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This paper deals with a new Control Oriented Model (COM) aimed at studying the dynamic behaviour of the pressurizer in Pressurized Water
Reactors (PWRs). In literature, most of the pressurizer COMs treat the vapour and the water filling the system as a homogeneous mixture by
adopting the thermodynamic equilibrium as-sumption. This hypothesis involves a reduced set of governing equations that is suitable for the
study of the pressurizer dynamics in a simplified way since interphase and non-equilibrium phenomena (e.g., water drops and vapour bubbles
generation) are neglected. To overcome this limitation, an innovative COM based on the non-equilibrium approach is developed. The new
model is obtained from closed-rigid system mass, energy and volume balances and allows selecting a different thermodynamic state for each
phase, according to the non-equilibrium framework. In addition, while equilibrium models take into account only the heat transfer from the
electrical heating of PWR pressurizers, the new COM considers also the following processes occurring in the system volume: the water drops
and vapour bubbles generation (inside the vapour and liquid phase, respec-tively), the condensation on sprayed drops, the heat exchange
between vapour and water and thermal losses toward the external environment. The new COM is also characterized by a multiple control
volume formulation to reach a good accuracy for several transients (also the complete emptying) that can be experimented by a pressurizer. The
experimental data of “loss-of-load” transients in the Shippingport reactor are used to assess the new COM. A code to code comparison is carried
out using RELAPS as reference.

Keywords: Pressurizer, Equilibrium and non-equilibrium approach, Control oriented modelling, Thermal hydraulics, RELAPS

1. Introduction operate PWRs safely and mitigate the consequence of a possible acci-

dent, the pressurizer dynamics must be carefully modelled and in-

In Pressurized Water Reactors (PWRs), the cooling water of primary
loop expands or contracts whenever temperature variations occur. In
order to accommodate the resulting volume changes and keep the
pressure of the system within prescribed limits, the pressurizer is
needed. Such component is a cylindrical steel tank containing, at
steady-state, saturated water in the lower region and saturated vapour
in the upper one. Moreover, it is provided with:

e Electrical heaters immersed in the water to prevent pressure de-
crease.

e Sprayers in the upper region to contrast pressure increase.

e Relief valves on the top of the tank to counteract excessive over-
pressure.

Since the control of the pressure during transients is essential to
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vestigated.

Pressurizer models can be distinguished between Safety Oriented
Models (SOMs) and Control Oriented models (COMs). SOMs adopt a
complete description of the system based on mass, momentum and
energy balances. They are able to reproduce carefully the pressurizer
transients, but are not suitable to study its dynamic and control fea-
tures. On the contrary, COMs employ a simplified set of governing
equations (usually mass and energy balance for homogenous water
vapour mixtures), which allows for a straightforward investigation of
the control characteristics of the system.?

As for the possible modelling approaches, two different strategies
can be also followed in order to describe vapour and fluid interactions:
the Equilibrium Approach, usually adopted for COMs, (EA) and the
Non-Equilibrium Approach (NEA), generally implemented in SOMs.
Equilibrium models apply the conservation balances to the vapour and
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2 COMs allow for low-cost real-time simulations (conversely SOMs' computational burden can be very high) and can be adopted to develop and optimize different control strategies. In
this regard, COMs are usually based on block structures and permit a clear identification of inputs, outputs and state variables. A feature that is very useful to analyse the dynamic

properties of a system (e.g., the linearization process can be applied with low efforts).
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water as a saturated homogenous mixture. Conversely, non-equilibrium
models apply the conservation equations to the water and vapour in the
pressurizer separately. According to Nahavandi and Makkenchery
(1970), non-equilibrium models are more realistic than the equilibrium
ones.

The paper is organized as follows. Section 2 deals with the state of
the art of pressurizer-dynamics modelling. In Section 3, the new COM is
described. In Section 4, the mathematical formulation of the new model
is presented. Section 5 illustrates the validation of the model against
Shippingport experimental data (Redfield et al., 1967). Besides, a
comparison between new COM results and a RELAP5 pressurizer model
is presented. Section 6 presents a complete emptying out-surge test. In
Section 7, the main conclusions are drawn. At the end of the paper, an
Appendix provides more details about the matrix representation
adopted to solve the governing equations.

2. State of the art

Regarding safety applications, the first study of the pressurizer be-
haviour is presented in Gajewski (1955) and adopts the thermodynamic
equilibrium assumption, while the first non-equilibrium approach is
proposed by Sorenson (1960). In this study, the system is divided into
three rigid boundary control volumes with fixed thermodynamic state.
In particular, the pressurizer is composed by an upper zone of saturated
vapour, an intermediate one of saturated water and a lower one of
subcooled water.

The a priori assumption concerning the thermodynamic is overcome
in Redfield et al. (1967), where a single control volume coinciding with
the entire pressurizer is chosen. In particular, such control volume is
subdivided into two moving boundary regions (one for the vapour and
one for the water) whose thermodynamic state is dynamically selected
during the simulation according to the enthalpy value.

From the control analysis point of view, equilibrium COMs are
presented in Szabo et al. (2010), Zhang et al. (2012) and Sungwhan and
Jin (2012) for the study of different control strategies, while non-
equilibrium COMs can be found in Kuridan and Beynon (1998) and
Botelho et al. (2010). In the work of Kuridan and Beynon (1998), a
linearized non-equilibrium model with single control volume and two
moving boundary regions is developed in order to study the pressurizer
dynamics of the Safety Integral Reactor (SIR). In the analysis of Botelho
et al. (2010), a Multiple Control Volume (MCV) strategy is adopted. The
pressurizer is divided into two fixed boundary control volumes, a lower
one with a single region for subcooled water (a priori fixed thermo-
dynamic state) and an upper one composed by two regions with moving
boundary (one for the vapour and one for the water) whose thermo-
dynamic state can vary during the simulation. Thanks to the adoption of
MCVs, the axial temperature distribution inside the liquid phase can be
reproduced. However, a fixed thermodynamic state region is in-
troduced. This is a limitation that is ridden over by the new COM de-
veloped in the present work.

3. Description of the model

Hereinafter, the new COM developed in this work (based on NEA
and on the selection of MCVs) is indicated with the acronyms COM-
MCV. In this model, mass and energy balances are applied to each phase
in all control volumes and heat and mass transfers are possible between
the different zones. Moreover, the following assumption are adopted:

e Water evaporation is considered as bulk process.
e Vapour condensation is considered both as bulk and surface phe-
nomenon.”

3 Vapour which is condensing on the pressurizer wall is evaluated by applying the
Nusselt theory following Incropera and Dewitt (1996).

o Heat losses occur from pressurizer tank to external environment.

e The water sprayed inside the pressurizer comes from the reactor
coolant cold leg (enthalpy fixed during the simulation).

e Spray and condensate mixture enters the liquid phase as saturated
water.

e In-surge’ water comes from the reactor coolant hot leg (enthalpy
fixed during the simulation).

e Vapour condensation on pressurizer walls, and delay times of bubble
(condensate) rise (fall) are neglected.

