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THE PHYSICS AND REGULARITIES OF THE NEUTRON-THERMOACOUSTIC INSTABILITY

The physics and regularities of the neutron-thermoacoustic instability (NTAI) in nuclear channels with subcooled
nucleate boiling flows are explained. The method for obtaining the characteristic equation of NTAI in a VVER-type
reactor is given. The influence of steam reactivity coefficient ok /op on NTAI boundaries is studied and the effect of a

negative ok / op favouring the oscillatory instability of neutron flux and pressure is shown.
Keywords: steam reactivity effect, neutron-thermoacoustic instability, VVER-1000.

1. Introduction

High requirements for safety and efficiency of
nuclear reactors will remain relevant during the
predictable time period of several decades. This
problem is largely due to existing problems in
ensuring safety and efficiency of nuclear fuel
operation [1].

Two major catastrophes in the history of civil
nuclear power, Chernobyl and Fukushima accidents,
have been characterized by the synergic effect
appeared in the form of an unpermitted change of
some physical parameter having a critical impact on
nuclear fuel operation safety, at the expense of joint
action of several decisive factors influencing on this
safety-significant parameter. That is the nature of
most hazardous accidents related to nuclear fuel has
been synergic.

From the point of view of the stability theory,
both Chernobyl and Fukushima accidents have been
so-called aperiodic instabilities. As the safety of
nuclear fuel operation can also be greatly influenced
by oscillatory instabilities occuring in the reactor
core, it may be helpful to analyse the nature of
processes leading to self-organization in the form of
periodic oscillations of reactor core parameters.

For example, let us first consider the physics of
propagation of the oscillatory thermoacoustic
instability in non-nuclear channels. In the beginning,
when the heat flux density gs (W/m?) increases
gradually from zero, there is no boiling in the
channel and pressure transducers register turbulent
noises only. However, by a further increase of g,
when keeping the underheating of water below the
saturation temperature Ts sufficiently high, pressure
transducers register spontaneous high-frequency
pres-sure oscillations at some point in time [2].
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Thermoacoustic oscillations (TAO) have such
features [3]: first the amplitude A, of pressure

oscillations increases with growing s, then Ap

decreases; before the heat exchange crisis, regular
high-frequency pressure oscillations are usually
absent while pressure transducers register random
low-frequency noises only; the amplitude of
pressure oscillations is maximum when heated
lengths are relatively small and under-heatings of
water below T are significant; TAO may destroy
channel walls if pressure pulsations with high
amplitudes proceed for several hours.

Back actions energizing the oscillatory system
and contributing to the thermoacoustic instability
(TAI) development in non-nuclear channels can be
described as follows [2]. Let a bubble be near the
antinode of a harmonic of pressure oscillations, that
is the pressure deviation gradient does not influence
the bubble. Thus, the bubble volume and the heat
transfer surface area decrease when the channel
pressure increases. Hence, if the bubble is in water
underheated to the saturation temperature, then the
intensity of steam condensation decreases when
pressure increases, that is the steam outflow from the
bubble decreases compared to the unperturbed state
of the bubble. If the unperturbed state of the bubble
is assumed to be neutral, as the intensity of steam
condensation decreases when pressure increases and
the bubble surface area decreases, then a steam mass
is supplied to the bubble at the moment of pressure
increase. On the contrary, the bubble surface area
increases and a steam mass is removed from the
bubble at the moment of pressure decrease.

Thus, compared to the unperturbed state of the
bubble, a steam supply to the bubble at the moment
of pressure increase promotes a further increase of
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pressure, while a steam outflow from the bubble at
the moment of pressure decrease promotes a further
decrease of pressure. According to the Rayleigh
condition, the described pressure deviation feedback
leads to self-excitation of oscillations [2].

2. Neutron-thermoacoustic instability

If thermoacoustic oscillations can appear under
certain conditions in non-nuclear heated channels
with subcooled nucleate boiling flows, a more
complicated oscillatory instability, the so-called
“neutron-thermoacoustic instability” (NTAID)
characterized by joint oscillations of neutron flux
density, coolant pressure and flow may occur in
reactor channels with surface boiling [4].

Let us consider a bubble boiling flow in the
thermohydraulic channel of a shrouded fuel
assembly (FA), which is placed in the active core of
a VVER-1000 reactor operated under normal
conditions. Although shrouded FAs had been
accepted in first VVER-1000 designs only, before
open or canless FAs were given preference, a FA
cover is necessary to simulate a thermo-hydraulic
channel with boundaries that do not allow the
acoustic energy to dissipate in the radial direction.

