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1. Introduction

Boiling Water Reactors (BWR) are basically a
two-phase flow system where the fluid is heated
up by the nuclear core and the steam is sep-
arated to run a turbine. The earliest review
of two-phase flow instabilities was conducted
by Boure et al. [2]: it showed that water-
cooled reactors, among other systems, are sub-
ject to thermal-hydraulic instabilities triggered
by small fluctuations in the flow. These insta-
bilities can cause disastrous phenomena such as
boiling crises, thermal fatigue, and mechanical
failure.

Flashing-induced oscillations were first investi-
gated by Wissler et al. (1956) [11]. They fig-
ured that to have oscillatory flow rate, the driv-
ing force in the rise must be greater than the
frictional resistance to the flow. Jiang et al. [5]
Provided the first detailed investigation on flash-
ing related instabilities as well as a clear dis-
tinction between the two phenomena of flashing
and geysering. While geysering is related to va-
por generation, in the heating section, growth,
detachment and condensation, the cause of va-
por generation in flashing is the drop in hydro-
static head in the riser as the flow moves up-
ward. Manera et al. |7| Performed stability anal-

ysis for a CIRCUS facility, a full-height scaled
steam /water loop of a natural circulation cooled
BWR, under low pressure and low heating power
conditions at a constant inlet subcooling. It was
concluded that flashing is the main source of
instability during start-up. Natural circulation
BWR (NCBWR) has been the topic of research
for than three decades. It was proposed as a
way to eliminate the use of recirculation pumps,
hence avoiding pump trips that was thought to
be one reason for instabilities in BWRs. In 1991,
Aritomi [1| weighed the advantages and disad-
vantages of removing the recirculation pump, ar-
guing that even though it might reduce the run-
ning and total cost, the reactor net power will
be reduced with a poor control of the reactivity.
Furthermore, it was found that the pump trip
transient does not lead to an accident releasing
radioactive materials into the environment. Fur-
ther distinction between the forms of flashing
was introduced by Wang et al. 9], they clari-
fied that with manipulation of heat flux, at con-
stant pressure, natural circulation system expe-
rience four kinds of waveforms namely, intermit-
tent, double peak, sinusoidal, and periodic os-
cillations. The oscillations frequencies increase
in the aforementioned order, with the irregular



and period instabilities having the highest am-
plitude. The intermittent oscillations are char-
acterized by an incubation time before the onset
of flashing, while the incubation time is nonex-
istent in the sinusoidal waves. They found that
the incubation time is inversely proportional to
the heating power. At medium and higher heat
flux the incubation time vanished and the oscil-
lations become smoother.

Efforts have been made to understand the ef-
fect of geometrical and thermo-hydraulic factors
on two phase flow instabilities. At fixed inlet
subcooling, it has been discovered that the os-
cillation duration gets shorter as heating power
and/or system pressure increase [4]. Increas-
ing the pressure has a stabilizing effect by re-
ducing the unstable flow region and the ampli-
tude of oscillations Manera et el. and Yanan et
al. [8] [12] respectively. During the cold start-
up procedure, pressurizing the reactor above the
critical pressure (750 kPa) eliminates the insta-
bility phenomena (Zhao et al. [12]). Wang et
al. (2022) [10] showed that at low power, the
flow is stable single-phase condition. But with
the increase of heating power, relative amplitude
of oscillations increases. However, with further
increase of power, the amplitude is decreased.
On the other hand, the Oscillation amplitudes
always decrease with an increase in pressure .
Increasing the chimney height have significant
stabilization results, while decreasing the inlet
flow resistance makes the operation more sta-
ble Yanan et al. [12]. However, Akshay Kumar
et al. (2021) [6] proved analytically that flash-
ing induced instability is not affected by the in-
let and exit flow restrictions due to the strong
coupling between the flow velocity and pressure
drop in the system. Overall, Flashing-induced
instability causes flow oscillations with a large
amplitude which is harmful to the natural cir-
culation system, and the phenomena needs to
be avoided in operating conditions.

