Appendix A

The RAMONA/POLCA Model

A.1 Neutron Kinetics and Power Generation

The most rigorous description of the neutron flux behavior is given by the Boltzmann trans-
port equation. A numerical solution of this fully three dimensional problem is prohibitively
expensive in computer time and memory. Therefore the following simplifications are stan-
dard in 3D numerical reactor models and proven to be acceptable.

e The energy dependence is characterized by two energy groups.

The border between thermal and fast neutrons is set at 1 eV such that neutrons in the
thermal group do not scatter up into the fast group.

e Using Fick’s law, the transport equation is simplified into a diffusion equation.

The solution of the core neutronics requires the definition of average cross sections.
The complex geometry of a fuel assembly cannot be modeled precisely with the Dif-
fusion equation and the coarse mesh used to calculate reactor wide data. A homoge-
nization is carried out by first obtaining a fine-mesh (2-D), multi group transport code
theory solution for the fuel cell using zero current boundary conditions. Then, flux
weighting of the multi group cross sections is performed to obtain the equivalent two-
group parameters for the homogenized fuel cell. For example, the node averaged total
cross section for energy group g is
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whered(r,E) is the fine mesh, multi-group flux solution for the fuel cell obtained from
detailed auxiliary calculations performed e.g. with the lattice physics code PHOENIX
[2]. AEq is the energy width of the group g. The first integration is the homogenization
procedure and the second integration is the energy averaging procedure known as
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group collapsing. All lattice code calculations are conducted in this work by the steady
state core simulators PRESTO or POLCA. MATSTAB reads the required data from
the master files generated by these steady state codes (see Figure 2.2 on page 19).

e The time dependence of the delayed neutrons is characterized by 6 delayed groups.

A.1.1 Governing Equations for Neutron Kinetics

The general diffusion theory equation is derived from the equation of continuity which states,
that the rate of change in number of neutrons is equal to the rate of production minus the
rate of absorption minus the rate of leakage of neutrons within a volume of interest. See any
reactor physics textbook for an in-depth explanation, e.g. [48].

\%% = S0Urce — Zapsorptiond — divJ (A.2)
The neutron leakage term is obtained by applying Fick’s Law.

J=-D (A.3)
Insertingd in the equation of continuity, assuming that D is not a function of position gives
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The two-group equations with more detailed absorption and production terms are:

Diffusion equation for the fast neutron flux

10
Ui = DaT o~ (B Z)ha (1 B)aZid +v2Tiobo) £ S MG (AS)
(A.6)
Diffusion equation for the thermal neutron flux
Vir D20%2 — Zaoh2 + 21 (A7)
Precursors of delayed neutrons for group d
0
X _ Bd (VaiZr1da +V2Z202) — AdCd (A.8)
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A.1.2 Boundary Conditions

The core of a BWR is surrounded by the coolant which acts as a reflector for both fast and
thermal neutrons. A reflector can significantly affect the characteristics of the neutron pop-
ulation within the core. It is therefore important to represent correctly the effects produced
by a reflector. Fick’s Law is not valid in the immediate vicinity of the surface of the core,
so another approach has to be found. It would be possible to simply include the reflector as
a part of the overall reactor. However, this way is computationally costly since fine meshes
are required to represent the reflector in a finite-difference approximation. MATSTAB uses
another common approach which overcomes this problem by excluding the reflector but,
instead, applying appropriate boundary conditions at the core-reflector interfaces. The most
general approach for the two-group approximation is to use a matrix atbedfined at the
surface of the core. The following equations originate from the model used in POLCA and
are described in detail in [52].

Jraurn — a'\]out (Ag)
a; O J
= , J= A.10
[321 azz} [Jz} ( )
The values ofy; are taken from the master file of the steady state code.

A.1.3 Node Integrated Balance Equations

The nodalization of the core leads to node averaged quantities, denoted with a bar.

1
%= ik / L gudr (A.11)
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for the fast neutron flux. By means of the divergence theorem, we can rewrite the volume
integral as a surface integral

1
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Where n is the number of the node and m is one of its neighbors. The node integrated balance
equations for the node n therefore look as follows.

