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Abstract

The PHAETON2 computer code is based upon the solution of the
one-dimensional fluid dynamics equations in order to calculate
the transient behaviour of Gas Cooled Fast Reactors (GCFR). The
type of accidents that are of major interest for the safety of
GCFRs imposes to the code to calculate a few minutes of the
problem time during which transient effects are dominant with
time constants longer than a second.

The code madel and methods of solution are described and a set
of depressurization and flow-coast-down accidents is '‘discussed
for a 1000 MWe GCFR with secondary steam loops.

Das Rechenprogramm PHAETON2 - Unfallanalyse eines 1000 MWe

Heliumgekiihlten Schnellen Brutreaktors

Zusammenfassung

Das Rechenprogramm PHAETON2 basiert auf der L&sung der eindimen-
sionalen fluiddynamischen Gleichungen zur Berechnung des insta-
tiondren Verhaltens von Gasgekiihlten Schnellen Brutreaktoren
(GCFR) . Die fiir die Sicherheit der GCFRs wichtigsten Unfallarten
bestimmen, daB das Rechenprogramm vor allem Probleme mit Zeitkon-
stanten von mehr als einer Sekunde liber wenige Minuten zu verfolgen
hat.

Das Modell und die L&sungsmethoden des Rechenprogramms werden be-
schrieben, und eine Reihe von Druckverlust- und Durchsatzverlust-
unf&dllen eines 1000 MWe - Reaktors mit sekunddrem Dampfkreislauf
wird diskutiert,
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1. Introduction

Safety aspects of GCFRs are closely connected to the special
features of the primary loops such as high helium pressure

inside a prestressed concrete reactor vessel (PCRV), vented

fuel pins, artificial roughness of the cladding surface for
better heat transfer, and redundant helium circulators. As the
reactivity effects of the coolant are small, attention has to

be paid mainly to maintaining sufficient heat removal from the
core, If reactivity supplies from outside, like malfunctioning

of control rods, which could impose Steep reactivity ramps, are
neglected all major accidents typical of the GCFR lead to rather
slow transients. This is a result of great constructional efforts.
The PCRV, for example, is highly redundant and all penetrations
which could fail are made as small as possible. Because of these
slow transients and since helium is a perfect gas, computer codes
to simulate accidents can profit from many simplifications. One
of the conservative GCFR-designs is based upon the use of
secondary steam loops with a huge steam turbine connected to

the electrical generator, as also used in LMFBRs. Partitioning
into a primary helium loop and a secondary steam loop, both
connected by a heat exchanger, and use of cylindrical fuel

pins clustered into subassemblies are basic requirements for oper-
ating the PHAETON2 computer code. In this report only one special
1000 MWe GCFR-design with a hanging core is discussed.

Zum Druck am: 19.12.1977



2. The object

2,1 Description of the GCFR with secondary steam cycle

Fig. 1 shows a cross-sectional view of the PCRV of the 1000 MWe
reactor proposed by Kraftwerk Union, Erlangen, Federal Republic
of Germany /1/ /2/.

A central cavity contains the reactor core with the inlet plenum
above and the huge exit plenum below it.

In 8 circumferential cavities represented on the left-hand side
of the cross section the helium-water heat exchangers are

located with the helium circulators directly connected to
single-stage steam turbines at the upper end.

The right-hand side of the cross section shows one of 4 auxiliary
heat exchangers and an auxiliary circulator driven by an electric
motor. The primary loops contain helium at high pressure. Helium
flows from the reactor outlet plenum to the resuperheater at the
lower end of the cavity. From there it is directed to the upper
end of the steam generator through a central tube. It flows
downwards through the steam generator and turns upwards again to
enter the circulator inlet plenum at the upper end of the cavity.
The circulator exit plenum is directly connected to the reactor
inlet plenum.

In the secondary loops the water is pressurized by feedwater
pumps and carried to the steam generator., Dry steam then enters
the helium circulator and is heated up afterwards in a resuper-
heater. From there it leaves the PCRV for the main steam turbine

which drives the electrical generator,.

Fig. 2 shows a model of the 1000 MWe reactor as used by the
PHAETON2 computer code. It can be seen that the geometrical
build-up is.similar in figs. 1 and 2. Some of the features of
fig 2 are described later-on when dealing with the code model.



2.2 Some special features of the gas loops

Both primary helium loops and secondary steam loops are
closely connected by the heat exchangers and the
turbo-machines (see fig.2). As all of the steam is directed
through the circulator turbine, the mass flows in the

primary and secondary cycles are nearly proportional in
most cases. The small inertia of the shaft allows to change
its speed quickly.

As the whole energy generated in the core is transmitted to
the secondary loop by the huge heat exchangers, there is
always a close thermal linkage between both cycles. In the
primary cycle the main pressure drops occur in the core
characterized by high energy densities. Most plant controls
are only effective on the secondary loop, which, consequently,
changes the conditions in the primary loop. Feed water pumps are
regulated by their speed; valves can be closed in front of

the circulator and main turbines. The main turbine can be
by-passed, the secondary loop then being coupled to a constant

pressure of the condenser system.

2.3 The main features of the reactor core

The hanging core is made up of hexagonal subassemblies; the
helium passes through them in the opposed direction to
natural convection. Each subassembly contains bundles of
pins which are radially fixed by spacers.

The vented pins are surrounded by a steel cladding parts of

which are roughened by transversal ribs.

Reactivity coefficients are negative for Doppler, axial, and
radial expansion effects. The coolant density coefficient is
negative, i.e. the reactivity increases with decreasing helium
density. Considering the neutron density, the fast core is
strongly coupled so that point kinetics is sufficient for
sub-prompcritical conditions. Due to different breeding ratios
the core and the blanket generate different amounts of

shut-down heat.



The principal data of the GCFR considered are shown in fig. 13.
It is a 1000 MWe reactor built by Kraftwerk Union, which has
been chosen for transient analyses by the PHAETON2 computer
code. Some typical results are published in this paper.




3. The model and the main equations

3.1. The aim of the model describing the GCFR

The principal item of the GCFR-model is the description of
the transient behaviour of the fluid and the adjacent
structures. The complicated arrangements of the cooling
circuits should be fully taken into account whereas changes
of geometry with time should be neglected when considering the
melting of the clad.
Any solution will have to allow for implementation of a technical
correlation of heat transfer and pressure drop which can be
calculated with mixed mean fluid properties.
Therefore, a one-dimensional form of the conservation equations
seems to be most appropriate as two-dimensional calculations in
the core will take. too much time for computer calculations.
Thus, important features of the rest of the loop have not to be
neglected in order to stay inside computer time limits. The
biggest drawback inside the reactor core is that propagation
effects and radial exchanges inside a subassembly cannot be
calculated. The core and blanket should be represented by a
number of pins that stand for the average characteristic of the
location being modelled. As in a pin the energy transport is
much bigger in the radial than in the axial direction, a
one-dimensional form of the Fourier-equation is possible on the
assumption of symmetry with respect to the pin axis.
The model is now specified to fit the needs of the following
equations: one-dimensional unsteady conservation equations

for mass, momentum and energy for the fluid,

one-dimensional unsteady heat-conduction equation

in the adjacent structure,

quasi-steady energy and momentum transfer between

fluid and wall

zero-dimensional equation for the energy release

in the core.



3.2. The one-dimensional fluid dynamics equations

The conservation equations for mass, momentum, and energy are
given in Euler-coordinates for a tube with the cross-sectional
area F and the axial coordinate x. The one-dimensional form

can be chosen if all fluid properties are uniform with respect to
F and if the fluid is only moving in the x-direction.. This leads

to the mass equation

3 3 _
3t (pF) + % (p wF) =0 (1)
with t being the time, p the density, and w the velocity in the
x-direction,

In the momentum equation, K, stands for the friction force per
fluid volume acting on the adjacent wall; g is the gravitational
acceleration; y the angle that the tube forms with the horizon;

and p the pressure:

%E (owF) + %E (pF + pwzF) + goFsiny + K, F-pgg =0 (2)
The first term and the second part of the second term describe
the influences of the local and convective acceleration,
respectively; the first part of the second term describes the
influence of the pressure acting on the cross sectional area.
The following terms are defined by the gravity force, the
friction force, and the force acting on the projection of the
peripheral wall on the cross sectional area. The friction forces

are given by technical correlations formed by algebraic functions.

In the energy equation, u is the internal energy of the fluid,
i is the enthalpy, and q,, is the power per fluid volume that is
coming in from outside:

2 2
] w ] w aF .
5E((u+v5—)pF)+ 5§((1+ i—)pr)+p 3T +gpwF siny-qyF = 0O (3)



The first and second terms describe the changes of energies
stored in the fluid, the third term gives the change of

energy due to a time-dependent variation of the cross-sectional
area, i.e. for a rigid system. The fourth term describes the
change of energy due to gravity and the last term that caused
by an energy source, which will be given by an algebraic
function.

The friction force Ky is substituted in chapter 4.7. by terms
depending on the Weisbach friction factor A and the drag
coefficient 7. Both parameters are obtained from steady-state
experiments and can be used also in transient calculations of

a helium-loop; see /22/.

When substituting qy, (see chapter 4.8.), correlations are found
with the heat-transfer coefficient as a main parameter. This

is a result of steady-state measurements and can be used for
transient calculations as well/22/. When neglecting the

disassembly phase, the third term of the energy equation with
oF
3t
In the following discussion about the conservation equations

and the equivalent in the mass equation can be cancelled.

we distinguish between the description of the primary loop

with an ideal gas and the secondary loop with steam.

3.3. The fluid dynamics equations for the helium loops

Rewriting the set of equations (1) (2) while neglecting that
the cross-sectional areas will be constant with respect to

time (pulsating wall, disassembly phase) gives

3p _ _ 1 3m

3t - T F 3% (5)
a_m=_FiE+__m_2__a_(F)_2_ma_r.n_ F siny - K_F (6)
3t ox T 2p2  ax o oF 3x _ 9° Y v

Without the terms of kinetic energy, gravity, and pulsating
wall the energy equation (3) is reduced to



For (up) + 3 (1pwF) - q,F = © (7)

If we define the power per volume generated by the heat flux
through the wall by

_ Twa1l = T
9y = T F Ry (11)

with Ry, being the thermal resistance between fluid and adjacent
wall, the energy equation becomes

9 9 T - = T
Fi‘E (chp)+ W (Cme) - _w_all____ = 0 (12)

Ry,

The simplifications in the energy equation anticipate
the existence of a method which will separate the energy
equation from the rest of the whole set (non-simultaneous

solution).

3.4, Non-simultaneous solution of the one-dimensional fluid

dynamics equations

The main feature of the solution of the conservation equations
in the PHAETON2 computer code is the separation of the equations

to achieve a flexible, problem-oriented model of the loops.

By discretising the length increments of the one-dimensional
equations, the non-simultaneous solution will already become
obvious if two nodal systems are established. Each of these
systems describes the same loop model but it forms its own
length increments. The aim of forming these increments is to
arrange a high number of nodes where the independent variables
change rapidly with the length. Solutions for the independent
variables of one nodal system are transformed into the geometry

of the other nodal system and vice versa.



By discretising the time increments it is possible to use
different methods of integration step sizes in each of the
nodel system according to the time constants of the governing
equations. The link between both nodel systems will again be
a transformation the quality of which has an influence on the

stability and accuracy of the solutions.

\

3.5 The fluid dynamics equations for the steam loops

In the steam-loop calculations many simplifications are

possible because of the negligible influence they exert on the
solutions of the primary loops. The secondary loops represent,
so to speak, boundary conditions for the primary loops and are
characterized by control systems which are not known in detail
by now. Thus, the user of the code specifies himself the control
parameters in.a rather rough manner. This leads to the
requirement of calculating only major effects in the secondary
loop.

