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ABSTRACT

A linear analytical dynamic model is developed for steam cooled 

fast power reactors. All main components of such a plant are investi

gated on a general though relatively simple basis. The model is distri

buted in those parts concerning the core but lumped as to the external 

plant components. Coolant is considered as compressible and treated 

by the actual steam law.

Combined use of analogue and digital computer seems most attrac

tive .
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1. INTRODUCTION

As power density in modern reactor systems increases and their 

designs become less conservative, the need for reliable dynamic investi

gations increases accordingly. These become inevitable when studying 

new systems such as steam cooled fast breeders. There are four fea

tures typical of the latter systems which have bearings on the dynamic 

behaviour and which prevent a direct application of previous models.

- High core power density

- Short neutron life time

- Fast and strong coupling between core and external plant 

in case of direct cycle systems

- Equation of state for saturated and superheated steam

The first two items represent a general difference between fast 

and thermal reactors and cause the faster response of fast reactors 

to perturbations. (Compact core design, thin fuel rods.) Another con

sequence of high specific power is the large coolant temperature rise 

along the core so that assumptions of constant material properties fre

quently employed in linear models for thermal reactors do not apply.

The third item reflects the main difference between a steam and 

sodium cooled fast breeder. The external plant - defined in this con

text by all those components outside the core which affect the dynamic 

behaviour of the entire plant to an appreciable extent - of a sodium 

cooled breeder consists of a heat exchanger. Slow and damped responses 

result from its large heat capacity.

The fourth item finally characterises differences between steam 

and helium cooled fast systems. The simpler equation of state and no



risk for two-phase operation imply simplifications for the helium 

cooled breeder.

An extensive list of references on fast reactor kinetics is given 

by McCarthy and Okrent U \ It is obvious that sodium cooled systems 

have received most interest [2-6]. The weak coupling between core 

and external plant, the relatively simple external plant and the ade

quacy of considering sodium as incompressible constitute the main 

reasons why the above mentioned models cannot be applied to steam 

cooled breeders. Helium cooling is treated by Fortescue et al. [7 ]

The model employed is non-analytical; more precisely, the partial 

differential equations describing the core dynamics are solved by the 

difference technique. This approach is chosen in other references [2,5] 

too.

An early paper on steam cooled fast reactors was published by 

Schmid [8 ]. His model's main shortcomings are the oversimplified 

description of coolant temperature and density and the heat removal 

system. Results of dynamic calculations performed at Karlsruhe [9-12] 

are based on a non-analytical model which is to be published.

The model to be presented here is an attempt to avoid the in

sufficiencies of previous models. It is analytical to take advantage of 

savings in computational time capacity.



2. SCOPE OF THE MODEL

2, 1 Brief description

The dynamic behaviour of a steam cooled fast reactor plant de

pends on the plant design and operational conditions. Input data to a 

dynamic model has consequently to refer to these two directly. As 

there are several possible arrangements of the main plant components, 

one of them is shown in Fig. 1 , it is convenient to treat these compo

nents separately.

The external plant may be conceived as a system which may be 

influenced by core coolant mass flow and enthalpy and which responds 

by pressure and temperature. Thus the problem of determining the 

entire plant behaviour consists of:

- Calculation of fuel and canning temperatures. These are af

fected by nuclear power, coolant temperature and mass flow

- Calculation of coolant temperature and density as a function 

of heat flux, inlet temperature and pressure

- Calculation of net reactivity to which core feedback effects 

and external perturbations contribute.

A schematic block diagram is included in Fig. 2.

2. 2 General assumptions

The model is linear and distributed as far as the core is con

cerned but lumped as to the external plant. The core is repre

sented by an average channel consisting of fuel, gap, canning and cool

ant referred to by subscripts 1 to 4 respectively. Material properties
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are assumed constant only in the fuel rod. The compressibility of the 

coolant is accounted for. In all those expressions containing kinetic 

and inner energy terms the former are neglected. For the neutron flux 

separability in space and time is postulated.

