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Abstract

Quenching phenomenon is one of the most unexplored phenomena in the field of heat
transfer. However, quenching is known for a long time especially due to metal hardening.
In the several last decades, the phenomenon has come to the fore of interest in connection
with nuclear reactor safety and cryogenic technologies. Quenching is defined as an onset
of rapid temperature decrease within cooled geometry by relatively cold liquid. The
contact between cooled surface and coolant is not a straightforward process. If the surface
temperature is high enough, liquid can’t touch the surface directly, but it is separated
by stable vapor layer. The layer acts as a thermal insulation barrier and the resulting
heat transfer is very limited until surface temperature fails bellow so-called Leidenfrost
temperature. The actual value of quenching temperature is influenced by many factors
such as dynamics of the coolant, initial wall temperature, material properties of cooled
geometry, etc.

An experimental loop with an annular flow channel has been built in order to deepen
the knowledge on the quenching phenomenon. The flow channel is vertical and it is
equipped with changeable electrically heated tubes (models) with the outer diameter
of 9mm and length over 1.7m in three different geometrical configurations: Model A
- wall thickness (0) 0.5mm, Model B - § = 1.0mm and Model C with variable wall
thickness. Each model was exposed to bottom flooding at initial wall temperature levels
from 250°C' to 700°C' and with four different coolant mass fluxes for each temperature
level (80,110,190,270 kg.m=2.s71).

Results show the complexity of the phenomenon for given configurations and initial ex-
periment parameters. Correlations for all important points in the process were developed
i.e. correlations for quenching, critical and nucleate boiling temperature. Another part of
the study is suggestion of heat transfer coefficients for the three-regional rewetting model.
On top of that correlations for local heat transfer coefficients were proposed. There is also
pointed out the effect of pressure pulsation during the flooding and its influence on the
process. All these results together with raw experimental results can serve as an input

for further investigations of the phenomena and for nuclear reactor safety analyses.

Keywords

LOCA, Quenching, Rewetting, Quench front, Heat transfer, Fluid dynamics
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Abstrakt

Jevy provazejici smaceni vysoce rozehiatych povrchu jsou jednémi z nejméné prozk-
oumanych jevu z oblasti prenosu tepla. Tyto procesy jsou jako takové znamé jiz dlouhou
dobu predevsim diky tepelnému zpracovani kovu (angl. quenching). V poslednich nékolika
dekadach se tento jev dostal do poptedi zdjmu predevsim ve spojeni s bezpecnosti jadernych
reaktoru a kryogenni technikou. Sméceni je definované jako pocdtek prudkého poklesu
teploty chlazeného objektu, ktery je zpusobeny kontaktem s relativné chladnym chladi-
vem, napi. vodou. Piimy kontakt mezi rozehiatym povrchem a chladivem vsSak neni
piimocary proces. Pokud je teplota povrchu dostatecné vysokd, je kapalina oddélena
od povrchu parni vrstvou, kterd brani prfimému kontaktu povrch-chladivo. Tato parni
vrstva se chova jako tepelné izolac¢ni vrstva a prestup tepla je tak znac¢né snizen az do
okamziku, kdy teplota povrchu poklesne pod tzv. Leidenfrostovu teplotu, pii které dojde
ke kolapsu parni vrstvy. Vlastni hodnota této teploty je zavisla na mnoha faktorech, jako
napiiklad dynamice chladiva, poc¢atecni teploté povrchu, vlastnostech chlazeného objektu,
geometrii, atd.

Za 1ucelem prohloubeni znalosti o tomto jevu bylo postaveno experimentalni zarizeni
s anularnim prutoénym kandlem. Testovaci kanal ma vysku pfes 1.7m a je vybaven
meénitelnymi pruchodem elektrického proudu vyhifvanymi modely (trubkami) s vnéjsim
prumérem 9mm. Tyto modely byly pouzity ve tfech variantdch: Model A s tloustkou
stény (6) 0.5mm, Model B - § = 1.0mm a Model C s proménnou tloustkou stény po
vysce. Kazdy model byl vystaven sérii experimentu se zaplavovanim zdola na poc¢dtec¢nich
tepelnych hladinach povrchu od 250°C do 700°C' se ¢tyfmi ruznymi prutoky chladiva
80,110, 190,270 kg.m=2.s71.

