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ABSTRACT

Potential flow oscillations in CANDU reactor primary heat transport

system are analyzed in terms of a simple, linearized model. A simple, algebraic

stability criterion is obtained. The model predictions are found to be in good

agreement with those of thermohydraulic codes for high pressure natural circulatic

conditions. For normal operating conditions the criterion predicts the correct

trend but overlooks important stabilizing effects. The model clarifies the

instability mechanism; namely the response of enthalpy and, hince, pressure in

the boiling region to flow change.
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1.0 INTRODUCTION

The CANDU reactor Primary Heat Transport System (PHTS) has the

figure-of-eight geometrical configuration shown in Figure 1 with two passes

of the coolant in series through the core. With boiling of the coolant the

potential exists for flow oscillations where flow variations in the two

subcooled regions are equal and opposite as are pressure oscillations in the

two boiling regions. Such flow oscillations were first predicted by

thermodynamic computer codes. They were then observed in the RD-12

experimental facility at Whiteshell Nuclear Research Establishment [1]. A

stabilizing component, not shown in Figure 1, consists of a pipe connecting

the two boiling regions. At the Point Lepreau reactor, the oscillations

were observed when this pipe was valved out and the primary pressure was

lowered to induce boiling. Predictions show that the flow oscillations do

not grow indefinitely but approach a limit cycle determined by the amount of

boiling in the system.

The potential for flow oscillations exists with boiling, whether the

primary flow is forced, as is normal, or whether the primary pumps are

unpowered. The latter state is abnormal and would occur only at decay power

levels. In this abnormal state a natural convective flow, called

thermosyphoning, continues over the steam generator U tubes. A typical

thermosyphoning flow oscillation predicted by the FIREBIRD-III thermo-

hydraulic code [2] is shown in Figure 2.

To explain and predict the flow oscillations, a linearized model

with extended heat sources (i.e. the core) was developed [3]. The model

characteristic equation was solved numerically to obtain stability maps for

thermosyphoning conditions in the RD-12 loop. The model characteristic

equation is, however, too complicated to obtain a clear understanding of the

instability mechanism.

In this paper, a similar but simpler model is derived for the loop

of Figure 1, but with point heat sources, (i.e. core passes of small

extent). The model characteristic equation is then solved analytically to

obtain a simple, algebraic stability criterion and the instability mechanism
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2.0 THE POINT HEAT SOURCE LINEARIZED MODEL

The point-heat-source linearized model is derived using the following

assumptions (refer to Table of Nomenclature):

1. The PHTS is represented by the simple geometry shown in Figure 3.

The core is represented by point heat sources Q.

2. A steady-state condition is defined by the values of Q, the

primary pressure P and the core-inlet subcooled liquid enthalpy

h or equivalently the secondary side temperature T . Only

those steady-state conditions for which the coolant in each

PHTS pass boils at the point heat source are considered. The

boiling region extends to the point heat sink (i.e. the steam

generator) where the coolant is subcooled. The special

condition at low pressure where the coolant is subcooled

at core exit but boils downstream because flashing is not treated.

3. The liquid in the subcooled region is incompressible, i.e. the

density p = constant ai

are spatially uniform.

density p = constant and hence the mass flow rates W and W

4. The fluid in the boiling region is homogeneous and in thermal

equilibrium.

5. Changes in corresponding variables in the two passes are equal in

magnitude and opposite in sign. Thus, perturbed flows in the

subcooled regions and perturbed pressures in the boiling regions

satisfy the relations:

* * * *
Wl = ~ W2 a n d Pl = ~ P2 '

6. Change in pressure drop in the boiling regions is negligible

because the flow change in these regions are small (in fact,

the flow change must vanish somewhere in each boiling region).
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7. The core-inlet subcooled liquid enthalpy remains constant

at its steady-state value h because of large steam
s

generator heat transfer capacity.

A detailed derivation of the model flow characteristic equation using

the above assumptions is given in Appendix A. Briefly, the equation is derived

by solving the momentum equation to calculate the response in pressure drop to

flow change in the subcooled regions. The mass and energy equations are also

solved to calculate the difference in pressures in the boiling regions resulting

from the flow change. This is then equated to the response in the pressure drop.

