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ABSTRACT 

The behavior of the Process Inherent Ultimate 

Safety (PIUS) power plant was investigated by a special 

computer program which simulates the dynamic behavior of 

the system for different transients. This dynamic model 

was constructed of three major components: 

- The primary loop, 

- The secondary loop, and 

- The natural convection loop through the pool. 

Some of the disturbances which usually have the 

potential to cause core damage in the conventional Pres

surized Water Reactor (PWR) were simulated. The intent is 

to confirm that reactor shutdown or power reduction is 

always the result of upsetting the balance between gravity 

and thermohydraulic circulation. Generally all upsets 

lead to a boric acid solution ingress into the primary 

system which caused the reactor to shut down. 

A lumped parameter model, uniform heat transfer, 

and point kinetics have been the main approximations in 

this model. Other approximations are mentioned during the 

modeling of each component of the model. 

The dynamic model was simulated using the DARE-P 

continuous system simulation language which was developed 

vii 
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in the Electrical Engineering Department at the University 

of Arizona. 



CHAPTER 1 

INTRODUCTION 

The design of the PIUS system was intended mainly 

for the protection of the core under all conceivable con

ditions by the fulfillment of two basic criteria (Hannerz, 

1983) : 

1. Keeping the core submerged in water at all times. 

2. Preventing the core power from increasing beyond 

the cooling capability of the submerging water 

(i.e., to prevent dryout). 

These two criteria are fulfilled simultaneously by 

locating the core at the bottom of a large borated water 

pool. The borated water will be used as an alternative 

mechanism for controlling the reactor power during normal 

operation, and used as a shutdown mechanism during any 

abnormal condition. 

The ingress of borated water from the pool into 

the primary system is a result of disturbing the balance 

between gravity and thermohydraulic laws. This is the 

vital design principle of PIUS. The operating principle 

can be explained by the following four steps, which cor

respond to parts a through dof Figure 1.1 (Babala, 1985): 

1 
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B 

C 

Fig. 1.1 Operating Principle of the PIUS System 



Part (a) represents a natural circulation loop where 

heat is generated by a nuclear core in a large 

water pool; 

Part (b) represents the primary loop which is basi

cally the same natural loop with the exception 

that the generated heat is kept in the circula

tion system; 

Part (c) represents the extraction of the generated 

heat of the circulation system in order to reach 

a stationary state between the heat generated and 

heat extracted. This case represents the normal 

operating condition of the system. A circulation 

pump is used to provide the necessary dynamic head 

to overcome the dynamic pressure drop throughout 

this loop. A control system relating the change 

in the inlet core temperature and the outlet core 

temperature to the circulating pump speed will 

prevent any flow of highly borated water from the 

pool into the primary coolant which also has a 

low concentration of boron; 

Part (3) represents the situation where the thermo-

hydraulic and gravity balance is violated by the 

production of low density (vapor) coolant at the 

top of the riser due to an increase in the temper

ature or a decrease of pressure at the outlet of 



4 

the core. Such balance violation will establish 

a natural circulation of highly borated water. The 

result is a reactor shutdown. 



CHAPTER 2 

CONSTRUCTION OF THE DYNAMIC SIMULATION 
PROGRAM 

The thermohydraulic design of the PIUS system, 

based upon data given in Table 2.1 (Hannerz, 1983; Babala, 

personal communication) was divided into three major com

ponents as follows: 

- The primary system, 

- The secondary system, 

- The natural convection loop. 

A schematic representation is shown in Figure 2.1. 

The primary system consists of Regions 1-11, and the sec

ondary system includes Regions 12 and 13. The natural 

convective loop consists of Regions 7-11 and a portion of 

the pool between the interfaces. 

2.1 Primary System 

The primary system was divided into 11 control 

volumes. Mass and energy balances are applied for each 

control volume. A momentum equation for the whole primary 

loop is also applied. The following assumptions are made: 

- Thermodynamic properties are functions of local 

specific energy and global pressure of each control 

volume. 

