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Abstract

It is indispensable for the economical improvement in India to solve insufficient
electric power supply. The nuclear power option is one of the several proven technologies
for large scale power production. A significant contribution of nuclear power in the total
energy generation can also significantly reduce the green house gases. Realising this fact,
India has been continuously pursuing to increase its share of electricity production from
nuclear. At present two BWRs and nine CANDU plants are in operation. Reprocessing
technology of spent fuels and fabrication of MOX fuels have been well established.
Under such circumstances, it is planned to develop the Advanced Heavy water Reactor
(AHWR) for the purpose of utilising the vast thorium resource available in India. In the
AHWR, neutron is moderated by heavy water, core is cooled by boiling light water in
natural circulation and the fuel is a combination of plutonium-thorium and thorium-
uranium oxides. With natural circulation being the designed heat removal mode, the
reactor may experience various types of thermohydraulic instabilities which may further
get coupled with the neutronics to induce power oscillations. Hence, it is essential to
predict the stable and unstable zones of the reactor operation during the design stage so
that instability if found, methods of suppressing or procedures to avoid them can be
worked out. For this purpose, theoretical models were developed by solving the
conservation equations of mass, momentum and energy applicable to homogeneous
equilibrium flow based on linear stability theory. Comprehensive models for the neutron
kinetics (which include a point kinetics model for in-phase mode oscillation and a
coupled multi-point kinetics model or modal point kinetics model for out-of-phase mode
oscillation) and thermal dynamics of the fuel are incorporated into the above model to
investigate the coupled neutronic-thermohydraulic instabilities. The characteristic
equation was derived considering the interactions of the parallel multiple channels with
the downcomers when operating under natural circulation condition, and the feed back
effects due to the void reactivity and the Doppler reactivity. The stability behaviour of the
system and the oscillation modes (i.e. in-phase and out-of-phase) were determined from
the roots of the characteristic equation. The analytical model was first applied for the
experimental results of density-wave instabilities carried out under different geometric
and operating conditions, which are a twin parallel boiling channel system under forced
circulation conditions at atmospheric pressure (Tokyo Institute of Technology) and the
ATR simulation facility (Heat Transfer Loop, HTL) under natural circulation conditions.
It is verified from the results that the analytical method proposed in this work can
simulate well the stable flow thresholds of density-wave instability. Next, the stability
analysis method is applied for the AHWR concept with the loop geometry as discussed in
the feasibility report.

The analytical results indicate that the Ledinegg type instability is of concern during
the start-up of the AHWR but the density-wave instability may occur even at 7 MPa
pressure which is the rated power condition according to the reactor configuration

VI



considered for this study. It is also found that orificing at the inlet of channels which is an
efficient method to suppress the density-wave instability in forced circulation system, is
not always effective to stabilise the natural circulation system.

Finally, the measures to prevent the Ledinegg type and density-wave instabilities are
discussed for the AHWR design under consideration. The effect of fuel thermal dynamics
and void reactivity coefficient on the stability of in-phase and out-of-phase mode
oscillations among the boiling channels of the AHWR were investigated. The analytical
results indicate that the void reactivity coefficient and fuel time constant have different
influences on the Type I and Type II instabilities in the AHWR core. The Type I
instability is governed by the dominance of pressure drop due to gravity, whereas the
Type II instabilities occur due to the dominance of pressure drop due to friction in the
two-phase region. It is also found that the coupled multi-point kinetics model and the
modal point kinetics model predict the same threshold power of out-of-phase instability if
the coupling coefficient in the former model is half the subcriticality used in the latter
model. The stability behaviour of the reactor is found to be influenced by the radial power
distribution and the channel inlet orificing. Further, the delayed neutrons were found to
decrease the Type I instability but increase the Type II instability. Finally it was
recommended to operate the reactor at channel inlet subcooling of less than 10 K so as to
have sufficient stability margin.
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1. INTRODUCTION

In order to utilise thorium in the country's nuclear power programme, it is important
to develop the Advanced Heavy Water Reactor (AHWR) which would generate most of its
electricity from U233, bred in-situ from thorium [1]. The major features of this reactor are
that it is a heavy water moderated, boiling light water cooled 750 MWth pressure tube type
reactor with the objective to burn thorium in the core with a combination of (Th-U233)O2
and (Pu-Th)O2 as the fuel. The reactor is based on well proven water reactor technologies
and would incorporate a number of passive safety features in its design. One of them is to
adopt natural circulation core cooling during start-up, power-raising, rated power condition
and accidental conditions. This concept eliminates the recirculation pumps which are
normally present in conventional forced circulation BWRs. Fig. 1 shows the Primary Heat
Transport System (PHTS) of the reactor as described in the feasibility report. As shown in
the figure, the PHTS contains many pressure tubes (about 408) which are housed in
the calandria, and are connected between the steam drums and header with equal number
of tail pipes and inlet feeder pipes respectively. One fourth of these channels (pressure
tubes) are connected to one each of the four steam drums. From each steam drum, four
downcomer pipes are connected to the common octagonal inlet header. Each channel has
inner diameter of 120 mm and contains 52 fuel rods and 8 water rods. The outer diameter
of the fuel rod is 11.2 mm and that of the water rods is 6 mm. The heated length of the
channel is 3.5 m. The inner diameter of the inlet feeders is about 97 mm and that of the tail
pipes is about 122 mm. The height of the outlet feeders above the core is about 30 m which
is large enough to promote required natural circulation flow rate. The steam drums have
length of 10 m and inner diameter of 3 m and are set horizontally. The steam separation will
be achieved by the gravity without using separators which may reduce natural circulation
flow rate because of large pressure drop. Each downcomer connecting the header with the
steam drum is having a length of about 27 m and inner diameter of 290 mm. This is a
typical configuration of the reactor PHT system considered in the present study. Under
normal operating condition the steam drum pressure is maintained at 70 bar. Boiling takes
place in the core and the two-phase mixture flowing out of the core is separated into steam
and water in the steam drum. The separated steam flows into the turbine and an equal mass
rate of feed water enters the steam drum. The coolant circulates naturally in the primary
coolant system.

With the pressure tube type concept, it is possible to go for on line fuelling. However,
natural circulation being the designed heat removal mode, it requires very tall riser pipes (or
tail pipes) than a conventional forced circulation BWR of same power rating to achieve the
desired thermalhydraulic characteristics. This in turn may cause large two-phase pressure
drop in the riser portion as compared to that occurring in the single-phase portion
comprising of downcomers, inlet feeder pipes and single-phase portion of heated channels.
Dominance of two-phase pressure drop may initiate thermo-hydraulic instabilities in the
reactor. Also, it is not possible to throttle sufficiently at the inlet of each channel which may
suppress the instabilities at the cost of reduced flow, since natural circulation flow is
dependent on the resistance of the channel. With several parallel boiling channels having
different power and resistances connected between the header and the steam drum with very
long feeder pipes, the reactor may experience various types of instabilities during various



operating conditions from atmospheric to rated pressure and the power raising process.
Occurrence of the thermo-hydraulic instabilities may further induce power oscillations
through the void reactivity coupling. Instabilities of any form is undesirable from the view
points of reactor operation, control and safety. It is required to predict the stable and
unstable regions of the reactor operations during the design stage so that if instability is
found, methods of suppressing or procedures to avoid them can be worked out.

1.1 Instabilities in BWRs

Reviewing previous investigations, it is found that several studies have already been
carried out in the field of instabilities which may occur in boiling systems. Earlier
investigations have shown that the most important instabilities in a BWR are pure
thermohydraulic and coupled neutronic-thermohydraulic instabilities [2]. The difference
between the two instabilities is that in the latter case there is a power feed back in addition
to the flow feed back. In general, conventional BWRs experience the coupled neutronic-
thermohydraulic instabilities because the reactivity instabilities dominate the reactor
response due to their additional feed back. However, in the case of a natural circulation
BWR such as the AHWR, it may be required to raise the power during start-up under the
coolant condition of low pressure and low temperature without the addition of fission
energy from physics design limitations. In addition, the coupled neutronic-thermohydraulic
instability behaviour also depends on the pure thermalhydraulic oscillatory behaviour of
the system [3]. Hence, it is important to investigate the pure theonal hydraulic instabilities
in boiling two-phase flow systems in addition to the coupled neutronic-thermohydraulic
instabilities.

1.1.1 Thermohydraulic instabilities in boiling two-phase flow systems

State-of-the-art reviews on thermal hydraulic instabilities which may occur in boiling
two-phase flow systems are provided in [4-7], These reviews suggest that several types of
instabilities may appear in a boiling two-phase system; some of which can arise from the
steady state characteristics of the system such as

(a) flow excursion (Ledinegg type) instability and
(b) relaxation instability (flow pattern transition, bumping, geysering,

chugging, etc.), and

the rest can be due to the dynamic nature of the system such as

(a) density-wave oscillations,
(b) pressure-drop oscillations,
(c) acoustic oscillations and
(d) thermal oscillations.

However, the most commonly encountered instability in a BWR is the density-wave
oscillation which may occur from the start-up to the rated operating conditions and may



induce power oscillations through the void reactivity coupling. The reason for occurrence of
this type of instability as described by Yadigaroglu and Bergles [8] is as follows:

Consider an oscillatory subcooled inlet flow entering a heated boiling channel as
depicted in Fig. 2. The inlet flow fluctuations will create propagating enthalpy perturbations
in the single-phase region. The boiling boundary will respond according to the amplitude
and phase of the enthalpy perturbations at the point where the flow reaches saturation.
Changes in the flow and in the length of single-phase region will combine to create an
oscillatory single-phase pressure drop perturbation Spi. Enthalpy perturbations in the two-
phase region will appear as quality and void fraction perturbations and will travel with the
flow along the heated channel. The combined effects of the flow and void fraction
perturbations and the variations of two-phase length will create a two-phase pressure drop
perturbation 8p2. Since the total pressure drop across the boiling channel is imposed by the
external characteristic of the channel, the two-phase pressure drop perturbations will create
feed back pressure drop perturbations of opposite sign in the single-phase region, which can
either reinforce or attenuate the imposed oscillations by creating a feedback flow
perturbations. With correct timings, the perturbations can acquire appropriate phases and
become self sustained. Under these conditions the system would be at the threshold of
stability since it would have the capability of oscillating without externally imposed
perturbations. Recently, Rizwan-Uddin [9] identified that the axial variations in the two-
phase mixture velocity is the origin of the density-wave instability in two-phase flow
systems. It can be said that the mechanism behind the occurrence of this type of instability
is now well understood in addition to many other instabilities which are cited earlier.
However, experimental and analytical investigations are still being carried out to predict the
onset of instability accurately because the threshold of stable flow is found to be varied by
the differences in boiling loop geometry and their operating conditions, and to understand
the characteristics of oscillations under unstable operation. These are desirable for the
design and safe operation of current and future BWRs.