3. CORE DYNAMICS

3. 1 Reactivity and nuclear power

In most dynamic calculations for both thermal and fast reactors 

the kinetic equations are employed to determine powe;

dN
dt

r . , - N # * *
[k(l - (3) -1 ] -j—1EX.C. + S 

u J J
0)

dC.

dt
= - X*c7 + p. k —

J- J J t (2)

The symbols have their usual meaning and the asterisk is applied 

because X, C and S are reserved for heat conductivity, heat capacity 

and surface, respectively. Values for X , (3, t may be found in the 

work of Paxton and Keepin [l 3 ]. The effective multiplication factor 

varies due to external perturbations 6k j., (e.g. by control rods) and 

due to temperature and density changes in the core (reactivity feedback 

effects).

Several reactivity effects occurring in a fast reactor have been 

discussed [l ]. Their relative importance in a given reactor depends 

on its design. It appears that Doppler reactivity, 8k ^ and reactivity 

due to coolant density 6k^ and possibly thermal expansion of the clad

ding 6k^ are of major interest in a steam cooled fast reactor.



Thus,
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k = 1 + 6k, + 6k- + 6k + 6k1 3 4 ext (3)

The various feedback reactivities are space integrals of the

form

6k = Hi V J* §(r-z) 6x(r,z,t)dV (4)

V

where x represents either temperature T or density p, and the local 

reactivity coefficient is written as the product of the total coefficient 

and the normalised distribution.

Nordheim U 4 ] gives an excellent account of the Doppler coeffi 

cient which is inversely proportional to T^, where n is close to 1 for 

soft spectra. Greebler and Hutchin D 5 ] showed that the actual Doppler 

coefficient may be approximately 20 % larger than the isothermal co

efficient (g(r, z) = 1). With regard to uncertainties in the determination 

of the isothermal Doppler coefficient we simplify eq. (4) for the reac

tivity due to fuel temperature changes to read

6Mt)=^r 6T,(t) (5)

where 6T. is the average fuel temperature deviation from steady state

dkand includes the properly weighted Doppler effect and fuel expan-dl i

sion. Similarly we describe the reactivity effect of canning thermal ex

pansion by

6k, (t) dk
ST- 6T,(t) (6)
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The influence of coolant density changes on reactivity is cal

culated from

6k4(t) = 8k
dP4

z4
J g(z) 6p(z,t)dz=J^ Sp'(t)
n 4

(7)

The integration extends from core inlet to its outlet (z^) of the average 

channel, p is referred to as weighted density.

3. 2 Core temperatures

An analytical solution for the fuel, canning and coolant tempera

ture has been derived by the author elsewhere Cl 6 ]. The results to be 

given here are obtained for material properties constant in the fuel 

rod only, spatially invariant heat transfer coefficient (canning - coolant) 

and read

6T,(s) = UN(s) - Sq, (s)] (8)

6Tg(s) }— [fiq, (s) - 6q-(s)]
C3S

(9)

6T4(s) N Y, [=
Y.

c4.W4 ^6 ^Y,4Y^
6N(s)

N 0 -
vY4 6W (s)

)ir-]
r3 Y2+Y3

+ Cy? + sYg] 6p4(s) + Y9 6T4.(s) (10)

The total heat flows from fuel to canning and canning to coolant 

entering the equations for the average temperatures are calculated

from
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6q, (s)

6q3(s)

N [Y,«^ + ^(^.f£l6T4(s))] „„
Y2+Y3 -I N

r. 6W.(s) S a
S Ly5iMd+Y47L(,-4 3 3

W4 N
- 6T»)] (12)

The yy s in eqs. (8) till (12) are (space independent) transfer 

functions summarised in Appendix A. c, r, S denote specific heat,

radius and surface, respectively where the subscripts 1 , 2, 3, 4 refer
*

to fuel, gap, canning and coolant as already mentioned, a^ is a dyna

mic heat transfer coefficient which is p times the static coefficient. 