5 
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Table 2.1. Assumed Principal Data for the PIUS System 

Thermal power 

Electrical power 

Total amount of uranium 

Equilibrium ingoing enrichment 

No. of steam generators 

Core inlet temperature (full power) 

Core outlet temperature (full power) 

Pressure at core outlet 

Core pressure drop (dynamic) 

Number of fuel assemblies 

Fuel rod diameter 

Active core height 

Equivalent core diameter 

Volumetric power density 

Head of primary circulating pump 

Operating pressure in the pressurizer 

Feed water temperature 

Secondary steam pressure 

No. of tubes in steam generator 

Doppler coefficient, [^-] 

Moderator temperature coefficient 

Boron coefficient 

1300 MW 

400 MS 

55.6 metric tons 

2.82% 

2 

500 F 

550 F 

1300 psi 

4 psi 

157 

0.482 in 

6.46 ft. 

11.36 ft. 

63 kw/liter 

60 psi 

1260 psi 

410 F 

560 psi 

4000 

- 3.47 pcm/C 

-18 pcm/C 

-13 pcm/ppm 



Relief 
Valves Saturated 

Steam 

Pressurizer Steam 

11 

Upper 

hot/cold 

interface 

Pump 

Riser 

Feecvater 

Flow 

Core 

Pool 

Lower hot/cold 

interface 

2.1 Representation of the Primary and Secondary 
Loop for PIUS 
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- Heat losses from the riser walls or from the steam 

generator shell are neglected. 

- Single phase flow is assumed throughout the primary 

loop. 

2.1.1 Mass Balance 
/ 

The lumped parameter continuity equation is ex

pressed as 

M = mass of the fluid in the primary loop , 

W = fluid flow rate, 

p" = average fluid density, 

V = fluid velocity, and 

A = cross section area. 

2.1.2 Energy Balance 

The energy equation was derived as follows: 

where 

H = enthalpy of the fluid, 

U = internal energy of the fluid, 

P = Pressure, and 

V = fluid volume. 

(2-1)  

W = p V A (2 -2 )  

where 

H = U + P V (2-3) 



Differentiating Eq. (2-1) with respect to time: 

dU _ dH p dV _ „ dP ,, 
3t " 3t P 3t V 3t (2 

Since the enthalpy of the fluid is given by 

H = M h (2-5) 

where 

E = specific enthalpy. 

One can differentiate Eq. (2-5) to get: 

dH M dH I r dM /i) £\ 
at " M at + E at (2_6) 

Furthermore the change in the internal energy can be 

expressed by: 

Z(W h)ln - Z(Wh)out +Q (2-7) 

where 

Q = transferred heat rate into the control volume. 

Substituting Eqs. (2-7), (2-6) into Eq. (2-4) and rear

ranging : 

jjf - [KW h)ln - «W h)out + Q + P § + V g 

- E g ] /M (2-8) 

To avoid a "see-saw" effect (The Babcock & Wilcox 

Company, 1983), the derivative of the enthalpy leaving the 

region is assumed approximately equal to the derivative of 

the average enthalpy of that region. Hence 

dh dH out /o q\ 
3t " "at— (2"9) 



1° 

for this assumption, Eq. (2-8) becomes 

dti 
-a!^ - [sew h)ln - uw h)ouC + q + p § 

+ v al " hout a? ̂ <2"10> 

Since incoming and outgoing flow rates are equal, 

Eq. (2-10) becomes 

" ["in <hin " hout> +̂ rK+Vl 

" "W § 3 /« (2-1D 

The temperature at each region was evaluated as a 

function of the specific enthalpy of that region using an 

approximate linear thermodynamic equation. Since the use 

of density as a state variable creates a numerical stabil

ity problem in the subcooled water regime, the state vari

ables u and p are not recommended for subcooled water; 

hence h and P are used as state variables. In addition, 

for fixed volumes, where compressibility effects on the 

energy are assumed to be negligible, where fluid enthalpy 

profile is considered well mixed, and where kinetic and 

potential energy changes are negligible, the energy equa

tion is reduced to: 

dti 
-ai2* - H ["in <hin - hout> + ® <2"12> 
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2.1.3 Momentum Balance 

Applying the general momentum equation to the 

primary closed loop: 

11 L. dWp 11 11 9 

2 jt" ~3F~ = * Pi Z. g + RHP - I F. W (2-13) 
i=l Ai at i=l 11 i=l 1 P 

where 

= length of region i, 

= area of region i, 

Wp = primary loop flow rate, 

= average fluid density in region i, 

g = acceleration due to gravity, 

Z^ = potential height of region i, 

RHP = the head of the circulation pump, and 

= friction coefficient in region i. 

