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EXECUTIVE SUMMARY

This document presents the research activities carried out by Politecnico di Milano on the subject of Density Wave
Oscillations (DWOs), probably the most representative instabilities encountered in boiling systems. DWOs may
constitute an issue of special interest for all the industrial systems and equipments operating with water-steam mixture.
Concerning the nuclear field, instability phenomena can be triggered both in Boiling Water Reactor (BWR) fuel
channels (where they are moreover coupled through neutronic feedbacks with the neutron field) and in once-through
steam generators (SGs), which experience boiling phenomena inside parallel tubes. The latter, in particular, are
considered in this document with respect to integral Small-medium Modular Reactor (SMR) applications.

In steam power systems extensive attention is required to avoid thermal induced oscillations of the flow rate and system
pressure, as they can cause mechanical vibrations, problem of system control and heat transfer surface burn-out issues.
In addition, instability becomes very difficult to be detected in presence of parallel channels, since the total mass flow
rate in the system remains constant while the instability is locally triggered among some of the channels. In this
conditions, continual cycling of the wall temperature can lead to thermal fatigue problems which may result in tube
failure. As a consequence the importance of determining the safe operating regions of a steam generator through
definition of the threshold values of system parameters such as flow rate, pressure, inlet temperature and exit quality.
To the aim, both basic experiments and numerical analyses are necessary.

The Nuclear Engineering Division of the Department of Energy carried out an extensive research program, both
experimental and theoretical, focused on DWOs in parallel channels, in particular dealing with two helically coiled
tubes of the IRIS (International Reactor Innovative and Secure) steam generator [1]. The experimental activity
presented the unique feature to investigate the influence of the helical shape (through the centrifugal field induced by
tube bending) on instability occurrence, as well as to provide a useful database for models validation and numerical
codes assessment. Together with experiments, the development of dedicated analytical models and the adoption of
proper numerical simulation tools was of utmost importance to prepare the campaign (pre-test analysis) and interpret
the data collected (post-test analysis), gaining an insight into the physical mechanism at the source of DWOs. Main

achievements of the research activity are collected in this report.

The experimental program was realized in a full-scale open loop test facility installed and operated at SIET labs in
Piacenza, simulating the thermal hydraulic behaviour of a helically coiled SG [2). The facility includes two helical
tubes representing the SG of an integral Pressurized Water Reactor (PWR) of Generation IlI+, connected via lower and
upper headers. Experiments were conducted at 3 different levels of pressure (80 bar, 40 bar and 20 bar) and 3 values of
mass flux (600 kg/m’s,400 kg/m’s and 200 kg/m’s), exploring a large range of inlet subcoolings between -30% and the
saturation value. The test matrix was executed maintaining fixed the configuration of inlet valves (corresponding valve
loss coefficient k;, = 45). The effect of inlet throttling was at last studied at 40 bar and 400 kg/m’s.

Data collected permitted to underline many distinctive features of DWOs and to characterize the stable and unstable
operating regions of the system, so the effects of system pressure, flow rate and inlet subcooling on the power at the
onset of instability. While the effects of thermal power and mass flow rate in determining the channel exit quality
triggering the instability was found consistent with classical DWO theory in straight channels, experimental data
highlighted a peculiar effect of inlet subcooling. In particular, an increase in inlet subcooling is known from literature

to have a stabilizing effect at high subcoolings and a destabilizing effect at low subcoolings. Conversely, in accordance
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with experimental data, at low subcoolings the subcooling maintains its stabilizing effect, which increases indeed as the
inlet temperature approaches the saturation value. Discrepancies were found also in the values of the period to transit
time ratio. In particular the period of oscillations appears rather independent on inlet subcooling and causes the period
to transit time ratio to increase with the inlet temperature. Mentioned deviations from literature results have been
ascribed to the helical geometry and the peculiar geometrical characteristics of the test section.

Finally, some Ledinegg-type instabilities have been recorded in particular operating conditions, that is at the lowest
system pressure (p = 20 bar), the highest mass flux (G = 600 kg/m’s) and higher inlet subcooling values (x;, < -15%).

Therefore they are briefly discussed and analysed in this report.

The modelling effort was mainly focused on the development of an analytical lumped parameter model, moving
boundary type, based on the integration of mass, energy and momentum 1D equations. Homogeneous two-phase flow
model has been assumed in the boiling region. Non-linear features of the modelling equations permitted to investigate
the complex phenomena and interactions being at the source of the instability mechanism. Moreover several sensitivity
studies were made to identify in the proper simulation of two-phase frictional pressure drop the most critical issue for a
correct prediction of the instability threshold.

The analytical model was applied at first to the simple and acknowledged case of vertical tube geometry and the
theoretical predictions have been validated with qualified numerical simulation tools. Both the thermal hydraulic code
RELAPS and the multi-physics code COMSOL have been successfully applied to predict instability thresholds obtaining
a useful validation benchmark for the developed models [3].

As concerns the COMSOL multi-physics code, a thermal hydraulic 1D simulator for water-steam mixture has been
developed, including both single-phase and two-phase regions. Initially the simple homogeneous flow model (HEM)
was assumed, as for the analytical model, but afterwards also the more accurate Drifi-Flux Model (DFM) was
implemented. The latter permits to account for slip effects due to the relative velocity between the two-phases.

In addition to the comparison of stability maps obtained with time domain simulations, also a linear stability analysis
leading to the definition of system eigenvalues was successfully completed, both with the analytical model and the
COMSOL code. Linear analysis showed to be a quick and powerful tool generally for instability studies and in
particular when addressing the influence of the two-phase friction model. In this respect, thanks to the possibility of
implementing most various kinds of two-phase flow models, the COMSOL code demonstrated the capability to be easily
adaptable to many different heated channel systems.

As concerns the RELAPS code, a preliminary code assessment procedure has been addressed, aiming at highlighting its
strengths and weaknesses with respect to DWO predictions. As stated before, instability thresholds were correctly
reproduced by the code dealing with simple vertical tube geometry, both in single and in parallel channel
configurations [4][5]. To reproduce the experimental facility installed at SIET labs, 32 m long and 8 m high, inclined
tubes have been modelled with the RELAPS code. A parametric study has been made changing step by step geometric
parameters, considering separately channel length and channel inclination. The influence of the inclination was
correctly reproduced, resulting in a more stable system when approaching vertical orientation at fixed tube length, due
to the increase in gravitational pressure drops. Larger stability region was recorded increasing channel length at fixed
inclination in case of two parallel channels, the same effect vanishing instead in single heated channels. The latter
result seems to suggest some difficulties of the RELAPS code in addressing more complex geometry with respect to a

simple vertical channel.
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Finally the results provided by the analytical model and the RELAPS5 code have been compared to the experimental
data for validation purposes. The analytical model has been satisfactorily applied to the simulation of the experimental
results. Correct representation of the stationary pressure drop distribution (partially accomplished thanks to the
experimental tuning of a sound friction correlation) has been identified as fundamental before providing any accurate
instability calculations. In this respect, the RELAPS code cannot be regarded for the time being as a proven tool to

study DWO phenomena in helically coiled tubes.

The activity characterized itself has the prosecution of the project line LP2.G1 of PAR 2007, reported in [6] and
focused essentially on pre-test analyses. For the sake of clarity some subjects of [6] are recovered in this report, in
particular a general presentation on the subject of Density Wave Oscillations in Section 1, the description of the
experimental facility, the experimental procedure and the explored variables in Section 2 and a brief presentation of
the analytical model development in Section 3. Preliminary limited experimental and analytical model results already

included in [6] are also repeated.
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1 DENSITY WAVE OSCILLATIONS

1.1  Introductory background on density wave instability

Density Wave Oscillations (DWOs) and more generally two-phase flow instabilities have been studied since the ’60,
being of interest to the design and operation of many different industrial systems. As a matter of fact, thermally induced
oscillations of the flow rate and system pressure are undesirable, as they can cause mechanical vibrations, thermal
fatigue, problems of system control, and in extreme circumstances disturb the heat transfer and promote thermal crisis
occurrence. Thus, it is of great importance to study the effect on the onset of instability of system parameters such as
thermal power, flow rate, pressure, inlet temperature and exit quality. The evaluation of the instability threshold values
permits to determine the safe operating regions of a two-phase heat exchanger.

The various types of self-sustained oscillations which could arise in a boiling channel have been reviewed and classified
in different literature works [6][8][9]. Density Wave Oscillations (DWOs) are classified among ‘“dynamic type”
instabilities, as they are triggered by transient inertia, lags and feedbacks between the flow rate, the vapor generation
rate and the pressure drops in the boiling channel. A description of the physical mechanism leading to the appearance of
DWOs is provided by Yadigaroglu and Bergles [10], with respect to a single heated channel with an imposed total
pressure drop across. DWOs are induced by delays in the transient distribution of pressure drops along the tube, which
originate from the difference in density between the subcooled liquid entering the channel and the water-steam mixture
exiting. If the pressure drop along the channel is imposed, a sudden pressure drop perturbation necessarily leads to a
flow rate perturbation. An instantaneous perturbation of the flow rate causes an enthalpy perturbation propagating
throughout the channel, which affects both the boiling boundary position and the length of the single-phase and two-
phase regions. The result is a perturbation in the single-phase pressure drop - say 8Ap; - and a delayed two-phase
pressure drop perturbation of the opposite sign - say 0Ap; -. The latter creates a feedback pressure perturbation of the
opposite sign in the single-phase region, which can either attenuate or reinforce dAp;. With correct timing, single-phase
region and two-phase region pressure terms oscillate in counter-phase, flow oscillation becomes self-sustained and
waves of “heavier” (higher density) and “lighter” (lower density) fluid propagate through the channel (Figure 1).
According to this description, as an oscillating cycle is completed by the passage of two perturbations, the period of

oscillations should be of the order of twice the mixture transit time.
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Figure 1 - Density wave instability mechanism in a single boiling channel, and respective feedbacks between main

physical quantities. (Reproduced from [7]).

