms (qinn, Qwn and gnn) can be determined. They are usually
equal to the corresponding BC terms, except for the SC entrance (if zcg > zgg) or outlet (if zca
< zpa). Hence, if assuming linear behaviour of the linear nodal power terms within the
corresponding BC nodes it follows for the ‘linear SC power’ term

qLNn (=qLCE) = (LBE (=iHPUt) or = (qLCA) of the last node of the SC before (I’l=0 if ZCE= Or > ZBE)
= qLBk (n=1,Ncr and k=n+Npck if Lrryre=2)

= LBk (n=1, Ncr.1 and, if zca = zga, n= Nt with k=1’1+NBCE)
Az,
Azg,

(47)

= quBk-1t+ (qLBk - qLBK-1) (n=Ncrand k=Npca if zca < zpa)

for the “total power term’ into the node n

QMn = QBk or = QBk "(QMCA) of last node of the SC before (1‘1=1 with k=1+Njgck if zcg = or >ZBE)

= Qpk (n=1, Ncr and k=n+Ngcg if Lrrype=2)
= %AZNn(qLNn+qLNn-1) = Qsk (n=2,Ncr.1 and, if zca = zga, n= Nt with k=n+Npcg)
A )
= Qmca = Azca [qLBk-l"'% (qLBk — qLBK-1) AZCA ] (n=Ncrand k=Npca if zca < zpa) (48)

Bk

and finally for the “‘mean nodal’ and ‘nodal boundary power density’ terms (qmn and qnn),

being independent of Azn, and thus also valid for the case Aznn -> 0 (as demanded later-on
by the eqgs.(52) and (69))

QMn = 1

gmvn = Az, | TAwm (qLNn-1+qINn) (n=1,Ncr)
dNn = qCE = (gB Or = (qCA) of the last node of the SC before (1’1=0 if zcg=or > ZBE)
= 2QMn - qNn-1 (n=1LNecr) (49)
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The SC length zca (and thus the length of its last node Azca) are (for the case zcao < zpa)
only in the transient case known (as a result of the integration procedure). For steady state
conditions the term Qwmcao follows from energy balance considerations (eqs.(61) and (80)).
Then, in a reverse manner, Azca,o can be calculated from eq.(86) (See section 3.10).

In special (and very seldom) situations the assumption of linearity within such a BC node
may not any longer be suited. This is, for example, the case if a very steep increase or
decrease in heat transfer within a BC can be expected (for example at the onset of sub-cooled
boiling or at dry-out conditions of the two-phase mixture). Corresponding corrections have
then to be foreseen, for example, by a denser nodalization, i.e. further subdividing the
corresponding CCM node length into more "HTC’ nodes.

3.6 Decoupling of mass and energy balance from momentum balance equations
Treating the conservation equations in a direct way produces due to elements with fast
pressure wave propagation (and thus being responsible for very small time constants) a set
of ‘stiff’ ODE-s with the consequence that their solution turns out to be enormously CPU-
time consuming. To avoid this costly procedure the CCM has been developed with the aim
to decouple the mass and energy from their momentum balance equations. This can be
achieved by determining the thermodynamic properties of water and steam in the energy
and mass balance equations on the basis of an estimated pressure profile P(z,t). Thereby the
pressure difference terms from a recursive (or a prior computational time step) will be
added to an eventually time-varying system pressure Psys(t), known from boundary
conditions. After having solved the two conservation equations for mass and energy (now
separately from and not simultaneously with the momentum balance) the different nodal
pressure gradient terms can (by the then following momentum balance considerations) be
determined according to the egs.(4), (5) and (6).

For the time-derivatives it can additionally be assumed that according to the fast (acoustical)
pressure wave propagation along a coolant channel all the local pressure time-derivatives
can be set equal to a given external system pressure time-derivative, i.e.,

% P(Z,t) = % Psys (50)

By applying the above explained ‘intelligent’ (since physically justified) simplification in

CCM the small, practically negligible, error in establishing the thermodynamic properties on

the basis of such an estimated pressure profile can be outweighed by the enormous benefit

substantiated by two facts:

e The very time-consuming solution of stiff equations can be avoided,

e the calculation of the mass flow distribution into different channels resulting from
pressure balance considerations can, in a recursive way, be adapted already within each
integration time step, i.e. there is no need to solve the entire set of differential equations
for this purpose (See “closed channel” concept in section 3.11).

3.7 Thermal-hydraulics of a SC with single-phase flow (Lrrype > 0)

The spatial integration of the two PDE-s of the conservation eqgs.(1) and (2) over the (single-
phase) SC nodes n (by taking into account the rules from section 3.2, the relations from the
egs.(7) and (50) and the possibility of locally changing nodal cross flow areas along the BC)
yields for the transient case
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- arelation for the total nodal mass flow

Gnin = GNn1=Vvin(P i (flit TrvintP yin glt Psys)+(pNn- pMn)ANn% ZNnt

+(pMn' pNn—l)ANn—l % ZNn-1

= Gnn1 - Gimn - Gipnt Gizn (n=1,Ncr), Lerype > 0 (51)

and
- the time-derivatives for the mean nodal coolant temperatures (if eliminating the term
Gnn in the resulting equation by inserting from the equation above):

