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ABSTRACT 

The pressurizer module of the Point Lepreau real-time full scope simulator is modified by using a multiple-node 
model. In the new model, the pressurizer is divided into a number of control volumes. The vapor node consists of the 
control volumes where the vapor phase is continuous and liquid phase is dispersed, while each liquid node is a control 
volume where the liquid phase is continuous and vapor phase is dispersed. In the vapor node, the fluid is 
homogeneous and equilibrium, however, in any liquid node, the fluid is assumed to be in thermal equilibrium only. 
Liquid and vapor bubbles in the liquid node may have different velodty, and non-equilibrium exists among the liquid 
nodes and between the top liquid node and the vapor node. 

The mass, momentum and energy equations for the vapor-liquid mixture are applied to the vapor node and each of 
the liquid nodes. To take into account the velodty difference between the vapor bubbles and the liquid in the liquid 
nodes, the slip ratio is modeled. 

The new pressurizer module is integrated in the simulator. Some of the predictions from a number of transients are 
presented. The simulations are compared against available plant data and that of the previous two-node model. The 
comparisons show good agreement between the simulation by using the multiple-node model and the plant data. They 
also show significant improvements of the multiple-node model upon the two-node model. 

1. INT RODUCT ION 

The trailing simulator at Point Lepreau has been playing an important role in training the Point Lepreau operators 
as well as the operators from other countries since 1991. Tremendous effort has been made to update the simulator 
software to meet the increasing training needs and to improve its fidelity. 

Pressurizer is a key compment in the plant, as well as in the simulator. Previously a two-node model is used in 
the simulator. In the two-node model, the vapor and liquid regions in the pressurizer are treated as two nodes. Each 
node is assumed homogeneous, respectively. Thermodynamic non-equilibrium exists between the vapor and the liquid 
node. The governing equations for the vapor and liquid node are solvcd. 

The two-node model gives a reasonable prediction during very slow transients; however, erroneous predictions in 
pressure, level and temperature are reported frequently in relatively fast transients. The problems unveil the invalidity 
of the assumption that the liquid phase is homogeneous. In reality, the liquid in the pressurizer has a temperature 
distribution. The liquid and vapor bubbles in the liquid node have different velodties. Fail to simulate the temperature 
distribution and the vapor and liquid velodty differences affects the thermodynamic processes, which in turn affect the 
predictions for the pressurizer pressure, level and temperature. 

There are various non-teal-time pressurizer models with different complexities, ranging from the two-legion model 
[1], two-legion, four-state model [2], and three-region model [3] to non-equilibrium four-region model [4]. Under the 
real-time constrain, these models need to be modified such that the non-homogeneity between the liquid and vapor 
bubbles are reflected while the computing time is limited. 

To simulate the behavior of the pressurizer liquid, the present work divides the pressurizer into a number of 
control volumes as shown in Figure 1. 

The control volumes are occupied completely by either vapor phase (vapor with liquid droplets) or liquid phase 
(liquid with vapor bubbles), except in the control volume where the vapor phase interfaces with the liquid phase This 
interfacing control volume may be partially occupied by the liquid phase depending on the pressurizer level. The 
volumes occupied by the vapor phase is defined as a vapor node, while each control volume occupied by the liquid 
phase (completely or partially) is defined as a liquid node. Due to the dynamic nature of the pressurizer level, the 
number of the liquid nodes may change. 
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     The pressurizer module of the Point Lepreau real-time full scope simulator is modified by using a multiple-node
model. In the new model, the pressurizer is divided into a number of control volumes. The vapor node consists of the
control volumes where the vapor phase is continuous and liquid phase is dispersed, while each liquid node is a control
volume where the liquid phase is continuous and vapor phase is dispersed. In the vapor node, the fluid is
homogeneous and equilibrium, however, in any liquid node, the fluid is assumed to be in thermal equilibrium only.
Liquid and vapor bubbles in the liquid node may have different velocity, and non-equilibrium exists among the liquid
nodes and between the top liquid node and the vapor node.
     The mass, momentum and energy equations for the vapor-liquid mixture are applied to the vapor node and each of
the liquid nodes. To take into account the velocity difference between the vapor bubbles and the liquid in the liquid
nodes, the slip ratio is modeled.
   The new pressurizer module is integrated in the simulator. Some of the predictions from a number of transients are
presented. The simulations are compared against available plant data and that of the previous two-node model. The
comparisons show good agreement between the simulation by using the multiple-node model and the plant data. They
also show significant improvements of the multiple-node model upon the two-node model.