1.1.1.1 Experimental Investigations in boiling natural circulation loops

Experimental investigations in two-phase natural circulation loops having single boiling
heated channel have been carried out in [10-15]. They observed density-wave instability in
their experiments, which was found to increase with increase in channel exit restriction,
inlet subcooling, and decrease in pressure, channel inlet restriction and downcomer level.
Such behaviour was also observed in parallel heated channels of a two-phase natural
circulation loop by Mathisen [16]. Chexal and Bergles [11] observed seven flow regimes
when their loop was heated from cold condition, out of which three were steady and four
were unstable. Lee and Ishii [12] found that the non-equilibrium between the phases such as
flashing created flow instability in the loop. Kyung and Lee [13] investigated the flow
characteristics in an open two-phase natural circulation loop using Freon-l 13 as the test
fluid. They observed three different modes of oscillation with increase in heat flux such as

(a) periodic oscillation characterised by flow oscillations with an incubation period.



(b) continuous circulation which is maintained with the churn/wispy-annular flow pattern.
This was found to be a stable operation mode in which the flow was found to increase
with heat flux first and then decrease with increase in heat flux, and

(c) periodic circulation characterised by flow oscillations with continuous boiling inside the
heater section (i.e. there is no incubation period) and void fraction fluctuates from 0.6 to
1.0 repeatedly. In this mode, mean circulation rate was found to decrease with increase
in heat flux although the mean void fraction kept on increasing.

Jiang et. al. [14] observed three different kinds of flow instability such as geysering,
flashing and density-wave oscillations during start-up of the natural circulation loop. Wu et.
al. [15] observed that the flow oscialltory behaviour was dependent on the heating power
and inlet subcooling. Depending on the operating conditions, the oscillations can be
periodic or chaotic.

Fukuda and Kobori [17] observed two modes of oscillations in a natural circulation
loop with parallel heated channels. One was the U-tube oscillation characterised by channel
flows oscillating with 180° phase difference, and the other was the in-phase mode
oscillations in which the channel flow oscillated alongwith the whole loop without any
phase lag among them. Aritomi et. al. [18] observed three kinds of instabilities during the
power raising process of a two-phase natural circulation loop with twin boiling channels,
such as geysering, in-phase natural circulation oscillation and out-of-phase density-wave
oscillations.

1.1.1.2 Experimental investigations in boiling forced circulation loops

Similar experiments to study flow instabilities in forced convection loops having
boiling heated channels have also been carried out by many investigators [19-24]. Aritomi
et. al. [19] found that the flow oscillations in the parallel boiling channels were independent
of the magnitude and nature of disturbance at the inlet of the channels. They also found that
when the flow conditions differed between the channels but where the individual
characteristic frequencies and inertia masses were approximately equal, the instability
behaviour almost agreed with that of identical channels under the average operating
conditions of dissimilar channels. The system was found to be more stable with increase in
difference of flow conditions between the channels. Takitani and Takemura [20] obseved
that the phase difference between the inlet and outlet of flow rates in the boiling channel
was 180 . They also found that the threshold of instability was unaffected by the presence
or absence of super heated steam. Nakanishi et. al. [21] observed both fundamental and
higher mode of oscillations in their experiment. Wang et. al. [22] observed density-wave
oscillations even up to 100 bar in their experiment. Xiao et. al. [23] observed pressure drop
and thermal oscillations in addition to the density-wave oscillations which occurred both at
low and high flow quality in their experiments. Their experiments also revealed that the
density-wave oscillations can appear at pressures up to 192 bar and disappear above 207
bar. Fukuda et. al. [24] conducted experiments in parallel multiple channels (up to seven
channels) using an apparatus with short or long riser pipes. They observed Type I density-
wave instability in both the cases. The flow was found to be more stable with short riser



pipes than those with long riser pipes. They classified the oscillation modes as following: a
mode in which (n-x) channels oscillate in-phase and x channels oscillate out-of-phase, and
another mode with all channels having phase difference of 360/n degree with each other.

1.1.1.3 Theoretical investigations in boiling systems

Several studies based on linear and non-linear analyses have been carried out in the past
to investigate flow instabilities in two-phase flow systems. These analyses solve the energy
and continuity equations to obtain the enthalpy distribution in the heated region. The
momentum equation is then integrated around the loop with this enthalpy distribution. In
the linear analytical technique, the governing equations are linearised by perturbing around
the steady state and solved analytically to obtain the characteristic equation and the stability
of the system is investigated from the roots of the characteristic equation. In the non-linear
analyses, the governing equations are solved numerically by using finite difference method.
The linear stability method takes less CPU time to evaluate the threshold of stability.
Hence, it is useful when analysing the mechanism of instability by plotting stability maps.
But the accuracy of this method is limited within the threshold of instability. Beyond the
threshold, the non-linear oscillations appear which can not be predicted by the linear
stability technique. For this situation, the non-linear analysis is usually employed. However,
the problem with the non-linear analysis is the numerical diffusion which may appear in the
calculations and then it is difficult to interpret the physical instability of the system.

1.1.1.3.1 Investigations based on linear analysis

Analytical investigations based on linear stability analysis on flow instability in a
natural circulation loop have been carried out in [25-28 •]. They assumed homogeneous two-
phase flow in their analyses and validated their predictions with the test data. Saha and
Zuber [29] modified Ishii and Zuber's [25] model by taking in to account the thermal non-
equilibrium effect between the phases. They found that the thermal non-equilibrium effect
predicts a more stable system at low subcooling when compared with the thermal
equilibrium model.

Fukuda and Kobori [17] classified the two types of instabilities named as Ledinegg and
density-wave oscillations in to eight different types depending on the dominance of pressure
drop components (viz., gravity, inertia, friction and acceleration) in the heated channel and
non-heated riser sections. Roughly, two main types of instability can be distinguished from
their study; one is the low frequency Type I instability caused by the dominance of
gravitational pressure loss term and the other is the high frequency Type II instability
governed by the dominance of frictional pressure loss.

Furutera [26] found that the threshold of instability depends on the two-phase friction
factor multiplier and the heat capacity in the subcooled boiling region considered in the
analytical model. Lee and Lee [27] predicted the threshold of instability for Ledinegg and
density-wave oscillations and showed that the density-wave instability analysis is sufficient
for the stability analysis of two-phase flow system. Wang et. al. [28] predicted the threshold



of denisty-wave instability for a two-phase natural circulation loop and found that the
instabilities can appear at low as well as at high power levels. The stability of density-wave
oscillations was found to decrease with decrease in diameter of riser pipes and system
pressure.

Similar analyses have also been carried out by numerous investigators for forced
convection boiling system [30-33]. Sumida and Kawai [30] derived expressions for the
hydraulic stability of boiling channels in terms of flow impedance defined by the dynamic
response of pressure drop to the inlet flow based on which they classified the density-wave
instability in to three main categories. Fukuda and Hasegawa [31] derived the mode of
oscillations of parallel boiling channels from the characteristic equation. Taleyarkhan et. al.
[32] considered subcooled boiling, heat flux distribution in the channel, heater wall
dynamics, slip flow and transient mixing of flow paths in their analysis. They found that
subcooled boiling destabilises the system and the system stability improves with ventilation
between the channels. Clausse et. al. [33] found that for system having identical channels,
the system can oscillate with all channels in-phase with the external loop while the channels
themselves oscillating out-of-phase maintain a constant flow in the loop. If the channels are
different, complicated modes of oscillation involving coupling between the channels and
the loop can be formed.

1.1.1.3.2 Investigations based on non-linear analysis

Non-linear analyses based on numerical technique have been carried out by Gurugenci
et. al. [34], Chatoorgoon [35] and Nigamutlin et. al. [36]. Gurugenci et. al. developed a
numerical code to generate limit cycles of pressure drop and density-wave oscillations in a
boiling upflow system in a channel. Chatoorgoon developed a computer code named as
'SPORTS' which solves the conservation equations numerically with minimum
approximations, avoiding the use of property derivatives and matrix inversions. It also
permits large and small time steps. This code can predict the limit cycle oscillations in
natural circulation and forced circulation systems. Nigamutlin et. al. found that the heat
transfer coefficient does not affect the threshold of stability while the thermal wall inertia
has a strong stabilising effect. Non-linear analyses also revealed presence of chaotic
oscillations in two-phase flow systems by [37-39].

1.1.1.4 Investigations relevant to power reactors

Apart from all these fundamental studies cited above, there are investigations on flow
instabilities in power reactors. Krishnan and Gulshani [40] investigated the flow
instabilities in CANDU type PHWRs analytically and experimentally under two-phase
natural circulation conditions. They observed an intermittent flow oscillations that occurred
at low channel exit qualities caused by periodic formulation and expulsion of slug bubbles
in the boiling channel, and, an oscillatory flow instability that occurs at high channel exit
qualities characterised by large amplitude sinusoidal type flow oscillations in the channel.
Mochizuki [41] studied the instability behaviour of the ATR in a simulated experimental
facility under natural circulation and forced circulation conditions. Also, he carried out
numerical investigations to clarify the various types of flow instabilities in the reactor.



Moreover, all these studies clarified that the density-wave oscillation is the most
common type instability which can occur in boiling natural circulation loops and in forced
convection boiling parallel heated channels. Occurrence of this instability depends on the
system pressure, channel inlet and outlet resistances, heater power and inlet subcooling
conditions. The oscillatory characteristics can become more complex with increase, in
dissimilarities among the boiling channels.