Finally p and v are exponents describing the relationship between heat 

flux, mass flow and temperature drop

q3(z,t)
W (t)

const ----- ]V[AT
34

(*.t)]“ (1 3)

Apart from the average temperatures, the exit coolant tempera

ture is needed for its influence on the external plant. The proper equa

tion is similar to the equation for the average temperature see eq, (10)

6T„(s) N
*4i*4 6o

6N(s)
Ti '

vY4 ^ 6W4(s) 
Y2+Y3> W4 ]

+ [Y7o + sY8o] $P4<s> + Y9o 6T4i<s> 04)

The transfer functions Y^q, i = 6, . . ,9 are related to Y^ as is shown in 

Appendix A.
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3. 3 Coolant density

Local coolant density or specific volume is a function of tempera

ture and pressure and may be calculated from the equation of state 

p = p(T, v). For small variations

(1

where the dimensionless constants

VP
. Z A 

p 'dv'T (16)

vT
_T
P #)v 0 7)

have been introduced. These become unity for an ideal gas and are

displayed in Figs. 3 and 4 for H^O steam. The equation of state

has been taken from VDI tables [l 7 ]. v and v_ are related to v in-
p 1 v

troduced previously [l 6 J by

vT v v 
P V

(18)

Since appreciable deviations of both and from unity occur at high 

pressure and close to saturation temperature the necessity of using 

the proper steam law instead of the gas law becomes obvious.

The weighted density change as needed for feedback reactivity is 

obtained by substituting eq. (1 5) into eq. (7) and becomes



- 11

^4 _ 1 7^4
Sp^t) = ^ 6P4(t) - — J ^f"(z) 6T(z,t)dz^4 % &T

(19)

whe re

cSP 4
3p

= J_ J g(z)p(z, o)
z4 * vp(z, o)p(z, o)

dz (20)

dp4(z) = ’"dT^/ - TfzTo) g(z)P(z,o)vv(z,o) (21)

The integral in eq. (1 9) is seen to be a weighted temperature with
5P4

dT

as weighting function. Its calculation is performed elsewhere [16 3 and 

results in an expression similar to that given for the average tempera

ture i. e.

6T>) = N r vY 8W (s)
r—5  msi _ o „ -i ^ ,
LV 4-V 1\T v - v 4-V '"4i^4 ^ N r3 Y2 + Y3 W4

+ (Y? + sYg) 6p4(s) + Y9 6T4.(s) (22)

The transfer functions Y\ , i = 6, . . ,9 are dealt with in Appendix A. 

Eq. (1 9) may thus be written as

 dp, 
6P4(s) = Sp4(s) - 6T4(s) (23)
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4. PLANT DYNAMICS

In this chapter the most important components of a steam cooled 

fast reactor plant are described without combining them in a specific 

flow diagram.

4. 1 Steam dome

Both above and below the core large volumes of steam may exist 

that primarily determine the transient reactor pressure. Given the 

flow and its enthalpy at the inlet, the pressure, temperature and en

thalpy of the steam dome are calculated from the volume, mass, energy 

balance and the equation of state. Omitting arguments they read:

dV = d(mv) = o (24)

= W. - W dt i o (25)

&
|o

.
1--

1

1? i ii 1 3 o tr o (26)

The equation of state is given by eq. (1 5). Linearising and com

bining eqs. (24) to (26) and applying Laplace transformation yields

6h(s) = -----— [6h.(s) + s 6p(s) ] (27)

1 + W.S 1

Specific enthalpy is related to temperature and pressure as follows

6h = c 6T + v(l - \?v) 6p (28)
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whe re

v may be expressed in terms of and as shown in eq. (1 8). Uti

lising eq. (28), the temperature is obtained from

~ (—) v '3T'p

6T = — L6h + v(v - 1 ) 6p ] (30)

Finally pressure is calculated from eq. (1 5) with the aid of eqs. (24) 

and (25)

i£ =
P

v W. 
P i
ms

6W o
W. ) + v 6T 

T Ti
(31)

The outlet flow from the steam dome to the following component is 

determined by the pressure there so that eqs. (27) to (31 ) completely 

determine the dynamic behaviour of the steam dome.