The objective of thesis is to identify the role
of the driving forces (frictional vs. buoyance)
on the wave characteristics (shape, amplitude
and period) during the flash-induced oscilla-
tions under force convection. This will be done
by investigating the effect of the pump bypass
valve opem, the system pressure and the heat-
ing power.

2. Facility

The experimental facility Fig. 1 is a closed
R134a loop. The working fluid is driven by a
magnetically coupled digital gear pump located
below the main tank. A conditioner (heat ex-
changer) is introduced before the pump in or-
der to assure subcooled single-phase flow into
the pump. The heated section inlet temperature
is adjusted by passing the fluid through a pre-
conditioner after leaving the pump. After the
heater, the flow goes through the riser and back
to the condenser. The system pressure is con-
trolled by the saturation temperature of conden-
sation. The temperatures of the pre-conditioner
and the condenser are controlled by two chillers
whose operating temperatures are regulated via
interface software. The test section consists of
a horizontal heating pipe followed by 5 m ver-
tical U-tube. Inlet restriction (K;) provides the
required pressure drop at the inlet of the heater.
The heating system Fig. 2a is divided into five
distinct sections, allowing for independent spec-
ification of power to each section. To measure
the wall temperature of the heated pipe, sev-
eral external thermocouples are strategically dis-
tributed along the wall surface. Notably, ther-
mocouples located at positions 6 (1117 mm from
the inlet) and 10 (1917 mm from the inlet) en-
compass measurements on the top, bottom, and
both sides of the wall, along with an internal
thermocouple at the inflow. The two internal
thermocouples measure the temperature of the
flowing fluid.Two visualization glass points are
present, one at the inlet of the heated pipe to
make sure the flow enters as a single phase lig-
uid, and the second is at the outlet to study the
two phase flow patterns. Finally, a 5 m high
U-tube to study the influence of gravity forces
on the flow instabilities. The riser Fig. 2b is
a 5 mm Quadra capillary hose made of ther-
moplastic material with polyester reinforcement
and thermoplastic cover.

2.1. Measurements and accuracy

Table 1. provides a summary of the accuracy
achieved in measuring various relevant parame-
ters. The heat flux measurement involved cal-
ibrating the electrical heat applied to the pipe
against the thermal heat transferred to the fluid
under steady-state conditions. This calibration
was performed for different temperatures and
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Figure 1: 2D schematic of the test facility

flow rates in the case of single-phase liquid flow,
resulting in a final accuracy of 3%. The tem-
perature and heat flux calibrations were part of
PhD work of Chiapero |[3].

Table 1: Measurements accuracy

Variable Accuracy Calibration
Mass flux G 0.2% of the reading Supplier
Pressure drop AP | 0.075% full-scale (fs = 50 kPa) Supplier
Absolute drop P 0.04% full-scale (fs = 25 bar) Supplier
Temperature T' 0.1 K Chiapero
Heat flux ¢” 3% of the reading Chiapero

The vapor quality at the exit of the heated sec-
tion can be determined by stating a heat balance
along the pipe, as follows:

fzzo ¢’ mD;idz — GAcepiTsup
T(z) = 1
(2) GAH, )

Let x(z) represent the mixture quality at a spe-
cific point z[m| along the heated section. The
mass flux rate is denoted as G[kg/m?s|, the lig-
uid phase specific heat capacity as cp[J/kgK],
the enthalpy of vaporization as Hy,[J/kg|, the
inlet subcooling as Ts,p[K], and A, is the cross
sectional area of the pipe.

Fig. 3 shows the propagation of error for the
quality under operating conditions of P=7 kPa,
and power=250 W, where the average mass flux
is 213.11 kg/m?s. It can be seen that the value
of the error is independent of the inlet subcool-
ing temperature, and quality can be written as
x = T £ 0.32 The error is of the same order as

the mean value, which is due to the simplifica-
tions used in the calculation of the quality of a
two phase flow.