To completely avoid a priori assumptions about the thermodynamic
state of the different regions and to take into account axial temperature
distributions inside the liquid phase, the COM-MCV is composed by
three sub-models (see Fig. 1):

e Two Regions Single Volume sub-model (TRSV).
e Two Regions Double Volume sub-model (TRDV).
e Two Regions Triple Volume sub-model (TRTV).

During every simulation, a global routine selects the correct sub-
model by means of a thermodynamic and a water level criterion. If
necessary, multiple switches are possible. The TRSV sub-model is based
on the selection of a single control volume coinciding with the entire
pressurizer.

A moving boundary splits this control volume into two different
zones, an upper one containing only vapour and a lower one for water.
Vapour and water can experiment all the possible stable thermo-
dynamic state and not only the equilibrium one. Vapour can be satu-
rated or superheated, whereas water can be saturated or subcooled, but
no phase can exist in metastable form.

The TRDV and the TRTV sub-models are based on the selection of
additional fixed boundary control volumes for the liquid zone. The
water filling these control volumes is always treated as subcooled. In
this way, axial temperature distributions inside the liquid region can be
taken into account. On the contrary, the single volume approach can
only compute a global mean temperature for the liquid phase, since it
applies a zero-dimensional approximation of the region. Axial tem-
perature distributions can arise during in-surge transients (see Section
4) and can impair the simulation if they are not considered. The three
sub-models are not mutually exclusive. At the beginning of every si-
mulation, the global routine selects the TRTV sub-model (Fig. 1c¢) by
assuming that the moving-boundary region @ is filled with saturated
vapour and water and regions, ® and ©® with subcooled water. If the
subcooled liquid region ® empties or reaches the saturation condition,
the TRDV is chosen (Fig. 1b). Similarly, if the subcooled liquid region ©®
becomes saturated or empty, the TRSV sub-model is picked (Fig. 1a). Of
course, the procedure is reversible, from TRSV it is possible to switch to
TRDV and then to TRTV. A conceptual flow chart is reported in Fig. 2,
where L1, L2 and L3 are length related to the water level inside the
pressurizer.

4. Jump conditions and governing equations

The governing equations of the COM-MCV model are represented by
mass and energy balances and jump conditions. In this regard, jump
conditions are balance equations for mass and energy transfer across
vapour liquid interfaces. Since no mass and energy sources or sinks exist
at each interface, jump conditions assert that the sum of all mass and
energy transfer rates across the interface must be equal to zero.

4 The “in-surge” term specifies a water mass flow rate coming from the primary system
into the pressurizer volume. Conversely, “out-surge” term is adopted to indicate water
mass flow rate coming out by the pressurizer volume.
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Fig. 1. Pressurizer COM-MCV sub-models, Two Regions Single Volume (TRSV) sub-model (a), Two Regions Double Volume (TRDV) sub-model (b) and Two Regions Triple Volume

(TRTV) sub-model (c).
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Fig. 2. Control volume sub division of the COM-MCV model (a) and switching logic between TRSV, TRDV and TRTV sub-models (b).

4.1. Two regions single volume sub-model (TRSV)

Starting from the TRSV sub-model (Tables 1 and 2 and Fig. 3), the
necessary jump conditions can be defined by considering all the pos-
sible phenomena occurring across vapour and liquid phases.

In this regard, water and vapour regions can mutually transfer mass
and energy thanks to vapour and liquid phase change induced by
pressure and temperature variations. As for the mass and energy ex-
changes, they can take place owing to flashing, rainout, wall con-
densation and spray drops condensation. In addition, heat fluxes be-
tween the two regions can occur due to temperature differences
between water and vapour at interface. Referring to Todreas and
Kazimi (1990), for mass exchanges, the jump conditions are:

Wy, = Mg, — Mgo — Hisc — My, (@)
Wy = —mgg + Higo + Msc + Hiyc, )

where 1 is the mass flow rate. As for the subscripts, v represents the
vapour phase and [ the liquid one, while FL, RO, SC, and WC stay for
flashing, rain out, superficial condensate on the spray drops and con-
densate on the pressurizer inner walls, respectively. As far as energy
fluxes are concerned, if flashing (rainout) occurs at saturation condi-
tions and the latent heat of evaporation (condensation) is supplied only
by the liquid (vapour) region the energy jump conditions are:

mvhv = mFths (3)

ryhy = —rgLhy, (€))
mvhv = _mROhfs 5)
myhy = rgohy, (6)

where h is the specific enthalpy. g and f refer to the saturated vapour
and saturated liquid, respectively.

Moreover, additional energy jump conditions can be obtained
taking into account the condensation on spray drops. If the process
occurs only at saturation conditions and the latent heat of condensation
is released totally to the spray through the condensate shell, the fol-
lowing relations can be written as:

mvhv = _mSChg’ (2]
mh = mgchy. 8)

In Egs. (7) and (8), mgc is connected to the water injected by the
sprayers. Under the assumption that the rate of condensation is just
sufficient to raise enthalpy of the spray to the saturation one, the fol-
lowing equation for riigc can be obtained (Todreas and Kazimi, 1990;
Kuridan and Beynon, 1998):

hy — hsp]

Hige = M,
e SP[hg_hf

9

Eventually, by considering also the condensation on the pressurizer



Table 1
Possible thermodynamic state in the pressurizer for the TRSV sub-model.

State designation TOP state BOTTOM state

1 Superheated Subcooled

2 Superheated Saturated

3 Saturated Subcooled

4 Saturated Saturated
Table 2
State variables according to the different thermodynamic states TRSV sub-
model.

State designation State variables

z=1{p, V&, hy, )"
z={p, Vi, hy, mer}7

2 ={p, Vi, mgo, )"

2 ={p, Vi, mgo, mg}"

AW N =

wall, if it occurs only at saturation, the set of the energy jump condi-
tions is completed by the following relation:
mvhv = —l’i’lwchg. (10)

In Eq. (10), riyyc is the wall condensate mass flow rate. By assuming
that the latent heat of condensation released to condensate is com-
pletely transferred to the pressurizer wall, it is:

QWALL .
(hg — hy) 11

Hyc =
In Eq. (11), Qwarz is the total heat exchanged between the pres-
surizer volume and the walls.
At this point, using the information coming from the mass and en-
ergy jump conditions, the governing equations (mass and energy bal-
ance with the volume constraint®) for each state can be derived.

