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1. INTRODUCTION 

A simulation model of a hypothetical PWR power plant has been 

constructed. 

The model was intended to be used in a study of psychological 

optimal display systems, i.e. systems used by plant operators 

to get an overview of the state of a complicated power plant. 

Because one wants to investigate how operators react in critical 

situations using the display systems, the model has been provided 

with a large number of possible disturbances and failures in 

plant function, which the user can generate. Further the model 

behaviour should be reasonably realistic when used against 

trained operators. On the other hand many simplifications have 

been made to limit the computer code to a manageable size, 

partly because the model should run on a smaller personal 

computer. 

Secondly, the model illustrates many of the features of DYSIM, 

the simulation system for continuous processes, developed at 

the Department of Energy Technology, Risø National Laboratory. 

The diagram of the PWR power plant is found in Pig. 1.1. It 

consists of the reactor with control rods and the pressurizer 

system, the steam generator, and the steam load system. Water 

heated in the reactor is led through the U-tube of the steam 

generator. Steam from the steam generator drives the HP-turbine. 

The HP-turbine outlet flow is superheated before it is sent to 

the LP-turbine. The LP-turbine outlet steam is condensed in the 

condenser which is cooled with seawater. Extraction flows from 

the turbines preheat the feedwater before it enters the steam 

generator. Steam is dumped directly to the condenser at high 

steam line pressure. Relief - and safety valves arc present on 

both sides. Two minor lubrication oil systems are attached to 

the primary coolant pump and the feedwater pump. Eight control

ler systems are present besides the reactor - and the turbine 

trip systems. 
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The model is divided into seven modules to be connected to the 

general simulation system DYSIM. Several technical standard 

components of the plant have been described as submodules. The 

submodules together with some standard functions constitute a 

library which is used when constructing the modules. 

In the following sections 2-9 the mathematical description of 

the modules are given together with controller actions and 

possible disturbances or failures. Section 10 describes the 

simulation system, gives a detailed list of all possible 

transients and explains how to use the simulation model. Section 

11 gives an example of a transient. Physical data and steady 

state values for all modules are found in appendix A1-A9. 

Appendix B holds the list file used by the simulation system. 

Appendix C gives an example of an input file. It is advised to 

consult section 10 before the model is used on the computer. 

The model runs and has been tested on an IBM personal computer 

AT 3, equipped with 640 Kbytes memory, hard disk, and floating 

point co-processor under DOS 3.20 operating system. The modules 

are written in standard fortran 77, and the model in connection 

with the OYSIM simulation system has been compiled with the La-

hey fortran 77 compiler. An identical version of the model runs 

on the Risø mainframe Burroughs B7800. 

The physical data used in the model originate from the Ringhals 

3 power plant simulator (cf. Christensen 1981). In that model 

one reactor drives three steam generators which in turn drives 

two turbine sections. In the present model one turbine section 

of the Ringhals plant is simulated, corresponding to 3/2 steam 

generator power and 1/2 reactor power. However, the calculations 

internally in the modules are performed for one turbine section, 

one steam generator and one reactor and the output data are 

scaled thereafter (1, 3/2, and 1/2, respectively). 
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2. REACTOR 

The reactor module is shown in Fig. 2.1. It consists of the re

actor tank with control rod mechanisms, connection tubes to the 

steam generator (hot and cold leg), and the primary pump with 

the attached lubrication oil system (described in section 8). 

2.1. Nuclear power 

The nuclear energy production is calculated very simplified from 

a point model. Control rods for adjusting the power have been 

lumped into one rod. This rod is moved by the controlled motor. 

The relative control rod position CR is measured from the bot

tom of the core region (cf. Fig. 2.1), i.e. CR * 0 ~ rod in; CR 

« 1 ~ rod out. Another rodr the scram rod is used for a fast 

turn-down of the reactor in case of a trip situation. This rod 

is released by the scram mechanism. Under normal conditions the 

rod is out of the reactor and not used for power control. 

The nuclear power is calculated from the kinetics equation for 

the density of delayed neutrons n (cf. Ash 1965, eq. 1.25 and 

1.26). 

dn (1-B)keff-1 3 
, n ( t) + | \iCi(t) (2.1) 

dt 1 " i-1 

dci Pikeff 
* -XiCi(t) + n(t); i • 1,2,3 (2.2) 

dt 1 

For simplicity only three delayed neutron groups are used where 

ci gives the concentration of the i'th group of delayed neutron 

precursors, 8 i the fractional yield of delayed neutrons per 

fission neutron and \± the decay constant of the delayed neu

tron emitter of the i'th group. 8 is the overall fractional 

yield, keff is the effective reproduction factor and 1 is the 

prompt neutron lifetime. 
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Assuming that the neutron dynamics is so fast that the neutron 

density reaches a state of equilibrium for each integration step 

means that dn/dt = 0 in eq. (2.1) which gives 

-lEXid 
n(t) = (2.3) 

(1-B)keff-1 

Furthermore the nuclear power Qnucl *s assumed Droportional to 

the neutron density 

Qnucl(t) " Pn(fc) 

-lZX^pci 

(1-8)keff-1 

-HXiYi 

(1-B)keff-1 
(2.4) 

where 

Yi • pci; i = 1,2,3 

Equation (2.2) is multiplied by p to give 

d(Yi) *4*eff 
* -XiYi(t) + Qnucl^t)? i s 1'2'3 (2.5) 

dt 1 

that is the nuclear power is calculated using (2.4) and (2.5). 

Assuming an unsealed steady state value of Qnucl(°) = Qnornu 

the initial values (steady state) of Yi, i • 1,2,3 are calcu

lated from (2.5) using 

- 0, 
dt 

as 

*i*eff 
Yi(0) - Qnorm? i - 1»2,3 (2.6) 

" i 

where keff • 1 in steady state. 

The effective reproduction factor keff is calculated as 

Keff " 1+DRTU+DRTC+DRCR (2.7) 
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where DR^u, DR-po and DRCR are reactivity coefficients due to 

fuel temperature Ty, moderator temperature (i.e. coolant core 

temperature) T£ and control rod position CR respectively. These 

coefficients are given from 

DRTU = C-rutTu-Tunorn,) 

DRTC " CTc(Tavg-Tcnorm) (2.8) 

DRCR - C CR(CR-0.5) 

using the average coolant temperature in the core Tavg. 

2.2. Primary loop 

The primary coolant loop is divided into 8 sections (cf. Fig. 

2.1): The reactor inlet chamber, reactor lower plenum, reactor 

core, reactor upper plenum, hot leg, connecting tube, primary 

pump chamber, and cold leg. Water temperatures of these regions 

are indicated on Fig. 2.1. 

The reactor average core coolant temperature TaVg is calculated 

from the inlet temperature Tjp and outlet temperature TQ by a 

standard routine. For further details see appendix D. 

The heat transfer from fuel to coolant is given from 

Qtrans » H<Tu-TaVg) (2.9) 

where H is the heat transfer coefficient. The fuel temperature 

Ty is calculated from 

dTu 
Cfuel " Qnucl'Qtrans (2.10) 

dt 

where Cfuei is the total fuel heat capacity. Energy balance 

then also gives the core coolant temperature Tc 

dTc 

CpPfcVc " Qtrans+cpwp(Tlp-TC> (2.11) 
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where Cp, pfc» Vc, and Wp are specific heat capacity and 

density of coolant, volume of core and coolant mass flow 

respectively. 

Temperatures of coolant in the other loop sections are calculated 

from energy balance in the same way, e.g. the hot leg: 

<3Thl 
PhlVhl " ^ — - Wp(Tup-Tnl) (2.12) 

where p, V, and Wp are density, volume, and flow of the 

section respectively. 

The primary flow, Wp, is for simplicity set proportional to the 

primary pump speed, SPpp 

Wp * SPppWpnorm (2.13) 

2.3. Reactor trip and failures 

In case of a reactor trip, indicated by a non-zero trip signal 

from the controller module (cf. section 9), eq. (2.4) is not 

used. Instead nuclear power is maintained at its value for 0.3 

seconds and then decreased lineary within 0.3 seconds to 5% of 

the previous value. 

When a reactor trip occurs the scram rod is released and nuclear 

power is decreased as described above. However, if the scram 

mechanism is not working (switch turned off, cf. section 10 fox-

possible failures) the scram rod does not fall in and nuclear 

power is still given by the control rod position according to 

eq. (2.3). In a trip situation the control rod is moved into 

the reactor at maximum speed. If the control rod motor switch 

is turned off, the control rod remains in the fixed position 

when the switch was turned off. 

The part of the primary circuit within the steam generator is 

described in section 5. 
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If the primary pump motor fails, indicated by a stop signal 

from the lubrication oil system (cf. section 8), the flow 

decreases exponentially with a time constant of 10 seconds. 

All physical constants and steady state values for this module 

are found in appendix A2. 
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3. PRESSURIZER 

The pressurizer module consists of the pressurizer tank with 

the attached heating and spray cooling system, relief and safety 

valves. The module also includes the volume control tank with 

pump and valve. Fig. 3.1. shows the pressurizer module. 

3.1. Pressure calculation 

Four combinations of thermodynamic states of water and gas 

phases within the pressurizer are comprised by the model: gas 

in saturated or superheated state and water in saturated or 

subcooled state. Energy and mass balance are used to calculate 

the pressure and water level. It is assumed that no heat exchange 

takes place through the tank wall. Also enthalpies of surge 

tube and spray cooling water are assumed equal to hot and cold 

leg conditions respectively. The gas and water phases are 

described as homogeneous. Steam bubles and spray cooling droplets 

are considered to belong to the gas and water phase, i.e. the 

calculated water level may deviate slightly from a measured 

level. 

In the derivations below the following notation is used: p den

sity, V volume, p pressure, m mass, and h specific enthalpy. 

Indices: f water phase, g gas phase, s saturation. 

First the water phase in saturation is described. Mass and 

energy balance gives 

dmfg d 
- T T -—(PfsVf) - Wi+Wc-We at at 

(3.1) 

— (PfsVfhfs) - Q+Wihi+Wchfa-Wehgg+Vfp 
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where W^ and h^ are mass flow to pressurizer and enthalpy from 

surge tube, Wc is the condensation rate in gas phase, We the 

evaporation rate in water phase and Q heating power in water 

phase. Eq. (3.1) transform into 

Vf « (Wi+Wc-We-Vf - p)/pfs (3.2.a) 

ahfs 
We « (Q-wt(hfs-hi)-Vf(Pfs 0.1)p)/hf (3.2.b) 

aps 

where W"£ is the positive part of Wj and hf_ » h_g-hfs is the 

evaporation heat. The number 0.1 appears because non-SI units 

are used (cf. appendix A1}. 

Under subcooled conditions mass and energy balance give 

dmf a 
— «~<PfV £> -w i +w c 

(3.3) 
d 
---(pfVfhf) « Q+Wihi+Wchfs+Vfp 
dt 

which transforms into 

apf • apf , 
Vf « (Wi+Wc-V£(( ) hf+( ) p))/pf (3.4.a) 

9h P dp h 

h£ - (Q+Wc(hfs-hf)-wt(hf-hi)+0.1Vfp)/VfPf (3.4.b) 

Under saturated conditions the water enthalpy hf (which is a 

state variable in the model) follows saturation value smothly 

as 

hf « (hf8-hf)/0,25 (3.2.C) 

i.e. with a time delay of 0.25 sec. In the subcooled state 

We - 0 (3.4.C) 
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That is, water in saturated state is given from (3.2.a+b+c) and 

in subcooled state from (3.4.a+b+c). 

Hass and energy balance for the gas phase in saturated state 

gives 

drags d 

— =-£<PgsV - we+wk-wc-wr 

(3.5) 

— (VgPgshgs) = WehgS+Wkhk-Wchfs-WrhgS+VgP 

where Wk and hk are spray cooling rate and enthalpy of spray 

cooling water and Wr is the flow of steam leaving as leak in 

gas phase and through relief and safety valves. 

Using Vg = -Vf eq. (3.5) transform into 

P " (PgSVf+We+Wk-Wc-Wr)/Vg—— (3.6.a) 
^Ps 

9hgS # 

Wc = (Wk(hgS-hk)+Vg(p g 8 0 . 1 ) p ) / h f g ( 3 . 6 . b ) 

aps 

For the superheated s t a t e 
dtru 

» We+Wk-Wr 

dt e * r 

(3.7) 

— (VgPghg) - WehgS+Wkhk-Wrhg8*VgP 

which turn i n t o 

P " (We+Wjt-Wr+PgVf-Vat—5) hq)/Vg( —~) ( 3 . 8 . a ) 

8h p 8p n 

Ag - (We(hgS-hg)-Wk(hg-hk)+0.1Vgp)/VgPg ( 3 . 8 . b ) 

Under saturated conditions gas enthalphy follows the saturation 

value 
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hg « (hg--hg)/0.25 (3.6.c) 

and in the superheated state 

Wc « 0 (3.8.c) 

That is, gas is described by (3.6.a+b+c) in saturated state and 

(3.8.a+b+c) in superheated state. 

In the water phase the switch from saturation to subcooling 

takes place when We reaches zero and switching from subcooled 

to saturated state happens when hf reaches hfs from the lower 

side. Similar switches takes place in gas phase: from saturation 

to superheated state when Wc reaches zero and from superheated 

to saturated state, when hg reaches hgs from the higher side. 

The state of the system determines which two of the four sets 

of equations (3.2), (3.4), (3.6), and (3.8) are to be used. 

However, the state itself is determined by values of variables 

calculated by these equations. This implicitness is solved by 

two iterations in which the equations are applied and the state 

is determined. 

Another implicitness arises using the equations for Vf and p. 

Therefore these equations are combined and solved for p. As an 

example consider the case of saturation in both phases. Rewriting 

(3.6.a) and using (3.2.a) yields 

BPgs • • 
Vg P - PgsVf+We+Wk-Wc-wr 

?ps 

Pgs a P f s . 
—2— (Wi+Wc-We-V f p) +We-»-Wjc-Wc-Wr 
pfs ' aps 

which gives 

or 

&Pgs Pgs pfs • Pgs pgs pgs 
(Vg—— + -2=- Vf )p - (1--2- )we + (-2- -i)Wc+-2_Wi-Wr+Wk 

dps Pfs dps pfs Pfs Pfs 

• Pgs pgs Pgs 
Fcp - (1--

2-)We + <-2--1)Wc+ — Wi-Wr+Wk 
Pfs Pfs Pfs 
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where 

8Pgs Pgs dPfs 
Fc = V« + Vf 

&Ps pfs aps 

A similar "compressibility factor" Fc to p appears in the three 

other combinations of states (i.e. with and without index s to 

the gas and water term). The pressure derivative of p is 

evaluated for constant enthalphy. 