1. INTRODUCTION

    The training simulator at Point Lepreau has been playing an important role in training the Point Lepreau operators
as well as the operators from other countries since 1991. Tremendous effort has been made to update the simulator
software to meet the increasing training needs and to improve its fidelity.
     Pressurizer is a key component in the plant, as well as in the simulator. Previously a two-node model is used in
the simulator. In the two-node model, the vapor and liquid regions in the pressurizer are treated as two nodes. Each
node is assumed homogeneous, respectively. Thermodynamic non-equilibrium exists between the vapor and the liquid
node. The governing equations for the vapor and liquid node are solved.
    The two-node model gives a reasonable prediction during very slow transients; however, erroneous predictions in
pressure, level and temperature are reported frequently in relatively fast transients. The problems unveil the invalidity
of the assumption that the liquid phase is homogeneous. In reality, the liquid in the pressurizer has a temperature
distribution. The liquid and vapor bubbles in the liquid node have different velocities. Fail to simulate the temperature
distribution and the vapor and liquid velocity differences affects the thermodynamic processes, which in turn affect the
predictions for the pressurizer pressure, level and temperature.
      There are various non-real-time pressurizer models with different complexities, ranging from the two-region model
[1], two-region, four-state model [2], and three-region model [3] to non-equilibrium four-region model [4]. Under the
real-time constrain, these models need to be modified such that the non-homogeneity between the liquid and vapor
bubbles are reflected while the computing time is limited.
      To simulate the behavior of the pressurizer liquid, the present work divides the pressurizer into a number of
control volumes as shown in Figure 1.
      The control volumes are occupied completely by either vapor phase (vapor with liquid droplets) or liquid phase
(liquid with vapor bubbles), except in the control volume where the vapor phase interfaces with the liquid phase. This
interfacing control volume may be partially occupied by the liquid phase, depending on the pressurizer level. The
volumes occupied by the vapor phase is defined as a vapor node, while each control volume occupied by the liquid
phase (completely or partially) is defined as a liquid node. Due to the dynamic nature of the pressurizer level, the
number of the liquid nodes may change.

21 st Annual Conference of the Canadian Nuclear Society 
Toronto, Ontario, Canada/ June 11-14, 2000 



21' Annual Conference of the Canadian Nuclear Society 
Toronto, Ontario, Canada /June 11-14, 2000 

GN+1,E" 

N+1 

i=N+1 

i=N+1 

GN, EN

, 
1<i<N 

GI

i=1 
G, E°

i=2 

i=1 

Fig 1. The pressurizer and its control volume 
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In the vapor node, the vapor and liquid droplets are homogeneous and they are in thermal equilibrium. In each liquid 
node, however the liquid and vapor bubbles are in thermal equilibrium. The two phases may have different velocity. 
Non-equilibrium exists among the liquid nodes, and between the topmost liquid node and the vapor node. 

2. EQUATIONS OF THE MODEL 

2.1 General Governing Equations 

The parameters of the liquid nodes are assumed to be functions of time and height (z-direction, z=0 at the bottom of 
the pressurizer) only. Staggered grid approach used in CFD is adopted, i.e. the transport parameters are located on the 
surface of the nodes and the state parameters are located in the center of the nodes. In each liquid node, the vapor and 
liquid coexist as a mixture, and the discretized equation of continuity, energy and momentum for the mixture in the ith 
liquid node are written as [5]: 
d rA = A i (G„," -G:n ) (1) 

= - E,,)+ V i(d i Pt + h fg a + (2) 

= - v:„ (G,'„ ) 2 + - Pi - Fi I Ai + (3) 

where at=alat,mmi (.pm` Pmi Gm' ( iocipv Hmi (=Mm` hm), Em' (= Gm' hm), 
hm Vi Qi , Pi, Li and Fi are, respectively, the time derivative, the total mass, the mixture 
density, the mass flux, the total enthalpy, the energy flux due to mass flux, the specific collective enthalpy, the total 
volume, the heat transfer by conduction, the pressure, the height of the liquid and dispersed bubbles and the wall 
friction stress of the ith control volume. and vi are the slip correlation for the energy equation and effective specific 
volume for spatial acceleration, defined as: 

p/e(1-a')+ v (.7(
i ) 2

  +  
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a i Pv i (1- a i )Pi i
x in the above expressions is the flow quality. It is defined by: 

Wv i al mist,'  alp,/ 
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where Si is the slip ratio (=u 1/u1̀ ) 
For the vapor node, only Eqs. (1) and (2) are needed. The void fraction and flow quality of the vapor node are 

assumed to be one. 
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  Fig 1. The pressurizer and its control volume 
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where Si is the slip ratio ( uv
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i)  
     For the vapor node, only Eqs. (1) and (2) are needed. The void fraction and flow quality of the vapor node are 
assumed to be one. 
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The index i ranges from 1 to N(t)+1, where N(t) is the number of the liquid nodes. For the convenience of 
computation, the bottommost liquid node is designated as the first liquid node (i=1), and all the pressurizer heaters are 
located inside this node. Thus for the topmost liquid node, i=N(t), and for the vapor node, i=N(t)+1. 

The vapor pressure is prescribed by the equation of the state PN+1=Pv(pv,hv). By considering the size and the possible 
flow of the pressurizer, the pressure for each liquid node is approximated by: 

P N = PN'1 
2 gp NLN  P 1-1 = 

2 
+ ny + p 'L") 

To solve Eqs. (1-3) for the liquid nodes, the slip correlation, the effective specific volume, vi, the wall friction 
stress Fi and the heat transfer Qi for each node have to be determined. 

The flow quality xi and void fraction a i are the key parameters for 'Pi and The void fraction is determined from its 
propagation equation: 

D ia l =0' +24:,(al (4) 

By defining Co <ocv>/<a><v> (<x>4xdA/A), FAhe vapor generating rate and ui,i(t) the fluid velocity 
entering the pressurizer, the expressions for S2i and uai are obtained: 
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where uvi is the drift velocity of vapor. 
The most important variables in the expression of Cli and uai are uvi and and they are given, respectively by [6]: 
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Using uvi and ri thus obtained in Q and u„`, and then substituting the results into Eq. (4), we can compute the void 
fraction. 