Tvn =T tTn +T ”Zl"CA % ZNn

dt (52)
(1‘1=1, Ncrand ZCA=ZBA) or (1‘1=1, Necr-1 and zca< ZBA), Lerype> 0
with the abbreviations
_ G (s)
: _ qu\ AMn hNn + an 2 i (53)
T Tn T +T TCE dt ZNn-1
Puin Dvin Crain

Tiee = % [Ty ( -2(1- pCE )Tﬁ]AngM or =0 (n=Tor >1), Lerype>0 (54)
z -1 Ann (s)
T =0 or == —2 Ty

- 2 AvnCruin : (55)

(n <Ncr or =Ncr if zca <zpa or =zpa), Lrryre> 0

and the coefficients

qen = [1- punhyp, + Py (e - hn)] % Psys (56)

qzn = {Ann pvn h &) % Znn FAnna[puvn h §) -2(Pvn—prn1) h )] % ZNin-1} (57)

2A,,
T hy —h N
Crvin =1 - Prn T T =1 Patn (TNn-Tvn) (58)
pMn hMr\ pMn
T2 =1 [T¢) -2(1- Pce. )T ] _Ax or =0 59)
TCE 2 Pyvin AMnCTMn

(if n=1and zcg > zgg or = ZBE) , Lerype> 0

It can be expected that at the begin of each (intermediate) time step the mean nodal coolant
temperature values Ty, are known, either from steady state considerations (at the begin of
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the transient calculations) or as a result of the integration procedure. Hence the parameters
needed in the relations above can be determined too. From the PAX procedure it follow the
SC nodal terms Tnn, T and T{) and, demanded for the case that Azx, — 0, their
gradients. Finally, by considering the water/steam tables (Hoeld, 1996), also their nodal
enthalpies are fixed.

If, in the transient case, the SC nodal boundary temperature does not reach along the entire
BC its limit value (Trivnn=Tsatnn) the total number of SC nodes is given as Ncr=Npr-Ngcg
and znn (at n=Nct) =zca=zpr. Otherwise, if this limit is (at node n) reached, then Ncr = n,
Tnn=Tsatnn With zca (< zpr) resulting from the integration. Then, from the procedure above
also the time-derivative of the boiling boundary moving within this channel can be derived
(as this will be discussed in section 3.9).

The steady state part of the total nodal mass flow (charaterized by the index 0) follows from
the basic non-linear algebraic equation (resulting from setting in eq. (51) the time-derivative
equal to 0)

Gnno = Geao = Gego = Gpao = Gsio (n=1,Ncr), Leryre >0 (60)

Replacing in eq.(52) Qwmmo by Qsk,o (if n > 1), since Ncr is not yet known, yields the steady
state nodal enthalpy terms

Qpmn, .
hNn,O = hNn-l,O + % <h I/\In,o or > h I/\I/n,O (Wlth hNn—l,O = hCE,O at n=1) (61)

(if LerypE =1or =2atn=1, NBT'NBCE)

Regarding the restrictions above the total number Ncr of SC nodes for the steady state is
then also fixed with

Ncr=n <Npr-Npce and zca,o(=znn0) < ZBa (if hano = h{, o and Lerype = 1)

Necr = Npr- Npcg and ZCA,0= ZBA (if hNn,O <h 1/\In,0 and Lgrypg = 1) or (if Lerype = 2) (62)

Finally, according to eq.(51), the nodal power term for the last SC node is given as

Quca,0 = Qwmn,o0 = (h s o - han1,0) Geo (if n =Ncr < Npca and Lerype=1)

= (han0-h 2, o ) GeEo (if n =Ncr < Npcaand Lerypr=2)  (63)

From the resulting steady state enthalpy values hnno at their node boundaries follow then
(from the thermodynamic water/steam tables) the corresponding coolant temperature values
Tnno (With Tano = Tsatwno if n = Ner and zca < zpa) and by applying the PAX procedure
(according to section 3.3) their mean nodal temperature and enthalpy values Ty o and hyin,o
(acting as start values for the transient calculations). It has to be noted that, due to the non-
linearity of the basic steady state equations, this procedure has to be done in a recursive way.

It can additionally be stated that both the steady state and transient two-phase mass flow
parameters get the trivial form

Gsnn = Gsnno =0 resp. Gwnn= Gee and Gwnno=Gseo  (n=1, Ncr, if Lerype = 1)

Gsnn =Gcee and Gsnno=Gggo resp. Gwnn = Gwano =0 (n=1, Ncr, if Lerype = 2) (64)
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and

oMn=0 and dxn = oNno = OMno = Xnn = Xnno = 0 or =1

(n=1, NCT/ if LFTYPE =1 or = 2)

dt (65)

3.8 Thermal-hydraulics of a SC with two-phase flow (Lerype = 0)
Similar as in the section before, the spatial integration of the two PDE-s of the conservation

egs.(1) and (2) now over the (mixture-phase) SC nodes n (by taking into account the rules
from section 3.2, the relations from the eqs.(7) and (50) and the possibility of locally
changing nodal cross flow areas along the BC) yields for the transient case