LP2.B2b -7- CERSE-POLIMI RL-1355/2011



Rapporto “Experimental investigation of thermalhydraulic instabilities in Steam
Generator helical coil tubes”

In recent years, Podowski [11] and Rizwan-uddin [12] proposed different descriptions based on more complex relations
between the system parameters. Their explanation is based on the different speeds of propagation of velocity
perturbations between the single-phase region (speed of sound) and the two-phase region (so named kinematic velocity).
The oscillations seem to be more likely related to mixture velocity variations rather than to mixture density variations,
in particular at high inlet subcoolings. The result is a period of oscillations equal to even three or four times the mixture
transit time.

The operating point of a boiling channel is therefore determined by many different parameters, which also influence its
stability. Once fluid properties, channel geometry and system operating pressure have been defined, major role is played
by the three quantities flow rate I', inlet subcooling A#;, (in enthalpy units) and total thermal power g supplied to the
channel. Therefore stable and unstable system operating regions could be represented in a three-dimensional space (T,
Ah;,, q), whereas a mapping of these regions in two dimensions is referred to as the stability map of the system. No
universal stability map exists, and different ones have been proposed over the years. The most successful is due to Ishii
and Zuber [13], who introduced phase change number N, and subcooling number N,,,. The phase change number
scales the characteristic frequency of phase change € to the inverse of a single-phase transit time in the system, instead

the subcooling number measures the inlet subcooling:

vlv.q
L R /Y NN/ (1
i w,/L w, /L T-h, v,
Ah, v
Nsub:_l".ﬁ. )
h, v

The advantage of Ishii’s dimensionless parameters is that they include the effect of pressure variations through the ratio
between specific volumes (vi/v;). A typical stability map in the N,-N» plane is depicted in Figure 2. The usual
stability boundary shows the classical “L shape” inclination and follows a line of nearly constant equilibrium quality at
high inlet subcooling. The stability boundary divides the N,.-Ny, space in two regions: the stable region on the left-

hand side (lower N, lower power supplied) and the unstable region on the right-hand side (higher N,.;, higher power

supplied).
A R ,
-'Vsub JCEX TCDl‘lST , .
"
-
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Figure 2 — Example of stability map in the dimensionless plane N, - Nyyp.

Figure 2 allows identifying the effect of different parameters on the system stability.
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Effect of thermal power, flow rate and exit quality. An increase in thermal power supplied to the channel is
destabilizing. In the same way, a stable system can be made unstable reducing the flow rate. Both effects increase the
exit quality, which turns out to be a key parameter for system stability. The destabilizing effect of increasing the ratio
q/T is universally accepted.

Effect of inlet subcooling. The effect of inlet subcooling increase is stabilizing at high subcoolings and destabilizing at
low subcoolings. Instability threshold assumes therefore the classical “L shape”. This behavior is explainable by the fact
that an increase or a decrease of inlet subcooling shifts the channel toward single-phase liquid and vapor operation
respectively, hence out of the unstable two-phase operating mode.

Effect of pressure level. An increase in operating pressure is found to be stabilizing, although one must be careful in
stating which system parameters were kept constant while the pressure level was increased. Ishii [14] showed that
stability boundaries calculated at three different pressure levels were almost overlapped in the N,.-Ny, plane,
demonstrating the usefulness of v;,/v; ratio adopted in the dimensionless numbers to account for pressure effect.

Effect of inlet and exit throttling. The effect of inlet throttling is always strongly stabilizing, leading to an increase of
single-phase pressure drop term, which promotes system stability. A flow resistance is frequently placed at channel inlet
to assure stability of otherwise unstable channel. On the contrary, exit throttling is found to be destabilizing, by

increasing two-phase region pressure drops, which act against system stability.

1.2 Review of density wave instability studies

121  Experimental investigations on density wave oscillations

The majority of the experimental works on the subject, collected in several literature reviews [6][9], deals with straight
tubes and few meters long test sections. Moreover, all the aspects associated with DWO instability have been
systematically analysed in a limited number of works. Systematic study of density wave instability means to produce
well controlled experimental data on the onset and the frequency of this type of oscillation, at various system conditions
(and with various operating fluids).

Amongst them, are worthy of mention the pioneering experimental works of Saha et al. [15], using a uniformly heated
single boiling channel with bypass, and of Masini et al. [16], working with two vertical parallel tubes. To the best of our
knowledge, scarce number of experiments was conducted studying full-scale long test sections (with steam generator
tubes application), and no data are available on the helically coiled tube geometry (final objective of the present work).
Indeed, numerous experimental campaigns were conducted in the past using refrigerant fluids (such as R-11, R-113 ...),
due to the low critical pressure, low boiling point, and low latent heat of vaporization. That is, for instance, the case of
the utmost work of Saha et al. [15], where R-113 was used as operating fluid.

In the recent years, some Chinese researches [17] experimentally studied the flow instability behaviour of a twin-
channel system, using water as working fluid. Indeed, a small test section with limited pressure level (maximum
pressure investigated is 3 MPa) was considered; systematic execution of a precise test matrix, as well as discussions

about the oscillation period, are lacking.
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1.2.2  Theoretical researches on density wave oscillations

Two general approaches are possible for theoretical stability analyses on a boiling channel:

- frequency domain, linearized models;

- time domain, non-linear models.
In frequency domain [18], governing equations and necessary constitutive laws are linearized about an operating point
and then Laplace-transformed. The transfer functions obtained in this manner are used to evaluate the system stability
by means of classic control-theory techniques. This method is inexpensive with respect to computer time, relatively
straightforward to implement, and is free of the numerical stability problems of finite difference methods.
The models built in time domain permit either 0D analyses [19][20], based on the analytical integration of conservation
equations in the competing regions, or more complex but accurate 1D analyses [21][22][23], by applying numerical
solution techniques (finite differences, finite volumes or finite elements). In these models the steady-state is perturbed
with small stepwise changes of some operating parameter simulating an actual transient, such as power increase in a
real system. The stability threshold is reached when undamped or diverging oscillations are induced. Non-linear
features of the governing equations permit to grasp the feedbacks and the mutual interactions between variables
triggering a self-sustained density wave oscillation. Time domain techniques are indeed rather time consuming when
used for stability analyses, since a large number of cases must be run to produce a stability map, and each run is itself
time consuming because of the limits on the allowable time step.
Numerous lumped parameter and distributed parameter stability models, both linear and non-linear, have been
published since the ’60-’70s. Most important literature reviews on the subject [6][8][9] collect the large amount of
theoretical researches. It is just noticed that the study on density wave instabilities in parallel twin or multi-channel
systems represents still nowadays a topical research area. For instance, Muiioz-Cobo et al. [19] applied a non-linear 0D
model to the study of out-of-phase oscillations between parallel subchannels of BWR cores. In the framework of the
future development of nuclear power plants in China, Guo Yun et al. [22] and Zhang et al. [23] investigated DWO
instability in parallel multi-channel systems by using control volume integrating method. Schlichting et al. [20]
analysed the interaction of PDOs (Pressure Drop Oscillations) and DWOs for a typical NASA type phase change

system for space exploration applications.

1.2.3  Numerical code simulations on density wave oscillations

On the other hands, qualified numerical simulation tools can be successfully applied to the study of boiling channel
instabilities, as accurate quantitative predictions can be provided by using simple and straightforward nodalizations.

In this frame, the best-estimate system code RELAPS, based on a six equations non-homogeneous non-equilibrium
model for the two-phase systems, was designed for the analysis of all transients and postulated accidents in LWR
nuclear reactors, including Loss Of Coolant Accidents (LOCAs) as well as all different types of operational transients
[24]. In the recent years, several numerical studies published on DWOs featured the RELAPS code as the main analysis
tool. Amongst them, Ambrosini & Ferreri [25] performed a detailed analysis about thermal hydraulic instabilities in a
boiling channel using the RELAP5/MOD3.2 code. In order to respect the imposed constant pressure drop boundary
condition, which is the proper boundary condition to excite the dynamic feedbacks that are at the source of the

instability mechanism, a single channel layout with impressed pressures, kept constant by two inlet and outlet plena,
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was investigated. The Authors demonstrated the capability of the RELAPS system code to detect the onset of DWO
instability.

The multi-purpose COMSOL Multiphysics® numerical code [26] can be applied to study the stability characteristics of
boiling systems too. Widespread utilization of COMSOL code relies on the possibility to solve different numerical
problems by implementing directly the systems of equations in PDE (Partial Differential Equation) form. Respective
PDEs are then solved numerically by means of finite element techniques. It is just mentioned that this approach is
globally different from previous one discussed (i.e., the RELAPS5 code), which indeed considers finite volume
discretizations of the governing equations, and of course from the simple analytical treatments described in Section 3.1.
In this respect, linear and non-linear stability analyses by means of the COMSOL code have been provided by
Schlichting et al. [27], who developed a 1D drift-flux model applied to instability studies on a boiling loop for space

applications.

2 EXPERIMENTAL CAMPAIGN

2.1  The experimental facility

The experimental facility, built and operated at SIET labs, is an extension of an electrically heated test section used for
the study of the thermal hydraulics of a helically coiled SG tube (two-phase pressure drops under diabatic and adiabatic
conditions and dryout thermal crisis occurrence) [28]. In the framework of the IRIS (International Reactor Innovative
and Secure) project [29], the same test section was also included in a closed loop circuit, to study a passive heat removal
system with natural circulation [30]. The facility, provided with SG full elevation and suited for prototypical thermal
hydraulic conditions reproduction, implements the common simplification given by a constant heat flux boundary (via
electrical power) instead of real controlled temperature boundary. When dealing with experiments on instability
phenomena, despite different dynamic responses, such different boundary is expected to secondarily affect the
instability threshold (as the instability inception is induced by the specific thermal power supplied, owing to the reached
thermodynamic quality).

Coil diameter (1 m) has been chosen as representative of a mean value of IRIS steam generator tube, while tube inner
diameter (12.53 mm) is the commercially scheduled value nearer to IRIS real value (13.24 mm). The heated tube is
thermally insulated by means of rock wool. Thermal losses were measured via runs with single-phase hot pressurized
water flowing inside the steam generator, and estimated as a function of the temperature difference between external
tube wall and the environment.

The facility was renewed to test DWOs in parallel channels, by adding a second helical tube identical to the first one
(same coil diameter, pitch and length). The two helices have been connected with common lower and upper headers to
provide the constant pressure drop boundary condition required for the instability inception. The conceptual sketch of
the new facility is depicted in Figure 3, whereas a global and a detailed views are provided in Figure 4. Geometrical
data of the two helical tubes are listed in Table 1.