By definition, uvi=usi(1-ai) [6], where usi=uvi -u1i is the slip velocity. So the slip velocity uvi-u1̀  in each liquid node can 
be written as: 

u;,-u1 

In the meantime, the sum of the volumetric flows of liquid and vapor at each node must be equal to the volumetric flow 
into the pressurizer as given by vo=Wo/po. Thus, 

= / 

Solving these two equations simultaneously results in the following slip ratio: 
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Based on the slip ratio and the nodal void fraction, the flow quality can be computed. 

The volume of the topmost liquid node is a function of time. Because the sum of the volumes of the liquid nodes and 
the vapor node is the pressurizer total volume, dVN+1=-dVN holds. dVN can be determined from: 
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The friction and heat transfer are due to the presence of the boundaries. They are given in the next section. 
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Based on the slip ratio and the nodal void fraction, the flow quality can be computed. 
    The volume of the topmost liquid node is a function of time. Because the sum of the volumes of the liquid nodes and 
the vapor node is the pressurizer total volume, dVN+1=-dVN holds. dVN can be determined from: 
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     The friction and heat transfer are due to the presence of the boundaries. They are given in the next section. 
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2.2 Initial and Boundary Conditions 

(2.2.1) Initial conditions 

The initial values for vapor pressure and temperature, PN+1 and T", the pressurizer level and the liquid temperature 
at the first liquid node and the node located at z=8.46 meters are obtained directly from the plant data at 100% full 
power condition. By using these measurements, and assuming liquid enthalpy is a linear function of height initially, the 
initial values for the state parameter, Mm`, Hmi (i=1,2,... N(t)+1) can be calculated. 

Since the thermal quality at ROHs are normally 0.4%, the initial void fraction in each liquid node is assumed to be 
0.04. 

The initial velocities for the vapor and liquid phase, the vapor generating rate in each liquid node are assumed to be 
equal to zero. Thus the transport parameters Gm1, x1, v1 and 'V (i=1,2,..N(0) can be calculated. 

(2.2.2) Boundary conditions 

The heat transfer (Q), the friction (F), the mass flux (G) and the energy flux (E) through the boundaries of the vapor 
node and each liquid node are specified in this section. 

a. For the vapor node (i=N(t)+1) 

As shown in Figure 1, the vapor is bounded by al-pressurizer wall, a.2- the steam relief line, a.3-cooling spray and 
a.4-the vapor-liquid interface. 

a.1 Heat is transferred from the vapor, through the pressurizer wall, to the environment. Associated with the heat 
transfer is the mass transfer from the wall to the topmost liquid node due to wall condensation. 

The heat transfer from the vapor to the wall is calculated by: 

viv-a = liDN+1LN+1cAr+1(77:+1 _TAr+1) 

where Qw", D" and C" denote, respectively, the heat transfer from the vapor to the wall, the diameter and the heat 
transfer coefficient between vapor and the wall. Tm" and Tw" are the temperature of the vapor and the wall. 

The wall temperature is determined by: 
cp,,vM : 1+1 olT : 1 +1  _ (c, N +1 +1 

+ C,,„_7")—(C N+1 C wN +1
rD 

N+ILN+1 dt

where Cp,w, Mw, Cw_s, Te denote, respectively, the wall specific heat, the vapor contacting wall mass, the heat transfer 
coefficient between the wall and environment and, the environment temperature. 

Initially, vapor temperature is measured as 308°C, the wall temperature is assumed to be 300°C, the environment 
temperature is a constant of 30°C. The heat loss from the pressurizer steam space at 100% full power is approximately 
15 kW. Based on these values, C" and C, are determined. The vapor contact area and its contacting wall mass is 
dynamically computed as a function of pressurizer level, however, the heat transfer coefficients are assumed constant 
during all transients. 

Based on Qw", the wall condensation flow rate can be obtained as: Wmmdw=Qw"/h Thus the mass flux due to 
wall condensation is: G v N+1=-G N= W condw/AN+1, and the associated energy flux is: 

-sF m,w 
The wall friction, F t  is small and thus neglected. 

a.2 The conductive heat transfer through the steam relief line is assumed to be negligible, i.e.: Q,"=0. The friction 
on the steam relief line, FrN+1 is small and thus neglected. 

The steam discharge flow rate is calculated depending on if the flow is critical and pressurizer is full. When the 
pressurizer is not full, the vapor discharge flow is Wr=Csroi(Ppm2 -Pdstrm2 ) if the flow is not critical, or Wr =Csd,cmPprz if 
the flow is critical. In this equation Wr represents the steam discharge flow rate, Csd and C sd,crit denote, respectively, the 
non-critical and critical conductivity for the steam in the relief line, Pdstrm is the pressure at downstream. The mass flux 
due to steam relief is therefore Gm,,N+1=Wi/A". The energy flux is Em,,N+1=Gm,r"h v. When the pressuriser is full, the 
fluid through the steam relief line is liquid. The discharge flow rate is then calculated by Wr=CAPprz  Wr 
=Cid,cmPprz, where Cid and Cid,crit represent, respectively the non-critical and critical conductivity for the liquid. The mass 
and energy flux are obtained from Gm,,N=Wi/AN and Em,,N=Gm,,Nhi respectively. 