- the total nodal mass flow terms

Grn = Gnn1 +Vvin (P'- P7)Mn (% OMn - & Gpy = O iz ) = GNna+ Goan— Gopn— Gozn (66)
(n=1,Nct, Lrrype = 0)

by introducing (if neglecting thereby the small differences between mean and nodal
saturation thermodynamic values) the coefficients

t 1 _ d
a GPn ( (p/ _p//) )Mn[(l a)p/P+ ap//P]Mna PSYS (67)
t = l ACE (S) i = >
Cezm = 5 A, & Mn dt ZCE (n=1and zcg > zpE)
a _ Ac, (a0 E:SA 1 o %j[)n ) d ZCA (n = Nct, Ner>1 and zca < zpa) (68)
Ay 2 dt
and
- the mean nodal void fraction time-derivatives
% OMn = O ZSn -a ;Pn ta éA % ZNn ta éE % ZNn-1 = O Zn ta fAZn (69)
(n=1,Ncrand zca=zga) or (n=1, Nc1-1, Ncr>1 and zca<zga), Lrryre=0
with the coefficients
(70)
1 q G(S)
t — t t —_ Mn SNn
Oasn = Qagn —%agn = ( - )
I/\/l/n hSWMn AMn
t _ 1 1 _ " d
= ———[(1- h'P+ h"P+p"Phgw) - 1]yvn - P
& Apn (0Pt o [(1-0) p a(p pThsw) - 1]m at SYs (71)
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o tAZn = 0‘23211 (72)
AG )

G =—N , G¥ =G al if onn— ace=0 (atn=1)
AZNn (73)

or onn— oca=1 (atn=Ncr)

It can again be expected that at the begin of each (intermediate) time step the mean nodal
void fraction values o, are known, either from steady state considerations (at the begin of
the transient calculations) or as a result of the integration procedure. Hence the parameters
needed in the relations above can be determined too. From the PAX procedure it follow

(2)

their nodal boundary void fraction terms o, together with their gradients o @ and o Mn -
The slopes o) and (), can be established from their definition equations and thus, as
shown both in section 2.2.3 but also in the tables given by Hoeld (2001 and 2002a), all the
other characteristic two-phase parameters (such as steam, water or relative velocities etc). It
has again to be noted that, due to the non-linearity of the basic equation, this procedure has
to be done in a recursive way.

If, in the transient case, the SC nodal boundary void fraction ann does not reach along the
entire BC its limit value (armvnn=1 or 0) the total number of SC nodes is given as Ncr=Npr-
Ngcg and znn (at n=Ncrt) =zca=zpr. Otherwise, if this limit is reached (at node n), then Ncr =
n, ann=1 (or =0) with zca (< zpr) resulting from the integration. Then, from the procedure
above also the time-derivative of the boiling boundary moving within this channel can be

derived (as this will be discussed in section 3.9).
Hence it follows for the steam mass flow gradients

G{ =Acevsop{l, withvso=vs (atann=0) (n=1  and ann—> ace=0)
= AcAVi1 p I/\In with v = vy (at ONn =1) (n=NCT—1 and axn — aca=1 (74)

The term - onMn can be eliminated in eq.(66) if inserting from eq.(69) yielding a relation
between Gsnn and Gnin

/
Gnn + (% “1)vn Gsnn = Gxn (n=1,Necr, Lrryee =0)  (75)

with the ‘auxiliary” mass flow term Gx, referring only to values known from the node below

/
Gxn= Ganat (% “D)Mn Gsnnt + Vi (PP “IMn (& jgn =@ apn = O Gpn ) (76)

(n=1, Ncr, Lerype =0)

A similar relation to Gnn can be established from the drift flux correlation (eq.(18)).
Thereby it has been taken advantage of the fact that the needed drift velocity vpnn and the
phase distribution parameter Conn can be determined independently from the total mass
flow Gnn (and thus before this term is known). Hence, combining the egs.(75) and (18)
results in
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Gy, —(Aavy p/ Che)nm

Gnn = (n=1 /NCT) (77)
1+ (a0 CyCpe)n
with the coefficient
/ //
p p
Cpcnn = (— -Dwvn (——— )nn (78)
P// p/CGC

From the drift flux correlation package (Hoeld et al., 1992 and Hoeld, 1994, see also the
egs.(13) and (18)) follow then all the other characteristic two-phase parameters, e.g. the
nodal steam mass flow Gsxn and, eventually, a{? and, according to eq.(74), also the slope
G&) . Then, finally, from the eqs.(69) (but also (66)) the mean nodal void fraction time-
derivative di onn can be derived, needed for the next integration step.

Obviously, 2t mixture flow the mean nodal temperature and enthalpy terms are equal to

their saturation values

TMn = TSAT(PMn) resp. th = h/ (PMn) or = h// (PMn) (n= 1 ’ NCT and LFTYPE = 0) (79)

and are thus only dependent on the local resp. system pressure value.

From mass conservation considerations it is obvious that at a transient situation and in the
case of a transition from one BC into another obviously only the mass flow terms remain
unchanged, not the void fractions.