Now the conservation equation can be simplified by first

rewriting equation (1):

)
9

'O

rr
|-

+ =0 (13)

wjw
%3

The momentum equation is reduced to:

8 —
+ 5% (PF) + Ky F =0 (14)

oo
=5

if the influence of fluid inertia, of gravity, and of the
change of the cross-sectional area with x is neglected. In
the energy equation, the terms of kinetic energy and gravity

are cancelled:

(upF) + (ipwF) - g,F = 0 (15)

+lo
%o



The internal energy and enthalpy are linked by
i=u+?l ~(16)

The pressure is obtained by using the equations of state

p = plu,p) (17)

These equations are given in the form of data tables which can

be used by interpolation routines.

3.6 The choice of the finite elements of the helium loops

The places of high energy exchange, i.e. great changes in helium
temperature with axial length, are the reactor core and the
helium-water heat exchangers. The nodel system for the solution
of the energy equation should arrange a high number of nodes in
these areas.

The places of high pressure differences are the reactor core,
the helium-water heat exchangers, and the helium circulator.

On the other hand, contructional items lead to the formation

of a number of big cavities that lie between places of high
pressure differences. The nodel system for the solution of the
mass and momentum equations should form plena at their true
location in the loops and connect them with links where helium
mass flows due to the pressure differences of the adjacent
plena,

Fig.4 shows a single primary loop model with two plena and three
links representing the first nodal system. Now the links are
defined to be lines of uniform pressure and density. The
momentum equation will be integrated along the links. To allow
for compressibility of the fluid in the plena, a simple form of
the energy equation must be added to the mass equation. Both
equations will be given in a space-integral form since the
zero-dimensional plena represent cavities of considerable expansion.




The momentum equation will take into account natural convection.
Therefore, it will be appropriate to form links connecting
plena of big differences in geodetical heights. The second
nodal system in fig.4 is established along the links to solve
the energy equation there. Thus, each line is subdived into

an arbitrary number of finite elements inside which the
temperatures of the helium will be calculated, thus allowing

a finite transportation time of the fluid while passing through
a finite element. Only here heat exchange will take place while
the walls of the plena are supposed to be adiabatic.

A simple transformation method is used to connect both nodal
systems,

In each link the inlet temperature is calculated by the
simplified energy equation of the first nodal system while the
inlet temperatures to the plena are results of the second nodal
system, Along the links a linear variation of pressure is
assumed with the boundary pressures equal to those of the
adjacent plenums. According to the definition above, helium

mass flows are uniform along a link.



4., The complementary equations

4.1 The equations describing the energy balance in a link

Along the links the energy equation is solved for helium
passing through a tube with the temperatures of the adjacent
walls as boundary conditions. These temperatures are solutions
of a set of one-dimensional heat conduction equations in the

structure material of the wall.

Taking r as the radial distance, a as the thermal diffusivity,
q,, as the power per volume inside the wall, c as the specific
heat capacity, p as the density, the basic heat conduction
equation is

IR 3T dy '
T (r =) + Py (18)

cv|w

i3
]
[V}

Hi=

ot

p and ¢ are supposed to be independent of r.

Without considerable generation of energy in the structure
material (i.e. outside U/Pu-Oj-pellets) qy is set zero,
otherwise it is calculated following chapter 4.3. In equation
(18) the cylindrical coordinates have been reduced to only

one because of symmetry and neglection of axial heat conduction.
Along the links the mass flow is constant, and the fluid is in-
compressible (p = constant). By using the ideal gas law

T =;§ (19)

and the correlation

¢y =Cp - ;% (20)
with R, cp and ¢, being constants, equation (12) can be written
T =T

3T 3T wall 1 op
= t W= = + (21)
3t X prch pcp ot

At this point we remember that the nodal system solving the
mass and momentum equations takes into account natural

convection.



4,2 The equations describing the hydraulic network

The hydraulic network is that nodal system in which the mass,

momentum, and simplified energy equations are solved. A plenum

is formed during discretisation of the length increment.
Physically, a plenum can be a complex cavity with two or more
links being connected to it. But it is assumed there that all
changes inside the plenum occur simultaneously. Equation (5)
is integrated over the boundary areas of the plenum:

.-l f (22)

ot V( Plenum)
Equation (9) is rewritten using equation (8) and (9) and

writing q, = O (adiabatic wall, no internal heat generation).

, ﬁ e =-%2 §  d@n (23)
V (Plenum)

The links are subdivided into nodes of uniform geometry where
mixed mean values can easily be calculated. Now we can
integrate the momentum equation along the link in which a
temperature distribution is calculated by the other nodal
system, By definition, the mass flow is uniform along the

link., Taking all terms available we get:

_ 2 d(pF) _ pF siny dx- f K F dx
am _ _(Link) Fdp + m (Li{k) (YA (Li‘rfk) (Link)
at f dx

(Link)

(24)

By the procedures leading to the equations (21),(22),(23), (24)

a number of simplifications was made. First, by separating the

model into two different nodal system, shock waves cannot be
calculated. The energy equation in the helium neglects mass
inertia, dissipation, and compressibility. The latter effect
is considered in the hydraulic network allowing to reproduce
this effect by 3p/%t in the energy equation of helium. The

main simplification of the hydraulic network is the reduction

to a nodal system with the independent variables uniform inside

these nodes.



4,3 The equations describing the energy release of the core

In that part of the structure material which is formed by fuel
pellets, the term dy in eguation (18) is not zero. For the

steady state at the design point many calculations have been
performed /1/ to obtain the power distribution in the core

and blanket. During transient calculations the power is supposed
to change simultaneously at all points so that the point kinetics

equations ensure a sufficient precision.

6
dv _ v — 8 -
Tt e +i£1 A i o (25)
dcj Bi
at = T vV~ A{ ci o (26)

Here, v is the number of neutrons, Py the reactivity, B the
effective part of delayed neutrons, B8; the effective part of
the delayed neutrons in group i, 1 the effective life-time
of the prompt neutrons, )i the decay constant, and c; the
concentration of the precursors of group i. The number of
neutrons is proportional to the reactor power. Thus, we

normalize with values of the design point having the index O

3¢ = © > Cio = V! (27)
After some manipulations we obtain
- B 6 By C4
dt Vo 1 v i=1 1 Cio
d Ci v Ci
== (=) = Ay 2o -, = (29)
dt Cio 1 \)o 1 Cio



The reactivity is calculated as a function of the effective

multiplication factor k

- (30)

The reactor core is subdivided into 6 volumes to calculate the
Doppler feedback, four of which stand for the different zones
of énrichment, one stands for the axial blanket and one for
the radial blanket. Assuming a constant weighting factor Wy
for those volumes, the feedback is calculated by the average

pellet temperature T, in that volume

1
— oy, —= (31)
ki- aT 3 1 Ti

and the total is found by the summation of all kj. The axial
expansion feedback is calculated by the average cladding

temperature T, of the whole core.
1 9k _
x 3T, = Xa (32)

The radial expansion feedback is a function of the average
inlet temperature T{1 into the core being that of the reactor

inlet plenum

1 9k

E 3?1 = KR (33)
The actual average helium density variation in the core is
compared to the density at the design point, p,,to form the
helium density feedback.

3k _ Kp

— 2 e X 34

5 o (34)

Any form of control rod or shut-down rod reactivity can be
inserted. A rectangular integration method is normally used
with the same time step as that used in the calculation of



pellet temperatures, but the code allows to implement the main
AIREK subroutine /5/ with a higher order of integration method.
In case of reactor scram the shut-down heat is calculated

following the equations of /1/

Ncore ((_1\1_) . (N_) ) Ncore Fission o +(N_) BRcore | No
Neore o = No/ 28 \No/ 38 No No/ 37 BR, ota1l Ncore o
(35)

HELEEEEE N N NBlanket Fission o N
N “IT) L TN N s
Blanket o o’ 28 o/ 138 o o/l 37

(36)
BRBlanket No
BRtotal NBlanket o
(%—) is the solution of equations (28) and (29).
0/28

- The power due to the decay of breeding products of U239 and
N;>239 is given in /1/

6

—4.9149x10 4t -3.4873x10 Ot (37)

(__) = 0.0042 e + 0.0029 e
37

For the decay of the fission products, /6/ calculates

N ) by
—_ = ay t (38)
(No 38 N

with the following list of constants:

t aN bN

< 10 sec|0.0603 0.0639
10 sec ~ 150 secl|0.0766 0.1807
> 150 sec|0.1301 0.2834




Fig.5 shows the variation of power generated with time after
the scram by a -7% insertion. It is obvious that the power
reduced by the power of the design point is always higher

for the blanket than for the core. - o 7

An additional feature of feedback calculation can be considered
by calculating the reactivity effects of moving steel claddings.
141 different reactivity worths (fig.12) were calculated by the
DIXI-code /7/ but the model of clad motion is still too coarse
to yield realistic results of the reactivity feedback in case
of a partial melt-down of the cladding material. In the example,
a general tendency can be seen when using the reactivity worths
of the DIXI-code.

4.4 The equations describing the helium circulator

The helium circulator has to be connected directly to an entrance
and exit plenum. Tables containing steady-state values are used,
correlating the normalized pressure difference and the normalized
volume. Non-steady phenomena /8/ can be neglected because the
volumes and heat capacities in the machine are small compared
with adjacent loop components. The tables given by /9/ are used
to interpolate the volume flow as a function of the speed of

the shaft and the pressure difference between entrance and exit
plena. For the energy balance of the shaft the energy required

to run the circulator is also read from the tables. With respect
to the stall limit the original tables show a stepwise change in
volume flow down to zero. For the numerical solution in the

nodal system of the hydraulic network this would impose severe
restrictions on stability. Originally, a hysteris effect was
calculated when the stall limit was exceeded and normal operation
condition was reached again. This often leads to self-induced

- oscillations of the hydraulic network; this is too unrealistic

. because of lack of a multi-dimensional model with a high number

of nodes.



Considering the stand-still of the circulator, it should be
possible to calculate negative volume flows in case of mal-
functioning of the non-return valve. In analogy to the
calculation of the mass flow through a labyrinth packing
/10/ the following correlation is used with the index 1 at

the entrance, and the index 2 at the exit.

G 2 2

=13

The constant K has to be selected such that a smooth transition
to small numbers of revolutions is possible., By transformation
of the original tables it is possible to calculate negative
volume flows, even at any speed of the circulator, if the
imposed pressure difference is high enough. The functions of
negative volume flows at finite speed are similar to the function
at zero speed. Fig.6 shows the pressure differences plotted
vefsus the volume flow as it is usual for circulator diagrammes.
In order to avoid normalized data, the normalizing reactor
conditions at the entrance to the circulator are used, i.e. the
inlet temperature is 546 K and the inlet pressure 115 bar. To
adjust the resultant volume flow to the special needs of the
loop, it can be multiplied by a constant, thus reaching the
conditions of the design point. In the figure the outstanding
curve representing the speed of O to 30 rpm leads to high
negative volume flows for high pressure differences; for graphic
representation it is reflected at the ordinate for the pressure
difference values being greater than 10_2. For the rest of the
curves it should be noted that there is always a negative
gradient and a smooth transition from one operation condition
to the next. Therefore, points of the stall limit are not shown

explicitly.



