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Abstract

A theoretical “drift-flux based thermal-hydraulic mixture-fluid coolant channel model” is pre-
sented. It is the basis to a corresponding digital “Coolant Channel Module (CCM)". For this purpose
derived “Separate-Region Mixture Fluid Approach” should yield an alternative platform to the
currently dominant “Separate-Phase Models” where each phase is treated separately. Contrary to
it, a direct procedure could be established with the objective to simulate in an as general as possi-
ble way the steady state and transient behaviour of characteristic parameters of single- and/or
(now non-separated) two-phase fluids flowing within any type of heated or non-heated coolant
channels. Their validity could be confirmed by a wide range of verification and validation runs,
showing very satisfactory results. The resulting universally applicable code package CCM should
provide a fundamental element for the simulation of thermal-hydraulic situations over a wide
range of complex systems (such as different types of heat exchangers and steam generators as be-
ing applied in both conventional but also nuclear power stations, 1D and 3D nuclear reactor cores
etc). Thereby the derived set of equations for different coolant channels (distinguished by their
key numbers) as appearing in these systems can be combined with other ODE-s and non-linear al-
gebraic relations from additional parts of such an overall model. And these can then to be solved
by applying an appropriate integration routine. Within the solution procedure, however, mathe-
matical discontinuities can arise. This due to the fact that along such a coolant channel transitions
from single- to two-phase flow regimes and vice versa could take place. To circumvent these diffi-
culties it will in the presented approach be proposed that the basic coolant channel (BC) is subdi-
vided into a number of sub-channels (SC-s), each of them being occupied exclusively by only a sin-
gle or a two-phase flow regime. After an appropriate nodalization of the BC (and thus its SC-s) and
after applying a “modified finite volume method” together with other special activities the funda-
mental set of non-linear thermal-hydraulic partial differential equations together with correspond-
ing constitutive relations can be solved for each SC separately. As a result of such a spatial discre-
tization for each SC type (and thus the entire BC) the wanted set of non-linear ordinary differential
equations of 1st order could be established. Obviously, special attention had to be given to the
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varying SC entrance or outlet positions, describing the movement of boiling boundaries or mixture
levels along the channel. Including even the possibility of SC-s to disappear or be created anew
during a transient.
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1. Introduction

A large number of thermal-hydraulic (TH) models and, based on them, effective computer codes have been de-
veloped and are still in development being needed for the theoretical and computational description of heat and
fluid transport along different types of sometimes very complex technical systems. Their objective is to describe
both the steady state and transient behaviour of characteristic key parameters of a single- or two-phase fluid
flowing along different types of loops of such a system in an adequate way. Various forms of heated or non-
heated coolant channels play an important part within these loops. As, for example, being demanded in the most
nuclear but also conventional power plants.

Due to the presence of discontinuities in the first principle of mass conservation of a two-phase flow model,
caused at the transition from single- to two-phase flow and vice versa, it was obvious that the direct solution of
the basic conservation equations for single and mixture fluid along such a coolant channel could get very com-
plicated. Obviously many discussions have and will continue to take place among experts as to which sort of
theoretical approach should be chosen for the correct description of such thermal-hydraulic two-phase problems
when looking at the wide range of applications. What is thus the most appropriate way to deal with such a spe-
cial thermal-hydraulic problem?

1.1. Separate-Phase Model Concept

With the introduction of a “Separate-Phase Model Concept” already very early an efficient way has been found
how to circumvent such upcoming difficulties. This by proposing a solution method with the intention to sepa-
rate the two-phases within the basic equations of such a mixture-flow either partially or even completely from
each other. Hence, approaches where each phase is treated separately. This yields a system of 4, 5 or sometimes
even 6 equations by splitting each of the conservation equations into two so-called “field equations”. Compared
to the four independent parameters characterising the mixture fluid the separate-phase systems demand a much
higher number of additional variables and often very speculative assumptions. This has the additional conse-
quence that a number of very complex relations had to be incorporated into the theoretical description of such a
module. An enormous amount of CPU-time has to be expended for the solution of the resulting sets of differen-
tial and analytical equations in a computer code.

Obviously, based on such assumptions, the interfacial relations both between the (heated or cooled) wall but
also between each of the two phases have to be completely rearranged too. This raises 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. In such separate-phase approaches this problem is solved 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 an adequate 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 basic 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 when comparing diverse separate-phase models with each other due to their underlying differing assump-
tions only very poor consistency between them can be stated.

Another problem arises from the fact that special methods have to be foreseen to describe the moving boiling
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boundary or mixture level (or at least to estimate their “condensed” levels) in such a mixture fluid (see, for ex-
ample, the “Level Tracking” method in TRAC [1]). Additionally, these methods show often deficiencies in de-
scribing extreme situations such as the treatment of single- and two-phase flow at the ceasing of natural circula-
tion, 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 “ther-
mal-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.

However, the “Separate-Phase Models” have become (despite of these difficulties) increasingly fashionable
and dominant in the last decades of thermal-hydraulics as demonstrated by the widely-used codes TRAC [1] [2],
CATHENA [3], RELAP [4] [5], CATHARE [6], ATHLET [7] [8].

1.2. Separate-Region Mixture Fluid Model Concept

Obviously among other international institutes also at the Gesellschaft fir Anlagen- und Reaktorsicherheit (GRS)
at Garching/Munich very early activities within the scope of reactor safety research have been started with the
aim to develop thermal-hydraulic models and digital codes which could have the potential to describe in a de-
tailed way the overall transient and accidental behaviour of fluids flowing along a reactor core but also within
the main components of different Nuclear Power Plant (NPP) types. For one of these components, namely the
natural circulation U-tube steam generator together with its feedwater and main steam system an own theoretical
model and a first version of the digital code UTSG [9] has been derived. 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 rising
demands coming from the safety-related research studies this UTSG theory and code has been continuously ex-
tended, ending finally in the establishment of a very satisfactory and mature code version UTSG-2 [10]. This
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 [11]. Together with a high level simulation language GCSM
(General Control Simulation Module) it could be taken care of a manifold of balance-of-plant (BOP) actions
too.

During the research work for the development of an enhanced version of the code UTSG-2 it arose finally the
idea to establish an own basic module which makes it possible to simulate the thermal-hydraulic mixture-fluid
situation within any geometrical set-up of cooled or heated channels in an as general as possible way. This with
the aim to be applicable for any modular construction of complex thermal-hydraulic assemblies of pipes and
junctions. Thereby, in contrast to the above mentioned class of “separate-phase” modular codes and instead of
separating the phases of a mixture fluid within the entire coolant channel an alternative theoretical approach has
been foreseen, differing both in its form of application but also in its theoretical background.

Thereby a special and unique concept could be found how to circumvent the above mentioned difficulties due
to discontinuities resulting from the spatial discretization of a coolant channel, arising eventually from nodes
where a transition from single- to two-phase flow and vice versa can take place. By assuming each coolant
channel to be seen as a (basic) channel (BC) which can, according to their different flow regimes, be subdivided
into a number of sub-channels (SC-s). It is clear that each of these SC-s can consist of only two types of flow
regimes. A SC with just a single-phase fluid, containing exclusively either sub-cooled water, superheated steam
or supercritical fluid, or a SC with a two-phase mixture. The theoretical considerations of this “Separate-Region
Approach” can then (within the class of mixture-fluid models) be appointed to only these two regimes. Hence,
for each SC type, the “classical” three conservation equations for mass, energy and momentum can be treated in
a direct way (and now without mathematical restrictions). In the case of a SC with mixture flow these basic
equations had to be supported by a drift flux correlation (which should, however, also take care of stagnant or
counter-current flow situations), yielding an additional relation for the appearing fourth variable, namely the
steam mass flow.

The problem of the application of such an approach has thus shifted to the fact that now also varying SC en-
trance and outlet boundaries (marking the time-varying phase boundary positions) have to be considered. And
causing in special situations the additional difficulty that along a channel such a SC can even disappear or be
created anew. The solution procedure is based on the fact that after an appropriate nodalization of such a BC
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(and thus also it’s SC-s) a “modified finite volume method” (among others based on the Leibniz Integration
Rule) had to be derived for the spatial discretization of the fundamental (non-linear) partial differential equations
(PDE-s) of first order which represent the basic conservation equations of thermal-hydraulics for each SC.

Additionally, to link within the integration procedure the resulting mean nodal with their nodal boundary
function values an adequate quadratic polygon approximation method (PAX) had to be established.

This special PAX method represents a central part of the here presented “Separate-Region Approach”. And
this besides the suggestion to subdivide a (basic) channel into regions of different flow type, together with the
very thoroughly tested packages for drift flux and single- and two-phase friction factors. Thus yielding an ele-
gant method how to solve this essential thermal-hydraulic problem in a direct way.

The procedure should establish at the start of a calculation for each SC (and finally also the entire BC) a set of
steady state non-linear algebraic equations and then for the following case of thermal-hydraulic transients at
each time step the wanted set of non-linear ordinary differential equations (ODE-s) of 1-st order. All of them
supported with their algebraic constitutive relations.

For more details see Section 8, comparing there these two approaches with each of them.

1.3. Remarks

The here presented article is part and the continuation of a publication series of three papers being already pub-
lished in two INTECH Open Access Books ([12]-[14]). It is, according to a continuous research work, updated
to the newest status in this field and concentrated in an advanced and very condensed form mainly to the theo-
retical background of this basic coolant channel model and to the special (and generally applicable) mathemati-
cal methods to solve this sort of resulting system of equations in a corresponding digital module.

2. Fundamental Equations for a Thermal-Hydraulic Drift-Flux Based Mixture Fluid
Approach

Thermal-hydraulic single-phase or mixture-fluid models for coolant channels or their sub-channels are based on
a number of fundamental physical laws, i.e., they obey genuine conservation equations for mass, energy and
momentum. They are controlled at single-phase flow conditions by the three independent parameters: total mass
flow G, temperature T and pressure P’. For two-phase flow one more variable is asked, namely the total and
steam mass flow G and Gs, void fraction a and pressure P’. And they are supported by adequate constitutive
equations, such as packages for thermo-dynamic and transport properties of water and steam, for single- and
two-phase friction coefficients and (in case of two-phase flow) for drift flux.