4, 2 Steam generator

The dynamics of the steam generator are more involved and de

pend on its actual design and operation. The basic problem consists 

of transferring the energy of the superheated steam to the feedwater 

so as to produce slightly superheated steam. The two technical meth

ods of achieving this are either to spray feedwater into hot steam 

(spray type steam generator) or to blow hot steam through feedwater 

(Loffler boiler). An attempt is made to find a theoretical description 

that includes both alternatives. For this purpose consider the sketch 

of the steam generator as shown in Fig. 5.
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The water (denoted by an asterisk) and steam in the steam gene

rator are schematically divided into two different volumes and it is
* * *

assumed that only a part (Wh - w ) of the feedwater flow W\ exchanges 

its energy with the superheated incoming steam, W.. The rest wq is 

added to the water. Further energy exchange is accomplished by

condensation of less superheated steam, w , and evaporation of water,
*

wu. The spray type steam generator is thus simulated by w^ = 0 and
* # _

the Loftier boiler by w = W. . No restriction is made on the state of 

the steam leaving the generator which may be saturated or supersatu

rated.

As in section 4. 1 we make use of the volume, mass and energy 

balances for both steam and water and obtain;

(mv m v ) = 0 (32)

dm
dt Wi+ <wi' w ) - w + w. - W o' o 1 o (33)

dm * ,——— = w + w - w. dt o o l (34)

d_
dt Lm(h-pv)] = "Whin + (W\

* * to
w)h. - wh+w.h - W h o' 1 o 1 o (35)

d . ^ to -/■ * #
-r— (m h ) = w h.+w h-w.h dt v ' o i o i (36)

Further, the specific enthalpy depends on pressure and tempera

ture as given by eq. (28) which may be simplified for the water phase

6h = c 6T (37)
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Finally, the equations of state read

6£
P

6T
T P V

6v
•it

dv
ST ST

(38)

(39)

It is pointed out that these equations are not sufficient to deter

mine the transient behaviour of the steam generator. Further equa

tions describing the heat exchange between steam and water phase are 

necessary but these are subject to the detailed design. The following 

relations are more intuitive and have to be verified or revised by 

proper experiments.

That volume of the feedwater which does not come in contact with 

the hot steam is (for a certain design) likely to be dependent upon pres

sure, steam and feedflow (velocity effect) and temperatures. For small 

variations we may thus postulate

6w = o

dw

aw.

# *
* dw dw dw

^i + -aW^i + -ar%)+ °
dw

*

dT. 6Ti + *
*

6T. (40)
dT.

Similarly, a relation of the same type might hold for the condensing 

steam where pressure and the temperature difference between steam 

and water may be of major importance.

6w o

dWo

dT

dw o
*

dT
6T +

dp
5T + 6p (41)
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Finally, the evaporating water may be considered as depending 

on the temperature difference between its actual temperature and the 

saturation temperature.

dw. #
=TF-(6T - 6Tsa() (42)

where

dT
6T sat

sat dp 6p (43)

Given the flows and enthalpies at the inlet of the steam generator, 

the pressure and enthalpy at its outlet may be determined. The only 

variable that is still unknown is the outlet flow since this depends upon 

the pressure in the following component.
# *

Linearising eqs. (32) to (36) and eliminating v, v , m, m
*

and h yields:

W.
6h =

uwTTs
O O

h. - h
W + w u“i ' W + w k^i + 

o o o o

* * * * *
Wi'wo * h"hi * mvs h-hrpv *

+ W +w 6hi " W +w 8Wi + W+w 6p+ W+w 5wo 
oo oo oo oo

*

o o o o W + w o o
6T } (44)