-Pdstrm ) or 
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where Cp,w, Mw, Cw-e, Te denote, respectively, the wall specific heat, the vapor contacting wall mass, the heat transfer 
coefficient between the wall and environment and, the environment temperature. 
   Initially, vapor temperature is measured as 308 C, the wall temperature is assumed to be 300 C, the environment 
temperature is a constant of 30 C. The heat loss from the pressurizer steam space at 100% full power is approximately 
15 kW. Based on these values, CN+1 and Cw-e are determined. The vapor contact area and its contacting wall mass is 
dynamically computed as a function of pressurizer level, however, the heat transfer coefficients are assumed constant 
during all transients. 
     Based on Qw

N+1, the wall condensation flow rate can be obtained as: Wcondw=Qw
N+1/hfg. Thus the mass flux due to 

wall condensation is: Gm,w
N+1=-Gm,w

N= Wcondw/AN+1, and the associated energy flux is: Em,w
N+1=-Em,w

N=Gm,w
N+1hf. 

     The wall friction, Fw
N+1 is small and thus neglected. 
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2  -Pdstrm
2 ) if the flow is not critical, or Wr =Csd,critPprz if 

the flow is critical. In this equation Wr represents the steam discharge flow rate, Csd  and Csd,crit  denote, respectively, the 
non-critical and critical conductivity for the steam in the relief line, Pdstrm is the pressure at downstream. The mass flux 
due to steam relief is therefore Gm,r

N+1=Wr/AN+1. The energy flux is Em,r
N+1=Gm,r

N+1hv. When the pressuriser is full, the 
fluid through the steam relief line is liquid. The discharge flow rate is then calculated by Wr=Cld (Pprz

  -Pdstrm ) or Wr 
=Cld,critPprz, where Cld and Cld,crit represent, respectively the non-critical and critical conductivity for the liquid. The mass 
and energy flux are obtained from Gm,r

N=Wr/AN and Em,r
N=Gm,r

Nhl respectively. 
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a.3 When the pressurizer level is below the spray nozzles, the cooling spray condenses the vapor and brings vapor 
mass and its energy into the top liquid node. When the level is above the spray nozzles, the cooling spray is charged 
directly into the liquid node where the nozzles are located, and no vapor is condensed. 

The conductive heat transfer through the spray line is assumed to be negligible, i.e.: Q3"=0. The friction on the 
spray nozzles, Fs" is small and neglected. 

When the pressurizer level is below the nozzle location, the spray flow rate is calculated by: Ws = C sp 4(Pfeed — P N+1 ) 

if the flow is non-critical, or Ws =Csp,crit Pfeed, if the flow is critical. The Csp and Csp„mr in this equation denote the 
conductivity of the spray line when the flow is non-critical or critical, respectively. 

The vapor condensation on the spray is expressed by: 
W„ = W, (h, — 1(h g — h f ) 

where Wsc denotes the vapor condensation on the spray, and 14/, is the specific enthalpy of the spray flow. 
The mass flux due to vapor condensation on the spray is therefore Gm,s"= Ws/A". The energy flux Em,s" is 

obtained as: Gms"h f. 
The spray, together with condensed vapor, directly falls into the topmost liquid node. So we have: 

Gm 3N= -(Wse+Ws)/AN, EmsN= -(Wschf+Wshsp)/AN. 
If the pressurizer level is at or above the nozzle's location (now the control volume becomes the Kth liquid node), 

the spray flow rate is obtained by: Ws = C 1 I( feed Pic ) if the flow is non-critical, or Ws =CsAcrit Pfed, if the flow is 
critical. The mass flux is then Gm,sIc= -Ws/AK, and the energy flux is Emsic=Gm,si hs. 

a.4 On the liquid-vapor interface, there is mass and energy transfer through condensation of the vapor and 
evaporation of the liquid. Besides, there may be mass and energy transfer due to boiling and flashing. 

The flow rate through the interface caused by the net effect of evaporation and condensation is modeled by [8]: 
P (T N ) P " 

W „ = C„ AN[ 
N NIT 

where W ec is the interfacial flow due to evaporation and condensation, Ps(TN) is the saturation pressure at temperature 
TN. C„=4(M/(27ER)), where M is the molecular weight of D20 and R is the universal gas constant. 

Due to the change of the liquid enthalpy or pressure, boiling or flashing occurs. In time interval dt, the total flow 
through the interface caused by boiling or flashing is: (ocNAN)(uvNdt)(pvN), thus the boiling and flashing flow rate is 

Wbf—ANa NPvNuvN• 
The total flow through the interface is the sum of the evaporation, condensation, boiling and flashing, i.e.: 

Wi= Wec+Wbf• At any normal steady state, i.e. no leak of the vapor, the total interfacial flow must be equal to the flow of 
wall condensation, i.e.: Wi=Wconm,,. This property can be used to determine the vapor velocity in steady state. 