Setting in the eqgs.(66) and (69) the time-derivatives equal to 0, one obtains relations for the
steady state case. For the total mass flow parameters Gnno = Gggo a similar relation as
already given for the single-phase flow in eq.(60) is valid. The nodal steam mass flow gets
the form

Gsnino = Gsnn-1,0 + }?M—no < Gpgo  (n=1, Npr-Npcg and Lerype = 0) (80)
SWMn,0

Regarding the restrictions above the total number Ncr of SC nodes is fixed in the steady

state case with

Ncr=n <Npr-Npce and zca,o(=znno0) < ZBa (if Gsnn,o = Ggg,o and Lerype = 0)
Ncr = Npr- Nace and zca,0= zBa (if Gsnno < Gago and Lerype=0)  (81)

The steady state nodal steam quality parameters are given as

G .
Xnno = & (n=1, Ncrif Leryee=0)  (82)
Nn,0

the corresponding nodal boundary void fraction values onno by applying the inverse drift-
flux correlation (eq.(21)). The corresponding mean nodal void fraction values owmo can be
determined by applying the PAX procedure, parameters which are needed as starting
values for the transient calculation.

Then from eq.(80) it follows for the case Ncr < Npr-Npcg the corresponding nodal power for
the last SC node

Qumca,o = Qwmn,0 = (GNno - Gshn-1,0) hswnno (N =Ncr < Npca if Lerype = 0)  (83)
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3.9 SC boundaries

The SC entrance position zcg (= znn at n=0) is either equal to the BC entrance zgg (for the first
SC within the BC) or equal to the SC outlet boundary of the SC before.

In the steady state case the SC outlet boundary (= boiling boundary zggo or mixture level
ZmL0) can be represented as

ZCA0 = ZBA (n =Ncr and zca = zsa)
= ZNn1 + AZcap (n=Ncrand zcao < zpa) (84)

The (steady state) term Ncr is already determined in the eqgs.(62) or (81), the corresponding
nodal power Qwmca0 given by the egs.(63) or (80). Hence after rearranging eq.(32) one gets an
algebraic quadratic equation with respect to Azca o

1 9usk,0-9uek-1,0

= = Az 1+t ———— " Az
Qmcao = Qwmn,0 ca0 [quek1 > Azy. CA0) (85)

(Il = Ncr and k= Ngca if Ner< NBCA)

yielding finally as solution
Azcap = Azpk (1’1 = Ncr and k= Ngca if Ner= NBT)
_ qusk-1,0 _ _ _ Yusko CMA,0
AZpk bk-10 LBk 0 [ \/1 2(1 qrsi10 ) AZg quemicio

(k=Npca if Ncr < Ngr)

- if quko — quBK-10 (86)

QMCA,O [1 + l (1 _ qLBk/O QCMA,O
2

Lsk-1,0 Quek-10 7 AZpqrpi 1,

From the relations in section 3.5 then also the other steady state power terms can be
determined.

In the transient case the outlet boundary zca (=boiling boundary or mixture level) follows,
as already pointed-out, directly from the integration procedure. Then also Azca and Ncr are
fixed. This SC outlet boundary zca can move along the entire BC and thus also cross BC
node boundaries. A SC can even shrink to a single node (Ncr =1), start to disappear or to be
created anew. This means that in PAX the slope in the vicinity of such a boundary is
replaced by a gradient.

The mean nodal coolant temperature or, if Lrrype=0, void fraction of the last SC node is
interrelated by the PAX procedure with the locally varying SC outlet boundary zca Hence,
in a transient situation the time-derivative of only one of these parameters is demanded,
after the integration then the second one follows from the PAX procedure.

If combining (in the case of single-phase flow) the egs.(42) and (52), the wanted relation for
the SC boundary time derivative can be expressed by

d d _ TI§XCA ~ T”lt“CA

qt ZCA T gy 288 = or =0 (n=Ncr, zca < za or zca = zpa if Lerype> 0)  (87)

z z
TTCA - TPXCA

and, if considering the egs. (42) and (69), for the case of mixture flow

t t
d d Opxca ~ %aca

qt ZCAT g ZML= or =0 (n=Ncr, zca < za Or Zca = Zga if Lrryre = 0)  (88)

z z
Oaca ~— Opxca
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If zca < zpa, the corresponding time-derivatives < Twmn or < o of the last SC node (at
n=Ncr) follow then by inserting the terms above into the eqs.(52) or (69). After the
integration procedure then the SC outlet boundary zca (= boiling boundary zgg or mixture
level zy) and thus also the total number Ncr of SC nodes is given.

In these considerations it is excluded that a BC node can contain more than one moving
boundary. Hence a SC with Ncr=1 can only appear at BC entrance (zcg = zpg) or BC outlet
(zca = zpa). For such a special case either the temperature slope (T &, ) resp. (at mixture fluid
conditions) the term o ¢ at SC entrance are needed as input to the PAX procedure (see
section 3.3.1).