Knowing that thermoacoustic oscillations in a
non-nuclear steam generating channel may be
excited by deviations of energy transfer through the
bubble surface according to the Rayleigh condition,
due to the dependence of bubble-water heat
exchange conditions on pressure deviations, let us
consider the onset of NTAI. A pressure wave brings
a local pressure deviation, for example, a local
pressure  growth compressing bubbles and
decreasing the local volumetric steam content . A
local decrease of ¢ leads to a local increase of the
moderating power & of steam-water mixture.

Typical neutron moderation and diffusion periods
in a VVER-1000 reactor are: T, =6.7us and

Tar = 0.1 ms, respectively [5], while the period of

thermoacoustic oscillations is: T;ao & 6 MS[4], so

(Tooa + Tair) << Trpo-

Hence it is arguable that a local deviation of
pressure in the channel causes an almost
instantaneous change of local neutron flux density

®. Then the deviation 0D of neutron flux density
may influence the coolant temperature in two ways:
1. Tt leads to a change of fuel temperature ot;, a
change of fuel element (FE) cladding temperature
Ot ¢ and, as a result of heat transfer from cladding

to water, changes of coolant temperature ot, and
bubble-water heat flow density g, :
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o0d — ot; — oty — ot, — 30,. (1)

2. 8D leads to a deviation of the rate of direct
energy release in coolant 00, ,,, which occurs due to

moderation of neutrons and absorption of fission
gamma-ray quantums in water. This change of direct
energy release in coolant immediately influences
bubble-water heat exchange conditions:

dP — oq,,, — ot, — d0q,. )

As a fuel element is the macroscopic object with
a considerable inertia, the first way (1) of o6® in-

fluence on coolant temperature t, is rather slow in

comparison to the second way (2). For example, the
calculated time constant of heat transfer from a FE
cladding to water is 160 ms, as compared to the
characteristic  period of TAO  oscillations
Trao = 6 Ms [4].

Thus, when studying the onset of NTAI in a
thermohydraulic channel with subcooled boiling
flow existing in the core of a VVER-type reactor, it
is wrong to consider water temperature deviations,
caused by fuel temperature deviations, and pressure
deviations simultaneously.

The second way of 3@ influence on the coolant
temperature is essential because near 6 % of the
reactor thermal power is released directly in the core
coolant, at the expense of moderation of neutrons
and absorption of fission gamma-ray quantums in
water [5].

If the volumetric steam content decreases locally,
then a thermal neutron flux density deviation
happens and the local direct energy release in the
coolant changes practically immediately also.

Supposing that the sign of interphase energy
transfer for heat flowing from water to a bubble is
positive, these local deviations can be considered as
interrelated  variables: a  pressure increase
— compression of bubbles and a decrease of

¢ — an increase of the moderating power & of

steam-water mixture — an increase of thermal
neutron flux density — an increase of direct energy

release in water — an increase of interphase heat
flow density — an increase of pressure, that is

p>0->3p<0—>3>0—->3D>0—>
80, > 0— 00, >0— dp >0.
Thus we have obtained the Rayleigh condition

leading to self-excitation of pressure and neutron
flux oscillations [4].
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3. A model of NTAI

When considering reactor control problems, the
one-group neutron diffusion model is usually
applied to VVER-type thermal power reactors [6],
so this neutron diffusion model may be used in the
NTAI case also. Such key processes are modelled to
describe the development of neutron-thermoacoustic
instability: neutron diffusion; FE heat conductivity;
two-phase flow; movement of bubbles in water after
their lift-off.

Using a one-dimensional model of NTAI, the
position is specified by axial coordinate z only.
Thus, the Laplacian of neutron flux density A® is
written as

AD = d[dd / dz] / dz, 3)

where
dd/dz=1/D, )]

where [ - neutron current modulus; D - diffusion
coefficient.