2.2. Experimental Procedure

The pump curve Fig. 4 was obtained by running
the rig in steady state single phase liquid oper-
ation. The bypass valve was 1/2 turn open and
the inlet restriction valve to the heater was grad-
ually opened from almost zero to fully opened.
The readings were recorded for at least 50 s for
each open of the inlet valve. The same readings
were repeated three times and the average val-
ues of mass flux and pressure drop were used to
plot the pump curve. A polynomial function was
fitted to the recorded values and the plot range
was extended as shown.

The operational conditions were determined by
four key parameters: the inlet absolute pressure
(Pin), the inlet subcooling (ATypn), the heat
flux (¢”), and the pump bypass valve. The op-
erating parameters were set to the desired study
case and the system runs until steady state was
achieved. The instantaneous readings were mon-
itored via MATLAB. The parameters were ad-
justed so that the monitored ATy, at the heated
section exit was close to saturation. This case
could be reached by either reducing the mass
flux at a constant heating power or increasing
the heat flux at a constant flow rate. After stabi-
lization, we triggered the flashing instability by
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Figure 3: Error propagation of the vapor quality at the
ezit of the heater at P=7 kPa, and power=250 W

applying a sudden change in one of the parame-
ters (G, q)) while keeping the remaining factors
constant.

3. Results and discussion

The objective of this experimental study is to
examine the occurrence of flow instability and
its correlation with various parameters in the
forced circulation test facility. Following the
procedures outlined above, the experiments were
conducted. In this section the data obtained
from the acquisition system are presented and
discussed.
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Figure J: Pump characteristic curve for 1/2 turn bypass
valve

3.1. Oscillation types

At high heat flux and 7.5bar pressure, the os-
cillations were triggered by sudden drop in the
mass flux, then the heating power was reduced
in 50W steps at a time. In subplot b of each case
the quality of the flow at the exit of the heating
section was calculated according to Eqn.1.

3.1.1 Irregular intermittent oscillations

At low heat flux, the oscillations took an ir-
regular repetitive shape. It is characterized by
high amplitude and long time period. The cycle
starts with close to zero flow rate which causes
complete evaporation at the heater exit. As
shown in Fig. 5b, the void fraction is much



higher than 1 (super-heated vapor). As the
Quality increases, the void propagation increases
the flow gradually, But the condensation takes
place in the horizontal piping connecting the
heater to the adiabatic riser. As a consequence,
the quality drops sharply until the flow becomes
two-phase. During this time the mass flux is al-
most constant and this is called the incubation
time. As the quality drops even further, the flow
enters the riser as subcooled liquid and the flow
temperature at some point is equal to the local
saturation temperature and flashing is induced.
The vapor bubbles grow due to drop in hydro-
static head, which pushes more flow outside the
rise and causing sharp increase in the flow rate.
Due to the increased flow rate, the heated sec-
tion inlet temperature drops, which reduces the
quality as seen in Fig. 5b. By the time the mass
flux reaches maximum, the quality is minimum,
which increases the subcooled liquid reserve in
the riser, which -in turn- condenses the front
wave of the propagating flashing and the flow
rate starts dropping sharply. The inlet subcool-
ing drops again because of the reduced mass flow
rate and boiling is initiated, shown in Fig. 5b the
quality start increasing until reaches maximum
value which induces the next cycle of oscillation.
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Figure 5: Irreqular intermittent oscillations

3.1.2 Pure sinusoidal oscillations

Under medium heat flux, the oscillation is sinu-
soidal and the incubation time is vanished. The
instability is induced by boiling in the heater and
enhanced by flashing in the riser. The flow leaves
the heater always as two phase flow as seen in
Fig. 6b, which means that continuous boiling
is the main trigger of the oscillations. The flow
is then condensed in the piping to the riser and
flashing is induced, which gives the high jump
in amplitude.
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Figure 6: Pure sinusoidal oscillations