3.10 Pressure profile along the SC (and thus also BC)
After having solved the mass and energy balance equations separately (and not

simultaneously) with the momentum balance the now exact nodal SC and BC pressure
difference terms (APnn = Pnn - Pnxn1t and APgnn) can (for both single- or two-phase flow
situations) be determined by discretizing the momentum balance eq.(3) and integrating over
the corresponding SC nodes. The total BC pressure difference APpr = Ppa - Ppe between BC
outlet and entrance follows then from the relation

APgr = APppr - APGpr
. . (89)
(with APgpr0 = 0 at steady state conditions)
with

APppr = APspr + APapr + APxp1 + APppr + APDBT 90)
(with APpgr0 = APgriN, at steady state conditions)
comprising terms from static head (APspr), mass acceleration (APapr), wall friction (APggr)
and external pressure accelerations (APxgr, pump or other perturbations from outside) and
(in the transient case) the pressure difference term APgpr which takes care of the time-
dependent changes in total mass flux along a BC (caused by the direct influence of changing
nodal mass fluxes) having the form

APgpr = | % Gg(z,t) dz = zpr % GrsMmtr  at transient conditions
0

91
=0 at steady state O
Thereby the ‘fictive’ mean mass flux term Grpmr (averaged over the entire BC) has been
introduced which can be represented as

ZBT
Grpmr = ZéT I Grp(z,t) dz
0

N N N
~ 1 SCT CT G -1 _1 BT  Azp Ger + G 92
= Zgr 2 nél AZNp GFBMn = 5 ZBT kzl An (Gsx BK-1) (92)
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Its time derivative can be estimated as

d ~ S remT—GEBMTB
o GrBvT = =

(93)
- (% Gremr)att=t8 if At=t-tg - 0 (Index B = begin of time-step)

Regarding, however, the friction correlations, there arises the problem how to consider
correctly contributions from spacers, tube bends, abrupt changes in cross sections etc. as
well. The entire friction pressure decrease (APrpr) along a BC can thus never be described
solely by analytical expressions in a satisfactory manner. To minimize these uncertainties a
further friction term will be included into these considerations having the form

APpgr = (femp0- 1) APer + APraDD (94)

This means that eq.(90) is either supplemented with an additive term (index FADD) or the
friction parts are provided with a multiplicative factor frvpo. Which of them should prevail
can be governed from outside by an input coefficient eppz = eppz1. Thereby, the additive part
will be assumed to be proportional to the square of the total coolant mass flow (e.g., at BC
entrance)

APraADD = - fADD,0 ZBT ( 2pF 3 )BE (95)
HW

At steady state conditions the total BC pressure difference term (APgr,) is known from input
(APBr,0 = APpriv). Since APgpro = 0, the steady state total additional term APpgr, results from
eq.(90). If defining the additive steady state friction pressure difference APrapp, to be the (1-
eppz)-th part of the total additional pressure difference term then

APrapD,0 = (1 - €ppPz) APDBT0 (96)

The corresponding additive friction factor fappo follows then directly from eq.(95), the
multiplicative one fpmpo from the combination of the egs.(94) and (96)

— APDBT,O
frmp0 = 1+ €ppz APors (97)

There arises the question how the validity of both friction factors can be expanded to
transient situations too. This can, for example, be done by assuming that they should remain
time-independent. Then, finally, the wanted nodal pressure decrease terms can be
determined for both steady state but also transient situations. By adding now the resulting
nodal BC pressure difference terms to the (time-varying) system pressure Psys(t) (given from
outside as boundary condition with respect to a certain position (in- or outside of the BC)
then finally also the absolute nodal pressure profile Ppk along the BC can be established
(needed at the begin of the next time step for the determination of the constitutive
equations).

3.11 BC entrance mass flow (‘Open and closed channel concept’)
As to be seen from the sections above in order to be able to calculate the characteristic nodal
and total single- and two-phase parameters along a BC the BC entrance mass flow must be
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known. This term is for the steady state case given by input (Gse = Gpem), together with the
two pressure entrance and outlet values (Pge = Ppein, Ppa = Ppam). In the transient situation
it can, however, be expected that for the normal case of an ‘open’ channel besides the
entrance mass flow only one of these two pressure terms is known from input, either at BC
entrance or outlet. The missing one follows then from the calculation of the pressure
decrease parts.

Such a procedure can not be applied without problems if the channels are part of a complex
set of closed loops, loops consisting of more than one coolant channel (and not driven by an
outside source, such as a pump). Then the mass flow terms (and especially entrance term of
at least one of the channel) has to be adjusted to the fact that the sum of the entire pressure
decrease terms along such a closed circuit must be zero. Usually, in the common thermal-
hydraulic codes (see for example the ‘separate-phase” approaches) this problem is handled
by solving the three (or more) fundamental equations for the entire complex system
simultaneously, a procedure which affords very often immense computational times and
costs. In the here applied module (based on a separate treatment of momentum from mass
and energy balance) a more elegant method could be found by introducing an additional
aspect into the theory of CCM. It allows, different to other approaches, taking care of this
situation by solving this problem by means of a ‘closed channel concept’ (in contrast to the
usual ‘open channel” method).

Choosing for this purpose a characteristic ‘closed” channel within such a complex loop it can
be expected that its pressure difference term APgr = APga - APgg over this channel is fix (=
negative sum of all the other decrease terms of the remaining channels which can be
calculated by the usual methods). Thus also the outlet and entrance BC pressure values
(Psain, APpEN) are now also available as inputs to CCM. Since, according to eq.(91), then also
the term APpgr is known, it follows from eq.(95) the “closed channel concept criterion’

ZBT dit Grpmt = APgpr= APpr— APBTIN (at ‘closed channel” conditions) (98)

This means that for this purpose the total mass flow along a BC (and thus also at its
entrance) must be adapted in such a way that the above for the ‘closed channel’ concept
essential criterion remains valid at each time step, i.e., that the actual time derivative of the
mean mass flux Grpvr averaged over the channel must, as recommended by eq.(92), agree in
a satisfactory manner with the required one from the equation above.