4,5 The equations describing the main steam turbine

The secondary loop is only simulated between the feed-water
pumps and the main steam turbine. Thus, the inlet conditions
of the steam turbine are the boundary conditions of the model.
The speed of the turbine is constant as it is a function of
the grid freguency. The simplified conelaw with index 1 for
the entrance condition, index 2 for the exit condition, and

index O for the design point can be written

v T 2" |
Vl J_T_I_O _ \l 1-(p2/p1) ) (40)
10 1 1-(p20/P10)

For the design point on/P1o«'h and for all conditions pjy/p1&«1

because otherwise the turbine would be by-passed. This leads to

. . Tl .
V, =V — (41)
1 10 TIO

The mass flow m1 = V1p1 into the turbine is known by the mass
balance in the steam generator so that the density p can be

calculated by iteration, using the steam tables:

Ty =T (py,hy) (42)

4.6 The equations describing the helium circulator turbine

The helium circulator turbine is directly connected to the
helium circulator. The operation conditions are read from
tables /9/ giving the normalized pressure difference and the
normalized power as a function of the normalized speed and
the normalized mass flow. The pressure difference for choked
flow conditions is calculated and the mass flow is limited

if those conditions are reached.:



Fig,.7 shows the power generated by the circulator turbine as
a function of the mass flow. The normalizing factor is the
inlet pressure enthalpy which has been held constant. The =

outlet pressure is neither changed.

4.7 The equations describing the pressure drops in helium

In equation (2) the force per volume Ky is introduced to allow
for technical correlations of the fordes acting on the adjacent
walls, Those correlations are given for steady-state conditions.
It has been investigated in /4/ how great the error would be,
using a one-dimensional model under steady-state condition and
rapidly changing Reynolds numbers in a turbulent flow. It is
said that for a decelerated flow the transient friction factor
is only slightly smaller than the steady-state friction factor.
For the accelerated flow the friction factor can rise rapidly
for a short period, but as the term of inertia is bigger than
that of the friction at the wall, the error due to the steady-
state friction factor calculation is reasonably small, although

4

the transient value (Re = 10" to 105) is increased by 60% for

a short period in comparison with the steady-state value. For

the stepwise deceleration from Re = 105 to 104 the error is

well below 5%.

The steady-state fluid flow in a horizontal tube of uniform

cross~sectional area leads to a pressure drop correlated by

dp

= - =Aop
X_ lg,—d; -leWl (43)

With A being. the Weisbach friction factor and d, the hydraulic

h
diameter of the tube. The pressure drop at orifices and diverse

blockades 1is

&y, -

P Ew |w| (44)

e
dx 2

with ¢ being the drag coefficient.
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For those parts of the loops for which design parameters have
not been fixed thoroughly or which are not important with
respect to pressure drop, the standard correlations are used,

i.e. for laminar flow (Re < 2300)
A = 64/Re (45)

and for turbulent flow (Re > 2300)

A = 0.3164/Re®" 2>

(46)
Empirical g-values are found by adjusting the steady-state
conditions at the design point of the reactor loops.

For the smooth part of reactor core pins /11/ gives the
laminar friction factor as a function of the pin diameter,

the pitch of the hexagonal bundle, and the Reynolds number.
The data given are approximated by the analytical function
for laminar flow:

PS Ps
88 + 70 (H-_ 1) = 45 exp (~10.2 (d—— 1))

A= S S (47)
4 Re

In turbulent flow the correlation for the smooth part of the

pin is given by /12/
|- s

0.125

. .
A = 4(1.036 + 0.054 (-55 = 1)) (0.0014 + =z=0—)(I-exp (6‘67§§“)) (48)
Re * )

S

For the smooth part of the pin the transition region between

4, Re > 103) is simplified by

laminar and turbulent flow (10
assuming that the higher value of A calculated in (47) or
(48) is valid. Parts of the pins are roughened by transversal

ribs for which /13/ gives the correlation

pS

_ 105 p, - d_ AR
{;; = 2.5 In ( TR ) + R(h') - P (49)

1 + I.OS'H—S-




Here the function R(h+) of the non-dimensional roughness height
+ R™ /8 ' (50)

which is similar to the usual Reynolds number is introduced to
take into account deviations of the conditions in the viscous
sub-layer next to a rough surface from those next to a smooth

surface,

For fully rough flow (h+; 100) the values of R(h+)'are no longer
a function of h+. This asymptotic value can be calculated if the

geometrical data of the roughness are known.

Although the evaluation of R(h+) as a function of the height,
width, and pitch of roughness can be automated, it has been
found neccessary to compare it with those of similar cases.
For the present two-dimensional roughness(transversal ribs),
having a height of hR = 0.1 mm, a width of 0.1 mm, and a pitch
of ¢.7 mm, the equation reads

+

R(hY) = R_(h') =5 (51)

For the transition region (h+ < 100) a supplement to equation
(51) is used to allow for the variation of R(h+) with h+
(see /14/)
R(hY) =R 0*) - 0.33 + 3 (52)
Cc h+
The laminar condition is reached when R(h+) resulting from (52)

is greater than the corresponding value resulting from
R(h") = 2.5 In " + 5.5 (53)

At this interface the lowest value of (52) or (53) is used.

As the fluid can also become stagnant and this would not be



matched by equation (53), the friction factor at smooth
surfaces is taken from equation (47) for h+ < 10-5 because
the roughness has no effect in laminar flow, which can be

seen indirectly from equation (53), too.

4.8 The equations describing the heat transfer in helium

In analogy to the determination of K, in equation (2) the
heat transfer per volume in equation (3) is used to take
into account the heat flux from the adjacent wall

@ (Tya11 = T)

qv = v + Fp (54)

using Fy, for the wetted surface of the wall, o for the heat
transfer coefficient, and T for the mixed mean temperature
of the fluid. The Nusselt-number defined as

Ny = “_1‘11‘3 (55)
is correlated for steady-state flow. /4/ gives survey of
the errors using these correlations in a one-dimensional
calculation for turbulent flow. In case of deceleration,
the transient heat transfer coefficient is always very close
to the steady-state coefficient. In an accelerated flow the
heat transfer coefficient drops fast in the beginning but
the time required to reach a new steady-state is very short
in a helium cooled channel. The heat capacity of the fluid
is small compared to that of the wall. Both effects result
in the validity of a quasi-static energy equation although
- for a stepwise change of the Reynolds number from 104 up
to 1O5 ~ the heat transfer coefficient drops by about 40%
over a short-period.

The turbulent Nusselt number in the smooth part of a pin
bundle is approximated by that for a turbulent flow
(Re > 5000) of an equivalent annulus /15/

0.16 0.8 0.4 ~-0.2 0.2
) (56)

r
Nu =o.018(r_o) Re Pr (T_W&) (1 + Lo
ry

r] T1
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T being the temperature at the core entrance and ro/rl the
ratio of the outer to inner radius of the annulus. The same
correlation can be used for a normal tube outside the core
by taking ro/rq = 1, Tyall/T¢ = 1, 1 + ;% = 1.

The Nusselt number for laminar flow (Re < 3000) in smooth
bundles is given in /16/ by a graph which is correlated by

the following function:

pS pS
Nu = 7.2 + 8 ( T~ 1) = 7.2 exp (-8.5¢( T - 1)) (57)

8 s
In the tubes outside the core the laminar Nusselt number is
assumed to be 4.364. At the interface of the upper axial
blanket and the core region the heat flux from the wall is
increased rapidly. The velocity profile at that point has
already been developed but a new temperature profile is formed
leading to effects which the current one-dimensional quasi-
static energy equation neglects. These errors are much higher
for laminar flow because the fully developed profiles differ
much more from a uniformly shaped profile than in a turbulent
flow. In the thermal entry length the Nusselt number is higher
and the value of eguation (57) is multiplied by

0.148
0.122
oy 0193 (2122)
(=)
0.00062

i = 4
given in /17/ with x I Rebr

starting at the beginning of the core region. In the transient

and y being the axial length

flow between turbulent and laminar conditions the Nusselt
number is correlated by

0.4 [ Twall To
e o () (2 (- )

la}
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which is a variation of equation (56) with the values of a,b
and c linearly interpolated between those for Re = 3000 and
Re = 5000 given in the chart below. - ) '

o Re=3000 Re=5000

a |Nvaog oo 0.023 Re?*®
b 0 - 0.2

C 0 0.16

For the rough region of the core pin the turbulent Nusselt
number is given in /14/ as a function of the parameters

mentioned in the last chapter

Nu A/8

(59)
Re Pr 1 +YX/8(c(h") - R(™))

The function G(h+) of the normalized roughness height h+
describes that part of the heat transfer phenomenon that takes
place in the viscous sub-layer next to the wall with the

artificial roughness. It is given by /14/

«L32-0.OI7(R(h+)—0.41n!%9»

G(h*) = (3.0 + 0.3 (R - 0.4 1n 122 )) (¥
(60)
0.44 TT—T /100y 0-053
- Pr T 7)
Bulk
with £ = (ry - rq)/hr as a geometric factor of the equivalent

annulus, r, and rq being the outer and inner radiuses,
respectively. To avoid iteration, the time-dependent variables
of the last time step are used.

If the flow reaches laminar conditions, the Nusselt number of
equation (59) is compared with that of equation (57) and the
higher one is used.



- 26 -

In the transition region, nt might drop to values smaller
than 50, but G(h+) is calculated with the smallest h1-value
to be 50, because R(h+)—0.4 1n l%Qris defined to be the
asymptotic value in fully rough flow of R(h+)01’ which is

the value of R(h+) for £ = 100.

4.9 The equations describing the heat transfer in the steam

loops

In the energy equation of a steam node (see chapter 5.2),
wy is a function of the heat transfer coefficient,a, at the
peripheral wall., Water runs through the liquid, saturated
and superheated states during its stay in the secondary
loop. While o is a function of flow parameters like the
Reynolds number for the ligquid and superheated states, it
is a function of the amount of heat exchanged at the wall
for the saturated state. For the latter phenomenon an

iteration produce will be necessary to calculate a.

The interfaces of these three states can change their positions
while transient problems are calculated. Several sophisticated
methods can be used and a definition of more than three kinds
of a-correlations is possible /18/. But here, the secondary
loop is of minor importance and, looking at the heat resistance
between water and helium, this is a strong function of the

heat transfer coefficient of the helium side while being a

weak function of that on the water side. Thus, the interfaces
of the three o-correlations are changing discontinuously in
such a way that they always coincide with node boundaries.

The interfaces are obtained by comparing the actual water
enthalpies with the two which delimit the saturated state

at the pressure prevailing. The a-correlations for the three
major states are /19/, /20/ and /19/:
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a. =a Re® PrS Eﬂ (61)
water
dp

£ h

%oiling = d(eq)” (gp) (62)
- y 5.z k

®ream = X Re’ Pr Eﬂ (63)

h

with the following constants:
a b c d e f g h X y z

0.024 |1 0.8 0.33| 0,002163 | 859.850.72 {0.0101972 { 0.24} 0.024 | 0.786 | 0.45

and with k., being the thermal conductivity, dp the hydraulic
diameter, and Pr the Prandtl number. Equation (62) is not
homogenous with respect to the dimensions; the heat flux g
must be given in kW/mz, the pressure in kJ/m3 and the heat
transfer coefficient in kW/(mzK).

For water an additional heat flux due to sub-cooled boiling
has increased considerably the accuracy of the results.

If the wall temperature is higher than the saturation temperature
of the adjacent water, the heat flux due to convective heat
transfer is augmented by a boiling term

T

HZO) + aboiling ( T ) (64)

Qeotal = %vater (TWall N Twall ~ “sat
Tgat being the saturation temperature of Hy0 at the present
pressure.

To accelerate convergence when calculating the boiling phase,
the following procedure is coded. The energy balance between
a steam and a wall node leads to the evalution of the heat
flux.