1 df. 5 ) 6:
A g’ln - Z Jl nm— (Zar + Zr) @10+ (1= B) (VaZt101n + V2Z 12 2n)
1 dT hnm
(A.14)
+ Z_)\dcd
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dC, - = ~
d:n = Bg (ViZ191n +V2Zi2d2n) — AdCun (A.16)

The expression relating the node interface net currents to the average fluxes of the adjacent

nodes is 1
h—Jg,nm = Xg,nqul,n - Yg,nqul,m (A-17)
nm

wherehym is the extension of node n in the nm direction. The complete derivation is found
in [52],[48]. The coupling coefficients are given by

X1nm= % V Ij1n V I:N)lm Onh Sh (A.18)
i
Yimm= % V I51n Y% I:~)lm OmSm (A.19)

X2.nm = h2 \Y% D2n V D2m On Shleon (A.20)
Y2nm= h2 \/ n Vv D2m OmSmleom (A.21)
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1n Dlr D2n D2r
Y27nr == O (A25)
where
Node size ratios Rm=1 , M points in x,y-direction
Rym = E—S , M points in z-direction
Ry =0 , m points to reflector
fo = 2=
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A.1.4 Prompt Jump Approximation

The time derivative of the fast and the thermal flux are both set to zero, which means that
the left hand side of A.14 and A.15 are set to zero.

[ 6 6
0=- z Xiom+Za1+ 2 | §1n+ Z Y 1 nm®1m
[m=1 = (A.26)
+(1—PB)(viZt1d1n +V2Z2h2n) — (Z)\dcdn
[ 6 _ 6 _ B
0=-— z x2,nm - zr ¢1n + Z Y27nmq>1m - za2(1>2n (A-27)
Lm=1 m=1
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The prompt jump approximation is valid, if the life time of a neutron is much smaller than
the studied phenomena. Physically it is an immediate adaption of the neutron flux to pertur-
bations.

The life time of some precursors is much closer to the time a density wave needs to pass
the reactor than the neutron life time and, therefore, significant. The time derivative of the

precursors may not be set to zero. Nevertheless it is possible to simplify equation A.16

without much loss in accuracy.

Equation 2.25 describes the time dependence of a state variable. For the \@j(&b}l&
reads as follows.

Can(T) =Cgn€"  ,d=1,...,6 (A.28)

Wherecy, is a scalar and not time dependent. Equation A.16 may now be written as follows.

dCgn€ _ _ _
C(é% = Ba(ViZs1$1n+V2Z202n) — AdCan (A.29)

It is now possible to carry out the derivation with respect to time. This transforms the differ-
ential equation into a algebraic equation.

ACan = Bd(V1Z 11§10+ V2Z2d2n) — AdCun (A.30)

Can is depending o which actually is unknown. Therefore the starting guess isfused

to calculateCy,. This simplification is good enough, as long as the starting guess ior
reasonable. The draw back is however, thistcomplex and therefore the matdxbecomes
complex too. It remains to mention that this equation is used for the POLCA model as well
as for the RAMONA model.

Inserting A.31 into A.26 yields

Can = )\E—dAd(VlZfldTln +V2Z1262n) (A.31)
Inserting A.31 into A.26 yields
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Solving A.27 for¢,, yields

q?Zn _ [ 2W1X2 nm] (F Zﬁple,nqu

. A.34
Zaz Zaz im ( )

Inserting the solution into A.32 leads to
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A.1.5 Linearization

Linearizing the neutronics means to linearize A.36.
¢1n aq>1n q?ln
A
a¢m 9 0t ot
[Anm(a +Aa) — Apm(a)|d1m
= Z ArmAd1m + z Ad Aa (A.37)

[Anm( +At) _Anm( )]61m
At At

Aaln - Aq) im + At

m=1

To calculate A.37 one needs to kn@y, D2, >a1,240,2r,V12¢1,V22¢2,V1 andvy for a,a +

Aot and fort + At. These values are calculated with the help of the tables generated for
the steady state core simulator. The tables are stored in the master file, and therefore avail-
able without problems. Therefore the linearization with respect to the void and temperature
dependence is done numerically.

A.1.6 Power Generation

MATSTAB takes into account the fact, that the fission energy is deposited as thermal energy
both inside the fuel pellet where the fission takes place and outside the pellet due to neutron
slowing down and gamma ray attenuation.