2.1. Thermal-Hydraulic Conservation Equations

2.1.1. Mass Balance (Single- and Two-Phase Flow)
E{A[(l—a)pw +aps]}+£G=0 (1)
ot oz

containing density terms g, for sub-cooled or saturated water and p, for saturated or superheated steam,
the void fraction a and the cross flow area A which can (as discussed in Section 7) eventually be changing along
the coolant channel. It determines, after a nodalization, the total mass flow G =G, +G; at node outlet in de-
pendence of its node entrance values.

2.1.2. Energy Balance (Single- and Two-Phase Flow)

0 0

E{A[(l_a)/)\NhN +apghs - P]} ZE?G‘Wh\N +Gghg ) = Orw =Unw Orwe = Adp (2
with enthalpy terms hy, for sub-cooled or saturated water and hs for saturated or superheated steam. As boundary
values either the “linear power gy, ”, the “heat flux qy,, " along the heated (or cooled) tube wall (with its

heated perimeter Uny) or the local “power density term qf, ” (transferred into the coolant channel with its cross
Section A) are demanded to be known. The power terms having a positive sign if they are directed into the

coolant (See also Sections 6.1, 6.4.2 and 9.1).
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2.1.3. Momentum Balance (Single- and Two-Phase Flow)
s ()-() () (), 5
ot oz oz ), \oz)s \or). \oz)y

describing either the pressure differences (at steady state) or (in the transient case) the change in total mass flux

(GF = %j along a channel (See Section 6.5).

The general pressure gradient ((Z—Pj can be determined in dependence of terms for
z

e mass acceleration

oP 0
(5) :_E(GFWVW +GFSVS) 4)
A

with vs and vy, denoting steam and water velocities (definition see nomenclature)
e static head

@_':’l =—c08(® 5 ) g [aps +(1-a) ay | ®)

with @, representing the angle between z-axis and flow direction. Hence cos(®,)=+Az. /Az_, with Az
denoting the nodal length and Azg, the nodal elevation height (having a positive sign at upwards flow).
o the single- and/or two-phase friction relation

G |G
(2] =zl ©
0z )¢ 2d,y p

with a friction factor derived from corresponding constitutive equations (see Section 2.2.2) and finally

o the direct perturbations (Z—P] from outside, arising either by starting an external pump or considering a
Z X

pressure adjustment due to mass exchange between parallel channels.

2.2. Constitutive Equations

For the exact description of the steady state and the transient behaviour of single- or two-phase fluids a number
of mostly empirical constitutive correlations are, besides the above mentioned conservation equations, de-
manded. To bring a structure into the manifold of existing correlations established by various authors, to find the
best fitting ones for the different fields of application and to get a smooth transfer from one to another of them
special and effective correlation packages had to be developed. Their validities can be and has been tested
out-of-pile by means of adequate driver codes. Obviously, by means of this method improved correlations can
easily be incorporated into the existing theory.

2.2.1. Thermodynamic and Transport Properties of Water and Steam
The different thermodynamic properties for water and steam (and their derivatives with respect to P and T, but
also P and h) as demanded by the conservation and constitutive equations have to be determined by applying
adequate water/steam tables. Additionally, since from the constitutive equations also the time-derivatives of
these thermodynamic properties are asked which can be represented as
d d d p d
” h(z,t) S h[T(zt),P(zt)]=h dtT(z,t)+h - P(z,t) @)
Corresponding thermodynamic transport properties such as the “dynamic viscosity” and “thermal heat con-
ductivity” (and thus the “Prantl number”) are needed too. This is, for light-water systems, realized in the code
packages MPP ([15], see also [12]) containing the code packages MPPWS and MPPETA. All of them have been
derived on the basis of tables given by [16] and [17].
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Obviously, the CCM code is also applicable for other coolant systems (heavy water, gas, oil) if adequate
thermodynamic tables for this type of fluids are available.

2.2.2, Single- and Two-Phase Friction Factors
The friction factor fz needed in (6) can in case of single-phase flow be set, as proposed by [18], equal to the
Darcy-Weishach single-phase friction factor.

The corresponding (Martinelli-Nelson) coefficient for two-phase flow has to be extended by means of a
two-phase multiplier ®3,. as recommended by [19].

2.2.3. Drift Flux Correlation

Due to an additional independent variable appearing in the conservation Equations (1)-(3) for two-phase flow
the set has to be completed by an additional relation. This can be achieved by any two-phase correlation, acting
thereby as a “bridge” between Gs and o. For example, by 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. For
this purpose an own package has been established, named MDS (see [20]-[23]).

Regarding the different requirements in the application of CCM it turned out that it has many advantages to
choose the Sonnenburg “flooding-based full-range” correlation [20] as applied for MDS. This correlation com-
bines the common drift-flux procedure being formulated by Zuber-Findlay [24] and expanded by Ishii-Mishima
[25] and (Ishii [26]) etc. with the modern envelope theory. The correlation in the final package MDS had, how-
ever, to be rearranged in such a way that also the special cases of o —0 or « —1 are included and that, be-
sides their absolute values and corresponding slopes, also the gradients of the approximation function can be
made available for CCM. Additionally, an inverse form had to be installed (needed, for example, for steady state
conditions) and, eventually, also considerations with respect to possible entrainment effects must be taken care.

The resulting package MDS presents in case of a vertical non-heated or, for the case of low void fractions,
heated wall (Lyeats = 0 or =1) a relation for the drift velocity vp with respect to the void fraction a

Vp = 1'5VWLIM COCVD |:(1+ C\fD )3/2 - (1-5 + C\30 )CVD:|

. . Ge . .
with vy — vy, if @ = 0and vy, = -V g = = (if Liygars =0) 0r vy = 0 (if Liygars =1) (8)

and v, — v, if & —1and v, =1(independently if the wall is heated or not)

with respect to the (dimensionless) coefficient

_ 2 Vg 1-Cox
3V Co

Cuo ©)

and in combination with
o adequate correlations for the phase distribution parameter C, with their limit values if « -0, C, >0 or
—1(if Lygag =10r=0) or,if @ »>1, C, »1 (both for heated or non-heated walls)

and
o relations for the limit velocities vg ;y and vy ;v dependent on a (independently of the total mass flow G, a

fact which is important for the theory below)

All of them are also dependent on the input values “system pressure P”, the “hydraulic diameter d/, ” (with
respect to the wetted surface Any and its inclination angle @), and specifications about the geometry type
(LsType) and, for low void fractions, the information whether the channel is heated or not (Lygats = 1 or =0).

From the drift flux theory above finally also interrelations between different two-phase parameters can be es-
tablished (now already in dependence of G) by starting from their definition equations. The steam mass flow (or

flux) can, for example, be represented by
11
G, = p—Gi(COG + APV, ) = AGy = XG (10)

/
P Sac

the steam velocity by
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. G
Vg =L(CovWO +Vp) with vo=—- (12)
GC P
if introducing the coefficient
p// p//
Csc :1—(1——/]0:CO—>1 if a >0and > —-if a >1 (12)
P P
The relations of all the other characteristic two-phase parameters are given in more detail in [22] [23]. These
could be the “phase distribution parameter C;”, the “water and steam mass flows Gy and G¢”, the “drift, wa-
ter, steam and relative velocities vp, vy ,vs and vp with special values for vy —»vg,” (if « —>0) and
Vy, =V, (if @ —1) and eventually the “steam quality X'”. Their interrelations are presented, for example,
in the corresponding tables. Especially the determination of the steam mass flow gradient

11
G, =Gy =2 (CouG + Ap'Vpg ) = A0V, 0F = 0iif & — 0 for both Lye,r, =00r1
P
; (13)
- Gsal = %A(l"'cc()lll))(e‘ _p"VSLIM ) =Ap'v,, ifa—>1

will play (as shown, for example, in (57)) an important part, if looking to the special situation that the entrance
or outlet position of a SC can cross a BC node boundary (with &« —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 en-
ergy balance.

For some application cases it seems to be reasonable to have the possibility to avoid counter-current flow
(CCF) situations. This can be achieved by limiting within the general drift-flux theory the steam quality value of
the X-a curve by a value X,y which remains within the range 0< X,,, <1. This means that according to (10)
also either vp or Cy are restricted. The phase distribution parameter Cy can, however, be also limited directly, for
example by choosing as the limit function to Cg

Coum =Cipa+(1-Cip)a®  (if setting Lyooer =1at the input) 4
(With Cyo representing the slope of C, at o = 0)

In a steady state situation then with respect to the solution possibilities of the basic (algebraic) set of equations
the steam mass flow term Gs has to act as an independent variable (instead of the void fraction o). 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 Ggs, as this can take place after a change in total mass flow or in the cross flow area at the entrance of
a following BC. Then the total and the steam mass flow terms 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, Cg) can now be determined
from an inverse (INV) form of this drift-flux correlation (with Gg now as input).

3. Coolant Channel Geometry Data (BC and SC-s)

A “basic” coolant channel (BC) will be assumed to consists, as sketched in Figure 1, of a cylindrical tube of an
as general as possible geometrical form, with its total length z,, =z,, —z,. . For discretization purposes the
entire BC will be subdivided into a number of (not necessarily equidistant) Ngt nodes. Their nodal positions are
Zgg, zgk (With k = 1, Ngr), the elevation heights zg ge, zeix, the nodal length Az, =z, —z,, ,, the nodal eleva-
tions  Azg g, = Zg e — Zriges» With eventually also locally varying cross flow and average areas Agg and

Agui = 0.5( Ag, + Ay, ) and their slopes A7, = (A, — Akal)/Asz , a hydraulic diameter dyyg¢ and corresponding

nodal volumes Vg, = AzZg, Agy -

The theoretical considerations will, as already pointed-out, take advantage of the fact that, as sketched in
Figure 1, a “basic” coolant channel (BC) can according to their flow regimes and (characterized by the logical
Lerype) be subdivided into a number (Nsct) of sub-channels (SC-s). Each of these SC-s will be distinguished by
their characteristic key numbers (Nsc). Thereby it has, obviously, to be taken into account that their entrance and
outlet SC-s can now have variable entrance and/or outlet positions.
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Figure 1. Subdivision of a “basic channel (BC)” into “sub-channels
(SC-s)” according to their flow regimes and their discretization.