W, = Mg, — Wgo — Wics — Hyry — Myc, 12)
Wy = —mgg + Higo + Msc + Hisp + Myce + WMuNsURGE — MOUTSURGE>

13

U, = mipp-hg — tigo-hy — ¥ics-hy — Wypy-hy — Hye-hg+

- p'Vv - QvW - Qvl’ 14)

lj] = —mFL'hg + mRo'I’lf + mSchf + msp'l’lf + Vth'hg+

+ tunsurce-hinsurce — Hioursurce-hi — PV + Qu — Quy + Qu, (15)
V=0, (16)
V=V, +V=0. 17

In Egs. (14) and (15), ryy is the mass flow that can exit from the
safety valve, U stays for the internal energy, V refers to the volume, Qy
is the heaters power, whereas the other Q terms are introduced to take
into account energy exchange between different regions and heat losses
from pressurizer tank to external environment. In this regard, Q,y re-
presents the heat exchange between the vapour phase and the pres-
surizer wall, Q; the heat exchange between the liquid phase and the
pressurizer wall and Q,; the heat exchange between the two phases.
Each term has the same form of the Newton's law of cooling:

Q = aSAT. (18)

In Eq. (18), a is the convective heat transfer coefficient, S the ex-
change area, and AT the temperature difference. As for «, it is con-
sidered constant (equal to 100 Wm ~2°C ~! with reference to Celata

S The pressurizer volume does not change.
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Fig. 3. Top region (Vapour) and Bottom region (Liquid) of TRSV sub-model.
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et al. (1986)), except for the computation of the wall condensate, for
which the Nusselt theory is applied. In particular, when the vapour is
saturated and the temperature Ty, of the internal side of pressurizer
wall (of length Ly ;1) is lower than the saturation one, the heat transfer
coefficient, accordingly to Incropera and Dewitt (1996), can be com-
puted as:

4
8 [Pt - Pg)hfglL‘%VALL

@ = 0943 = o~ Twwn)

with hfg’ = hfg(l + 0.68-Ja),
19

where p, k and u stay for the density, the thermal conductivity and the
dynamics viscosity respectively. hy, is the evaporation enthalpy, Ly the
length of the wall and Ja the Jacob number, that is defined as:

Cpi
Ja = —2=(Ta = Tin).

hyg (20)

It should be highlighted that, in Eq. (19), liquid properties must be

evaluated at the film temperature.

T, — Tsat + TWin
film 2 (1)

and hence the pressurizer wall temperature has to be evaluated. To the
purpose, the wall is divided into two shells, an internal one and an
external one connected by a thermal resistance.

% = QIW + QvW - Qcond) CWout% = Qcond - Qext~ 22)

In Eq. (22), Gyi, and Gy, refer to the heat capacity of the inner and
outer shell of the pressurizer wall, respectively. Q.ona i.s the heat transfer
due to the thermal conduction in the wall, while Q,, represents the
thermal losses to the environment.

The ensemble of Eqs. 12-17 gives rise to a nonlinear Differential
Algebraic Equation (DAE) system. In particular, it belongs to a parti-
cular subclass of DAEs (more details can be found in Petzold (1982) and
Ascher and Petzold (1998)), called Ordinary Differential Equation
(ODE) system with constraints. In this case, there is a single constraint:
the conservation of the pressurizer volume. If the vapour and liquid
volumes are expressed as

CWin

V=,

Py 23
vi="2,

P (24)

and then V;, and V] are differentiated with respect to time, the algebraic
constraint becomes a system of two ODEs:



Table 3

Possible thermodynamic states in the pressurizer for the TRDV sub-model.

State designation TOP state MIDDLE state BOTTOM state

1 Superheated Subcooled Subcooled

2 Superheated Saturated Subcooled

3 Saturated Subcooled Subcooled

4 Saturated Saturated Subcooled
Ve oy + Virpy, = iy, (25)
Vip, + Vg, = . (26)

Moreover, by using the mass balance, Egs. (25) and (26) can be
written in the following form:

Vi P, + Ve, — Mo + Mwe + Mg, = —Hisc — Myry, 27)

Vi o, + Vip, + g, — Higo = Hisc + My + Misp + Hunsurc
— MOUTSURGE- (28)

As far as the energy balance is concerned, Egs. (14) and (15) can be
expressed in terms of pressure and enthalpy, taking into account the
following well known relation:

u=h-—pv, (29)
where u is the specific internal energy.

Then, by substituting Eq. (29) in Egs. the energy balance for vapour
and water becomes:

my-h, — bV — mFL'(hg - h)+ mRO'(hf - h) = _mSC'(hg — hy) — myc
'(hg - h'v) - QUW - Qvl’ (30)
myphy = p-Vi + tigr(hg — hy) — tgo-(hy — hy) = rirge-(hy — hy) + rwe
“(hg — ) + msp-(hy — hp) + Punsurce
“(Minsurge — ) + Qu — Quw + Qui (€18

Eventually, density and enthalpy time derivatives appearing in Egs.
(30) and (31) is made explicit as follows:

if hy < hyor h, > hg p=p(p,h)—>d—p_3pd—p+a—pﬂ_a—pp+§_zh’

dt — dpdt ' ohdt  dp
(32)
. q dp d dp .
lfhl=hf0rhv=hg p:p(p)—)f:ﬁ;f:ﬁp, (33)
if hy=hyorh,=hy h=h@)*%=%%=%.' (34)

In this way, the original DAE system has been converted into an
ODE one, and all the state variables of the pressurizer are pointed out.
In particular, state variables can be singled out from all the other terms
using the following matrix formulation:

Y(@)z=n. (35)
In Eq. (35), 2 is the vector of the time derivatives of the state

variables and 1 the vector of the input variables. For brevity, the matrix

Table 4
State variables according to the different thermodynamic states for TRDV sub-model.

formulation is shown in the Appendix.

Due to the different thermodynamic states, which can exist within
the pressurizer (according to Table 1), also the state variables can
change. For subcooled and superheated states, the state variables of the
system are the pressure, the enthalpy of liquid and vapour and the
vapour volume. The choice of vapour volume instead of the liquid one
is arbitrary. At saturation condition, enthalpy cannot be a state vari-
able, since it depends on pressure. The state variables characterizing the
system for each thermodynamic state are reported in Table 2.

4.2. Two regions double volume sub-model (TRDV)

Following the same procedure, the TRDV sub-model (Figs. 4 and 5
and Tables 3 and 4) governing equations can be obtained (the jump
condition do not change). In this case, mass and energy balances must
be separately written for in-surge transients and for out-surge ones,
since the boundary between control volume @ and the liquid region of
control volume @ allows for bidirectional exchanges of water. During
in-surge transients, the water coming from the cold leg of the primary
loop enters volume @ and pushes the water filling it into volume @ (see
Fig. 4a). During out-surge transients, the water coming from volume ®
to the cold leg, draws the water contained in volume @ to volume @ (see
Fig. 4b). For in-surges, the governing equations are:

Vay Py + Voo, — Mg + Higo = —Hitsc — MLy — M, (36)
Vo oy + Varfy + Mg — Figo — Hioun = fisc + we + Migp, 37)
W6, — mour = MNsURGEs (38)

m2v'h2v —pVay — mFL’(hg = hy) + mRO'(hf — hy)
= —mgc-(hg — hy) — Hwe-(hg — hyy) — Qa2 — Quow, (39)

myphay — p-Va + titpr-(hg — hay) — tigo-(hy — ha) — rour1-(hy — hat)