Twall - Tﬂzo

(65)

m + n

aboiling
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with m and n being geometrical constants.
The pressure stays constant during the iteration procedure so
that

1
®boiling " d(eq)” i (66)

with 1 = (gp)h. The combination of both equations results in
1 1 1

£
masgiling * naboil:i.ng

1
= (di) Te (T _. - 7
(di) T e ( vall THZO) (67)
This equation can be solved by the approximation %:v1.5 and
leads to the first guess in the iterative procedure for the

evalution of aboiling'

4,10 The equations describing the energy balance of the

turbo-machines

The mechanical power of the main steam turbine has no effect
on the transient behaviour of the reactor loops. Thus, an
energy bélance must be calculated only for the shaft of the
helium circulator-circulator turbine. The angular velocity w
of that shaft varies with the time

oLy (68)
@ being the mass moment of inertia, and M the sum of the momenta
acting on the shaft. The data for the turbo-machines give the
power as a function of the pressure difference and speed of the
shaft; so M has to be evaluated by

N

with N being the sum of the turbo-machine powers.

The value of N is supplemented by that of the friction forces
acting on the water - lubricated shaft. This is correlated by
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N o= Nyw© (70)

with Ng and a being constant.

An explicit solution is used by taking the values of the
right hand side of equation (68) as function of the last
time step.
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5. The solutions

5.1 The solution of the energy equation in a helium node

Equation (19) describes the variation of the helium temperature
along the axis of a tube with constant mass flow. When
discretising the coordinate along the axis, elements of the
fluid and the adjacent wall are formed so that each wall element
is adjacent to only one fluid element. This can be obtained by
transformation of the coordinates as well.

Figure 8 shows such a node which is Ax long. The wall temperature
is uniform over x and gives one boundary condition of the system.
The initial condition is the temperature distribution in the

fluid between the inlet temperature Ter and the exit temperature
TAL of the last time step, where the index L shows that the time

has been set t=0.

We now ask for the outlet temperature at t = At, if the wall
temperature is changed stepwise at t = O and the fluid inlet
temperature and the pressure are changed linear during At

(iE=dTE/dt, p=dp/dt). When defining a wall temperature combined

. . 1 9
| . ——— = e———
with, p, the pressure ramp,TwﬁTri mecp p, and WR chpr,
equation (21) can be rewritten
3T AT _ . _
\ Twa1l o tf 0 TeL t<o
with Tha11 = p and T(x=o0) = :
Twa11 1 * wrocy = ° Tgp, *T*t t>o0

Solving equation (71), we separate into a steady-state part
(index st) and a transient part (index tr):

T(t,x) = Ty (x) + T, (t,x) (72)

By this we obtain an ordinary differential equation



- 31 -

d Tst
= ! -
v =gz = Ur (Tgarp = Tae) (73)
: : T,,, x = Ax
with T = AL
st T x =0
EL’
1 =
and TWall TWall o

and a partial differential equation

T T
tr tr _ ' _
. tw wp (Tga1y = Tee) (74)
t ax
with Ttr(x-O) = TEt t >0
{0 t<o0
and T! = p
Wall T
Wall 1 + wpPCp TWall o Twa11 tr t>0

The solution of equation (73) gives the temperature distribution
which would be obtained for the steady state with uniform wall
temperature,

Tst(x) =T -T

wall o = (Twa11 o ~ Tpo) @ (75)
Equation (74) is transformed into the Laplace space with s

being the independent variable and Tt the Laplace transform

tr
of Ttr
t d t Wall tr t
sT, *vIx Ttr . (‘____E—-— = Tep) (76)
with Tt (x=0) = 3 T
tr g2 E

Integration over the space leads to
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S+NR

W - X
w

t “R E _ R
Ter "5 7 wg) TWall er +(? s(s + wp) Twa11 tr) € (77)

When retransforming from the Laplace space, the influence of
the finite transport time becomes visible. This transport
time is a result of the convection velocity w of the fluid.

For tS% we find

“wgt
T (t,x) = (1 - e ) TWau tr (78)
and for t> % we find
w w
R . R
-0, t - —x ~wp(t' = =) - —x
R - x w R w w
T (t,x) = (Ime =) T .. o+ Tp(e = De - (l-e Je Tualltr
(79)

Calculating the energy exchange with the adjacent wall we
have to discretise the time, which leads to the time step At.

We now want to know the exit temperature T, of a node after

A
such a time step. Using equation (72), we obtain for At-‘-‘--v—Av5

% -wRAt f) "(A)RAt
TA = T(t=At, X=Ax) = TWall |- (Twall 1 T e + prcp (1-e ) (80)
w w. -
#* ‘ - -w—R Ax 1—e~ :—R- (Ax—wAt) - w—R (bx = wAt)
with T -(TAL - TEL e ) ™ + TEL e
- — Ax
w
l-e
and for At>'AE
w Ax -w E{-
* - wR —w v R w
TA " Twazr 1~ (Twar1 1~ T e * _Lmecp (1=e ) (81)

. Ax
with ™ = Ter * Tg (ot - == )

The space and time discretised system is linked in space by'

the entrance temperature T being equal to the exit temperature

EL
TA of the neighbour node at the last time step. The neighbouring

element, which lies always downstream, is chosen by looking
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whether the mass flow is negative or positive.

Equations (80) and (81) are solutions for the exit temperature,
which do not use extrapolation methods with minor stability
when the convection velocity reaches zero. The first lines of
(80) and (81) have the same form as equation (75). They show
an exponential change of temperature with x allowing for a
pressure ramp which is given as a boundary condition. The

time increment responsible for the temperature variation is
either At (equation (80)) or %5 (equation (81)). The start-up
condition is expressed by the temperature T*.

Figure (8) shows T" for both cases. Regarding the figure for
wit £ Ax, T* is the temperature of that fluid particle that

was at the place x = Ax-wAt for t = O, when the temperature
distribution was characterized by TEL - TAL' For wAt > Ax,

this fluid particle was outside the node considered. In analogy

to equation (80) T would be obtained by extrapolation over

the boundaries of Eﬁe node. Instead of this instable procedure
equation (81) shows how T* is formed by the boundary condition
that TE varies linear during At. A fluid particle starting
at the point of T needs only At = %5 to reach the position
of the exit temperature T,. The fluid particle is only traced
while being inside the node.

5.2 The solution of the energy equation in a steam node

Neglecting the pressure variation with time and allowing for
incompressibility and constant mass flow, equation (15) is
reduced to

91 + i

— +twWw—=q

at ox

p Twary = (82)
with %— = pFR  see chapter 4.9. The enthalpy i and the
tempergture T are linked by steam tables. Separating into a
steady state part (index st) and a transient part (index tr),
we obtain
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i(t,x) = ist(x) + itr(t,x)

(83)
T(t,x) = Tst(x) + Ttr(t’x)
diSt
and V3% = 95(Tya11 st = Tste) (84)
with lst(xﬂAx) T\ 1st(x=0) = lg TWall st Two
o1 ai
and tr tr _
5 "V ax -9 Tyarn er ~ Ter) (85)
0, t=<0
with i, (x=0) =i' t . t>0,T =
tr E Wall tr T -T t >0
wl “wol

The entrance enthalpy varies linear with time because

ai :
ié =3F = constant, and the wall temperature varies stepwise
from Two to Tw1® It is necessary to state that one cannot

avoid iteration because temperatures and enthalpies are linked
by steam tables.

So, in the first step, the right-hand sides of equations (84)
and (85) are kept constant. Convergence has to be obtained
for the temperature calculated by the steam tables and that
standing on the right-hand side of the equations.

The solution of equation (84) gives a linear variation of the
enthalpy

w.
+ —2-(T - T
w Two

ist(x) =i ) x (86)

EL st

Equation (85) is solved by the Laplace transformation in analogy
to equation (76). Again the convection velocity is a major
parameter. The energy equation is solved always inside the node
considered. We obtain the transient part of the enthalpy:

X

- T - Ttr) t for 0 <t < =

1tr(x’t) = wD(TwI wo

- cr_ - - - X x
Ttr) t + (1e mD(Twl T Ttr)) (t w) for t > =

ltr(x’t) = mD(Twl-T wo

woO

(87)
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The exit enthalpy (x = Ax) for t = At is a result of the
. ip-i
combination of equations (86) and (87), using i, = _EI%EL

wAt

iy =idp + mDAt (Twl -T) + (IAL - 1EL) (1 - Tx) for wAtS Ax

(88)
. . A . . A
i, =ip + up —% (Twl -T) + (1EL - LE)-;%E— for wAt >Ax

Because equation (86) gives a variation of the enthalpy linear
with space, a mixed enthalpy i at t = At can be defined by the
arithmetic average of inlet and outlet enthalpies. In the
evaluation of the mixed mean enthalpy as an average value

between two time steps, a linear interpolation is used, too.

The time and space averaged temperature is read from the steam
tables using this enthalpy. This temperature is used to calculate
the heat transfer from the wall which ends one iteration step.

5.3 Mixed medium temperatures in a helium node

To solve the equation for the heat flux from the wall a mixed
medium temperature T is used. In the energy equation the
parameters Wpr Py cp are found to be functions of that
temperature. Evaluating the terms on the right-hand side of
the momentum equation (24), the mixed medium temperature must
be known, too. Equation (75) gives the steady state axial
variation of the helium temperature in the node. Integration

leads to

—w Ax
- _ _ _ lI-e R v
= Tuall (Twall Tg) (89)
.él‘.
YR W
Replacing Tw by means of equation (75) results in
_wRég
T, = T, e w T - T
T A _E A E (90)
w Ax Ax
1-e R VW YR Tw

A
if wR—:: is less than 0.01, a linear interpolation can be used

since T, has nearly the same value as Tg:

A
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T-u (91)
2

In the energy equation, the wall temperature is set constant
during the time step. After having found a solution for the
helium temperatures, the energy balance is performed inside
the structure material. Using a simple explicit integration
method with respect to time, an average temperature is found
by linear interpolation between T of the last and the present
time steps. The interpolated value is a boundary condition of
the energy equations in the structure material.

If the helium node is bounded by walls of different temperatures,
two parameters in the preceding chapter have to be evaluated
differently:

1

@ ® L ———— = [ Wpj (92)
R i DFCPR‘W]. i

Wy -

Ri
T =y} — T . (93)
Wall i “r Wall 1

By this, the right-hand side of equation (71) is extended
allowing more than one wall adjacent to the helium.

5.4 The wall to wall heat transfer

A gap exists between the fuel pellet and the steel cladding the
size of which varies with space and time. Because analytical
functions are not available, the value is considered to be
constant. It must be uniform in each link and the equivalent
heat transfer coefficient in the equation
qQ=a (Tpellet - Tclad) (94)
is supposed to be 10 kw/(mzK) for all core links. This has to

be connected to the system of equation (18).

A mixed mean temperature in the subassembly wall is calculated
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allowing heat exchange by radiation between the cladding and
the subassembly wall. To avoid a new procedure of solving the
energy equation in the helium node, only the heat flux entering
the subassembly wall is calculated. The heat flux to or from
the pin's cladding is not changed; this procedure is on the

safe side.

It can be expected that the error is small because radiation
plays a minor role in the energy balance. The ratio of
radiation surfaces is assumed to be 1, the black body constant
is C, the emissivity is €, the surface area is A, and the heat

flux
4 4

C T T
clad subass
_ A(( 760 ) B ( 100 ) ) (95)

5.5 The solution of the energy equation in the wall

Q"z
€

It has been said in chapter 4.1 that the energy equation in
the wall or in the pin with the adjacent pellet is solved in
a one-dimensional form mainly because axial heat conduction

is neglected.