As a consequence of the discretization of the BC each of the sub-channels (SC-s) is then subdivided too, now
into a number of Ncr SC nodes. Their geometry data are identical to the corresponding BC values, except, of
course, at their entrance and outlet positions. The SC entrance position z.. and their function f.. are either
identical with the BC entrance values z,. and f,. or equal to the outlet values of the SC before. The SC
outlet position (z.,) is either limited by the BC outlet (z,) or characterized by the fact that the corre-

sponding outlet function has reached an upper or lower limit (fL,MCA). This term represents then either a func-

tion at the boiling boundary, a mixture level or the start position of a supercritical flow. 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 OF saturation enthalpies (h" or h” if Lerype = 1 or 2). In the case of two-phase flow (Lgrype = 0) it has to
be set equal to a void fraction of « = 1 or =0. The moving SC inlet and outlet positions z.. and z., can (to-
gether with their corresponding BC nodes N,.. and Ng., =Ny + N, ) be determined according to the
conditions (Zgy, 4 < Zeg < Zgye At K =Npep) and (Zgy 4 < Zep < Zgye @t K = Nge, ). Then also the total num-
ber of SC nodes ( Ng; = Ngea — Ngee ) is given, the connection between nand k (n =Kk — Nz withn =1, Nc7),
the corresponding positions (zyn, ZeLce, Zewnn), their lengths ( Az, = z,, — z,,4 ), elevations

(AZg i = Zeinn — Zeinna )» VOlumes (V,, =z, A,,, ), nodal boundaries and mean nodal flow areas (Ann, Aun)-

4. Mathematical Tools Needed for the Solution of (Non-Linear) PDE-s of 1st Order
along a SC with Varying Entrance and Outlet Positions

For the realization of the theoretical thermal-hydraulic model in a corresponding digital code (module CCM) a
special generally applicable integration procedures had to be derived.

4.1. Spatial Discretization of PDE-s of 1st Order (Modified Finite Element Method)

Based on the above presented nodalization the spatial discretization of the fundamental Equations (1)-(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)
0 0
—f(z,t)+—H]| f(z,t)|=R| f(z,t 15
St (2 + SR (0] =R[ 1 (24)] ()

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 aSC node n yields the nodal mean function values f,,,,
* Integrating over the gradient of a function f (z,t) yields a difference of functions values ( f, - f, ) at
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their node boundaries
and, finally,
o Integrating over a time-derivative of a function (by applying the “Leibniz” rule)

ZNn(1)
d
—f(z,t)d
-[ dz (Z )Z

Znn-a ()

(16)

= Az, (t)(;j_z fun (1) =[ frn (1) = i (t)];_ZZNn () =[ fun (1) = Fana (t)]%an—l (t),(n=1N¢r)

This last rule plays for the here presented “separate-region mixture-fluid approach” an outstanding part. It al-
lows (in combination with PAX) to determine in a direct way the time-derivatives of parameters which represent
either a boiling boundary, mixture or a supercritical 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.

4.2. Quadratic Polygon Approximation Procedure PAX

According to the above described three different types of possible discretization elements the solution of the set
of algebraic equations will in the steady state case yield directly function values (fy,) at node boundaries (zyn).
On the basis of these values the also needed mean nodal functions (fy,) have then to be estimated by means of
an adequate approximation procedure. On the other hand, the solution of the set of ordinary differential equa-
tions will (in the transient case) now yield the mean nodal functions fy, as a result of the integration. The also
needed nodal boundary values fy, will then have to be estimated by the same procedure, now on the basis of fy,,.

It is thus obvious that appropriate methods had to be developed which can help to establish relations between
such mean nodal (fy,) and node boundary (fy,) function values. This is different to the “separate-phase” model
approach where mostly a method is applied (called “upwind or donor cell differencing scheme™) with the mean
parameter values to be shifted (in flow direction) to the node boundaries. In CCM a more ambitious approxima-
tion method is asked, giving to the entire procedure also a better “fine structure”. This is also demanded because,
as to be seen later-on with regard to the relations of the Sections 6.2 to 6.4, not only absolute nodal SC boundary
or mean SC nodal function values are required but as well also their nodal slopes fg, and f, together with
their gradients f;, . They are needed for situations where the length of a SC node could eventually tend to zero
so that slopes have to be replaced by their gradients

fun — f
fo =w—> fé (atn=1)=inputor > f} , (atn=N¢ >1)if Azy, >0 (17
ZNn
( an B an—l) . .
fan = ZT—> feo (atn=1)=inputor - f¢ , (atn=Ng >1)if Az, >0 (18)
Nn

Hence, for this purpose a special “quadratic polygon approximation” procedure, named “PAX”, had to be
developed. It plays (together with the above presented Leibniz rule) an outstanding part in the development of
the here presented “mixture-fluid model” and helps, in particular, to solve the difficult task of how to take care
of varying SC boundaries (which can eventually cross BC node boundaries) in an appropriate and exact way.

4.2.1. Construction of an Adequate Approximation Function

The PAX procedure is based on the assumption that the solution function f(z) of a PDE (for example tempera-
ture or void fraction) along the SC part of a basic (=BC) coolant channel is split into a number of Ncr nodal SC
functions f (z,t). Each of them has then to be approximated by a specially constructed quadratic polygon.
Thereby, such an effective and adequate approximation function has to fulfil the following requirements:

e The node entrance functions ( f,,_,) must be either equal to the SC entrance function ( f,, , = foc ifn=1)

or to the outlet function of the node before (if n > 1).
e The mean function values fy, over each of the SC nodes have to be preserved (otherwise the balance equa-

tions could be hurt).



A. Hoeld

e It is obvious that the gradients of the nodal entrance functions must not necessarily be equal to the gradients
of the SC node outlets before (except for the last node entrance, i.e. at n = N¢1). However, with the objective
to guarantee stable behaviour of the approximated functions (for example in order to exclude “saw tooth-like
behaviour” of them) it will, as a speciality of this approach, in an additional assumption be demanded that
the outlet gradients of the first Nct — 1 nodes should be set equal to the slopes between their neighbour mean
function values. The entrance gradient of the last node (n = N¢t) should be either equal to the outlet gradient
of the node before (if n = Nt > 1) or equal to a given SC input gradient (for the special case n = Nep = 1).

Thus one gets (together with relations resulting from the rearrangement of the definition equations)

funes — |
o {ﬂj;zM (n=1 Ng; =L if Ng; >1)

oz AZy +AZy,
= A2 (2fyy —3fun + funa) OF = £, (if Az, >00r Azg,, ~0and n=Ng; >1) (19)
ZNn
=fo.=fe =AL(3an —2fe — fy,)(if Azg, >0,n=1and N¢; >1or =1)
ZNn

This means, the corresponding approximation function do not reach only over the node n, its next higher one
(n + 1) is included into the considerations. Except, of course, for the last one. There (in the case of N¢r > 1) the
quadratic approximation function (and thus also its corresponding approximation coefficients) are valid for both
(the last and last but one) node.

The procedure has to take care also of the possibility that a SC can consist of only a single node (Nct = 1),
with the (quadratic) approximation function having then to turn into a straight line. Hence, a special solution for
such a single-node SC function is proposed, having the form

fl =)= ) :[1—%] fi4 +% £ with £ :%(n =1land Ng, =1) (20)

BA BA z BA

Thereby a variable slope is assumed which should) reflect two characteristic aspects. Namely to be, for the
case that Azcy — Azga, equal to the slope (=gradient) féé; at the corresponding BC outlet node. And, secondly,
for the special case that Azc, — 0 and thus for 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 —> Zge OF Zcg — Zgp), t0 demand as an additional input to
PAX (instead of the now not anymore or not yet available term fy,) the gradient fZ, at SC entrance. Repre-
senting thereby either (at single-phase flow conditions) the coolant temperature BC entrance gradient T2, or
(for two-phase flow) the void fraction entrance gradient «(, . Since these parameters are usually not directly
available they can, for example, be estimated by combining the mass and energy balance equations at SC en-
trance in an adequate way (See [10] [33]).

These generally valid assumptions make the PAX procedure very effective (and stable). It is a conclusive on-
set in this method which helps to smooth the curve, guarantees that the gradients at the upper or lower SC
boundary do not show abrupt changes for the case that a SC node boundary cross a BC one, avoids “saw-tooth”
like behaviour of the parameters along the coolant channel and has the effect that perturbations at channel en-
trance do not directly affect corresponding parameters of the upper BC nodes.

4.2.2. Nodal Parameters Due to PAX
Mean nodal parameters resulting from PAX for the steady state case:
After having solved the basic set of non-linear algebraic equations (as presented later-on in the Sections 6.2 to
6.4) it is expected that as input to PAX the following nodal boundary parameters will have to be provided:
e Geometry data such as the SC entrance (zcg) and node boundary positions (zy,) and thus also the SC outlet
boundary zca (as explained in Section 3) determining then in PAX the number of SC nodes (NCT?,
e The SC entrance function fy = fcg and (at least for the special case n = N¢t = 1) its gradient fc(él ,
and
o Finally the nodal boundary functions fy, (n = 1, Nct) with fca = fy, at n = Nep (Note: fea = flimca if Zca < Zga).
Hence, with regard of inputs from steady state considerations the procedure PAX vyields the wanted mean

nodal function values
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1 Az,

- A  (f.,—f =N.,N 1
6AZCA+AZNn-1( CA anz) (n ctr Ner > )

1
an = 5( fCA +2 an71)+

1

:M[(AZNI‘HI +AZNn)(2an + an-l)_AZNn an+1:| (n =1 Ngr =1 Ner >1) (21)

1 1 . .
:E( fCA + fCE): fCE +EAZCA fc(/i) with fCA = fLIMCA if Zea < Zgp (n =Ngr, Ney :1)

These functions can, in turn, then be applied as initial values for the transient case.