To describe underheated boiling flow in a reactor
channel, well-known equations for neutron flux, FE
conductivity, flow continuity, flow momentum
conservation, flow energy, continuity of the number
of bubbles, the balance between bubble interface
forces, heat and mass transfer are considered. Also
the equations connecting flow “macroparameters”
and “microparameters” have been used [3]:

(szNb'Vb'd‘:! (5)

Z

G, = [ps-wy- N, -V, - F, - dg, (6)

Zk

where N, (z,&,71) is the number of bubbles in a cubic
unit at location z in moment t, which are born at
location & per unit length; V,(z,&,7) and W,(z,&,1)
are the same for bubble volume and velocity,
respectively; G, and p, are steam rate and density,
respectively; F, is the equivalent cross-sectional
area corresponding to the triangular grid of fuel
elements.

The bubble flow microstructure is described
supposing that Az =const is the length of a
conditional piece of the channel; n(z) is the number
of the conditional piece corresponding to z
coordinate; Ny;(z) is the concentration of bubbles
at location z in a moment t, which are born at the
i-th conditional piece of the channel per unit length;
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V,i(2) and W,;(z) are the same for bubble volume

and velocity, respectively [3].

So, the initial system of equations is written in
the deviation form and linearized. Thereupon some
remarks on the applicability of the linearization
should be made. The specificity of neutron flux
stabilization permits the use of reactor equations
linearized with respect to small deviations
(perturbations) from stationary parameter values, as
deviations of neutron field are restricted by
automatic regulators. Accordingly, if neutron field
deviations are not sufficiently small, they are already
too large from the safety point of view, and thus they
activate the reactor protection system [6].

Assuming zero initial conditions, the Laplace
transform is applied to the linearized system of
equations. Denoting the Laplace variable as s, the
system of equations for deviations of integral core
parameters (neutron current modulus, neutron flux
density, flow rate, pressure, etc.) and microstructural
flow parameters (volume, velocity and concentration
of bubbles) is obtained:

dY /dz=P-Y +[L-(M-Y)+N-(T-Y)]-Az, (7)

where
Y =[81,8®,8G, 8P, 8i,y, SNy 1...ONp oy s Wy g Wp 11y
Np1-- Vo o IL» the
[3-n(H) +5]; 06G, 6P and di, are deviations of
steam-water mixture flow rate, channel pressure and
water enthalpy, respectively; P(z,s), M(z), T(z)
are matrices of the [3-n(H) +5] x
x[3-n(H) +5]; H is the channel length; L(z)and
N(z) are vectors, their length is [3-n(H) +5].

After simple operations on matrices, it is
obtained from (7):

vector  length  is

order

dY /dz=S-Y, (8)

where S(z,8) is a matrix, its order is [3-n(H) +
+5]-[3-n(H) + 5], its elements are constructed of
the elements of P(z,5), M(z), T(z), L(z) and
N(Z) . Sk,j - pk,j + (Ik . mk’j + nk 'tk,j).AZ'

The solution of (8) is found as [7]:

Y(2) = (z2,5)-Y(z), ©)

where ®(z,s) is the fundamental matrix normalized
at the point of intensive vaporization start Z =z,
[3-n(H)+5]-[3-n(H)+5], its
elements are determined as

the order is
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3n(H)+5
déy; /dz = Z ki Djis (10)
=1
Where (Pk’i(zk) =1 if k = i; (pkyi(Zk) = 0 if k * i.
Using (9), we obtain:
Y(H) = ®(H,s)-Y(z,). (11)

Like the method of [8], it is assumed that
deviations of core inlet parameters are given as

ol;, #0; 8G;, #0; 6d;, =06PB, =di,;, =0. (12)
Such conditions are at the core outlet:
8®(H) =8P(H) =0. (13)
It 1s assumed that deviations of flow
microparameters at the point of intensive
vaporization start 7, are zero:
0Ny (z) =W, (z,) =8V, (z) =0.  (14)
If ®(denotes the fundamental matrix for the
single-phase channel section, then
Sl () = dlin - Pona(Z) +0G - Po1a(zi).  (15)
D (z,) =8l - do2n(2Zk) + 0G| - Po2s(z).  (16)
0G (z) = dlin 1 - G021 (Z) +0Gi 1 - dosa(ze). (17)

0P (z¢) = 8l - oaa () +8Gy L - Poaa(zi)-  (18)
Sy (Z¢) = lin . - dosa () +0Gi - Posa(zi)- (19)

The elements of @y are determined as

5
ddoy; / dz = Z Py * Po.ji - (20)
=

Based on (9) and (13), it is obtained:
8P.(H) =381.(2) - ¢ur(H) + 3D (z,) - do (H) +
+8GL(2i) - das(H) + OP(2) - dua(H) +
+8iy, () - dus(H).
3D (H) =381, (2) - ¢ (H) + 3P () do(H) +
+0G (2¢) - §2s(H) + 0P () - doa(H) +
+ 8l () - as(H).