There exist, obviously, different methods how to deal with this complicated problem. One of
them could be to determine the entrance mass flow Ggg by changing this value in a recursive
way until the resulting term % Grpmr agrees with the criterion above.

Another possibility is to find a relation between the time-derivatives of the mean and certain
local mass flux values (e.g., at BC entrance), i.e., to establish for example a relation between
the terms % Grpmr and % Grge. Then the wanted mass flow time-derivative at BC entrance
can be determined directly from eq.(98). One practicable method to establish such a relation
could follow if considering that a change of the mass flux is propagating along the channel
so fast that the time derivative of its mean values could be set (in a first step) almost equal to
the time-derivative at its entrance value. This term can, eventually, be provided with a form
factor which can be adapted by an adequate recursion procedure until the condition of
eq.(98) is fulfilled. The so won entrance mass flow is then governing the mass flow
behaviour of the entire loop.
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This method has been applied within the UTSG-3 code (Hoeld, 2011) for the simulation of
the natural-circulation behaviour of the secondary steam generator loop. Similar
considerations have been undertaken for a 3D case where the automatic mass flow
distribution into different entrances of a set of parallel channels is asked (See e.g. Hoeld,
2004a and Jewer et al., 2005). The experience of such calculations should help to decide
which of the different possible procedures should finally be given preference.

The ‘open/closed channel concept’ makes sure that measures with regard to the entire
closed loop do not need to be taken into account simultaneously but (for each channel)
separately. Its application can be restricted to only one ‘characteristic’ channel of a sequence
of channels within a complex loop. This additional tool of CCM can in such cases help to
handle the variety of closed loops within a complex physical system in a very comfortable
way.

4. Code package CCM

Starting from the above presented ‘drift-flux based mixture-fluid theory” the (1D) thermal-
hydraulic coolant channel module CCM could be established. It was derived with the
intention to provide the authors of different and sometimes very complex thermal-hydraulic
codes with a general and easily applicable tool needed for the simulation of the steady state
and transient behaviours of the most important single- and two-phase parameters along any
type of heated or cooled coolant channel.
The subdivision of such a (basic) channel (BC), characterized by an own key number
(KEYBC), into different sub-channels (SC-s), characterized by its fluid type (Lrrype), is done
automatically within the module. Thereby the different SC-s will change from one SC type
to another, i.e. two-phase flow follows single-phase flow and vice versa. SC-s can shrink to a
single node or even disappear but also be created anew. The SC inlet boundary conditions
are either identical to the entrance conditions of the BC or to the outlet parameters of the SC
before.
The module CCM has been constructed in such a way that only input data with regard to
the BC are demanded. These input data (for each channel KEYBC) will be transferred to the
CCM by only two types of commons containing data established in the calling overall
program, allowing thus a very easy handling of the code:
e  The first common is only occupied by fixed BC geometry data (such as channel length,
elevation heights, fixed or varying cross sections, hydraulic diameters).
e  The second one has to contain
resulting data coming from the (overall) integration procedure (such as mean nodal
coolant temperature or mean nodal steam void fraction values, boiling boundary and
mixture level along the BC) and (in the case of a closed loop) the total mass flow term
at BC entrance
and moreover
parameters representing the initial and boundary conditions of the system such as
the nodal power profile (entrance power density qsce and mean nodal mean power
values Qgmi),the coolant temperature, mass flow and pressure terms at BC entrance
(Tee, Gar, Ppe) and, in the case of steady state conditions or at transient situations
with a BC being a part of an ‘open channel’, also the pressure term (Ppg or Pga) at BC
entrance or outlet.
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At the end of a recursion- or time-step characteristic parameters of all SC-s are transferred to
the corresponding BC positions, thus yielding, for example, a final set of (non-linear)
algebraic or (in the transient case) non-linear ordinary differential equations (ODE-s) of 1-st
order together with the parameters following from the constitutive equations of CCM. The
resulting sets of equations for different channels appearing in a complex physical system
can be combined with other sets of algebraic equations or ODE-s coming from additional
parts of such a complex model (considerations with respect to heat transfer, nuclear kinetics,
top plenum, downcomer etc.). The final overall sets can then be solved by applying
adequate algebraic solution methods or an appropriate time-integration routine (See, for
example, Hoeld, 2011).
As output CCM will then yield all the wanted and needed characteristic thermal-hydraulic
single- and two-phase BC (and thus also SC) parameters of such a general coolant channel.
These are:
e Time-derivatives of the mean nodal coolant fluid temperatures
e time-derivatives of the mean nodal void fractions
e time-derivatives describing the movements of the boiling boundary or mixture level
within the BC
e time-derivative of the total mass flow entering the BC (at least for the case that the BC is
a part of a closed loop and thus being, for example, of interest for a thermal-hydraulic
3D representation),
e other constitutive nodal BC boundary parameters such as terms for total, water and
steam mass flow, for pressure and pressure drop, coolant temperatures, void fraction etc.
The module CCM has been continuously expanded into a very efficient and mature version.
To analyze transient situations at normal operational conditions sometimes also very simple
codes (“pen’ codes) can be applied. The quality of a code has, however, to be proved in the
context of how reliably complex or limit cases can be handled. Thus much weight and effort
has been placed on the question of how the performance of CCM, especially at extreme
situations, can be judged, i.e., in cases where the mass flow ceases to stagnant conditions,
the power input decreases to zero, abrupt pressure changes (for example due to a fast
opening or closing of valves), the boiling boundary or mixture level disappear, the coolant
channel starts to dry-out etc.
The special case of water or steam mass flow terms being exchanged at node boundaries
between two parallel “porous’ coolant channels (with pressure differences as driving forces)
has not yet been taken into account.