Calculating pressure p as a global variable for the whole 

primary circuit it is necessary to extend the water term of Fc 

with similar terms for all individual volumes in the primary 

system as 

dpg pg Bpf dPf,j 1 
Fc * Vg — + Vf — -— + pg I V f # j - (3.9) 

»p pf ap * j »p pf,j 

where derivatives of p for the external volumes are taken for 

constant temperature. 

The inlet flow Wj through the surge tube is calculated as 

- P Pfi I vf,j<-T-^> (3.10) 
j 'J dp T pf,j 

Pfi 
• <Wcha-wled-Wk-I«e«fcf> 

pfi 

where pfi and pfi are densities of hot and cold leg water, 

and Leakf is the total water phase leak. The first term gives 

the thermal expansion rate from all external volumes, the 

second term accounts for the mass absorption in the primary 

system due to pressure variations as stated above and the last 

term corrects for flows from and to the volume control tank and 
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for spray cooling rate. The individual terms in the summation 

over external volumes are calculated in the reactor and steam 

generator module and given as input to the pressurizer module. 

The relative mass of water in the volume control tank mycTR i s 

calculated from mass balance as 

dmvCTR 
— — — • (wled-Wcha)/mVCTP 
at 

where myCTF i s tfte total mass capacity of the tank. No energy 

treatment is given to the volume control tank. 

3.2. Controller actions 

The pressure controller output signal (cf. section 9) controls 

relief valve 1, spray valve and heater system. Relief valve 2 

and the safety valve act- directly on the pressure signal. The 

respond characteristics of these components to pressure control

ler output signal and pressure signal are shown in Fig. 3.2. The 

safety valve opens at pressure above 172.4 bar with a capacity 

of 49.7 kg/s. An overwriting action on heaters from water level 

is not shown on Fig. 3.2. Below 15% level all heaters are 

disconnected and when the level is more than 5% above the level 

controller setpoint the backup heaters are turned on. Both 

actions are independent of the controller signal. 

The level is measured with a span of 10.29 m. Normal level is 

defined as 47.8% with Vf » 19.82 m
3. With the tank cross section, 

A, equal to 3.67 m2
r 0 and 100% water level corresponds to the 

volumes 1.77 and 39.53 M 3 , respectively. The cross section is 

assumed to be constant over the level span so the relative 

level Wiv can be expressed as: 

**lw " (Vf-1.77)/37.76 

The volume control tank pump gives a flow proportional to the 

level controller output signal. The flow into the volume control 

tank Wied i» constant at a value specified as input by the user. 
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3.3. Failures 

Various failures can be simulated in the pressurizer module. 

The proportional and backup heaters can be turned off by 

switches, i.e. the heating power is zero independent of con

troller signal. Failures in relief valves and spray valve cause 

these valves to remain fixed at the valve position when the 

failure signal is set. A failure signal to the safety valve 

causes the valve to open normally but to leak 0.5% of the 

fully-open flow on return to closed state. Further a pump flow 

fraction on the volume control tank pump can be specified. 

Leaks from the primary circuit are handled in the pressurizer 

module (except for the primary to secondary side). Leaks from 

gas and water phase can be simulated. For further details of 

failures and disturbances are referred to section 10. 

Physical data and steady state values used in the pressurizer 

module are found in appendix A3. 
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4. CONTAINMENT ACTIVITY 

Radioactivity release from the primary circuit in case of leaks 

are handled in a very crude model. The activity is assumed to be 

confined to the containment. This means that a possible leak 

from primary to secondary side is not considered in terms of 

activity. 

Leaks of water and steam from the primary side can be simulated. 

The steam leak takes place from the pressurizer whereas water 

leak can be imagined to take place anywhere in the primary cir

cuit. 

Only activity due to K>N in the primary water is modelled. 
1*>N is p-active with a half life of 7.13 s. An activity of 

132 Qnucir Ci/m
3 in the hot leg and water phase of the pressurizer 

is assumed, where Qnucir i s relative nuclear power. 

This is transformed into a specific activity of the water phase 

as 

ARf 
132 Q n u c l r Ci/m

3'3.7*1010 Bq/Ci 

Pfs 

* 8.10-109 Qnucir Bq/kg 

The gas phase activity is taken as 

Apg - 80% ARf - 6.48MO
9 Q nuci r Bq/kg 

The activity in the containment is then calculated as 

dACN16 
— • (ARgLg + ARfLf)Qnucir - XAcN16 (4.1) 

where Lg and Lf are leaks (Kg/s) and the decay constant 

In 2 , 

7.13 
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5. STEAM GENERATOR 

The steam generator module is confined to the interior of the 

tank as shown in Fig. 5.1. Part of the primary circuit lies 

within the module: the primary inlet chamber, the U-tube which 

is divided into two sections and the primary outlet chamber. 

The secondary side of the steam generator is divided into the 

core section which surrounds the U-tube and where steam pro

duction takes place, above this the too chamber and riser sec

tions, the mixing chamber where feedwater enters and the down 

comer. Steam is extracted from the steam chamber at the too. 

The following notations will be used in the subsequent deri

vations: p is density, V volume, p pressure, m mass, c specific 

heat capacity, and h specific enthalpv. Indices: f water phase, 

g gas phase, and s saturation. 

Temperature of water in the primary inlet chamber, Tj, is given 

from energy conservation 

PfVpiTi - Wp(Tpi-Ti) (5.1) 

where Tpi is the hot leg water temperature, Vpi is the inlet 

chamber volume and Wp is the primary flow. 

For both sections of the U-tube a mean primary temperature Tm 

is calculated from inlet and outlet temperature of the section 

T} and T0 by a standard procedure ( Appendix D). Now the heat 

transfer from primary side to the tubes is calculated as 

Qp * Kp(Tro-Tr) (5.2) 

where Tr is the tube temperature. The transfer coefficient Kp 

is calculated from the coefficient hp for water to tube transfer 

and the coefficient hr for transfer through the tube wall as 
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Kp = hphr/(hp+hr) 

where the Dittus-Boelter equation gives 

0.023-1Q-3 0pLc Q 8 

h p = Pep0.2 ApO.8
 WP * W 

(5.3) 

Here 0p, Lc, De, and Ap are inner surface (nr/m) # length (of 

one U-tube section), hydraulic diameter and cross section of 

the U-tube. For details of the parameter Hp is referred to 

(Christensen 1981). The heat transfer coefficient, hr, for the 

tube wall is constant 

hr = 
OuL< 

1/2 dr 
(5.4) 

where Ou, \r, and dr are surface (between inside and outside), 

thermal conductivity (MW/m«C) and tube thickness. 

The heat transfer from U-tube to secondary side is calculated from 

Qs * Ks(Tr-TSat) (5.5) 

where Tsat is the secondary side saturation temperature. The 

heat transfer coefficient Ks is again calculated from the 

coefficient h8 for tube to secondary side transfer and hr as 

Ks • hshr/(hs+hr) 

where the Thorn correlation gives 

hB - 1.972'10~
3 0SLC exp(p/43.4)(Try-Tsat) 

(5.6) 

(5.7) 

riere 0S and p are outer surface and secondary side pressure. A 

tube surface temperature , Try, has been used,calculated from 

energy balance as 

Qs 
T . __ + T g a t 

na 
(5.8) 

in order to stabilize the calculations. 
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The tube wall temperature and primary outlet temperature is 

given from 

CrTr = Qp - Qs (5.9) 

PfVpCpT0 = -Qp + cpWp(Ti-T0) (5.10) 

where Vp and Cp are volumes and specific heat capacity of 

primary water in the U-tube. Equations (5.1) - (5.10) are given 

for both sections of the U-tube. 

The primary outlet chamber temperature is now calculated from 

PfVpoTpo • Wp(T0-Tpo) (5.11) 

where Vpo is the volume of the outlet chamber. 

The total heat transfer, Qs, (from both U-tube sections) now 

gives the heat, Qg, for steam production 

Qk " Qs-Wscs(Tsat-
Td) (5.12) 

i.e. corrected for the heating of downcomer flow, Ws, from 

temperature T<j to saturation. 

In the secondary core section mass and energy balance gives 

dm d d 
— K ~(PfsVfs) • j^PgsVgs) " W8+Lp-Wfs-WgS 

d d (5.13) 
~(Pfsvfsnfs> + — (Pgsvgsngs) " 

Qk+Lphp+Wshf8-WfShfs-WgShgs-V8p 

where Vfg and VgS are water and void volumes, WfS and Wgs are 

water and steam flows out of the core region, Lp and hp are 

leak from primary to secondary side and enthalpy of primary 

water, and V8 is the core volume. Eq. (5.13) transforms into 
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. 9pfs dPqs 
Wfs " Ws+Lp-Wgs+Vgs(pfs-pgs)-p( Vfs + Vgs) (5.14) 

aps 8ps 

V( 
1 Qk+Lp(np~nfs) p ahgs aPgs 

gs • ( " 7—(vgs<Pqs—— + hfg T > 
Pgs hfg hfg * ^ 5ps * 8ps 

dhfs 
+ VfPfs 0.1VS)-Wqs) (5.15) 

dps * 

where the number 0.1 appears because of use of non-SI units 

(cf. Appendix A1). 

Now the steam flow out of the core region is calculated as 

as Pgs 
Wqs « S(os) Wfs (5.16) 

'•"B Pfs 

where 

Vgs Vqs 
as - Fa( ) (5.17) 

VS VS 

A steam to water slip correlation S(as) given by Bankoff-

Jones is used (c.f. Nash 1980). An empirical relation Fa be

tween relative void volume VgS/Vs and outlet void fraction o3 

is used (cf. Christensen, 1974, Pig. 12). 

The equations (5.14) - (5.17) form an algebraic loop which is 

solved by inserting the expressions (5.16) and (5.15) for WgS 
and VgS into (5.14) and solving this equation for Wfs. The de

rived expression for Wfs is then inserted into (5.16) and (5.15). 

In the top chamber and riser sections the equations for void 

vol w e and water outlet flow are derived in similar way. Only 

eq./fions for the riser section are presented. The equations 

for the top chamber are the same except for an exchange of 

r-J.ser index r with top chamber index t. 
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Energy and mass balance gives 

dm d 
dt * l £ ( p f s V f r ) * " ^ ( p g » v g r > " Wft+Wgt-Wfr-Wgr 

d d 
— (PfsVfrhfs) + ~ ( P g s V g r h g s ) (5 .18) 

" Wfthfs+Wgthgg-Wfrhfs-Wgrhgs+Vrp 

Where Wft* Wgtr Wfr» and W g r are water and steam outlet flows 
from top chamber and riser. Eq. (5.18) transforms into 

«fr - Wft+Wgt-Wgr+Vgr(Pfs-Pgs)-P(-^?Vfr+-^ V g r) (5.19) 
ops ops 

• 

• 1 P dhgs &Pgs 
Vgr « — ((Wgt-Wgr) - ̂  < Vgr<Pgs^- + h**^} 

dhfs 
+ VfrP£S 0.1 V r) (5.20) 

»Ps 
As for the core section 

ar Pgs 
war * s<ar) w f r ~ — (5.21) 
* 1-«r Pfs 

Vgr V g r 

«r » pa O u (5.22) 
vr vr 

Now the pressure is calculated from mass balance in the steam 

chamber 

dm d • 
"dt "dt ( p9 s V t oP ) * p9 s V t oP + PgsVtop (5.23) 

• &Pgs • 
~ Pgsvtop • Pvtop - Wgr-WL-Lg 

OPS 
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using Vt0p = - Abl this gives 

wqr~wl"Lq+PqsAb1 
p a _H Z_2 (5,24) 

aPgs 
Vtop ; 

F aps 

Here Wj and 1^ are the steam load and a possible leak of steam; 

1 ans Ab are water level and cross section of the mixing chamber. 

In order to improve numerical stability p is actually calculated 

before it is used in equations (5.14) - (5.20). Further a 

delayed pressure derivative, dp, is calculated as 

dp = (p-dp)Ap (5.25) 

2-d used instead of p in the former equations. This will cause 

fast oscillations in pressure to be damped when used to calculate 

the void volumes. 

The temperatures in the mixing chamber and downcomer, Tb and 

T<j, are now calculated from energy balance 

P f s V b - W f r T s a t + WiTi — - (Wfr+Wi)Tb - PfsAbTbl (5.26) 
cps 

PfsVdcTd » Ws(Tb-Td) (5.27) 

Here w^, Tj, and cpi are feedwater inlet flow, temperature, and 

specific heat capacity, Vb and V<3C volumes of mixing chamber 

and downcomer and Ws the downcomer flow. 

The flow rate in the downcomer, VQ>, is calculated from the 

momentum equation of the closed hydraulic loop 

dJ 
— - D - Apf (5.28) 
dt 
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where J is the total momentum per unit area in the loop, D is 

the driving pressure fro« gravity due to density differences in 

the loop, and Apf is the pressure drops from friction forces. 

Using the flow direction as positive direction, g * -»-9.82 m/s2 

»s the gravitational acceleration and assuming that all momentum 

lies in the water phase, eq. (5.28) is written as 

VfS . V f t . V f r . V d c . 
Pfs — v s + Pfs — v t • Pfs r ~ v r + Pfs r ~ v d = As At Ar A<j 

Vgs V f s V g t V f t V g r V f r V d c 

(-pgs;—pfs:—pgs-—pfs:—pgs:—pfs~ +pf sl+pfs:—>g 
' A s As At At Ar Ar Ad 

-Aps-Apt-Apr-Apd (5.29) 

Here A, v, and Ap are cross sections, flow rate, and friction 

pressure drops in core (s), top chamber (t), viser (r), and 

downcomer (d). Vdc is t n e downcomer volume. Assuming now that 

vyAy * vd Ad? v = s't'T 

(5.29) is transformed into an equation for v<j 

lc It lr Id 
((1-o s)— + (1-a t)~ + (1-«r)r"

 + I~>Ad vd « 
A
s
 At *r Ad 

Pgs Pgs Pgs 
( ( - l c ( — as+1-as)-lt( at+1-at)-lr( ar+1-ar)+l+ld)g 

Pfs Pfs Pfs 

(Aps+Apt+Apr+Apd) (5.30) 
Pfs 

where lc, lt» lr»
 an<3 *d are lengths of core, top chamber, riser 

and down comer sections. 