The global pressure of each region was evaluated 

by applying the momentum equation to that region. For 

region 1 as an example 

L-i dWp 9 

4 -3T " P1 - P2 + "1 Z1 8 + MP - F1 WP <2"14> 

where 

P^ = the pressure at the entrance of region 1, 

and 

~ t*1® pressure at the exit of region 1. 
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2.2 Secondary System 

The secondary side of the once-through steam 

generator is simulated by two axial regions (Nos. 12 and 

13). Region 12 is represented by a subcooled water re

gion. Region 13 is represented by a mixture of saturated 

water and saturated steam. A moving boundary between 

these two regions is assumed to correspond to saturation 

conditions. See Figure 2.2. 

2.2.1 Water/Steam Side 

2.2.1.1 Mass Balance, a. Subcooled region Ag^ 

(2-15) 

where 

Psi- the average density of region Ag-^, 

Lg^ = length of region Ag^, and 

Ag^ = area of tubes of steam generator. 

Also 

(2-16) 

where 

= inner diameter of a tube, 

N = number of tubes in the steam gen

erator , and 
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Primary Wall 

WP 

J 
Secondary 

VL 

f 
'S3 

AS1 JS2 

AS1 SI 

1 
WP 

t 
w. SI 

Figure 2.2 Schematic Diagram of the Steam Generator 
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Wgi, Wg2 = incoming and outgoing mass flow 

rate to region Ag^. 

b. Saturated mixture Ag2: 

AS2 3t L̂S2 pS2^ = WS2 " WS3 (2-17) 

where 

AS1 = AS2 (2-18) 

PS2 = aS2 pgS2 + ̂  aS2^ pfS2 (2-19) 

where 

™S2 = averaSe void fraction in region Ag2. 

2.2.1.2 Energy Balance. a. Region Ag^: 

AS1 3t L̂S1 pSl ES1> = WS1 hSl " WS2 hS2 

+ HDS1 LS1 (Twl - Tsl) (2-20) 

where hg^ is given by 

=S1 = ĥSl + hfS2^ 2̂ (2-21) 

where Tg-^ is given by 

TS1 " <TS1 + TSat <FS2» I2 <2"22> 

Assuming Eg^ is constant, one can assume the 

following: 

— * dhfS2 (2-23) dt 3t~ (2 23) 
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where h^g2 is the specific enthalpy of saturated water 

and is obtained from steam tables using an approximate 

linear thermodynamic equations as follows: 

dh.co o _ _ 

* [hfS2 <PS2 + 50> " hfS2 <PS2 " 50)J /10° 

(2-24) 

Equation (2-23) can be rewritten to include the changes 

in pressure as follows: 

dKSl _ ( dhfS2 . , dPS2 . 
S t ~  (  >  (  S T  )  ( 2 _ 2 5 )  

S2 

The heat transfer coefficient HDg-^ is considered 

constant during transients and evaluated from steady state. 

b. Region Ag2: 

AS2 3t ^LS2 PS2 HS2^ = WS2 HS2 " WS3 HS3 

where 

and where 

In addition: 

+ HDG2 LS2 (TW2 - TGAT) (2-26) 

PS2 hS2 = aS2 pgS2 hgS2 + (1 " 

aS2^ pfS2 hfS2 (2-27) 

ag2 = average void fraction. 

hS3 " XS3 hgS3 + ̂  XS3^ hfS3 

(2-28) 
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where 

XS3 = steam quality. 

Again, the heat transfer coefficient HDg2 is 

considered constant during transients and evaluated from 

steady state. 