3.1.3 Intermittent Oscillations

With further increase in the power, The incuba-
tion time increases and with it increases the time
period of oscillations. At low flow rate, T'13 in-
creases above the corresponding saturation tem-
perature, and the vapor quality becomes slightly
higher than 1 (Fig. 7b). The temperature cools
down in the adiabatic test section, and other
components such as the condenser and horizon-
tal piping, which causes a slight increase in the
flow rate with small fluctuations due to erup-
tions from condensed bubbles (geysering). By
the time the temperature approaches saturation
and the quality gets close to zero, the flow en-
ters the riser as subcooled liquid and the flashing
is induced at some point in the riser which in-
creases the flow to max Fig. 7a. Due to the high
flow rate, the inlet temperature is reduced and
the quality increases towards a maximum and

the cycle is repeated.
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Figure 7: Intermittent oscillations

The wave shapes of forced circulation are simi-
lar to the ones mentioned in the work of Wang
[9] for a natural circulation system. Based on
the discussed types of flashing, the incubation
time is affected by the structure of the riser i.e.,
longer horizontal piping and higher riser extends
the incubation time when the flow leaves the
heater with a quality close to or higher than
1. The geometry of the riser controls the size
of subcooled liquid storage which suppresses the



propagating wave of flashing. The instability is
a combination of boiling, geysering and flashing,
where flashing is more dominant at medium to
lower heat fluxes.

3.2. Parameters effect
3.2.1 Pump curve slope

The bypass valve controls the slope of the pump
curve. The more the valve is opened, the flat-
ter is the slope. The slopes are superimposed
in Fig. 8. Green line is 1/8 turn slope, red
line is 1/2 turn and black line is the slope of
1 turn opened bypass valve. The effect of the

-10

jun
5

A PUsectxon IkPﬂ,]
8

ds
S

100 200 300 400 500
Mass flux [kg/m?s]

Figure 8: Superimposed slopes of the 3 bypass valve po-
sitions

valve open on the oscillation amplitude is obvi-
ous when the mass flux for 1/8 and 1 turns are
compared, figures 9a and 9b respectively. The
amplitude is almost doubled but the period does
not seem to be affected. The increase in ampli-
tude can be reasoned by the slopes as shown
in Fig. 8: for the same change pressure drop
A Pprsection the change of the flow rate will differ
based on the corresponding slope i.e., the green
line (1/8) turn will give a smaller change in the
flow rate compared to the black line (1 turn).
Figure Fig. 9 shows the effect of closing the
pump bypass valve on the amplitude of oscilla-
tions. under the same operating conditions, the
instability was triggered and the Mass flux os-
cillations were captured.

3.2.2 Power

The heating power plays a big role in determin-
ing the shape, amplitude, and frequency of os-
cillations. From Fig. 11 the oscillations change
with each step reduction in the power until the
power is too small to evaporate the flow and sin-
gle phase liquid is retained at 50W, Fig. 10. Fig.

400 -
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(b) Mass flux 1 turn.
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Figure 9: Pump bypass valve effect on the oscillations

11a shows the phase shift between T'13 and Ty,
as the power changes, it becomes clear that the
shape of oscillation is sinusoidal only when the
temperatures are synchronized otherwise the os-
cillations take an irregular shape and the incuba-
tion time increases. For power less than 250 W
the waves take an irregular intermittent shape,
for 250 W pure sinusoidal and for higher than
250 W it is intermittent. At 400 W the flash-
ing is suppressed and the big peak amplitude is
comparable with the amplitude of the fluctua-
tions caused by geysering. The effect of power
on amplitude is clarified in Fig. 12a where the
amplitude is calculated as Gpaz — Gmin. the
amplitude keeps decreasing with the increase of
power, which means that the increase of power
suppresses the flashing and causes the reduc-
tion in the high amplitudes, similar to the re-
sults of natural circulation given by Wang [10].
This shows that flashing is more dominant and
dangerous at low heat fluxes. The period cor-
responding to each Power is calculated as the
time difference of two successive maximum val-
ues of mass flux tg,, ., —tG, 0. As for the time
period, Fig. 12b shows that the lowest period
is for the pure sinusoidal oscillations at 250 W
and the other two types of flashing have similar
frequencies. This can be reasoned by the zero
incubation time of sinusoidal oscillations, since
the incubation time is the main reason behind
the long periods for the other waves.