Based on the interfacial flow, the interfacial mass flux is obtained as: GmiN+1=-Gm,iN=-WVA". When Wi<O, the mass 
is transferred from the vapor node to the topmost liquid node, so Emr 1=-Em,iN=Gm,i"h f. When Wi>0, however, the 
mass transfer is from the topmost liquid node to the vapor node, the energy flux is: -EmiN+1=EmiN=GmiNhp. 

The conductive heat transfer through the interface is smaller compared with the energy transfer due to evaporation, 
condensation, boiling and flashing. So it is assumed to be zero. The friction on the interface, Fr', is also very small and 
neglected. 

The total friction for the vapor is FN+1=0. The total heat transfer to the vapor node is obtained as: Q"=-Q,N+1 -Qr" - 
Qs". The total mass flux to the vapor node is obtained as: GmN+1=Gm,,N+1 +Gm,r" +GmAN+1+Gmi", and the total 
energy flux is: Em"_" +E, N+1 +Em,sN+1+ Er l. Similarly, the total mass and energy flux through the boundaries 
to the topmost liquid node are, respectively GmN=Gm,,,,N +GmrN +Gm,sN+GmiN and EmN=Em,wN +Em,rN ±Em,sN±Em,iN• 

b. For the liquid nodes (i=1,2 N) 

Except for the topmost (i=N) and the bottommost one (i=1), the liquid nodes (i=2,...,N-1) are only bounded by b.1-
the pressurizer wall in their periphery. To the topmost liquid node, it is also bounded by b.2- its upper surface, and to the 
bottommost one, by b.3-its lower surface. 

b.1 The heat transfer from the liquid to the wall is calculated by: 

Qw = ND:Li 
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      The spray, together with condensed vapor, directly falls into the topmost liquid node. So we have: 
Gm,s
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the spray flow rate is obtained by: Ws = Cspl (Pfeed
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where Wec is the interfacial flow due to evaporation and condensation, Ps(TN) is the saturation pressure at temperature 
TN. Cec= (M/(2 R)), where M is the molecular weight of D2O and R is the universal gas constant. 
     Due to the change of the liquid enthalpy or pressure, boiling or flashing occurs. In time interval dt, the total flow 
through the interface caused by boiling or flashing is: ( NAN)(uv

Ndt)( v
N), thus the boiling and flashing flow rate is 

Wbf=AN N
v
Nuv

N. 
     The total flow through the interface is the sum of the evaporation, condensation, boiling and flashing, i.e.: 
Wi=Wec+Wbf. At any normal steady state, i.e. no leak of the vapor, the total interfacial flow must be equal to the flow of 
wall condensation, i.e.: Wi=Wcondw. This property can be used to determine the vapor velocity in steady state. 
    Based on the interfacial flow, the interfacial mass flux is obtained as: Gm,i

N+1=-Gm,i
N=-Wi/AN+1. When Wi<0, the mass 

is transferred from the vapor node to the topmost liquid node, so Em,i
N+1=-Em,i

N=Gm,i
N+1hf. When Wi>0, however, the 

mass transfer is from the topmost liquid node to the vapor node, the energy flux is: -Em,i
N+1=Em,i

N=Gm,i
Nhg. 

    The conductive heat transfer through the interface is smaller compared with the energy transfer due to evaporation, 
condensation, boiling and flashing. So it is assumed to be zero. The friction on the interface, Fi

N+1, is also very small and 
neglected. 
    The total friction for the vapor is FN+1=0. The total heat transfer to the vapor node is obtained as: QN+1=-Qw

N+1 -Qr
N+1 -

Qs
N+1. The total mass flux to the vapor node is obtained as: Gm

N+1=Gm,w
N+1 +Gm,r

N+1 +Gm,s
N+1+Gm,i

N+1,  and the total 
energy flux is: Em

N+1=Em,w
N+1 +Em,r

N+1 +Em,s
N+1+ Em,i

N+1. Similarly, the total mass and energy flux through the boundaries 
to the topmost liquid node are, respectively Gm

N=Gm,w
N +Gm,r

N +Gm,s
N+Gm,i

N and Em
N=Em,w

N +Em,r
N +Em,s

N+Em,i
N. 
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 ),( i

w
i

m
iiii

w TTCLDQ      (i

21 st Annual Conference of the Canadian Nuclear Society 
Toronto, Ontario, Canada I June 11-14, 2000 

✓ -P 

If the pressurizer level is at or above the nozzle's location (now the control volume becomes the 
✓ -P 

✓ 1t 

p 
exp 

=1,2, ... ,N) 

=2, ... ,N-1) are only bounded by b.1-

=7& =1,2, ... ,N) 

5 



21' Annual Conference of the Canadian Nuclear Society 
Toronto, Ontario, Canada /June 11-14, 2000 

where Qwi , Di and Ci denote, respectively, the heat transfer from the liquid to the wall, the diameter and the heat transfer 
coefficient between liquid and the wall. Tmi and Twi are the temperature of the liquid-vapor bubble mixture and the wall, 
respectively. 

The wall temperature for each liquid node is calculated from: 
C wMw  dr' 

w C w_T e ) — (C l +Cw_e )Tiv
itD iE dt 

No heat generation exists in the liquid nodes, except in the first one. Hence Q`=-Qwi (i=2,...,N). In the first liquid 
node, the heat generated by pressurizer heaters is given by Qie(t) the heat transfer to the first node is therefore Q1=Qie(t)- 
Qw1

There is no mass transfer through the wall. The wall friction for the liquid nodes are obtained as: 

F' =IrD'E(
E  

+K')0,0 
f' (GI')2 (i=1,2,...,N) 
D' Pi 

where f 1 , are, respectively, the friction factor, the form loss coefficient, the two-phase multiplier and the 
liquid mass flux. 