2.2.1.3 Momentum Balance. a. Region Ag^: 

LS1 dWSl - -2 

~3t~ " PS1 ' PS2 + LS1 PS1 s ' FS1 WS1 (2"29) 

LS2 d̂ S2 WS3 WS1 _ ^ tj _i_ T - „ 
Air ~3t~" 72 7T~ S2 " *S3 S2 S2 8 

S 2  p g 3  A s 2  P f s i A s i  

FS2 WS2 <2"30) 

and 

"si - <WS1 + WS2> /2 (2"31> 

"S2 " <WS2 + WS2> /2 (2"32> 

2.2.2 Wall 

2.2.2.1 Energy Balance. a. Wall of region Ag^: 

\ PW CpW (TW1 LS1* = HDW1 (T3 " *W1> " HDS1 (TW1 

' *S1> (2-33) 

where 

Ay = wall cross section of tubes in steam generator, 
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Pjj = wall material density, 

Cp^ = wall specific heat, 

HD^ = heat transfer coefficient of the wall in region 

Ag^ per unit density and obtained from 

(Shinaishin, 1976): 

ln(D0/D.) , 
H°wi - "VI + ̂  3 (2-34) 

where 

^i' D0 = *nner anc* outer diameters of steam generator 

tube, and 

Kye = tube thermal conductivity. 

The coolant heat transfer coefficient h^ is obtained by 

the Colburn correlation as a function of the thermodynamic 

properties of the coolant and its Reynolds number for 

single phase flow: 

0.8 0.4 
hwl = 0.023 (Re) (Pr) (VV (2"35) 

where 

Re = Reynolds number = p V De/y, 

Pr = Prandtl number = Cp y/K, 

Dg = flow channel equivalent diameter, 

Kw = water thermal conductivity, and 

y = fluid dynamic viscosity. 
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b. Wall of region Ag2= 

^ PW CpW HE (TW2 LS2^ = HDW2 <T2 " TW2^ " HDS2 ̂ W2 

- TSat> <2"36> 

where 

HDTT1 = HD „ 
W1 W2 

In addition, the heat transferred from the pri

mary across the wall into the secondary was assumed to be 

uniformly distributed along the length of the tube of 

each region. Consequently, for a quasi-static equili

brium, using Figure 2.2, the following relations can be 

used: 

mS3 " XS3 W2 <2'38> 

and 

Also 

®S2 " WS3 ĥgS3 " hfS3^ (2-39) 

% 2  '  HDS2 LS2 <TW2 " TSat) <2"40) 

Furthermore, for the evaluation of steady state, the fol

lowing assumption was made (Elwakil, 1971): 

QS1 = 
LS1 f2.41x 

QS1 + QS2 LS1 + LS2 

where Qg^ is given by: 

^Sl ~ WS1 ĥfS2 " hSl^ (2-42) 
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Meanwhile Q<,, can also be given by 

(2-43) 

Notice that Qg-^ and Qg2 represent the heat exchange 

between the wall and the fluid, which is in contact to the 

wall, in regions Ag^ and Ag£ respectively. 

that distinguishes the PIUS system from other pressurized 

water reactor (PWR) power plants. The natural convection 

loop depends on changes in fluid density due to temper

ature changes. Such changes in fluid density produce 

buoyancy forces which may aid or oppose flow. In the PIUS 

system, however, there exists (in normal operation) a 

balance between gravity and thermohydraulic laws. Fail

ing to achieve such balance initiates flow in the natural 

loop. The result is an ingress of borated water from the 

pool into the primary system and a reactor shutdown. 

of any static fluid in a gravity field is given as in 

Figure 2.3 by: 

2.3 Natural Loop 

The use of a natural loop is the main feature 

The static pressure difference between two points 

PI - P2 = gj (H2 - HI) (2-44) 

and 

w = Pg (2-45) 

where 
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a) = specific weight of the liquid, 

p = specific density of the liquid, 

g = gravity acceleration, 

H = the depth below the free surface. 

An equation for the borated water flow is obtained 

with the aid of Figure 2.4. The static pressure at point 

B is given by: 

PB " PA + « Ppool <*"«> 

Meanwhile, Pg can also be written as: 

PB = P8 + H1 Ppri(8) (2-47) 

In addition, Pg can be written as: 

P8 " P9 + H2 >Pri + iPcore <2"48> 

and 

P9 - pA + H3 pprl(9) (2-49) 

where 

Ppri(8) = fluid density at the core inlet, 

Ppri(9) = fluid density at the core exit, 

"ppr̂  = average riser fluid density, 

ppool = p°o1 fluid density, 

and 

H = HI + H2 + H3 (2-50) 

where 



Figure 2.3 The Static Pressure Evaluation 
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H = length of the riser, 

H2 = height of the core, and 

APcore = dynamic pressure drop across the core. 