The friction pressure drops are calculated from (cf. Christensen 

1974, p. 30) as 

Ap8 0.092 Kdps Kgs+Wfs 2 W q 8 

. —f- P f l c ( - 2 ) (1+2400 2 , ( 5 . 3 1 ) 

Pfs Deg 1 - 2
 P f g A g (Wfg+WgB)p 
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and similar expression for the too chamber and riser with index 

s exchanged with t and r. For the downcomer section 

APd 0.092 , 
— - r r ^ F* K*rf ** ** (5-32) 

Pfs ^d 

is used. 

The factor Ff « (n/p) is the single phase friction factor 

for smooth tubes with the hydraulic diameter De, and K<jp *s a n 

arbitrary correction factor for the geometry chosen to give a 

realistic recirculation rate. The last term in eq. (5.31) is 

the socalled two phase flow friction multiplier dependent of 

pressure and steam quality Wq/(Wg+Wf). 

Finally mass balance for the mixing chamber gives the water 

level 1 

Ab Pfs 1 s Wfr+Wi-Ws (5.33) 

All physical constants used in the module and steady state 

values are found in appendix A5. 
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6. TURBINES AND CONDENSER 

This aodule comprises the stea« liner high pressure (HP) and 

low pressure(LP) turbines, aoisture separator, reheater, and 

condenser as shown in Fig. 6.1. Stea« fro« the stea« generator 

enters the stea« line. One stea« flow is led through the HP-

turbine. In the outlet flow fro« this turbine water is separated 

and the stea« is superheated in the reheater by a flow fro« the 

stea« line. The superheated stea« enters the LP-turbine and the 

outlet flow fro« this turbine is led to the condenser. Stea« is 

extracted fro« the HP-and LP-turbines for preheating the feed-

water. The outlet flows fro« the Moisture separator and the 

reheater are led to the feedwater tank (cf. section 7). In the 

derivations below the following notation is used: p density, h 

and c specific enthalpy and heat capacity, index f, g, and s 

for gas, water, and saturation. 

6.1. Stea« line 

The stea« line flow (stea« load) tfsi is calculated fro« 

Hsl * ' *e («.1) 

where p e i s the stea« generator pressure and py the stean l i n e 
out le t pressure. The stea« l ine out l e t pressure i s calculated 
fro« mass balance (cf. eq. (5.23)) 

W s l - (W v -Hf b +ll B +lf r v +ll 8 v ) 
Pv * 

&Pgs 
V«i — (6.2) 

»Ps 

where Wv, wD, **«»
 H r v a n d wsv a r e HP-turbine valve flow, by

pass flow, reheater flow, relief- and safety valve flows. 

The HP-turbine valve flow is given as input to the »odule and 

calculated as part of the turbine controller syste« (cf. section 

9). The by-pass flow is given by 
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W D « Kb*bpvPv (6.3) 

where x^pv is the by-pass valve control signal (valve position). 

The reheater flow is calculated fro« 

W» « Kv«A»ov*rhv<Pv-P*> <6-4> 

where p* is the primary side reheater pressure and x r n v is a 

user specified valve position (normally x r n v * ' ) • The relief 

valve flow is given by 

•rv *rv*rvPv (*•*) 

where x r v is the relief valve controller signal (valve position). 

In all six safety valves are present but lumped together in en 

valve in the model. The first valve opens at 82 bar, then the 

others follow at 83, 84, 85, 86, and 87 bar. Each valve opens 

lineary with increasing steam line pressure within a pressure 

interval of 3% of the opening pressure. The total safety valve 

flow is then calculated as 

6 

Wsv * *sv I *i (6.6) 
i«1 

where XJ. is the i'th valve position. 

6.2. HP-turDine 

The HP-turbine inlet flow (Wn) is calculated from (cf. Christen

sen et al. 1984, p. 15) 

*h mi 100 Pt 
1 h n i 9 p h 

for pt/pn < 0.7 
2) for Pt/pn » 0.7 (6.7) 

where pn and pt are pressures of HP-turbine inlet chamber and 
secondary side reheater. Normally the flow is proportional to 
the inlet pressure (upper case) but at abnormal low pressure 
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conditions when the outlet to inlet pressure ratio approaches 

one the flow vanishes. This situation is taken care of bv the 

lower case formula. 

Mass balance in the HP-inlet chamber gives the Dressure 

• "v—"h 
Ph * (6.8) 

apqs 

ap 

where Vn is the HP-inlet chamber volume. 

The total enthalpy in the HP-inlet chamber is calculated from 

H h p « Wvhv-llhhh (6.9) 

where the steam line specific enthalpy (hy) is assumed to 

contain 0.5% humidity, i.e. 

hy * 0.995 hqS(Pe) + 0.005hfs(pe) (6.10) 

The specific enthalpy of the inlet chamber is then qiven from 

»hp 
hh * ; 

vh Pqh Ph <6-"> 

where Vn is the inlet chamber volume and 

aPgs 

The steam expansion and variation of steam conditions in the 

turbines are described by the Mollier diagram in equational 

form using thermal efficiencies determined from the static 

data. The calculational procedure is as follows: (cf. Christen

sen et al. 1984) 

First, the inlet steam quality X and entropy S are found from 

enthalphy h and pressure p. Then, the outlet quality and enthalpy 

are found for isentropic expansion with known outlet pressure. 
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Afterwards, the real enthalpy drop Ah is found with a known 

thermal efficiency y, and finally the real outlet values for 

the enthalpy and steam quality can be calculated. 

The equations for the HP-turbine are: 

Xh » (hh-hfS(ph))/(hgs(ph)-hfS(ph)) 

Sh » XhSgs<Ph> • d-Xh>Sfs(Ph> 

»ho * (Sh-S£S(Pt))/(Sgs(pt)-Sfs(pt)) 

*»ho * Xhohgs(Pt) + d-Xho)hfs(Pt) (6.12) 

Ahh « (hn-huo)^ 

hho s hh~Ahh 

Xho * (hho-hfs<Pt))/(hgs(Pt)-hfs(Pt)> 

where S g s and Sfs are functions for the saturation entropy of 

steam and water. 

The outlined procedure is described in a standard routine which 

also handles the superheated inlet steam case in the LP-turbine. 

Steam is extracted from the HP-turbine for the feedwater 

preheater. The flow Wphh *s given as input and calculated in 

the feedwater line module (cf. section 7). The extraction 

pressure (Psh) a n d enthalpy (hsn) are calculated from 

Psh » Ph-Spiith(Ph-Pt) 
(6.13) 

hsh " hh-Spiith(hh-hho> 

where Sputh is t n e fraction of the total pressure and enthalpy 

drop through the turbine. 

The turbine power is now calculated as 

Eh * Wh(hh-hho> "
 wphh(hsh-hho> (6.14) 
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6.3. Reheater 

The reheater is divided into two sections, the moisture separator 

and the superheater. The inlet flow from the HP-turbine is 

given from 

Wt - Wh-Wphh (6.15) 

After the water has been separated from the flow in the moisture 

separator the steam is assumed to contain 0.5% humidity, i.e. 

the inlet flow without water is 

*ho 
Wti = Wt (6.16) tx 0.995 

and the specific inlet enthalpy is 

hti = 0.995 hgs(pt) + 0.005 hfs(pt) (6.17) 

Only one pressure node is used for the whole reheater, i.e. 

pressure is determined by 

• wti"wro 
pt (6.18) 

(Vt+Vr) — * -
5p 

where Vt and Vr are volumes of the moisture separator and 

superheater compartments and wro is the reheater outlet flow. 

This flow is calculated from 

Wro * Khl Aitv*lpv(Pt-Pl) (6.19) 

where pi is the LP-turbine inlet chamber pressure and X}pV is a 

user specified valve position (normally xipV » 1). 

The steam flow, Wtor from the moisture separator to the super

heater section is calculated as a mean value of the reheater 

inlet and outlet flows 
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VrWti + VtWro 

Wto = v t , v r
 (6"20) 

Energy balance then gives the total enthalpy in the moisture 

separator compartement as 

Hrtv - Wtihti - Wtohto (6.21) 

where the specific enthalpy is 

Hrtv 
hfco = (6.22) 

8Pgs 
Vt"7T Pt 

ap 

Energy balance for the secondary side of the superheater gives 

the total and specific enthalpy 

Hrhv = Wtohto + Qrr - Wro^ro (6.23) 

Hrhv 
hro = (6.24) 

dpgs 
Vt_57 Pt 

where Qrr is the heat transfer from tube to steam, calculated as 

Qrr » Kqr(Ttr-Trm) <6-25> 

Here Ttr is the tube temperature and Trjn is a superheater mean 

temperature calculated from inlet (Tro) and outlet temperature 

(Tro) (cf. appendix D). The outlet temperature, Tro, is given 

from 

hro-hgs(pt) 
Tro » Tsat(Pt>

 + ( 6 # 2 6 ) 

<=pr 

The heat transfer constant of eq. (6.25) is calculated from 

Wro 
Kor (6.27) 

CKqr 

The heat transfer Qtr tvon the reheater primary side to the 

tube is given by 
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C*,- - Kqt(T„rT t r) (6 .28) 

;; •••? Trf, i s the sa turat ion temperature of steam, g iven from the 

prjrwry s ide pressure Pm . 

tr.:-j-.-ty i -i \ ••.: 'C> then g i v e s the tube temperature 

o tr-orr 

Ctr 
(6 .29) 

vh?r-: ̂ tr is the tube heat capacity. The flow leaving the 

i'-^ct« primary side is now calculated as 

Qtr 
wmc " (6.30) 

nv-nfs(Pm) 

<:r* the primary side pressure is calculated from mass balance as 

» wm~wmc 
Pm (6-3D 

&Pgs 
Vmo 

aps 

6.4. LP-turbine 

The equations for the LP-turbine section are the same as for 

the HP-turbine with indices h and hp exchanqed with 1 and lp. 

The flow to the LP-turbine inlet chamber is the previous 

calculated wro and the turbine outlet pressure is the condenser 

pressure, pc. 

The total turbine power is the sum of HP- and LP-turbine power 

E • En + Ej (6.32) 
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6.5. Condenser 

The LP-turbine outlet flow, Wi0, and a possible by-pass flow, 

tf0, are condensed on the tubes in the condenser. It is assumed 

that the condenser is in saturated state, i.e. the condensate 

and tube temperature, T c o n, is the saturation temperature. Prom 

this temperature the condenser pressure is given as 

Pc - Psat(Tcon) (6.33) 

The heat transferred to the tube is given by 

Oct = Wlo(hc-hfs(Pc)) + WD(hv-hfs(pc)) (6.34) 

where hc is the LP-turbine outlet enthalpy. 

A mean cooling water temperature, Ten,, in the tube is calculated 

from the inlet (Tci) and outlet temperature, T c o, (cf. appendix 

D). Then the heat transfer from tube to coolant is given from 

Qcv s KcwCTcon-Tcm) (6.35) 

Energy conservation gives the tube and coolant outlet temperature 

as 

Oct ~ Qcv 
Tcon - ; (6.36) 

cct 

ø Qcw+wcw(Tci~Tco)cpc 
T c o = (6.37) 

*-cw 

where Cct and C c v are heat capacities of tube and coolant inside 

the tube. W ^ is the coolant flow. 

Finally mass conservation gives the relative condenser water mass 

Mconr • (Wio+Wb-WCOn)/Mctot (6.38) 

where W c o n is the condenser outlet flow, calculated in the feed-

water line module (cf. section 7) and M c t o t is the total mass 

capacity of the condenser. 
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6.6. Turbine trip and failures 

In case of a turbine trip signal, generated from the controller 

and trip system (cf. section 9) the valves of the tubes leading 

steam to the HP- and LP-turbines and the reheater are closed 

unless a failure signal for one of the valves has been set by 

the user. In this case :he valve remains open. 

If a failure signal either on the HP-valve, the by-pass valve 

or the relief valve has been set the valve is stuck, i.e. the 

valve position remains in the fixed position it has when the 

failure signal is set. 

If the failure signal to the safety valve is set the safety 

valve opens normally but leaks 0.5% ot the maximum outlet flow 

on return to closed state. 

All physical data and steady state values for the module are 

found in appendix A6. 
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7. FEEDWATER LINE 

The feedwater line module is shown in Piq. 7.1 and comprises 

the condensate pump,preheater 1, the feedwater tank, the feed-

water pump with the attached lubrication oil system and ore-

heater 2. Also two non-return valves are Dresent. The lubri

cation oil system is identical to the system on the primary 

side and is described in Section ft. The preheaters which are 

identical except for some parameters, are described in section 

7.2. 

It is assumed that water in the feedwater tank is saturated, 

i.e. the feedwater tank pressure is given from water tempera

ture which in turn is determined from energy conservation. 

7.1. Peedwater flow 

Hater from the condenser is pumped by the condensate pump 

through preheater 1 to the feedwater tank. The pump pressure 

upset is given from 

APpc " A1w2on + B1wcon»cp + c1u?p <7.1) 

where wcp is the controlled pump speed (cf. section 9) and 
wcon i s t n e flow out of the condenser. 

Wcon is then determined from 

Pfwt • Pc+APpc"APf (7-2> 

using (7.1). Here pfwt is the feedwater tank pressure oiven 

from the tank water temperature 

Pfwt " Psat(Tfwt) (7'3) 

Apt is a constant friction pressure drop and pc is the 

condenser pressure. 
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The feedwater temperature is raised from condenser temperature 
Tcon t o Tc i n reheater 1 (cf. section 7.2) when it enters the 

feedwater tank. 

Energy balance gives the tank water temperature 

cpspfsVfwtlfWt
Tfwt " c pwconTc + cpwph1Tph1 

+ cpWrhTrh + CpWjusTjBs (7.4) 

+ cpwph2Tph2 ~ Cp<Wfw+L)Tfwt 

- CpPfsVfWtTfWtifWt 

where W^p, Wrn, Wns, Wpn2r Wfwr and L are drain flow from pre

heat er 1, flow from reheater flow from moisture separator, flow 

from preheater 2, feedwater flow and a possible user specfied 

leak out of the tank. The flows from the preheaters are de

scribed in section 7.2. Plows from the reheater and moisture 

separator are calculated in the turbine module and given as 

input. Cp and Vfwt are specific heat capacities and volume of 

the feedwater tank. 