Nodal boundary parameters resulting from PAX as needed in the transient case:

After the integration of the set of non-linear ordinary differential equations (ODE-s) (as presented in the Sec-
tions 6.2 to 6.4) it can be expected that as input to PAX the SC outlet position (zca = zy,) and thus also the total
number Ncr of SC nodes are directly available. Thereby it has to be distinguished (with regard to the transient
situation) between two cases of possible input data sets available for PAX:

If this known SC outlet position is identical with the BC outlet (zca = zga) as input to PAX the mean nodal
function values fy, for all Ncr nodes (n = 1, N¢t) are available
o If this known SC outlet position is identical with the BC outlet (zca = zZga) as input to PAX the mean nodal

function values fy, for all Ncr nodes (n = 1, N¢y) are available

o If this known SC outlet position is identical with the BC outlet (zca = zZga) as input to PAX the mean nodal
function values fy, for all Ncr nodes (n = 1, N¢y) are available

or, on the other hand,

o if (due to the transient conditions) the SC outlet is moving within the BC (zca < zga) the corresponding SC
outlet function is known, since restricted by a limit function, i.e. f, = fo, = f,yca at N = Ncr. This limit
is usually the saturation temperature at single-phase flow resp. void fraction equal to 1 or 0 at mixture flow.
The last mean nodal function value fy, (n = Nct) is thus interconnected to the movement of the SC outlet po-
sition zca. Hence only one of them is needed to be determined by the integration procedure. Hence it can be
expected that besides the first Nct — 1 mean nodal function values fy, (at n = 1, Nct — 1) instead of the last
one now the (transient) outlet position zc, will be directly available from the integration procedure. The
missing last SC mean nodal function fy;, (at n = Nt and zca < zga) can then be determined from a relation as
presented already in (21) above for a steady state input situation.

Hence, it follows for the transient case if the SC outlet is either moving within the BC

A
an :l(g an - an71)+l al
2 2 Az, + Az,

A
=£(3an_ an71)+l al
2 4 Az, +AzZy,

= fimca (n =Ngr, Ny =1or>1and 7., < ZBA)

(an+1_ an) (n =1 Ngr =2, Ngp >2 if Zca < ZBA)

(fLIMCA - an—l) (n = NCT —l, NCT >1if ZCA < ZBA) (22)

or, if not (and thus only for the last SC within the BC)

1

1 Az, .
an :E(3an - an_l)—’_Em( an+1 - an) (n =1 NCT -1 NCT >1if Zep = ZBA)

= fCA = an-z +2( an - an—l) (n = NCT’NCT >1if Zep = ZBA) (23)
= fCA = 2an - fCE = fCE +AZe, fc(z) (n =Ngr, Ney =1if Zep = ZBA)

with fy, (n = 1, Nct) known from the integration procedure (except at n = Ncy if Zca < Zga)

Final results for both cases:

All these nodal input function values can together with its input parameters fcg and the nodal positions z¢e and
Zyn (at n =1, N¢y) then (in both cases) be applied as basic points for the PAX procedure. Yielding now, after
rearranging the definition equations for the approximation functions in an adequate way, all the other not direct-
ly known nodal SC function parameters.

The slopes and gradients can finally be determined from (17), (18) and (20). They are indispensable for the
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special finite element method where they can due to the moving SC entrance or outlet boundaries cross BC
boundaries, i.e., their intervals can go to zero (Az.; or Az, —0).

The corresponding time-derivative of the last mean node function which is needed for the determination of
the SC boundary time-derivative (see Section 6.4) follows (as long as zca < zga) by differentiating (22)

d o d _
a an = fFEXCA + fPXCAaZCA (n = NCT if Zep < ZBA) (24)

with the coefficients

2
d 1( Az d 1 Az d ..
fF:XCA = a fCE +E(F§J a( fLIMCA - fCE )"'E(:L_F::] AZCA a fc(E?

(at n=N¢; with No; =1and zg, < 75,) (25)
d 1d

== f

dt Mn-1 +Ea( fLIMCA - anfz) (at n= NCT with NCT =2and Zcp < ZBA)

, Az 1 -
fPXCA =FCA( fB(Z) - fc(é? )+§ fc(é? (at n= NCT with NCT =1land Zep < ZBA)

BA (26)
=0 (atn=Ng with No; =2and z¢, < 7g,)
. — . d d d . :
The time-derivative functions annfl, EZCA, afumm are directly from the thermal-hydraulic model

(e.g., CCM) available and, if Ncr = 2, the term %fNH :% foe from input too. For the case that a SC con-

. . . d
tains more than two nodes only their corresponding mean values are known, the needed term o fun_, has thus

to be estimated by establishing the time-derivatives of all the boundary functions at the nodes below N¢r < 2.
following a recursion procedure based on (22b).

4.2.3. Code Package PAX

Based on the above established set of equations a routine PAX had to be developed. Its objective was to calcu-
late automatically either the nodal mean or nodal boundary values (in case of an either steady state or transient
situation). The procedure should allow 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 calculation of the time-derivatives of the boiling boundary or mixture level can be
gained (See later-on (70) and (71)).

Before incorporating the subroutine into the overall coolant channel module the validity of the presented PAX
procedure has been thoroughly tested. By means of a special driver code (PAXDRI) different characteristic and
extreme cases have been calculated. The resulting curves of such a characteristic example are plotted in Figure
2. It presents the two approximation curves of an artificially constructed void fraction distribution f(z) = a(2)
along a SC with two-phase flow both for the steady state but also transient situation. The curves (on the basis of
fun and fy,) should be (and are) identical.

4.3. Decoupling of Mass and Energy Balance from Momentum Balance Equations

Treating the three conservation equations in a direct way would produce a set of “stiff” ODE-s. This is due to
elements with fast pressure wave propagation (and thus being responsible for very small time constants). It has
the consequence that their solution turns out to be enormously CPU-time consuming.

Hence, to avoid this costly procedure 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).
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PAXDRI Calculation: Spatial discretization of PDEs
Spatial quadratic polygon approximation procedure PAX
1.0

NS

n=1,Ng,)
I~
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e
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Figure 2. Approximation function f(z) along a SC for both steady state and transient conditions after
applying PAX (example).

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 (See Section 6.5). After hav-

ing 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 (4)-(6).

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

d d

g (2= P 7

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 Avoidance of the very time-consuming solution of stiff equations,

e The calculation of the mass flow distribution into different channels resulting from pressure balance con-
siderations 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 Sec-
tion 9.3).

5. BC Input Data Demanded by CCM

Besides the BC geometry data (as described in Section 3) obviously additional mostly BC function values are
needed as inputs to CCM. Selected with the intention to apply only easily available BC values. They will then,
within CCM, be automatically translated into corresponding SC values.

5.1. Initial Conditions

For the start of the transient calculations adequate steady state parameters have to be available as initial condi-
tions.

5.2. Boundary Conditions and (Perturbation) Parameters at BC Entrance and/or Outlet

In the steady state case and especially (as boundary conditions) for transient calculations the following input pa-
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rameters are expected to be known:

e BC power profile. This means that either the nodal heat flux terms qrge and gegi (at BC entrance and each
node k (=1, Ng7).

or

e (rge and the nodal power terms Qg are expected to be known, either directly from input or (as explained in
Section 9.1) by solving the appropriate “Fourier heat conduction equation”. From the relation

1 1
Qawk = EAZBk (qLBk + qLBk—l) = EAZBK (UTWquFBk +UTWBk—1qFBk—l) =Vauk damk (k =1 Ng; )
(28)

l‘JTWBE

Age

then the other BC nodal terms (grsx O Qemik, dLex @nd (pgk) can be determined too [27]-[29].

e For normalization purposes at the starting calculation (i.e., at the steady state situation) as an additional pa-
rameter the total nominal (steady state) heat power Qnowm, is asked.

e Channel entrance temperature Tggy (Or enthalpy hggin)

e System pressure Psys and its time-derivative (dPsys/dt), situated at a fixed position either along the BC (en-
trance, outlet) or even outside of the ensemble. Due to the fast pressure wave propagation each local pressure
time-derivative can then be set equal to the change in system pressure (as described in Section 9.3).

e Total mass flow Ggg )y at BC entrance together with pressure terms at BC entrance Pggy and outlet Pgay.
These three parameters are needed for steady state considerations (and partially used for normalization pur-
poses). 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 9.3.

e Steam mass flow Gsggy at BC entrance (=0 or =Gggy at single- or 0 < Ggggin < Gggyy at two-phase flow con-
ditions). The corresponding entrance void fraction age Will then be determined automatically within the code
by applying the inverse drift-flux correlation.

e Eventually needed time-derivatives of such (perturbation) 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 special situations can be
simulated. For example, that of several channel assembles (of 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 humbers KEYBC). Obviously, also the case of an ensemble consisting of inner loops (as this is needed
if describing parallel channels in a reactor core) can be treated in an adequate way by applying the concept of a
“closed channel” procedure (see Section 9.3).

With g ge =Uqypelege aNd Opge = Orge

6. Theoretical Thermal-Hydraulic Separate-Region Approach
6.1. Power Profile along a SC

Knowing from input (as explained in Section 5.2) the nodal BC power Qgyi together with the linear power term
quse at BC entrance then also the corresponding power profile along each of the SC-s can be determined.

Hence, if assuming linear behaviour of the “linear nodal BC power terms” within the corresponding BC nodes
it follows for the
“nodal linear SC power” term

Oinn = Ouce = dige (= BC entrance) or = (Gica ), st oce ot sc hetore. (N = OiF Zeg =07 > Zg¢ )

= 0y (n =1L Ngr and K =n+ Ngeg if Lppype = 2)

= Qg (n=1 Ng; —land, if zg, = z5,,n=Ng; withk=n+Ng.)  (29)
Az .

= Oica = ek +(qLBk _qLBk-l)i (n =Ng; and k = Ngca if Zep < ZBA)

Az,

and the “nodal SC power term”
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1
Qun = EAZNn (Genn + Gnns) (n=1,Nc)
= QBMk _(QMCA )at the last node of the SC before (n =1lwithk =1+ NBCE)
=QBMK (n=2, Ner —1andk=n+NBCE)
1 Az
=Quca = AZca | Uiges +_(qLBk - qLBk-l)i (30)
2 Az,

(n=Ngand k = Ny, if z¢, <z, and transient conditions)
=Qucao = Quno? (n=N¢; and steady state conditions)
with Qe given in(45) if Leype >0 orin(63) if Loy =0

In the transient case the SC outlet position zc, (and thus the length Az, of its last node) is (for the case zca <
zga) directly known from the integration procedure, i.e., Quca follows then directly from the relation above. For
steady state conditions it follows, on the other hand, now the term Qucao directly from energy balance consid-
erations ((44) and (63)) and the term Azca o can now, in a reverse manner, be calculated as shown in (69)).