More specifically, the momentum equation is linearized, Laplace

transformed and integrated over either of the two subcooled regions to obtain the

pressure drop response (see eq. (A.4)):

F (S) E S 2 + 2vS (2.1)

where S is the complex Laplace parameter and v is proportional to the

single-phase friction coefficient. A pump term could also be included in v.
2

The terms S and 2vS represent respectively 1

due to subcooled liquid inertia and friction.

2
The terms S and 2vS represent respectively the changes in pressure drop

To obtain the two equal and opposite pressure changes in the two

boiling regions, the homogeneous form of the continuity and energy equations are

first linearized, Laplace transformed and integrated over a boiling region. This

expresses the pressure change in terms of flow and enthalpy changes at the

region boundaries. The enthalpy change at the core outlet is calculated from

an energy balance over the core (eq. (A.14)). The enthalpy change at the steam

generator is then simply the core outlet enthalpy change delayed by the transit

time T in the boiling region (eq. (A.20)). The resulting pressure difference

is then (eq. (A.29)):

F (S) E -y + A. (l-e"ST) (2.2)

which is equal in magnitude to twice the pressure change in each boiling region.
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The p and A terms represent respectively the difference in the

boiling region pressures due to mass and enthalpy changes in these regions,

expressed in terms of flow and enthalpy changes at the region boundaries. The

first part of the A term represents the core outlet enthalpy change and the
—ST

second part (A e ) represents that at the steam generator.

The quantity p is positive so the mass term gives a negative response.

The quantity A is also positive so the first part of the A term gives a positive

response, whereas the second part gives a response whose sign depends on the

frequency of the oscillation. For a sinusoidal flow change (S=j to) the total

enthalpy term is never negative. This term will be seen below to be destabilizing.

Equating the pressure drop response in either subcooled region

[eq. (2.1)] to the pressure difference in the two boiling regions [eq. (2.2)],

one obtains the point heat source flow characteristic equation (eq. (A.30)):

S 2 + 2v.S + y - A.(l-e~ST) = 0 (2.3)

If changes in the subcooled region pressure drop, i.e. the term

S + 2v.S, are assumed negligible, eq. (2.3) reduces to:

a - 1 + e~ST = 0 (2.4)

where a = u/A.
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3.0 SIMPLE STABILITY CRITERION

The characteristic equation (2.4) is readily solved for the divergence

parameter a and the oscillation frequency w where S = a + ju. One finds:

CO.T = n.n and o = - — In j 1-a j (3.1)

where n is an even integer (including zero) if a < 1 and an odd integer if

a > 1.

For divergent flow oscillations a must be positive and, hence,

a < 2 or y < 2A. Therefore, the mass and enthalpy terms y and A in eq. (2.2)

are respectively stabilizing and destabilizing.

From the definitions of y and X in eqs. (A.30) and (A.31) , the instabilit

criterion a < 2 becomes:

(h -h ) > -^3-1—- (3.2)
r s v r

fg

The lowest (and realisitically the dominant) frequency mode satisfying condition

(3.2) has an infinite period if a < 1 and a period 2T if a > 1. At the oscillatior

threshold (i.e. for a=0 or a = 2) the period is 2T, that is a characteristic

frequency of II/x .

The physical significance of this characteristic frequency can be

deduced from eq. (2.2). The boiling region pressure response to a sustained

(i.e.a = 0) flow oscillation of frequency u) is:

F(jio) = - y + A.(l-e"jWT ) .

At the characteristic frequency:

F(jw) = - y + 2A,

that is, the enthalpy change at the outlet of the boiling region is 180 out-
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of-phase with that at the inlet causing a maximum response in the boiling region

enthalpy. Thus, the characteristic frequency is such as to maximize the de-

stabilizing enthalpy term.

Note that the boiler secondary side temperature effectively determines

h and that the primary pressure determines the remaining quantities in eq. (3.2) .
s

For a given secondary temperature it turns out that a primary pressure exists abov

which the system is unstable, provided there is boiling in the core.