The level of the feedwater tank is given from mass balance 

PfsvfwtJfwt x Wcon+Wphl+Wrn+Wms+Wph2-Wfw-L (7.5) 

As for the condensate pump the feedwater flow Wfw is calculated 

from 

Psg " Pfwt+APpf_APf (7«6> 

where pSg is the steam generator pressure and the feedwater pump 

pressure upset is given by 

APpf « A2W^B2Wfw«ofwp+C2u.^wp (7.7) 

where u>fwp is the controlled pump speed (cf. section 9). Peed-

water temperature is raised to Tfw in preheater 2 before it 

enters the steam generator. 
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7.2. Preheaters 

The preheater model is shown in Fig. 7.2. Primary side steam 

enters at pressure Pi with specific enthalphy hi and condenses 

on the tube. The condensate is assumed to be saturated,i.e. the 

drain water temperature Tf is given from the pressure 

Tf - Tsat(Pi) (7.8) 

A mean secondary side water temperature, Tfm, is calculated 

from inlet and outlet temperatures, Ti and T0 (cf. appendix D). 

The heat transfer from steam to tube is given by 

Qst * Kst(Tf-Tt) (7.9) 

where Tt is the tube temperatare. The heat transfer from tube 

to secondary side water is calcualted by 

Qtf - Ktf(Tt-Tfm) (7-10) 

Then energy balance gives the tube temperature, the steam inlet 

flow, Hg, and the secondary side water (feedwater) outlet tem

perature as 

CtTt * Qst-Qtf (7.11) 

Qst 

W » (7.12) 
9 hi-hfs(Tf) 

CfT0 = WfCpf(Ti-T0)+Qtf (7.13) 

where Ct, Cf, and cpf are heat capacity of tube, water in tube 

and specific heat capacity of water. hfS is the saturated water 

enthalpy. It is assumed that no drain water accumulation takes 

place, i.e. the drain ojtlet flow equals the steam inlet flow. 
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7.3. Failures 

Failure signals on the two non-return valves can be set whereby 

the valves remain closed. 

A pump flow fraction for each pump can be set, reducing the 

pump flow no matter the value of the controlled pump speeds. 

Further a leak of water from the feedwater tank can be specified 

by the user. 

Failures in the lubrication oil system may cause the feedwater 

pump to stop. In this case the feedwater flow will decrease 

exponentially with a time constant of 10 sec. 

Physical data and steady state values for the module are found 

in appendix A7. 
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8. LUBRICATION OIL SYSTEM 

Two identical minor support systeias are attached to the sain 

energy systea lubricating the bearings of the priaary coolant 

and feedwater puap motors and maintaining conditions for pulp

ing (cf. Pig. 8.1). 

Lubrication oil froa a tank is puaped through a filter to the 

puap aotor. Oil is by-passsed to the tank in case of high 

pressure. 

The by-pass valve position is calculated froa 

*o -< 

o; 

Po-Pol 
w 

Po2~Po1 

} ' , 

Po<Pol 

PoliPo£Po2 

Po>Po2 

(8.1) 

opening lineary with increasing pressure in the interval from 

Pol to po2. 

The oil flow W0 leaves the filter with an amount 

W0 - k!Sp (8.2) 

where Sp is the user specified pump speed. The oil pressure is 

given from 

Po ' k2Fo"m <8'3> 

where Wro is the inlet flow to the motor and P0 is a user speci

fied friction factor. Wm is given from mass balance 

W|ø • WQ—WQQ (8.4) 
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where WQ^, is the by-pass flow calculated from 

wob * *3 ,rPo xo (8.5) 

(8.3), (8.4), and (8.5) yields an equation for WB 

wm " W0/(1*k3/ k2P0*o) (8.6) 

from which p Q and W o b can be calculated. 

In case of low oil flow the motor will stop. This condition is 

determined by 

Hø(normal) 
W 0 < -> Sm=0 (8.7) 

2 

where Sjg is the motor failure signal. 

The equation for the relative mass of oil in the tank is 

MQ » -Lo/Motot (8-8> 

where LQ is a possible user specified oil leak from the tank 

*Bd Motot is t h e total oil content. 

Equations (8.1), (8.6), and (8.3) form an algebraic loop which 

in most cases introduces numerical problems. In order to smooth 

out small oscillations in x0, Wra, and P0, these variables are 

calculated as a weighted sum of the actual value and the value 

from the previous integration step. 

Physical constants are found in appendix A8. 



- 51 -

pump 

Oil tank 

Fig. 8.1 Lubrication oil system. 
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9. CONTROLLERS AND TRIP SYSTEM 

In all eight controllers are comprised by the model. The location 

of each controller and the device they act upon are shown in 

Fig. 1.1. Further the figure shows which components are sensitive 

to a generated trip signal. The way the individual components 

react to controller and trip signals are described in the 

previous sections. This section describes how the controller 

signals are calculated and what events cause a trip signal to 

be generated. Each controller is described in the following 

sections. However, two features are common to all controllers. 

Each controller consists of one or several proportional-integral 

(PI) controller components. A Pi-controller is characterised by 

the transfer function 

K(1 + — ) (9.1) 
X8 

where K is the amplification constant and x is the time constant. 

The equations for the Pi-controller are 

E = X Q - X 

z = e/x (9.2) 

y = K(e+z) 

where x is the input signal, x0 is the setpoint value, e the 

error signal, z the integrated signal, and y the output signal. 

Further many controllers consist of one or more 1. order lags 

with time constant x characterised by the transfer function 

— (9.3) 
1+xs 

The equation for the lag is 

y * (x-y)/x (9.4) 

where x is the input signal and y is the delayed output signal. 
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9.1. Primary pressure controller, ĉ  

The diagram of the primary pressure controller is shown in Fig. 

9.1. This is a pure Pi-controller. The output signal controls 

the pressurizer spray cooling water valve, the proportional and 

back up heaters and relief valve 1. The pressurizer relief 

valve 2 is controlled directly by the primary pressure (cf. 

section 3). The pressurizer setpoint is specified by the user. 

Normal value is 155.1 bar. 

9.2. Pressurizer water level controller, c? 

The »Hagram of this controller is shown in Fig. 9.2. The setpoint 

is ;,«ilculated fro.n a piecewirfe linear function of the reactor 

average temperature T a v g. The controller is of Pi-type giving 

the speed of the volume control tank pump. An overriding action 

of water level on the pr.*sf-v - ;:er heaters ' s not shown on the 

figure. Below 15% It-'el sY'.'. neaters are disconnected and when 

the level is 5% abo-••*» the reference level the backup heaters 

are turned on (cf. :.ction ~i). 

9.3. Steam generate..- water level controller, c-̂  

The level control^ iiagrxiii is shown in Fig. 9.3. The relative 

water level is calculi . JJ as 

Wlv - (LSG+1.18)/5.92 (9.5) 

with a normal value of 0.66. Here LSG is the level of the mixing 

chamber in the steam generator (cf. section 5). The setpoint is 

calculated from a piecewise linear function of relative nuclear 

power (cf. section 2). The input and setpoint signals go through 

1. order lags, and the controller is of PI-type. The feedwater 

pump speed is calculated as a delayed sum of the Pi-controller 

output and the deviation of relative flows out of and into the 

steam generator. 
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9.4« Reactor power controller, C4 

This controller of which the diagram is shown in Fig. 9.4 gives 

the reactor control rod speed. The reactor power is adjusted 

indirectly because this controller in fact controls the reactor 

average temperature, calculated as the mean value of the cold 

and hot leg temperature. This value is delayed and lead/lag 

compensated. The transfer function the lead/lag compensation is 

equivalent to the diagram of Fig. 9.5.a which gives the trans

fer function in terms of a simple integration (with time con

stant, T5, transfer function I/T5S) and a multiplication with 

X4/T5. 

The setpoint for the average temperature is calculated as a 

piecewise linear function of relative HP-turbine inlet pressure 

(which is a measure of turbine power) and further sent through 

a 1. order lag. 

A correction power mismatch between relative ;urbine and nuclear 

power is made. The equivalent diagram for the mismatch transfer 

function is shown in Fig. 9.5.b in terms of simple integration 

and multiplication. The power mismatch signal is sent through 

non linear and variable gains. 

The error signal, corrected for power mismatch is transformed 

into control rod speed in the rod speed function of which the 

graph is shown in Fig. 9.5.c. 

9.5. Turbine power controller, c^ 

Figure 9.6 gives the turbine power controller diagram. The 

error signal is calculated from the sum of HP and LP turbine 

power and a user specified setpoint. 

Both HP-valve position and flow are calcualted together here 

thereby saving evaluations of the non-linear function, Fv. The 

calculation of HP-valve flow also involves the steam line 

pressure. 
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9.6. By-pass valve, secondary relief valve and feedwater tank 

level controllers, C6, 07, cs) 

All controllers are of simple Pi-type (cf. Fig. 9.7. a,b,c). 

The by-pass valve and relief valve controllers have fixed 

setpoints whereas the feedwater tank level setpoint is specified 

by the user. 

9.7. Trip system 

Conditions for reactor trip and turbine trip are listed below. 

Because a reactor trip will cause a turbine trip and visa versa 

only one trip signal is generated. During non-trip periods the 

trip signal equals zero. When one of the trip conditions is met 

the trip signal will take a non-zero value according to the 

list below. The actions taken by various components of the 

plant are described in sections 2 and 6. A non-zero trip signal 

will override the rod speed controller (C4) output, generating 

a signal for control rod insertion with maximum speed. 

Conditions for trip; 

Turbine: 

High steam generator level 

(> 79.4%) 

High condenser level 

(> 70%) 

High condenser pressure 

(> 0.3 bar) 

Reactor: 

High nuclear power 

(>109%) 4 

Low primary flow 

(< 84%) 5 

Primary pressure out of range 

(range: 135.0-165.4 bar) 6 

Trip signal 

1 
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High pressurizer level 

(> 92%) 7 

Low steam generator level 

(< 19.9%) 8 

Manual scram signal 

(set by user) 9 

9.8. Controller failures 

Two types of controller failures are possible for each indi

vidual controller. 

A controller may be set to drift; i.e. the controller output 

signal will start to drift either to its maximum or minimum 

value. The drift will start when the failure signal for the 

particular controller is set, continuously increasing or de

creasing the output signal lineary to the maximum or minimum 

value within at most 30 seconds. If the drift signal is set, 

the drift will take place no matter what input the controller 

recieves. 

A controller may also be blocked; i.e. the controller output 

signal remains constant at its value when the failure signal is 

set, no matter the input to the controller. 

When either one of the two possible failure signals for a par

ticular controller is set, integral signals of the controller 

are kept constant. 

For further details of failures and disturbances c.f. section 

10. Please be aware of the difference between a failure signal 

to a controller and a possible failure signal to the device u-

pon which the controller is acting. 

Controller data and steady state values are found in appendix 

A9. 
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10. THE SIMULATOR 

10.1. General description of the simulation system 

The PWR power plant model has been written as seven modules to 

be connected to the general purpose simulation system DYSIM, 

developed at the Department of Energy Technology at Risø (cf. 

Christensen et al. 1986). 

In this simulation system a model of a plant is composed as a 

series of modules. Each module corresponds to a logical and 

functional unit of a plant. The modules are written as a mixture 

of simulation language, macro calls, and ordinary fortran 77 

statements. Each module can run and be tested independently. 

A library of submodules, representing various technical standard 

components (e.g. heat exchangers, pumps, valves, controllers) 

may be used building a module. The advantage of the library is 

that each submodule, possibly characterised by a set of para

meters, is a well tested code which may be used at several 

places in the model by a simple macro call. 

Two precompilers have been used to create the fortran 77 code 

of the model (cf. Kofoed, 1987). Precompiler 1 processes each 

module, incorporating the proper submodules from the library 

whereas precompiler 2 connects the individual modules to an 

entire fortran 77 code. 

10.2. Structure of the model 
• I B I II * I - ' 

The structure of the entire simulation system is shown in Fig. 

10.1. The mathematical model of the PWR-power plant consists of 

7 modules. These modules are: 
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controllers and tripsystem 
reactor and primary loop 

pressurizer 

containment activity 

steam generator 

turbines and condenser 

feedwater line 

(CT) 
(RE) 

(PR) 
(AC) 

(SG) 

(TU) 

(PW) 

The modules have been described in the previous sections. 

In the modules differential quotients of state (integration va

riables) and algebraic variables are calculated. However, this 

can only be done using values of variables from other modules. 

The connecting system, CON, which is to be regarded as a module 

itself,sets up the necessary input variables for each module on 

the basis of state and algebraic variables from other modules. 

Further the connecting system directs differential quotients to 

DYSIM which performs the integration and error control. DYSIM 

also administrates the output as specified by the user. 

The simulation system uses four kinds of variables for each mod

ule: 

- input variables "1 
- parameters f input 
- state variables 1 
- algebraic variables/ output 

The input variables are set up internally by the connecting 

system as described. The parameters are constant input specified 

by the user in the input file. The state and algebraic variables 

are the calculated variables which together characterise the 

state of the system. 

The list file (cf. appendix B) holds names of all variables of 

the different type for each module. The list file is read by 

DYSIM, but should also be consulted by the user to identify the 

variables. Each variable is described by dimension and a short 

explanation. Of special interest are the state and algebraic 

variables since these variables constitute the potential output. 
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Also the parameters of the connecting system are of interest 

because the user specifies these values in the input file in 

order to generate various transients. The list file is a text 

file and copies of the file can be printed. 

The input file which holds initial conditions, parameter values, 

and commands for the simulation svstems is described in the 

next section. 

Two output files are generated by DYS1M. The printfile holds a 

table of values of user specified (state or algebraic) outDut 

variables at specified time steps. The print file is a text 

file which can be printed whereas the plot file is a binary 

copy used by an auxiliary plot program to draw graphs of the 

calculated transients. 

The list file holds the obligatory DOS-name LIST.SEQ and the 

print file is given the name PRINTER.DAT. The input file can 

have any DOS name with extension .SEQ. The plot file will be 

given a user specified name with extension .UNF. All files 

must/will remain under the same directory as the executable 

code. 