1.1.2 Coupled neutronic-thermohydraulic oscillations

As said before, in a BWR the neutronics can be coupled with the thermohydraulic
oscillations to initiate reactivity oscillations in the core. This is because, in BWRs the
power generation is directly related to the neutron flux, which is a function of the reactivity
feed back which in turn depends strongly on the void fraction in the core. Thus when the
void fraction oscillates due to the oscillations of the flow, the power oscillates according to
the reactivity feed back. The neutronic feed back depends on (1) the neutron dynamics
which determine the power generated in the fuel, (2) the fuel dynamics, which determine
the power extracted from the fuel to the coolant and (3) the channel thermal hydraulics,
which characterise the void fraction response to changes in heat flux and that include the
inlet flow feed back via the downcomer, and (4) the reactivity feedback dynamics that relate
the void fraction to a reactivity value which affects the neutron dynamics. Fig. 3 shows a
typical block diagram describing the interactions among the neutronics, fuel dynamics and
thermal hydraulics. If we increase the external reactivity, the reactor power will increase
(via GR). This causes an increase in fuel temperature (via GF) and the void fraction (via Ga).
However, before the power generated by the neutronics can feed back through the
moderator density, it has to change the fuel temperature to alter the heat flux from the fuel
to the coolant, which depends on the fuel time constant. This may destabilise the thermal
hydraulic instability by adding the phase delay but may stabilise it by filtering the
oscillations having large frequencies [42]. Moreover, the effects of the thermal fuel time
constant on the thermal hydraulic instability depends on the resonance frequency of its
occurrence. It is also shown by March-Leuba and Rey [42] that the void reactivity can have
large filtering effect (i.e. gain reduction) for frequencies higher than the inverse of the
density-wave time constant. This is because if the power oscillation frequency is higher
than the density-wave characteristic time delay, the wave front will not have time to leave
the top of the channel before the next wave front is created. In this manner, the positive and
negative parts of the wave cancel each other and there is a significant decrease in overall
density reactivity feed back. On the other hand, if the power oscillation is of low frequency,
the cancelling effects is not produced and the gain is not reduced. Hence, the effect of the
void reactivity feed back on the density-wave instability depends on the characteristic of
oscillation of the thermal hydraulics in the system.

1.1.2.1 Computer codes to simulate coupled neutronic-thermohydraulic instabilities

A lot of research on this area has been carried out in the past to model and understand
the instability behaviour in commercial BWRs. State-of-the-art review on this instability
has been provided by March-Leuba and Rey [42]. This review suggests that there are many



incidents of coupled neutronic-thermohydraulic instabilities in commercial BWRs in the
past. However, the topic generated added interest after the oscillations observed in the two
operating reactors, i.e., La Salle 2, USA [ 43] and in the Coarso, Italy [44]. The oscillations
in the La Salle 2 reactor was an in-phase mode oscillation in which the neutron flux, flow
rate and void fraction almost oscillated in-phase with each other at all points in the core
which eventually resulted in reactor scramming. The oscillations in the Coarso plant was an
out-of-phase instability in which one half of the core oscillated 180° out-of-phase with the
other half. The out-of-phase instability is difficult to detect with average power detectors
and may not therefore lead to an automatic scram of reactor if instability occurs. Hence, the
out-of-phase instability is more dangerous compared to the in-phase mode instability.

Many investigators have attempted to model both the above types of instabilities by
numerical time domain and frequency domain analytical codes. Some of the well known
benchmarked codes used to simulate the La Salle 2 and Coarso instabilities on time domain
are TOSDYN-2 [45], STANDY [46], RETRAN [47] and TRACG [48]. TOSDYN-2
includes a 3D neutron kinetics model coupled to a five equation thermal hydraulics model
and considers multiple parallel channels as well as the whole loop. STANDY incorporates
3D neutron kinetics and parallel channel flow but does not consider the whole loop
behaviour. RETRAN considers ID and point kinetics neutron dynamics equation,
homogeneous two-phase flow and single radial thermal hydraulic region. TRACG solves
full 3D as well as ID point kinetics but takes a lot of CPU time to solve the instability
problem. These codes successfully simulated the instability behaviour in these plants and
the causes of instabilities were also found by them. In addition to these, there are many
benchmarked frequency domain analysis codes such as NUFREQ [49], LAPUR [50],
FABLE [51], etc. NUFREQ is a family of codes such as NUFREQ-N, NUFREQ-NP and
NUFREQ-NPW which calculate the reactor transfer function for the in-phase oscillation
mode. The main differences among them are the ability to model the pressure as an
independent variable. LAPUR considers point kinetics model both for in-phase and out-of-
phase mode of oscillations. The thermohydraulics part is modelled as up to seven flow
channels whose inlet flows are coupled dynamically between the two plenums of a BWR to
satisfy the pressure drop boundary conditions as imposed by the recirculation loop
dynamics. FABLE can model up to 24 radial thermal hydraulic regions that are coupled to
point kinetics to estimate the reactor transfer function for the in-phase mode oscillation.

1.1.2.2 Fundamental studies on coupled neutronic-thermohydraulic instabilities

Fundamental studies in the field of BWR instabilities have also been carried out by
numerous investigators. Kleiss and Dam [52] derived the characteristic equation of a
natural circulation BWR using linear stability analysis. Belblidia et. al. [53] derived an
analytical model to study the coupled neutronic-density wave oscillations using nodal
approach based on Avery's coupled core kinetics theory [54]. They evaluated the coupling
coefficient using the steady state flux distribution in the reactor core. This method was
useful to consider the spatial kinetics effect which is otherwise not considered in the point
kinetics model. Their main findings was that the stability margin was greatly affected by the
coupling coefficient among the different regions of the core.



March-Leuba and Blakeman [55] provided one of the most succinct explanations of the
physical processes involved for the occurrence of out-of-phase instability as a competition
between the stabilising subcritical neutronics and the destabilising gain of the thermal
hydraulic feed back. They pointed out that under certain circumstances, the destabilising
effect of void feed back can excite the first harmonic, even if the fundamental (in-phase)
mode is stable. The stability margin was related to the subcriticality of the first harmonic
(i.e. the separation of the fundamental and first harmonic eigen values).

Hashimoto [56] showed by modal expansion that in the low flow and high power region
of a BWR, out-of-phase oscillation can occur for certain values of subcriticality and void
reactivity feed back. Rao et. al. [57] found out the influence of the fuel time constant and
void reactivity coefficient on the instability of in-phase mode considering a single channel
of the La Salle 2 reactor under its transient conditions. Uehiro et. al. [58] applied the above
analytical model to study the in-phase and out-of-phase instabilities in the parallel boiling
channels of the La Salle 2 reactor. They found out that the interaction between the channels
due to neutron diffusion influence the out-of-phase oscillation.

Munoz-Cobo et. al. [59] developed a non-linear phenomenological model based on
modal expansion of neutron kinetics equation to study the in-phase and out-of-phase
oscillations in a BWR. They found out that the in-phase mode oscillations appear only
when the azimuthal mode has not enough thermal hydraulic feed back to overcome the
eigen value separation but the out-of-phase oscillations can occur due to different thermal
hydraulic properties of the two reactor lobes if modal reactivities have appropriate feed
back gains.

Moreover, these studies reveal that the nuclear-coupled thermohydraulic instability is a
very complex problem which depends on the behaviour of channel thermal hydraulic
oscillations, radial and axial power distribution in the core, reactivity feed back effects due
to the void and fuel temperature, and the fuel time constant. These instabilities may occur in
forced circulation BWRs under natural circulation conditions after a pump trip transient
when the core exit quality is high due to low flow and high power. This may cause a large
void reactivity coefficient and two-phase pressure drop to initiate instabilities. Such
instabilities can also occur in a natural circulation BWR (for example, the Dodewaard
reactor) as predicted recently by Van Bragt and Van der Hagen [60]. They considered a
single channel of the above reactor and found out that the stability behaviour of the reactor
is strongly dependent on the state of thermohydraulic system [3]. They also observed that
the Type-I and Type-II thermohydraulic oscillations which occur at low and high powers
respectively are influenced by the neutron and fuel dynamics in different manner.

From these studies, it may be anticipated that the AHWR may also experience both
thermohydraulic and coupled neutronic-thermohydraulic instabilities under certain conditions.
Experiments carried out in the simulation facility of the ATR [41] which is also a pressure
tube type forced circulation BWR, showed thermohydraulic instabilities for certain operating
conditions when operated under natural circulation mode. It was also observed that both Type
I and Type II thermohydraulic instabilities can occur in the ATR up to a pressure of 7 MPa.
With increase iti subcooling, the instability boundaries for both the above types were found to



be enhanced. Since the AHWR will be started from atmospheric condition by natural
circulation, instabilities that occur at low pressures such as the Ledinegg type may appear in
addition to the density-wave instability observed in the ATR simulation facility. Hence, from
the view point of the design of the AHWR, it is required to evaluate the stable and unstable
regions from atmospheric to operating pressure conditions considering the effects of both the
geometry and operating conditions. Looking at the geometry of the AHWR, it can be observed
that the PHT System contains many parallel channels which are connected between the header
and the steam drum by equal number of very long inlet feeder pipes and tail pipes respectively.
The stability analysis of such a system having multiple channels with different power,
resistances and operating under natural circulation conditions is much more complex and
different from that of a forced circulation vessel type BWR, because the total flow in the PHT
System of a natural circulation BWR is dependent on loop geometry, inlet subcooling and the
heat applied, and the flow in the parallel channels depends on the pressure drop in each
channel connected between the inlet header and the steam drum. Most of the previous analyses
have not considered the stability behaviour of such a natural circulation system. Further to
this, since each channel in the AHWR is connected to the steam drum and the header with
very long inlet and outlet pipes respectively, the period of density-wave oscillation is expected
to be much larger than a conventional vessel type BWR. The effects of neutron and fuel
dynamics on these low frequency density-wave oscillations occurring due to the interactions of
the multiple long parallel paths having different power, resistances and with the external loop
(i.e. downcomers) under natural circulation condition have not been studied earlier. Hence, it
is required to develop analytical models to study the thermohydraulic and coupled neutronic-
thermohydraulic instabilities in the AHWR for the in-phase and out-of-phase mode of
oscillations which may occur in the multiple boiling channels of the reactor from atmospheric
to rated pressure conditions.

2.0 MODELLING OF THE STABILITY BEHAVIOUR OF
TWO-PHASE NATURAL CIRCULATION

The mathematical model to be presented in this section will be applied to investigate
the stability behaviour of the Indian AHWR. Fig. 4 shows a simplified loop of AHWR
considered for analysis. As shown in the figure, all the steam drums and downcomers are
lumped in to an equivalent steam drum and downcomer respectively. All the channels in the
core are connected between the inlet header and steam drum by same number of inlet
feeders and outlet feeders respectively. In the analysis it is assumed that

in the single phase region ;

(a) fluid is incompressible and

(b) Boussinesq approximation is valid for variation of density with temperature, and,

in the two-phase region;

(a) flow is homogeneous,
(b) 5p/dt in energy conservation is neglected,
(c) subcooled boiling is neglected,
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(d) two-phases are in thermo-dynamic equilibrium,
(e) no carry-over and carry-under in the steam drum (i.e. complete separation),
(f) complete instantaneous mixing of feed water in the steam drum,
(g) heat losses in the loop pipings are neglected and
(hj inlet subcooling is constant for a particular power and feed water temperature

conditions.