*
6T =

w

1 + m
w.

i

IT Hr-
c w. 1

tt
6ln +

w

c w. 1

5h.^6w%J-h■M-

C W. w.1

(45)
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Substituting eqs. (33), (34) and (38) into eq. (32) yields

, v(W+w) mv __* ^6p _ Px o o'_______ r______ v________ _ , m_______ dv
p ——— v (v -1 )pv T(W + w ) (W + w )v &T
^ r , Tv v i p ' o o' ' o o'ms LI-------—^---------J ^

P

# *
8W.+ 6W. - 8W * 5w. - 6w - 6w, 1 i o , v-v 1 o o i

+ ----t.r -------- +-----------t.r—: --------  JW + w o o W + w o o
(46)

The eqs. (28) and (40) to (46) form a complete set of equations
# *

for the variables h, p, T, T , T w , w. and w . No further elimi-r sat o i o

nation is made partly because the variables are needed in the further 

calculation and partly due to the preliminary character of eqs. (40) and

(42).

Finally it is pointed out that in a. system where both the water and

steam phases are assumed to be at saturation during any transient, the 

partial derivatives and -j~- in eqs. (41) and (42) become uniquely

defined due to the fact that both enthalpy and temperature are only 

pressure dependent. In this case these coefficients need not be deter

mined from experiments.

4. 3 Compressor

As will be shown below the problem of determining the dynamic 

behaviour of the compressor may be reduced to the solution of two 

characteristic equations and the momentum balance equation.

The first characteristic equation relates the outlet pressure of 

the compressor to inlet pressure, temperature, flow and speed and 

depends obviously on the special design. Traupel [l 8 ] shows that the 

pressure ratio
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n = £o

Pi
(47)

most generally is a function of only two normalised variables § and £ 

defined as

5(t) =
W(t) Pi

w

C(t) =

whe re

j/t) K
H- 1

(48)

(49)

(50)

Subscript i refers to inlet, o to outlet and n, W, k denote speed, mass 

flow and the isentropic exponent, respectively.

Consequently, the first characteristic equation may be written as

n = n(§, c) .(5i)

Similarly, it is found that the internal efficiency T] may be expressed by 

the aid of H and Q so that

T| = ll(n,C) (52)

which forms the second characteristic equation.

The internal efficiency is defined as the ratio of the "total" en

thalpies for isentropic and polytropic compression. Since the "total" 

enthalpy is composed of the specific enthalpy, h and kinetic energy,
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2
where the latter term is small compared to the former, no serious 

Z 2
error will be introduced when neglecting in the internal efficiency 

which thus becomes

*
h - h.

” = ivN <53)

The isentropic enthalpy increase may be written as

h- 1
h* - h. = c T.(n K - 1)
Oil' ' (54)

Eqs. (51 ) to (54) will be used to calculate the pressure and speci

fic enthalpy at the compressor outlet. After linearisation and substitu

tion of eqs. (47) to (50) and eq. (38) into eqs. (51) to (54) we obtain

6po(t) 6p.(t) 
Po ~ = Pi

(55)

6T.(t)

T.
Vvi(ns! ' n ff)] + sw(t) i an 

w n s:
+ Mil £. M 

n n sc

6hQ(t)- 6h.(t) 6po(t)

h - h. o 1

H-l 1 S BH] + 
ti sn J

i - n

6p-(t)
[- K-1 1 2 22 _ I (_!_

Tt -s rr 7 V <,i -h n sn 2 vv !— pi
l-n K

(56)
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It is seen that in this linearised form only 4 constants of the

characteristic curves have to be specified. These are the slopes of

pressure ratio and efficiency with respect to the variables §, Q and H.