The friction factor is computed by using f i=aRe-b , a and b are constants depending on Re. Typical values for a and b 
can be found in [4]. Because the pressurizer is a large vertical vessel, the form loss coefficient can be set to zero. 

Friedel correlation is used to compute two-phase multiplier ke. 

b.2 To the Nth (topmost) liquid node, the flow across its upper face are the interfacial flow given in a.1 and aA. The 
friction on the upper surface is very small and thus neglected. 

b.3 To the first (bottommost) liquid node, the flow across its lower face is given by another subroutine as Wo=A°[(1- 
ce)pf o +a°p,o ]um. The mass velocity and energy flux can be obtained as: Gm°=Wo/A1 and Em°=G2ho. 

3. THE TESTS OF THE MODEL 

3.1 The computational procedure 

Eqs. (1-4) and their supplemental equations are solved for each node by following the procedure below. 
(3.1.a) computing G, E and Q through the liquid-vapor interface. 
(3.1.b) computing vapor mass and enthalpy from Eqs. (1) and (2). 
(3.1.c) computing vapor density and specific enthalpy by using the previous vapor node volume. 
(3.1.d) determining vapor pressure by using vapor density and specific enthalpy. 
(3.1.e) computing the vapor generating rate V. 
(3.1J) computing the vapor drift velocity AI. 
(3.1.g) computing Cli and 
(3.1.h) computing the void fraction ai from Eq. (4) 
(3.1.i) computing the wall heat transfer Qi, the wall friction the node pressure Pi, the slip ratio Si, the flow quality xi, 
the specific volume for spatial acceleration vi and finally, the slip correlation for the energy equation V. 
(3.1j) computing the mass flux, Gmi, the node mass Mm` and the node enthalpy, Hmi from Eq. (3), (1) and (2). 
(3.1.k) computing mixture density and specific enthalpy by using the node volume (constant, except for node-N and 
N+1 of which volumes are computed after determining dVN and dVN+1). 

3.2 The test environment 

The set of equations introduced above are solved in a subroutine. The subroutine is linked with the other system 
subroutines, and they are built into the Point Lepreau real-time simulator. All the subroutines dynamically interact 
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w ith each oth er . Th ey als o in ter act w ith th e p lan t digital co ntro l com pu ter  ( DCC) pr o gr am s, th e p lant co ntro l log ic an d
the m ain  con tro l ro o m op erato rs .

3 .3  T he  simu latio n results an d discu ssion s

Test 1.  S teady state a nd po wer  ma neuverin g

    The aim o f th is  test is  to evalu ate the ov er all calculation  o f the m ass  and  en er g y co ns erv ation  in the p r es su rizer , and 
the interaction  o f the p r es su rizer  w ith  the other  p rimar y heat tr an s po rt sy stem s .

F ig . 2    The pr es s ur e an d  lev el resp o ns e
1 . PROH 5  ( , P lant data) ,  2. P P RZ  ( o, P lan t data) , 3. LPRZ  (  , P lant data) , 4. LS TO   ( , P lant data) 

     In  th is  test th e reactor  p o wer is firs t m ain tain ed  at 1 0 0% f ull p ow er. Then  the po wer is red uced  to  7 7% fu ll p o wer
and  b ack  to 1 00 % fu ll po w er  again at diff er ent r ate.
    The step s  o utlin ed  in  ( 3.1.a) to  (3 .1 .k )  are repeated un til all th e p ar am eters  b eco me v isu ally stab le. Th is  s teady  s tate is 
s to red in th e m em or y  and  is  n am ed 10 0 %F P stead y s tate. F ig ur e 2  s ho w s th e p ress u rizer  s team  pr es s ur e, P P RZ, the
p ress ur izer liq uid lev el, LPRZ, th e r eactor  ou tlet head er 5 p ress ur e, PRO H5  and  th e D 2O  s to r ag e tan k lev el, LSTO, at
1 00 %F P s tead y  s tate at th e begin ning  of  the test. The p r ed ictio ns  o f  the simu lator  f o r th es e p ar ameters  at 1 0 0%FP  b y 
u sing  th e mu ltiple- n od e m od el are in a g oo d  agr eem en t w ith th e p lan t data. The av er ag e o f the D 2O  stor age tan k  lev el is 
a con stant, w hich  in dicates  that the to tal m as s in th e p rimar y heat tr an s po rt s y stem  is  con s tant. The m ass  co ns er vatio n o f
the p res su rizer  liq u id  is  ach iev ed  s ince th e p res su rizer  lev el is  a co ns tan t as  sh ow n  in Fig ur e 2 . Th e con ser vation  of  th e
m a s s o f  t h e p r e s s u r i z e r v a p o r  i s  r e f l e c t e d b y F i g u r e 3 , w h i c h  s h o w s  t h a t t h e i n t e r f a c e m a s s  f l u x  i s  equ al to  th e vap or 
w all co n dens ation  r ate, h en ce th e vap or  m as s  con s er vatio n is  also  achiev ed.
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Fig.3   Evaporation, condensation and heaters