And finally one gets for the
“mean nodal” and “nodal boundary SC power density” terms

— Qi gng (independently of the node length ) = ﬁ(qmn_l +0un ) (=1, Ny ) (31)

Mn n

Onn = Oce = Qe OF = (qCA )ofthe last node of the SC before (n =0if Zeg =0r> ZBE)
=20y, — Qs (n =1 N¢r )

This terms are, since independent of Azy,, very useful for the solution of special relations where Azy,— 0 (as
demanded later-on by (36) and (53)).
Hence, the “total SC power” can be presented as

Qwn

(32)

Ner

Qi = Z Qwin (33)
n=1

6.2. SC with Single-Phase Fluid (Lrryee > 0)

Transient situation

The spatial integration of the two PDE-s of the conservation Equation (1) and Equation (2) over a (sin-
gle-phase) SC node n yields (by taking into account the rules from Section 4.1, the relations from (7) and (27),
the possibility of a locally changing nodal cross flow area along the BC and the fact that eventually Vy,, — 0) for
the transient case relations for
o the total nodal mass flow

d d d
Gy = Gns =V (phT/ln — Ty + phF;In — Py |+ (pNn ~ Pwun ) Aun = Znn
dt dt dt (34)

d
+(Pyn = Prns) ANn—laZNn—l (N=1Ner ), Lerype >0

and, if eliminating by inserting from the equation above the term Gy, into the discretized energy balance equa-
tion
o the time-derivative of the mean nodal coolant temperature:

d . d _d d .
ETM” =T}, +TTCAaan with g =g e OF= 0if n=Ng; or < Ng; (35)

(n=1, Ng; and 7, = 7g,) or (n=1, No; —1and z¢, < Zgs ), Lepype >0

containing the (also for the special situation of Az, —0 resp. Vv, — 0 valid) part
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1 , d
TTtn = P (an —Ugn —0pn )+TTCE aan—l
1T'V'" d d d (36)
= T (Qun — Qonn + Qe )+ Trce ot 2t with g 2t = gy e 07 = 0 ifn=lor>1
and the coefficients
. ' h,. —h ¥
Privin = Pwn h&nCTMn with CTMn = 1_Mu = 1_M(TNn _TMn) (37)
IOMn th pMn
: GNn—l (s)
QGMn = GNn—l (hNn - hNn—l) :VanGn with Oon = _hNn (38)
A
. d
QPMn =VanGn with Qe = CRHPn a Psvs (39)
CRHPn =1_pMnhl\F/’In +pl\F/,In(hNn _th) (40)
1 P A q
Tie =2| T 2| 1- £ |70 E or=Ti, =—<=
s 2[ " [ Pwin ] " A Crun T Gree h(t:E (41)
(if either zoe > zge Of 7 ~ Zg atn=1and Ly > 0)

z 1 ANn

TCA —

- T withT® 5T2 if 2. >z
2AMnC-|-Mn Nn Nn CA CE CA (42)

(n<Ngr and zg, < Zg, Or n=Ng; and g, ~ Zgy, Lirype > 0)

In the transient case the mean nodal coolant temperature value Ty, is at the begin of each (intermediate) time
step known. This either from steady state considerations (in combination with PAX) or as a result of the integra-
tion procedure. Hence, other characteristic parameters needed in the relations above can be determined too.
From the PAX procedure it follow also the SC nodal terms T,, and the slopes Th(,? and Thsfn) resp., for the
case that Az, — 0, their gradients. Finally, using the water/steam tables [15] also their nodal enthalpies are
fixed.

Among other results also the SC outlet position z¢, is provided by the integration procedure, allowing then to
determine the total number of SC nodes (Nct) too. The situation that zca = zga means the SC nodal boundary
temperature values have, within the entire BC, not yet reached their limit values (T_jwnn = Tsatnn) @nd Nt = Ngca
with Ngca = Ngt — Ngce. Otherwise, if zca < zga, this limit is reached (at node n), then Nt = n. Obviously, the
procedure above yields also the time-derivative of the SC outlet position moving within this channel (As de-
scribed in Section 6.4).

Steady state

The steady state part of the total nodal mass flow (charaterized by the index 0) follows from the basic
non-linear algebraic Equation (34) if setting there the time-derivative equal to 0:

GNn,o = GCA,O = GCE,O = GBA,O = GBE,O (n =1 NCT ), LFTYPE >0 (43)

Treating (35) in a similar way and multiplying the resulting relation by Vy, yields the steady state nodal
temperature resp. enthalpy terms

QMn 0 / 1 H
hyno =PMypgo +———<h or >h with hy, ,, =h;,atn=1
Nn,0 Nn-1,0 GBEYO Nn,0 Nn,0 ( Nn-1,0 CE,0 ) (44)
(if Lepype =10r=2atn=1 Ny — Ny )
restricted by their saturation values. Then, as needed in (30) which results from energy balance considerations,
the nodal power term for the last SC node has to obey the relation
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QMCA,O :QMn,O = (h_hNn—l,O)GBE,O (if N=Ngr <Ngea @t Lepype =1)

. (45)
= (hNn—l,O _h)GBE,O ('f n= NCT < NBCA at LFTYPE = 2)
Thus, for the steady state case, Ncr is fixed too:
Ner =N < Ngey = Ngr —Npee +1and Zeao (: ZNn,O) <Zga (if hNn,o = hr/\m,o at Lepype :1) (46)

Ner =n=Ngey and 7¢, o = Zg, (if hyno < hl/\ln,O at Lerype =1)

with similar relations for the case Lerype = 2.

From the resulting steady state enthalpy value hy,o then (by using the thermodynamic water/steam tables) the
corresponding coolant temperature value Ty, follows (with Ty, o = Tsatno if N = Ner and zea < zgp) and, by ap-
plying the PAX procedure, their mean nodal temperature and enthalpy values Ty o and hyno, parameters which
are needed as start values for the transient calculations. Obviously, due to the non-linearity of the basic steady
state equations, this procedure has to be performed 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 1€SP. Gy = Gee and Gy 0 = Gge (n =1 Ner, i Lepype :l) (7)
GSNn = GCE and GSNn,o = GBE,O resp. G\NNn = G\NNn,O =0 (n =1 NCT’ if LFTYPE = 2)
_ _ _ _ _ _ hNn,o B hr/\m,o _ . _ _
Oy =0, Ay = Ao = Ay =00r =1and X, o = o (N=1 Ny if Lipype =10r=2)  (48)
SWNin,0

6.3. SC with Mixture Fluid (Lrryee = 0)

The spatial integration of the two PDE-s of the conservation) Equation (1) and Equation (2) (now over the mix-
ture-phase SC nodes n) can be performed by again taking into account the rules from Section 4.1, the relations
from (7) and (27), by considering the possibility of locally changing nodal cross flow areas along the BC) and
the fact that eventually Vy, — 0. This yields then relations for

o the total nodal mass flow term

Gun =Gt +Vim (p/ -p' )Mn (aMn — Qgpn _atGZn) (n =L Ner o Lervee = 0) (49)

with the coefficients (by neglecting thereby the small differences between mean and nodal saturation thermody-
namic values)

to_ 1 P /1P d
pn = (o —p")., [(1_05)/3 +ap :|MnaPSYS (50)
and
d d
a(t}Zn = age EZNn—l +a(ZJAaZNn (n =1 N¢p )
Ld. 1AL . d

= e gy Lee :Eﬁaﬁm qt e (n=1and z¢¢ >z ) 6D
=0 (I<n<Ng)

d 1 d
= aéAazCA =%(a& —Eafnnjazm (n=Ncr,Ner >1and zg, < 7g,)

e the mean nodal void fraction time-derivative

— Uy = Ay + A pcp— 2y, With — 2, :%ZCA or =0(if n=Ng; or < N¢; and Leype =0) (52)

dt dt dt ™"
and the coefficients
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d
t ot t z : 2
O py =Qpgy —Appp + A aan—l and @y = aca

(53)
1 G
a}ASn = a;-\Qn _a}\Gn = T|:an = Pgynn %}
SWMn n
(54)
1
= W[Qm - (GSNn - GSNn—l ) hSWMn ]
thon = Conpn Py With C —;[(1—05) W®a(pWP 3" hg, )-1]  (55)
APn = RHPN gy TSYS RHPn = ~7; M P P TP Ny i

SWMn

AG .
Gey = A M5 Gavn = Gt if @y, > 8 =0(atn=1)oray, —>as, =1(atn=Ng ) (56)

Nn

It can also be expected that at begin of each (intermediate) time step the mean nodal void fraction values
ay, are known. This again either from steady state considerations (at the start of the transient calculations) or
as a result of the integration procedure. Hence, the additional parameters needed in the relations above can be
determined too. From the PAX procedure it foIIow their nodal boundary void fraction terms «,,, together with
their slopes «y, and am resp. gradient aNn and thus, as shown both in Section 2.2.3 but also in the tables
given in [22] [23], all the other characteristic two-phase parameters (steam, water or relative velocities, steam
qualities etc). Obviously, due to the non-linearity of the basic equations the steady state solution procedure has
to be performed in a recursive way.

If, in the transient case, the SC nodal boundary void fraction oy, does (within the entire BC) not reach its limit
value (aymnn = 1 or 0) the total number of SC nodes is given as Net = Ngt — Npce and zy, (at n = Net) = Zca= Zgr.
Otherwise, if this limit is reached (at node n) then Ncr = n and ay, = 1 (or =0) with zca (<zg7) resulting from the
integration. Then, from the procedure above also the time-derivative of the boiling boundary, moving within the
BC, can be established (as this will be discussed in Section 6.4 t00).