The whole facility is made by a supply section and a test section. The supply section feeds demineralized water from a
tank to the test section, by means of a centrifugal booster pump and a feed water pump, i.e. a volumetric three

cylindrical pump with a maximum head of about 200 bar.
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Figure 3 — Sketch of the experimental facility installed at SIET labs.

v

Figure 4 — Global view (a) and detailed picture (b) of the helical coil test facility (SIET labs).

The flow rate is controlled by a throttling valve (V3) positioned downwards the feed water pump and after a bypass line.

System pressure control is accomplished by acting on a throttling valve (V4) placed at the end of the steam generator.

An electrically heated preheater is located before the test section, and allows creating the desired temperature at the inlet

of the test section. The test section is electrically heated via Joule effect by DC current. Two distinct, independently

controllable and contiguous sections are provided. For instability experiments, power was supplied only to the first

section (24 m), instead the second section (8 m) worked as a riser unheated section.
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Table 1 — Test section main data.

Tube material SS AISI 316L
Tube inner diameter [mm] 12.53
Tube outer diameter [mm] 17.24
Coil diameter [mm] 1000
Coil pitch [mm] 800
Tube length [m] 32
Heated section length [m] 24
Riser length [m] 8
Steam generator height [m] 8

Each tube is provided at inlet with a calibrated orifice (with a differential pressure transmitter) used to measure the flow
rate in each channel and to visually detect the instability inception, and with a valve to impose a concentrated pressure
drop. V1 and V2 represent the total pressure drop (instrumented orifice + valve) introduced at the inlet of the two
helical tubes, respectively.
The water pressures at inlet and outlet headers are measured by absolute pressure transducers; nine pressure taps are
disposed nearly every 4 m along one tube and eight differential pressure transducers connect the pressure taps. Detailed
distances between the taps are reported in Table 2. An accurate measurement of the total flow rate is obtained by a
Coriolis flow-meter, placed between the pump and the preheater. Bulk temperatures are measured with K-class
thermocouples drowned in a small well at SG inlet and outlet headers. Wall thermocouples (K-class) are mounted
throughout the two coils, with fining near the ends to identify the risk of dryout occurrence. Electrical power is obtained
via separate measurement of current (by a shunt) and voltage drop along the test section by a voltmeter.
All the measurement devices have been tested and calibrated at the certified SIET labs. A summary of the uncertainties
is reported in Table 3.

Table 2 — Pressure taps distribution along the test section (Channel A).

Tap 1 Tap 2 Tap 3 Tap 4 Tap 5
Distance from
) 0.20 5.17 9.19 13.15 17.14
tube inlet [m]
Tap 6 Tap 7 Tap 8 Tap 9
Distance from
21.64 25.59 29.09 32.06

tube inlet [m]

Table 3 — List of the uncertainties of physical quantities (referred to measurement values).

Water flow rate +1%
Fluid bulk and wall temperature +0.7°C
Absolute pressure +0.1%
Differential pressure +0.4%
Supplied electrical power +2.5%
Evaluated thermal losses +15%
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2.2 Experimental procedure

It was decided to act on the electrical power supplied to the test section in order to reach flow unstable conditions
starting from a stable operating system. In every test run, the heating power was gradually increased from nominal
values up to the appearance of flow instability.

The adopted test procedure can be summarized in the following steps:

(1) Registration of the gravitational head of the different instruments.

(2) Characterization of the normal behaviour of the system (for instance, check that, at open V1 and V2 valves,
the flow rate is reasonably balanced between the two coils).

(3) Impose the defined position of V1 and V2 valves.

(4) Define pressure level.

(5) Impose a value of flow rate.

(6) Impose a value of inlet subcooling by means of the preheater.

(7) Reach the desired pressure level by generating vapour with power increase. When the desired pressure is
obtained, keep the system in a steady-state condition (measurements of temperature, pressure, flow rate and
heat input).

(8) The electrical power is progressively increased by small amounts (small steps of 2-5 kW per tube), until
sustained oscillations are observed (check that the system pressure remains more or less constant).

(9) Once the instability is recorded, take the system back to step 6, and change the subcooling. Repeat steps 7
and 8 up to the instability (same operating pressure).

(10) Once all the subcooling values are tested for a flow rate level, change the flow rate and repeat steps 6-9.

(11) Once all the flow rate values defined in step 5 are completely explored (every subcooling value), change

the desired pressure level and repeat steps 5-10.

2.3  Ranges of explored variables

DWOs result from multiple feedback effects between the flow rate, the vapour generation rate and the pressure drops in
the boiling channel. To fully describe the stable region of the system and collect information on instability phenomena,
it is necessary to determine instability thresholds in a wide range of system operating parameters.

A thorough test matrix was prepared to study the effects of system pressure, mass flow rate and inlet subcooling on

system stability, by investigating:

- 3 levels of pressure: 80 bar, 40 bar and 20 bar;
- 3 levels of mass flux: 600 kg/m’s, 400 kg/m’s and 200 kg/m’s;

- several values of inlet subcooling between x;, = -30% and x;, = 0%.

The entire test matrix was executed with reference to a “basically open” configuration of the inlet valves V1 and V2
(corresponding valve loss coefficient k;, = 45). The effect of inlet throttling was at last studied by progressively closing

the valves and repeating the stability map at p = 40 bar and G = 400 kg/m’s.
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24 DWO characterization

DWO appearance in a boiling channel can be detected by monitoring the flow rate, which starts to oscillate when power
threshold is reached. The calibrated orifices installed at the inlet of both tubes permit to measure the flow rate through
the recording of the pressure drops established across them. Thus, flow instability power threshold was experimentally
defined as the power corresponding to permanent and regular flow oscillations, detected by visual observation of the
pressure drop recording of the calibrated orifices (within V1 and V2 of Figure 3). The system was considered
completely unstable when flow rate oscillation amplitude reached the 100% of its steady-state value. Obviously, flow
rate in the two channels oscillates in counter-phase, being the total system mass flow rate imposed, as it is shown in
Figure 5, where fully developed DWOs are depicted. The “square wave” shape of the curves is due to the reaching of

instruments full scale.
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Figure 5 - Flow rate oscillations during fully developed instability. Data collected with: p = 83 bar; T}, = 199 °C;
G =597 kg/m’s; ¢ =99.3 kW.

Data collected during instability inception and fully developed instability allowed understanding the distinctive features
of DWOs. System pressure oscillates with a frequency that is double if compared with the frequency of flow rate
oscillations (Figure 6). Similar behaviour is exhibited by the total pressure drop, common to both the channels (i.e., the
pressure difference between lower header and upper header of the facility). When the system is unstable, it is evident
that there are two oscillations of total Ap(z) per single oscillation of channel flow rate (“first” oscillation is due to
Channel A, and “second” oscillation is due to Channel B, Figure 7).

Counter-phase oscillation of single-phase and two-phase pressure drops within each channel is known to be one of
the triggering events leading to the appearance of DWOs. Figure 8 compares the pressure drops between pressure taps
placed on different regions of Channel A (according to the distribution depicted in Table 2), in case of self-sustained
instability. Pressure drops in the single-phase region (DP 2-3) oscillate in counter-phase with respect to two-phase
pressure drops (DP 6-7 and DP 8-9). The phase shift is not abrupt, but it appears gradually along the channel. As a
matter of fact, the pressure term DP 4-5 (low-quality two-phase region) shows only a limited phase shift with respect to
single-phase zone (DP 2-3). Besides, as indicated by theory [6], single-phase pressure drop is oscillating in phase with
the inlet velocity (compare Figure 8, DP 2-3, with Figure 5, blue curve). Progressive phase shift of two-phase pressure

drop oscillation is the unleashing cause of DWO occurrence.
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Moreover, large amplitude fluctuations in channel wall temperatures, so named “thermal oscillations” [9], always occur

(Figure 9), associated with fully developed density wave oscillations that trigger intermittent film boiling conditions.
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Figure 6 - System pressure oscillations in the inlet
header. Data collected with: p = 83 bar; T}, = 199 °C;
G =597 kg/m’s; ¢ =99.3 kW.
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Figure 8 - Pressure drop oscillations in different regions
of channel A: single phase (DP 2-3), low quality two-
phase (DP 4-5), two-phase (DP 6-7 and DP 8-9). Data

collected with: p = 83 bar; T;, = 199 °C; G = 597 kg/mzs;

q=99.3 kW.

2.5  Experimental results
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Figure 7 - Counter-phase pressure drop oscillations in the
two parallel tubes. Data collected with: p = 83 bar; T;, =
199 °C; G =597 kg/m’s; g =99.3 kW.
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Figure 9 - Fluctuations of tube wall temperatures during
DWOs. Data collected with: p = 83 bar; T}, = 199 °C;
G =597 kg/m’s; ¢ =99.3 kW.

Collected threshold data have been organized on the stability plane Np;-Nj., introduced by Ishii and Zuber [13]. Figure
10, Figure 12 and Figure 14 show the stability maps obtained with the experimental data collected at the three pressure
levels investigated in the present helical tubes facility. Error bars have been introduced following uncertainty analysis
based on error linear propagation techniques [31]. The uncertainties of final dimensionless numbers within the maps

have been computed combining the effects of the various measured quantities.
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Main effect is due to threshold power, following the uncertainties of measured electrical power, estimated thermal
losses, as well as a term due to the discrete experimental procedure. Effect of pressure is also accounted for, by
evaluating the maximum variation between the pressure recorded at instability inception with respect to the nominal
pressure level. Pressure term is made apparent by the sensitivity of Egs. (1), (2) on small pressure variations, which is
considerably large at low pressure (such to overcome threshold power uncertainty) [1].

The whole concern was introduced to properly consider different threshold points, collected at slightly different
pressures, on a N,;—Ny, stability map. In other words, it affects remarkably the results presented at low pressure (20
bar, Figure 12), where the dimensionless numbers are very sensitive to even small variations of the pressure.