Reactor PHTS thermosyphoning depends on the system coolant inventory

(or void fraction), secondary temperature and power. Figure 4 shows the stability

threshold boundaries, at fixed power, as predicted for the CANDU-600 system by

criterion (3.2) (using PHTS pressures predicted by FIREBIRD-III) and as predicted

by FIREBIRD-III directly. The code indicates two regions of stability separated

by a region of instability (shaded area). The simple criterion captures the

upper (high primary pressure) but not the lower (low primary pressure) boundary

of the region of instability. The lower boundary coincides with the onset of

boiling in the core. Below this line, void is solely due to flashing downstream

of the core. The simple model ignores flashing and so misses this line.

The first two terms on the L.H.S. of equation (2.3) which are neglected

in deriving the criterion (3.2) depend on S(S = jw at the threshold). These

terms are negligible for high pressure thermosyphoning because the boiling-region

transit time T is large (typically 60 seconds) and, therefore, the frequencies w

are small. As the pressure is lowered, the flow increases, x decreases (see

(A.21)), and these terms, become progressively more important. At low pressures

and with core boiling, flashing of the coolant in the outlet feeders also

influences the flow stability. Flashing requires special consideration which has

not been given here.

Under normal forced flow conditions (a secondary temperature of 260 C)

criterion (3.2) predicts that a boiling system is unstable for primary pressure

greater than 5.6 MPa. However, for these conditions the neqlected terms in

equation (2.3) are important as T is small (typically 2 seconds). These terms

have stabilizing effects and render the system stable at pressure hiqher than

5.6 MPa, as predicted by the thermohydraulic codes.
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4.0 CONCLUSIONS

The simple model derived in this paper gives predictions for CANDU

which are in good agreement with the code predictions under high pressure thermo-

syphoning conditions. At low pressures much of the void in the PHTS is due to

flashing. For these conditions the model is not applicable. Under normal forced

flow conditions, the simple model overlooks important stabilizing effects.

However, the model clarifies the instability mechanism: equal and

opposite flow changes in the two subcooled regions cause equal and opposite

enthalpy, hence pressure, changes in the two boiling regions. The difference

in boiling region pressures then causes further flow change. At the instability

threshold, the enthalpy change at the steam generator inlet tends to be out-of-phase

with the enthalpy change at the core outlet. This causes an enthalpy change in the

boiling region greater than that at the core outlet thereby amplifying the

destabilizing effect.
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TABLE OF NOMENCLATURE

a : defined in eq. (A.27).
o

A ; subcooled-region (uniform) cross-sectional area

A : Doiling-region (uniform) cross-sectional area

b '• defined in eq. (A.26)

g : gravitational acceleration

h : specific enthalpy

h : ' steam-generator inlet specific enthalpy
B

h : core-outlet specific enthalpy
c

h : core outlet, steady-state specific enthalpy, defined in eq.(A.28)
o

K '• subcooled-region loss factor

£ : subcooled-region length from steam generator inlet to core inlet

£ : boiling-region length from core outlet to steam generator inlet

P : pressure

S : complex Laplace parameter

t : time variable

u : boiling region, steady-state flow velocity, defined in

° eq. (A.17)

V : boiling region volume, defined in eq. (A.12)

v •" • specific volume

W : mass flow rate

Z : spatial co-ordinate
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Table of Nomenclature (cont'd)

Greek Symbols

X •

v ••

V :

Ps :

Po :

Xo =

to :

O :

Superscripts

Subscripts

1,2 :

defined in eq. (A.31)

defined in eq. (A.30)

subcooled region friction parameter, defined in eq. (A.3)

density

subcooled liquid density

core outlet, steady-state density, defined in eq. (A.22)

boiling region transit time, defined in eq. (A.21)

core outlet, steady-state quality defined in eq. (A.28)

oscillation frequency

divergence parameter

linearized (i.e. perturbed)

(over-head bar) Laplace transformed

Special Symbol

pass 1 and 2

steady-state value

saturated liquid, vapour

linear average
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FIGURE 2 THERMOSYPHONING FLOW OSCILLATIONS IN PHTS
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APPENDIX A

DERIVATION OF POINT HEAT SOURCE MODEL FLOW CHARACTERISTIC EQUATION

The characteristic equation describing the flow oscillations in a

figure-of-eight PHTS with point heat sources is derived below using the

simplified geometry in Figure 3 and the assumptions 1 - 7 in Section 2. Positive

flow in Figure 3 is chosen to be in the clockwise direction. The derivation of

the model is as follows:

A.I Linearizing and integrating the momentum equation:

c A .p

c s

along either of the subcooled regions, say the one with mass flow rate W , one

obtains

£
c d * 2 V V

A- • dT W2 = Pl - P2 " ~K— ' W2 (A-2)

c c

where assumption 3 (i.e., p = constant) has been used and

K.W
v = - — - (A.3)

A .p
c s

The effect of pump head may be include in K.