With these assumptions the conservation equations of mass, momentum and energy for one-
dimensional two-phase flow are given by

Mass

dw

' ck

Momentum

~A~a

Energy

f A2

c

= 0,

—(w2v
) + ~v+2DAT •

i heated region,

f-0. (2,

dt ' &~\ 0 adiabaticregion. ^

State i . • '

P = f(P,h). (4)

The pressure drop due to bends, restrictions, spacers, etc. was estimated as

tpk =Kw2 IlpA2. (5)

2.1 Steady State Solution

The governing equations for the steady state conditions are obtained by dropping the
time derivatives. The Eqs. (1) to (3) can be written as

f-v.

I I



ch f qhA heated region, •

da ~ \ 0 adiabatic region.

Eqs. (6) to (8) can be solved analytically and expressions for pressure drop for single-phase
and two-phase regions can be obtained as

1-6 region

8Pm + > 2 1 2 D A l Pin adiabatic region,
2 2 p v heatedregion,

2-6, region

a l(wahv
fg I Ahk) + \gl{vf +(qhA(x-Lxp)v/i./whJ-K)}]

-~T=z'S + (Jw v/2DA ) heated region,
(g I v) + (fw2v / 2 DA2) adiabatic region,

(10)

where Lspis the length of single-phase region in the heated channel and is obtained by a

heat balance as

The pressure drop for each channel with associated inlet and outlet feeders (A/?cA) can be
estimated from equations (9) and (10). Since all the parallel channels are connected
between inlet header and; steam drum, (A/?^), for each parallel path from inlet header and
steam drum is same, i.e.

PH ~ PSD = &PH-SD = (APc*)l = (APc*>2 = (APrt)« • (12)

Similarly, the pressure drop between the steam drum and inlet header is estimated as

l A 2 , (13)

where AZ is the elevation difference between the steam drum water level and inlet header
and wt is the total loop flow rate and is equal to

r-l
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The total PHT flow rate (w,) and flow rate in each channel (wdl)l connected between inlet
header and steam drum are estimated by solving equations (12) to (14) together iteratively
with the condition that A/?W_VD + A/?S7)_H is equal to zero.

2.2 Linear Stability Analysis

The set of conservation equations (1) to (3) are linearised by superimposing of small
perturbations of w , h , p , v and qhover the steady state values as follows

w = wa + w ; h = ha + hi; p = pxx + p ; v = vxx +v';qh= qhxx + qh where

w" = w(x)ee";h =h(x)sex';p = p(x)se";v' = v(x)ees';qh =qh eexl (15)

In equation (15) e is a small quantity and w,h,p,v and qh are the averages of perturbed
flow rate, enthalpy, pressure, specific volume and heat added per unit volume of coolant
respectively and s is the stability parameter. Substituting them in the conservation
equations, the perturbed equations for the single-phase region and two-phase region of the
loop can be written as follows.

1 -<(> region

Perturbed mass conservation equation is written as

(16)

Perturbed energy conservation equation can be written as

3i PinAs . \-{w'qhssA!wl) + qhAlwss heated region,

3c w^ [ 0 adiabatic region,

Perturbed momentum conservation equation is written as

^ + w'[(s I A) + ( > „ / PinDA2)) - (g/3pinh I Cp) = 0, (18)

2-<{> region

Perturbed mass conservation is written as

(19)
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Perturbed energy conservation equation can be written as

+ As {. =\-[(w/wl)qhtSSA)]

1Wu 0

s heated region,

adiabatic region,
(20)

Perturbed momentum conservation equation is written as

dp

A2)(v )(ch'

(21)

Solution of the perturbed equations for various segments of the loop can be obtained by
integration as follows.

In the single-phase region,

(a) heated region,

w = win = const., (22)

(23)

where hin is the perturbed inlet enthalpy at the inlet of core and x is the residence time of the
fluid in the section.

- A / 7 = {si A)
P,nDA2 m"sp

L W S V r _ r v i

w.

(b) adiabatic region,

w -wi» = const.,

(24)

(25)

(26)
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-Ap = (si A)

In the two-phase region,

(a) heated region,

w =w
sp

As vfg

ti =[Per>Lc

where

P =
~ hv(r2 + Aspf I w j - I w; + q'hA I wx

(27)

(28)

(29)

(30)

r,=[-C1+(C1
2-4C2)0 5]/2,

r2=[-C1-(C1
z-4C2n/2,

(31)

(32)

(33)

(34)

(35)

and tim is the perturbed enthalpy at the inlet of boiling region of the channel which can be
estimated from Eq. (23).

C, =

w L +
As v

* ' "2 h,,

+ i
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(b) adiabatic region,

= *>m + K , /v.)(vA

(36)

(37)

(38)

-Ap =
-

(39)

The perturbed pressure drop across the bends, orifices and spacers in the single-phase
region is given by

Apk sp=(K,p/ p42)w ( Vwm . (40)

Similarly, the perturbed pressure drop due to bends, spacers and other restrictions are given
by

2w, (41)

For constant inlet subcooling, i.e. for the case hjn = const., the general expressions for
perturbed flow rate, enthalpy and pressure drop in single-phase and two-phase regions can
be expressed as a function of single-phase perturbed flow rate in the steam drum, i.e.

in the single-phase region,

w =f(w'SD) = const.,

Ap =h(w'SD),

in the two-phase region,

(42)

(43)

(44)

(45)

(46)
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Ap=hl(w'SD). (47)

For the geometry of AHWR consisting of multiple parallel channels coupled with the
downcomer, the perturbed equations can be written as follows.

For each parallel channel connected between header and steam drum,

where G(wm), is the sum of perturbed pressure drops in single-phase and two-phase regions
of ilh parallel channel.

The perturbed pressure drop in the single-phase region between the steam drum level and
header is given by

Ap - G (w. ) . (49)

It may be noted that (wsl)) is also the total perturbed flow rate in the single-phase region

of the system and is the sum of the perturbed flow rates at the inlet of all parallel channels,
i.e.

n

( XV ^ = 7 (XV ^ /'SO^

By substituting Eq. (50) into Eq. (49) and adding Eq. (48) to Eq. (49), the following sets of

simultaneous equations can be easily obtained for the condition that ApSD_lf + Ap,,_SD = 0 ,

i.e.

AwJi +G\(w,n)\ +Gr(w,n)2 +GT(wm)3 + + Gr(wm)n = 0 , (51a)

I yU 1 -*- ( j / yU 1 - ^ IT I yU 1 -+- IT,, ( \\) I "T" —~ ~~ "~~ ~~ ~~ -f" C 7 1 W ) ^~ \J \ J 1 D I

+GT(wm)2 +G r (wJ , + +G.,(w,;,)n +Gn(win)n =0. (51n)
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Dividing equation (51) by Gr throughout the following matrix form of equation (51) can be
written

G,/Gr

G2IGT 1

1 1 + G3 / GT

K,),

= 0. (52)

Eq. (52) can also be written as

and the characteristic equation is Ftj = 0,

(53)

(54)

where Fi} = (55)

To determine, the coupled neutronic-thermalhydraulic instabilities in the AHWR it is
required to derive the relationship for the perturbed heat generation rate ((#*),) in the
channel by considering the neutron and fuel dynamics.

2.3 Neutron Kinetics

The point kinetics approximation is adopted for the neutron field dynamics as given by

dn
( 5 6 )

m=\

The precursor concentration for each group can be obtained as

dt I
(57)

where n is the neutron density, k is the effective multiplication factor, ft is the delayed
neutron fraction, Xm and Cm are the decay constant and precursor concentration of delayed
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neutrons of group m respectively. Eqs. (56) and (57) are linearised by perturbing over the
steady state as discussed before and the perturbed equations can be easily solved after
eliminating the steady state conditions to obtain

(58)

where n is the perturbed neutron density and k is the perturbed reactivity which is related
to the void reactivity coefficient and Doppler coefficient as

k'=Cayav+CDTLav. (59)

In Eq. (59) ym and ffjav are the perturbed void fraction and fuel temperature

respectively averaged over the heated channel length. They can be estimated from the
coolant density and the fuel heat transfer equations as discussed below.

2.4 Fuel Heat Transfer Model

Assuming only radial heat transfer, the fuel heat transfer equation can be written as

(60)

where mf is the mass of fuel rods, Cf is the specific heat capacity of fuel, Hf is an

effective heat transfer coefficient, Q(t) is the heat generation rate in the fuel rods, 7} „,,(/)

is the length average fuel temperature, af is the heat transfer area of fuel rods and Tsat is the

coolant saturation temperature.

Perturbing Eq. (60) over the steady state for Tl av(t) and Q(t) and cancelling the

steady state terms, we get

TfMV(mfC/s + H/a/) = Q\ (61)

where Q is the perturbed heat generation rate in the fuel rod.

Applying the heat balance equation for the heat transfer from fuel to coolant

Hfaf(T/av-Txa!) = qhAcLc. (62)

Perturbing Eq. (62) over the steady state and cancelling the steady state terms we get

TfjOV=qhAcLJHfar (63)
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Substituting Eq. (63) into Eq. (61) and rearranging we get

mfCfsl Hfaf

(64)

Since the heat generation rate in fuel is proportional to the neutron density, Eqs. (58) and
(59) can be substituted into Eq. (64) to yield

6

where Gf = ——
CDACLC

(65)

(66).

and rf =
mfCf

is the fuel time constant.

The density of two-phase mixture is given by

get

r = -

(67)

Perturbing Eq. (67) over the steady state and cancelling for steady state condition, we

(68)v.

The channel average perturbed void fraction can be obtained by integration as

(69)

which can be approximated after some algebraic simplification as

. 1 v/g
where y, =——- hfg

-er r'L* —&'* -eriL")
r2 V 1

1 vfg 1

(70)

(71)

(72)
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—Qu KKA
(73)

(74)

(75)

(76)

Substituting Eq. (70) into Eq. (65) an expression for the perturbed heat added/unit
volume of coolant (qh) to any channel /' for a perturbation of channel inlet flow rate (wm)
in the ilh channel can be easily obtained as given by

(77)
-Gf\\i

Eq. (77) can be substituted into Eqs. (23) and (29) to obtain the perturbed enthalpy in
the single-phase and two-phase regions of any heated channel respectively. These can be
further substituted into Eqs. (24) and (36) to yield the perturbed pressure drop in single-
phase and two-phase regions of any heated channel. Finally the characteristic Eq. (55)
changes accordingly by substituting the respective perturbed pressure drop components into
Eq.(52).

2.5 Neutron Kinetics Model for Out-of-phase Oscillations

During an out-of-phase instability, neutron diffusion from channel to channel may be
an important factor due to change in void fraction among the boiling channels which the
point kinetics model does not take into account. This may result in a different qh for any
channel than that calculated using Eq. (77). To analyse this problem, a coupled multipoint
kinetics model based on Baldwin's theory of neutron kinetics of coupled cores [61] has
been employed which was applied to investigate the oscillatory behaviour of multiple
parallel channels of the AHWR. Further to this, the modal point kinetics model developed
recently by Hashimoto et. al. [62] was also applied to predict the out-of-phase mode
oscillations of the AHWR and the results of the two models were compared.