Substituting (15)-(19) in Egs. (21) and (22),
taking into account (13), the equation is obtained:

21

(22)

{hu . } ( . J:o. o)
h21 h22 6Gin,L

So, the characteristic equation of NTAI is derived
from (23) as

hy -y, —hy - by, =0. (24)

The simultaneous consideration of deviations of
both integral core parameters, especially neutron
current modulus and neutron flux density, and flow
microparameters, when solving the boundary-value
problem, allows us to consider the influence of the
neutron flux deviation feedback on the propagation
of TAI in channels of a VVER-type reactor.

A deviation of bubble-water heat flow density
0q, is calculated as [5]:

_50.%% L 5p. b | 5. %
o, = 0 20 +op P + 0D 20 (25)
where oq, / 0¢p ~ —8.8-10°; oq, / op ~ 0;
% _ aqb . aqv,w . %
o® og,, o4, O’ (26)

where heat radiation makes a major contribution to
heat transfer at distances less than 1 mm, from heat
release microcentres emerging due to moderation of
neutrons and absorption of gamma-ray quantums in
water.

Considering heat radiation as the main
mechanism of heat transfer at microdistances in
water, a partial derivative of bubble-water heat flow

density (, with respect to water volume energy
release density ¢, is found. This partial derivative
o, / 09,,, has been estimated for bubble diameters
d, =107°..10" m [4]:

aq, / 69,,, = 8q, / 8q,,, ~4-10°%;
g, . /00, ~0.03; &g, / 60 ~2-107,

4, Results

The characteristic equation (24) of NTAI is
represented as a function of complex variable s:

F(s) =0, 27)

and its solution is [9]:

S=j-o (28)
where o is cyclic frequency.

Hence, if we find a value of ® making (27) true,
when the frequency characteristic F(j-®) passes
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through point (0; j-0), we obtain the frequency at
which the stability boundary is crossed by any
variable  of  the set (d1,8D,06G, 6P, di,,
SNy 10Ny 1y s OWh 1.0 -OWh 11y OV 1OV i)

To determine instability areas, evidently stable
points are marked on the complex frequency
response (CFR) plane [9]. For example, the one-
phase mode is evidently stable.

Such conditions of a shrouded FA are considered:
the surface boiling area (SBA) inlet water
temperature is constant: t,,;, =335°C; the SBA
inlet axial coordinate is constant: Zz,;, = 2.6 m; the
SBA length varies: L, =10; 20; 40; 50 cm. By
increasing the SBA heat flux density, lower
instability boundaries for zero steam reactivity
coefficient ok / O are found (Table).

Lower instability boundaries at ok / 8¢ =0

Ly, cm <Qspp > % <Qp > %
10 18 0.2
20 23 0.3
40 70 1.6
50 113 3.2

L820madis  gyg 0.5t Im(F), 10"
820,

Re(/).10"

0.1 02 03
—3
2
L840 o
«846 rad/s

Fig. 1. CFRatLy,=10cmand ok /69 =0:1,2, 3 —
< (g, >=0.11, 0.16 and 0.19 MW/ m?, respectively
(the calculated oscillation frequency is 823 rad/s).

For L,=30 cm, it has been found that NTAI is
supressed if Ok /o¢p =2. Considering L,=40cm
and ok/op=-2, the Ilower border 1is at
<(Q, >=065..69%, while NTAI is suppressed if

10{Im(F), 10"

% 700rad/s

* 700 1 RG(F), lolz
) 735740
T T 700, N . 750

=31 *700 ™5 750rad/s

Fig.3.CFRatL,=45cm: / — <q, >=91% at
ok/lop=-2;0and2; 2,3 - <q, >=92% at
ok [ 6¢p =0and — 2, respectively; 4, 5 —
< g, >=92and 93% at ok / dp = 2, respectively.
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As the lower instability boundary at L,= 50 cm
and ok /op =0 is 113 % of the nominal <, >,

hence the lower boundary cannot be achieved at
L, 250 cm and < g, >= 100 %, while it is crossed
at L,=10...40 cm. Showing CFR segments as
straight lines, the lower boundary for L,= 10 cm is
given in Fig. 1.