The three different curves depicted in each graph represent the instability thresholds for the three values of mass flux (G
= 600 kg/m’s, 400 kg/m’s and 200 kg/m’s), testing different inlet subcooling values. At 80 bar only two mass fluxes
have been considered, because plant operations resulted difficult at low flow rates. As expected, the stability boundaries
according to the various mass flows are almost overlapped. Thus, it is the ratio ¢/I" that determines the onset of
instability once the characteristics of the channel and the inlet conditions are set. Figure 11, Figure 13 and Figure 15
confirm, for the three pressure levels respectively, that a mass flow rate variation induces a proportional variation of the
thermal power needed to trigger the instability. An increase in thermal power or a decrease in channel mass flow rate
can cause the onset of DWOs; both effects increase the exit quality, which turns out to be a key parameter for boiling
channel instability. In brief, the effects on instability of thermal power and mass flow rate do not show differences in
the helical geometry when compared to the straight tube case.

Instead, it is interesting to focus the attention on inlet subcooling. It is well known from literature that an increase in
inlet subcooling is stabilizing at high subcoolings and destabilizing at low subcoolings [6]. This behaviour results in the
classical “L shape” of the stability boundary, exhibited by all the dimensionless maps available in literature and referred
to straight geometry (Figure 2) [13][16][21]. The present datasets with helical geometry confirm the stabilizing effect at

high subcoolings. The experimental stability maps show indeed two different behaviours:

- “conventional” at medium-high subcoolings, with iso-quality stability boundary and slight stabilization in the
range N, =3 = 6 (close to “L shape™);
- “non-conventional” at low subcoolings, with marked destabilizing effects as inlet temperature increases and

approaches the saturation value.

Such different behaviour exhibited by the stability boundary at low subcoolings can be ascribed to the helical shape of
the parallel channels and related centrifugal field effects on the thermal hydraulics of two-phase flow. Also the full-
scale length of the test section and the small inclination angle of the helix, affecting two-phase flow pattern, may
explain the provided experimental results.

It is just noticed that at the lowest system pressure and lowest mass flux (p = 20 bar and G = 200 kg/m’s, see Figure 12)
the stability boundary shape is different from previous discussion and agrees more with classical behaviour given by
straight vertical tubes. As a matter of fact, the effect of inlet subcooling increase is stabilizing at high subcoolings, and
destabilizing at low subcoolings. The centrifugal field, reasonably weak under these conditions, is such to make the

peculiar effect of the helical geometry negligible.
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Figure 10 - Stability map obtained at system pressure p =
40 bar and different mass fluxes (G = 600 kg/m’s, 400
kg/m®s, 200 kg/m’s).
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Figure 12 - Stability map obtained at system pressure p =
20 bar and different mass fluxes (G = 600 kg/m’s, 400
kg/m’s, 200 kg/m’s).
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Figure 14 - Stability map obtained at system pressure p =
80 bar and different mass fluxes (G = 600 kg/m’s, 400
kg/m’s).
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Figure 11 - Limit power for instability inception at p =
40 bar as function of inlet subcooling and for different
values of mass flux.
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Figure 13 - Limit power for instability inception at p =
20 bar as function of inlet subcooling and for different

values of mass flux.
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values of mass flux.
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25.1  Effect of system pressure

System pressure was always found to be stabilizing, although pressure effect is less effective if compared with other
system parameters [6]. Figure 16, Figure 17 and Figure 18 show the limit power corresponding to the various pressure
levels, fixed the mass flow rate in the system (G = 200, 400 and 600 kg/m’s respectively). The higher is the pressure,
the higher is the exit quality required for the onset of instability, hence the system is more stable. This concern is
evident by considering the iso-quality lines reported in the stability maps (Figure 10, Figure 12 and Figure 14). Thermal

power behaviour in the figures also confirms the subcooling destabilizing effect for small values of Nj,;,.

Limit Power G 200 kg/m?3s Limit Power G 400 kg/m2s
Ch) : ‘ ‘ ‘
80
70
= 60
=
=
o 50
40
L R e T s
S =Sy HNEE SN NS MU SO S e D
—A—p = 20 bar ~Aa—p = 20 bar
0 20 : : : —
o 2 4 6 8 10 12 14 16 0o 2 4 6 8 10 12 14 16
Nsub Nsub
Figure 16 - Limit power for instability inception at Figure 17 - Limit power for instability inception at
G =200 kg/m’s as function of the subcooling number G =400 kg/m’s as function of the subcooling number
and at different pressures. and at different pressures.
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Figure 18 - Limit power for instability inception at

G = 600 kg/m’s as function of the subcooling number and at different pressures.
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252 Period of oscillations and transit time

DWOs are characterized by waves of heavier and lighter fluid which travel alternatively along the boiling channel’.
Two perturbations are required for each cycle. Accordingly, the period of oscillations should be of the order of twice the
mixture transit time. As a matter of fact, literature results report a period of oscillation 7" almost equal to twice the
mixture transit time 7 at high inlet subcoolings, and a reduction of 7/7 ratio by reducing the subcooling number [6]. In
this respect, mixture transit time is considered calculated with classical homogeneous flow theory, by adding single-

phase region transit time 7;; and two-phase region transit time >4, as in [6] and [16]:

Ah. h
T=1,+71,, = Pin —+ le ln(l + Vi xex]~ 3)
q 9V v,

With some algebra, Eq. (3) can be rearranged as:

T _ AL, —p. X, +Lln(l+ixexJ . “)
q Vi Vi

The experimental results collected at SIET labs show a completely different trend. The period of oscillations to transit
time ratio is found to be very low at high inlet subcoolings, moreover it grows by reducing the subcooling number Nj,;.
The period of oscillations (Figure 19, Figure 21 and Figure 23) is rather independent on inlet subcooling, whereas it
increases as the mass flow is lower. Accordingly, 7/7 ratio (Figure 20, Figure 22 and Figure 24), pretty constant
following mass flux variations, results considerably lower than one (~0.5) at high inlet subcoolings (when the fluid
transit time in the heated channel is higher due to the long single-phase region), whereas it increases up to a value of

nearly two as the inlet temperature approaches the saturation.
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Figure 19 - Period of oscillations at p = 80 bar as function  Figure 20 - Period of oscillations to transit time ratio at
of inlet subcooling and for different values of mass flux. p = 80 bar as function of inlet subcooling and for

different values of mass flux.
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Figure 21 - Period of oscillations at p = 40 bar as function Figure 22 - Period of oscillations to transit time ratio at
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Figure 23 - Period of oscillations at p = 20 bar as function Figure 24 - Period of oscillations to transit time ratio at

of inlet subcooling and for different values of mass flux.  p =20 bar as function of inlet subcooling and for different

values of mass flux.

Up to the Authors knowledge, as well as from the helical geometry, the discussed behaviour seems to be induced also

by the peculiar length of the test section and by the presence of an unheated riser above.

2.6  Effect of inlet throttling

It is well known that a concentrated pressure drop located at channel inlet is stabilizing, as a larger fraction of the
system pressure drop behaves in-phase with inlet velocity variations [15]. In this work, the effect of inlet valve closure
was investigated by repeating the stability map at p = 40 bar and G = 400 kg/m’s, following progressive closures of V1
and V2 valves. All the results presented in the previous Sections have referred to “basically open” valve configuration
(1 turn to valve closure, k;, = 45). In this paragraph, instead, the instability thresholds have been defined with respect to
2/6 turn to closure (k;, ~ 100) and 1/6 turn to closure (k;, = 270), respectively. Finally, a last position (roughly ascribable
as 1/12 turn to valve closure) was tested, standing for the inlet throttling required to stabilize the parallel channel system

under study. As a matter of fact, dryout thermal crisis occurrence was recorded before the onset of flow unstable
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conditions, following the provided steps of thermal power. Hence, dryout occurrence, identified by a sharp rise of tube
wall temperature, was considered as the evidence of system stabilization.

The obtained results are shown in Figure 25. The stabilizing effect of a concentrated pressure drop at the inlet of the
channel is confirmed. Some explanations can be useful. When finding out the stability map at 1/6 turn to valve closure,
asymmetric entrance resistance conditions were erroneously imposed by a not equal closure of the two valves (with
Channel B less throttled than Channel A). It is shown that the stability characteristics of the less throttled (i.e., less
stable) channel dominates the whole system. The instability occurs in the less throttled one, and then induces the other
to oscillate. This reasoning is confirmed in literature by the experimental work of Guo Yun et al. [17]. To clarify this
effect, some instability points were repeated with proper (i.e., balanced) closure between the two channel valves. A
slight stabilization appears, as the system behaviour is effectively governed by the more throttled inlet valve
configuration.

Nevertheless, the investigated effect of the inlet throttling on instability threshold turns out to be rather weak. By
closing even remarkably the inlet valves, the system remained indeed prone to instability occurrence (with a global
increase of the limit thermodynamic quality from ~0.5 to ~0.7, on the whole). Only a strong increase of the inlet
throttling (with a concentrated pressure drop term that is such to equalize the distributed pressure drop term along the
channel) permits to avoid the inception of the instability. Parallel channels stabilization given by the last position
investigated (1/12 turn to valve closure) was not valid, indeed, at low subcooling; the respective threshold point is

indicated on the stability map (Figure 25), with a limit quality equal to 0.8.
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Figure 25 - Effect of inlet throttling on instability threshold at system pressure p = 40 bar and mass flux G = 400 kg/m’s.

2.7  Ledinegg type instabilities

The final Section of the paper is dedicated to Ledinegg type instability. Ledinegg flow excursions were observed during
test runs at the lowest pressure level (p = 20 bar), the highest mass flux (G = 600 kg/m’s), and higher inlet subcooling
values (x;, <-15%). Ledinegg type instabilities occur when a heated channel operates in the negative slope region of the

pressure drop versus flow rate curve (channel characteristics). In this respect, the boundary conditions of constant
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pressure drop given by parallel channels act as a flat pump external characteristics, forcing each channel into a wide
flow excursion up to the reaching of new operating points on the internal characteristics.

Figure 26 shows the flow rate evolution in each channel in presence of a Ledinegg type instability. Flow excursion is
evident, as Channel A flow rate increases. On the contrary, flow rate in Channel B reduces proportionally to preserve
the imposed total mass flow rate. Constant total pressure drop condition is respected across the two tubes. Ledinegg
instability occurrence showed to be critical since an anticipated DWO onset was recorded in the channel with lower
flow rate (Channel B in this case), following small increases of supplied thermal power. Indeed, increase of thermal

power permitted to leave the Ledinegg instability region, damping out the flow excursion.
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Figure 26 - Flow rate recorded in the two channels during a Ledinegg transient. Data collected with: p = 24 bar;

T,, = 134 °C; G = 601 kg/m’s. Transient to g = 50 kW (electrical power supplied per tube).