2.5.1 Coupled Multipoint Kinetics Model

The model considers the reactor core to contain 'N' number of subcores which are
subcritical, isolated by reflectors and influence each other only through leakage neutrons
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number of which is proportional to the average neutron flux over each subcore. Each
subcore may contain one channel or group of channels having the same power and
resistances.

Taking the model as 'N' bare homogeneous reactors, the coupled multipoint kinetics
equation for the i,h subcore is given by

dnt(t) ^ 0 ( 1 / 7 , ) !

y
J*i

Pm.iJ{ , 4 f t ) (79)
where <xy is the coupling coefficient that determines the reactivity contributed by the

interaction of j , h subcore with the ilh subcore. In the analysis, af> is assumed to be

constant which can be estimated from the steady state condition of Eq. (78) as

(80)

For small excess reactivity

,... "'•"

Perturbing Eqs. (78) and (79) and solving them together as obtained before for the point
kinetics equation, the perturbed neutron density in the i,h subcore can be obtained as

",,,, n,....
/©,, (82)

where T, = i - V-£E=_ , (83)

Eq. (82) can be further written as



where Fj ~\ I <9; (86)

Eq. (85) can be written in expanded form for N subcores as

n,

•+aXHnN

+ai2n2

+a2HnN

+aiNnN

(87a)

(87b)

(87c)

n.
(87d)

(87e)

lt\ matrix form

- a B - a

- a , - a.

-a. -a, -a.. . 1/

Nx)

* >

(88)

(89)

where T = < , .
[- a,, for i

(90)

(91)
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kn

or.\ri=r[Xit X,, . . . X,\ (92)

kn.

(93)

or, Nx\
(94)

Since heat generation rate Q is proportional to the neutron density n

S o (95)

The perturbed heat added/unit volume of coolant for any subcore can be obtained by
substituting Eq. (95) into Eq. (64).

2.5.2 Modal Kinetics Model for Analysing the Out-of-phase Instabilities

The out-of-phase oscillations in BWRs is a spatially dependent phenomenon with a
neutron thermallhydraulic coupled feedback effect. It is characterised by power oscillations
with one half of the core increasing and the other half decreasing with a phase difference of
180°. This instability is explained recently as a phenomenon in which the neutron higher
harmonics mode is excited by the thermalhydraulic feedback effect [55, 62-64]. Thermal
hydraulic excitation of the first azimuthal mode resulting in out-of-phase oscillations were
observed in operating BWRs by Bergdahl and Oguma [64]. The in-phase (fundamental)
oscillation mode has a keff equal to one in the equilibrium state. The higher harmonic

modes are all subcritical which could result in out-of-phase oscillations depending on the
subcriticality of the harmonic mode and the void reactivity feedback. A derivation of the
modal point kinetics equation governing higher harmonics oscillations of the neutron
density and precursor concentration is given in reference [62]. Following this theory, the
perturbed neutron density considering the modal point kinetics equation can be expressed
as

n

<'+t
n . l

where p t = — - —

(96)

(97)
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In Eq. (97) Xo and Xc represent the eigenvalue of the fundamental mode and higher
harmonics. Hence, the subcriticality, pc, is identical to the eigenvalue separation of the
fundamental and higher harmonics mode. The subcriticality can be evaluated by relating to
the geometric buckling using a one group diffusion theory as [63]

(98)

where D is the diffusion coefficient, AB2
n is the geometric buckling difference between

harmonics and fundamental mode, v number of neutrons/fission and ^ is the fission

cross section. Eq. (58) can be replaced by Eq. (96) to analyse the out-of-phase instabilities
in the AHWR core.

2.6 Mode of Oscillation

In the AHWR as shown in Fig. 1, both in-phase and out-of-phase oscillations may
occur. During an out-of-phase oscillations, the thermal hydraulic parameters oscillate
among the boiling channels connected between the header and the steam drum with certain
phase difference and amplitude ratio without any oscillations taking place in the external
loop (i.e. the downcomers). On the otherhand, during an in-phase mode of oscillations, the
flow oscillations in the channels take place without any time lag and also with the same
frequency as in the external loop

From Eq. (48) we can express the ratio of perturbed flow rate oscillation between channels
/ and j as

J J (99)

The quantity M + jN can be expressed as Re75 where R is the ratio of amplitude

(R = yj(M2 + ;V2)and 0 is the phase difference (0 = tan'1 (N / Mj). The nature of
oscillation, i.e. in-phase or out-of-phase can be determined by substituting the roots of the
characteristic Eq. (54) into Eq. (99).

2.7 Determination of threshold of stability, frequency of oscillation
and the Decay Ratio

The stability of the system is investigated by determining the roots of the characteristic
equation (Eq. (54)). If s is the root of the characteristic equation given by s-rj + jar
where rj is the real part and m is the imaginary part of the root. Then the system is
considered to be stable if all TJ < 0, and unstable if any rj > 0. At the neutral threshold point
at least one of the 7 = 0.

The time period of oscillation is related to the absolute value of the imaginary part as
T = 2K I \w\ and the frequency of oscillation is / = 1 / T.

25



The decay ratio defined as the ratio of two successive amplitude of impulse can be

obtained as DR = e2""1'^. The DR indicates the stability margin which the system can have
at any operating conditions. If it is less than one, the system is stable. If it is more than one,
the system is considered to be unstable. At DR equal to one, the system is at the threshold
of stability.

3.0 POWER DISTRIBUTION IN THE AHWR CORE

In the AHWR, the power distribution in the core varies radially and axially. Fig. 5
shows a typical power distribution in the core, which is considered in the present analysis.
Table 1 gives the required channel inlet loss coefficients for different channels so as to
achieve proper flow distribution in the channels in order to have nearly uniform channel
exit qualities. It can be observed from Table 1 that the channel inlet loss coefficients vary
from 0 to 250 depending on the radial power factors. Fig. 6 shows the axial power
distribution in the core for different channel types. The channels with similar axial and
radial power profiles, inlet orificing and resistances are grouped into one channel type. So
each channel type will have different thermal hydraulic characteristics from the other. It can
be observed that the axial power profiles are more or less uniform for all the channel types.
The slight increase in heat flux at the top edge of the core is due to the presence of heavy
water reflector which is normally not present in conventional BWRs.

4.0 MODEL VALIDATION

It is required to validate the theoretical model discussed earlier with the test data. For
this purpose, experimental data obtained from a simple forced circulation loop having twin
boiling channels and that of the Heat Transfer Loop (HTL) that simulates the ATR were
used. The former experimental facility operates under atmospheric condition and boiling
takes place in both the heated channels. The details of this facility are given in
reference[19]. The threshold of stability for the twin boiling channel system has been
predicted and comparison of the predictions with the test data is shown in Fig. 7. It can be
observed that the predictions are in good agreement with the test data. However, it is also
required to validate the present model with the test data at higher pressures obtained from
large facilities having geometry similar to that of the AHWR. In literature, it is found that
the ATR is the only pressure tube type BWR for which experimental data under natural
circulation and forced circulation conditions are available [41]. Figs. 8 and 9 show a
comparison of the predictions with the test data for the threshold of instability of the HTL
operating under forced circulation conditions. The results indicate that the theoretical model
can predict the stability behaviour of boiling forced circulation loops having parallel
channels successfully. It is also important to validate the predictions on the steady state
behaviour of natural circulation/ because accurate predictions of the thresholds for
Ledinegg type and density wave stability boundaries depend on steady state predictions.
Figs. 10 and 11 show a comparison of the predictions with the test data for Steady state
natural circulation flow rate of the HTL. It can be observed from both these figures that the
homogeneous model predicts larger flow rate than that obtained using.the slip model [65].
This is because, the homogeneous model predicts larger void fraction in the channels and
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hence larger driving buoyancy force, thus giving larger flow rate. As observed in the
figures, the present model predicts the steady state behaviour of the system at different
powers and downcomer levels reasonably accurately; Fig. 12 shows a comparison of the
predictions with the test data for the threshold of instability of natural circulation for HTL.
The predictions were carried out at different pressures and subcoolings. The threshold of
stability at any subcooling has been predicted as a function of non-dimensional power
called phase change number and subcooling number as defined in reference [41]. As
observed from these figures, the current model predicts the threshold of Type-I and Type-II
instabilities accurately. Many previous researchers [25-28] have validated the applicability
of homogeneous model for the stability analysis. However, their analyses have not
considered the interaction of multiple parallel channels operating under natural circulation
conditions.

5.0 LEDINEGG TYPE INSTABILITY BEHAVIOUR OF THE AHWR

The occurrence of Ledinegg type instability can be ascertained by investigating the
steady state behaviour alone. The criterion for this type of instability is given by

^p<0, (100)

where tsp} is the internal pressure loss in the system and Apd is the driving head due to

buoyancy. bp} includes all losses in the inlet feeders, core, outlet feeders, steam drum and

downcomers except the pressure drop due to gravity in the steam drum (liquid level),
downcomers, header and inlet feeders. Apd includes the gravity head from the steam drum
up to the core inlet. Hence, to check the occurrence of Ledinegg instability the variation of
&pf and Apd as a function of flow rate is required.

Figures 13 (a) and (b) show how the lower and upper threshold for Ledinegg type
instability is identified. From these figures it is seen that the Ledinegg type instability
occurs when the power is more than 285 MWth and less than 460 MWth for operating
pressure of 0.1 MPa and subcooling of 30 K. When the power is in between the above
specified range, the internal pressure loss curve intersects the driving buoyancy curve at
three points (i.e. three operating points at a given power level) which makes the system
unstable. Thus at 30 K subcooling, the system can have two threshold points of instability;
Like this, the threshold points for instability can be predicted at different subcoolings.

Since the Ledinegg type instability depends on the variation of pressure drop with the
flow rate, it is required to investigate the influence of two-phase friction factor multiplier
models incorporated in the analysis on the Ledinegg type instability. Previous analysis of
Furutera [26] has shown that the threshold of density wave instability is greatly affected by
changing the two-phase friction factor multiplier models in the analysis. Hence, an attempt
has been made here to study the influence of different two-phase friction factor multiplier
correlations on the threshold of Ledinegg type instability. Fig. 14 shows a comparison of
the stability maps obtained by different friction factor multiplier models given in Appendix-
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1. For this purpose, the system pressure considered is 0.1 MPa. It can be observed that the
stability maps are hardly influenced by changing the friction factor models. This may be
because of the dominance of the gravitational loss in the two-phase region of the system
over that of the frictional loss due to the presence of very long riser pipes in the AHWR. In
the following analysis, the friction factor multiplier model of Baroczy [66] has been used
for the stability analysis.