= tsc-(hy — ha) + risp-(hy — ha) + riwe-(hg — hop) + Quar — Qan — Quw + Qu,

(40)
mhy — p-Vi = tiynsurce (unsurce — M) + Qan — Quw, (41)
while, for the out-surge ones:
Vav Py + Vafy, — Mg, + Hirg = —Hitsc — MLy — iy, (42)
Var Py + Varfy + Mg — Hiro + Hiour, = Misc + Mwc + Msp, (43)
Vi'p, — Mour, = —MOUTSURGE» (44)
May-hay — p-Va, — tpr-(hg — hay) + tigo-(hy — ha)
= —titge(hy — hyy) — e (hg — hoy) — Quat — Quow, (45)
my-hy — p-Vay + it -(hg — ha) — tiro-(hy — ha) = rinsc-(hy — hay)
+ rigp-(hy — hyy) + tiye-(hy — hy) + Quat — Qan — Qaw + Qu,
(46)
mh — p-Vi — tioun (ot — ) = Qan — Quw, 47)

In Eqs. 36-47, rigyy is the liquid water mass flow rate entering from

In-surge transients

5 Out-surge transients

State designation State variables

State designation State variables

2 ={p, Vav, by, hat, a, b, mour )"
2= {p,Vay, hay, mgr, hy, hy, mour1}”

2 = {p, Vay, Mro, hai, h1, ha, mour1}’
2 = {p, Vay, Mro, MeL, b, by, mour 1}’

AW N =

2 ={p, Vav, hay, hat, la, b, mour2}”
z= {p,Vav, hay, Mg, hy, hy, mour2}T

2 = {p, Vay, Mro, ha1, h1, ha, mour2}!’
2 = {p, Vay, Mro, MgL, b, hy, mour2}"

A W N =
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Fig. 4. TRDV sub-model for in-surge transients (a) and for out-surge ones (b).
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volume @ to volume @ during in-surge transients, while mgyy, is the
liquid water mass flow rate exiting from volume @ to volume @ in case
of out-surge. The terms labelled with the letter Q are:
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e Heat exchange between volume © and liquid region of volume ®

Qa1 = oo S(Ty — ). (48)

e Heat exchange between liquid and vapour region of volume @

Q2v21 = S (T — Tho) (49)

3]

o o o o e

Mout2_down /—|7

\U“?T“fg {(@ COLDLEG
__:.H ______
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Fig. 6. TRTV sub-model for in-surge transients (a) and for out-surge ones (b).



Table 5
Possible thermodynamic states in the pressurizer for the TRTV sub-model.

State TOP state MIDDLE UP MIDDLE DOWN  DOWN state
designation state state

1 Superheated  Subcooled Subcooled Subcooled

2 Superheated  Saturated Subcooled Subcooled

3 Saturated Subcooled Subcooled Subcooled
4 Saturated Saturated Subcooled Subcooled

e Heat exchange between volume © and the pressurizer wall

Quw = arwS1 (T — Tp). (50)

e Heat exchange between liquid region of volume ® and the pres-
surizer wall

Quw = otuw Su(Ty — Ty). (51)

e Heat exchange between vapour region of volume @ and the pres-
surizer wall

Qaw = aw S (Toy — Tiy). (52)

As for the value of the heat transfer coefficients, they have been
considered equal to 100Wm ~2°C ~! with reference to Celata et al.
(1986). In Table 3 (referring to Fig. 5), the possible thermodynamic
states that can occur in the different regions are reported. The state
variables describing the system according to a given thermodynamic
condition are collected in Table 4.

4.3. Two regions triple volume sub-model (TRTV)

In this Section, the governing equations of the TRTV sub-model
(Figs. 6 and 7 and Tables 5 and 6) are presented. Also in this case, mass
and energy balances must be separately written for in-surge transients
and for out-surge ones, due to the presence of the boundaries between
control volumes®,®,® and f (Fig. 6).

For the in-surge transients, the governing equations are:

Vi 3, + VarPs, — Mg + Figo = —titsc — Hyry — My, (53)
Vi oy + Varpy + Hip, — titgo — Mout,, = Msc + Msp + e, (54)
Vavfy, — Mlour + Moun,, = 0, (55)
Viv'fy, + Mour, = MUNSURGE» (56)

My — P-Vay — tigr(hg — hsy) + tigo-(hy — h3,)

= —tgc-(hg — h3y) — riye-(hg — hsy) — Q331 — Qzw, (57)
myhsy — p-Va + iy (hg — ha)) — tigo-(hy — hat) — tour 2up(ha — hap)

= rigc-(hy — hy) + rgp-(hy — hy)) + riuwe-(hg — hy) — Qaip + Qar — Qaw + Qu,
(58)

myhy, — p-Va — moyr(h — hp) = —Qu + Qs — Qow, (59)

Table 6
State variables according to the different thermodynamic states for TRTV model.

mhy — p-Vi = viunsurce (hinsuree — ) + Qa1 — Quw, (60)

while for then out-surge transients, the following set of balances can be
obtained:

Vav 3y + VauPyy — Hilgr, + Higo = —Hisc — My — Hyc, (61)
Vsl'Psz + Varpy + Mg, — Figo — Hoysy = Hige + Mgp + Hyc, (62)
Vavpy, — Mour, + Moun,,,, = 0, (63)
Vivfr, — Mlouny,,,, = —MoUTSURGE (64)

m}v'h3v - pV3v - mFL'(hg - h}v) + mRO'(hf - h3v)
= —tigc-(hg — h3y) — tige-(hg — h3,) — Qa3 — Qs (65)
myhy — p-Va + tipr(hg — ha) — rigo-(hy — hyy) = rivge-(hy — hy)

+ mgp-(hy — hy) + riye-(hg — hy) — Q2 + Q33 — Qaw + Qn,

(66)
myhy — p-Vs — toury, (har — ) = —Qa1 + Qs — Quw, 67)
mhy — pPVi— moundown(hz — ) = Qu — Quw- (68)

During in-surges, moyy is the liquid water mass flow rate coming
from volume @ to volume @ and mOUTZup the liquid water mass flow rate
coming from volume @ to volume ®. On the contrary, during out-surges,
Moyr, is the liquid water mass flow rate coming from volume ® to vo-
lume ® and ri1oyy, o is the liquid water mass flow rate coming from
volume @ to volume @. In order to help the comprehension of the.