The total power generation rate in the fuel is

0" =K(1—-H(0,2))(Zt1d1n+ Zt202n) (A.38)
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whereH (0,00) = 0.07 andK = 3.2- 10'* Joule/Fission.

The thermal flux in A.38 is eliminated with the help of A.34.

Zf1+— ( z inm>

q" = K(l—H(0,°°))<

¢1n+— Z Y2nm¢1m>

(A.39)
= Aqn61n + Aqmqjlm
A.1.7 Linearization
The linearization of A.39 reads as follows.
_”, aq/// aq’// aq/// aq///
~ Aanq)ln + Aquq)lm
Agn(a+0a) —Agn(a) —
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A.2 Modeling of Thermal Conduction

Associated with each neutronic node is an average fuel pin for which the thermal energy
source and heat conduction are calculated. The calculated average fuel temperature feeds
back into the neutronics (Doppler effect) and the calculated heat flux from the cladding
surface enters the hydraulics calculations.

A.2.1 Field Equation of Thermal Conduction

The thermal energy storage and conduction in the fuel pins, consisting of the fuel pellets,
of the gas gap between pellet and cladding and of the fuel cladding is modeled with the
following assumptions.

e Fuel and cladding are rigid, retaining their cylindrical geometries. Possible variations
in time of the gas gap width can be taken into account by a temperature dependent gap
conductance.

e The volumetric heat generatiay’ is uniformly distributed over the fuel pellet cross
section. Gamma heat generation in the gas gap and the cladding is ignored.

¢ Axial and azimuthal conduction is negligible

e The thermal properties like heat capacity, conductivity etc. can be represented with
the correlations stated below.

The general form of the heat conduction equation

pc% =0(kOt) +q” (A.41)

is formulated for the fuel and for the cladding separately. After neglecting axial and az-
imuthal conduction the equation looks as follows.

Pellet:

Ot 10 Ot "
-7 =t < :
(pC); % ror (rkf ar>+qf ,0<r<Rs ,1>0 (A.42)
with the boundary conditions:
% =0 Jforallt
or r=0
at (A.43)
ki3 = [t(Rs)~ti (Ri)]  forallt
r r=Rs
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Cladding:

(pC)CE = or
with the boundary conditions:

ot. 0 otc
or

kc% =@ [t.(Ri) i (R)] ,r=Rq, forallt
ot -
ke = Pefte(Reo) 1] F=Ryp forallt

Following correlations are implemented:

volumetric heat capacity of the fuel

(PC)¢ = C1 + Cots + Cat? + Cat? + Cstf
volumetric heat capacity of the cladding

(Pc).=¢7

thermal conductivity for the fuel

Cs

k=B
"1t ts

thermal conductivity for the cladding
ke = C10

thermal conductance of the gas gap

Kgp

> = min{c11 + Cio-tr + C13- 17, C14}

M+
— 1
with t; = — Y t¢
vy i; fi
convective heat transfer for forced convection (Dittus Boelter)

k

Hc,forced convection — d—NNu
h
convective heat transfer for nucleate boiling (Jens-Lotte)

ONB
tw — tsat

hqnucleale boiling =

kc—> =Ry <r<RgpT>0

(A.44)

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

(A.51)

(A.52)

(A.53)



A.2. MODELING OF THERMAL CONDUCTION 143
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Figure A.1: Nodalization Scheme for the Heat Conduction in the Fuel Rod

A.2.2 Discretization

The fuel pin is radially divided intd/; fuel zones, a gas gap ami. cladding zones. Fuel
zones have the same volume, cladding zones the same thickness.