By the aid of eq. (30) the outlet temperature may be calculated

since 6h and 6p are given above, o *o

The compressor speed has to be determined from the momentum 

equation which reads for the turbo compressor

(Jt + Jc) ^ = 5Mt(t) - 6Mc(t) - 6^(t) (57)

the subscript t refers to the drive turbine and £ indicates loss. The 

loss torque is often expressed as .

. 0 , n(t)where a»0 .. for ' 'vZ finite n 0. 7

(58)

(59)

Both the compressor and turbine torque are related to power and 

speed by

M(t) = (60)

which reduces to

6M(t) _ &N(t) &n(t) . .
M N n VO' )

for small deviations from the corresponding steady state value.
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As the specific kinetic energy was assumed to be small compared 

to the specific enthalpy, the power depends only upon flow and the en

thalpy so that

6N
N

6W 
~ W

(62)

This completes the set of equations determining the compressor.

In summary it is seen that eqs. (55) to (57) determine outlet

pressure, enthalpy and the speed if the state variables at the inlet and 

the flow is specified. The torques in eq. (5 7) are given by eqs. (58), 

(61 ) and (62).

4. 4 Turbine

The procedure for determining the dynamic behaviour of the turbine 

is very similar to that used for the compressor and applies both for a 

back pressure and condenser turbine.

Both types of turbine occur in a steam cooled fast reactor power 

plant where the drive turbine will be of the former and the main turbine 

of the latter type.

Following practice in turbine techniques the pressure ratio is de

fined as

nt (63)

and the characteristic equation is written in the following form, ll 8 ]

S = S(nt, C) (64)
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6, and £ have the same meaning as for the compressor, see eqs. (48) 

and (49).

The internal efficiency for the turbine is defined as

h. - h
\s-*-TT 

z h.-h 
1 o

(65)

and the characteristic equation for T] reads

^ - W c> (66)

Following the same procedure as in section 4. 3 eqs. (64) and (66) 

are solved to give:

=. \ ^oW. + L, 4 as + n, + ,)]

w 5 p. T "dir + + I

(67)

6hi(‘)- 6ho<l> 6po(t) r nt 8T|t K-l 1

h.-h 
1 o

r t t , h-i i i ,
ai^ + ——ci— 1 +

V - '
6Pl(t) A 8Tlt H 

+ —[Y^7 +

+ ^L, -1 i. +

n * - i
t

(68)

T.
i

2 d£ viJ n 7H d£
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The power and torque delivered to the compressor or generator 

are found in eqs. (62) and (61), respectively. They are valid for con

stant mechanical efficiency.

For the main turbine it may be adequate to assume constant speed 

and thus a momentum equation of the form of eq. (5 7) becomes trivial.

We have thus established a set of equations that completely de

termines the turbine. As for the compressor only four slopes of charac

teristic curves need be known in order to calculate the dynamic be

haviour of the turbine for small perturbations.

4. 5 Heat exchanger

The heat exchanger in a steam cooled fast reactor plant does not 

play the same prominent rdle as it does in a sodium cooled system. It 

is mainly used as reheater and may present some complications as far 

as its dynamic description is concerned as will be explained. In con

trast to heat exchangers used in thermal reactor systems a large tem

perature drop may occur on the primary side of the reheater and 

the compressibility of the steam and space dependence of density, spe

cific heat and velocity must be accounted for. Similar conditions may 

also apply to the secondary side of the heat exchanger.

Gyftopoulos and Smets [] 9 J, Eurola [20 3 treated the dynamics of 

heat exchangers mainly in view of an application to thermal reactors 

and the above mentioned specific features are not included. Direct use 

of these calculations may be made by dividing the heat exchanger into 

a few subregions and applying the models to them. Also to account for 

the steam compressibility the previous models have to be revised.
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4.6 Pipes and valves

The main dynamic effect of the pipes interconnecting the different 

components of a large steam cooled fast reactor power plant is of 

smoothing and delaying nature.

The delay is simply a matter of tube length and area and steam 

velocity. Smoothing occurs due to compressibility, heat losses and flow 

regime of the steam. We assume the heat losses to be small and the 

radial velocity to be constant.