5. Verification and validation (V & V) procedures

During the course of development of the different versions of the code combination UTSG-
3/CCM has gone through an appropriate verification and validation (V&V) procedure (with
continuous feedbacks being considered in the continual formulation of the theoretical
model).

CCM is (similar as done in the separate-phase models) constructed with the objective to be
used only as an element within an overall code. Hence, further V&V steps could be
performed only in an indirect way, i.e. in combination with such overall codes. This has
been done in a very successful way by means of the U-tube steam generator code UTSG-3.
Thereby the module CCM could profit from the experiences been gained in decades of years
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work with the construction of an effective non-linear one-dimensional theoretical model
and, based on it, corresponding digital code UTSG-2 for vertical, natural-circulation U-tube
steam generators (Hoeld, 1978 and 1990) and now also the new advanced code version
UTSG-3 (Hoeld 2002b, 2004).

The good agreement of the test calculations with similar calculations of earlier versions
applied to the same transient cases demonstrates that despite of the continuous
improvements of the code UTSG and the incorporation of CCM into UTSG-3 the newest and
advanced version has still preserved its validity.

A more detailed description over these general V&V measures demonstrated on one
characteristic test case can be found in (Hoeld, 2011).

6. Conclusions

The universally applicable coolant channel module CCM allows describing the thermal-
hydraulic situation of fluids flowing along up-, horizontal or downwards channels with
fluids changing between sub-cooled, saturated and superheated conditions. It must be
recognized that CCM represents a complete system in its own right, which requires only
BC-related, and thus easily available, input values (geometry data, initial and boundary
conditions, resulting parameters from integration). The partitioning into SC-s is done
automatically within the module, without requiring any special actions on the part of the
user. At the end of a time-step the characteristic parameters of all SC-s are transferred to the
corresponding BC positions, thus yielding the final set of ODE-s together with the
parameters following from the constitutive equations of CCM.

In contrast to the currently very dominant separate-phase models, the existing theoretical

inconsistencies in describing a two-phase fluid flowing along a coolant channel if changing

between single-phase and two-phase conditions and vice versa can be circumvented in a

very elegant way in the ‘separate-region’ mixture-fluid model presented here. A very

unique technique has been established built on the concept of subdividing a basic channel

(BC) into different subchannels (SC-s), thus yielding exact solutions of the basic drift-flux

supported conservation equations. This type of approach shows, as discussed in (Hoeld,

2004b), distinct advantages vs. ‘separate phase’ codes, especially if taking into account

e the quality of the fundamental equations (basic conservation equations following
directly from physical laws supported by experimentally based constitutive equations
vs. split ‘field” equations with artificial closure terms),

e the special solution methods due to the detailed interpolation procedure from PAX
allowing to calculate the exact movement of boiling boundaries and mixture (or dry-
out) levels (different to the ‘donor-cell averaging’ methods yielding mostly only
‘condensed’ levels),

e the possibility to take advantage of the ‘closed-channel concept’ (needed for example
for thermal- hydraulic 3D considerations) allowing thus to decouple a characteristic
(‘closed’) channel from other parts of a complex system of loops,

e the speed of the computation,

e the derivation of the theory in close connection with the establishment of the code by
taking advantage of feedbacks coming from both sides,

e the considerable effort that has been made in verifying and checking the CCM (besides
an extensive V & V procedure), with respect to the applicability and adjustment and
also for very extreme situations,
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e its easy applicability,

e the maturity of the module, which is continuously enhanced by new application
cases.

e taking advantage of the fact that most of the development work for the coolant channel
thermal-hydraulics has already been shifted to this module (including the special
provisions for extreme situations such as stagnant flow, zero power or zero sub-cooling,
test calculations for the verification and validation of the code etc.).

The existence of the resulting widely verified and validated module CCM represents an

important basic element for the construction of a variety of other comprehensive thermal-

hydraulic models and codes as well. Such models and modules can be needed for the
simulation of the steady state and transient behaviour of different types of steam generators
with special primary and secondary loops (vertical U-tube, vertical once-through or
horizontal VVER-440 or -1000 assembles). One main field of application will be (and is
already) the simulation of a 3D thermal-hydraulic situation by a number of parallel channels

(reactor cores, VVER steam generators etc.), the (basic) channels distinguished by different

key numbers Nrypgs. It shows special advantages in view of the determination of the mass

flow distribution into different coolant channels after non-symmetric perturbations see

(Hoeld, 2004a) or (Jewer et al., 2005), a problem which is far from being solved in many of

the newest 3D studies. It allows also studying the validity of the ‘open channel’ method in a

very detailed form.