TRTV sub-model, the mass exchanges that can occur are summar-
ized in Fig. 7. As for the heat exchange (the heat transfer coefficients
have been considered equal to 100Wm ~2°C~! with reference to
Celata et al. (1986)), Q terms are.

e Heat exchange between volume © and volume @

Q2 = a1 S (T — ). (69)

e Heat exchange between volume @ and liquid region of volume ®

Qs = S (Ty — T). (70)

e Heat exchange between liquid and vapour region of volume ®

Qsvat = 331 S (T — T). 71)

e Heat exchange between volume @ and the pressurizer wall

Quw = awSi (G — Tiy). (72)

e Heat exchange between volume @ and the pressurizer wall

Qaw = 6w S»(T — Tiy). (73)

e Heat exchange between liquid region of volume ® and the pres-
surizer wall

In-surge transients

Out-surge transients

State State variables State State variables

1 2 = {p, Vau, hay, hai, h1, ha, mour2up, mour1}’ 1 2 = {p, Vay, hay, hat, h1, ha, mout 2down, Mour3s}’

2 2 = {p, Va, B3y, mpr, h1, ha, mour2up, mour1}! 2 2 = {p, Vv, B3y, mpr, h1, ha, mouT2down, Mours}t
3 2= {p, Vv, mgo, hai, h1, ha, mour2up, mour1}’ 3 2= {p, Vv, mgo, hai, h1, ha, Mout 2down, Mour3}’
4 2 = {p, Van, Mro, ML, b1, a2, Mout 2up, Mour1}’ 4 2 = {p, Vav, Mro, ML, b1, h2, MouT 2down, Mmours}’
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variable for the possible states are shown.

Qaw = otaw Sa (Tt — Tw)- (74) L
5. Model validation
e Heat exchange between vapour region of volume ® and the pres-

. The mathematical formulation presented in the previous sections
surizer wall

can be implemented in a MATLAB/Simulink” routine. In order to vali-

Quw = t3ow S3v(Ty — Ti). (75) date the code, Shippingport pressurizer experimental data during loss of
. ) . load have been selected (Redfield et al., 1967).
Table 5, according to Fig. 7, reports the thermodynamic states that In particular, two loss of load transients are simulated (see Fig. 8):

can be experimented by the different regions. In Table 6, the state
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Fig. 9. COM-MCV (a) and RELAPS5 (b) control volumes comparison.
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Fig. 13. 105 MWe loss of load new COM and RELAPS5 pressure results.

® Loss of load from 74 MWe.
® Loss of load from 105 MWe.

The Shippingport pressurizer is cylindrical, with a diameter of
1.371 m and a total volume of 7.419 m>. Pressure is maintained within
control by three banks of electrical heaters, a spray system, and both
vapour and water relief valves. The pressurizer geometrical data and
initial conditions are given in Table 7. The pressure control operations
(heaters and sprayers) are summarized in Table 8.

First, TRSV, TRDV and TRTV sub-models are decoupled from the
COM-MCYV and the results coming from each sub-model are compared

Table 9
Comparison between the computational time of the COM-MCV and RELAP5 models
(single core utilization of a machine adopting an Intel Core i7 with a clock speed of
2.3 GHz).

Transient ~ Simulated time COM-MCV simulation RELAPS5 simulation
(s) time (s) time (s)
74 MWe 600 58 345
105 MWe 600 75 405
with each another. Then  the complete COM-MCV

(TRSV + TRDV + TRTV) accuracy is tested. Besides, COM-MCV results
are compared with a RELAPS pressurizer model, which is used as
standard reference for a code to code comparison.

RELAPS5 model is based on the selection of eight control volumes.
Starting from the bottom, the first RELAP5 control volume corresponds
to volume ® of TRTV and TRDV sub-models, whereas the second
RELAP5S control volume corresponds to volume @ of the TRTV sub-
model (see Fig. 9).

Figs. 10 and 11 compare pressure experimental data with the results
of TRSV, TRDV and TRTV sub-models. TRDV and TRTV sub-models
show a quite good agreement with experimental data, on the contrary
the TRSV does not reproduce accurately the test transient. This beha-
viour is related to an axial temperature distributions arising in the li-
quid phase during in-surge transients. In particular, the temperature
experimentally measured at 1.5 m from the bottom of the pressurizer is
much different from that of the in-surge water. On the contrary, in
vapour region, no temperature distributions occur.

Figs. 12 and 13 show a comparison between pressure experimental
data, the complete COM-MCV and RELAPS5 pressurizer model. The ac-
curacy of the COM-MCYV is comparable with that of the RELAP5 one.

Fig. 14 compares experimental, complete COM-MCV and RELAP5
temperature distributions inside the liquid phase. Since, the experi-
mental temperature values refer to the water present near the liquid
vapour interface, they are compared with temperature computed in the
upper control volumes of COM-MCV and RELAP5 model.

As for the computational burden, in Table 9 the computational
times required for the COM and the RELAP5 models are reported. It is
possible to notice (by considering a single core utilization of a personal
computer with an Intel Core i7 with a clock speed of 2.3 GHz), that the
simulations of the Shippingport transients by means of the RELAP5
model take some minutes while the COM model presented in this work
runs in about 1 min. This fact is very important for testing and opti-
mization of different control schemes.
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Fig. 14. 74 MWe loss of load new COM and RELAP5 liquid phase temperature distribution results. The experimental data refers to the temperature measured at 1.5 m from the bottom of

the pressurizer.
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Fig. 15. Test transient (dotted line) and mass flow between different control volume of
COM-MCV. The dotted lines refer to the selected sub-model during the simulation.
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Fig. 16. COM-MCV vs. RELAPS5 pressure transient results. The dotted lines refer to the
selected sub-model during the simulation.

6. A complete emptying out-surge transient

According to the previous results, the MCV formulation is necessary
in order to achieve good accuracy levels. In literature, COMs employing
the MCV approach are present (e.g., see Botelho et al. (2010) for more
details). Such models are usually based on the selection of two or three
control volumes, one of which is divided into two regions (one for
vapour and the other for water) with automatic changing of thermo-
dynamic states. The remaining control volumes are fixed thermo-
dynamic regions for subcooled water. If the water contained in the
lower control volume remains in the subcooled state, this kind of COMs

are suitable to reproduce faithfully pressurizer transients. However, if
the water of the lower control volume reaches the saturation condition,
such models are no longer able to reproduce any transient. The possi-
bility that water reaches the saturated state also at the bottom of the
pressurizer may occur during complete emptying out-surge transients.
The capability to reproduce this kind of transients for a COM is im-
portant to develop and optimize control approaches which can help to
reduce damages to the nuclear plant. Once the most promising control
strategy has been selected, its effectiveness can be verified by adopting
a SOM. Therefore, COMs and SOMs should be intended as com-
plementary (and not mutually exclusive) approaches to achieve high
safety and performance levels for a given system.

Simulations of the complete pressurizer emptying can be carried on
by the COM-MCYV developed in this study thanks to the coupling of the
TRSV, TSDV and TRTV sub-models (see Section 2 for more details). In
order to verify the accuracy of the model for complete emptying out-
surges, new COM results are compared with RELAP5 ones. The selected
test transient is reported in Fig. 15 (dotted line). Fig. 16 shows the
comparison between COM-MCV and RELAP5 pressure results con-
firming the good accuracy of the model developed in this study. The
difference between new COM-MVC and RELAP5 pressure simulations
does not exceed 2 3bars. Fig. 17 depicts temperature values of the
COM-MCV and RELAPS5 corresponding volumes: the maximum differ-
ence does not overcome 4 5 °C. Figs. 15-17 also report the number of
control volumes adopted by the new COM-MVC during the simulation.