If ok /op <0, then neutron flux, direct energy
release in the coolant and heat influx to bubbles
increase at increasing pressure, and the Rayleigh
condition for self-excitation of oscillations is
satisfied.

On the contrary, if ok /de >0, then NTAI will

be suppressed.
If L,=30 cm and ok / ¢ = —2, the lower border

is crossed at <0, >=30..35%, while it is not
k/op=0 and <0, >=35%.
Thus, compared to ok / dp =0, NTAI is aggravated
at ok / op <0 (Fig. 2).

reached for

Im(F),10"
4r i
750 / 715rad/s
& 1 2
735 < . 760 Re(/),10"”
2 - /\Q\\*780 1 2 3
2
3 %780
-4 ) >
-6 795rad/s

Fig.2.CFRatLy,=30cm: /,2— < g, >=30 and 35% at

ok | 6¢ = -2, respectively; 3 <g, >=35% at ok /dp =0.

ok / 0p = 2. Finally, if L,=45 cm, the aggravation
(ok / 6@ = —2) and the suppression (K / dp = 2) of
NTALI are shown in Fig. 3.

Im(F), 10"
It % %570

570
580, A % 700 rad/s
/ L3 Re(), 10"

600, 600t 620" 1
—

-1+
603/\5 i 2—

630*
Fig. 4. Determination of the NTAI upper boundary at
Ly=40cmand ok /o9 =0:1,2,3,4,5—

<q, >=77, 83, 85, 86 and 87 %, respectively.

«715rad/s
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Thereby, here is a contradiction:

on the one hand, a negative steam coefficient of
reactivity is obligatory for insuring the safety of
VVER-1000 type reactors, at the expense of self-
regulation of the heavy nuclei fission reaction;

on the other hand, considering a shrouded FA
with maximum permitted LHRs, which is normally
operated in a VVER-1000 core, the process of NTAI
propagation is aggravated at ok / o < 0.

Now the following remark should be given. The
neutron flux deviation feedback cannot function at
extremely low volumetric steam contents < ¢, > in
the surface boiling area, when the steam-water
mixture density practically does not depend on
oscillations of < @, >.

Hence, at very low <@, >, thermoacoustic

oscillations of pressure practically do not change the
moderating power of steam-water mixture, thermal
neutron flux density, direct energy release in the
coolant and interphase heat flow density. So,
thermoacoustic oscillations of pressure are not able
to make the neutron flux feedback work in this case.
It has been found that, if < @, >~ 0.2 %, then there
is no dependence of NTAI lower boundaries on
steam reactivity coefficient ok / 6. Thus, in the
NTAI physics, the neutron flux feedback is turned
off at average volumetric steam contents in the
surface boiling area near 0.2 %.

4.1. Influence of ok / 6¢p on NTAI upper boundaries

As shown above, NTAI lower boundaries shift
downward under the influence of neutron flux
feedback at ok /0p <0 and, to some extent, TAI

regions expand. The next question is whether the
steam coefficient of reactivity influences NTAI
upper boundaries. It has been found for L,=40 cm
and ok / 8p =0 that the NTAI upper boundary is

achieved at < g, , >=85...86 % (Fig. 4).

As the lower NTAI boundary under these
conditions is < (g, >=69...70 %, the instability for

ok /op=0 exists in the range:
<0, >~69..86%. But, for L,=40cm and
ok / 6 =—-2, the upper boundary has not been
found until < g, >=110%. Thus, while the upper
boundary at ok / op =0 < g, ,, >~86 %, it is above
110 % for ok / 6 = —2. So, the steam coefficient of

reactivity greatly affects the NTAI upper boundary
position.

Accepting L, =45 cm, the calculated NTAI upper
boundary at ok/op=0 lies in the range:
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< 0 >=110..113%.

under these conditions is <, >=91...92 %, then

As the lower boundary

the instability at ok /g =0 exists in the range:
<Q, >=~91..113%. But, if ok / op = -2, the upper
boundary has not been  found  until
< (, >=140%. The CFR curve goes round (0; j-0),
then goes far from the zero point with increasing
<, >. While the upper boundary at ok / d¢p =0 is

<O >~113%, it s 140%  at
ok [ op=-2.
Hence, a negative ok / d¢ greatly expands NTAI

above

areas due to significant shift of upper instability
boundaries, compared to the neutral case of
ok /op=0.