After long calculations (done explicitly in [114]) one derives

Pellet:
dts 1 AM¢ tro—tra  Of
=~ = Kt (tfyz) ’ ’ (A.54)
dt  RZ(po); V2 (Po)
@_ AM ¢ (t tf| 1—tf|
dt  R(po)t ) / =
(A.55)
tf 1 tf i tf i+l q’fﬂ
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\/? \/7
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dt R2 f f Mf My /M¢—
( M¢—1 Mi—
(A.56)
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with the pellet surface temperature

Ry <1—\/;> B

“RGRY (tex—trm) _

t(Rf) = +tf M (A.57)
R <1— /1—M—1f> +2_6+%
ki (t (Rr)) kgp ' ke
Cladding:
dit ot fag e
c,1 c2 —lcl (pc)cAre
_ + (A.58)
dt C)c(Are)?
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ke (tr (Rr)) p | 2k
dtc tejr1— 2 +icj1
)= ko TR A.59
dt T (Bro(po) (A59)
j=2,...,Mc—1
dtc v he(tw—t11) tem, — teme—1
—C = — — ke A.60
dt (pc)cAre (pc)c(Are)?2 ( )

A.2.3 Linearization

The effort to linearize equations A.54-A.56, A.58 -A.60 analytically is not worth the benefit

in time. Therefore the equations are linearized numerically with respeet,te;,q” and

the system pressure P. However, these equations are much more detailed than effectively
necessary. They are part of the legacy of RAMONA. A simpler set of equations as used in
other codes as NUFREQ [79] could be solved analytically and would tidy up this part of
MATSTAB. Even though the six differential equations for the fuel contribute quite a large
number of equations the system mathy, they do not lead to any numerical difficulties
because of their weak spatial coupling.

The implemented equations read as follows.

atf i Me atf i atf i A=t atf i
At At At —LAP A.61
fi= Zatf, f1+zatc, ol T oqr I T P (A-61)
atc. Mc atc. otci AT Ot
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A.3 Modeling of Thermal-Hydraulics

The thermal-hydraulic model of MATSTAB (RAMONA) is a

- four-equation

- non-homogeneous
- non-equilibrium

- one-dimensional

- two-phase flow

model with constitutive equations for thermodynamic state variables. Thermal non-equilibrium
between the phases is accounted for by allowing the liquid in a two-phase mixture to depart
from saturated conditions, while the vapor is assumed to be at saturation. Hydrodynamic
non-equilibrium, i.e. un-equal velocities of the two phases, is introduced via a slip correla-
tion.

The following assumptions are made

e MATSTAB describes the coolant flows in the pressure vessel, using a single recircu-
lation loop and a single steam line representative for all steam lines and recirculation
loops respectively.

e The models allow for the liquid phase to be sub-cooled or saturated, but they restrict
the vapor to saturation conditions.

e The flow parameters are assumed to be uniform over a cross section
e Averages of products are set equal to products of averages

e The spatial variation of pressure P is ignored for all thermo-physical property calcu-
lations and in the mass and energy balances, but in the momentum balance the axial
pressure variation is accounted for.

¢ Flow channels in the core, downcomer and recirculation loop are of constant cross-
sectionAc.

Thermodynamic variables are determined at the saturated state corresponding to the sys-
tem pressure (except the properties of sub-cooled water), and they are calculated as rational
functions of pressure A.71 through A.80. The compressibility and thermal expansion of the
liquid are approximated by that of saturated liquid. The following description of the TH-
model is very brief, because no major changes to the RAMONA model are introduced. The
interested user may consult [114] for a complete derivation.
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A.3.1 Governing Equations for the Thermal-Hydraulics

The thermal-hydraulic models in MATSTAB are based on the following four conservation
equations [45] for mixture momentum, vapor mass, liquid mass and mixture energy.

Mixture momentum balance

The one-dimensional, area-averaged mixture momentum balance is

aGm a . aP zem |Gm|
St 35 [Py + (1 @) P = — = — Gpm — i ] 2010 (A.63)
where the mixture mass flu@y, in the axial direction is
Gm = (apgWg+ (1 — ) piwi) (A.64)

The symbolsf|,<D|2 andd;, designate the single-phase Darcy friction factor, computed as if
the mixture were flowing as a liquid, the two phase flow friction multiplier and the hydraulic
diameter of the channel, wetted by the fluid. The synthas the gravitational acceleration
component in the negative z-direction.