3 ANALYTICAL MODELLING

3.1  Analytical lumped parameter model: fundamentals and development

The analytical model provided to theoretically study DWO instabilities is based on the work of Mufioz-Cobo et al. [19].
Proper modifications have been considered to fit the modelling approach with steam generator tubes with imposed
thermal power (representative of typical experimental facility conditions).

The developed model is based on a lumped parameter approach (0D) for the two zones characterizing a single boiling
channel, which are single-phase region and two-phase region, divided by the boiling boundary. Modelling approach is
schematically illustrated in Figure 27.

Differential conservation equations of mass and energy are considered for each region, whereas momentum equation is
integrated along the whole channel. Wall dynamics is accounted for in the two distinct regions, following lumped wall
temperature dynamics by means of the respective heat transfer balances. The model can apply to single boiling channel
and two parallel channels configuration, suited both for instability investigation according to the specification of the

respective boundary conditions:

- constant Ap across the tube for single channel;
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Figure 27 - Schematic diagram of a heated channel with single-phase (0 <z < zpp) and two-phase (zzp < z < H) regions.

Externally impressed pressure drop is Ap,y. (Adapted from [12]).

The main assumptions considered in the provided modelling are: (a) one-dimensional flow (straight tube geometry); (b)
homogeneous two-phase flow model; (c) thermodynamic equilibrium between the two phases; (d) uniform heating
along the channel (linear increase of quality with tube abscissa z); () system of constant pressure (pressure term is

neglected within the energy equation); (f) constant fluid properties at given system inlet pressure; subcooled boilin
g gy ¢q ; prop g Y p g g

is neglected.

3.1.1 Mathematical modelling

Modelling equations are derived by the continuity of mass and energy for a single-phase fluid and a two-phase fluid,
respectively.

Single-phase flow equations read:

op ,9G _,, (5)

ot 0z

aph) , a(Gh) _ (©)
ot oz

Two-phase mixture is dealt with according to homogeneous flow model. By defining the homogeneous density py and

the reaction frequency Q as follows [18]:

PH=P;(1—5)+pV&=%’ @)
Vv, +Xxv,
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q)v,
Q) =—, 8
® AHh,, ®)
one gets:
opy  0G
9P, 9= _
ot " 0z ’ ©)
9j
9 _a
P (). (10)

Momentum equation is accounted for by integrating the pressure balance along the channel:

H

0G(z,t
I#dz = Ap(t)_Apacc _Apgmv _Ap.fm" ’ (11)
0

As concerns the wall dynamics modelling, a lumped two-region approach is adopted. Heated wall dynamics is
evaluated separately for single-phase and two-phase regions, following the dynamics of the respective wall

temperatures according to a heat transfer balance:

dgq ' drT)?

—Z,t =M e, =g~ (hS )e(r)e —1)0), (12)
20 T 29

dzt =M%, dd; =q* —(hS )Q‘P(T,f”’ —T_;w). (13)

3.1.2  Model development

Modelling equations are dealt with according to the usual principles of lumped parameter models [1], i.e. via integration
of the governing PDEs (Partial Differential Equations) into ODEs (Ordinary Differential Equations) by applying the
Leibniz rule. The hydraulic and thermal behaviour of a single heated channel is fully described by a set of 5 non-linear

differential equations, in the form of:

dy; _ .
it = fi(y), i=1,2,..,5, (14)

where the state variables are:

Y1 =72pp Yo =Xey Ys zc;in

(15)
Yy :Thw Ys :ThM
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In case of single boiling channel modelling, boundary condition of constant pressure drop between channel inlet and
outlet must be simply introduced by specifying the imposed Ap of interest within the momentum balance equation
(derived following Eq. (12), see [1]).

In case of two parallel channels modelling, mass and energy conservation equations are solved for each of the two
channels, while parallel channel boundary condition is dealt imposing within the momentum conservation equation: (a)
the same pressure drop dependence with time (Ap(¢)) across the two channels; (b) a constant total flow rate.

First, steady-state conditions of the analysed system are calculated by solving the whole set of equations with time
derivative terms set to zero. Steady-state solutions are then used as initial conditions for the integrations of the equations,
obtaining the time evolution of each computed state variable. Input variable perturbations (considered thermal power
and channel inlet and exit loss coefficients according to the model purposes) can be introduced both in terms of step
variations and ramp variations.

The described dynamic model has been solved through the use of the MATLAB software SIMULINK® [32].

3.1.3  Linear stability analysis

Modelling equations can be linearized to investigate the neutral stability boundary of the nodal model. The linearization

about an unperturbed steady-state initial condition is carried out by assuming for each state variable:

y(t) =y +oy-e*. (16)

To simplify the calculations, modelling equations are linearized with respect to the three state variables representing the
hydraulic behaviour of a boiling channel, i.e. the boiling boundary z(¢), the exit quality x,.(¢), and the inlet mass flux
G,,(1). That is, linear stability analysis is presented by neglecting the dynamics of the heated wall (¢(?) = const).

The initial ODEs, obtained after integration of the original governing PDEs, are [1]:

dz
Sy, a7
dx dz

d;x :b4:b2+b3_dlz3 > (18)
dG,;
d—t”’zbs. (19)

By applying Eq. (16) to the selected three state variables, as:

zgg(f) = ZgB +Ozgy €™ (20)
xex(t) = x?x + &xex ) e/?.i s (21)
Giu(t) = Gy + 8G;, - ¢, (22)

the resulting linear system can be written in the form of:
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OzggEqr + X Epp + 8G;,E3 =0,
ZppEn + o Eyy + G, Epy =0,

OzppEay + 0o Egy + Gy, Eq3 = 0.

The calculation of the system eigenvalues is based on solving:

Ey E, Egj
Ey Ey Ezs =0,
Ey Eyp Es

which yields a cubic characteristic equation, where A are the eigenvalues of the system:

A +al+bl+c=0.

3.2 Analytical lumped parameter model: results and discussion

(23)
24
(25)

(26)

27

Single boiling channel configuration is referenced for the discussion of the results obtained by the developed model on

DWOs. For the sake of simplicity, and availability of similar works in the open literature for validation purposes

[19][21][25], typical dimensions and operating conditions of classical BWR core subchannels are considered.

Table 4 lists the geometrical and operational values taken into account in the following analyses.

Table 4 - Dimensions and operating conditions selected for the analyses.

Heated Channel

Diameter [m] 0.0124
Length [m] 3.658
Operating Parameters

Pressure [bar] 70
Inlet temperature [°C] 151.3 -282.3
ki 23

Kout 5

3.2.1  System transient response

To excite the unstable modes of density wave oscillations, input thermal power is increased starting from stable

stationary conditions, step-by-step, up to the instability occurrence. Instability threshold crossing is characterized by

passing through damping out oscillations (Figure 28), limit cycle oscillations (Figure 29), and divergent oscillations

(Figure 30). This process is rather universal across the boundary. From stable state to divergent oscillation state, a

narrow transition zone of some kW has been found in this study.
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Figure 28 - Inlet mass flux oscillation curves and corresponding trajectories in the phase space for a stable state.
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Figure 29 - Inlet mass flux oscillation curves and corresponding trajectories in the phase space for a point on the neutral
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Figure 30 — Inlet mass flux oscillation curves and corresponding trajectories in the phase space for an unstable state.

The analysed system is non-linear and pretty complex. Trajectories on the phase space defined by boiling boundary z

vs. inlet mass flux G;, are reported in Figure 28, Figure 29 and Figure 30 too. The operating point on the stability
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boundary (Figure 29) is the cut-off point between stable (Figure 28) and unstable (Figure 30) states. This point can be
looked as a bifurcation point. The limit oscillation is a quasi-periodic motion; the period of the depicted oscillation is
rather small (less than 1 s), due to the low subcooling conditions considered at inlet.

With reference to the eigenvalue computation, by solving Eq. (27), at least one of the eigenvalues is real, and the other
two can be either real or complex conjugate. For the complex conjugate eigenvalues, the operating conditions that
generate the stability boundary are those in which the complex conjugate eigenvalues are purely imaginary (i.e., the real
part is zero). Crossing the instability threshold is characterized by passing to positive real part of the complex conjugate

eigenvalues, which is at the basis of the diverging response of the model under unstable conditions.

3.2.2  Description of a self-sustained DWO
The simple two-node lumped parameter model developed in this work is capable to catch the basic phenomena of
density wave oscillations. Numerical simulations have been used to gain insight into the physical mechanisms behind

DWOs, as discussed in this paragraph.
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The analysis has shown good agreement with some findings due to Rizwan-uddin [12]. Fully developed DWO
conditions are considered. By analyzing an inlet velocity variation and its propagation throughout the channel,
particular features of the transient pressure drop distributions are depicted.

The starting point is taken as a variation (increase) in the inlet velocity. The boiling boundary responds to this
perturbation with a certain delay (Figure 31), due to the propagation of an enthalpy wave in the single-phase region. The
propagation of this perturbation in the two-phase zone (via quality and void fraction perturbations) causes further lags in
terms of two-phase average velocity and exit velocity (Figure 32).

All these delayed effects combine in single-phase pressure drop term and two-phase pressure drop term acquiring 180°
out-of-phase fluctuations (Figure 33). What is interesting to notice, indeed, is that the 180° phase shift between single-
phase and two-phase pressure drops is not perfect [12]. Due to the delayed propagation of initial inlet velocity variation,
single-phase term increase is faster than two-phase term rising. The superimposition of the two oscillations (in some
operating conditions) is such to create a total pressure drop along the channel oscillating as a non-sinusoidal wave. The
peculiar trend obtained is shown in Figure 34; relating oscillation shape has been named “shark-fin” shape. Such
behaviour has found corroboration in the experimental evidence collected with the facility at SIET labs [2]. In Figure 35
an experimental recording of channel total pressure drops is depicted. The experimental pressure drop oscillation shows

a fair qualitative agreement with the phenomenon of “shark-fin” shape described theoretically.