NTAI lower boundaries are also shifted under the
influence of neutron flux feedback, but this shift is
not substantial. So, although the neutron flux
deviation feedback is not sufficiently strong to make
a considerable effect on NTAI lower boundaries,
nevertheless this feedback is powerful enough to
keep the neutron-thermoacoustic instability in a
much wider range of heat fluxes compared to the
case of non-nuclear thermoacoustic oscillations, at
the expense of considerable shifting NTAI upper
boundaries.

4.2. The “Alpha” parameter

It has been found that the steam reactivity
coefficient ok / 0@ is a key parameter in function-
ing of the neutron flux feedback influencing the
propagation of NTAI. But, according to (25), there is
some parameter that determinesthe degree of
ok / 0p influence on the scenario of instability
development: the partial derivative of bubble-water
heat flow density with respect to neutron flux
density 0q, /0®. In its turn, according to (26),

0}, / 0@ depends on oq, / &q, ,,, which is found as

oq, a
qu,w [qv,w / qb]o ,

(29)

where o is the ratio of a dimensionless deviation of
bubble-water heat 00, to a
dimensionless deviation of the rate of direct energy

flow density

release in the coolant qu,w :

_ _qu _ 80y / Gy
80w O/ Ao

(30)

where [q,,, / Q] *22m™.
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Considering a shrouded FA with maximum
permitted LHRs and steam contents, which is placed
in a VVER-1000 reactor operated under normal
conditions, keeping constant the SBA inlet
temperature tobin and  coordinate

(tw,b,in = 335 OC;

Zyin
Zyin =2.6m), the lower NTAI

120t AWID, %
80
40! /—1

o, %
0 25 50 75 100

-40 ) =

-80

Fig. 5. NTAI region width depending on a for L, =45 cm:
1,2— 0k /0@ <0and ok /o > 0, respectively.

For L,=40 cm and L,=45 cm, the analysis of
TAI boundaries at ok / 6p =0 has given the insta-

bility regions, respectively, < ¢;, >~ 69...86 % and
<0, >~91..113%, and these instability regions

may significantly expand under the influence of a
negative ok / dp, hence a VVER-1000 type reactor

having a sufficient number of shrouded FAs with
intense surface boiling may be unstable with respect
to the neutron-thermoacoustic instability.

It should be noted that, though the stability of a
linearized system allows us to conclude that the
original nonlinear system is “stable in the small"
also, however, the linear analysis gives only a
qualitative picture of the effect of a parameter on
stability boundaries. So, quantitative estimates of
stability boundaries obtained using the linear
approximation must be experimentally verified [9].

Nevetheless, based on the above analysis, we can
conclude that if some requirements are satisfied, the
neutron-thermoacoustic instability is likely to
influence the safety of nuclear fuel operation in a
VVER-1000 type reactor.

4.3. Influence of the heating length on NTAI

These two cases have been simulated: short
heating lengths (40 - 45 cm) and long heating
lengths (3 - 3.5 m). In the case of short heated
channels, when the SBA width may be above 100 %
of the nominal <q,> wvalue, the upper TAI

boundary lies below the lower bulk boiling area and
all the above conclusions are true. But, in the case of
long heated channells characteristic for a VVER-
1000 type reactor, the upper TAI boundary is not
achieved in that narrow < (> range, which is

250

boundary is achieved by increasing the SBA heat
flux density. Denoting the NTAI region width
through WID =<, >—<0, >,and the width

change through AWID, the dependency of AWID
on o for Ly=45 cm is shown in Fig. 5.

< qﬁ.‘ >’ %

250 3
200 4

150 1 2

100
200

220 240 260 280 1, C

Fig. 6. NTAI in a shrouded FA, VVER-1000 type reactor:
1, 2, 3, 4 —boiling-free, NTAI, bulk boiling and stability
areas, respectively.

typical for transfer from surface water boiling to
bulk boiling (20...25 % on the <(q > scale). So,

practically the upper TAI boundary is limited by the
lower bulk boiling boundary.

As the TAI area is expanded by the neutron flux
deviation feedback thanks mainly to shifts of the
upper TAI boundary, hence the neutron feedback
has no considerable influence on the propagation of
TAI in the case of long heated channels. Thus, the
simplified task of TAI may be considered instead of
the NTAI problem in the case of long heated
channels — of course, while taking into account the
neutron-physics characteristics of the reactor core.