10.3. Input file and possible transients 

A large variety of disturbances and failures in the plant mav 

be simulated. All disturbance and failure signals are given as 

parameters of the connecting system. Values of these parameters 

can be specified in the *DATA-field of the input file. An 

example of an input file is found in appendix C. Parameters of 

the connecting system all have name extension .CON and appears 

in lines 1500-9600 of the shown input file together with a 

value. The value may be changed by a text file editor as 

described below in order to set the parameter for a simulation 

run. In Fiq. 10.2 the corresponding device to each parameter is 

shown. 
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The parameters are divided into two groups: disturbances and 

failures. Disturbances may be time dependent whereas failures 

signals are active when the parameters are set. 

Disturbances: (cf. appendix C, lines 2200-3800) 

Primary pressure setpoint: PP.CON 

Turbine power setpoint: E.CON 

Feedwater tank level setpoint: LFWT.CON 

Jitlivt coolant temperature: TCI.CON 

Lubrication oil friction parameters: 

Primary side: FOP.CON 

Secondary side: FOS.CON 

Primary pump speed: SPPP.CON 

Cooling water pump speed: SPC^P.CON 

These parameters can be chanqed lineary as a ramp function from 

the values Y.CON to Y.CON + DY.CON in the time interval T1.CON 

to T2.CON (cf. Fig. 10.3), e.g. if the turbine power setpoint 

is to be descreased lineary from 458.0 MW to 400.0 MW in the 

time interval [10,20] sec; set DE.CON = -56.0 in the in

put file. If another time interval is desired change the values 

of T1.C0N and T2.CON in line 1500. Values of the above para

meters in the input file correspond to steady state, i.e. only 

the deviations (e.g. DE.CON) should be changed. The values of 

T1 .CCN and T2.C0N are common to all disturbances. Equal values 

of T1.CON and T2.CON cause a step change. Values of DFOP.CON 

and DFOS.CON above 9 make the pumps to stop. 

Failures: (cf. appendix C, lines 4500-9600) 

Controller block signals (lines 4500-4700) B1.C0N-B8.C0N 

Normal values are 0. If +1 or -1 is specified instead the 

controller output will drift to the maximum or minimum value 

respectively within at most 30 seconds after the parameters has 
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been set. If 2 is specified the controller is blocked, i.e. the 

controller output siqnal remains fixed at its value when the 

block signal is set. 

Valve functions (lines 5200-5800) FPSV.CON-FCV.CON 

Normal values are 0; any other value means a failure. If a fail

ure on a safety valve is set the valve opens normally but leaks 

0.5% of the maximum outlet flow on return to closed state. A 

failure siqnal on any controller or trip driven valve causes 

the valve to remain fixed at the valve position it had when the 

failure signal was set. The non-return valves remain closed 

when a failure signal is set. 

Valve positions XRHV.CON and XLP.CON 

Reheater and LP-turbine valve positions. Allowed interval [0,1] 

with normal value 1. The value of the parameter corresponds to 

a fraction of normal non-trip flow through the valve. 

Volume control tank inlet flow WLED.CON 

Specified in kg/sec. Normal value is 2.8 kg/s 

Leaks (lines 7100-7800) LPG.CON-LLOS.CON 

Specified in kg/sec. Normal value is 0 kg/s. 

Pump flow fractions FFWP.CON, FCP.CON, FVCP.CON 

Allowed interval [0,1] with normal value 1. The value of the 

parameter corresponds to a fraction of normal flow from the 

three controlled pumps. 

Pump speeds SPLOP.CON, SPLOS.CON 

Normalized pump speeds of the lubrication oil pumps. 

Normal value 1. 

Switches (lines 9100-9200) SRODM.CON-SBH.CON 

Normal value 0. Anv other value corresponds to an off-state of 

the switch. 
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Manual scram signal MSCRM.CON 

No scram corresponds to 0. Any other value causes the ractor to 

trip within 0.3 seconds after the parameter has been set. 

The rest of the *DATA field (cf. appendix C, lines 10200-11300) 

gives parameter values to other modules. These values should 

not be changed by the user. 

Output specifications 

Values of state - and algebraic variables can be written on the 

plot - and printer files at specified times. The print inter

vals are specified in line 12200 of the shown input file (appen

dix C). The first number INT-1 gives the frequency of print out 

in the time interval from 0 sec. to PTIME-1, then the frequency 

is changed to INT-2 in the time interval PTIME-1 to PTIME-2. 

After PTIME-2 output is written with frequency INT-3. In the 

example of appendix C data is written every second for the 

first 10 seconds, then every 0.5 second in the time interval 10 

seconds to 200 seconds. After 200 seconds output is written 

every 5th second. 

After the print interval specification a list of the desired 

state and algebraic values to be printed follows. Remember 

that a variable name has the module name as extension. Lines 

12300-13400 give an example of an output list. The list may be 

changed by the text file editor. Notice that the indicated 

columns must be maintained. The output list is terminated bv 

PRNT.END. 

Also a name of the plot file must be specified. In the example 

of appendix C the plot file is named F2 and the file will get 

the DOS-extension .UNF. Notice that an existing plot file with 

the same name will be overwritten. 

A header for graphs and tables may be specified. In the example 

the header is 

"PWR POWER PLANT SIMULATOR" 

as shown in line 14700. 
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The last number of interest to the user is the SERVER-time, i.e. 

the 5th number in the *CHCK-field (line 15300 in the example). 

This number gives the time when the simulation process is tem

porarily stopped. For further details see the following section. 

The rest of the input file is of no direct interest to the 

user. The numbers in the *INCO-field give initial values of 

all state - and algebraic variables. These values correspond to 

a steady state of the system, i.e. any simulation will start 

from this condition. The *INCO-values should not be changed by 

the user. For further details of the input file the user is 

referred to Christensen et al. 1986. 

10.4. The SERVER 

A simulation run can be interrupted at any time by pressing the 

keys, Ctrl and C at the same time. This causes the simulation 

system to go into "SERVER"-mode. In the SERVER-mode you can ask 

for values of any state or algebraic variable by writing the 

variable name. Also the values of parameters can be changed by 

writing the parameter name. In this way a disturbance or failure 

can be set (or reset) during the simulation. To continue the 

simulation with possibly new parameter values, write C followed 

by a number of seconds. After the specified time interval the 

SERVER will report itself again. If on the other hand the 

simulation is to be stopped, type EXIT. 

There are two ways to run a simulation: 

a) Set up the input file in order to generate the desired 

transient and write a large number in the *CHCK-field for 

the SERVER-time. At this time the SERVER reports itself. 

b) Set up the input file corresponding to no disturbance or 

failure (as shown in appendix C), and a few seconds for the 

SERVER-time. When the server reports itself, you can set 

the parameters corresponding to the desired transient and 

continue the simulation. Be aware that the ramp function 

start time T1.C0N should be larger than the SERVER-time in 

order to avoid discontinuous disturbances. 
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Fig. 10.3. Ramp-function. 
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11. CALCULATION EXAMPLE 

A single transient example is given mainly to illustrate how to 

set up the input file* run the simulation model and examine the 

results. 

In this example the lubrication oil friction factor FOS.CON in 

the secondary side oil system is increased from 1 to 10 as a 

ramp function in time interval 10 seconds to 100 seconds. In 

order to generate this transient the input file of appendix C 

is changed in the following way: T2.CON - 100; DFOS.CON = 9, 

SERVER-time 200. Alternatively the input file can be us*sd as it 

appears in appendix C (no disturbances or failures). When the 

server reports itself at 10 seconds the two above parameter 

values are set and the simulation is continued for 190 seconds 

(C190). 

In this transient the simulation will not go on to 200 seconds 

because the model will run out of its validity domain, due to 

the very drastic events in the plant. In this case DYSIM 

terminates by itself with a "stop by call term"-message on the 

screen and in the PRINTER.DAT file. However, the output is 

stored in file P2.UNF and PRINTER.DAT. 

The auxilliary DYSIM-plot program (PLOT.EXE) is used to visualize 

how the output variables change. 

The lubrication oil pressure POS.FW increases due to the 

increasing friction (cf. Fig. 11.1). When pressure is above 2 

bar the oil by-pass valves opens and the oil flow WOS.FW to the 

motor decreases. 

When the oilflow is below 0.5 kg/s the feedwater pump stops and 

the feedwater flow WFW.FW decreases exponentially (cf. Fig. 

11.2), whereby the relative condenser mass MCONR.TU increases. 
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The steam generator level L.SG decreases (cf. Pig. 11.3) because 

no feedwater enters. When the level is below zero, a trip signal 

(TRIP.CT = 8) is generated. 

The steam generator pressure P.SG and the downcomer water tem

perature TD.S6 increases due to lag of coolant (Pig. 11.4) 

The turbine power E.TU remains constant until the trip occurs 

(Pig. 11.5). When the HP-turbine valve closes the steam generator 

pressure increses abruptly and a by-pass steam flow WB.TU is 

dumped into the condenser. 

The increased secondary side temperature causes a drop in the 

heat transfer QSG.SG in the steam generator (cf. Pig. 11.6). 

After the trip the very high pressure causes a further rapid 

drop in heat transfer because the evaporation decreases. The 

decreasing heat transfer implies an increased average reactor 

temperature TAVG.RE until the trip when the reactor power 

vanishes. 

In order to reduce the average temperature the control rod is 

moved inward, (CR.RE) and the relative nuclear power QNUCL.RE is 

reduced (cf. Pig. 11.7). When the trip occurs the reactor power 

vanishes and the control rod is moved inward with maximum speed. 

The simulation was stopped because the thermodynamic functions 

used in the turbine model are evaluated outside their range. 
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Fig .11 .4 . Steam generator pressure and 
down comer temperature. 
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Fig. 11 .5 . Turbine power and 
by-pass flow. 
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APPENDIX A1 

Units used throughout the model: 

pressure: bar 

energy MJ 

mass kg 

time sec. 

length m 

activity Bq 

kg MJ 
notice that 0.1 = 1 

m3 kg bar 
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APPENDIX A2 

Physical data used in reactor module: 

Volumes (n»3): 

vinl = 6.34 V l p = 14.24 Vc = 14.138 

V u p = 23.83 V n l = 3.13 V c t = 3.46 
Vp = 4.40 Vci = 3.41 

Wpnorm =4320 Kg/s 

T * 652 °C T = 303 3 °C xunorm V3' u 1cnorm ^«J»J <-

Qnorro s 2765 MW 

Cfuel s 26.3376 MJ/°C 

C T U = -2.5*10~5 C T C = -30.0*10~
5 C C R = 900*10"

5 

1 * 10"3s p = 6648-10-6 

p1 = 992M0" 6 p2
 = 3840M0"6 P3 = 1616'10" 6 

\^ * 1.82 s"1 \ 2 = 0.249 s"1 \3 • 0.0288 s"1 

H * 7.92945 MW/°C 
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REACTOR AND PRIMARY LOOP 

STATE VARIABLES: 
TINL- 283.84 
TUP« 322. 76 
THL« 322. 76 
CR- 0.6174 
HOR- 0. 900 

TLP-

TCT-
0A1-

283.84 TC-

283. 84 TP-
1. 91E+03 0A2< 

322. 76 TU-

283. 84 TCL« 
4. 28E+04 0A3-

653. 76 

283. 84 
1.36E+03 

INPUT VARIABLES: 
RO08PD-
T800-
8PPP« 

2. 86E-07 SROOfl-
283. 8 PP-
1. 0 FOP-

ALOEBRAIC VARIABLES: 
ONUCLR- 1.004 ORE-
URE* 6480 0 WPfl-
TEXP« -0. 4IE-OS PEXP« 
MOP- 1.00 POP« 

KFLP» 
CP-
OTRANS-
DRTU" 
TTRIP-

758 3 RFC-
0. 39E-02 
2776.1 QNULC* 

-4. S9E-09 DRTC« 
-1. OOE+00 8TRXP-

0.0 
139. O 
l.O 

1388. 0 
1.0000 

0. 23E-01 
1.00 

717.7 

2776.1 
-1.0BE-04 

O. 0 

TRIP-

8PLOP-

TAVO-

SPM> 

RFUP» 

DRCR« 
TPUMP« 

O. 0 

1.0 

303.66 

0.00 

669.0 

3. 92E-04 
-l.OOE+00 

8SCRAM-

U.0P-

RFCT-

KEFF-
WFR8-

0.0 

0. 00E-*-00 

796.3 

1.000200« 
0. OOE+00 
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APPENDIX A3 

Physical data used in the pressurizer module: 

Volumes: 

minimum water volume 

water volume span 

total volume 

Safety valve: 

opening pressure 

capacity 

Volume control tank pump 

flow to speed ratio 

Total mass capacity of volume control tank: 
mVCTF = 3.141592*104 Kg 

For further data cf. Fig. 3.2. 

vfmin 
V vspan 
vtot 

= 1.77 nr 
= 37.7643 nr 

= 41.30 nr 

172.4 bar 

49.7 Kg/s 

7.0 Kg/s 
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PRESSURIZED 

STATE VARIABLES: 
P- 135. O 
HVCTR« O. 49 

HC« 2. 61E+00 HF- 1. 63E+00 VF- 20. 06 

INPUT VARIABLES AND PARAMETERS: 
TI« 322.76 TL- 283.84 PEXP-
ZP» 4. 1JE-01 ZV- 3.42E-01 WLD-
LEAKQ- O. OOE+00 LEAKW- 0.OOE+OO LEAKPS-
SPH- O. OOO 8BH- 0.000 
FVCP« 1. OOO 
FR1« 0.00 FR2- 0.00 FSAF-
ULED- 2. 80E+00 

3. 13E-02 TEXP« 
6. 93E-03 
0. OOE+00 

OOO FSPR-

- 3 . 76E-06 

0.00 

ALCABRAIC VARIABLES: 
MLV-
Wl-
WR1-

QP-
WXPLUS-
TSAT-
HI-
©ASSAT-
UPRV2-

0.48 WK-
-4. 26E-01 WC-
0.OOE+OO WR2-

1.9JE-01 OBAK-
0. OOE+OO WR-
344. 78 HCS« 
1.48E+00 HK« 

T WATSAT-
F 

4. 60E-02 G-
5. 36E-02 WE" 
0. OOE+OO WSV-

0.OOE+00 MR1-
0. OOE+OO 
2. 61E+00 HFS-
1.29E+00 

T UPBACK-

I. 
1. 
0. 

0. 