The simplest form of the energy equation is the 

Bernoulli equation which is applied to the steady flow of 

a frictionless, compressible fluid at variable temperature 

is given by Rust (1979), as: 

e P1 U1 P2 
£ Z1 + p* + el + JE - £ Z2 + pf + + J§ 

where 

^1' ̂ 2 = elevati°ns °f positions 1 and 2, 

P^, p2 = static pressures at positions 1 and 2, 

pl' p2 = densities at positions 1 and 2, 

el' e2 = internal energies of the fluid at positions 

1 and 2, 

ul' u2 = veloĉ t̂ es at positions 1 and 2. 

Neglecting the change in the internal energy, and 

including the pressure drop due to friction, equation 

(2-51) becomes: 

e **1 u2 o ^2 U2 -S- Z, + — + e, + yA = -S- Z0 + — + e0 + + AP, 0̂ 
6C 1 P1 1 2g gc 2 p2 2 Zg 1+2 

(2-52) 
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where 

AP^2 = pressure drop between positions 1 and 2. 

The mass flow rate entering the primary loop from 

the pool can be expressed as: 

WNL = ppool VNL ANL (2-53) 

where 

= velocity, and 

= cross sectional area of the lower hot/cold 

interface between the primary and the pool. 

Furthermore, if the kinetic energy changes across 

the core are neglected and is considered, the energy 

equation between the exit and the inlet is given by: 

= 7T " 7T + <Z8 " V + Ap (2-54) 2g Pg P9 Sc 

Substituting equation (2-53) in (2-54), and assuming that 

g and gc are equal, the mass flow rate is obtained as: 

WNL " ANL cNL t2® ( (Pg " pf^ + <Z8 " Z9) 

+ 4Pcore ) ]% (2-55) 



CHAPTER 3 

REACTOR CORE MODEL 

In this chapter equations for reactor kinetics, 

the boron concentration, and the core thermal model are 

derived. 

3.1 Reactor Kinetics 

Reactor kinetic behavior is simulated by using the 

following two major assumptions: 

1. The lumped parameter model, where neutron flux is 

expressed by the one group diffusion equation to 

which further approximations are applied by assum

ing that the flux is separable in space and time. 

2. The prompt jump approximation, where the deriva

tive dn/dt is neglected in the neutron balance 

equation, and the time dependence of the neutron 

density is treated quasistatically. 

The delayed neutrons (emitted as a result of the 

formation and decays of radionuclei, after a time delay 

which ranges from a fraction of a second up to minutes) 

are represented by six groups. These delayed neutrons 

affect the power during transients. The values of delayed 

25 
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neutron precursor decay constants (X^) and the effective 

delayed neutron fractions (3^) are given in Table 7.1 

(Henry, 1975). Hence, neutron balance equations are 

(Hetrick, 1971): 

dn = 0 = p 7 g n + I X. c. 
dt a i x 

and 

d c. 

I 
n Xi ci i - 1 > dt 

where 

n(t) = neutron density at time (t), 

$ = effective delayed neutron fraction, 

(3-1) 

(3-2) 

B - L Bi 
i=l 1 

ci(t) = i delayed neutron precursor density, 

X^ = i*"*1 delayed neutron precursor decay constant, 

H = mean neutron generation time, and 

p = total reactivity. 

Reactivity is expressed as a linear function of 

mean values of fuel temperature, coolant temperature, and 

boron concentration as follows: 

p - af (Tf - Tf0) + oc <TC - Tc0) + aB (BD - BDq) 

(3-3) 

where 
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af, a£ and otg are fuel, coolant and boron 

concentration coefficients of reactivity, 

Tf and T^q are mean fuel temperature at time t and at 

steady state respectively, 

Tc and TcQ are mean coolant temperature at time t and 

at steady state, and 

BD and BDq are the boron concentration at time t and 

at steady state. 