With regard to the drift-flux package [21] a relation for the steam mass flow gradient (as already derived in
(13)) is required. It is based on the form

SNn = AgVsopn  With vgo =V (at ¢, =0) (n=1and e, - a¢ =0)

(57)
= AoV P With Vi, =V, (at @y, =1) (n=N¢; and e, = ac, =1)
Eliminating in (49) the term %O‘MH by inserting from (52) yields a relation between Ggy, and Gy,
,0/
Gin +[71] (GSNn ) =Gyn (n =1L Ner Lerype = 0) (58)
Mn

The resulting “auxiliary” mass flow term Gy, refers only to already known values (for example the power
profile or parameters from the node before) and is thus directly available

/

Gyn =Gynt "{5// 1] (GSNn—l + hSQWM ) Vi (,0/ —,0// )Mn (a;xpn +aéPn) (n =1 Ner, Lepyee = O) (59)
Mn

A similar relation can be established from the drift flux correlation (10) by taking advantage of the fact that
the needed drift velocity vpy, and the phase distribution parameter Coy, are independent from the total mass flow
Gnn (and can thus be determined before knowing Gy;,). This term (Gy;,) results then by combining (58) and (10)

G,, —(av,p'C
Gy, = — (@op'Coc), (N=1,Ng) (60)
1+(aCyCpc),,

using the coefficient
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/ "
P P
Cocnn = [7 _1J [Tj (61)
P vn \P “ee Jan

All other characteristic two-phase parameters follow then from the drift flux correlation package [22] and [23].
These are especially the nodal steam mass flow Ggy, and, eventually, the slope a,(jn) resp., according to (56),

will result, needed

n

Ggﬁ,)n . Then, finally, from (52) (or (49)) the mean nodal void fraction time-derivative %(ZM

for the next integration step.
Obviously, at a mixture flow situation the mean nodal temperature and enthalpy terms are equal to their satu-
ration values

Tum = Tsar (Pun ) resp. hy,, = h' (P, ) or hij, =h" (Py,,) (n=1 N¢; and Lepype =0) (62)

and are only dependent on their local pressure value.

Relations for the steady state case follow by setting in (49) and (52) (resp. (53)) the time-derivatives equal to
0. For the total mass flow parameters a similar relation as already given for the single-phase flow (see (52)) is
valid, yleldlng GNn,O = GBE,O-

Hence, one obtains a relation for the (steady state) nodal steam mass flow

Q
B0 < Grngr=Cge  (N=1 Ngr —Ngee and Lepype =0) (63)

GSNn,O = GSNn—l,O + h
SwMk,0

if knowing the term Qumcao = Qwmino at N = Nct (see (30)).
Thus the total number (Nct) of SC nodes can be determinrd too:

Ner =N < Ngr — Ngee and Zcao (= ZNn,o) <Zgp (if GSNn,o = GBE,o and Lpype = 0)

: (64)
Ner = Ngr — Ngee and Zeao = Zga ('f GSNn,O < GBE,O and Lepype = O)
and also the corresponding steam quality parameter
G
Xno =t (I’I =1, Nep if Ligype = O) (65)

Nn,0

The nodal boundary void fraction values ayno can now be determined by applying the inverse drift-flux cor-
relation. The mean nodal void fraction value oy, from the PAX procedure. All of them are needed as starting
values for the transient calculation.

6.4. SC Entrance and Outlet Boundaries

6.4.1. SC Entrance Position

The SC entrance position zce (=zn, at n = 0) is (for both the steady state but also transient case) either equal to
BC entrance zge (for the first SC within the BC) or equal to the outlet boundary of the SC before (See also Sec-
tion 3).

6.4.2. SC Outlet Position
Steady state:

The SC (steady state) outlet position zZcao (=Znn at N = Ncr), i.€. the boiling boundary zggo or mixture level
ZwLo, can for the trivial case of z.,, > zg, be represented as

Zepo = Zea (n =N¢; and Zeao = ZBA) (66)
Otherwise, the length of the last (SC) node (Azca ) and thus also
Zopo = Znn1 +DZcp (n =N¢; and Zepo = ZBA) (67)

can be determined if taking into account that the corresponding steady state total number Ncr of nodes of a (sin-
gle- or two-phase) SC is already determined by (46) or (64). The nodal power term Qucao Of the last SC node
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are then given by (45) or (63). Hence, if dividing (30) by Azgq. s« - 1,0 Yields an algebraic quadratic equation of
the form

19 -q Az 2 Az Q
E LBk,0 LBk-1,0 ( CA,O) + CA,0 _ MCA,0 — 0 (n — NCT and k — NBCA |f NCT — NBT) (68)

Oik-1,0 Azg AZg,  AZg Qg 1o
yielding finally as solution

AZepo =AMy (N=Ngp and k = Ngg, if Ngp = Ng; )

:AszM 1_\/1_2[1_ ek J Quen (k= Ngea if Nep < Ngp) (69)

qLBk—l,O - qLBk,O qLBk-l,O ZquLBk—l,O

QMCA,O (1_ qLBk,O - qLBk—l,O QMCA,O

sz qLBk—l,O

J if digko = Uiskso

Uiek-10 Zg Qgk-1,0

Then, from the relations in Section 6.1, also the other characteristic steady state power terms can be calcu-
lated.

Transient situation:

The transient SC outlet boundary zc, (=boiling boundary or mixture level) follows, as already pointed-out,
directly from the integration procedure. Thus also Azc, and Ncr are determined. A boundary which can move
along the entire BC (and thereby also cross BC node boundaries). A SC can even shrink to a single node (N¢t =
1), start to disappear or to be created anew. Then, if Azcy — 0, in the relations above the slope in the vicinity of
such a boundary has to be replaced by a gradient (determined in PAX).

The mean nodal coolant temperature or, if Lerype = 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. The second one follows then after the integration from the PAX
procedure.

If combining (in case of single-phase flow) (24) and (35) the wanted relation for the SC boundary time de-
rivative can be expressed by

d d TTtCA _TFEXCA

Gl gl T T e O =0 (N=Ngy,Zen < Zgp OF Zgy = Zgp i Lipype > 0) (70)
TCA PXCA

and if taking for the case of a mixture flow in a similar way (24) and (52) into account

t t
d d _ Orca ~ Ppxen

EZCA = EZML = or=0 (n =Ner, Zen < Zgs OF Zgp = Zpa If Ligype = 0) (71)

z z
Orcp — Opxca

of the last SC node (at n = N¢7) follow by

n n

o R d d
If Zca < Zgp, the corresponding time-derivatives ETM or E“M
inserting the terms above into (35) or (52). After the integration procedure then the SC outlet boundary zca
(=boiling boundary zgg or mixture level zy,) and thus also the total number N¢r of SC nodes are given.
Similar considerations can thus yield alkso corresponding relations for the time-behaviour of a supercritical
fluid.

6.5. Pressure Profile along a SC (and thus also BC)

After having solved the mass and energy balance equations, separately and not simultaneously with the momen-
tum balance, the now exact nodal SC and BC pressure difference terms (AR, = Py, — Py,., and APgyyq) can be
determined for both single- or two-phase flow situations by discretizing the momentum balance equation (13)
and. if applying a modified “finite element method”, integrating (4) to (6) over the corresponding SC nodes. The
total BC pressure difference AP,; = P;, — Py between BC outlet and entrance follows then from the relation

APy; = APy — AP (With APgg; , = 0 at steady state conditions) (72)
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and the part
APagr = APy + APy + APygr + APrgr + APygr (With APsgr o = APyry, o4t steady state conditions) — (73)

comprising, as described in Section 2.1.3, terms from static head (APsgr), mass acceleration (APagt), wall fric-
tion (APrgt) and external pressure accelerations (APygr due to pumps or other perturbations from outside) and an
(only for transient situations needed) term, APggr, being represented as

o d d . .
APygr = I aGFB(z,t)dz =Zg EGFBMT at transient onditions

0
=0 at steady state

(74)

This last term describes the influence of time-dependent changes in total mass flux along a BC (caused by the
direct influence of changing nodal mass fluxes) and can be estimated by introducing a “fictive” mean mass flux
term Gegmr (averaged over all Ngcr SC-s of the entire BC) with

1 Nscr Net 11 Npt Zg
GFBMT = Z_ ; 2‘1 AZNnGFBMT :EZ_ kz‘i (GBk +GBk—1) (75)
BT n=; BT K= Mk

Its time derivative can then be represented by

EGFBMT = Srour ~Crewre _ (EGFBMT j if At=t—t, =0(Index B =begin of time-step) (76)
dt At dt e

Looking at the available 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
(APgg7) along a BC can thus never be described in a satisfactory manner solely by analytical expressions. To
minimize these uncertainties a further friction term, APpg, had to be included into these considerations.

Since the total steady state BC pressure difference APgro = APpgr is known from input the corresponding
steady state additive pressure difference term APpgr iS (according to (73) and (74)) fixed. It seems, however, to
be reasonable to treat this term as a “friction” (or at least the sum with APggr) and not as a “driving” force. Thus
it must be demanded that these terms should remain negative. Otherwise, input terms such as the entire pressure
difference along the BC or corresponding friction factors have to be adjusted in an adequate way.

Describing the general additive pressure difference term APpgr as to have the form

APygr = ( fewpo _1) APegr + AP (77)

means that APpgy is either supplemented with a direct additive term (index FADD) or the friction part is pro-
vided with a multiplicative factor (femp — 1). For the additive part it will be assumed to be the (1 — eppz)-th part
of the total additional pressure difference term and to be proportional to the square of the total coolant mass flow,
e.g., at BC entrance

Ge |G|

j =(1-epp, ) APog; and =0(ie., £pp, =1)if APy o >0 (78)
2pdy, BE

APypp =— fADD Zgr = {

with the input coefficient epp; = eppz governing from outside which of them should prevail.
From the known steady state total “additional” term APpgr o the corresponding additive friction factor fapp o
follows then directly from the equation above. From (77) then the multiplicative one

APDBT ,0

(setting &pp, =1if APygr 4 >0) (79)

fevpo =1+ €pp;
FBT,0

There arises now the question how the validity of both correction factors could be expanded to the transient
case too. In the here presented approach this is done by assuming that these factors should remain time-inde-
pendent, i.e., that fapp = fapp,o and fempe = fempo. This allows finally also to determine the wanted nodal pressure

decrease term APpgr of (73) for the transient case.
By adding the resulting nodal BC pressure difference terms to the (time-varying) system pressure Pgys(t),
given from outside as boundary condition with respect to a certain position (in- or outside of the BC), then fi-
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nally also the absolute nodal pressure profile Pg, along the BC can be established (This term is needed at the be-
gin of the next time step within the constitutive equations).

7. Digital Coolant Channel Module CCM

Starting from the above presented “drift-flux based mixture-fluid theory” an universally applicable (1D) ther-

mal-hydraulic coolant channel module, named CCM, could be established. It was derived with the intention to

provide the authors of different and sometimes very complex multi-channel thermal-hydraulic codes with a gen-
eral 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.