Using the described NTAI model, considering a
shrouded maximally loaded FA operated in a
VVER-1000 type reactor, it has been found that the
calculated instability region lies in the range of core
coolant inlet temperatures t,;, =200—-270°C (the

win <200°C has not been considered). If
t,n =200°C and 270°C, NTAI

<0,>=246% and 119 % of the nominal <q, >
value, respectively (Fig. 6).

case of t

starts at

5. Conclusions

1. The oscillatory neutron-thermoacoustic insta-
bility, which could potentially influence the safety
and efficiency of nuclear fuel operation, has been
theoretically predicted considering a fuel assembly
with intense surface boiling operated in the core of a
VVER-1000 type reactor, and by taking into
account:

the effect of fuel assembly shroud on flow
boundary conditions;

the influence of neutron flux deviation feedback
on propagation of thermoacoustic oscillations in
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shrouded FAs — the synergic effect of simultaneous
consideration of processes having different physical
mechanisms and proceeding on different structural
levels of the reactor core;

life histories of distinguished groups of steam
bubbles, from their birth to their condensation.

2. Having calculated NTAI boundaries, it has
become clear that, compared to the neutral case
(k /op=0),a negative ok/op favours the
thermoacoustic instability, while a positive ok / o
stems it. Thus, according to the commonly accepted
idea, the effect of a negative steam reactivity
coefficient is necessary to ensure the self-regulation

and safety of the chain fission reaction, but
nevertheless, this effect favours the oscillatory
instability of neutron flux and pressure under some
conditions. Probably, due to a huge pressure in the
reactor core, these oscillations will be low-
amplitude, high-frequency and hard-to-detect.

3. As operating modes with core coolant inlet
temperatures t,,, =200-270°C are possible for a
VVER-1000 type reactor, such reactors may be
unstable to the neutron-thermoacoustic instability on
condition that there is a sufficient number of
shrouded FAs having developed surface boiling
areas in the core.
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®I3UYHU MEXAHI3M I 3AKOHOMIPHOCTI HEUTPOHHO-TEPMOAKYCTHUYHOI HECTIMKOCTI

Posrnspatoteest GisMuHMi MeXaHI3M 1 3aKOHOMIPHOCTI HeHTpoHHO-TepMoakycTtuuHoi Hectiikocti (HTAH) B snepHux
KaHaJax i3 HeIOTPiTUM OyJILOAIIKOBUM KUIUITYMM MMOTOKOM. [10OSICHIOETHCS METO/I OTPUMAHHS XapaKTEPUCTHYHOTO PiBHSHHS
HTAH y peakropi Tunry BBEP. BuBueno BB mapoBoro koedimienta peaktuBHocTi ok / d¢p Ha mexi HTAH, a Takox
HOKa3aHo, 110 Bix’emMuuit oK / O¢p crpuse po3BUTKY KOJIUBAIbHOI HECTIHKOCTI HEHTPOHHOTO ITOTOKY Ta THCKY.

Kniouogi cnosa: mapoBuit eheKT peaKTUBHOCTI, HETPOHHO-TEPMOAKyCcTHYHA HecTilkicTs, BBEP-1000.
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. ®U3UYECKUA MEXAHU3M U 3AKOHOMEPHOCTH
HEUTPOHHO-TEPMOAKYCTHYECKOU HEYCTOUYNBOCTH

PaccmarpuBaroTest puanUecKuil MEXaHH3M M 3aKOHOMEPHOCTH HEHTPOHHO-TepMOaKycTiHueckoi HeycroiunBoct (HTAH)
B S/IEPHBIX KaHalaX C HEJOTPETHIM Iy3bIPHKOBBIM KHUILIIIMM ITOTOKOM. OOBSCHSIETCS METOJ MONYyYeHHs XapakTe-
puctnueckoro ypaBHenuss HTAH B peakrope tuma BBOP. M3yueHo BiausHHe MapoBoro kod(hGHIMEHTa PEeaKTHBHOCTH
ok / ¢ na rpanune HTAH u mokasaHo, uTo oTpuLaTeNbHbi OK / 0@ CHOCOOGCTBYET Pa3sBUTHIO KOJNEOATENBHON HEYCTOM-

YUBOCTH HCIZTPOHHOFO IIOTOKa U JaBJICHUA.

Knioueswie cnrosa.: napoBoit 3QGEeKT peaKTHBHOCTH, HEUTPOHHO-TEPMOAKyCTHIECKask HeycToHunBocTh, BBOP-1000.
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