The introduction of varying cross sections along the z axis allows to take care also of thermal

non-equilibrium situations by simulating the two separate phases by two with each other

interacting basic channels (for example if sub-cooled water rays are injected into a steam
dome).

The resulting equations for different channels appearing in a complex physical system can

be combined with other sets of algebraic equations and ODE-s coming from additional parts

of such a complex model (heat transfer or nuclear kinetics considerations, top plenum, main
steam system and downcomer of a steam generator etc.). The final overall set of ODE-s can
then be solved by applying an appropriate time-integration routine. See for example (Hoeld,

2011).

The enormous efforts already made in the verification and validation of the codes UTSG-

3, its application in a number of transient calculations at very extreme transient situations

(fast opening of safety valves, dry out of the total channel with SC-s disappearing or

created anew) brings the code and thus also CCM to a very mature and (what is

important) easily applicable state. However, there is not yet enough experience to judge
how the potential of the mixture-fluid models and especially of CCM can be expanded to
other extreme cases (e.g., water and steam hammer). Is it justified to prefer separate-phase
models versus the drift-flux based (and thus non-homogeneous) mixture fluid models?

This depends, among other criteria, also on the quality of the special models and their

exact derivation. Considering the arguments presented above it can, however, be stated

that in general the here presented module can be judged as a very satisfactory
approach.

7. Nomenclature

Ak m? BC cross sectional area (at BC node boundary k)
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Ann, Avin m? SC cross sectional area (at SC node boundary n,
mean value)

C - Dimensionless constant

Co - Phase distribution parameter

duw m Hydraulic diameter

f(z1), fan, fvin - General and nodal (boundary and mean) solution
functions

frmmea - Upper or lower limit of the approx. function f(z,t)

fappo, fempo - Additive and multiplicative friction coefficients

G Gr=G/A k_sg , 51;82 Mass flow, mass flux

h, hP, cp=hT J m* _J  Specific enthalpy and its partial derivatives with

I respect to pressure and temperature (= specific heat)

hew =h" -1, W' K é Latent heat, saturation steam and water enthalpy

Keysc - Characteristic key number of channel BC

Lrrype=0,1 or 2 - SC with saturated water/steam mixture, sub-cooled
water or superheated steam

Ngr - Total number of BC nodes

Ngca = Ner+Ngeg, N - BC node numbers containing SC outlet or entrance

Ncr=Npca-Npce - Total number of SC nodes

P, APt =Pa- Pg Pa=-L = nlfz Pressure and pressure difference (in flow direction)

Qsr, QBK \W Total and nodal BC power into channel k

qsk = Usk quk/ Ask % Nodal BC power density into the fluid

(= volumetric heat transfer rate)

qrp=Apk 28 n Heat flux from (heated) wall to fluid
Ugk m
quek=Urwaiqrek=Askqsk 2 Linear power at BC node k
qQun = %h;n % Nodal SC power density into fluid
1“ (= volumetric heat transfer rate)
= TAun (gLNntTqINn-1)
T, t C, s Temperature, time
U m (Heated) perimeter of a heated wall
Vin= 2 (Axn+Ann1) AZnn T Mean nodal SC volume
v m Velocity
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_ Gs — h-W
X o or b

Z, AZNn=ZNn-ZNn-1

m

ZBA-ZBE=ZBT,ZCA-ZCE=ZCT I

ZBB, ZML

a

OLTWK

€prz
EQTW

ETW

2
@ 2PF
DOz

p, PP, pT

Subscripts
0, 0 (=E or BE)

A, E, T (=AE)
B,S

A,S,F,D,X
(P=A+S+F+D+X) and
G

Mn, BMk
Nn, Bk

D

S, W
P, T

W
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Steam quality (2-phase and expanded to 1-phase
flow)

Local position, SC node length (znn-1=zcg at n=0)

BC and SC outlet and entrance positions, total length
Boiling boundary and mixture level within a BC
Void fraction

Heat transfer coefficient along a BC wall surface

Nodal differences

Coefficient controlling the additional friction part
Correction factor with respect to Qnom,o

Abs. roughness of tube wall (etw/duw = relative

value)

Two-phase multiplier

Angle between upwards and flow direction

Density and their partial derivatives with respect to
(system) pressure and temperature

Time constant

Partial derivative

Steady state or entrance to SC or BC (n or k =0)
Outlet, entrance, total (i.e. from outlet to entrance)
Basic channel or sub-channel (=channel region)

Acceleration, static head, direct and additional
friction and external pressure differences
(in connection with AP) and pressure differences
due to changes in mass flux

Mean values over SC or BC nodes

SC or BC node boundaries (n=0or k= 0:
SC or BC entrances)

Drift
Steam, water
Derivative at constant pressure or temperature

Tube wall surface
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Superscripts

1,1/ Saturated water or steam
P, T Partial derivatives with respect to P or T
(Gs), (), 2,8 Partial derivatives with respect to

Gs, a or z (=gradient), slope
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