Large pipes may be treated by the methods developed for the 

steam dome, see section 4. 1 , where the compressibility of the steam 

is properly accounted for. Otherwise, a sufficiently accurate model 

should be

6hQ(t) = 6h.(t - 6) (69)

6P0(t) = 6Pi(t) (70)

6WQ(t) = 6W.(t) (71)

where 6 is the steam transit time through the pipe. Outlet temperature 

and density are then determined by the aid of eqs. (30) and (1 5), res

pectively. For short transit times a further mathematical simplifica

tion is justifiable:

6hQ(s) = e"9s 6h.(s) Qs 6h.(s) (72)
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It is noted that eq. (70) does not necessarily imply no frictional 

pressure drop along the pipe. However, we shall make this assumption 

and represent the pressure drop at adequate places. Thus it is reas

onable to lump the pipe's frictional pressure drop into a valve at the 

outlet of the pipe.

The pressure drop through a valve may be calculated from 

P 1 l~, P H-l V / p>
W = A(—)h J— [1 - (~) h ] V2^- (73)

i

A is the area of the valve.

For small perturbations and for « 1 we obtain

6W(t) _ 6A£t) I,, 2 Pj~ Pp, ^Pj(t) - 6Po(t> ^ 1
W A 2 ' " H p. > p.- po 2 P. (74)

Since we did not consider heat losses

6h^(t) = 6h.(t) (75)

Eqs. (74) and (7 5) determine the valve completely.

5. APPLICATION

So far, the dynamic behaviour of the most important plant compo

nents has been calculated based on the assumptions that the state at 

the inlet is known. When investigating a specific plant design the various 

components are interconnected essentially by stating that a variable at 

the inlet of a component is identical to the variable at the exit of the
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preceding. The set of equations derived in sections 3 and 4 supple

mented by the identity statements may be solved with either the "accu

rate" transfer functions or approximations of the form

^ ^ (1 + t] s)(l + Ty). . .
Y = A (1 +t2s)(1 +t4s).. . (76)

The latter is convenient for analogue computers and may be obtained by 

the aid of a digital computer programme when the accuracy and the fre

quency range is specified. By this procedure the speed and flexibility 

of an analogue computer is combined with the accuracy of a digital com

puter.

The model has been applied to different plant designs for various 

operational conditions. For further details reference is made to a 

separate report [21 ].
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NOMENCLATURE

A area

C heat capacity

C concentration of delayed emitters

c specific heat

g weighting function

h specific enthalpy

J inertia

k effective multiplication factor

t neutron life time

M " torque

m mass

N power

n speed

p pressure

q heat flux

r radius

S surface
#

S source

s Laplace variable

T temperature (absolute)

t time

V volume

v specific volume

W, w mass flow

Y transfer function

- 31 -

z axial coordinate
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a heat transfer coefficient

P delayed neutron fraction

6 denotes deviation from steady state

£ variable defined by eq. (49)

T] internal efficiency

6 transit time

h isentropic exponent
•it-

X decay constant

p exponent in eq. (1 3)

v exponent in eq. (1 3)

vv, v vT normalised slopes of state variables as defined by 

eqs. (29), (16), (17) respectively

| variable defined by eq. (48)

n pressure ratio

p density

t time constant

Subscripts:

1 refers to fuel

2 " " gap

3 '• " canning

4 " " coolant

i " " inlet

o " " outlet

Note: In order to achieve a clear and simple denotation we define the 

use of arguments as follows. 

f(t) time dependent function 

f(s) Laplace transform of f(t)

f = f(t = 0)
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APPENDIX A

Summary of transfer functions for local and weighted temperature

Of the transfer functions Y^, i = 1 , 9, determining both local

and weighted temperature one group, namely Y^, i = 1 , . . . 5, does not

depend on coolant properties and is thus common to both local and

weighted temperature in contrast to the remaining functions. For spa
*

tially constant heat transfer coefficient a^ the functions were shown 

to read [16]