The neutron density and precursor density in equa

tions (3-1), (3-2) are normalized relative to their steady 

state values nQ and ĉ q respectively (Shinaishin, 1976) 

and the following equations are obtained: 

(3-4) 

So 

* 1  
ci0 " 1X7 n0 (3-5) 

Substituting in Eq. (3-1) gives the following: 

6 
n(t) = I A. c. A/(B - p)  

i=l 1 1 
(3-6) 

Setting N(t) = n(t)/nQ and = ^/c^* gives 

N = Z -± D./(l - p/0) 
i=l 3 1 

(3-7) 

and 
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d D. 
= X. (N - D±) (3-8) 

3.2 Boron Concentration 

The boron concentration BD is measured in PPM 

(parts per million) and assumed as a function of the mass 

flow rate in a cell as follows: 

BD - CQ Mj, (3-9) 

where 

BD = boron content in a cell, 

Cq = concentration in a cell, and 

M = water mass of a cell. 

Differentiating equation (3-9) , the time derivative of the 

boron content becomes: 

^ 1 <C0 Vin - E <C0 Vout <3"10> 

where 

WT, = incoming mass flow rate of water to a cell, and 
in 

Wr, = outgoing mass flow rate of water from a cell. 
out 

In order to assure the stability of the system, 

and to reduce the number of differential equations to be 

dealt with, a complete mixing of boron concentration is 

assumed. In addition, the primary loop is considered, as 

a whole, as one region. Thus, the boron concentration can 

be given as: 
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C 
C0 ̂ WPC + WNL(P 

w^; (3-11) 

where 

Wpc = Wp C(primary) (3-12) 

and 

WNLC = WNL C<Pool> (3-13) 

and where 

Cq = initial boron concentration in the primary 

loop, 

Wp^ = initial boron-content flow of the primary 

loop, 

Wnlc = incoming boron-content flow of the pool, and 

C(primary) and C(pool) = boron concentration in 

primary and pool loop respectively. 

The lower hot/cold interface level is obtained by 

the following equation: 

where 

HCLI = pool water level of the lower hot/cold 

interface. 

d HCLI WNL (3-14) 
ppool ANL 

3.3 Core Thermal Model 

The average fuel temperature distribution is found 

by utilizing the lumped parameter model (Lewis, 1977) for 
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a fuel element. The energy balance for the fuel elements 

is given by the following equation: 

Mf c£ TT " 'O " " TC1 <3-"> 

where 

where 

Tf = core-averaged fuel element temperature, 

P(t) = reactor power, 

Mf = fuel mass, 

Cf = specific heat of the fuel, 

Tc = average coolant temperature, and 

Rf = the core thermal resistance (assumed con

stant during transients, given by Lewis 

(1977)). 

R = _i_ r 1 • _J 
Kf FN H L BirK ttD. h 1 g 

D? 
+ ziib ( ln (W - °-5>J 

(3-16) 

^cl Dq - Df 

Dq = cladding outer diameter, 

= cladding internal diameter, 

Kf = fuel thermal conductivity, 
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Kĉ  = cladding thermal conductivity, and 

hp = SaP heat conductance. 
O 

In order to evaluate T , an energy balance for the 

coolant within the core was used to obtain the following 

equation: 

Kc = average specific coolant enthalpy, 

M = mass of coolant, 
c 

h n̂ = core inlet specific enthalpy, and 

= average inlet temperature to the core. 

Finally, different linear thermodynamic approxi

mations as well as one dimensional tables have been con-

structured in the model to provide the regional 

thermodynamic properties as needed. For example, the 

average coolant temperature is evaluated as a function of 

the average specific coolant enthalpy using the following 

linear thermodynamic approximation: 

where 

Tc = (Ec + 127.61)/1.23077 (3-18) 

The average coolant density is evaluated as a 

function of temperature as: 

p„ = -0.0533 T + 75.67 t c 
(3-19) 
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The vapor specific volume is evaluated as a 

function of the saturated pressure as: 

Vg = 0.7225 - 0.0003 Pgat (3-20) 



CHAPTER 4 

RESULTS AND DISCUSSION 

Results for a number of transients of special 

interest from the operational and safety point of view are 

presented in graphs in this chapter. However, it should 

be remembered that such results cannot be expected to 

simulate accurately the behavior of the PIUS system be

cause of the following simplifications made during the 

development of the dynamic model: 

- The pressurizer (not simulated in this model) was 

assumed to have an automatic control which will 

always keep the system pressure at a specified 

value. 