For the realization of the theoretical thermal-hydraulic model in the corresponding (digital) module CCM
very specific methods had to be achieved by taking into account the following points:

e The code has to be easily applicable, demanding only a limited amount of directly available input data. It
should yield as output all the necessary time-derivatives and constitutive parameters of the basic coolant
channels required for the establishment of an overall thermal-hydraulic code.

e It was the intention of CCM to act as a complete system in its own right, requiring only BC (and not SC) re-
lated, 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 beginning of each re-
cursion or time-step automatically within CCM, so no special actions are required of the user.

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. For this purpose a special “modified finite element-method” has been developed
which takes advantage of the “Leibniz” rule for integration.

o For the support of the nodalized differential equations along different SC-s a “quadratic polygon approxima-
tion” procedure (PAX) was constructed in order to interrelate the mean nodal with the nodal boundary func-
tions. Providing additionally also nodal entrance gradients which are required for the calculation of varying
SC entrance and outlet boundaries (See Section 4.2).

o Several correlation packages such as, for example, packages for the thermodynamic properties of water and
steam, single- and two-phase friction coefficients and drift flux correlations had to be developed and imple-
mented (See Sections 2.2.1 to 2.2.3). And, for the case that the power distribution along the channel is not
directly available also a heat transfer correlation package (See Section 9.1).

o Knowing the characteristic parameters at all SC nodes (within a BC) then the single- and two-phase parame-
ters at all node boundaries of the entire BC can be determined. And, in the transient case, also the corre-
sponding time-derivatives of the characteristic averaged parameters of coolant temperatures resp. void fraction
over these nodes. This yields a final set of (steady-state) algebraic resp. ODE-s and constitutive equations.

e In order to be able to describe also thermodynamic non-equilibrium situations it can be assumed that each
phase is represented by an own with each other interacting BC. For these purpose in the model the possibil-
ity 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. They are, however, not essential for
the development of mixture-fluid models but can help enormously to enhance the computational speed and ap-
plicability of the resulting code when simulating natural circulation within a complex net of coolant pipes:

e The solution of the energy and mass balance equations at each intermediate time step will be performed in-
dependently from momentum balance considerations (Section 4.3). Hence the heavy CPU-time consuming
solution of stiff equations can be avoided.

e The decoupling allows then also the introduction of an “open” and “closed channel” concept (see Section
9.3). Such a special method can be very helpful in describing complex physical systems with eventually in-
ner loops. As an example see in [27] [28], the simulation of a 3D compartment by parallel channels.

o It represents thus a valuable and very generally applicable tool for the establishment of complex ther-
mal-hydraulic computer codes. And this by being able to describe any physical system containing a variety
of complicated single- and mixture fluid regions. Which can be represented by a number of different types of
(basic) coolant channels. It provides automatically an overall set of nodal non-linear algebraic resp. ordinary
differential equations and corresponding constitutive relations needed for each of these sub-channels and
thus basic channels. Hence, this direct method can then be seen as a real counterpart to the currently pre-
ferred and dominant “separate-phase models”.
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The application of a direct mixture-fluid technique follows a long tradition of research efforts. Ishii [26], 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.

For more details about the construction of the module CCM see [29]-[34] and [13].

8. Comparison between the “Separate-Region” and “Separate-Phase” Concepts

The here presented theoretical “separate-region” approach can thus disclose a new way in describing thermal-
hydraulic problems. The resulting “mixture-fluid” technique can be regarded as a very appropriate way to cir-
cumvent 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 [27], a variety of arguments for the here presented type of approach is given.

Generally, the mixture-fluid approach is in line with Fabic [36] who names three strong points arguing in fa-
vour of this type of drift-flux based mixture-fluid models:

o the application of (genuine) constitutive equations have the advantage that these relations are supported by a
wealth of test data,

e they do not require unknown or untested closure relations concerning mass, energy and momentum ex-
change between phases (they are mostly very speculative, influencing thus the reliability of the codes),

o they are much simpler to apply,

and, it can be added,

e discontinuities during phase changes can be avoided by having to concentrate to SC-s with one fluid type
only and by deriving special solution procedures for the simulation of the movement of the SC entrance and
outlet boundaries,

o 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.

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 the “separate-region” mixture-fluid approach presented here in
a very elegant way. A very unique technique has been established built on the concept of subdividing a basic
channel (BC) into different sub-channels (SC-s), thus yielding exact solutions of the basic drift-flux supported
conservation equations. This type of approach shows, as discussed in [27], distinct advantages vs. “separate
phase” codes, especially if being aware of
o the quality of the fundamental equations with basic conservation equations on the one side following directly

from physical laws supported by experimentally based constitutive equations vs. split “field” equations on
the other side with artificial closure terms,

o 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,

o the easy replacement of new and improved correlations within the different packages without having to
change the basic equations of the theory (for example the complicated exchange terms of a “separate-phase”
approach) ,

o the possibility to take advantage of the “closed-channel concept” for an overall system (as explained in the
next section), This concept can, for example, be needed for thermal-hydraulic 3D considerations, allowing
thus to decouple a characteristic (“closed”) channel from other parts of a complex system of loops,
the speed of the computation,
the derivation of the theory in close and parallel connection with the establishment of the planned code by
incorporating demands coming from both sides,

o its easy applicability,
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o thermal non-equilibrium situations can be taken care too because of the introduction of varying cross sec-
tions along the BC into the concept. Two separate phases of such a fluid can then be simulated by two with
each other interacting basic channels (for example if injecting sub-cooled water rays into a steam dome).
the maturity of the module, which is continuously enhanced by new application cases.
taking advantage of the considerable effort that has been done in verifying and checking CCM (besides an
extensive V & V procedure), with respect to the applicability and adjustment and also for very extreme
situations

e and the benefits coming from the fact that most of the development work for the coolant channel ther-
mal-hydraulics has already been shifted to establishment the here presented 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 ele-
ment 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, of 3D thermal-hydraulic compartments consisting of a number of parallel channels
(reactor cores, VVER steam generators etc.). It shows special advantages in view of the determination of the
mass flow distribution into different coolant channels after non-symmetric perturbations (see [27] [28]), a prob-
lem which is far from being solved in many of the newest 3D studies.

It has, however, to be noted that there exist essential differences in applying these two types of approaches.
The modular codes (such as TRAC, RELAP, ATHLET etc.) combine the different parts of a complex physical
system by means of special input prescriptions. Being thus more susceptible to input errors. In the here pre-
sented separate-region approach the very well tested-out module CCM vyields only for each compartment the
needed characteristic algebraic and differential equations for the overall code (e.g. UTSG-3). Which allows
more flexibility in describing a complicated physical system but demands also from the user that he is competent
in establishing digital codes.

9. Overall Thermal-Hydraulic Multi-Channel Model and Digital Code

In order to be able to incorporate CCM in an overall thermal-hydraulic multi-channel code the interaction be-
tween the different compartments of the (sometimes very) complex physical system has to be defined. For ex-
ample the heat transfer by means of boundary conditions.

And it has to be considered how the inner circles within this system work. For this purpose usually three more
conservation laws have to be taken into account. They yield the necessary initial and boundary conditions to
CCM with CCM providing, vice versa, the feedbacks in return.

The first two laws, namely the volume and mass balance relations, allow then to calculate the transient be-
haviour of the water (and steam volume) and of the pressure (and thus also system pressure Psys) within a fixed
(but also even a changing) overall volume V7.

The third physical law is based on the (trivial) fact that the sum of all pressure decrease terms along a closed
loop must be zero. And thus in the transient case the entire pressure difference of at least one of the BC-s within
this chain of loops is fixed. This allows then to determine the absolute values of the mass flow profile along the
entire loop (for example at least at the entrance to this special BC to determine.

9.1. Power Profile along a Coolant Channel (Heat Transport into and out of a BC)

The nodal BC heat power terms Qgu (and the corresponding density ggce at BC entrance) into or out of the
coolant are needed (as explained in Section 6.1) as boundary condition for the energy balance equation (2) for
each of the channels.

These terms can either be directly available (as this is the case for electrically heated loops) or be provided
from other parts of the overall system.

In this later case the nodal power distribution (and the wall temperature Try) have to be determined by solving
the adequate Fourier heat conduction equations (a PDE of 2-nd order) at each BC node. Demanding thereby
adequate boundary condition, such as, for example,

A
Ur =aqy (TTW =T ) = qLﬂ = U (80)

Uy Un
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for the case of heat transfer out of a fuel rod resp. out or into a U-tube (with respect to a coolant having the tem-
perature T). Such a procedure is, for example, presented in [13] [30] for the case of heat conduction through a
U-tube wall).

For this purpose adequate heat transfer coefficients (amy) are demanded. This means a method had to be found
for getting these coefficients along a coolant channel at different flow regimes. In connection with the develop-
ment of the UTSG code (and thus also of CCM) an own very comprehensive heat transfer coefficient package,
called HETRAC [37], has been established.

Obviously, since the resulting set of heat transfer coefficients can never represent the reality in a correct way
the wetted surface of the involved heat transfer elements has, in view of the given nominal total steady state
power value Qnowm,o, t0 be provided with a corresponding correction factor. A factor which will be assumed to
remain unchanged also in the transient case.

This classic method is different to a “separate-phase” concept where it has to 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.

9.2. Mass and Volume Balance along the Entire Overall System

Calculating, as explaine above, the transient behaviour of the water (and steam volume) and of the system pres-
sure Pgys. Together with the local pressure difference termss then also the pressure profile along each corre-
sponding BC can be determined.

9.3. BC Entrance Mass Flow (“Open and Closed Channel Concept”)

It can be expected that at steady state conditions for each BC in a consecutive arrangement of BC-s the two
pressure entrance and outlet values (Pge = Pgein, Pea = Peaiv and the entrance mass flow Ggg = Ggg)y are known
from input. The entire friction pressure decrease along a BC can, however, never be described in a satisfactory
manner solely by analytical expressions as based only on the available friction correlations. Hence (as explained
already in Section 6.3) in order to consider correctly contributions from spacers, tube bends, abrupt changes in
cross sections etc. as well correction terms fempo and APeapp o had to be introduced. In the case of parallel chan-
nels one of them will be taken as the representative one. Since it can usually be assumed that all these channels
will have a common friction behaviour (otherwise a special procedure has to be foreseen), the correction factors
for this channel can be assumed to be valid for all the other channels too This allows then to calculate also the
different mass flow distribution into these channels (See for example [29]).