SIET Experimental Data: 80 bar - Ng,,=5.1
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Figure 35 - Experimental recording of total pressure drop oscillation showing “shark-fin”” shape (SIET labs).

Total Channel Ap [kPa]

3.2.3  Sensitivity analyses and stability maps

In order to provide accurate quantitative predictions of the instability thresholds, and of their dependence with the inlet
subcooling to draw a stability map (as the one commonly drawn in the N,,—N,, stability plane[13], see e.g. Figure 2),
it is first necessary to identify most critical modelling parameters that have deeper effects on the results.

Several sensitivity studies have been carried out on the empirical coefficients used to model two-phase flow structure.

In particular, specific empirical correlations have been accounted for within momentum balance equation to represent

two-phase frictional pressure drops (by testing several correlations for the two-phase friction factor multiplier ®3 ).
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In this respect, a comparison of the considered friction models is provided in Table 5: Homogeneous Equilibrium
pressure drop Model (HEM), Lockhart-Martinelli multiplier, Jones expression of Martinelli-Nelson method and Friedel
correlation are selected [33], respectively, for the analysis. It is worth noticing that the main contribution to channel
total pressure drops is given by the two-phase terms, both frictional and in particular concentrated losses at channel exit
(nearly 40-50%). Fractional distribution of the pressure drops along the channel plays an important role in determining
the stability of the system. Concentration of pressure drops near the channel exit is such to render the system prone to

instability: hence, DWOs triggered at low qualities may be expected with the analysed system.

Table 5 - Fractional contributions to total channel pressure drop (at steady-state conditions).

Test case: I' = 0.12 kg/s; T;, =239.2 °C; ¢ = 100 kW (x,, = 0.40)

HEM Lockhart-Martinelli Jones Friedel

Term Ap [kPa] % of total ~ Ap [kPa] % of total  Ap [kPa] % of total  Ap [kPa] % of total
Apgray 12.82 17.31% 12.82 7.96% 12.82 10.96% 12.82 14.62%
ADace 10.24 13.84% 10.24 6.36% 10.24 8.76% 10.24 11.68%
Apin 15.35 20.74% 15.35 9.54% 15.35 13.12% 15.35 17.51%
APt 10 0.96 1.29% 0.96 0.59% 0.96 0.82% 0.96 1.09%
ADjiict 20 10.61 14.33% 39.84 24.75% 23.54 20.12% 14.97 17.07%
APy 24.06 32.50% 81.73 50.79% 54.07 46.22% 33.36 38.04%
APt 74.03 100% 160.94 100% 116.97 100% 87.69 100%

The effects of two-phase frictions on the instability threshold are evident from the stability maps shown in Figure 36.
The higher are the two-phase friction characteristics of the system (that is, with Lockhart-Martinelli and Jones models),
the most unstable results the channel (being the instability induced at lower thermodynamic quality values). Moreover,
RELAPS5 calculations about DWO occurrence in the same system are reported as well [5]. In these conditions, Friedel

correlation for two-phase multiplier is the preferred one.

9 :
® RELAPS
8 B Model- HEM
7 A Model- Friedel
X Model - Lockhart-Martinelli

¢ Model-Jones
x=0.2

Npch
Figure 36 - Stability maps in the N,;—N, stability plane, drawn with different models for two-phase friction factor

multiplier.
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The influence of the two-phase friction multiplier on the system stability (via the channel pressure drop distribution) is
made apparent also in terms of eigenvalues computation. Figure 37 reports the results of the linear stability analysis

corresponding to the four cases depicted in Table 5.

Linear stability analysis (Q = 100 kW)
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Figure 37 - Sensitivity on two-phase friction factor multiplier in terms of system eigenvalues. Test case: I' = 0.12 kg/s;

T, =239.2°C; ¢ = 100 kW (x, = 0.40).

4 NUMERICAL MODELLING BY MEANS OF RELAPS CODE

Capability of the RELAP5/MOD3.3 [24] system code to detect the appearance of density wave oscillations in a single
boiling channel has been studied in [5]. A single channel configuration was addressed by working with an imposed Ap,
kept constant throughout the simulation. Moreover a more realistic experimental apparatus for DWO investigation was
reproduced, connecting a bypass tube to the heated channel to maintain the constant pressure drop boundary condition.
The RELAPS code demonstrated its capability to correctly detect the onset of instability. A sufficiently large bypass
permitted to reproduce the same results obtained with single channel alone simulations. In this section the analysis is

extended studying twin parallel channels.

4.1 Model and numerical settings

A description of the two parallel channels nodalization developed in RELAPS is provided in Figure 38. With respect to
[5], a twin channel is added to the system, with connection through common lower and upper headers. Uniform equal
heating along the two channel axes is considered. Initially physical parameters and tube size are kept equal to the values
of a typical BWR subchannel (Table 6). Then, the two channels are modified to fit with facility helical coil tubes. The
real dimensions of the experimental facility are indicated in Table 1.

Because only straight pipe elements are implemented in the code and all the models and correlations refer to straight
geometry, a fictitious configuration is introduced. Two straight inclined tubes are assumed, with the same inclination of
the helical coil, in order to reproduce both tube length and height of the facility. Moreover, no local pressure losses at

the exit of the channels have been considered.
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Table 6 - RELAPS parameters for BWR geometry simulation.

Heated Channel
Diameter [m] 0.0124
Length [m] 3.658
Roughness [m] 25107
Operating parameters
Exit pressure [Pa] 7.0-10°
Inlet temperatures [°C] 151.3-282.3
ki 23
kex 5
Time-dependent
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Figure 38 - RELAPS nodalization of two parallel tubes with common lower and upper headers.
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Figure 39 - Stability maps obtained in two parallels channels with different nodalizations (p = 40 bar, G = 600 kg/m’s,
155°C < T;,<238°C, L =32 m).

LP2.B2b -33- CERSE-POLIMI RL-1355/2011



Rapporto “Experimental investigation of thermalhydraulic instabilities in Steam
Generator helical coil tubes”

Code models and numerical settings are exactly the same as in [5], thus UVUT model, semi-implicit numerical scheme
and a time step always equal to the 95% of the Courant limit. Conversely, after a sensitivity study shown in Figure 39,
the number of nodes has been increased to 96 for the 32 m long duct.

The following procedure is adopted to reach the instability boundary: at the beginning of each run specific values of exit
pressure, mass flow rate and inlet water temperature are selected as initial conditions. Flow circulation in the system
starts at zero power, then power generation in the heat structures is increased gradually till the unstable condition is
reached. The increase rate is higher at the beginning of the transient, to quickly approach the unstable region, then it is

lowered to guarantee an easier detection of the onset of instability.

4.2 Results and discussion

421 BWR subchannel geometry

In a system of two parallel channels, density wave instability occurs with counter-phase oscillations of the flow rate in

the two channels (Figure 40). Total system mass flow rate remains constant, being imposed by a pump.
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Figure 40 - Mass flow rate oscillating in counter-phase during a fully-developed DWO in parallel channels.

Stability map for two parallel tubes is shown in Figure 41, where it is compared to the stability thresholds of the single
channel [5]. Except for small deviations at low inlet subcooling, density wave instability exhibits the same behaviour in
the three different systems. Hereby, with the correct settings, RELAP5 shows satisfactory prediction capability with
respect to DWOs also in a parallel channel system featuring the simple geometry of BWR subchannel.

Some remarks are needed on the determination of the exact point where the system crosses the stability boundary and,
consequently, has to be considered unstable. A typical transient is shown in Figure 42. Mass flow rate decreases with
time as the supplied power is increased, until it starts to oscillate when the instability threshold is approached. Clearly,
no universal detection criteria exist. In this work the system was considered unstable when mass flow rate oscillation
amplitude reached 100% of the steady-state value. For verification purposes, the same results were analyzed according

to a visual detection criterion, in which the system was considered unstable when mass flow rate oscillation appeared
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fully-developed. The visual detection was viable thanks to the almost flat power ramps imposed near instability

inception (causing the mass flow rate to vary slightly).
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Figure 41 - Comparison between the stability maps calculated with the three different system configurations studied in

BWR subchannel geometry.
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Figure 42 - Mass flow rate behavior in the heated Figure 43 - Comparison between a visual detection
channel during a DWO. criterion and a more precise one, based on 100% of

steady-state value oscillation amplitude to consider

unstable the system.

As it is shown in Figure 43, no significant differences were found. Hereby, all the results are presented in the followings

by using the 100% detection criterion.
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4.2.2  Parametric study

For future comparisons between RELAPS predictions and the experimental data with helical coil geometry, a RELAP5
model reproducing as far as possible the experimental facility has been developed. In this Section, tube length and
inclination were modified from the BWR subchannel geometry one by one, to study their influence on the system
stability. System operating parameters have been assumed as in Table 6.

The system exhibits a marked stabilization when increasing the length of the channel maintaining the inclination fixed
(straight vertical duct). In Figure 44 three different tube lengths are presented: BWR subchannel (3.66 m), experimental
facility tube (32 m), and vertical channel with length equal to the height of the experimental facility (8 m). Obviously,
the stabilization is larger passing from 8 m to 32 m. The effect of tube length appears somewhat strange, because it is
expected to increase of the same relative amount both frictional and gravitational pressure terms, which are
proportionally to tube length. Although gravitational pressure drops are not negligible in a straight vertical tube, one
expects two-phase frictional pressure losses to be the most important term in total pressure drop balance. An increase in
two-phase frictional pressure losses, concentrating the pressure drop near the channel exit, is expected to increase

system propensity to instability [12][34].
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Figure 44 - Stability maps obtained in parallel channels with different values of channel length.

When only a single channel is considered, tube length influence seems to disappear (Figure 45) and the stability
threshold remains almost unchanged. The latter result could suggest some difficulties of the RELAPS5 code in
addressing more complex geometry (as the stabilization highlighted in Figure 44 when increasing tube length could be
induced just by numerical diffusion introduced to assure convergence of the calculations). Figure 46 reports the stability
maps obtained with RELAPS varying tube inclination while maintaining fixed the channel length. The stable region
widens as the tube approaches the vertical orientation (starting from horizontal duct). An increase in inclination (hence
from horizontal to vertical duct) turns out in a higher gravitational pressure drop term, concentrated in the single-phase
region, where higher is the density of the fluid. Increase in single-phase region pressure drop, close to channel inlet
section, reinforces system stability. As concerns tube inclination, the RELAPS code shows the capability to

qualitatively reproduce its physical influence on instability inception.
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Figure 46 - Stability maps obtained in parallel channels with different values of channel inclination.