1. Wall condensation flow, 2. Interface flow, 3. Heater output

            The reactor power is then manually reduced at a rate of -0.25%/s to 77% full power. Because the DCC
program is controlling the reactor outlet head pressure, the pressurizer heaters are turned on automatically to restore the
PROH5 as shown in Figure 3. The PROH5 decreases and then recovers. Due to the deficiency in the subroutine for the
boilers, the simulator predicts a lower minimum pressurizer level and pressure, but a faster pressure recovery than that
in the plant. This occurs in the first 10 minutes of the test as can be seen in Figure 2. After 10 minutes, the pressures
and level are in a good agreement with the plant data. Figure 3 shows that, when the pressurizer pressure is reduced,
the DCC program turns on all the heaters, and there is a sharp increase in mass transfer due to boiling and flashing.
The interface flow declines as the pressurizer pressure starts to recover. Finally, the interface flow balances with the
wall condensation flow again.
    After the heat transport system becomes stable, the reactor power is then manually increased from 77% to 100% in
three stages, namely, from 77% to 90% at a rate of +0.1%/s, from 90% to 95% at a rate of 0.05%/s and from 95% to
100% at a rate of 0.025%/s at 17.5 minutes.
    When the power increases, pressure begins to increase, as indicated in Figure 2. The pressurizer level also starts to
increase and the vapor in the vapor node is gradually compressed. So the vapor temperature rises above the saturation.
The multiple-node model predicts a temperature distribution in liquid. Figure 4 shows the temperature at node-1
(bottom) and node-8 (middle). The liquid temperature at node-8 increases due to the heat transfer from the vapor. The
temperature at node-1 decreases due to the in-surge of the relatively cooled water from the reactor outlet header. The
temperature gaps among the liquid node shrink because of the liquid convection. The simulation of this phenomenon
is crucial to the prediction of the interface mass flux and the vapor pressure. Unfortunately, the two-node model is not
able to capture this phenomenon.
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   2. Temperature at the bottom of the pressurizer  ( , Plant data,  -----, Two-node model)

Test    2.           Reactor trip     at    100%     full     power  

        The reactor trip is an important transient. The aim of this test is to further verify the multiple-node model.

Fig. 5 The pressure and level response

1. PROH5  ( , Plant data, ---, Two-node model), 2. PPRZ  (o, Plant data,   ,  Two-node model),
3. LPRZ ( , Plant data,   - - , Two-node model),
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When the reactor trips at 100% full power, the pressurizer level and the PHT system pressure decrease suddenly due to
the shrink of the primary heat transport system. As shown in Figure 5, the pressure at ROH5 drops to 7.2Mpa(g), and
the pressurizer level, to 3.4M in the plant. The simulation by using the multiple-node model, predicts a minimum
ROH5 pressure of 7.2Mpa(g) and a minimum pressurizer level of 3.5m. These predictions are in very good agreement
with the plant data, and they are better than that of the simulation using the two-node model, which predicts a
minimum ROH5 pressure of 6.9Mpa(g) and a level of 4.5M.
   About 1 minute after the trip, the pressurizer pressure, the pressurizer level and the pressure at ROH5 start to recover.
Figure 5 shows that the pressure and level recovery predicted by the multiple-node model simulation are very close to
the plant data, and they improved the predictions of the two-node model simulation.

Test    3.           Total loss  of     Instrument   air  

The purpose of this test is to compare the heat transport pressure predicted by the simulator using the multiple-node
model with that using the two-node model. It is realized that the pressure in the heat transport system becomes crucial to
the operators in this scenario.
     Due to the loss of the instrument air, the heat transport system D2O feed valves open fully and the bleed valves
close. Meanwhile, the pressurizer steam relief valves close. There is a net mass increase in the primary heat transport
system. The extra mass enters the pressurizer, resulting in an increase in the pressurizer level. The pressurizer steam
space is compressed. The vapor pressure and the heat transport system pressure increase. This can be seen in Figure 6.
     The larger boiler feed water valves also close because of no instrument air. The reactor finally trips on low boiler
level. Due to the reactor trip, the primary heat transport system shrinks. The pressurizer level and pressure decrease
sharply due to a large flow out-surge caused by the reactor trip. As can be seen from Figure 6, the pressure at the ROH
predicted by the simulator using the multiple-node model is lower than that using the two-node model by 450Kpa,
and the pressurizer pressure, by 150Kpa.

Fig 6.  ROH3 pressure and pressurizer pressure and level response

1. PROH3  (   , Two-node model), 2. PPRZ   (--------,  Two-node model), 3. LPRZ  (   - - , Two-node
model).

       Because the feed pump is continuously supplies the liquid into the PHT system, the pressurizer level increase
again after it drops. The rate of the pressure increase in the multiple-node model is larger than that in the two-node
model. This is judged to be more realistic and supported by Figure 7.
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Fig 7. The temperature and vapor mass in pressurizer

1. Temperature at the bottom of the pressurizer  (-----, Two-node model)
2. Temperature at the middle of the pressurizer (-----, Two-node model),

3.  Vapor mass  (   ,  Two-node model).

  

Fig. 8  The degasser condenser level and pressure response

1. The degasser level (------, Two-node model),  2. The degasser pressure (   , Two-node model).

     At the end of the reactor trip, the reactor outlet temperature dropped to a value, which is lower than the pressurizer
temperature. When the liquid mass enter the pressurizer again, the incoming liquid is cooler than the liquid in the
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pressurizer. The liquid at the bottom of the pressurizer (node-1) will be affected by the incoming cold liquid much 
more than the liquid at the immediately below the interface (node-N). It can be seen in Figure 7 that the liquid 
temperature has a distribution as predicted by the multiple-node model. 