1. 

91E-01 
41E-01 
OOE+OO 

OOE+OO 

63E+00 

F 

UCHA-
WD-

HR2-

HFC* 

UPRV1« 

2. 
2. 

0. 

9. 

39E+00 
80E+00 

OOE+00 

70E-01 

F 

CONTAINMENT ACTIVITY 

STATE VARIABLES: 
ACN16- 0. OOOE+OO 

INPUT VARIABLES: 
LEAK«- 0. 000 
ONUCLR- 1.004 

LEAKW- 0.000 
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APPENDIX A5 

Physical data used in the steam generator module: 

Lengths (m): 

Dep = 1 .688M0" 2 De s = ? .42*10~ 2 Defc = 3.161 

De r = 1.715 De<} = 0.8238 

l c = 8 .50 l t = 1.14 l r = 4 .13 

l d = 9 .64 dr = 1 .09-10" 3 

Surfaces (m2/m): 

Op = 247.7 

Cross sections (m2): 

Ap = 1.045 

Ar =2.31 

Volumes (m3): 

Vp = 17.77 

Vr = 9.54 

Vdc - 5.14 

Ou = 269.7 

As = 5.190 

Ab - 12.08 

Vs = 44.12 

Vtop = 105.74 

Vpi = 4.5 

0S 

At 
Ad 

vt 

Vb 

Vpo 

_ 

= 

— 

= 

= 

279.7 

7.85 

0.533 

8.95 

31.74 

4.5 

Heat capacity of u-tube 

'r Cr = .8.79 MJ/°C 

Thermal conductivity in U-tube: 

\ = 15.5-10-6 MW/m<>C 

Single phase friction parameter: 

Ff » 4.22M0"2 

Friction pressure drop parameters 

Kdps =12.0 Kdpt »5.0 Kdpr - 200.0 

Kdpd ' 15.0 
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Pressure derivative time lag constant: 

xp =0.3 sec. 

Relation between relative void volume and outlet void fraction 

F a(—) = 2.33-1.74(-i) 
Vs Vs 

KJ Kg0.2 
Heat transfer parameter Hp(T)( ): 

OC Kg(m/s)0.2 

Hp(T) = 0.155828*10~4 T2 - 0.772876'10~2 T + 1.82569 

Slip correlation by Bankoff-Jones: 

S(PB,a) = (1-a)/(Ks-o+(1-Ks)o
R) 

where 

Ks = 0.09 P + 0.712 

R = (0.46 P + 0.18) P + 3.33 

P « PB* 14.50/1000 
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STEAM GENERATOR 

STATE VARIABLES: 
T i l * 322 . 8 TOl« 
TR1» 2 9 9 . 0 TR2« 
TB« 296 . 2 T D -
P« 62. 2 DP« 
VCR-REL- 0. 71E+0O 
VD« 6. OOE+OO L« 

294. 3 T02« 
284 9 
296 2 

-O. 8 9 E - 0 9 VCS-REL« 

2. 73E-M50 

2 8 3 . 8 TPO-

0. 47E+00 VCT-REL« 

2 8 3 . 8 

O. 71E+0C 

INPUT VARIABLES AMD PARAMETERS: 
P P - 1 9 9 . 0 WP- 1 . 0 0 WF-
T P I - 322 . 8 T I - 188. 9 LS« 
KDPS- 1 .20E+01 KDPT- 5. OOE-HX) KDPR« 
TAUP« C 0 0 E - 0 1 

4 3 8 . 3 WL-
0. OOE+00 LP« 
2 . OOE+02 KDPD« 

4 3 8 . 3 
0. OOEfOC 
1 . 90E+01 

ALGEBRAIC VARIABLES: 
OSC- 1436. 3 OEVAP« 
TSAT« 277.83 

1024.3 

PEXP« 
TRY1« 

TM1« 
B l -
ALFAS« 
VFS-REL-
WS« 
WOT-
K P 1 -
LAMBDA« 
HP1« 
GP1« 
OK-
DPS« 
FPDS-

0. 8 3 E - 0 2 TEXP« 
0. 28E+03 TRY2« 

319 . 0 TM2= 
0 . 7 2 8 B 2 -
0 . 7 1 3 ALF AT« 

0. 93E+00 VFT-REL" 
2 . 41E+03 WFS« 
4. 38E+02 UFR« 
3. 60E+01 KP2-
1. 9 9 E - 0 9 
8. 03E+01 HP2-
7. 22E-KJ2 0 P 2 -
6. 83E+02 OL« 
2 . 73E+01 DPT« 

0 . 2 0 6 FPDT« 

0. 3 9 E - 0 6 
0 . 2 8 E + 0 3 

2 9 1 . 6 
0 . 7 4 1 
0 . 7 1 3 

0 . 29E+00 
1 .97E+03 
1 .97E+03 
3. 93E+01 

7. 68E+01 
2 . 36E-K>2 
0. OOE+OO 
7. 3 9 E - 0 3 

0 . 0 0 0 

TSAT« 
SLIP-RISER 
ALFAR« 
VFR-REL« 
wes-
UQRm 
K S i -

H S 1 -
0S1« 

DPR« 
FPDR« 

2 7 7 . 8 
« 2 . 108 

0 . 7 1 3 
0. 29E+00 
4. 38E+02 
4. 38E+02 
4. 21E+01 

I . 19E-H32 
7. 22E-H52 

2. 37E+01 
0 . 194 

RFS« 
WFT« 

K S 2 -

H S 2 -
0 S 2 -

DPD« 
FPDD« 

7. 99E+02 
1.97E+03 

3 . 33E+01 

6 .81E+01 
2. 36E-K>2 

2 . 99E+01 
0. 192 
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APPENDIX A6 

Physical data used in the turbine and condenser module: 

Flow coefficients: 

Ke = 0.3306671*10"5 Kn = 13.0 

Khl = 1630 Kvm * 150 

KX = 121.35 Krv = 1.0155 

Ksv =139 Kb « 11.86 

Volumes (m3) 

Vsl " 214.2 Vn = 10.0 Vr = 240 

Vt - 284 Vmo = 18.6 Vi = 156 

Heat transfer coefficents: 

Kqt =4.54 Kcw = 55 C K q r = 294 

Heat capacities: 

Ctr = 5.315 MJ/°C Ccw = 378 MJ/°C 

C t = 41 MJ/C CDC = 4.2*10~3 MJ/Kg °C *ct " *' nu/y' *-pc 

Condenser mass capacity: 

Mctot " 2 * 1 ° 5 K9 

Turbine extraction fractions: 

Splith - 0.8 Spiiti - 0.95 

Turbine therminal efficiency: 

Yhp • 0.781 Yip s 0.87867 
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TURBINES AND CONDENSER 

STATE 
PV« 
PM-
HHP-
TTR« 

INPUT 
WV« 
WCW-
PE-
XRV» 
FSV« 
FRHV" 
XRHV« 
TRIP-
CHP-

VARIABLES: 
40.79 
40.38 
699. 7 
296.88 

PW-

HRTV-
TCON* 

46.31 

1349. 97 
29. 96 

VARIABLES AND PARAMETERS: 
402. 0 

19000. 0 
42. 18 
0 00 
0.0 

0.00 
1.000 
0.0 

0.78 

TCI» 
XBPV-
FRV-
FLPV-
XLPV« 

OLP» 

ALOABRAIC VARIABLES: 
E-
PSH-
WRH« 
WSV* 
OCT-
EH« 
WRV« 

WW-
WH-
WTO« 
MV-
HC« 
THS-
EL-
GRR« 
XHO« 

456. 0 
12.23 
99. 4 
0. 0 

899. 0 
197. 3 
0. 0 

99. 4 
402. 0 
418. 4 
2.78 
2.31 

140.82 
296. 7 
86. 5 
0.86 

MSL-
HSH-
TRM-
WH-

EL-

URV> 
HT
ML« 
HHO-
DHH« 
TRM-
EH-
OTR-
XLO-

118.7 

8.00 
0. 00 
0.0 

0.00 
1.000 

0.88 

697.4 
2. 90 

279. 93 
602.0 

296.7 

0.0 
483.4 
418. 4 
2.43 
0. 34 

196. 13 
197.3 
86. 9 
0.90 

PT-

HRHV< 
TCO-

WPHU 

FBPV> 

PC-
WHS** 
PSL« 
WL» 

WSV« 
HT1« 
WLO-
HRO-
DHL" 
TRO-

acT« 

3.70 PL-

1223. 49 HLP-
18. 76 MCONRi 

29. 1 WCON-

0. 0 FHPV« 

3.49 

669.27 
0.46 

393.3 

0.0 

0.041 
69.0 
O. 21 

418. 4 

0 0 
418. 4 
393. 3 
2.93 
O. 62 

233.13 

899.0 

TUB" 
HBL« 
WB-

WB-
WRO-

TH-

GCV-

140.82 
2.34 
0.0 

0. 0 
418.4 

279. 93 

859.0 
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APPENDIX A7 

Physical data used in the feedwater line module 

Pump characteristics: 

AT = -1.342057*10"5 A2 = -5.242410*10~
5 

Bj « 3.771918M0'3 B2 - 2.357449*10~2 

Ci = 1 0 C2 • 100 

Friction pressure drops (bar) 

APf1 = 5 APf2 = 5 

Feedwater tank volume 10 m3 

Cf =42.6 MJ/°C 

Preheater 

ct
 s 

Kst * 

Preheater 

Ct a 

1: 
2.54 

30.30 

2: 
2.54 

MJ/°C 

MW/°C 

MJ/°C 

Ktf =30.3 MW/°C 

Cf =22.8 MJ/°C 

Kst = 29.20 MW/°C Ktf =29.2 MW/°C 
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FEEOUATER LINE 

STATE VARIABLES: 
TFH-
TT1» 
LFUT« 

188. 46 
99. 60 
0. 900 

INPUT VARIABLES: 
SPFWP« 
PC-
PLP» 
PHP-
UR5> 
URH> 
PS©» 
FFUP» 
FOS* 

0 . 8 6 4 
0 . 0 4 
0 . 2 1 

1 2 . 2 3 
6 4 . 9 7 
3 3 . 3 9 
62. 18 
1 .000 

1 . 0 

TFWT-
T T 2 -
HOR« 

BPCP« 
TCON-
HLPV-
| M J Q — 

THS» 
TUH» 
LEAK« 
FCP« 
3PLOS-

ALCABRAIC VARIABLES: 
WFW 
MOS-

PFHT-
ssn> 
TPUMP-

697. 4 
1 . 0 

1 .8 
0 . 0 

- 0 . tOE+Ol 

WCON-
POS-

T P H l -

MFOLD-

117. 94 
1B1.97 
0. 900 

0 . 8 7 1 
29. 96 

2 . 3 4 
2 . 9 0 

1 4 0 . 8 2 
273 . 93 

0 . 0 0 
1 . 0 0 0 

1 . 0 

393 . 3 
1 . 0 0 

6 1 . 3 

0 . 0 

T C -

LLOS-

WLP-

TPH2-

6 1 . 32 

0 . 0 

29 . 1 

1 8 8 . 9 

118.7 
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APPENDIX A8 

Physical data used in the lubrication oil systems. 

Pressure limits on by-pass valve: 

PQI = 2 bar P02 = 2.5 bar 

Constants: 

Ki = 1 K2 = 1 K3 = 0.5 

Minimum oil flow: 

Wnorm =0.5 Kg/s 

Total oil mass: 

Motot = 50 Kg 
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APPENDIX A9 

Data used in the controller and trip system module (cf. figures 

in section 9). 

Primary pressure controller C^: 

K n = 0.66 in * 3 0° 

Pressurizer water level controller C2 

K21 = 1 T 2I - 300 

Steam generator water level controller C3: 

K31 = 2 x31 = 2 

K32 = 1 T32 - 5 

T33 = 150 

T34 » 10 

Reactor power controller C4: 

T41 » 40 T42 - 3C 

T43 = 8 T44 s 50 

X45 « 10 

Turbine power controller C5: 

K51 - 25 T 5 1 * 5 

T52 • 0.5 

r 1.6365x for x < 0.5 
Pv(x) - v 

-0.2458774 + 3.15446707x - 2.03126323x2 for x > 0.5 

By-pass valve controller Cg: 

K61 - 7.25M0"2 T 6 1 - 300 

Secondary relief valve C7: 

K71 » 0.2899 T71 » 240 

Peedwater tank level controller: 

K81 - 1 *81 " 1 5 0 
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CONTROLLERS 

INTEGRAL ERROR SIGNALS: 
211« 
2 2 1 -
2 3 1 -
2 4 1 -
2 5 1 -
2 6 1 -
271» 
2 8 1 -

- I . 3 9 E - 0 2 
3. 4 9 E - 0 1 
6 . 6 0 E - 0 1 

- 3 . 4 * E - 0 3 
1 . 8 8 E - 0 1 
0. OOE-KK) 
0 . OOE-KK) 
B. 7 1 E - 0 1 

INPUT VARIABLES: 
P P -
OMUCLR-
THL-
E -
LFUT-
CL" 
B l > 
B 9 -

ISA. 19 
1 .004 

3 2 2 . 7 6 
0. 496E+03 
0. 900E-KK) 
0. 463E+00 

0 . 0 
0 . 0 

PARAMETERS: 
H l l » 
K 3 t -
TAU31-
TAU41-
TAU49-
K91« 
K 6 1 -
K81« 

6 . 6 7 E - 0 2 

2 3 2 " 
2 4 2 -
2 9 2 " 

PPO-
XTL-
TCL» 
EO-
LFWTO-
P C -
B 3 -
8 6 « 

TAU11« 
2 . 0 0 E + 0 0 K 3 2 * 
2 . OOE-KK) 
4. OOE+01 
l.OOE-K)! 
2 . 90E+O1 
7. 2 9 E - 0 2 
1 . OOE-KK) 

TAU32-
TAU42-

T A U 9 1 -
T A U 6 1 -
T A U 8 1 -

ALCABRAIC VARIABLES: 
Y U « 
Y 2 1 -
Y 3 l -
Y 4 1 -
Y91« 

4 . 1 1 E - 0 1 
3 . 4 2 E - 0 1 
B . 6 4 E - 0 1 
2 . 06E-O7 
6. 02E+02 

Y 2 2 -

Y 5 2 -

6. 6 0 E - 0 1 
3. 03E+02 
4. 70E-KK) 