Writing equation (18) in the form of finite differences
(i-th node), and taking the backward difference scheme for
the derivation of time (Tyj = temperature of the last time

step), the heat conduction equation becomes

T - TiL a . a
) Tiar * Ty = 2T * 3e7ae Tiay ~ Ty-p) * 5 (96)
At (Ar)z 1+1] 1-1 1 2r1Ar i+1] i-1 pe

Solving it for a limited number of nodes leads to a system
of linear equations with a tridiagonal matrix which can
easily be inverted. If the time steps of this integration
are different from that of the energy equation of the helium
node, both results must be transformed in order to establish

adequate boundary values for the complementary equations.
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5.6 The solution of the equations governing the hydraulic

network

The solution of the equations of chapter 4.2 is performed by
an implicit method.

The right-hand sides of equations (22) and (23) show only the
mass flow m as an independent variable. The temperature T is
a parameter solved in the energy equation of a link. By
substitution we can now reduce the system of equations (22),
(23), (24) to only (24). The solution of (24) can simply be
used to calculate (22) and (23) /21/.

The procedure of the implicit method can be reduced to the
following lines while looking at a system of ordinary
differential equations after discretisation of the space-
coordinates

Ey-1, ® (97)

; is the vector of state and fa the vector function. The
vector function fa will now be taken at the time t + dt
where the vector has reached ; + d§, transforming it into

t

b

L3-8 G+ (98)

Writing the right-hand side in terms of the original vector

function

tGrap -t rat (99)

we get

+
-fadt =dy - d ?adc (100)

As dfa is a function of the vector of state we can write

fadt = B dy (101)
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(3f_).
By inverting the matrix B with the elements bik = - —3§34L dt
(3f_). K
and b =1 - =22 dt, we can find a solution for ;.
ii Y4 ,

Equation (22) is now used to calculate the function of the
density with m, being a mass flow of one link ending in the

plenum considered
k
fai(Pi) = —q¢ = v; le ™n (102)

Using the procedure that leads from equation (97) to (100)
and discretising the time we find

At X

In a similar manner, equation (23) is used with the help of
(102)

dT; 1 X
= L L - o)
fai(Ti) - Tdt pPiVi ngl (x Tn Ti) o (104)

After some manipulations using (103) we obtain

£ .(p;) k B
_ Taii At _— n
£.:(T) - At) K = AT; - At nzl I, bm (105)
At lf
with A, =1 + m and B_ = («c T -T, - £f .(T,)At)
1 ini n=l] O n iVi n 1 a1’ 1

By equations (103) and (105) we have found correlations for Api
and AT, of the plenum considered. Using the ideal gas law we
write

Ap; = R T, Ap; + R p; AT, (106)

When writing the momentum equation for a link the pressure P
and pj of the adjacent plena are major parameters.

The finite increment of the mass flow function is now
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9 ] ]
Af ) (my ) = EX (f 4 (m)) bpy + 35; (£, (m)) dps + o (£ ) (m ) By (107)

faK(mK) is defined in the well-known manner with the help of
equation (24). Here, jfdp is a function of Py and pj; p* is a
pressure normalized with the value of (pi - pj), Lx is the
total length of the link, KV is calculated by using (43) and

(64):

dm
Bac®) =g mi; Ceyep) I Fetommd L AGH)
(LINK) (LINK) p“F
(108)
. Ax 1
-g z pF siny Ax + m, |mk| )) (A a, + 1) 5EF)
(LINK) ’ (LINK)

If the link is formed by a helium circulator, the mass flow
5 of the inlet
temperature T, and of the speed of the shaft Z,- Friction

is a function of the pressures Py and p

losses in the tube leading to or from the circulators are
neglected. Thus, in equation (107) the term with AmK has to
be replaced by one with ATi and a new one has to be added
with AZ, .

In analogy to the steps from (97) to (101) we find a system
of equations using the substitution of (106) by (107)

Z‘a(E)Ac = B Am (109)

The elements of fa are different for a link with or without

circulator.

The matrix B has n2 elements for a model with n links.
Figure 9 shows a matrix scheme for the reactor presently
being simulated. The elements of the main diagonal describe
the influence of the present link on itself; the rest of the
non-zero elements of one row (or column) describe the
influence of those links which are connected to the same
plena as the link considered in the present row (or column).
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In figure 9 the matrix has n2 = 400 elements. Without the
reduction procedure a number of 15 plena would have to be
added and the matrix would have 2500 elements. Considering
that an inversion of the matrix would need about n3
operations, we find that by the present reduction over 90%

of expenditure in terms of calculation has been avoided.

5.7 The determination of the steam mass flow

The space-dependent change of the mass flow in the secondary
loop has only little effect on the conditions prevailing in
the primary lbop. The present calculation only allows for
compressibility in the steam generator so that all mass flows
adjacent to it are uniform. Large time-dependent changes are
thus only results of changes in the boundary conditions, such
as the feed water mass flow and conditions in the throttle
| valves. Although the steam-water velocity may change rapidly
with time and space, the effect on the energy balance between
the primary and secondary loops is small because the heat
transfer coefficient on the HyO-side is always considerably
greater than that on the helium side, as mentioned before.
Once the mass flows into and from the steam generator are
calculated as functions of the pressure drops and feed water
mass flows, an iteration is made over the mass inventory of
the steam generator. Since the mass flow and pressure are
known, the energy equation can be solved giving the boundary

conditions for the next sets of mass flow calculations.
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6. The code

6.1 The PHAETON2 computer code

The code is written in FORTRAN IV and is run on an IBM/370-168.
It is a stand-alone version which normally needs about 340 K
storage in the go-step. Integration routines have not been
optimized as many rectangular routines are used. Thus, CPU-
times are rather long. Evidently, they depend considerably on
the number of nodes which are specified by the model. Fig.10
shows a simplified flow chart of the main programme of the
code. The code scheme is shown in fig.11. The subroutines of

this scheme are described below.

Calculates the helium mass inventory and establishes a total
energy balance for the core, the blower, and the heat exchangers.
Saves the values of the last time step.

Calculates the hot-spot temperatures with constant hot-spot
factors. .

Calculates the maxima of the hot spot and nominal temperatures
and saves the values for the variables to be plotted on an
external plotter.

Saves the values for the variables to be plotted by BILDPL.
Prints out variables at a specified time.

2. BILDPL

Plots variables as functions of time using the printing unit.

Up to 20 independent variables can be plotted in up to 20
charts allowing an arbitary number of variables in one chart.

3._caus

Prints out temperatures in the core and tells which cladding
nodes have been molten.
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4. CLPROP

Calculates the properties of the cladding material, such as
density, specific heat capacity, thermal conductivity and
thermal diffusivity.

5._COND

Solves the heat conduction equation in the core pins. If the
clad is molten, it takes the surface temperature of the pellets
adjacent to the helium flow. Calculates all temperatures in the
pellet and clad.

6._D

_DAMPF

Solves the energy equation in the secondary loops. Calculates
in the. order indicated the heat transfer coefficient H,0-wall,
the heat resistance between the nodes of the wall and fluid,
the wall temperatures, the fluid enthalpies, and the fluid

temperatures.

7.D

_DWERT
Calls the PROPA subroutine and transfers variables into PHAETON2
dimensions. Calculates the density as a function of the specific

volume of steam.

8._EIN

Reads and writes the input data, which are subdivided into
constants and intial conditions. The constants define the

reactor model and the geometrical configuration. They do not
vary once a reactor model has been set up. The initial conditions
define the vectors of data, the properties, and related variables
needed to start up a run. They are given for all variables that
are calculated directly by the transient phase of the code.

9._FDPD

Calculates the pressure drop in the secondary loops. Defines a
mixed medium pressure in a H,0 node since the inlet pressure is
known and the outlet pressure can be calculated.
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10, EDWP

Solves the mass and momentum equations in the secondary loops.
Takes the mass flow to the main turbine of the last time step
as a first guess and calculates the pressure and densities
according to the guessed mass flow distribution with the

help of the subroutines FDPD, VENT2, PTUR and HTUR.

Calculates a new mass flow distribution by a mass balance in
the steam generator by knowing the new density distribution

by the subroutine FRD1, and the feed-water mass flow into the
steam generator which is a given boundéry condition., Iterates
this procedure up to convergence of the mass flow distribution.

Calculates the rate of reactivity which is inserted by shut-down
rods. Knowing the reactivity feed-back by the FZKF subroutine,
it solves the point kinetics equations with six groups of
delayed neutrons. Calculates the shut-down heat distribution

in case of a scram and evaluates the relative power of the
reactor by taking into account all parts mentioned above.

Interpolates the helium node pressure linearly between the
values of the adjacent plena. Calculates the helium densities
as a function of these pressures and the temperatures. Provides
information about boundary conditions which are defined by the
user.

13. FPUMP

Calculates the enthalpy difference, the mass flow, and the
power of the helium circulator as functions of the adjacent
pressures and the inlet temperature. The subroutine with
tables included is given by General Atomic San Diego.

14. FRD1

Calculates the H70-densities as functions of the enthalpies
and pressures using DWERT subroutine. Defines the boundaries
of the wet steam phase by comparing the actual enthalpies to
those of the boundaries at the present pressure. Sets these
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boundaries to be congruent with that of the nodal system.

15. FRIC
Calculates the Fanning friction factor of the helium flow for
the loops and for the core.

16. FWS1

Calculates the feed-water mass flow which is a boundary condition
defined by the user.

Calculates the integrals in the momentum equation of the helium
flow.

8. FZKF

Calculates the amount of reactivity due to Doppler, void, axial
expansion, and radial expansion feedbacks. '

Takes into account the reactivity change if the steel cladding

is moved in case of partial melt-down.

Defines the medium temperatures and densities in the core which
must be known to calculate the reactivity feedbacks above.

19. GAUSS

Solves a set of‘linear equations by Gaussian elimination.

20. HEPROP

Calculates the properties of helium, such as the density, the
specific heat capacity, the thermal conductivity, the thermal
diffusivity, the dynamic viscosity, the Prandtl number and
the ratio of specific heats.

21. HTCOEF

Calculates the heat transfer coefficient of helium to wall for
the loops and for the core.
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Solves the energy equation inside a helium node. Calculates the
helium outlet temperature and the mixed medium temperature of a
helium node. Evaluates the heat flux from helium to the adjacent
wall., If only a wall with adiabatic external surface is given,
the code calculates the temperature of this wall including the
temperature of the subassembly wall in the core. If the wall
faces the steam loops, the wall temperature calculation is
performed by DAMPF.

Calculates the inlet pressure of the main steam turbine as a
function of the inlet enthalpy and the mass flow. This
subroutine can be by-passed and the inlet pressure can be
given by a function defined by the user.

Solves the equations governing the hydraulic network of the
helium loops. First calculates the mass flow through a given
leakage in the PCRV and then establishes the characteristic
matrix of the hydraulic network with the help of FWW and
FPUMP, Calculates the mass flow variation in each link by
inverting the matrix and then evaluates the densities and
temperatures in the plena. Recalculates the mass flow through
the circulators using directly the circulator tables.

Evaluates average values with respect to time of the vectors of
state in the plena for the energy balance in the links, which

is done in the HTEMP subroutine.

25. KON

Reads in constants of the core subassemblies and calculates
constants that must be known during transient calculations

of the core and the primary and secondary loops. Prints out
the main constants.
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26. NETWORK

Examines the model that has been specified by the parameters
read in EIN and KON and prints out the errors if the model is
not consistent with the needs of the PHAETON2 code. Prints
out a graph showing the hydraulic network.

Prints the values of a given vector.

28. POWER

Calculates the power per volume generated in the pellets.
A space-dependent distribution of the linear power in the
core is given which is multiplied by the relative power
calculated by FKEFF.

Announces an error if the variable to be checked reaches
boundary values.