* *
Using the relation P = - P (i.e., assumption 5), differentiating

once with respect to time (for later convenience) and Laplace transforming

eq. (A.2), one obtains

S2 + 2v.S = F(S) (A.4)

where „
cF(S) = — ~ • f̂ P* (A.5)

VW2
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2
From eq. (A.2) it is evident that the terms S and 2v.S in eq. (A.4) represent

respectively inertial and frictional pressure drops in the subcooled region. The

term F represents the difference in pressures in the boiling regions.

A. 2 The boiling-region pressure term F is calculated from the homogeneous

form of mass and energy equation and equation of state:

A "^T P + - ^ 7 W = O m a s s (A. 6)

A. p . - — h + W . — h - 0 energy (A. 7)
dt oZ

P = P(p, h) state (A.8)

In eq. (A.7) we have ignored a small mechanical work term.

Linearizing and differentiating once with respect to time and integrating

eq. (A.8) along boiling region 1, one obtains

d *
. T — <h.> (A.9)
dt 1

'h

where assumption 6 (i.e., uniformity of P ) has been used and

i / *

v - ~ ' \ pi
t/o

<PX> = - — • / P, dZ , e t c .

t/0

and 0 is taken to be at the core.

Linearizing and integrating eqs. (A.6) and (A.7) along boiling

region 1, one finds

d <o*> * * *
V • dT 1 = W 1 " W2 = " 2W2

and
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V .p . ~ <h*> = W • (h* - h*) (A. 11)
o dt l o c B

where

V E A . £ (A.12)

* *
and h^ and h are respectively the perturbed enthalpies at points just after the

core and just before the steam generator.

Eqs. (A.10) and (A.11) are then substituted into (A.9) to give

3P \ ^ W

* *
A. 3 The enthalpy changes h and h are expressed in terms of the flow

change W by using the energy equation. For a point heat source the core outlet

enthalpy is

0

Therefore, the change in the core outlet enthalpy is

* o * O *
hc = " 2 Wl 2 W2

o o

where assumption 7 (i.e., h s
= constant) has been used.

To calculate h , eq. (A.7) is linearized and Laplace transformed to

obtain
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where

W
u E -¥— (A.17)
o Ap

o

The solution of eq. (A.16) is

_* _* -SZ/u
h (Z) = h . e ° (A.18)

c

where from eq. (A.15)

T-* Q -* • (A. 19)
hc = "T W2

W
o

Evaluated at Z = I, eq. (A.18) gives the enthalpy change at the steam generator

inlet:

* *

h = h . e"ST (A.20)
B c

where

x = — (A.21)
u
o

A.4 The derivatives of P with respect to p and h in eq. (A.13) are

calculated from the homogeneous flow expressions:

p = (v, + x • v.c ) core outlet density (A. 22)
o f o rg

h = h + x • h core outlet enthalpy (A.23)
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2
Po *

d
dP f X

V + V

f f
. V + V I

o dP fg fg\3P rh „

(A.24)

h - b
o o

and

•r

3h
c

3P
o

hf + Xo * fg 9P
o /p

where

(A.25)

b = h_ -
o f

a - p .
o o

fg
. v

. vfg

d , _^fg
dP f vr dV

fg o

(A.26)

1_ h _l£ d v
dP fg v^ " dP f

o fg o

and

X = ~ (h - hj = ~- (h_ + J*- - h)
o ĥ  o f ĥ  s W f

fg fg o
(A.28)

A.5 Laplace transforming eq. (A.13) and substituting into the resulting

equation expressions (A.25), (A.24), (A.20) and (A.19), one obtains:

dt 1 v " a
7 + ^ (1 - e ) W
2 V . a . W l e ' * W2

o o
(A
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where

4A h - b

a n d

2A . 0

V . £ . a T I T
c o o