199. lO 
2 . 7 3 

9 8 3 . 0 4 
0 . 456E+03 

O. 90E-KK) 
O. 0 4 1 2 
0 . 0 
0 . 0 

3 . 00E+02 
i.ooe*oo 5. OOE-KK) 
3.OOE+01 

9. OOE-KK) 
3 . 00E+02 

1.9O0E+O2 

6. 9 9 E - 0 3 

9. 14E-01 

2 3 3 -
2 4 3 -
2 9 3 -

HLV-
N L -
PNP-

P8L— 
HPR-
B 3 -
B 7 -

K 2 1 -

TAU33-
TAU43-

TAU92-
K 7 1 -

4 . 3 2 E - 0 1 
3. 03E-K>2 
9. 1 4 E - 0 1 

0. 4BS 
6 9 7 . 4 
46. 31 

60 . 79 
1 . 0 0 

0 . 0 
0 . 0 

l.OOE+OO 

1.90E-K)2 
8. OOE-KK) 

9. 00E-O1 
2 . 9 0 E - 0 1 

2 3 4 -
2 4 4 -

TAVC-
WF-

8CRAW-
8 4 « 
•8-

TAU21« 

TAU34-
TAU44-

T A U 7 1 -

8. 64E -01 
3. 03EK>2 

3 0 3 . 6 6 
6 9 7 . 4 

0 . 0 0 
0 . 0 
0 . 0 

3 . OOE-t-02 

1 OOE+01 
9. OOE+01 

2 . 40E+02 

Y61- 0. OOE-KK) 
Y71- O. OOE-KK) 
VBl- 8.71E-01 
TRIP- O. OOE-KK) PLO- 4.78 8L0- 6.60 

VALUES 
TB1-
TB2-
TB3-
TB4-
TB9-
JJ6-
TB7-

AT START OF 
-l.OOOE-KK) 
-l.OOOE-KK) 
-1.OOOE+OO 
-l.OOOE-KK) 
-l.OOOE-KK) 
-i.OOOE-KK) 
-l.OOOE-KK) 
-1 OOOE+OO 

CONTROLLER DRIFT: 
V B l -
VB2-
YB3-
YB4-
YB9-
W: 
YBB-

0. OOOE+OO 
0. OOOE+00 
O.OOOE-KK) 
O.OOOE-KK) 
O.OOOE-KK) 
0. OOOEKK) 
O.OOOE-KK) 
O.OOOE-KK) 
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APPENDIX B. 

ICC 

rct> 
300 
400 
900 
600 
7CC 
•00 
900 
100C 
1100 
taco 
1300 
i«oo 
I »CO 
1*00 
1700 
180C 
|9C0 
2000 
aioo 
S4C-C 
ssoo 
a*eo 
2700 
2000 
2*00 
3000 
3100 
3300 
3300 
3400 
3500 
3*O0 
3700 
3*00 
39oo 
4000 
4100 
4200 
4300 
4400 
4300 
4600 
4700 
4 tOO 
4*00 
5000 
9100 
5200 
5300 
5400 
5500 
5*00 
5700 

MODULE CT 

STATE VARIABLES 

NAME SCT 

1* 

DinENStON TE»T 

ZII 
Z2I 
231 
Z32 
Z33 
Z3« 
Z41 
1*2 
Z43 
Z44 
Z51 
ZS2 
£33 
Z*l 
Z7I 
ZBt 

INTEGRAL CONTROLLER SIGNALS 

3 
4 
5 
* 
7 
8 
9 
10 
11 
12 
13 
14 
19 
1* AL6ERRAIC VARIABLES 13 

ACT 

Vl» 
V2I 
V22 
V31 
V4I 
V51 
V52 
Y*l 
V7J 
VOI 
TRIP 
PLO 
SLO l 
INPUT VARIABLES 

ICT 

PPO 
HLV 
TAVC 
QNUCLR 
ILT 
UL 
UP 
TML 
TCL 
PMP 
E 

1 
2 
3 
4 
5 
* 
7 
• 

10 
11 
12 

DIMENSION TEXT 

1/S 

ne/s 

PRINARV SIDE PRESSURE CONTROLLER OUTPUT 
VOLUME CONTROL TANA PUMP CONTROL SIONAL 
BACKUP HEATER CONTROL BIONAL 
SEC. SIDE FEEDWATER PUMP CONTROL SI8NAL 
CONTROL ROD SPEED 
STEM* FLOW TO HP-TURilNE VALVE 
HP-TURBINE VALVE POSITION 
BY-PASS VALVE POSITION 
SECONDARY SIDE RELIEF VALVE POSITION 
CONOESATE PUMP CONTROL SIONAL 
TURBINE AND REACTOR TRIP (0-NO TRIP! 
PRCSSURIZER LEVEL SETPOINT 
STEAM GENERATOR LEVEL SETPOINT 

28 

DIMENSION 

8AR 

n 
KC/S 
RO/S 
C 
c 

TEIT 

PRIMARY PRESSURE FROM PRESSURIZER 
PRIffARV SIDE PRESSURE SET POINT 
WATER LEVEL IN PRESBURIZEW (RELATIVE* 
REACTOR AVERAGE TENPERATURE 
RELATIVE NUCLEAR REACTOR POWER 
WATER LEVEL IN STEAfl OENERATOR 
STEAM LINE FLOW 
FEEDWATER FLOW SECONDARY SIDE 
PRIMARY SIDE MOT LEO TEMPERATURE 
PRIMARY SIDE COLD LEO TEMPERATURE 
HP-TURSINE INLET PRESSURE 
TURBINE POWER 

»800 
5900 
*O00 
*100 
*200 
»300 
*400 
4500 
ééOO 
•700 
4800 
•900 
7000 m 
7JP0 
7400 
7500 
7*00 
7700 
7800 
7900 
8vOC 
8100 
820C 

fJOO »00 
»00 

1*00 
700 
•CO 

"900 

EC 
PSL 
LFWT 
LFHTO 
81 
•2 
83 
84 
89 

PARAMETERS 

13 
14 
19 
I* 
17 

: : 
20 
21 

8* 
87 
88 
CL 
PC 
WPR SCRAM 

B 
24 
V 
17 
28 

PCT 

Nil 
TAUI1 
K2I 
TAU21 
K3I 
K32 
TAU31 
TAU32 
TAU33 
TAU34 
TAU4J 
TAU42 
TAU43 
TAU44 
TAU49 
K91 
TAU91 
TAU52 
Mel 
TAU*1 
K7I 
TAU7I 
KSl 
TAU81 

1 
2 
3 
4 
9 

* 
8 
» 
10 
II 

H 
w 
J7 
1! 
»I 

8AR 

24 

DIMENSION 

TURBINE POWER SET POINT 
STEAM LINE PRESSURE 
FEEDWATER TANK LEVEL 

- SETPOINT 
BL0CKIN8 SIONAL PRIMARY 

ETPOINT 
PRESSURI 
JATERLE ESS WATL , 

EAH OEN WAT 

E CONTROL 

CTR 
EVEL CTR 

ROD POS. CONTROL 
TURSINC POWER CONTROL 

wwrsk : : SEC 
PW TANK LEVEL CTR 

RELATIVE CONDERSER WATER LEVEL 
CONDERSER PRESSURE „ 
RELATIVE PRIMARY SIDE FLI MANUAL 8CRAM SIONAL 

E FLOW 
(©•NO I SCRAM. I»SCRAM> 

TEIT 

AMPLIFICATION AND TIME CONSTANTS 
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10600 
10700 
IOSCO 
10*00 
1IO0O 
IIIOO 
naoo 
I I 3 0 0 
l l « 0 O 
1190O 
11MO 
11900 
ItBOO 
l t * 0 O 
laooo 
taioo 
12200 
12300 
1240O 
1290O 
12*00 
I270O 

isss 
13000 
13100 
13200 
I330O 
13400 
1390O 
lfi8§ 
14000 
1410O 
14200 
14300 
14400 
14900 
14*00 
14700 
14000 
14YOO 
19000 
19100 
19200 
19300 
19400 
1990O 
19*00 
19700 

MODULE: RC 

STATE VARIABLES 14 

TINL 
TLP 
TC 
TW 
TUP 
TML 
TCT 
TP 
TCL 
C* 

sac 

3 
4 
9 

DIMENSION TCIT 

O ) 
10 
11-13 
14 

C 
c 
c 

l 
l 
c 
c 

TEMPERATURE INLET CHAMBER 
TEMPCRATURC LOWER PLENUM 
TEMPERATURE OF IMTCR IM CORE RECIOM 
FUR. TEMPERATURE 
TEMPERATURE UPPER PLENUM 
TEMPERATURE HOT L E B ^ 
TEMPERATURE CONNECINS TUPE 
TEMPERATURE PRINARV PIMP CHAMBER 
TEMPERATURE COLD LEC 
CONTROL ROB POSITION IIH>0. 0WT»1» 

RELATIVE MAK« OP LUM1CATI0M OIL 

ALSEBRAIC VARIABLES 

OIMENSION TEIT 

RF AVC 

m: 
c 
RO/S 

MS/S 

RELATIVEMJCLEA 

REACTOR AVCRAOE TEMPERATURE 
PRINARV FLOW 

PRINARV P U W 
COMPRESSISILITV PRINARV LO 

lNPWT_yARlASLE« 

IRE 

ujBjgAiig s«. fwp*» 
CATION OIL 

SRODH 
TRIP 
S3CRAH 
Tseo 
SPPP 

LLOP 

PARAMETERS 

2 
3 
4 
9 
* 
r 
m 
9 
10 

l/S 

c 

R8/B 

SAR 
O 

•11 
CONTROL ROD SPEED 

SSTS TRMKCSS6? 

SCRAH MECHANISM SWITCH <U0RKIN0-0.1«CPF) 

nfCTigNPACTOR LUBRICATION OIL SYSTEM 
^SEO LUBRICATION OILfC 
OF LUBRICATION OIL FROM TANK 

IHARV PRESSURE 

19B0O 
19*00 
1*000 
1*100 
16200 
1*300 
1*400 
1*900 
l**00 
1*700 
l*SOO 
1*900 
17000 
17100 

17400 
7900 

'»8 
i 

IflOO 

.388 

MODULE: PR 

STATE VARIABLES 

BH ION TEXT 

P I 

$ f 
VP * 
NVCTR 9 
ALSCBRAIC VARIABLES 

HJ/K0 
HJ/K0 

m o 

PRIMARY 
ENtHALPY BAR PHAS* 
ENTHALPY WATER PHASE 
VOLUME OF WATER PHASE _ ... . 

{RELATIVE! OF WATER IN VOL CTR T 

11 

'oir ION TCIT 

M / S 
MW 

Rl >/t 
*) i / i 
m >/• 
M< i / i 
m i / i 
Ri </§ 
HO/S 

IB 

wr RA 
I N uSrSNT! ROL BYSTEN 

M # 6 R A T ! 0 N RATE I N WATER PHASE 
LOW RELIEF VALVE 7 

FLOW T O ^ V O X U ^ C B N T S O L TANK 

D1HSND10N T I I T 

9 

t 
I 
10 
11 
»f 

ii 
\) 
IB 

PARAMETERS 

•II 

M / S 

0 
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21300 
3I400 
31900 
31*00 
317O0 
aitoo 
2ITCO 
33000 
33100 
33300 
33300 
33400 

33300 
33400 
33900 
33*00 

"S2£5..S£ 
BTATE \MM«IAIl>ES 1 __ 

NAME «AC I_»i*5i?? ..Hil 
ACNl*~ 7 BO ACTIv7TY~or~N-l* 7 N CONTAINMENT 
ALGEBRAIC VARIABLES O 

INPUT VARIABLES 

IAC DIMENSION TEIT 

LEAKC 
LEAKU 

•NUCLR 

PARAMETERS 

I 
3 
3 

KC/S 
HO/S LIA* OT MATEN"r«0^@»UIIIZER 

RELATIVE NUCLEAR RIMER 

MODULE SC 

STATE VARIABLES 19 

SM DIMENSION TEIT 

i 
394O0 
39900 

fftlOO 

1888 
1*400 
f*900 iføs 
TSOO 
MOO 

_7000 
27100 
§7300 7300 
37400 
37900 
37*O0 
37700 

Til 
T01 
TOS 
TPO 
TRI 
TR3 
TR 
10 
r 
or 
VOR 
8* 
VD 
L 

ALOESRAIC VARIA1LES 7 

""*"*" AM DIMENSION' 

PRIMARY CORE 
PRIMARY CORE 
PRIMARY CORE 

INLET 
OUTLET 
OUTLET 

IIS: 
TEMP 

9 
* 
% 
10 
SI 
JS 
14 
19 

C 
C 
C 

SAR 
SAR/S 
H»0 
n»«3 
N»»3 N/s H 

MINARY OUTLET TEMPERATURE 
U-TUBE TEMPERATURE 1. ST SECTION 

I. ST SECTION 
1ST SECTION 
3. NO SECTION 

3. NO 
CHAW 

PONN COMER 

-TUBE TEMPERATURE 
EHPER ATURE HIIINS 

RATURE 

E DERIVATIVE 
UHE OT 
.UHE — 

g CTION 

oTi _. WATER IN 
LEVEL IN M I 

TEIT 

! 
Wsr 
f j ip 
Teip 
TRYl 
TRY3 INPUT VARIABLES 

MEAT TRANSFERRED IN STEAM L_... 
EVAPORATION MEAT FOB STEAM PRODUCTION 

TRANSFERRED IN STEAM SEN 
"TTION HEAT FOR STEAM PRL-. 

fNPERATURJ 
(COMPRESSIBILITY. PRIflAR 

OUTER U-TUPE SURFACE TEMPERATURE. 