As the liquid continuously goes to the pressurizer, the pressurizer steam space is compressed, and the steam 
pressure and temperature increase, resulting in an increase in wall condensation. In the multiple-node model, the liquid 
at node-N become hotter and hotter due to the vaporization of the liquid below and the condensation of the vapor 
above The mass flux through the interface from node-N to node-(N+1) increases. The total effect of the wall 
condensation of vapor and the evaporation of the liquid in node-N is that the vapor mass is almost a constant, but the 
vapor pressure and liquid level increase continuously. In the two-node model, however, the temperature of the liquid 
below the interface is lower than that in the multiple-node model, therefore the evaporation rate of the liquid is not 
large enough to balance the vapor wall condensation, hence a reduction of the vapor mass is predicted. Because the 
pressure is a function of the density, which in turn depends on the mass and volume, the pressure in the two-node 
model increases in the first 10 minutes due to the decrease of vapor volume. After 10 minutes, the rate of decrease of 
the vapor mass excesses the rate of decrease of the volume, resulting in an decrease of the vapor density and an decrease 
of vapor pressure. 

The pressurizer pressure in the multiple-node model increases so high, resulting in the opening of the liquid relief 
valves. Coolant in the PHT systems is then discharged into the degasser condenser. It can be seen from Figure 8 that 
the degasser condenser is filled very quickly, and the PHT system becomes solid. This phenomenon is so important to 
the control room operators. To avoid the opening of the liquid relieve valves and filling of the degasser condenser, 
certain procedures have to be followed. In the two-node model, however, the pressure is never be able to open the 
liquid relief valves, and finally it becomes stable. This may mislead the operator into overlooking the difficulty of the 
pressure control after the incident. 

4. CONCLUDING REMARKS 

The multiple-node pressurizer model has been tested on the full scope simulator at Point Lepreau Station. The 
introduce of the multiple nodes into the liquid phase improves the predictions for the liquid temperature, the interface 
mass flux. Thus it improves the prediction of the pressure in the pressurizer as well as in the primary heat transport 
system, especially during an in-surge transient. 

The tests indicate that, in a slow transient, the assumption of the liquid homogeneity is acceptable. During a fast 
transient, however, the liquid is not homogeneous and inhomogeneity should be properly taken into account. 
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pressurizer. The liquid at the bottom of the pressurizer (node-1) will be affected by the incoming cold liquid much
more than the liquid at the immediately below the interface (node-N). It can be seen in Figure 7 that the liquid
temperature has a distribution as predicted by the multiple-node model.
     As the liquid continuously goes to the pressurizer, the pressurizer steam space is compressed, and the steam
pressure and temperature increase, resulting in an increase in wall condensation. In the multiple-node model, the liquid
at node-N become hotter and hotter due to the vaporization of the liquid below and the condensation of the vapor
above. The mass flux through the interface from node-N to node-(N+1) increases. The total effect of the wall
condensation of vapor and the evaporation of the liquid in node-N is that the vapor mass is almost a constant, but the
vapor pressure and liquid level increase continuously. In the two-node model, however, the temperature of the liquid
below the interface is lower than that in the multiple-node model, therefore the evaporation rate of the liquid is not
large enough to balance the vapor wall condensation, hence a reduction of the vapor mass is predicted. Because the
pressure is a function of the density, which in turn depends on the mass and volume, the pressure in the two-node
model increases in the first 10 minutes due to the decrease of vapor volume. After 10 minutes, the rate of decrease of
the vapor mass excesses the rate of decrease of the volume, resulting in an decrease of the vapor density and an decrease
of vapor pressure.
       The pressurizer pressure in the multiple-node model increases so high, resulting in the opening of the liquid relief
valves. Coolant in the PHT systems is then discharged into the degasser condenser. It can be seen from Figure 8 that
the degasser condenser is filled very quickly, and the PHT system becomes solid. This phenomenon is so important to
the control room operators. To avoid the opening of the liquid relieve valves and filling of the degasser condenser,
certain procedures have to be followed. In the two-node model, however, the pressure is never be able to open the
liquid relief valves, and finally it becomes stable. This may mislead the operator into overlooking the difficulty of the
pressure control after the incident.

4. CONCLUDING REMARKS

      The multiple-node pressurizer model has been tested on the full scope simulator at Point Lepreau Station. The
introduce of the multiple nodes into the liquid phase improves the predictions for the liquid temperature, the interface
mass flux. Thus it improves the prediction of the pressure in the pressurizer as well as in the primary heat transport
system, especially during an in-surge transient.
      The tests indicate that, in a slow transient, the assumption of the liquid homogeneity is acceptable. During a fast
transient, however, the liquid is not homogeneous and inhomogeneity should be properly taken into account.
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