5.1 Influence of geometric and operating parameters on Ledinegg type instability

Figure 15 shows the stability maps at different pressures. It can be observed that the
stability of the Ledinegg instability increases with an increase in pressure. This may be due
to the fact that with an increase in pressure the void fraction decreases with quality
significantly in the two-phase region, which can reduce the S-shaped variation of the
irreversible losses (i.e. dbp{ Idv) responsible for the occurrence of the Ledinegg type

instability. Similar to the Type I and Type II density wave oscillations, two types of
Ledinegg instabilities are observed at any subcooling depending on the operating power.
With increase in pressure, the threshold power for the lower and the upper instability
boundary moves to much higher power. The interesting thing which can be observed from
the figure is that this instability almost vanishes for the AHWR (i.e. shifts beyond the
operating envelope of power for the AHWR) when the operating pressure is more than 0.7
MPa. So this type of instability is of concern for the AHWR at low pressures, i.e. during the
start-up conditions. Experiments carried out by Aritomi et. al.[18] and Jiang et. al. [14] for
start-up of natural circulation boiling loops showed instability which were identified by
them as geysering, flashing, natural circulation oscillations and density wave oscillations. A
pressure tube type natural circulation BWR may experience Ledinegg type instability in
addition to all those instabilities observed by these investigators during start-up. One simple
way of avoiding this instability for the AHWR is by maintaining subcooling less than 10 K
as observed from the figure.

During a small break LOCA situation, the water level in the downcomer may fall
below the normal operating condition. Figure 16 shows typical stability map at various
downcomer levels at steam drum pressure of 0.1 MPa. It can be observed that at a particular
subcooling, both upper and lower threshold powers for instability decrease with reduction
of downcomer level. This may be because with reduction of downcomer level, the driving
head (Apd) for the natural circulation flow decreases. Hence, the internal pressure loss
curve (Apf) can intersect the driving head curve at lower power causing reduction of

threshold power for Ledinegg type instability. Similar behaviour is also observed for the
effects of riser height on Ledinegg type instability as observed in Fig. 17.

5.2 Influence of axial power distribution on Ledinegg type instability

The effect of axial power distribution on Ledinegg type instability is shown in Fig. 18.
The axial power profiles considered are shown in Fig. 19. The results indicate that the axial
power profile has marginal effects on Ledinegg type instability for a pressure tube type
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BWR for constant total power. This is because, the pressure drop is governed mainly by the
long tail pipes and not by the core. *

5.3 GENERAL CONCLUSIONS

Extensive investigations were carried out to study the Ledinegg type instability
behaviour of the AHWR. It was found that this instability occurs at realtively high power
levels (much above 100 MWth) when the operating pressure is very low (< 0.7 MPa). The
instability can be avoided by pressurising the system above 0.7 MPa before raising the
power beyond 100 MWth.

6.0. DENSITY WAVE INSTABILITY BEHAVIOUR OF THE AHWR

The density wave instabilities that may appear at low powers or low qualities and high
powers or high qualities (Type-I and Type-II respectively) have been predicted for the
AHWR.

Figure 20 shows the in-phase and out-of-phase density wave instabilities which may
occur in the AHWR considering only the hottest channels of the reactor (i.e. Channel Type-
3 having RPF = 1.231 and Kjn =0.0, Table 1). The stability boundary has been plotted on
non-dimensional N^ - Nxuh plane (same as the non-dimensional parameters defined in

reference [41]). As discussed before, during the in-phase mode oscillations the flow
oscillations among the channels along with the external loop (i.e downcomers) occur
without any phase difference among them. During the out-of-phase mode oscillations, the
flow bscillations among the channels occur with some phase difference without any
oscillations taking place in the external loop. From this figure, it is clear that the out-of-
phase mode oscillations are more dominant as compared to the in-phase mode oscillations
in the reactor (since the former is having less stable area than the latter) because of the extra
single-phase friction in the downcomers which stabilises the in-phase mode oscillations.
Also, it can be observed that the difference in the Type II instability boundary between the
two modes of oscillations is much larger than that for Type I instability boundary which are
in agreement with the results of Van Bragt and Van der Hagen [3]. However, the difference
in the Type I instability boundary between two modes of oscillations is also significant
unlike that observed in the Dodewaard reactor.

6.1 Influence of geometric and operating parameters on density-wave instability

Figure 21 shows the stability maps for density wave instabilities for the AHWR at
various pressures considering all the channels of the reactor. Also, the same results are
shown in Fig. 22 in dimensional plane. From these figures, it is observed that the stable
zone increases with an increase in pressure and a decrease in inlet subcooling which is
consistent with the test results of Mochizuki [41] for the ATR simulation facility. It can be
observed that for the density wave instability, neutrally stable conditions occur for the
AHWR boiling channels at the rated full power conditions (i.e. 750 MWth and 7 MPa
pressure) for core inlet subcooling of about 17 K.
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The present analytical model considers all 12 channel types (as shown in Table 1) and
each channel type lumps all similar parallel channels in to an equivalent channel. It is
interesting to study the effects of interaction of similar channels and dissimilar channels
operating under natural circulation on the threshold of stability for the AHWR because, it is
expected that the high power channels are more unstable compared to the low power
channels. So it may so happen that the stable channels can make the unstable channels
stable or vice-versa.

Figure 23 shows a comparison of the threshold of instability for natural circulation
between a twin channel system consisting of maximum power rated channels (channel
Type-3 of Table 1) and system consisting of all the channels of the AHWR. In the former
case, the two channels were having the same power and zero inlet orificing coefficient, and,
both were connected between the steam drum and inlet header by same number of inlet and
outlet feeders. In the later case, all channel types consisting of all 408 channels of reactor
have been considered. It can be observed from the figure that the maximum rated power
twin channel system has lower stable zone compared to the case which considers all the
channels of the reactor. It is evident that the effects of channels with lower radial power
factors and larger inlet loss coefficients are to stabilise the unstable channels thus enhancing
the stability of the whole system.

Figure 24 shows the effect of number of parallel channels on threshold of instability.
All the channels considered are the maximum power rated channels (i.e. channel Type-3) of
the AHWR. In the analysis the downcomer area was changed in the same ratio as the
number of channels. It can be seen that increasing the number of channels does not affect
the stability behaviour of Type-II instability at all. Previous experiments of Mochizuki [41]
also confirms that increasing the number of channels having1 similar power distribution does
not change the threshold of Type-II instability when operated under natural circulation.
However, the threshold of Type-I density wave instability slightly decreases with an
increase in number of channels. Since Type-I instability occurs at low power conditions, the
natural circulation flow rate in the channels is also low because of less driving force. With
increase in number of channels, the flow rate in the system increases not proportionate with
the number of channels due to the variation of frictional pressure drop in the downcomer
with change in area. This may slightly affect the Type I stability behaviour of the system.

Figure 25 shows the effect of orificing of one channel on the stability boundary of a
twin channel system when both channels are heated with same power. Both the channels are
connected between the steam drum and the header by the same number of outlet feeders.
The orificing loss coefficients considered in the analysis are typical to that required for the
AHWR (see Table 1). In the analysis one of the channels does not have any orificing at the
inlet and the orificing loss coefficient in the other channel has been varied from zero to
250. It can be observed that the threshold of Type-II instability increases when the inlet
orificing loss coefficient increases from zero to 30. Further increase in inlet orificing !loss,
coefficient decreases the threshold of Type-II instability. In a natural circulation system, the
flow rate in the channel depends on the heating power and the channel resistance. With
increase in inlet throttling coefficient for same heating power decreases the channel flow
rate which in turn causes an increase in channel exit quality. This reduces the threshold
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power for instability for that channel which may cause the other channel to be unstable. So
increase in orificing at channel inlet does not always increase the stability of a natural
circulation system with multiple channels. But, the stable zone of Type-I instability
increases with increase in orificing loss coefficient at channel inlet.

When both channels have similar axial and radial power distribution and same inlet
orificing loss coefficient, with increase in inlet orificing coefficient, the stable zones for
both Type-I and Type-II instabilities increase as observed in Fig. 26. So to enhance the
stability, it is required that the channels must have different heating power depending on
their resistances so as to have nearly same channel exit quality. This problem may be of
concern when a natural circulation pressure tube type BWR is heated by external heating
without fission energy during start-up. It is required that the heaters should supply different
powers to respective channels depending on their inlet orificing so as to promote thermal
hydraulic stability.

The effect of channel outlet resistance on the density-wave instability is shown in Fig.
27. It can be observed that the stability of the system considerably improves with decrease
of channel outlet resistance because of reduction of two-phase pressure drop. So to enhance
the stability of natural circulation BWR, restrictions in the two-phase regions should be
minimum.

The effects of downcomer water level on the threshold of instability is shown in Fig.
28, It can be observed that with reduction in downcomer level, the threshold powers for
Type-II instability decreases and that for Type I instability increases. Moreover, the stability
of density-wave instability decreases with decrease in the downcomer water level. This is
because of the reduction of natural circulation flow rate in the system which increases the
two-phase frictional pressure drop due to decrease in two-phase mixture density (or increase
in channel exit quality) for the same heating power.

Figure 29 shows the effect of riser height on threshold of instability. In a natural
circulation system, smaller the riser height, lesser is the channel flow rate and larger is
channel exit quality for same heating power. This gives larger two-phase pressure drop due
to large channel exit quality. Larger the riser height, larger is the channel flow rate which
may cause larger two-phase pressure drop due to larger riser length. So a reduction or an
increase in riser height on stability of natural circulation system is competitive. This fact is
observed from the present work which predicts that change in riser height does not change
the threshold of stability significantly.

7.0 COUPLED NEUTRONIC-THERMOHYDRAULIC
STABILITY CHARACTERISTICS OF THE AHWR

Before studying the characteristics of nuclear-coupled thermohydraulic oscillations, it
is required to study the pure thermohydraulic oscillations of both the in-phase and out-of-
phase modes in the AHWR. This investigation will suggest the nature of dependency of the
neutronics on the thermal hydraulic behaviour of the system. Fig. 30 shows a typical flow
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stability map considering the hottest channels of the AHWR (i.e. channel Type 3 having
RPF = 1.231 and Kjn = 0.0). The analysis considers two parallel boiling channels alongwith
the associated inlet and outlet feeders of the reactor. The frequency of oscillations at the
threshold powers for both modes of oscillation have been estimated from the root of the
pharacteristic equation and are shown in the above figure. It can be observed that the
frequency of oscillation for Type-II instability is larger compared to that for Type-I
instability. This is because the Type-I instability occurs at low power when the flow
velocity is smaller under natural circulation conditions than that for the Type-II instability
which occurs at much higher power. Hence, the fluid takes longer time to pass through the
two-phase region compared to the Type-II oscillation case. In general, it is also found that
the frequency of oscillation is very much less for the AHWR channels compared to that
predicted for the Dodewaard natural circulation BWR [3]. This is because the period of
oscillation in the AHWR channels is very large due to large two-phase region of the tail
pipes whose length is several times of the chimney height of the Dodewaard BWR.