7. Conclusions

A new control oriented model, namely the COM-MCV, for PWRs
pressurizer is developed. Thanks to the non-equilibrium approach and
to the innovative multiple control volume formulation, the new model
is suitable for the prediction of pressure and temperature behaviour
inside the pressurizer for every transient that can be experimented by
the system.

Experimental and simulated results point out that the axial tem-
perature distribution arising in the liquid region cannot be neglected in
order to obtain a model characterized by a satisfying level of accuracy.
For this reason, single volume models are not suitable to study the
pressurizer dynamics and multiple control volumes ones have to be
adopted. Simulations also show that water laying in the bottom regions
of the pressurizer can reach the saturated condition in case of severe
out-surge transients.

This occurrence refers to single volume models, since the multiple
control volumes ones cannot be employed if lower control volumes
reach the saturation. In order to overcome single and multiple control
volumes models limitations, the new model couples the two different
approaches.
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Fig. 17. COM-MCV vs. RELAP5 temperature transient results. The dotted lines refer to the selected sub-model during the simulation.



As for the future developments, in order to improve the accuracy of
the model, the developed COM-MCV will be tested by coupling it to a
PWR-simulator in order to relax the hypothesis of constant enthalpy for
the mass flow rate entering in the pressurize. In addition, the obtained
results will be compared with those that will be achieve thanks to a CFD
pressurizer model which is under development.

Nomenclature

Latin symbols

G Specific heat at constant pressure (kJ kg=! °C~1)
g Gravity acceleration (m s~2)

h Specific enthalpy (kJ kg=!)

Ja Jacob number (—)

k Thermal conductivity (W m™!)
L Length (m)

m Mass (kg)

p Pressure (bar)

R Radius (m)

S Heat exchange surface (m?)

T Temperature (°C)

u Specific energy (kJ kg™)

U Energy (kJ)

%4 Volume (m3)

Z State variable vector

Greek symbols

SO RS ;K

Convective heat transfer coefficient (kJ °C~! m=2)
Perturbation (—)

Input variable vector

Dynamic viscosity (Pa s)

Density (kg m~3)

Matrix of coefficients

Special characters

h
m
p
Q
U
14
Z
I
Subscripts

FL
RO

Specific enthalpy time derivative (kJ kg='s~!)
Mass flow rate (kg s=1)

Pressure time derivative (bar s™1)

Heat Power (kW)

Energy time derivative (kJ s~1)

Volume time derivative (m3s—1!)

State variable time derivative vector

Density time derivative (kg m=3 s71)

Flashing
Rain out

Appendix. Pressurizer matrix formulation

TRSV sub—model STATE1 hy < h; N h, > hy, 2 =1{p, Vi, hy, iy}"

g | V-V~ 0 (V- W)

9py 9y
V== Py Vokog 0

op

op 371!

-V 0 pxl 0

~(V=-%) 0 0 px(V-W)

— Misc — Miyc
Msc + MNSURGE — MOUTSURGE
_mSC'(hg - hv) - QVW - Qvl

SC Superficial condensate
SpP Spray
VLV Safety-valve

wcC Wall condensate

H Heaters

\4 Vapour

l Liquid

G Saturated Vapour

F Saturated Liquid

0 Equilibrium reference state

1 Control volume 1

2 Control volume 2

2y Vapour region of control volume 2

21 Liquid region of control volume 2

3v Vapour region of control volume 3

3l Liquid region of control volume 3

vl Vapour liquid interface

2v2l Vapour liquid interface of control volume 2

3v3l Vapour liquid interface of control volume 3

211 Control volume 2 and 1 liquid interface

32 Control volume 3 and 2 liquid interface

12 Control volume 1 and 2 interface

mw Control volume 1 and pressurizer wall interface

2W Control volume 2 and pressurizer wall interface

w Liquid and pressurizer wall interface

W Vapour and pressurizer wall interface

2vW Vapour of control volume 2 and pressurizer wall interface
2lwW Liquid of control volume 2 and pressurizer wall interface
3vw Vapour of control volume 3 and pressurizer wall interface
3w Liquid of control volume 2 and pressurizer wall interface

OUT.1  Flux exiting from control volume 1

OUT 2  Flux exiting from control volume 2

OUT 2 up Flux exiting from control volume 2 during in-surge
OUT 2 down Flux exiting from control volume 2 during out-surge
OUT.3  Flux exiting from control volume 3

WALL Pressurizer wall

SAT Saturation condition
Ext External environment
Cond Conductive

Acronyms

CoOM Control Oriented Model
EA Equilibrium Approach
McCvV Multiple Control Volume
NEA Non-Equilibrium Approach
PWR Pressurized Water Reactor
SIR Safety Integral Reactor
SOM Safety Oriented Model

gc-(hy — hy) + msp-(hy — hy) + rynsurce(hinsurce — i) + Qu — Qv + Qu



TRSV sub—model STATE2 hy=h /hp > h, 2 =1{p, Vi, hy, nitp)"

0, o0y
Vv*% Py V"*EL;W 1
dpy
. V= W)y -p 0 1
— V,') 0 - Vv - (hg - hv)
dhy
W - Vv)*(pf*E—I 0 0 (hg—hp
— Msc — HyLy
Msc + Msp + MUNSURGE — MOUTSURGE
n= _mSC'(hg - h'v) - QW\J - Qvl

rynsurce-(hinsurce — hy) + Qn — Quw + Qu

TRSV sub—model STATE3 hy <hf 0 hy = hy, % =1{p, V,, titgo, h1}"

dp,
V"*d_: Py 1 0
9 9
. V=Wxs  —p 1 (V=TWxg!
dhg
Vv*(pg*d—; - 1) 0 (hy — hy) 0

-V-W 0 (m—hy px(V-N)

— Mgc — MLy
Msc + Mgp + WNSURGE — MOUTSURGE
"= _QvW - Qvl
tise-(hy — ) + rivgp-(hy — hy) + tiunsurce-(hinsurcs — M) + Qu — Quv + Qu

TRSV sub—model STATE4 hy=h; 0 hy = h, % ={p, Vi, ritgo, nitr}"

Vv*% o, 1 1

V-V —p 1 1

Y= V;)*(pg*% - ) . (hy = hy) 0
V- Vv)*(pf*% - 1) 0 0 (hg—hy

— Wigc — Hyry
Msc + Msp + MUNSURGE — MOUTSURGE
n= _QWV
tiunsurce(hinsurce — hy) + Qu — Qwy

TRDV sub—model IN-SURGE STATE1 hy < hf N hy < h; N hy > hy 2 = {p, Vs, hay, By, Iy, titour)”

9 v 9 1%
Vars 2ty Vg 0 0 0
9 9
(Vo= V)2 —py 0 (Va=Va)eg2 0 1
¥ = V]*% 0 0 0 Vl*g% 1
~ Vi 0 pyxV 0 0 0
—(h=Va) 0 0 pyx(=TVa) 0 —(u-hy)
-V 0 0 0 0%V 0