In the transient case only two of the three characteristic variables (BC entrance mass flow, BC entrance and
outlet pressure) can be expected to be known from input. Hence, in these considerations it will have to be dis-
tinguished between two special concepts. Is the mass flow at a BC entrance known as input, either as outside
perturbation (resulting from a pump) or as an outlet value from a BC below) Yes or not? Assuming that in both
cases the resulting (steady state) correction factors will remain unchanged then in the 1-st (“normal”) case
(called the “Open Channel Concept™”) the mass flow and pressure development along the channel (and thus also
the missing pressure term at ether BC outlet or entrance) can be determined in the usual way (See Section 3). In
the other case (named “Closed Channel Concept”) there has, however, to be found a method how to estimate an
appropriate entrance mass flow value (or its time-derivative) by adjusting it to the given now fixed BC pressure
difference.

This last case plays an important role in the simulation of the natural circulation behaviour of masses within
the closed loops of complex physical systems. Due to the fact that the sum of the entire pressure decrease terms
along such a closed circuit must be zero. Then the pressure difference (and thus also the absolute entrance and
outlet values) are at least of one of the BC channels are defined. And with special methods the needed coolant
mass flow terms can be determined

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 simul-
taneously. A procedure which affords mostly immense computational times and costs. In the here presented
module (based on a separate treatment of momentum from mass and energy balance) a more elegant method
could be established. Thus introducing an additional very efficient aspect into the theory of CCM.

This last and still very provisional method has been applied within the UTSG-3 code [13] for the simulation
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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. [28] [29]). 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 of 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.

10. Solution Procedure
10.1. Steady State

The characteristic steady state parameters are determined in a direct way, i.e. calculated by setting all the time-
derivatives equal to zero and solving the resulting set of non-linear algebraic equations for SC-s (as being pre-
sented in the Sections 6.2, 6.3 and 6.4). Thereby, due to the nonlinearities in the set of the (steady state) consti-
tutive equations a recursive procedure in combination with and controlled by the main program has to be applied
until a certain convergence in the solution vectors can be stated. The results are then combined to BC parameters
and transferred again back to the main (=calling) program.

The (seemingly trivial) demand that the solution vectors should remain unchanged at the begin of calculation
and still zero-power conditions is a very valuable and important check of the quality of the set of transient basic
equations.

10.2. Transient Situation

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 Section 7) 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 number (Ncr) of SC nodes. Finally, the needed SC (and thus BC)
time-derivatives can then be determined within CCM yielding the corresponding constitutive parameters and the
total and nodal length (zy, and Azy,) of these SC-s and thus also their total (as described in the Sections 6.2 to
6.4) and then transmitted again to the calling program where the integration for the next time step can take place.

11. Natural-Circulation Thermal-Hydraulic U-Tube Steam Generator Code UTSG-3

The construction of such an overall code has, for example, be exercised by establishing a new and advanced
version of UTSG, now called UTSG-3, being based, similarly as in the previous code UTSG-2, on the same
U-tube system layout (heat transfer through U-tubes, top plenum with the main steam system, downcomer (with
feedwater injection) and natural circulation along the secondary loop included). But now replacing, among other
essential improvements, the three characteristic channel elements of the code UTSG-2 (i.e. the primary and sec-
ondary side of the heat exchange zone and the riser) by adequate CCM modules.

The very successful application of the “separate-region coolant channel concept” within 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”. And it allows to check
the performance and validity of the code package CCM and to verify it. For more details see [13] [31] [33].

12. Verification and Validation (V & V) Procedures

During the course of development of the different versions of the code combination UTSG-3/CCM the module
has gone through appropriate verification and validation (V & V) procedures (with continuous feedbacks being
considered in the more and more advanced 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 achieved, as already explained in the section above, in a
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very successful way by means of the natural-circulation U-tube steam generator code UTSG-3. Thereby the
module CCM could take advantage from the experiences been gained in decades of years work with the con-
struction 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 [9]-[11] [33] [34] [38]-[40] and now also
the new advanced code version UTSG-3 [27] [28].

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 incorpora-
tion 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 [13].

13. Conclusions

The universally applicable coolant channel module CCM has been established with the aim to describe the
thermal-hydraulic situation of a coolant flowing up-, horizontal or downwards along any channel with fluids
changing between sub-cooled, saturated, superheated and supercritical conditions. It must be recognized that it
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
of a basic channel into SC-s is done automatically within the module, requiring no 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.

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 trans-
fer 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 [13] [27]
[33]-[35].

The enormous efforts already made in the verification and validation of the code UTSG-3, its application in a
number of transient calculations at very extreme 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.

There is, however, not yet enough experience to judge how the potential of the mixture -fluid models and es-
pecially 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 de-
pends, 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
“Separate-Region Mixture Fluid” concept offers a very satisfactory alternative to the currently dominant “Sepa-
rate-Phase Model” concepts.

A very detailed derivation in this paper established set of characteristic model equations for both the polygon
approximation procedure PAX (as a part of CCM) but also of the Coolant Channel Module CCM is given in [41]
[42].
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Nomenclature
Ask m?2 BC cross sectional area (at BC node boundary k)
Ann, Aun m?2 SC cross sectional area (at SC node boundary n, mean value)
Arwmn m?2 Surface area of a (single) tube wall along a node n
c - Dimensionless constant
Co, Cg - Phase distribution parameter and its slope at a = 0
duy m Hydraulic diameter
f(z, t), fan, fmn - General and nodal (boundary and mean) solution functions
fLmea - Upper or lower limit of the approx. function f(z,t)
kg
G=G,+G, =A|(1-a)p,V, +ap,V =
) [( ) Y ° S] Mass flow
G Mass flux
GF:X:Vp:GFW+GFS ng
s-m
h hP co=h' Jm 1 Specific enthalpy and its partial derivatives with respect to pressure and
TP kg' kg 'm*-kg  temperature (=specific heat)
J .
hsw=h"—H, h' K g Latent heat, saturation steam and water enthalpy
Kevec - Characteristic key number for each channel (BC) within an overall design
_ SC with saturated water/steam mixture, sub-cooled water, superheated or
Lervee=0,1,20r 3 - ..
supercritical steam
Lrree (=LFTYPE of 1-st Nsc) - Lrrvee of 1-st SC within BC
Lugars =0o0r=1 - Non-heated or heated wall
Lnoccr=00r=1 - Eventual CCF situation allowed or not allowed
Nar = Naca — Ngce + 1 - Total number of BC nodes
Ngca = Ner + Nace — 1, Nace - BC node numbers containing BC outlet or entrance
Ncr = Nea— Nege + 1 Total number of SC nodes BC node number containing SC outlet and
Nca, Neg, Not =Nea — Nee + 1 entrance and total number of SC nodes
Nee = Neee. N ) Characteristic number of each SC, setting Nsce = 1, 2, 3 or 4 if Leryee =0,
SC = TNSCE, TNSCA 1,2o0r3. Then Nsca = Nsce + Nscr — 1
P, APt =P, — P: Pa= mkgsz Pressure and pressure difference (in flow direction)
QsT, Qawmk W Total and nodal power into BC node k
_Ua W Mean nodal BC power density into the fluid (=volumetric heat transfer
Qo = Ao 3
A m rate)
— qu — qLBk W .
Oea = A =T — Heat flux from (heated) wall to fluid at BC node k
UBk UT\NBk m
O = Qu _ Al w Linear power along BC node k
Az, m
_Qu__ 1 w . o .
Qun = v W(qwn +0ins) o) Mean nodal SC power density into fluid (=volumetric0 heat transfer rate)
Mn n
Tt C,s Temperature, time
Umw m Perimeter of a heated (single) tube wall
Vv, = %(ANn +A,.)Az, m? Mean nodal SC volume
Vi, =G¢—>Vwo(a —1) m Water velocity
(1-a)p, s
_Gy ; m .
v, =—= v if (¢ > 0) — Steam velocity
aps S
G, h-n . .
X = G or = h - Steam quality (extended to single-phase flow too)

SW
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Continued

Z, AZnn = Znn — Znn-1 m Local position, SC node length (zyn-1 = zce at n = 0)
Zon = Zoe = Ly i Zop — 2o = 2y m BC and SC outlet and entrance positions, total length
Zgg, ZML, ZSPC m Boiling boundary, mixture level resp. supercritical boundary within a BC
o - Void fraction
W .
aTwk .C Heat transfer coefficient along a BC wall surface
A - Nodal differences
£opz - Coefficient controlling the additional friction part
eqrw Correction factor with respect to Qnowm,o
ew m Abs. roughness of tube wall (erw/duw = rel. value)
@2 - Two-phase multiplier
Dz - Angle between upwards and flow direction
o 0T % % ' mI:gC tEe)?sétl};tir;g their partial derivatives with respect to (system) pressure and
® S Time constant
0 - Partial derivative
Subscripts
0, 0 (=E or BE) Steady state or entrance to SC or BC (n or k =0)
A E, T (=AE) Outlet, entrance, total (i.e. from outlet to entrance)
B, S Basic channel or sub-channel (=channel region)

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

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

Mn, BMk Mean values over SC or BC nodes
Nn, Bk SC or BC node boundaries (n = 0 or k = 0: Entrance)
D Drift
S, W Steam, water
P, T Derivative at constant pressure or temperature
™ Tube wall surface
Superscripts
1,1 Saturated water or steam
P, T Partial derivatives with respect to P or T
(Gs), (@), z, s Partial derivatives with respect to Gs, « or z (=gradient), slope
Acronyms
ATHLET’SS_%’?‘?EA%ATHENA’ Well-known thermal-hydraulic codes (on the basis a separate-phase approach)
BC, SC Basic(=coolant) channel subdivided into subchannels (=regions of different flow types)
CCF Counter-current flow
CCM Coolant channel model and module (established on the basis of a separate-region approach)
GCSM General Control Simulation Module (Part of ATHLET)
GRS Gesellschaft fir Anlagen- und Reaktorsicherheit
HETRAC Heat transfer coefficients package
HTC Heat transfer coefficients
MDS Drift flux code package
MPPWS, MPPETA Thermodynamic and transport property package
NPP Nuclear power plant
PAX (PAXDRI) Quadratic polygon approximation procedure (with driver code)
PDE, ODE Partial and ordinary differential equation
UTSG U-tube steam generator code
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