- The steam generator was represented by a very sim

plified model where many variables (which in real

ity are functions of temperature) were considered 

constant during transients. In addition, superheat

ing was not allowed under any condition throughout 

transients. 

- The primary coolant was assumed to have only one 

phase (subcooled) , i.e.,' no boiling in the riser or 

at the exit of the core under any conditions. This 

33 
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implies that steam void effects on reactivity 

were neglected. 

- Space-dependent effects were neglected in the reac

tor core. 

Such considerations, as well as those assumptions 

which were made in order to force the system to go into 

a steady state, should be reconsidered if more accurate 

results are desired. However, it should also be remem

bered that the objective of this work was to develop a 

model which gives a satisfactory qualitative picture of 

the PIUS system, and especially to illustrate the idea of 

"self-shutdown" caused by pulling highly borated pool 

water into the primary system. 

Five transients were selected to demonstrate the 

overall performance of the PIUS system. The first tran

sient is a twenty percent reduction of the main circula

tion pump speed. The second transient is a twenty percent 

increase in the feedwater mass flow rate. The third 

transient is a ten percent reduction in the feedwater mass 

flow rate. The fourth transient consists of a twenty-five 

cent reactivity step insertion. Finally, the fifth 

transient is the same as the fourth except that is 

allowed to perturb the reactivity. 



The first transient was initiated as a twenty 

percent reduction of the main circulation pump speed. 

Figure 4.1 illustrates the PIUS response over the first 

minute. 

After tripping off the main circulation pump, the 

neutron density of the core decreases sharply. As a re

sult, the fuel temperature drops sharply too. As the boron 

concentration in the primary loop increases, due to the 

ingress of the pool water into the primary loop, the total 

reactivity drops sharply. The decrease in the fuel temper

ature will cause the feedback reactivity to increase due 

to the effects of fuel temperature coefficient of reac

tivity (Doppler coefficient). Once the fuel camperature 

is decreased, the primary coolant temperature decreases. 

Therefore, the heat transfer rate from the primary to the 

secondary decreases which in turn causes the steam qual

ity to decrease. It should be mentioned that since the 

system is uncontrolled, the progress of the transient is 

not guaranteed to give a real picture of what will happen 

at the end of every transient. 

Practically, such a transient might occur if the 

electrical grid is lost. The result is an immediate in

gress of the boric acid into the primary system, and the 

latter will cause the reactor to shut down and force the 
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system to operate in the natural circulation mode. This 

transient is the fastest way of shutting down the reactor. 

The second transient is a twenty percent increase 

in the feedwater flow rate. Figure 4.2 illustrates the 

response of the PIUS system to an increase in feedwater 

flow. Following the increased rate of feedwater flow to 

the steam generator, the steam generation increases with 

decreasing exit steam quality. 

The increased rate of steam generation will re

quire more heat from the primary coolant. This is 

achieved by increasing the core power output. The sat

urated steam temperature increases slightly as well as the 

average temperature in the region Ag-^. At the same time, 

the saturated pressure increases too. A lower rate of 

heat transfer from the primary to the secondary is re

quired. Thus, the primary coolant temperature increases 

slightly, resulting in an increase in the fuel temperature. 

The total reactivity starts to decrease very slowly due 

to the negative reactivity temperature coefficient. It 

should be mentioned that better results would be obtained 

by remodelling the secondary system to include superheat. 

The third transient, a ten percent decrease in the 

feedwater flow rate, is shown in Figure 4.3; in this 

transient the steam generation rate decreases as a result 

of a decrease in the feedwater flow. However, the 
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quality of the exit steam increases. The behavior of 

this transient is opposite to that of the previous tran

sient . 

The fourth transient is a twenty-five cent re

activity step insertion with the interface flow of highly 

borated water (W^) constrained to be zero. Figure 4.4 

illustrates the response of the PIUS system co such a 

transient. 

Following the reactivity step, the decrease in the 

total reactivity that follows its initial jump is, as 

expected, due to the increase in magnitude of the negative 

feedback reactivity. The normalized power level initial 

jump is due to the use of the prompt jump approximation 

for evaluating the neutron density in the reactor. The 

total reactivity is dominated by Doppler effects, and the 

system recovers from this transient by establishing an

other steady state. 