30, PROPA

Calculates the temperature, both limiting enthalpies of the
wet steam phase, the specific volume, and the specific heat
capacity of H20 as a function of the enthalpy and the pressure
by interpolating'the values in steam tables given by the
General Atomic Company San Diego. The limiting values for the
input data are:

207 kJ/m3 < pressure < 22700 kJ/m3

23.2 kJ/kg < enthalpy < 15700 kJ/kg

31. PLPROP

Calculates the properties of the core pellets, such as the
density, the specific heat capacity, the thermal conductivity,
and the thermal diffusivity.
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32, PTUR

Calculates the outlet enthalpy, the inlet pressure, and the
energy consumed by the helium circulator as functions of the
inlet enthalpy, the outlet pressure, the mass flow, and the
speed of the shaft. Interpolates the values in tables given
by the General Atomic Company, San Diego. Takes into account
choked flow and a parabolic characteristic of the circulator
at stand-still. Thus extrapolates the tables down to negative
flows.

33. RESERV

Punches and prints out values needed for initial conditions

for any run to follow the present one.

Does Lagrangian interpolation of a dependent variable as a
function of an independent variable, both given in the form
of tables.

Transforms the values of the temperature gradients calculated
in the nodal system of helium into the nodal system of the
steam loops.

Transforms the values of the temperature gradients and the
temperatures calculated in the nodal system of the steam
loops into the nodal system of the helium loops.

37. TRIDIA

Solves a set of linear equations with a tridiagonal matrix.

38. VALUE

Does the Lagrangian interpolation of a dependent variable as a
function of two independent variables by use of TERP.



- 49 -

39. VENT2

Calculates the inlet pressure of a control valve in the steam
loops as a function of the outlet pressure, the mass flow, and
the inlet enthalpy. The characteristic cross-sectional area
and the drag coefficient of the value must be known, too.

6.2 The model with four links in the core

Two models have been established to calculate the 1000 MWe
reactor of KWU. The first is characterized by four links

to analyse an average cooling channel around an average pin

in four different core positions. Fig.2 shows the model of

all coolant loops being calculated by the corresponding

version of the code. The four core links represent one channel
in the centre of the core allowing hot-spot calculations with
constant hot-spot factors, one average channel for both central
enrichment zones, one average channel for both peripheral
enrichment zones, and one average channel of the radial blanket.
Two loops are modelled, one representing 7 undamaged helium
loops and the other a damaged helium loop with adjacent steam
loops. Thus, a total of 157 helium nodes must be calculated.
Having 16 links, numbers 13 to 16 for the core, the hydraulic
network is calculated using the matrix of fig.9. The position
of the links outside the core is defined by the chart below.

Link - No. connects plenum No. to plenum No.
1 = === = == - === - - - 2 =~ - - - - - - - - 3
2 = - == e - e e~ .- - - - 3 = = - - - - - - 4
K L R R 4 - - - - =" == == 5
4 - - = = - - = . m .- == - - 5 = = === ==+-- 6
L R B R R 6 - = =-=-===-=- - 7
6 - - - - === == === - - - 7 = =-======- == 1
7 - = === === == === =~ 2 - === - - - - - 8
8- === === === == - 8 - == ==-=-=-= == 9
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Each of the secondary loops has 44 nodes. There is always an
adjacent wall to the nodes with a uniform temperature inside

the wall, except for the core where a pin is subdivided into

13 radial segments two of which are modelling the steel cladding.
Together with one segment of the subassembly wall 672 temperatures
are calculated in the structure material of the core. The main

features of the core can be looked up in fig.13.

6.3 The model with thirteen links in the core

The second model, of the 1000 MWe reactor of KWU has been built
to concentrate the attention on a better core calculation. If
one defines concentric rings of subassemblies, the total core
and blanket is formed by 13 such rings, the innermost being

the central subassembly of the core only. Each ring is now
represented by a link which solves the equations for an average
pin. The 8 loops outside the core cavity are represented by one
loop allowing only simultaneous changes in all primary and
secondary loops. In fig.3 the model is drawn in the same way

as in fig.2. The pin radial nodes are reduced to 6 while the
number of nodes in the cladding remains 2.

Since the 3 links of the radial blanket are not as important
for calculation as that of the core region, they are subdivied
into 7 axial segments only. With one node in the subassembly
wall for each axial segment, 1128 temperatures are calculated
in the structure material of the core. Core segmentation can
be seen from fig.12 where one reactivity value is listed for
each axial segment.

The model consists of 19 links, 13 of which have been already
described. Links 1 to 6 are copied directly from the first
model of fig.2. A total of 187 helium nodes are established.
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6.4 Start-up conditions at the design point

The conservation equations in PHAETON2 are always time
dependent. The initial conditions must be known before a
dynamic run. When modelling a new reactor, the steady-state
condition at the design point should be known, too.

Otherwise, they have to be calculated before entering

PHAETON2., Then, dynamic test runs begin to adjust parameters

of the model in such a way that a steady-state is calculated and
the values of the variables converge towards the design values.
Simplifications of the model are preferably performed at those
points which are of minor importance for the dynamic results.
For example, the present versions neglect the influence of the
temperature on the heat conductivity of the UO, pellet. Allowing
for rising heat conductivities with rising temperatures, when
passing beyond the values of 1900 K, the temperatures in the
centre of the pellet come out lower than that of the PHAETON2
model. But the attention is mainly paid to the calculations

of the cladding temperatures. The uncertaintes in obtaining a
realistic value for the cladding-pellet gap resistance (the
equivalent heat transfer coefficient is supposed to be 10 kW/m2
grd) tend towards the same direction: temperatures in the
pellet are overestimated, temperatures in the cladding are
realistic. Fig.14 shows the temperatures of a pin in the
centre of the core as a function of its axial position. Axial
blanket values habe been ommitted.. In the first three nodes
the temperature difference of helium to wall is higher than

for the rest of the nodes because of the lack of a roughened
cladding surface. Fig.15 shows the conditions in the heat
exchangers of one of eight loops at the design point. The wall
temperatures which have been ommitted are very close to the
water temperatures except for the regions of superheated steam,
especially in the resuperheater.
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7. The accidents

7.1 The depressurization accident

One depressurization accident is discussed here, the description
of other accidents has been published already /1/, /2/, /3/.

The accident in question occurs when a leakage is assumed

that connects plenum number 11 (see fig.3) to the cavity of the
secondary containment, starting with time = 1 sec. This
containment is built around the PCRV énd withstands an internal
pressure of about 3 bar. The failure of one of many small
penetrations through the PCRV results in a certain free area

the helium can pass through. Assuming no friction in this
passage an idealized hole is considered with a cross-sectional
area of 0.016 m2. For the beginning of an accident the isotropic
flow will be choked so that the pressure within the secondary
containment in the boundaries of 1 bar to 3 bar has no influence
on the flow rate through the hole. When the critical pressure
ratio of helium (=2,05) occurs the pressure in the secondary
containment has already built up considerably. This is a function
of the volume available. To simplify the calculations the
pressure is supposed to remain constant at the maximum backup
pressure which is an important parameter. Its value is put

2.4 bar which is 2% of the helium pressure in the loop at the
design point. The critical pressure ratio is reached at

time = 67 sec when the total mass inventory of the primary loop
is still 4.8%. Thus, 9700 kg have been released into the secondary
containment. Assuming a mean temperature of 500 K, the volume of
the secondary containment must be 72000 m3 to reach in time

2.4 bar of backup pressure. The PCRV has a total volume of

26000 m3 so that 72000 m3 are restrictive on the design

of the secondary containment. The leakage is opened at

time = 1 sec. Due to the leakage a maximum of 120 kg/sec helium
flows through the hole, which is 6.3% of the nominal mass flow
through the core. Fig.16 shows the output data for the
depressurization accident as function of time. Looking at the
pressures in the primary loops which differ very little with
space (the maximum total pressure drop is 6 bar) we see that
they are represented by only one line. They fall nearly
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exponential with time. Thus, it has been useful to introduce

a time constant for depressurization, which is defined here

by that time interval during which the pressure drops to 37%.
The present time constant is consequently evaluated to be

20 sec., Pressure compensation at the leakage point is reached
at about time = 80 sec. During the whole accident, the mass
flow rate through the leakage is so small that the mass flows
in the damaged loop do not differ much with respect to their
position. The leakage mass flow is branched off just in front
of the helium circulator so that the machine has to work
against a higher pressure difference. This reduces the helium
output of plenum number 11 and thus leads to a reduction of

the pressure difference across the circulator until stabilization
occurs of the transient effects in the damaged loop. But for the
main energy balance in the core the variation of the total mass
flow of all loops as a function of control activities is more
important. The reactor is scrammed, the signal being delayed

by 1 second. Shut-down rods fall by gravity but here a linear
variation of reactivity with time is assumed. So a time lag of
0.15 seconds is introduced to cope with acceleration effects,
the results being a linear insertion of -10.8 g/sec between
time = 2,15 sec and time = 2.80 sec, which leads to a total
reactivity of -7 g. Fig.16 shows the normalized power of the
core and the blanket as a result of this shut-down. In the
secondary loops, the feed water is reduced linearly to 8.8%
between time = 2 sec and time = 4 sec. Within the same time

the main turbine is by-passed, the pressure of the steam outlet
is reduced linearly from 82.7 bar to 4.0 bar (which is the
inlet pressure to the condenser system), and the free area of
the circulator turbine control valve is reduced to 6.6%. In
fig.16 the sum of the mass flow of all secondary loops has

been plotted and the circulator speed resulting from the
control actions above is shown. The speed of the circulator

in the defective loop is slightly higher because of a
comparatively low energy comsumption as a function of the
circulator mass flow reduced by the leakage mass flow. When the
circulator speed reaches a minimum, it is forced to increase
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again and this can be carried out easily by the control system.
Here, the input data are set so as to perform a linear variation
of the blower speeds until it reaches the design value at

time = 100 sec. As a result of these activities four temperatures
in the core are plotted, the uppermost showing the hot-spot
cladding temperature. It can be calculated with constant hot-spot
factors using the second curve which shows the nominal maximum
of an average pin in the central subassembly of the core. As a
result of the control activities and the scram, the cladding
temperatures rise to a maximum at time = 6 sec. This could be
avoided by a slower shut-down of the circulator turbine control
valve but it would lead to greater temperature gradients as well.
The control activities can thus be optimized to minimize the
positive and negative temperature gradients during the first

40 seconds of the accident. Afterwards, the helium density in
the core will be so small that the shut-down heat removal is
reduced and temperatures rise to a maximum at time = 200 sec.
Fig.17 shows the heat transfer parameters of the central
subassembly that can be observed near the interface of the
smooth and rough regions. Two values are plotted for the smooth
region, i.e. Reg and Nug, and two for the rough region, i.e.

h* and Nur. At first, the Reynolds-numbers fall in the same

way as the mass flow which is a function mainly of the circulator
speed. When this reaches a minimum the gradients of the flow
domains are reduced rapidly but they increase again with

falling helium density. The transition region is already reached
during the first rapid slope. Even when the back-up pressure is
attained in the primary loop and the flow tends towards steady-
state values, we are still very close to the lower boundary of
the transitionregion. As a result, the Nusselt numbers fall in
the same way as the Reynolds-numbers but the value for the rough
region falls more rapidly than that of the smooth part. For the
design point we gain a factor of 2.4 on the value of the smooth
part by using a two-dimensional roughness, but at time = 200
this factor is only 1.3.
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Since the heat transfer parameters have reached steady-state
values after 100 seconds, the temperatures in fig.16 rise
until the driving temperature difference is big enough to
match the shut-down heat removal from the core. They fall
again with the decreasing amount of shut-down heat generated
in the core.