5 NUMERICAL MODELLING BY MEANS OF COMSOL CODE

5.1 Mathematical formulation and model development

COMSOL Multiphysics® [26] is a numerical code which is gaining importance in the recent years, based on its
possibility to solve different numerical problems by implementing directly the systems of equations in PDE form. PDEs
are then solved numerically by means of finite element techniques. It is mentioned that this approach is globally
different from previous one discussed (i.e., the RELAPS code), which indeed considers finite volume discretizations of
the governing equations, and of course from the simple analytical treatment thoroughly discussed in Section 3.
Modelling equations, derived from conservation of mass, energy and momentum, have been implemented separately
with respect to single-phase region and two-phase region.

In single-phase region, the mass, momentum and energy balance equations take, for a typical physical system, the

following form:
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9,96 _,, (28)
ot 0z
2

8_G+i G_ z_a_p_pgsine_(a_pj , (29)
ot oz\ p 0z Z ) piet

2 3 "
9 ph—p+G— + 2l Gn+ G2 :u+g(6_p] - Ggsin 6 - (30)
ot 2p z 2p 4 ploz),,

The physical system represented in Eqs.(28) — (30) is made by a straight tube of length H, circular cross-section of
diameter D and slope angle & (between tube axis and the horizontal direction). Of course, sin @ = 1 applies in order to
simulate the straight vertical BWR subchannel under investigation (Table 4).

A simpler enthalpy balance equation can replace Eq.(30), by subtracting a convenient form of Eq.(29) from Eq.(30).

One obtains:

a a v olla o (€2))
Z(ph - p)+—(Gn)=T2+ Z| | 2] L2
at (p p)+ az ( ) A - P |:( aZ \Jfricl " az:l

In two-phase region, the mass, momentum and energy balance equations read:

Py 3G _

—=0, (32)
ot 0z
2 2¢
W )2 (3)
ot oz\ p; 0z 2 ) piet
2 3 " 20
2 Puh, — D+ G+ +i Gh,, + G > :u+i(a_p) ~Ggsinf - (34)
ot 2p, 0z 2p; A P, \ 0z et

Alike the single-phase region equations, an enthalpy balance equation is more convenient than Eq.(34). Hence, the

kinetic energy terms within Eq.(34) can be eliminated by subtracting Eq.(33). One finally obtains:

0 0 (- \_q"H G |(ep)"  op
—(p,h, = )+ —(Gh, )= po Loz oz | h
ot (ph, = p)+ az( "’) a P |:£ 6zjﬁ~m "o

Though fundamentally similar to single-phase region equations, two-phase flow conservation equations require proper

definition of the two-phase flow structure. In particular, suited expressions for static and dynamic two-phase density
and enthalpy, as well as for two-phase frictional term (via the two-phase friction multiplier CD[20 concept), must be

considered. General expressions for the terms representing a two-phase mixture are given by:

LP2.B2b -38- CERSE-POLIMI RL-1355/2011



Rapporto “Experimental investigation of thermalhydraulic instabilities in Steam
Generator helical coil tubes”

pu=ap,+(-a)p, (36)
) -1
p: = { x? N (l_—x)} , (37)
ap v (1 - a)pl
ho = ap h, + (L=a)p,h, , (38)
Pm
h =xh, +(1-x)h,. (39

The widespread S — o — x relation is used to relate the previous quantities:

-1
a{lﬂ‘”—vs} . (40)
X P

The value of the slip ratio S depends on the choice of the two-phase flow model adopted. In this Section, both a simple
homogeneous flow model (S = 1, as the assumption on which basis the analytical lumped parameter model has been
derived, see Par. 3.1.1), and a more accurate Drift-Flux Model (DFM) have been considered. The latter accounts for the

effect of the relative velocity between the two phases (the so-named slip), by defining a suitable slip ratio S as follows:

(Co - 1)x/’1 VP
S=C J . 41
(I P (e “h

The quantities C, and V,; indicate respectively the concentration parameter (void distribution parameter) and the
effective drift-flux velocity. The first represents the global effect due to non-uniform void distribution and velocity
profiles in the channel section, whereas the latter represents the local relative velocity effect and generally depends on
the flow regime.

Several correlations exist for the two parameters. Various combinations of drift-flux models, together with different
two-phase friction multiplier expressions, have been tested. Comprehensive results can be found in the master thesis of
Giorgi [35]. For the aims of this paper, just the simple DFM based on a constant value of the concentration parameter

(Co = 1.13) [9] and Lahey and Moody correlation for the drift-flux velocity [33] are considered. HEM model is

implemented with homogeneous @ 20 , whereas DFM is implement with Jones correlation for @ 120 (both already

utilized in the analytical model in Section 3.2.3).
Implementation of the modelling equations set has been carried out using the PDE General Form module of COMSOL
Multiphysics®. The obtained 1D thermal hydraulic simulator works out switching between single-phase and two-phase

region according to a selection logic that considers the following check variable v,:

v, = by =h (42)
hv - hl
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The value of v, (basically representing the thermodynamic quality x) is evaluated in each node. Single-phase zone
equations are accounted for if v, <0 or v, > 1, whereas two-phase zone equations are accounted for if 0 <v,_ <1.

Similar computational procedure is followed, for instance, in the work of Colorado et al. [36].

5.2 Results and discussion

Steady-state predictions from the described modelling with COMSOL code have been firstly validated, before any
attempt to apply this numerical modelling tool for the study of density wave instabilities.

Experimental test-case for the 1D simulator built-up with the COMSOL code has been represented by the thorough
pressure drop database obtained by Santini [37] and Santini et al.[28], who worked on the helical coiled tube test section,
located at SIET labs and pioneering to the experimental activities on DWO threshold characterization carried out by
Papini et al. [2].

COMSOL thermal-hydraulic simulator has been adapted to the peculiar referenced geometry, on the account of specific
modifications including e.g. the approximation with a straight inclined channel, long as the helical tube and with the
same inclinational angle 0 of the facility helix [3].

The comparison between the numerical predictions and the experimental pressure drop data on the helical coil facility is
depicted in Figure 47 (respectively for three different pressure levels). The agreement is satisfactory, with maximum
error less than 10%.

As final step, the water-steam thermal hydraulic simulator has been applied to boiling channel stability analysis, via
linearization of the equation system (Egs.(28) — (35)) and computation of the eigenvalues, on the basis of the experience
collected in Section 2.3. Just the single boiling channel case is hereby presented. COMSOL Eigenvalue Solver has been
used, yielding the linearization of the equations about an equilibrium point. The linearization tool acts by substituting

each temporal derivative operator in the following way:

— — -1, (43)
ot

where A is an eigenvalue.
Neglecting tedious computational details about the linearization and consequent linear stability analysis on the boiling
channel, one is directed to the following Section for the comparison of the COMSOL results with RELAPS and

analytical model results.
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Figure 47 - Comparison of numerical results in COMSOL with Santini’s experimental pressure drop data.
(a) - pin = 20 bar — red curve: G =200 kg/m’s; ¢" = 43.7 kW/m?, blue curve: G =400 kg/m’s; ¢" = 111.1 kW/m®.
(b) - pin = 40 bar — red curve: G = 600 kg/m’s; ¢" = 142.4 kW/m?, blue curve: G = 800 kg/m’s; ¢"= 191.6 kW/m®.
(¢) - pim = 60 bar — red curve: G =400 kg/m’s; ¢" = 85.2 kW/m?, blue curve: G = 600 kg/m’s; ¢" = 117.4 kW/m?.
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6 VALIDATION BENCHMARK OF ANALYTICAL AND NUMERICAL STUDIES ON
DWOs

A comprehensive comparison of whole tools developed in this work to predict the inception of DWOs in simple vertical
tube geometry is shown in Figure 48, where the noteworthy work of Ambrosini et al. [21] is reported too. Stability maps
drawn in the N,-Ny, stability plane are compared. RELAPS results rely on UVUT model selection, i.e. non-
homogeneous non-equilibrium model. Theoretical model uses HEM two-phase flow model, respectively with
homogeneous and Friedel friction factor multiplier. Finally, both HEM and DFM are considered as concerns COMSOL

results.
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Figure 48 - Validation benchmark between analytical model and numerical models with RELAPS5 and COMSOL codes.

It is immediate to notice that all the results with this simple vertical tube geometry confirm the classical DWO theory
expectations. The exit quality (proportional to the ratio between thermal power and mass flow rate) turns out as key
parameter for the stability boundary definition. At high subcoolings, the stability boundary follows roughly a constant
exit quality line; at medium-low subcoolings, the so-named “L shape” appears [23]. On the whole, parametric effect of
an increase of the inlet subcooling is stabilizing at high subcooling and destabilizing at low subcooling [3][6].

RELAPS results found previously an experimental validation, as discussed by Colombo et al. [4]. On this basis, best
predictions are offered by the distributed parameter model of Ambrosini et al. [21] and by the proposed two node
lumped parameter model with Friedel friction correlation. COMSOL code shows the most unstable region.

However, the applicability of the HEM for calculation of stability threshold is still debatable [38][39]. An alternative to
the two fluid approach (complicated by bunch of constitutive relations for interfacial laws) is the DFM, based on a sole
momentum equation for the mixture plus non-linear constitutive law for the relative velocity, which should provide
more accurate predictions. Nevertheless, it is known that the choice of both concentration parameter and drift-flux
velocity significantly affects the stability, since their increase or decrease modifies the void fraction, hence mixture

density and transportation time lags [39] [40].
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The drift-flux model implemented by COMSOL simulator shows the least agreement, but this discrepancy should be
indeed ascribed to the friction factor selected (Jones one, i.e. “high friction” model yielding less stable regions) rather
than to the particular DFM parameters adopted.

As the proper prediction of the instability threshold depends highly on the effective frictional characteristics of the
reproduced channel (see Section 3.3), the possibility of implementing most various kinds of two-phase flow models
(DFM kind, with different void fraction expressions) makes in principle the developed COMSOL model suitable to

apply for most different heated channel systems. DFM parameter adjustment will be required separately case by case.