Phasic mass balances for saturated vapor and liquid

The phasic mass balances

%(apg) +0(pgig) =Tv (A.65)

2 [a-a)pl+D(prin) = T (a60)

are used in the form of the mixture volumetric flux divergence.
Ojm=0Ojg+0j; = O(awg) + 0((1 — a)w)
pr— pg a Dgpg 1-a D 0] (A67)
==y — | — 204
PIPg Pg Dt pr Dt

Whereg—f is the substantial derivativd + w2, k=1,g

Mixture energy conservation

) )
- [Opgug + (1—a) pru] + == [apghgwg + (1 —a) prhywi] = ¥ + (1—a)q”  (A.68)

ot 0z

>
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A.3.2 Differential Equations
Pressure

As stated in the assumptions above, local pressure differences and acoustical effects are
disregarded. A single system pressuggfs defined

1
Plag— — / P dv A.69
(P)syst ViiVa iy, ( )

as the pressure, averaged over the volivpef liquid and the volumé/, of two phase
mixture and pure vapor, as shown in figure A.2.

The time rate of change @P)yy is computed by integrating the liquid part of A.67 ov&ar

and the two phase part of A.67 owér. In the resultant equations, one replaces the volume
integrals ofld j,, by surface integrals and recognizes the continuity of the volumetric flux j
at all locations of flow discontinuity and at moving interfaces. By adding up the two equa-
tions and solving for the time—derivative@a?, one reaches after tedious calculations, done
explicitly in [114] pages 125ff.

; ; P —Pg
d<P>Q/3 (AJ)FW+(AJ)SI_ +V2 PPy r av
o _ Ea ol (A.70)
+ a
V1<{V2 Pg P

wherep| = %m and(Aj)rw is the contribution to pressure rise from the feed-water injec-
tion. (Aj)s. is the vapor volumetric flow rate entering the steam line, tending thereby to
reduce the pressure change rate. The last term accounts for the effects of phase change.

The thermal properties of the coolagi,p+,pr, Pg, Pm, Ntg, Cpy, Ug, Ui, hg andh, are fitted as
functions in(P)gyg.

E@P / %b. (A.71)
Zjaltwt z = 4
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+J. —— V,: Two-Phase Mixture and

é Single-Phase Vapor Region

Figure A.2: Integration Regions for System Pressure
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Cpi (P %a,twt/ %b.t%\I (A.77)

Ug(P) = htg+ P(L/pr — 1/pg) + Cpi (tsat— t3a) (A.78)
u (P) = cpy (t —t&)hg = Ug+P/pg (A.79)
h =u+P/p (A.80)

As a result one can eliminate the implicit pressure dependence stemming from the properties
in the momentum balance A.63 and decouple it form the mass and energy balances.

Closed-Contour Momentum Balance

To obtain the closed contour momentum balance for a typical codtonrfigure 3.3 on
page 27 through the j-th core flow channel, MATSTAB divides the contourNitstraight
segments of constant flow cross sectigrand lengthL;. We denote the segment average of
the f" segment by

< >j=— -dz (A.81)

A typical segment is shown in figure A.3

Junction i-1 Junction i

g >
\ i !

Normal Flow —» PR 425

i-1 Segment i i+1
A, 12 Cross-Section A, 12 A,

Figure A.3: Notations for Contour Integration of the Momentum Balance

By integrating the momentum balance equation A.63 separately for each oneNafsbg-
ments in thelf' contour through thé'] core channel, one obtail segment-averaged mo-
mentum balances.
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Li drt

= {P+ [opgwg + (L—a) pwf] },_ , — {P+ [apgwj + (1 — o) pwf] }; |

1 hhef
—GziLi <pPm >i _T*H/O #Gm‘Gm‘dZ
(A.82)

Next, one adds up thBls equations for the') flow contour to obtain a single, ordinary
differential equation for the time rate of change of momentum along the closed contour with
index j.

d d &

d[
E p L+ E+— fI IGmedZ
gZI m 2 / | |
j

(A.83)

The pressure differences across the junction with index i (Figure. A.3) are eliminated with
the aid of the jump condition given by

1 1 1
Pi+ > [Giw + Ggwg], = P2+ > [Gwi + Ggwg], + ElZE [Gw + GgWg]Amin (A.84)
and therefore

1
{P+WeGg+WGi}; = 5 {[WgGg + W Gl]2 (A.85)

— [WgGg +WGi]1 — &12[WgGqg + Wi Gi | agin}

A.85 applies to all junctions, except across the mixing throat in the jet pump designated by
i=JT, there

A.83 can now be written as

dMm; N L fiof
at = APyt — izl{gm(pmﬂq + - 20, / Gm|Gm|dZ}J

@yl

The four summands are the pump head, the gravitational head, the frictional pressure loss
and the sum of the singular pressure losses (area changes, spacers) along the path.