Y CORE 

1. ST 
3 NO 

PINENS ION TEIT 

MP 
NF 

3 

1 
3 
3 
4 
9 
* 
7 
• 

HB/B 
NO/S 

:IA 

INLET NASB FLOW 
PRIMARY PRESSURE 
RELATIVE .»RfNARV COTE 
F E W A T I R INLET H A W FLOW 

PRIMARY INLET TEMPERATURE 
FEBJWATER TNLET TEMPERATURE 

PARAMETERS 

nw DIMENSION 

200 HDPR 
KBPD 
TAUT 

TEIT_ 

EONOARY SIDE FRICTION PARAMETER 
"if 

COMER 
~C PCRIVATIVE TINE LAS CONSTANT 
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2*800 MODULE TU 
2*900 » « i i m » M M » « M M i « n i » m n i 
30000 STATE VARIABLES 13 
30100 — —> 
30300 NAME STU DIMENSION 
J03C0 — — — 
30400 PV 1 
30900 PN S 
30*00 PT 3 
30700 PL 4 
=0*00 Pn 9 
3OV00 MMP * HJ 
31000 HRTV 7 ItJ 
31100 MRMV S 
31300 HLP • IV 
31300 TTR lO C 
31*00 TCON 11 C 
21500 TCO IS C 
31*00 HCONR 13 
31700 
21800 ALGEBRAIC VAH1 ADLES 1* 
31400 
33000 NATC ATU DIMENSION 
33100 — — - — — — — — — — — — 
33300 E I Ml 
33300 WSL 3 M / S 
32*00 PC 3 SAR 
33900 PSH 4 SAM 
33400 HSN 9 MJ/KO 
33700 MRS * M / S 
32SOO TNS 7 C 
32*00 MUH S M / S 
13000 TRM • C 
."•100 P9L 10 BAR 
.».200 KSL 11 Ntl/KØ 
33300 HSV 12 M / S 
33400 MM 13 M / S 
33900 ML 14 M / S 
33*00 MD 19 M / S 
33700 OCT 1* HM 
33800 EM 17 NM 
23*00 EL 18 NM 
34000 M*V 1* M / 9 
34100 
34300 INPUT VARIABLES IV 
24300 
-•4400 NAME XTU DIMENSION 
Z4900 — 
34600 MHPV 1 M / S 
247CC- HPMH 2 
J4800 MPML 3 
~.'*100 MCON 4 
:woc MCM a 
391 CC PE * 8AR 
33300 TCI 7 C 
39300 XRV S 

TEIT 

TEIT 

— » SUJO LP-
SV-PASS PLOM 
MEATJtAWSPiR 
HP-TUftBINE — 
L P - T U R B I N C . 
SECONDARY Sil 

HP-TUWINE 

'LP-TVMINE 

RELIST VALVE PLOM 

TEXT 

EXTRACTlONPLOM 

DMATER PLOM 
" - I T FLOM TO 

NERATOR 

» » , • * * 

VALVE PosiTia 

39400 
39900 
39*00 
39700 
39800 
39400 
26000 
3*100 
3*300 
3*300 
3*400 
3*900 
3**00 
3*700 
3A8C0 
36900 
37000 
37100 
37300 
J7300 
37400 

X8PV 
PSV 
rpv 
PDPV 
PHPV 
PRHV 
FLPV 
XRHV 
XLPV 
LC 
TRIP 

PARAMETERS 

9 
10 
11 
13 
13 
14 
19 
1 * 
17 
!$ 

PTV 

l i TH tre 

M / S 

DSXTIQN 

m-t 
BY-PA8B VM>< __ 

FUNCTION swfry 
P A M VALVt ( 
-TUR. VALV « 

KfMfAT VALV C 
L P - T U I VALVf I 

MMfATfR VALVE Pi 
LP-TURilME VALVE 

""•-»»-tt-TORI 

ION 

BINE 

DIMENSION TEXT 

»•LEAKS) 
1-STUCK) 
»•STUCK> 
1-STUCK) 
1-STUCK) 
I^TUCK) 

TMERfML EFFICIENCY 

EXTRACTION FACTOR 
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37*00 

:?7oo 
37*00 
37*00 
3*000 
"1100 

3*400 
9*900 
3B+00 
3*700 

asss 
3*000 
3*100 
3*200 
3*300 
3*400 
3*900 

3**0O 
3**O0 
40000 
40100 
+0200 
40300 
40400 
40900 
40*00 
40700 
40800 
*0*00 
41000 
4*100 
41200 
41300 
41400 
41900 
41*00 
41700 
41*00 
41*00 
43000 
43100 

iggS 
43400 
48900 

SM 
42*00 
4 2 * 0 0 
43000 

NODULE. FM 
• • • » • • • • • • • • • • • • • • • • • • • • • • • • • a 
STATE VARIABLES 7 

SFW DIMENSION TEXT 

TFW 
LFWT 
TFMT 
TC 
T T l 
TT2 

1 
2 
3 
4 
9 
* 
7 

TEMPERATURE FERMATER 
RELATIVE FEEOWATER TANK LEVEL 
TEMPERATURE MATER1N FEEDWATER TANK 
CONDENSATE INLET TEMPERATURE TO FM. T 
TUSE TEMPERATURE PREHEATEB I 

RELATIVE NABS OF L U B R I C A T I Q N O IL 

AL0EBRA1C VARIABLES * 

AFM DIMENSION* TEXT 

WFU 
UCON 
ULP 

UOS 

KO/S 
HO/6 
KO/S 
K«/S 
KO/S 

FEEOWATER FLOW 
" - S J OyT OF CONDENSER 
EXTRACTION FLOW LP-TURBINE 
LUBRICATION O I L NAS* FLOW 

- PRESSURE 

INPUT VARIABLES 22 

"DIMENSION TEXT 

SPFUP 

TCON 
PLP 
HLP 
PMP 
HHP 
wns T P * 
WRH 
TRH 

tik 
FCP 
F F W 

F^S* 
•fkos 

I 

4 
9 
* 7 
S 
• 10 
11 
12 
13 

It 
1 * 
17 

if 
ncoNR 

PARAMETERS 

BAR 
M/KO 
BAR 
MJ/NO 
M / S 
C 
KO / S 

KO/S 

KO/S 

O 

»TE* PUMP 
»TE PUMP 
•SURE 

HATER TEMPERATURE 
EXTRACTION PRESSURE LP-TURBINE 

ENTHALPY 
PRESSURE HP-TURBINE 

JNTHALPV 
FLOW FROM MOISTURE SEPARATOR 
TEMPERATURE MOIST UWESBP FLOW 
FLOW FROM REMEATER 
TtMPERATURf RT 
St fAM OENERATL 

„- ^ INSATE PUMP FLOW FNAC1 
FAILURE FEEOWATER VALVE 

LEAK Of LUBRICATION OIL 
RELATIVE MASS WATER I N OF CONDERSER 

f,ar 
CTION 
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PARAMETERS 9 * 

T I 
T2 

E 
DE 
LFMT 
DLFWT 
TCI 
DTCI 

or OP 
POS 
DFOS 
SPPP 
OSPPP 
SPCUP 
DSPCNP 

ii 
93 
04 
S» if 
99 
FPSV 
PPRV1 
FPRV2 
PSPRV 
P8SV 
PSRV 
P9PV 

g||I"Ul*HC| 

4330O NODULE CON CONNECT IN« SVSTEH 
V3«00 • . « . - • . — » — » . » — . . . « . « . • • • • — • . » - » » — » — — — — — . — « 
«3WO STATE VARIA9LES 0 
43600 
437CO 
43BCO ALOEBRAIC VARtAtLES 7 
43*00 
.»»OOO NAME ACON DIMENSION TEXT 
4*tOO 
44200 PPRPH 1 (NORN > PR I NARV PUMP SPEED 
44300 PPSET 9 EAR PRESSURIZES LEVEL SCTPOINT 
4440O ESET 5 NU TUR9INE POWER SCTPOINT 
44900 LPUSET 4 PCEDUATER TANK LEVEL SETPOINT 
-4600 WW 9 M1MARV LUBRICATION OIL MICTION 
44700 PS ft SECOND - - -
44800 CUPft 7 COOLINO WATER PUMP SPEED 
44*00 
49000 INPUT VARIABLES O 
49IOO 
49200 
49300 
49400 
49900 
49*00 
49700 
49ROO 
49*00 
44O00 
4*100 
44200 
46300 
46400 
44900 
46400 
44700 
46BOO 
*6*00 
47000 
47100 
47200 
47300 
47400 
47900 
47600 
47700 
47900 
47*00 
48000 
48100 
48200 
48300 
48400 
48900 
48600 
4B700 
48800 
48*00 

PCON 

1 
a 
a 
4 
9 
4 
7 
8 
* 
to 
It 
ta 
13 
14 
19 
16 
17 
IB 

aS 
at 

DIMENSION^ 

C 
c 
NORN. 

NORN. SPEED 

(BLOCK) 

(FUNCTION) 

TEIT 

DISTURBANCE 
PRINARV PRESSURr 
PRINARV PREB8UR1 
TURBINE POWER fETI 
TURBINE POWER ! 
PEEDWATER TANK LI 
PEEDUATER TANK I 
COOLANT INLET Tl 
COOLANT INLET T. 
MICTION PRIM ft 
MICTION PRIM 81 
FRICTION SEC SIP 
MICTION SEC SI 
PRINARV SIDE PUMP 
PRINARV SIDE PUMP 

[TART TINE 
TINE 

IINT 
IINT DEVIATION 

SiNT DEVIATION 
ITPOINT 
TPOINT DEV 

DEVIATION 
""iVS-TEH 
'STEN DEV 
ITEM 
~EH DEV 

OIL 
OIL 

ANT PUMP DEVIATION 
0-NORHAL) 

I 
ACTOR P « * R £ 0 N ? R O L ° l " 
RBINC POWER CONTROL 
-PASS VALVE CONTROL 

STEAM SEN 
REACTOR ~ 
TUR1 rww :C. SIDE KfMET 

EDWATER LEVEL o$.V CTR 

PR I N SAFETY VALVE (0'NORMAL. 
PRIM RELIEF VALVE . . . l E F _ . _ 

» I N RELIEF VALVE 
PRAV VALVE 

C SAFETV VALVE 
C. RELIEF VALVE 

(O-NORM. 
I*LEAKB> 
1-STUCH) 

wrnm 

{EC 

IC-P! 
VALVE 

(0-NORH 
.1-LEAKS* 
. t-STUCK > 

4*000 
49100 
4*200 
»•300 
4*400 
4*900 
4*600 
4*700 
4*800 
4**00 
90000 
roioo 
90800 
90300 
"0400 
50900 
90600 
9OTO0 
90800 
•.0900 
91 OOO 
»1100 
91200 
•1300 
91400 
M900 

FHPV 
FLPV 
FRHV 
FFWV 
FCV 
XRHV 
XLPV 
WLED 
LPO 
LPW 
LSO 
LBN 
LPS 
LC 
LLOP 
LLCS 
FFWP FCP 
FVCP 

Bar 
HSCRH 

l\ 
37 
5B 
3 * 
—0 
41 
43 
43 
44 
49 
4ft 
47 
48 
4 * 
90 

g 
8 

(NORN. ) 

R«/S 
KO/S 

(NORN. I 

NORN. SPEED 

SWITCH 

:H HP-TURBINE VAL 

FrøVATER VALVE <0*NORfML. I-CLOSED I 
CSQCNSATE VALVE 
i p C A T i R VALVE P O S ! . . _ . 
LP-TURilNE VALVE POSITION 

OW INTO V O i y t t CONTROL TANK 
AK PRIMARY f I O C • A i p H A S r 

LEAK PRIMARY S I Of MATER PHASE 
LEAK SECONDARY f lpSj 8Af_PHPf(t 
LEAK MCONDARV V 

EAK PRIMARY TO 
s COOLANT . . . . _ 

LU9. OIL PRlN S I 

9lMr*DVAlat t v W n A n 

FAILURE > 

SCRAM) 
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APPENDIX C. 

too 
500 
30O 
«oo 
900 
too 
TOO 
•00 
TOO 
10OO 
1100 
1200 
1300 
i«oo 
1900 
1600 
1700 
laoo 
1900 
2000 
stoo 
aaoo 
2300 
8400 
2900 
2*00 
2700 
MOO 
2900 
3000 
3IOO 
3200 
3300 
3400 
3900 
3*00 
3700 
3800 
WOO 
4000 
4100 
4300 
4300 
4400 
49O0 
4*00 
4700 
4800 
4900 
9000 
9100 
9200 
93O0 
9400 
9900 

t*00 
700 

t> 
•SYST 
PSVC 
CT 
FW 
* 

INPUT FILE FOR THI FUR POME« PLANT SIHULATOft 

RE 
CON 

•PR TV 

UKR IPECtFIEO INPUT DATA: 

20. 

t 
•DATA 

* RAMP FUNCTION START AND STOP TINE: 

*Tl~CON 10.000 T2.COM 

* DISTURBANCES 
* 
* SETPOINTS PRIHAP.Y PRESSURE. TURBINE POUCH AND FEEONATER TANK_LEVEL 
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APPENDIX D 

Mean tempearture of water or steam flowing through a tube, ex

changing heat with the tube wall: 

Assume heat flows from the stream to an isotermal tube wall with 

tempearture Tr (cf. Fig. D). Energy balance for the volume 

element of length dx with temperature T(x) gives 

WCpdT = K(T(x)-Tr)dx (D1) 

where W is water or steam flow, Cp is specific heat capacity of 

the flow and K is the heat transmission coefficient per unit 

length. Integrating D1 gives 

T(x) d T K x 
/ * / dx (D2) 
Ti T(x)-Tr WCp O 

which gives 
K 

T(x) = Tr + (Ti-Tr)exp( x) (D3) 
Wcp 

where T£ is the inlet temperature. 

The mean flow temperature Tm is given by 

1 L (Ti-Tr)Wcp K 
Tm - T S T(x)dx - Tr + (exp( L)-1) (D4) 

L o KL Wcp 

and the outlet temperature T0 as 

K 
T 0 « T(L) « Tr + (Ti-Tr)exp( L) (D5) 

WCp 

Eliminating Tr from (D4) and (D5) gives 

Tj, « TA B + T0(1-B) (D6) 

where 
-1 E 

B - ( ) 
a 1-E 
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and 

KL 
a « ; E = exp(a) 

Wcp 

If the heat transfer is directed from the tube wall to the flow 

(D6) holds with 

1 E 
B - ( - - — ) 

a 1-E 

KL 
a = ; E = exp (-a) 

Wcp 

Equation D6 also holds if the flow is in negative x direction. 
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T. 
1 

dx 

T 
r 

W j , T 

Fig. D. Mean temperature calculation. 
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