— Hisc — Hyry
Wsc + Mgp
WUNSURGE
n= _mSC'(hg - h2v) - QZVZI - QZ\)W
tse-(hy — o) + tsp-(hy — o) + Quar — Qan — Quw + O

mynsurce (insurce — M) + Qan — Quw

TRDV sub—model IN-SURGE STATE2 hy < h; N hy=h; Nhy, > hy 2 ={p, Vs, Ray, titgr, By, titours)”



3y N
Vo a; Py Vapk ahzv 1 0 0
dpg
Vo= Va)syy = O 1 0 1
01 91
b= Vst o o0 0 Vi L 1
- V2v 0 PZV*VZ\: - (hg - th)) 0 0
dhy
W=vi(prii=1) 0 0 (g=h) 0 —(u—hy
- 0 0 0 o1V 0
— Msc — MLy
Msc + Mgp
WUNSURGE
77 =

—thgc(hg — ha) = Qo — Quow
Qa1 — Qon — Quw + Qp

mynsurce (hinsurce — M) + Qan — Quw

TRDV sub—model IN-SURGE STATE3 hy < hy Nhy < hy N hy, = hy % = {p, Vi, titgo, hot, By, tirours)”

d
VzV*dipg o, 1 0 0 0
4 9
=Va)eZt —py 1 (h=Va)igh 0 1
91 %1
o= Wt 0 0 0 Vs 1
dh
I/Zv*(pg*d—s - 1) 0 (hy — hy) 0 0 0
- (V= V) 0 —(hy—hy) pyx(Va—=Voy) 0 —(m— hy)
- 0 0 0 oy Vi 0
— Hisc — Hiyry
Mgc + Higp
WUNSURGE
7] = _QZUZI - QZVW

tise-(hy — hap) + tigp(hy — hy) + Qo — Qon — Quw + Qur

mINSURGE (hINSURGE - hl) + Qle - QlW

TRDV sub—model IN-SURGE STATE4 h; <h¢ N hy =hs N hy, = hy 2 = {p, Vi, tigo, By, By, taouri)”

dog
Vaigt o, 1 1 0 0
dpg
(V= Va)rg - 1 1 0 1
901 %1
o= Vi*@ 0 0 0 Vl*a—hl 1
dh
VZv*(pg*d—; - 1) 0 (hy—h) 0O 0 0
dhy
W=v(pii=1) 0 0 (=h) 0 —(u-h
-" 0 0 0 o*V 0
— Misc — Hyry
Hisc + Higp
MUNSURGE
n= _QZvW

—Qu1 — Quw + Qu

rynsurce (Minsurce — M) + Qan — Quw

TRDV sub—model OUT-SURGESTATE1 hy < h; N hy < hy 0 hy, > hy 2 = {p, Vsy, Ray, by, By, tirours)”



Vi ag;” Py VZV*Z’Z: 0 0 0
=12 —py 0 (-T2 0 1
b= Vl*‘% 0 0 0 VI*Z% 1
-V 0 pyxWhy 0 0 0
-(Va—-V) 0 0 pyx(Va—Vy) 0 0
-1 0 0 0 eV — (hy — hy)
— Higc — Hiyry
Msc + Higp
—MOUTSURGE
n= —tise-(hg — hay) — Qauot — Quw
tise-(hy — hap) + sp-(hy — hoy) + Qo — Qon — Qsw + Qur
Qzll - QIW

TRDV sub—model OUT-SURGESTATE2 hy <hy N hy =hs 0 hy, > hy 2 ={p, Vs, Ray, titgr, By, titours)”

a v a v
Va2 S 1 o 0
dpf
- Vzv)*E = Py 0 1 0 1
91 %1
v = VI*E 0 0 0 Vl*aTq 1
- V2v 0 sz*Vh - (hg - hZV) 0 0
dh
v, — VZV)*(pF*d—: - 1) 0 0 (hg — hy) 0 0
-V 0 0 PV —(hy —h) O
— Misc — Hyry
Hisc + Higp
—MOUTSURGE
n= _mSC'(hg - th) - QZle - QZvW
Qa1 — Qun — Qsw + Qn
Qle - QIW
TRDV sub—model OUT—SURGE STATE3 hy <hf Nhy <hf N hyy=hy 2= {p, Vay, titgo, hot, By, tirours)”
dp,
Vz‘,*d—s Py 1 0 0 0
E) E
Va=Vas 2 —py 1 (A=Va)sgl 0 1
91 91
Wy 4 *5 0 0 0 |2 *3711 1
dh
VZV*(pg*dT;g - 1) 0 (hy — hy) 0 0 0
- (V= V) 0 —(hy — hy) 0 0 0
-n 0 0 0 p1xVi = (hay — )
— Misc — Hyry
Hsc + Mgp
—MOUTSURGE
n= _QZUZI - QZVW
tise-(hy — hop) + tingp-(hy — hy) + Qo — Qan — Quw + Qu
QZ[I - QIW

TRDV sub—model OUT—-SURGESTATE4 hy <h; N hy=h; Nhy =h, 2 ={p, Vi, titgo, titgr, By, titours)”



d
VZV*dipg P 1 0 0 0
dp,
(V= Va)wg - 1 0 0 1
91 91
we |4 *E 0 0 0 " *Thl 1
dh
VZU*(pg*d—; - ) 0 (hy — hy) 0 0 0
dhy
(Vo — Vi) Py ~ 1 0 0 (hg — hy) 0 0
-n 0 0 0 prxVi —(hy — )
— Misc — Hyry
Msc + Mgp
—HMOUTSURGE
n= _QZVW
tigp-(hy — 1) — Qan — Qaw + Qp
Qa1 — Quw
TRTV sub—model IN—SURGE STATE 1 hl < h.f n h2 < hj n hgl < hj n h3v > h.g zZ= {p, ‘./3',1,, hg,‘,, hg,l, hz, hl, mounup, moml}T
Vi 2 Vi3 26 0 0 0 0 0
3v ap P3v 3v Ohzy
e dp
(=Va)st —py 0 (B=Ta)sgs 0 0 1 0
22 )
Vz*g 0 0 0 V2>l<a—h2 0 1 1
Y= 91 91
Vi 0 0 0 0 Vixgl 0 1
— Vi 0 P30 % Vay 0 0 0 0
- (V3 - VSv) 0 0 P31*(V3 - V3v) 0 0 - (hz - h31) 0
-V 0 0 0 0%V 0 0 —(hh — hy)
-V 0 0 0 0 oV 0 0
— Msc — MLy
Msc + Mgp
0
WUNSURGE
n= - mSC'(hg - h3v) — Q331 — Qaw
tirse-(hy — hap) + tsp-(hy — h3p) — Qaz + Qapzt — Qaw + Qu
- Qu+ Q2 — Qo
mynsurce (hinsurce — M) + Qa1 — Quw
TRTV sub—model IN-SURGESTATE2 hy <h; N hy <h; Nhy=h; 0 hy, > hy % = {p, Vi, hay, titgr, By, By, Moursup, Htouri)
Vi 3 220 Ve 59 1 0 0 0 0
3v ap P3v 3v gy
d
v — wv)*di;f -p 0 1 0 0 1 0
%2 9>
Vs 22 0 0 0 Vs 0 1 1
Y= Vi*%,;l 0 0 0 0 I/i*g% 0 1
- V3v 0 P3V*V3v - (hg - h3v) 0 0 0 0
dhy
(V4 — %v)*(pf*d—; - 1) 0 0 (hg — hy) 0 0 —(n—hp) 0
-V 0 0 0 PV 0 0 = (= hy)
- 0 0 0 0 pxVi 0 0
— Misc — Miyry
Hsc + Mgp
0
WUNSURGE
n= — tiige(hg — h3y) — Qavzt — Qauw