3.2.3 Pressure

Starting from system pressure about 6 kPa, the
effect of the pressure on the flashing oscillations
is observed. from Fig. 13a the oscillations are
present, with a comparable amplitude, until the
pressure is too high which suppresses the in-
stabilities around 10 kPa and the single phase
steady flow is restored. Increasing the pressure
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Figure 11: Heating power effect on the oscillations

means increasing the friction force which put re-
sistance against the driving force. It results in
a decrease in the density difference between the
vapor phase and the liquid phase, as well as a
decrease in the latent heat of vaporization. As
a consequence, the fluid becomes more prone to
vaporization, making it more challenging for the
system to generate sufficient driving force under
high-pressure conditions. As a result, the self-
sustained oscillation is weakened or completely
eliminated, and once the resisting force is dom-
inant, the system becomes stable. Zhao [12]
showed the effect of system pressure on natu-
ral circulation. He showed, on stability maps,
that increasing the system pressure significantly
suppresses the instability region in the natural
circulation system, especially the intermittent
oscillation region. In Fig. 14a, at low pres-
sure the pressure drop of the two phase flow
across the riser is high which increases the driv-
ing force due to higher density difference, hence
why the oscillations are showing a higher ampli-
tude. With further increase in the system pres-
sure, the pump head is reduced and the mass
flow rate is increased. The steep pump curve
Fig. 4 explains the odd shape of the ampli-
tude curve. It is opposite to the trend in case

g
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(a) Amplitude. (b) Time period.

Figure 12: Heating power effect on the wave characteris-
tics

of natural circulation [10], which experienced
a monotonic decrease with the increase of pres-
sure. The incubation time is seen to be reduced
with the increase in pressure which is reflected
on the time period as shown in Fig. 14b.
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(a) Mass flux oscillations.

Figure 13: System pressure effect on the oscillations
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Figure 14: System pressure effect on the wave character-
istics

4. Conclusions

In this thesis the contribution of the friction and
buoyancy forces on the flashing instabilities un-
der forced convection is identified. This exper-
imental study is focused on analysing the wave
characteristics under the effect of they pump by-
pass valve, the system pressure and the heating
power. Based on the results, the following is



concluded:

1.

4.1.

Three wave forms were observed, namely:
irregular intermittent, sinusoidal, and inter-
mittent oscillations. The oscillations were
caused by a combination of boiling and
flashing. The boiling triggers the oscilla-
tions but the onset and condensation of
flashing cause the jump in amplitude.

. Reducing the bypass valve open stabilizes

the system, while increasing the heating
power and system pressure suppresses the
flashing phenomena in forced circulation
system. The system is stable when the fric-
tional forces are dominant, which happens
at high pressure and/or low power (lower
than 50 W).

. Changing the power alters the oscillations

shape, amplitude and frequency. The os-
cillations amplitude are the highest for low
heat flux and low pressure conditions. pres-
surization at the start-up with a pressure
higher than 10 bar can avoid the instability
zone. The incubation time is reduced mono-
tonically with increase in system pressure.

Future work

Future developments include installing measur-
ing instruments of pressure and temperature
along the riser to have better inspection of the
flashing phenomenon. Furthermore, the impact
of the heater inlet restriction valve on the pa-
rameters will be addressed.
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