6.1 Main achievements

Before addressing the complex geometry represented by two helical coil tubes for simulation of helically coiled steam
generators (Section 7), the developed analytical and numerical modelling tools have been applied to the study of
vertical straight geometry (Section 3, 4 and 5), in single and parallel channel configurations. This was mainly due to the
difficulties in modelling the influence of helical geometry on instability occurrence and to the small number of
appropriate correlations for two-phase friction factor multipliers and void fraction. Besides time domain linear and non-
linear studies presented in the previous sections led to understand more in depth the basic phenomena at the basis of
DWDOs, ranging from development of a self-sustained flow rate oscillation and identification of critical two-phase flow
model parameters for accurate prediction of instability threshold, to assessment of experimental apparatus layouts suited
for instability detection. State of the art advances reached by the paper results can be summarized as in the followings.
Similar discussions have been found in the work of Nayak et al. [39], who investigated various two-phase friction factor
multiplier models, DFM parameters and several geometrical parameters in case of two-phase natural circulation system

instabilities.

= As concerns the instability mechanism, key role is played by the void propagation time delay in the two-phase
region. At sufficiently large values of void fraction (i.e., exit thermodynamic quality), any small fluctuation in
the inlet velocity may lead to large fluctuation of the two-phase frictional pressure losses. Multiple feedback
effects are triggered by the mandatory constant pressure drop boundary condition. Enthalpy and void
transportation lags throughout the channel are evident in a non-sinusoidal wave for flow rate and pressure drop

oscillations [12]. “Shark-fin” shape of oscillating total pressure drops is the final outcome.

=  When simulating a simple geometry, such as BWR core vertical subchannel, classical DWO theory is respected.
Instability boundary shows the “L-shape” inclination in the N,.-N,,; plane, with inlet subcooling increase that is
stabilizing at high subcooling and destabilizing at low subcooling. The period of oscillations is nearly twice the

mixture transit time, and grows with the inlet subcooling.

= Fractional distribution of the pressure drops along the channel plays an important role in determining the
stability of the system [12]. In this respect, proper simulation of two-phase frictional pressure losses (prior to
proper representation of the pressure drop distribution within the channel) is depicted as most critical concern for

accurate prediction of the instability threshold. The homogenous friction factor model shows the most stable

LP2.B2b -43 - CERSE-POLIMI RL-1355/2011



Rapporto “Experimental investigation of thermalhydraulic instabilities in Steam
Generator helical coil tubes”

system [39]. Higher friction models (in ascending order: Friedel, Lockhart-Martinelli and Jones) reduce the
system stability.

= Two different system layouts are dealt with for instability investigation: a single heated channel (analytically
modelled with constant Ap boundary condition, but simulated with RELAPS according to realistic experimental
layout with a parallel bypass to keep the Ap across imposed) and two parallel channels (connected with common
headers). The equivalence of the two approaches is found in terms of stability maps, both with analytical
calculations (Figure 49: single heated channel is studied with two different values of imposed Ap) and RELAP5
simulations (Figure 41: single heated channel is studied with constant Ap fictitiously impressed and with the
bypass nodalization). Such equivalence (strictly valid for the analyzed vertical tube case [6]) is important
because, if one has to study the instability boundary of a multi-channel system (i.e., one single channel working
rigorously under constant Ap), the experimental apparatus might be designed just with two parallel tubes

connected by two headers, thus without the need for a complex parallel large bypass tube.
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Figure 49 - Stability maps for single heated channel and two parallel channels cases, as calculated with analytical

lumped parameter model (Friedel friction model).

= Several sensitivity studies can be provided with the developed models. The effect of tube diameter on boiling
channel stability may be relevant when using scaled facilities in simulation of the instability behaviour of
prototype systems [39]. Sensitivity analysis with the analytical model (single channel, Friedel friction model),
reported in Figure 50, reveals that the stability boundary is independent on tube diameter at high subcooling
conditions (where constant exit quality line is roughly respected). On the contrary, the system results less stable
as the channel area is reduced at medium-low subcooling conditions. Decrease in tube diameter has destabilizing
effect [39], as a reduction of tube area increases the frictional contribution within total pressure drop (but this
increase is such to destabilize the system only when the two-phase region is dominant, i.e. at medium-low

subcooling).
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Figure 50 - Effect of channel cross-sectional area on DWO instability threshold, as calculated with analytical lumped

parameter model (single channel case, Friedel friction model).

7 COMPARISON BETWEEN MODELS AND EXPERIMENTAL RESULTS

To reproduce and interpret the highlighted phenomena related to the investigated helical coil geometry, both the
analytical lumped parameter model and the RELAPS code have been applied.

7.1  Analytical modelling of the experimental facility

Best results have been obtained via the analytical model, on the basis of a modified form of the widespread and sound
Lockhart-Martinelli two-phase friction multiplier, previously tuned on the frictional characteristics of the system [36].

The modified Lockhart-Martinelli multiplier (only-liquid kind) used for the calculations reads:

3.2789  0.3700
+ + . (43)
X X%

o’ =1

u

To comply with the form of the modelling equations, passing from “only-liquid” to “liquid-only” mode is required. The

following relation [33] is considered:

O =0(1-x)'"7. (44)

Though the developed analytical model seems to underestimate the instability threshold conditions (that is, the
predicted instabilities occur at lower qualities), rather satisfactory results turn out at low flow rate values (G = 200
kg/m’s). In these conditions, fair agreement is found with the peculiar instability behaviour of helical coil geometry,
characterized by a marked destabilization near the saturation when inlet temperature is increased (i.e., inlet subcooling
is reduced). Figure 51 shows how the peculiar stability boundary shape, experimentally obtained for the present helical

coiled system, is well predicted. Finally, the comparison between model and experimental findings is considerably
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better at high pressure (p = 80 bar; Figure 52), where the homogenous two-phase flow model (at the basis of the

modelling equations) is more accurate.

12

: : x=0.3/x=0.5
A Experimental 3 i :
10 ‘ © Model (helix)
H RELAP5
8
E
> 6
4
2
0 =
0 5 10 15 20 25 30 35 40 45 50 55

Npch

Figure 51 - Comparison between experimental, theoretical and RELAPS5 results. p = 40 bar; G = 200 kg/m’s.
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Figure 52 - Comparison between experimental, theoretical and RELAPS5 results. p = 80 bar; G = 400 kg/m’s.

7.2  RELAPS modelling of the experimental facility

Marked overestimations of the instability onset come out when applying the RELAPS code to the helical coil tube
facility simulation (Figure 51 and Figure 52), mainly due to the lack in the code of specific thermo-fluid dynamics
models (two-phase pressure drops above all) suited for the complex geometry investigated. More comparison between
RELAPS predictions and experimental data can be found in Figure 53, Figure 54 and Figure 55. The code always
depicts a more stable system, consistently with the parametric study of Section 4.2.2, in which a system stabilization
was observed increasing the length of the parallel channels. The better predictions are found at pressure p = 40 bar and

mass fluxes G = 600 kg/m’s and G = 400 kg/m’s for the lower values of the inlet subcooling. Nevertheless also in these
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two cases the code is unable to reproduce the correct threshold behaviour as the system results far more stable at high
subcoolings where the instability onset even approaches the iso-quality line at x = 1.0. All things considered, due to the
mentioned lack of model implemented in the code to simulate helical geometry, the RELAPS code cannot be regarded

for the time being as a proven tool to study DWO phenomena in helically coiled tubes.
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Figure 53 - Comparison between experimental and RELAPS5 results. p = 40 bar; G = 600 kg/m’s.
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Figure 54 - Comparison between experimental and RELAPS5 results. p = 40 bar; G = 400 kg/m’s.
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Figure 55 - Comparison between experimental and RELAPS results. p = 20 bar; G = 200 kg/m’s.
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ACRONYMS

BWR Boiling Water Reactors

DFM Drift-Flux Model

DWO Density Wave Oscillation

HEM Homogeneous Equilibrium Model

IRIS International Reactor Innovative and Secure
LOCA Loss Of Coolant Accident

LWR Light Water Reactor

NASA National Aeronautics and Space Administration
ODE Ordinary Differential Equation

PDE Partial Differential Equation

PDO Pressure Drop Oscillation

PWR Pressurized Water Reactor

RELAP Reactor Excursion and Leak Analysis Program
SG Steam Generator

SIET Societa Informazioni Esperienze Termoidrauliche
SMR Small-medium Modular Reactor

UVUT Unequal Velocity Unequal Temperature
NOMENCLATURE

A cross sectional area [m’]

Cy concentration parameter

c specific heat [J/kg*°C]

D diameter [m]

G mass flux [kg/m’s]

g acceleration of gravity [m/s’]

H channel height [m]

h enthalpy [J/kg]

heat transfer coefficient Eq. (12),(13) [W/m**°C]
J volumetric flux [m/s]
k valve loss coefficient
L channel length [m]
M tube mass [kg]

Nyei phase-change number

Now subcooling number
p pressure [Pa]

q thermal power [W]
q” thermal flux [W/m?]
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q thermal power per unit volume [W/m?]
S slip ratio

heat transfer surface Eq. (12),(13) [m’]
T period of oscillations [s]

temperature [°C]
t time [s]

Vy drift-flux velocity [m/s]

v specific volume [m’/kg]
V. COMSOL model check variable
X Lockhart-Martinelli parameter
x quality
w velocity [m/s]
z axial coordinate [m]
o void fraction
A system eigenvalue
p density [kg/m’]
0 channel inclination angle (with horizontal direction) [deg]
T transit time [s]
@’ two-phase friction factor multiplier
r mass flow rate [kg/s]
characteristic frequency of phase change [1/s]
Subscripts

1o single-phase

20 two-phase

acc accelerative

BB boiling boundary
ex outlet

S fluid bulk

frict frictional

grav  gravitational

H homogeneous
h heated wall
in inlet
/ liquid
only-liquid in Eq. (43),(44)
lo liquid-only
m mixture
tot totale
v vapour
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Superscripts

1o single-phase

20 two-phase

+ dynamic quality (referred to two-phase density and enthalpy)
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