= Qs + Quat — Quw + Qn
= Qn + Qa2 — Qow

mlNSURGE(thSURGE - hl) + QZI - QlW




TRTV sub—model IN—-SURGESTATE3 hy <h; N hy <h; N hy <hf 0 hy, = hy 2= {p, Vi, titgo, hat, ho, By, Mouraup, Hour1)”

dpg
Var o 3 1 0 0 0 0 0
e dp:
(V3= Va)spt - = py 0 (V=Va)sg 0 0 1 0
22 )
Vz*g 0 0 0 Vz*a_hz 0 1 1
91 91
W= Wk 0 0 0 0 Vs 0 1
dhg
%v*(pg*ﬂ - 1) 0 (i — hy) 0 o 0 0 0
- (V5= V) 0 —(y—hy) pyx(Vs—V3) O 0 —(h—hs) 0
-V 0 0 0 p#Vy 0 0 — (- hy)
-V 0 0 0 0 pA 0 0
— Hisc — Hiyry
Hisc + Higp
0
WUNSURGE
n= - Q3v3l - QSvW

tise-(hy — ha1) + tsp-(hy — h3y) — Qs + Qapz — Quw + Qur
- Qu+ Q2 — Qow

mynsurce (hinsurce — M) + Q1 — Quw

TRTV sub—model IN—SURGESTATE4 hy <hf nhy <h; N hy=hs Nhy, = hy 2 =1{p, Vi, titgo, titpr, by, n, Houraup, Mouri)

dj
st*dij o, 1 1 0 0 0 0
dj
v — V;v)*di; - o 1 1 0 0 1 0
) 80,
Vi 0 0 0 W o 1 1
o1 91
p— Vi 0 0 0 0 Vixg: 0 1
VW*(pg*% - 1) 0 (y—hy) O 0 0 0 0
dh;
V- I/év)*(pf*d—; - 1) 0 0 (g—h) 0O 0 —(m—h) 0O
-1 o o 0 B 0 0 —(h—h
-w 0 0 0 0 oV 0 0

— Misc — MLy
— Hisc — MLy

0
HUNUSRGE
n= - Qs
= Qsz — Quw + Qn

= Qu + Quz — Qo

mINSURGE (hINSURGE - hl) + QZI - QIW

TRTV sub—model OUT—-SURGESTATE1 hy <h; N hy < h; N hy <h; Nhy, > hy 2= {p, Vi, hsy, By, o, By, 10U 2d0wns MouTs)

wv*% P %V*g% 0 0 0 0 0
e/ e/
G=Va)s 2t —py 0 (G=Va)sgh 0 0 0 1
0, )
Vox 2 0 0 0 Vrg? 0 1 1
W= o o

Vs 0 0 0 0 Wxgl 1 0

- V3 0 py,xV3 0 0 0 0

- (VS - V}v) 0 0 P31*(V3 - V3v> 0 0 0

-V 0 0 0 pyiVy 0 0 — (hy — hy)

-1 0 0 0 0 prVi = (hy — hy) 0



TRTV sub—model

TRTV sub—model

TRTV sub—model

— Msc — MLy
Msc + Mgp
0
— MOUTSURGE

- mSC'(hg - h'3v) - Q3v3l - Q3UW
tise-(hy — ha) + sp-(hy — h3p) — Qs + Qapzt — Quw + Qp
= Qu+ Q2 — Quw
QZ] - QIW

3 33y
Vgt P ik 1 o 0
dpf
V-Va)sgt =g 0 1 o 0
) %2
VZ*E 0 0 0 Vz*aTz 0
o1 91
171*5 0 0 0 0 Vl*aTq
- V%v 0 P3V*VSV - (hg - h3v) 0 0
dhy
W — VSV)*(pf*d—;’ - 1) 0 0 (g—h) 0O 0
-V 0 0 0 Py xVs 0
-" 0 0 0 0 o1xV

— Mgc — MLy
— Mgc — MLy
0
— MOUTSURGE
- mSC'(hg - h}v) - QSvSl - QS\)W
= Qs+ Qua — Qsw + Qu
- Qu+ Q2 — Qow

QZl - QIW
OUT-SURGE STATE3 h; < hf N h < hf N hy < hf
dpg
I@v*di; I3 1 0 0 0
4 4
(Vi=Va)spt = py 1 (=TVasgd 0 0
%2 )
Voxg? 0 0 0 Vg2 0
901 91
VI*E 0 0 0 0 V1>x<a—h1
x@v*(pg*"dﬁ - 1) 0 (hy—hy 0 0 0
-(3= V) 0 —(hy—hy) pyx(V5-V3) 0O 0
-1 0 0 0 p,*V, 0
-% 0 0 0 0 p%

— Misc — Myry
Msc + Mgp
0
— MoUTSURGE

- Q3\)3l - Q3VW
titse-(hy — b)) + tingp-(hy — hay) — Qs + Qapy — Quw + Qu
—Qu+ Q- Quw
Q21 - QIW

OUT-SURGE STATE2 h; < hf n hy <hs N hy = h;y N hy, > hy

0

n h3v = h.g

0
= (= h)

OUT-SURGE STATE4 h; <hyf nh, <hy N hy=h; N hy, = h,

Z = {P, Vay, hay, titpr, hy, by, Mouradowns Hlour s}

z = {p, Vav, Mgo, hsr, by, hy, MouT2down, Mours}

0

0
—(hy — hy)
0

z = {p, Vay, tiigo, Mg, hy, hy, Wouradown, Mours)



dp,
V3v*d—5 Pe 1 1 0 0
der
;- st)*g oy 1 1 0 0
9> )
Vix 22 0 0 0 Wi 0
9y 91
Y VI*E 0 0 0 0 Vi*%
dh,
%v*(pg*d—; - ) 0 (hy — hy) 0 0 0
dhf
(V3—V3‘,)*(pf*a—1> 0 0 (hy—h) O 0
-V 0 0 0 P, %Vs 0
- 0 0 0 0 pN
— Misc — Myry
Misc + Mgp
0
— MoUTSURGE
n= = Qaw
= Qs — Qaw + Qu
— Qu + Qap — Qow
Q1 — Qww
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