7,1 Parameters for Coupled Neutronic Thermohydraulic Instability

It will be interesting to study the influence of the neutronic coupling on the low
frequency thermohydraulic instability studied above. For this purpose, the reactivity
parameters were used from the predictions of a 3D neutronics code named as SERIES for
the AHWR. According to this, the Doppler reactivity coefficient is evaluated from the
following relationship

C o =-3x l (T 5 +19 .34x l0 - 9 7 \ (101)

Eq. (101) is valid for the AHWR fuel considered in the analysis in the temperature range of
300~800 K. Similarly, the void reactivity coefficient (Ca) is estimated to be -0.005 for core
average void fraction of 0.4 at the rated full power operating condition. The fuel thermal
time constant is also estimated as 8 s at the rated full power operating condition. All these
parameters are likely to change with burn-up and operating conditions. Hence, they are
varied over a wide range to study their influence on the low frequency thermohydraulic
oscillations observed in the boiling channels of the AHWR.

7.1.1 Influence of void reactivity feed back

Figures 31 and 32 show the effect of C,, on the threshold of stability for the in-phase
and out-of-phase mode of oscillations between two subcores respectively considering the
point kinetics model for the neutron dynamics. Each subcore contains channels of Channel
Type-3 (i.e. hottest channels) and hence both have the same power and resistance. The
results indicate that with an increase in negative Ca the threshold power for stability
decreases for Type-I and increases for Type-II instabilities for both in-phase and out-of-
phase mode oscillations. The influence is more at higher degree of subcooling. Moreover,
the stability of Type I and Type II instabilities increases with an increase in negative void
reactivity feed back. To explain this phenomenon, the decay ratio (DR) (defined as the ratio
of two successive amplitude of impulse response) for both Type I and Type II instabilities
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at different void reactivity coefficients are estimated and plotted in Figs. 33 and 34
respectively. The channel power considered for Type I instability is 600 kW and that for
Type II instability is 4500 kW. The channels can experience the above thermohydraulic
instabilities at these powers as seen before in Fig. 22. From these figures it is clear that
with an increase in negative void reactivity coefficient at any power, the DR decreases. At
higher power (i.e. Type II instability), the effect of void reactivity feed back is more upto a
C.a value of -0.2. With further increase in negative Ca, the decrease of DR is not

significant. On the other hand at low power (i.e. Type I instability), the DR continuously
decreases with increase in void reactivity coefficient. The corresponding frequency of
oscillations for both the above powers are shown in Figs. 35 and 36 respectively. From
these figures, it is clear that addition of neutronic feedback on the thermal hydraulic
oscillations increases the frequency of oscillations for Type II instabilities. The frequency
of Type I instability does not change significantly with the coupling of neutronics with
thermal hydraulics. Hence for these low frequency of the Type-I and Type-II oscillations
(<0.08 Hz) for the AHWR geometry considered, addition of neutronic feed back can have
significant stabilising effect due to the less phase lag between the fuel heat generation rate
and channel thermohydraulic oscillation. The destabilising effect due to the increase in gain
of the void reactivity feed back loop with increase in negative void reactivity coefficient as
observed in vessel type BWRs [3, 58 ] is not significant for the AHWR.

7.1.2 Influence of the fuel thermal time constant

The effect of fuel thermal time constant on the stability of in-phase mode oscillation
for the above case is shown in Fig. 37. The fuel thermal time constant depends on the fuel
properties, operational conditions and fuel burn-up. Van der Hagen [67] has shown that
with the use of lumped parameter model it could be as low as 2 s. Hence, the fuel thermal
time constant in the present analysis has been varied over a wide range from its nominal
value (at rated full power operating condition) to study its influence on the stability. It can
be observed that for a given Nsub, with increase in xf the threshold power for Type-II

instability decreases and that for Type I instability increases. Moreover, the stability of the
reactor decreases with increase in fuel thermal time constant. The DR and frequency of
oscillation for both Type II and Type I instabilities have been estimated at different fuel
thermal time constants and plotted in Figs. 38 and 39 respectively. It can be observed from
these figures that with an increase in fuel thermal time constant the DR increases
continuously for Type I oscillation and the increase in DR is not significant at higher zf

for Type II oscillations. With increase in r y , the frequency of oscillation decreases

continuously for Type II oscillations due to increase in delay time, but it does not change
significantly for Type I oscillations whose frequency is very low. Previous studies by
March-Leuba and Rey [42] have shown that changes in fuel thermal time constant have
both stabilising and destabilising effects. They found out that the stabilising effect is due to
the inherent filtering of the oscillations having frequency greater than 0.1 Hz and the
destabilising effect is due to the phase delay to the feed back. As observed in this case, for
such low frequency of oscillation, the phase delay is more significant to destabilise the
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Type-II and Type I oscillation for an increase in fuel thermal time constant than the
filtering effect. Similar behaviour is also observed for the effect of fuel thermal time
constant on the out-of-phase mode oscillations as shown in Fig. 40.

7.2 Out-of-phase instability behaviour considering the coupled multipoint
kinetics model and modal point kinetics model

The above analyses consider the point kinetics model for the neutron dynamics which
may be good enough for revealing the instability behaviour of in-phase mode of oscillation
wherein the power oscillation among the subcores takes place without any phase lag
between them. However, during an out-of-phase mode oscillation neutron interactions
amongst channels due to variation of their void fraction may affect the stability. This effect
has been predicted by the coupled multipoint kinetics model and the results are shown in
Fig. 41. The coupling coefficient which determines the degree of coupling between subcore
to subcore has been estimated considering the reactivity requirement for xenon override
and regulation using the computer code SERIES. This is found to be about 3.5 mk
considering the reactor core to be divided into two equal subcores. However, this has been
varied to study its effect on the out-of-phase instability in the present calculation. It can be
observed from the figure that with increase in coupling coefficient the threshold power for
Type II instability decreases and Type I instability increases at higher subcooling. At zero
coupling coefficient, the results of point kinetics model match with that of the coupled
multipoint kinetics model. Moreover, the stability of the reactor decreases with increase in
coupling coefficient. To analyse this effect, the decay ratio has been predicted for different
coupling coefficients at channel power of 2500 kW and inlet subcooling of 15 K, and the
results are shown in Fig. 42. It can be observed that with an increase in coupling
coefficient, the DR increases initially and then remains almost constant. Hence, the effect
of coupling coefficient on the out-of-phase instability is significant at high subcooling and
up to a coupling coefficient of 0.04. From this it is clear that for studying the out-of-phase
instability, the point kinetics model is not adequate.

The out-of-phase instability behaviour for the above case has also been predicted
using the modal point kinetics model. The subcriticality (pc) for the first azimuthal mode
was estimated from Eq. (98) and found to be about 9 mk. From the theory of Nishina and
Tokashiki [68], the coupling coefficient to be used in the coupled multipoint kinetics model
corresponding to this subcriticality is 4.5 mk. In fact, this value is not much different from
the coupling coefficient used previously (i.e. 3.5 mk). However, it is of interest to verify the
above theory by comparing the coupled neutronic thermohydraulic stability maps predicted
by the coupled multipoint kinetics model and the modal point kinetics model for the out-of-
phase instability of the reactor in order to establish the relationship between the two
models. Fig. 43 shows a comparison of the predictions between the two models. It can be
observed that both the models give exactly the same threshold power for instability for the
above condition. Hence, the coupling coefficient is analogous to the subcriticality of the
reactor during an out-of-phase mode oscillation. With increase in subcriticality, the stability
of out-of-phase mode oscillation is found to decrease in the same way as that with the
coupling coefficient. Moreover, the coupled multipoint kinetics model derived here can be
used to study the but-of-phase instability in the reactor in stead of solving complex multi

34



dimensional neutron diffusion equations. It has also more advantage over the modal point
kinetics equations, because when analysing the out-of-phase instability behaviour of
multiple channels or subcores having different power and resistances, the coupled
multipoint kinetics model can handle the problem by specifying different values of
coupling coefficient for different channels or subcores, which is not possible by the modal
point kinetics model.

7.3 Influence of delayed neutrons on the stability

It is of interest to investigate the contributions of the delayed neutrons on the coupled
neutronic-thermohydraulic stability. Fig. 44 shows a comparison of the stability map
between the cases which consider the delayed neutrons and without the delayed neutrons
for in-phase mode of oscillations considering two typical hottest channels of the reactor. It
can be observed from this figure that the delayed neutrons destabilise the Type II instability
and stabilise the Type I instability significantly. To explain the phenomena, the decay ratio
has been predicted at different channel power and the behaviour is shown in Fig. 45. It can
be observed from this figure that if delayed neutrons are not considered, the decay ratio
increases with decrease in channel power for channel power less than about 1500 kW
which corresponds to the region of Type I instabilities in the reactor. Similarly, the decay
ratio increases with increase in channel power if channel power is more than about 1500
kW which corresponds to the region of Type II instability. If delayed neutrons are not
considered in the analysis, two different modes (i.e. fundamental and higher mode) of
oscillations were observed in Type I oscillations. The fundamental mode of oscillation has
a characteristic frequency closer to the thermohydraulic oscillation frequency of the
system, i.e. the time period of oscillation is related to the circulation time of the two-phase
mixture. The behaviour of the fundamental mode of oscillation in Type I instability is
similar to that of the case which considers the delayed neutrons in the analysis. The decay
ratio of higher mode of oscillation observed in Type I instability without consideration of
delayed neutrons decreases with increase in channel power. The effect of delayed neutrons
is to increase the DR for Type II instabilities. However, for Type I instabilities the delayed
neutrons cause a decrease of DR, because the DR of higher mode of oscillations is very
high which determines the stability if delayed neutrons are not considered in the analysis.
The corresponding frequency of oscillation is shown in Fig. 46. It can be observed from the
figure that there is almost no difference between the frequency for the cases with delayed
neutrons and without delayed neutrons for Type II instabilities. In Type I instabilities, the
frequency of higher mode of oscillation is significantly higher than the fundamental mode
of oscillation if delayed neutrons are not considered. However, the frequency of the
fundamental mode of oscillations without delayed neutrons, is almost closer to the case
with delayed neutrons considered in the analysis.