7.2 The first flow-coast-down accident

The series of flow-coast-down accidents is started by a version
with the shut-down rods activated in the same manner as in
chapter 7.1. The 4-link~-core version of the computer code is
used (see chapter 6.2). Fig.18 shows the variables as functions
of the time. By contrast with fig. 16, the time starts with
time = 1 sec for the design point, time = 2 sec for the
beginning of the accident when all 8 circulators loose power,
and time = 3 sec for the point of activation of the shut-down
rods. Control activities in the secondary loops are reduced

to a variation of the feed-water mass flow proportional to

the helium mass flow. The minimum feed-water flow is 3.6% of
the design value. The main turbine is not by-passed, but the
outlet pressure of the main turbine control value is reduced
to 3.6 bar. This is no input condition but a result of
calculation following chapter 4.5. Since the volume flow
remains approximately constant, the steam density varies
proportional to the steam mass flow which is, for the first
jteration, the feed-water mass flow. As no control orders act
on the circulator turbine control valve, the densities in the
whole steam loop are reduced considerably. To avoid high
pressure differences across the tubes of the heat exchangers
in such critical situations, the control options might be
changed in order to achieve high pressures in the steam loops.
The circulators loose power by stepwise reduction down to zero
of the circulator turbine power output at time = 2 sec. This
would lead to a stand-still of the shaft but the minimum speed
is supposed to be 300 rpm. The bearings of the shafts are
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lubricated by water at tangential velocity, which drives the
circulators until the flow of water can no longer be maintained,
this probably occurs after 20 minutes. The gradients of the
deceleration of the shafts are functions of the moments of
inertia. For the loop version with a single-stage steam

turbine connected to a single-stage circulator and a design
speed of 13000 rpm, the moment of inertia is 6.669-10-3kJ,sec2,
which 1is very small. This value could be increased considerably .
by the use of electric motors connected to multi-stage circulators.
Fig.18 shows results for a five-fold value. Besides, some
variables are plotted up to time = 50 sec also for the one-folcil(:J
and ten-fold values. The figure shows the mass flow through the
core in percent and in kg/sec, the speed of the shaft, and the
pressure which nearly stays constant because no helium gets lost
in the primary loops. With respect to the normalized power and
the normalized mass flow, the plot shows important differences
in the history of the three accidents with different moments of

inertia.

For the lower mass flow curvéjthe power is nearly always higher
than the capability to remove it, whereas for the upper curves
this is not true, at least for the first 230 seconds of the
accidents. Consequently, the temperatures of the core vary in
much different ways. Three temperatures are plotted, one for
the maximum hot spot of the central subassembly, one for the
maximum nominal value at that point, and one for the maximum
nominal value for an average pin in an average subassembly of
the radial blanket. The temperatures of the core inlet and
outlet plena of the core are added. The hot-spot temperature

is shown for all three different moments of inertia. The
uppermost curvéarises rapidly immediately after the initiation
of the accident because the activation of the shut-down rods

is delayed for one second and because the mass flow drops with
a time constant less than two seconds. The rest of the curves
has a maximum near time = 4 sec and falls to a minimum until
the mass flow curve reaches and surpasses the power curve. Here,
the back-up speed gained by the water lubrification is a main



- 57 -

parameter and is responsible for the possibility of the
normalized mass flow to fall or not to fall below the value

of the normalized power. The temperatures reach a maximum after
200 seconds because afterwards the shut-down heat still decreases
while the mass flow stays constant. The maximum cladding
temperature in the blanket seems to be unaffected by all those
effects, but this is due to the fact that there are only smooth
surfaces, slightly higher levels of shut-down heat generation
combined with a comparatively high heat capacity of the structure
material, and design point conditions which are very different
from those in the core region. The cladding temperature
distribution along an average pin of the blanket varies but
slightly with the time (the maximum deviation being about

50 Kelvin at one point). The mass flow decreases very similar
to the parallel links of the core, but the heat transfer
coefficient falls much quicker thaﬁ that in the core region
because, at the design point of the blanket, we are already
near laminar flow (ReRX6400). Thus, at time = 5 sec, the heat
transfer coefficient in the core is reduced by 39.5% while the
blanket coefficient is reduced by 74.3%. The blanket coefficent
has reached a quasi-steady state value very soon (& 13% of the
design point value), but the core coefficient still decreases
at time = 100 sec where it has reached 3%. The heat capacity

of the blanket, which is high compared with the shut-down heat
generation, flattens the temperature gradients considerably.
The maximum of the cladding temperature in the blanket will
occur beyond time = 300 sec, and thus is not calculated by the
code. Since reduced generation of the blanket is 6% rather
than 3% in the core, the reduced heat transfer coefficient

13% rather than 3%, and the reduced mass flow has nearly the
same value, the maximum cladding temperature in the blanket
should be less than that in the centre of the core.

The core inlet temperature decreases slightly because of the
high efficiency of the heat exchangers at the helium density
of the design point.
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7.3 The second flow-coast-down accident

The main differences of the accident treated here as compared
to that in chapter 7.2 are the use of the thirteen-link-core
(see chapter 6.3) and that the minimum of the blower speed is
only 200 rpm. The time scale starts at time = O sec, the
accident occurs at time = 1 sec and the shut-down rods are
activated at time = 2 sec, resulting in a linear variation of
the reactivity between time = 2.15 sec and 2.8 sec (see chapter
7.1). Fig.19 shows the power, mass flows and the temperatures
as calculated by PHAETON2, As the inertia of the shaft is
equivalent to the one-fold value of chapter 7.2 the helium mass
flow falls rapidly when the circulators loose power stepwise at
time = 1 sec. The mass flows in the secondary loops are reduced
proportionally. After scramming the'power curve soon reaches
the shut-down heat level. Besides, the feedback reactivity
variation is plotted, showing a rapid increase after activation
of the shut-down rods. This is mainly a function of the Doppler
feedback, because with only a small amount of heat generated in
the rods the mixed mean pellet temperature falls despite the
increase in the cladding temperatures. The same but weaker
effect on reactivity is obtained by the void coefficient as

the helium density decreases with increasing helium temperatures.
After 20 seconds the mixed mean pellet temperatures begin to
rise again leading to a negative reactivity gradient. The steep
reactivity ramps after 80 seconds are functions of the melting
cladding surfaces to be described later on. In analogy to the
one-fold-inertia curve of the temperatures in chapter 7.2 the
cladding and reactor outlet temperatures rise rapidly because
the delayed scram produces more energy in the core than the
circulator mass flow is able to remove. The big gradients are
reduced considerably when the shut-down-heat level is reached
but the speed of the shaft is still too small to produce a
sufficient mass flow. So the temperatures rise nearly linearly
until the cladding begins to melt. In chapter 7.2 the back-up
speed of the circulator due to water lubrification is 300 rpm;
here it is only 200 rpm which is only 1.5% of the design value.
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At 300 rpm the maximum hot-spot cladding temperature is 1250 K,
but here it surpasses the 1900 K-limit (nominal temperature
limit 1700 K) where we suppose a failure of the cladding material.
The model presently existing calculates cladding temperatures in
141 axial elements according to 141 reactivity worths of the
steel cladding (see chapter 4.3). Each of these elements is
subdivided into 2 radial elements. If the nominal temperature

in the inner radial element is higher than 1700 K, the molten
steel cladding is supposed to move downwards, solidifying at

the position of that downward element whose temperature is
lower than 1700 K. Only the mass of one extra element can be
solified at the position of another axial element. This result
in a change of reactivity because mass is drawn from a position
whose reactivity worth is different from that where the mass is
added, The greatest effect is obtained at the interface betWeen
positive and negative reactivity worths, i.e. between the core
and the axial blanket. Unfortunately, the highest cladding
temperatures occur just at the lower part of the core region.
The first molten element is the tenth from the bottom in link 7
(see fig.12 (dk/k{7.1o = 2.8123QX1O-5). The mass of this element
is solified in the element below which has a 10 times lower
reactivity worth. Thus nearly the whole (dk/k)7, 10 comes into
effect, The time step between two calculations of the cladding
temperatures is 0.1 seconds. In this rough model the molten mass
1s supposed to move to the next element in this interval

without any delay. Fig.19 shows the reactivity ramp due to such
severe conditions. Thus the rather steep ramp is a first guess
which can only give an idea of the maximum posible reactivity
gradient to be introduced as initial conditions of a disassembly
code. In fig.19 the cladding temperatures, starting with

time = 82 sec, are equivalent to the temperatures of the outer
pellet surface, because at the point measured, the cladding
material has been totally molten. By this, actual heat
transmission by radiation can be taken into account, which
affects the temperatures in the subassembly wall. At

time = 86.7 sec the first subassembly element is molten just
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at the position where the cladding started to melt. Although
this might cause a total drop of that subassembly part which
is suspended on the molten element, these effects cannot be
considered with PHAETON2,

7.4 The third flow-coast-down accident

The thirteen-link-core has been used to calculate effects of
strong natural convection. For this purpose, the steam generator
is_placed on a much higher position than that of a normal
integrated primary loop. Fig. 20 shows the PHAETON2-model used

in these calculations. The centre of the heat sink which is
roughly the centre of the steam generator is raised about 10 m
above the centre of the core. With this configuration one can
exspect a strong natural convection. The inertia of the circulator
shaft is equivalent to the five-fold value of chapter 7.2. The
scram parameters are the same as in chapter 7.3. Fig.21 shows

the main data of the present accident. Until time = 100 sec

the speed of the circulator shaft decreases in a normal way,

then the water lubrification of the shaft is supposed to run
down and the speed is forced to decrease linear down to zero.

As result the helium mass flow shows a normal behaviour during
the first 100 sec, but before the speed reaches zero it reverses
and a natural convection is initiated which leads the mass flow
upwards through the core. This quick flow reversal is a result
of the rather steep circulator speed ramp between time = 100 sec
and - 'time = 115 sec. The circulator runs down so fast that the
pressure being built up in the circulator outlet plenum at the
beginning of the lubrication trip still is bigger than that of
the circulator inlet plenum when the circulator already works

as a throttle valve. The characteristics of a standard throttle
valve is reached when the speed falls down to 60 rpm (see fig.6).
The circulator characteristics have been simplified by neglecting
the stall limit. It should be noted here that the circulator
might run into unstable characteristics at very low speed.
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This would induce pulsating mass flows at least near the
circulator. The one dimensional code cannot give any answer

to the stability questions that arise here. Because of the
pressure difference across the circulator at stand-still the
flow reversal begins here and leads to flow reversals all

over the primary loop. This could only be avoided if the
circulator runs down slowly enough without inducing instabilities.
Running down too slowly would lead to very low mass flows for a
long time. During this time, the temperatures would rise
considerably. The circulator speed variation is rather arbitrary
after the lubrication trip, but running down so fast is the

best way to avoid too high temperatures in the core by admitting
flow reversal at the same time. With a hanging core and a
downward flow at the design point the present progress of the
accident seems to be optimal because the flow reverses in such a
way that the local natural convection effects of the core point
into the same direction as the global convection of the primary
loop. Also the instability effects of the circulators tend
towards a flow reversal. Five temperatures are plotted showing
the maximum cladding temperatures of the core centre, which is
represented by the centre link, the maximum cladding temperature
of the innermost radial blanket 1link, and the temperatures of
the core inlet and outlet plena. As the flow reverses, the
temperature of the inlet plenum exceeds that of the outlet
plenum because the mass flow now leads from the outlet plenum
to the inlet plenum. The guasi-steady natural convection mass
flow is 3.4% of the design point value, the power level in the
core is smaller than 3.4% at time = 200 sec. The maximum
cladding temperatures occur at time = 180 sec. The results can
be effected by the flow resistance of the loops which should

be as low as possible especially outside the core. At

time = 180 sec the flow domain is at the lower end of the
transition region and the cladding roughness is still effective
producing a roughness multiplication factor for the Nusselt
number of about 1.18. It is clear that at slightly higher flow
resistances in the loop, the roughness is of no help any more.
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8. Conclusion

For predisassembly accidents of GCFRs the PHAETON2 computer
code has been proved practicable and most accurate. Questions
about computanional methods only arise where design data are
not available and must be supplied by theoretical assumption
(such as pressure drop coefficients in the channels outside
the reactor, circulator characteristics at low speed). As
natural convection is one of the topics in calculating the
shut-down heat removal of GCFRs, it should be noted that global
convection phenomena can be calculated accurately, but local
effects cannot be considered by a one-dimensional model. The
analyses of the dynamics with only natural convection as the
driving force require high precision. In such cases the system
is very sensitive to disturbances so that misleading boundary
conditions, such as the mass flow generation of a running-down
circulator, can produce unrealistic results. For most other

cases there are no such problems.