1e

i£IT
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Mixture Energy

Integrating A.68 over the cell volumé and introducing

UmPm = (1—a) pru + apgug (A.88)
leads to
d{u
% = (hgWg + W), _; — (hgWg + W),
Vi (A.89)
+ [t AL a")d 2
Steam Mass

By integrating A.65 over the k-th computational cell, assuming a uniform vapor density and
using the divergence theorem one obtains

d(mg),

o = VAV + (Wg) g — (We)y (A.90)

A.3.3 Algebraic Equations
Mixture Volumetric Flow

The integral of A.67 over the coolant volume in the vessel yields
Aj 2 jm,j (2) = A(Zgoreinla) jm,j (z;roreinla) + ®; (2) (A.91)
with
Zioreina = y_%(zcoreinlet +¢) (A.92)

and the volume expansion

z

PI — Pg a Dgpg (1—a) D|p|}
di(z2) = / Aj [ Ny —— — dz A.93
J( ) ) PIPg v pg Dr 9] D: i ( )

Zeoreinlet

and in the finite difference approximation

P — Py ( 1 1 > ( 1 1 >
=Vl FWypr | — — W1 | —— A.94
. Y PiPg okt Pgk Pgk-1 Wit Pk Prk-1 ( )
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Slip

MATSTAB treats non-homogeneous two-phase flow, i.e. unequal velocities of the phases
with a slip correlation.
Wg = Swj 4 w° (A.95)

This relates the vapor velocityg with the liquid velocityw;, using the Bankoff-Malnes
correlation.

s =4 o < €1 — Cau
S =cC—C3(00—C4) Chax > 0O > C1— Coyt (A.96)
S = Cmax O > Crmax
with the vapor void fraction
a=— "9 (A.97)
pa (Pl ) OV

Phasic Velocity

From A.67 and A.95 one derives the phasic velocities

_ Sjm+ (1—a)wP

97 14a(s-1) (A.98)
~jm—oaw?
T (A.99)
Mass Flow Rate
W=A(1-a)pw (A.101)

Vapor Generation Rate

The vapor generation rate is computed in two parts

'v=Tw+Tpn (A.102)
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The first part accounts for evaporation due to heat transfer from the wall to the liquid phase.
The second part accounts for mass transfer (evaporation or condensation) due to heat transfer
between the phases.

G /A
The three terms in the denominator correspond to the heat of evaporation, necessary heating

of sub-cooled liquid and removal of energy by the liquid which is returned from the boundary
layer to the bulk of liquid.

Mw = (A.103)

ci+co(l—a
[ on = %H[(t. —te) +Calti — tx]] (A.104)
g

The three state variableg,,t; andt, introduced in A.103 are given in their final form. A
detailed derivation can again be found in [114]

Linear Heat Generation Rate:

o = (Ehe) (tw—trr) — (EU)yp (tr1 — tin) (A.105)
whereg is the heated perimeter. The second term in A.105 accounts for the bypass.

Liquid Temperature:

PmUm — APgUg
(1_ C() PICp,
Equation A.106 is an implicit definition of the liquid temperature becaysndug depen-

dent themselves an

f = te + (A.106)

Wall Temperature:

tw =tc (Reo) =t + —— oz~ (A.107)




154 APPENDIX A. THE RAMONA/POLCA MODEL

A.3.4 Linearization
Pressure

The linearization of the system pressure A.70 becomes

o(P)

o(P (P
A<P>syst: < a>PsystA< >syst+ <ar>\s/yStArv ot IsyStAt
P—Pg
p
= a<a§yStA<P>syst+ 5 PPV, 5 Al
g —l—(l a) 'Vk12 (A.108)

MoV [(X 2o+ (1— O‘)PJ < - )apg opi
Pg {O(S—gm-i-(l—a)pd Vi,

The value of6<g>;yS‘A<P>syst is derived numerically Whi|(%%' comes easily from A.73

Momentum Balance

The linearization of the momentum balance A.83 becomes

oM oM oM oM oM
= AP+ — AW, .
AM = S5 AP+ 5+ oAt 4 S AW + o, Wo (A.109)

This linearization is done numerically due to the complexity of A.83.