The last transient, as mentioned earlier, is the 

same as transient four except that the highly borated 

water flow rate (W^) is allowed to perturb the total re

activity by changing the boron concentration initial value 

of the primary coolant. Figure 4.5 illustrates the re

sponse of the PIUS system to such a transient. 

It should be noted that the highly borated water 

flow rate is very sensitive to any changes in the primary 
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coolant temperature, and hence, to changes in the primary 

coolant density. It should also be mentioned that the 

effects of (Wjj^) , as shown in Figure 4.5, is to decrease 

the total reactivity more rapidly. 



CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

Although there are no experimental data confirming 

these results, physical reasoning was adequate in some 

cases to interpret the results. The PIUS system model 

demonstrated throughout the various transients, the in

trinsic safety of the concept. The quick shutdown of the 

system following a trip of the main circulating pump was 

confirmed. 

As mentioned earlier, the objective of this study 

was to provide an initial scoping of the PIUS system per

formance and to provide insight as to the relative sig

nificance of various system parameters as identified in 

this model in establishing the behavior of the system. 

Hence, the results should not be considered as anything 

but a qualitative picture of the system. 

It was found that the dynamic model was very sen

sitive to the density for the subcooled water. This 

sensitivity could be reduced by an alternative formulation 

of the natural flow entering the primary loop (W^). 

49 



50 

In addition, the formulation of the boron 

concentration for the whole primary loop as a mixing tank 

was found to be inadequate. A different formulation, 

using a differential equation for each region of the pri

mary loop, would be expected to give better results. The 

use of more differential equations, however, can result 

in increasing the stiffness of the dynamic model and in

creasing the possibility of numerical instability. 

The transient behavior of this model for the PIUS 

system exhibits physically reasonable behavior. It can be 

used for qualitative predictions of transients having lim

ited size and duration. 

5.2 Recommendations 

There are primarily five major areas where future 

research work is needed for the goal of modifying the 

present version of the simulator. These areas are: 

- The pressurizer representation, 

- The boron concentration distribution in the primary 

loop, 

- The secondary system, 

- The primary circulation pump, and 

- The void effects on the core reactivity. 
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In the area of the pressurizer of the PIUS system, 

the research goal would be to investigate the following 

two aspects: 

1. The dynamic effects of the pressurizer on the 

PIUS system behavior (in the present version of 

the simulator, the pressurizer is assumed to oper

ate at a constant pressure during all transients). 

2. The heat transfer between the pressurizer (repre

sented as saturated steam) and the pool 

represented as cooled water). 

In the area of the boron concentration content in 

the primary loop, the goal would be to investigate the 

primary boron concentration content under two different 

modes of operation. These are the normal mode, where the 

boron concentration in the primary loop is decaying as a 

function of time, and the transient mode where the boron 

concentration in the primary loop is accumulating (due to 

the incoming highly borated water from the pool). It is 

also important to investigate the time during which the 

system tries to establish a new steady state (after recov

ering from a severe transient). 

The steam generator was simulated as two axial re

gions . However, it is expected that, during transients, 

superheating may occur. It is, therefore, recommended 
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that three axial regions (subcooled water, nucleate 

boiling, and superheat regions) be used on the steam/water 

side of the steam generator. In addition, the secondary 

system should be able to provide steam with a good qual

ity under load-following operation modes. Moreover, the 

heat loss from the steam generator to the pool should 

also be investigated. Such heat loss is expected to be 

relatively high because the primary flow rate passes 

around the tubes in the steam generator and the steam is 

being generated inside the tubes. The steam generator 

shell is in contact, through insulation with the cold pri

mary water. 

In the area of the primary circulation pump, 

further research work is needed in the area of controlling 

the primary circulating pump speed in connection with the 

inlet and outlet core temperatures. A simulation of the 

dynamic behavior of such a pump is very essential for the 

sutdy of the overall behavior of the PIUS system. Fur

thermore, a more accurate calculation of frictional 

hydraulic losses is also recommended. Additional compu

tation of the hydraulic losses due to expansion or con

traction of the primary flow areas should also be 

considered in any future modifications of the simulator. 



Finally, in the area of void effects, there may 

be vapor formation in the riser during some transients. 

An estimate of the resulting reactivity effects is recom 

mended. 
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