Looking at the depressurization accident with scram, the back-up
pressure has proved to be most important. Whilst the history

of the beginning of the accident can be changed considerably

by the control system available, the problematic temperatures
occur beyond a time interval of 6 time constants, beginning with
the start of the accident (one time constant of a depressurization
accident is defined to be that time interval during which the
helium pressure is reduced to 37%). To limit the maximum

cladding temperatures well below the point of failure (1700 K
nominal), 2% of the design pressure should be available as a
back-up. For this value the maximum cladding temperature
calculated could possibly vary considerably between two similar
reactors. This is caused by the flow condition in the core which
is always near the interface between laminar flow and the
transition region. In the present case, the flow stays in the
transition region which leads to rather favorablé heat transfer
coefficients.
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For the flow-coast-down accidents the inertia of the circulator
shaft has proved to be most important. The first 50 seconds of
an accident can be totally different as a function of a
variation of inertia. For most accidents we can assume that
there is still water available to lubricate the shaft so that
for the first 20 minutes of such an accident we can rely on._a
back-up velocity of the shaft. The value of this velocity
determines the second part of the accident with a second maximum
of cladding temperatures. The value of 200 rpm is not sufficient
for the present reactor, but with 300 rpm the maximum temperatures
are well below the point of failure.

Looking at a flow-coast-down accident without any circulator
back-up velocity but with an increased effect of natural
convection, we state that the heat sink of a primary loop.
must be raised substantially above the heat source of the
reactor to produce mass flows which are able to remove the
shut-down heat sufficiently.
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Nomenclature

a thermal diffusivity (mz/sec)
blackbody constant
specific heat capacity (kJ/(kg K))

Sp specific heat capacity at constant volume (kJ/(kg K))
Cy specific heat capacity at constant pressure (kJ/(kg K))
cy concentration of the precursors of group i
dy hydraulic diameter (m)
dg pin diameter (m)
F‘ vector function
F cross section area (mz)
g gravitational acceleration (9.81 m/secz)
G(h+) heat transfer function of the roughness
ht non-dimensional roughness height
hg roughness height (m)
i enthalpy (kJ/kg)
effective multiplication factor
ky thermal conductivity (kW/(m K))
Kp axial expansion reactivity constant
Kp Doppler reactivity constant
KR radial expansion reactivity constant
KH helium density reactivity constant
Ky friction force per volume (kJ/m4)
1 effective life-time of the prompt neutrons
m mass flow (kg/sec)
M momentum (kJ)
N power (kW)
Nu Nusselt number
p pressure (k3 /m3)
Pg pitch of the pins in hexagonal arrangement (m)
Pr Prandtl number
P pressure ramp dp/dt (kJ/(m3 sec))
q heat flux (kW/mZ)
Ay power per fluid volume (kw/m3)
r radial distance (m)
R gas constant (kJ/ (kg K))
Ry, thermal resistance fluid-wall (m K/kW)

Re Reynolds number
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R(h+) friction function of the roughness

t time (sec)

T absolut temperature (K)

T* temperature see page 32 (K)
T temperature ramp (K/sec)

u internal energy (kJ/kqg)

\Y4 volume (m3)

v volume flow (m3/sec)

w velocity (m/sec)

X axial distance (m)

Y vector of state

A speed of the shaft (1/sec)

a heat transfer coefficient (kW/(m2 K))

B8 effective part of delayed neutrons

Y angle of the axis in respect to the horizon

A step interval

€ radiation emissivity

4 drag coefficient

n dynamic viscosity (kg/(m sec))

0 mass momentum of inertia (kJ secz)

A Weisbach friction factor, decay constant

v number of neutrons

p density (kg/m3)

Py reactivity

w angular velocity (1/sec)

wR heat transfer parameter in a helium node, page 30 (1/sec)

wp heat transfer parameter in a steam node, page 33
(kw/ (kg K))

Subscripts

A exit

E entrance

i i-th node, i-th element, i-th group
L Last time step

st steady state

tr transient
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REAKTIVITY DK/K CAUSED BY A TOTAL LOSS OF STEEL CLADDING

LINK-NR.
7 8 9 10 11 12 13 14 15 16

-6, T1556E-06 -6.01551é—05 ~7.96399E-05 -1.18168E-04 -1.18011E-04 —1.93568E-04% —1.51736E-04 —2. 5T726E-04% —1.60664E-04 -1.688424E~04

2.89818E-06 1.T2004E-05 3.32811E-05 4.6C814F-05 3.90820E-05 3.94907TE-05 9.99008E-06 —5.53405E-05 —B8.74656E~05 -2.35599E~-04
2.80553E-05 1.67439E-04 3.29670E-04 4.79382E-04 4.58476E-04 6.83810E-04 4.73422E-04 5.99456E-04 2.10992E-04 ~1.24259E-04
5.53808E-05 3.30618E-04 6.51920E-04 9.517226-04 9.16749E-04 1.38858E-03 9.81901E-04 1.31789E-03 5.37585E-04 -2.91201E-06
Te82354E-05 4.67174E-04 9.21790E-04 1.34T62E-03 1.30104E-03 1.98023E-03 1.40897E-03 1.92104E-03 8.11465E-04 9.89536E-05
9.12057E-05 5.,44582E-04 1.07498E-03 1.57234E-03 1.51937TE-03 2.31639E-03 1.65165E-03 2.26366E-03 9.67021E~04 1.56518E-04
9.12251E-05 5.44668E-04 1.07523E-03 1.57274E-03 1.51972E-03 2.31698E~-03 1.65209E-03 2.26415E-03 9.67263E-04 1.56€550E-04

7. 82868E-05
5.54504E-05
2.81239E-05
2.94167E-06

4.6748B6E-04
3.31037E-04
1.67935E-04
l. 74594E-05

—6.6T655E-06 -3,99644E-05

17

LINK-NR.
18

9.22417E-04
6.52690E-04
3.30456E-04
3.37986E-05

-7.92369E-05

19

1.34850E-03
9.52905E-04
4.80504E-046
4.68353E~-05

l.20199€E-03
9.17921E-04
4.5G5591E-04
3 .98094E-05

—1.17474E-04 -1.17349E-04

1.98159€E-03
1..39045E-03
6.85551E-04
4 .04908E-05

-1.92508E-04

1.40998E~-03
9.83273E-04
4. T46T73E~04

l. 9224 8E-03
1.31984E-03
6.01313E-04

8.12123E-04
5.38471E-04
2.11872E-04

1.07990E-05 ~5.41818E-05 -8.6916CE-05

-1.50921E-04

9.92697E-05
-2.59699E-06
-1.23980E-04
—2.35399E-04

-2456428E-04 —1.59866E-04 -1.87493E-04

8L

-4.84816E-05 —6.00966E-06 -7.22222E-07
~2.96167E-04 —3.45053E-05 -3.77270E-06
~5.76507E-04 -T7.38783E-05 -8.45436E-06
-7.03873E-04 -9.17425E-05 -1.06525E-05
~5. 76860E-04 -7.39295E-05 ~-8.46046E-06
~2.96T21E-04 -3.45661E-05 -3 .T7848E~06
—4,82331E-05 -5.99134E-06 —~T7.20496E-07

EACH VALUE IS AN AVERAGE IN A NODE FORMED BY THE PHAETONZ-MODEL.

LINK 7 YO 16 REPRESENT CORE LINKS WITH 1 NODE FOR THE UPPER AND LOWER AXIAL
BLANKET AND 10 NODES FOR THE CORE REGION INBETWEEN. LINK 17 TO 19 REPRESENT
LINKS OF THKE RADIAL BLANKET WITH THE UPPERMOST AND LOWERMOST NODES OF THE
SAME SIZE AS IN THE CORE REGION. THE 5 NODES INBETWEEN ARE TWICE AS LONG AS
THOSE IN THE CORE REGION.

Fig.12 ©Steel cladding reactivity worths



Subassembly characteristics

(first velue: core subassembly, second value: blanket subass.)

number of subassemblies in the inner core region
number of subassemblies in the outer core region
number of subassemblies in the radial blanket region
thickness of the hexagonal subassembly wall

spanner width of the subassembly wall

number of pins in a subassembly

diameter of the pin

pitch of the pins in hexagonal arrangement

hydraulic diameter

radius of the zero-shear-stress line of the
equivalent annulus

diameter of the pellet
thickness of the steel cladding
Nusselt number of the fully develloped laminar flow

Weisbach friction factor of the laminar flow
multiplied by the Reynolds number

length of the smooth section of the cladding
length of the rough section of the cladding

length of the upper and lower axial blanket
(smooth surface

height of the rectangular two-dimensional roughness
width of the rectangular two-dimensional roughness
pitch of the rectangular two-dimensional roughness

Reactivity values

reactivity constant of axial expansion
reactivity constant of radial expansion
reactivity constant of helium density variation

85

108

180

4mm

189mm
271/169
8.2mm/13.1mm
11mm/13. 7mm
7.+79mm/3 . 37mm

5.78mm/7.19mm
7 o 14mm/11 . Omm
«53mm/ . 6mm
9.54/2.7

27.63/15.76
444 . 3mm/1481mm
1036.7mm/ . omm

6oomm
<lmm
-1mm
. 7mm

K,=-2.27+1078
Kp=—7.47+1078
Ky=—4.471x1072

Doppler reactivity % %% = ,082 T-32 - .008 T-1
weighting factors for the Doppler feedback:
inner core region 4939
outer core region .2250
total blanket .2811
Fig.13 DMain

Design point characteristics

maximum linear power in the core centre

axial form factor

radial form factor

thermal power of the core and the blanket

thermal power of the core

power of all helium circulators

helium inventory

maximum helium pressure

total pressure drop of a loop with the core

pressure drop in the core

total helium flow through the core

core inlet helium temperature

mixed medium core outlet temperature

total steam flow through the heat exchangers
feedwater pressure

feedwater temperature

hot spot factor of the helium temperature difference
hot spot factor of the heat transfer fluid-wall

hot spot factor of the heat generation in the pellet

Constant properties

specific heat capacity of helium

ratio of specific heat of helium

Prandtl number of helium

gas constant of helium

density of the pellets

density of steel (cladding, subassembly wall)
thermal conductivity of the pellets

thermal conductivity of steel

specific heat capacity of the pellets
specific heat capacity of steel

data of the 1000 liWe reactor

42,9 kW/m
1.25

1.09

2779 MW
2644 MW

148 MW
10156 kg
120 bar

6 bar

5 bar

1868 kg/sec
547 K

832 K

1088 kg/sec
209 bar
443 K

1.17

1.39

1.47

5.22 kJ/(kg K)
1.667

0.667

2.078 kJ/(kg K)
9113.4 kg/m>
8000 kg/m3

1.9!10'2 xW/(m K)
2.284x10™2 Kil/(m K)

3349 kJ/(kg K)
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