Mixture Energy

The linearization of the mixture energy A.89 becomes

AP = a”g“ﬁ AP+ Ougtfam At + dalaq/pm AW+ ;\mfi AWy
= —h AWMk + th—lA\M,k—l — hgkBWy k + g k- 1AW k-1
+ X—tAq{N +VWk(1—a)Ag, — kg Aa
(A.110)
OUmPm

obm and a“mpm is neglected.
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Steam Mass

The linearization of the steam mass A.90 becomes

Mgk n o IMgk omy
Aok = 3y vt Mk g ok 0Wg7k71AWg’k’l (A.111)

Mixture Volumetric Flux

The linearization of the volumetric mixture flux A.67 becomes

AAjm = (Zgoreimet)Ajm(z;roreinlet)

6<D 0o o
— Al + ——— AW, AW
oy AT T g o Akt F g oy AWML (A.112)
P — Pg ( 1 1 > ( 1 1 >
SV o AW -1+ A\
“ PiPg Y Pk Prk-1 k1 pgk Pgk-1 gt
9% and %2 is neglected.
Slip
The linearization of the slip A.96 becomes
AS f’fiAa
— %] _
= G )zAa a <c¢p—Cout (A113)
= —C3Aa Cmax > O > C1 — Coyt
=0 O > Crmax
Phasic Velocity
The linearization of the gas velocity A.98 becomes
Awg = %Aa + Mo pjt %AS
Jm . (A.114)
_Wg(l—S)—WOAO(Jr S AL _dmTWed o
T 1ra(s-1) a0 " Tra(s-1)



156 APPENDIX A. THE RAMONA/POLCA MODEL

Mass Flow Rate

The linearization of the liquid mass flow rate A.101 becomes

O (o OWi - OW W OW)
DW= AP+ 0 HAd+ SOAS A+
— A(l—a)w ‘Z‘I’D'AP
—[14+a(S—1)W° — (jm—owP)(S—1)

lta(S—1)2

(im—awf)a
I ETTE
op
o
A(l—a)p
1+a(S—1)

Ajm

—pA Aa

(A.115)
AS

+A(1—o)w A

The linearization of the gas mass flow rate A.100 becomes

LW, Wy, W
A\Ng = ﬁAP—i_ a—AG + d—vngWg
9Py
oP

(A.116)

Vapor Generation Rate

The linearization of the vapor generation rate A.102 becomes

r r r r r
My pp Mvpg +a—VAt|+a VAtW+a .

Av=3p da ot oty o,

Ad, (A.117)

This linearization is done numerically due to the complexity of A.102.

Linear Heat Generation Rate

The linearization of the linear heat generation rate A.105 becomes

0%y

g,
~ P oW, AW

(4E hc, boil + Ehc, nonboil )Atw - Eﬁc,nonboil Atl

Ad, =
(A.118)

The first term is linearized numerically due to the manyfold dependence on P.
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Liquid Temperature

The linearization of the liquid temperature A.106 becomes

_ ot ot ot oty
O = atLOAtLo-l- aPAP—I— 3 Ao+ aumpmAUmpm (A.119)

This linearization is done numerically for all parts. The work of doing this by hand does not
correspond to the benefits.

Wall Temperature

The linearization of the wall temperature A.107 becomes

at,, at,, ot ot
Aty = 2w o Twpap O Ow ny .
" Do M T P o oM T gy (A.120)

Also this linearization is done numerically for all parts due to the same reasons as above.

A.4 The Numerical Linearization

The implemented numerical scheme to linearize numerically is very simple. The equation
is evaluated once for the steady state and once with one parameter slightly disturbed. The
linearization ofg(a) with respect tax is therefore

g(a+3a) —g(a)

Ag(a) = 5a (A.121)

The size o®a is chosen so small, that a small changé&dnwould not changég(a). Using
A.121 is very fast, though not elegant.
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