7.4 Effect of Inlet Orificing

Figures 47 and 48 show the effect of inlet orificing of the channels on the stability of
in-phase and out-of-phase modes respectively. In the analysis it is considered that both the
subcores contain same number of channels having the same RPF and inlet orificing
coefficient. The results indicate that with increase in orifice coefficient the threshold power
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for Type-II instability increases considerably and that for Type-I instability does not change
significantly at low subcooling conditions. Also, the stability of both in-phase and out-of-
phase mode oscillations increases with increase in orifice coefficient. Similar behaviour
was also observed earlier for the effect of inlet orificing on the thermohydraulic stability of
parallel boiling channels of the AHWR. Hence* the neutronic coupled instability
characteristics follow the behaviour of the thermohydraulic instability of the system.

7.5 Effect of Radial Power Distribution

Figure 49 shows the effect of interaction between two subcores having different RPF
and inlet orificing coefficients on the threshold of out-of-phase mode oscillation. In the
analysis, one of the subcores is always considered common and it contains channels of
channel Type-3 (i.e. RPF = 1.231 and Kin=0.0) and the other subcore is considered to be
varied with same number of channels having different RPF and inlet orificing coefficient in
such a way that its outlet quality almost remains the same as that for the companion
subcore. It can be observed that by reducing the power in one subcore greatly stabilises the
out-of-phase mode of oscillation occurring in the other subcore having higher power
channels thereby enhancing the stability of the system.

7.6 Decay Ratio Maps for the AHWR

The contour lines of constant decay ratio for both in-phase and out-of-phase mode
oscillations at different powers and inlet subcoolings are shown in Figs. 50 and 51
respectively. Also, the constant feed water temperature lines alongwith the constant
channel exit quality lines are shown in the same figures. These maps are useful for design
of the reactor because it gives an indication of the stability margin of the reactor in terms of
the decay ratio under various operating conditions. This is because the phase change
number and subcooling numbers can not fully represent the stability behaviour of a natural
circulation BWR like the AHWR. The flow in this reactor is dependent on the power and
the core inlet subcooling which depends on the feed water temperature. Essentially, the
only independent parameters on which the natural circulation characteristics are dependent
are the channel power and the feed water temperature. More research needs to be carried
out to model and reveal the natural circulation stability behaviour on suitable non-
dimensional plane.

From these maps it is clear that it is possible to have decay ratio less than 0.4 for
subcooling less than 10 K, which implies that the reactor can have sufficient stability
margin for operating conditions at the above subcooling. Also, it is observed that the Type I
instability occurs in the reactor at channel exit quality of less than 10 %. With increase in
channel exit quality at a particular subcooling, the DR increases. At a particular power, with
increase of subcooling at core inlet increases the DR. A decrease of feed water temperature
at a constant power, increases the subcooling, which has destabilising effect since the DR
increases. Comparing figures 50 and 51, it is evident that the out-of-phase instability is of
more concern in the AHWR since the DR is higher at any power and inlet subcooling
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8.0 Conclusions

Analysis was carried out to study the thermohydraulic and the coupled neutronic-
thermohydraulic instability behaviour for a particular PHT geometry of the AHWR which is
a natural circulation pressure tube type BWR being designed in India. The analytical model
solves by linearising the conservation equations of mass, momentum and energy and
equation of state for the coolant together with a point kinetics model for the neutron
dynamics and a lumped parameter model for the fuel dynamics. In addition, the model
considers a coupled multipoint kinetics model in place of simple point kinetics equation to
study the effect of interactions between different parts of the core due to neutron diffusion
during an out-of-phase oscillation. The following insights were obtained from this study.

1) The Ledinegg type instability may occur in AHWR depending on the operating
conditions. An increase in system pressure suppresses this type of instability and it
disappears when system pressure is higher than 0.7 MPa. This type of instability can be
avoided as long as the inlet subcooling is less than 10 K after the initiation of boiling in
the core during the start-up of the AHWR.

2) Reduction of water level in the downcomer during a small break LOCA phase, lowers
the threshold power for both upper arid lower boundaries of Ledinegg type instability.

3) Decreasing the height of riser (outlet feeders in the AHWR) lowers the threshold power
for both upper and lower boundaries of Ledinegg type instability.

4) The effect of axial power distribution on Ledinegg type instability is negligibly small.

5) Both Type-I and Type-II density wave instabilities may appear in the AHWR depending
on the operating condition.

6) The density wave instability stabilises with an increase in pressure and a decrease in inlet
subcooling.

7) In a parallel channel system, throttling at the inlet of the channel like orificing does not
always enhance the stability of density wave instability because the flow rate in the
channel decreases with increase in throttling coefficient when operated under natural
circulation condition. As a result, the channel exit quality increases for the same power
thereby tending to destabilise.

8) Existence of power variation among the channels stabilises density wave instability if
channel exit quality is same.

9) The density wave instability increases with a reduction of water level in downcomer.

10) The effect of riser height on the threshold of density wave instability is negligibly small
for the range of riser height studied.
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11) The frequency of oscillation of Type-II thermohydraulic instability is larger than that
for Type-I instability due to larger natural circulation flow rate in the former case which
takes less time to pass through the two-phase region.

12) With an increase in negative void reactivity coefficient (Ca), the instabilities of Type I
and Type II decrease in both in-phase and out-of-phase mode oscillations.

13) With an increase in negative void reactivity coefficient, the frequency of Type II
instability increases initially and then remains almost constant, but that for Type I
instability remains almost constant.

14) An increase in fuel thermal time constant increases the instabilities of Type I and Type
II for both in-phase and out-of-phase mode oscillations.

15) With an increase in fuel thermal time constant, the frequency of oscillations for Type
II instability decreases continuously and that for Type I instability does not change
significantly.

16) The coupled multipoint kinetics model predicts that with an increase in coupling
coefficient the stability of out-of-phase mode oscillations decreases at high subcooling
and for larger value of coupling coefficient (> 0.04), the threshold power for stability
does not change significantly. Also, for zero coupling coefficient, there is no difference
in the stability boundary between the point kinetics model and coupled multipoint
kinetics model.

17) The effect of subcriticality in the modal point kinetics model on the out-of-phase
oscillations is similar to that of the coupling coefficient in the coupled multipoint
kinetics equation. Both the models predict the same threshold power for stability for
out-of-phase oscillations if the coupling coefficient is half of the subcricality.

18) Delayed neutrons increase the Type II instabilities and decrease the Type I instabilities.
When delayed neutrons are not considered in the analysis, higher mode of oscillations
are observed in the Type I instability.

19) Effect of inlet orificing of the channels is to stabilise both in-phase and out-of-phase
mode of oscillations.

20) Radial power distribution among the subcores stabilises the out-of-phase mode of
oscillations.

21) The effects of increase in channel inlet subcooling, channel exit quality and decrease of
feed water temperature are to increase the decay ratio for both in-phase and out-of-phase
mode oscillations in the reactor. The reactor has better stability margin at lower
subcooling.
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Nomenclature

af heat transfer area (m2)
A cross sectional area (m2)
Ca void reactivity coefficient (Ak/k/Ay)
CD Doppler coefficient (Ak/k/AT)
Cm(t) delayed neutron precursor

concentration of group m
Cp specific heat (J/kg-K)
D hydraulic diameter (m)
f Darcy friction factor
g acceleration due to gravity (m/s2)
h enthalpy (J/kg)
hfg latent heat of vapourisation (J/kg)
Hf heat transfer coefficient (W/m2K)
k(t) effective multiplication factor
K loss coefficient
1 prompt neutron life time (s)
L length of section (m)
nif mass of fuel rods (kg)
n(t) neutron density
NpCh phase change number (vj//whfg)
NSUb subcooling number (Ahsub/hfg)
p pressure (N/m2)
qh heat applied/unit volume of

coolant (W/m3)
s stability parameter
t time (s)
T temperature (K)
v specific volume (m /kg)
Vfg vg-Vf(m3/kg)

w mass flow rate (kg/s)
2 axial distance (m)

Greek Symbols

a coupling coefficient
P delayed neutron fraction
a volumetric thermal expansion coefficient (K"1)
y void fraction
A. decay constant of delayed

neutron of group m
vj/ power (W)
T fluid residence time (s)
if fuel time constant (s)
A difference
p density (kg/m3)
Subscripts
av average
c core
ch channel
d downcomer
f liquid
g vapour

H header
in inlet of section
k loss due to restriction

sat saturation
SD steam drum
sp single phase
ss steady state
ss,av average steady state
sub subcooling
t total
tp two-phase
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TABLE 1: Details of inlet orificing in different channels of AHWR

channel type

1

2

3

4

5

6

7

8

9

10

11

12

Radial Power
Factor

0.761

1.011

1.231

1.124

1.011

1.124

1.150

1.150

1.103

1.016

0.909

0.935

Inlet Loss
Coefficient

250

0

0

0

30

30

30

30

80

80

130

130

No. of Channels
in a Channel type

60

40

4

28

4

12

40

28

44

52

52

44

44



Appendix 1 : Models employed to estimate two-phase friction factor multiplier

(a) Baroczy [66]

(b) Homogeneous model (Owens [73])

(Al)

where <pfo is the two phase friction factor multiplier, pf is the density of saturated liquid,

plp is the density of two-phase mixture.

(c ) Homogeneous model (Cicchitti [74])

0.25

where x is the quality, pf and p.K are the dynamic viscosity of the saturated liquid and

vapour respectively.

(d) Lockhart-Martinelli [69]

£ 1 ( A 3 )

where Xlt =(G, IG &f\v f I v ̂ \Mf / ^ ) ° \ (A4)

C=20,
where Gf and GK are the mass flux of saturated liquid and vapour respectively, vf and vK

are the specific volume of the saturated liquid and vapour respectively,

(d) Martinelli-Nelson [70]

where Xtl = (Gf IGg)
M(v, Iv^f5{p., Ip.g)°', (A6)

C = 1.364 +18.23log(/?c. / p) for p > 6.9 A/Pa, (A7)
C = 7.0 + 5.986 log(pc/p) for /?< 6.9 AZ/'a, (A8)

where pc is the critical pressure and p is the system pressure.

(e)Chisholm-Laird[71]

A2 = 1 + + —r , (A9)
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where Xu ={Gf IGKtil\vf IvRt\Mf I^Ktn\ (A 10)

(f) Sekoguchi et. al. [72]

£ = 0.38 Re°;' [l + (Gx / G, )(vK / V / ) ]°" , (All)
Rsh=GfD/fif, (A 12)

where D is the diameter of the pipe.
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