Y1 5 vfv ^"3 = 3= yn(“3r3' +a3 WV3’ ?r)] <’)A
3

_ rlY2 B 7^1 0<hr2' + a3 4 ^oo<U,3P3' Tj)
(2)

r, PiC, s i
Y* = [yol (rl V1) + ------ =5------ Y

2 *13 1 (3)

Y . =
• r r p c r r p c s

Vl n(^r?’”) + 2 — ~ n ~ Yi i (“V —) Lyoi (r, “i » 1 )+ —----------14 ^ 1 0v 3 2’ r. r^ r.j c^ yl 1 v 3 3’ ry yol v 1 1 2a 1 3

(4)

Y„ = 3 ' hlol“3r3-7j)’rlo(Vz17f)
rlplcl 8

- r 2r3U}3 yn ^3^3' (5)
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where

<JU.
1 J=¥?

(6)

The y.k's are combinations of Bessel functions of imaginary 

argument, defined as

yOQ(x>a) = !0(x) K0(ax) - K0(x) yax) (7)

Y] 1 (x, a) = I1 (x) K] (ax) - K] (x) I] (ax) (8)

Y1 Q(x, a) = ax LlQ(x) K] (ax) + Kq(x) ^ (ax)] (9)

, , _x Vax>
yo< a>= 2 — (10)

The transfer functions Y^, i = 6, ... 9, read for the local tempera

ture :

Y5+i(z,s) = e"ZLL{F.(G - C’)} - L{F.(- C')}e"a3C] (11)

i = 1,2, 3

-Z-£a
Y9(z, s) = e (12)

l{ } denotes Laplace transformation with respect to the variable C* , 

the Laplace variable is ct^. Both space functions Z and are expressed 

in terms of C where

c -J CTZ(Z) dz (13)
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z

Z(C) = S a] (z) dz z = Z(C) 0 4)
o

f. (z)exp Z(z)
Fi(C) = ~er2'(i]------------ z = z(C) (15)

Finally T and cx are defined as

2nr q (z,o) c
£.^= ,v3 ^ (16)

f2<z> = dz [v4<z'°> (17)

r , , _ A4 Vv4<z’°)
3(Z) c4(z,o)W4 (18)

a(z, s) = a] (z) + a2(z) a^(s) (19)

where the general expression for o(z, s) is

(z, s)

dc4(z,o) A4p4(z, o)
+ ---- —--------  s +c4(z, o) dz W4 w4c4(z. °) r 3 Y2+Y3

(20)

The transfer functions for weighted temperatures may be written

as

~ 24
Y5+i(s) = — J g(z) Y5+.(z, s) dz , i = 1 , . . . , 4 (21 )

The integration involved in eq. (21 ) is treated elsewhere [16 3.





1 2 3 4 d

C condenser

c compressor

D, d plenum at core outlet, inlet 

G generator

g steam generator

P pump

r reactor core; 1,2,3, 4, refer to fuel, gap, canning,

coolant, respectively 

T main turbine

t compressor drive turbine

V, v valves

Fig. 1 Flow diagram of a steam cooled fast reactor power plant
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Fig. 2 Simplified block diagram of a dynamic model for steam 

cooled fast power reactors
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Legend:

superheated steam

feedwater

steam phase

steam close to saturation

water phase

W and h denote mass flow and specific enthalpy, 

respectively. The water phase is marked by an as

terisk. Of the feedwater flow only a part is assumed

to be heated up by the superheated steam at the en-
#

trance of the steam generator, the rest w is di-
& go

rectly added to the water. Steam and water exchange 

then their energy by condensation and flashing.

A spray type steam generator will be simulated by
* . * * 

w =0 and the Loffler boiler by w = W .. 
go , 1 go gi

Fig. 5 Sketch of the steam generator
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