Vysledky ukazuji komplexni charakter daného jevu pro danou konfiguraci a parametry.
Byly vytvoreny korelace pro vSechny diulezité body v procesu sméceni, tj. korelace pro
teplotu smoceni, teplotu kritického tepelného toku a teplotu bublinkového varu. Dalsi
¢asti studie je navrh soucinitelu prestupu tepla pro tii-oblastni model smaceni. Navic
jsou zde predlozeny korelace pro lokalni soucinitele prestupu tepla. Poukazano je ve
studii také na efekt tlakovych pulzaci béhem zaplavovani a jejich vliv na dany proces.
Vsechny tyto vysledky spolecné s namérenymi daty mohou slouzit jako vstup pro dalsi

studie zaméfené na tento jev, popiipadé pro bezpec¢nostni analyzy jadernych reaktoru.
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Motivation and Thesis Goal

Cooling of overheated surfaces also known as quenching is still not well-known. It is a
very chaotic transition process where every new experimental study is an important piece
of the puzzle on the way to fully understand the phenomenon. The motivation for this
study is to propose a detailed view on the quenching phenomenon, specifically bottom
reflooding of an annular channel with a heated model of nuclear fuel pin. The result can
serve as an input for other analytical studies in the field and it can point out several side
effects accompanying the process of reflooding. These outputs can improve predictions of
processes where quenching takes place, especially processes related to LOCA accident in

nuclear reactor safety analyses.

The main goal of the study, in order to fulfill the motivation, is to collect quality
experimental data using a new suitable experimental device with changeable test section.
The changeable test section will allow to cover not only one geometry (i.e. wall thickness),
but several geometries. These geometries, hand in hand with wide range of initial wall

temperatures and coolant flow rates, will hopefully provide a complex view on the process.
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Chapter 1

Rewetting

This chapter contains a description of quenching and rewetting phenomenon from the
physical point of view and also from the perspective of nuclear reactor safety. Understand-

g of presented principles is crucial for a deeper understanding of the phenomenon.

1.1 The Rewetting Phenomenon

The quenching phenomenon is known to mankind for many centuries and it is still not
too well-known. This phenomenon is known in many technical applications. Nowadays
the quenching is under intense research not only from a metal processing point of view,
where we need short times of surface cooling for unstable hard crystal structures near the
surface but more and more the quenching research is crucial for nuclear reactor safety and

for cryogenic applications.

The main difficulty in the quenching of hot surfaces with subcooled coolant is that the
cooled surface is not in contact with coolant instantly, but the surface and the coolant are
separated by vapor layer. The layer is generated by intense boiling of coolant near the
cooled surface. The vapor layer prevents the intense heat transfer to the coolant due to
its low density and conduction ability. Because of this, the hot surface is insulated from
the coolant by heat insulating layer of vapor. This effect is shown in Figure [I.1] In this

case, the surface is cooled down relatively slowly.

21



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

Escaping
'\ @aterropied " vapor

Hot Surface

Figure 1.1: Water droplet floating over hot surface due to vapor layer

When the surface temperature falls below the so-called Leidenfrost temperature, the
vapor layer collapses and liquid meets the surface. At this moment a high heat transfer
rate takes place and the surface is cooled down much more effectively. The physical pro-
cess when the vapor layer collapses and liquid rewetts the surface is called rewetting. The
temperature at which rewetting can be observed (Leidenfrost temperature) is a function
of its initial temperature, cooled geometry, coolant flow rate, a temperature of the coolant,
surface roughness, etc. |1] The interface between the rewetted surface and still dry sur-
face is called a quench front. As the rewetted part of geometry is effectively cooled, the
heat accumulated in front of the quench front is conducted towards the rewetted region.
This conduction generates a precooled dry region and this region can be rewetted in the
next moment. This conduction and partially sputtering (precursory cooling) represent
a mechanism for quench front propagation along the cooled surface. A velocity of the
quench front propagation is called quench front velocity. The quench front velocity and
its dynamics for different geometries, temperature ranges and coolants are main goals of
the research worldwide. A physical model of conduction-controlled rewetting with typical
temperature profile and supplemented with one of analytical heat transfer profiles [2] is

shown in Figure [1.2]
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Figure 1.2: Physical model of conduction-controlled rewetting phenomenon for bottom

flooding

1.2 Interaction of the Coolant and the Hot Surface
Regimes

In the year 1986 Groenveld and Snoek [3] introduced six basic configurations of rewet-
ting of hot surfaces. From their definitions, we have got several possible regimes. These

regimes are:

e Top flooding

Bottom flooding

Vapour layer collapse

Rewetting followed by disperse cooling

Rewetting of horizontal surface by Leidenfrost cooling

Collapse of film during pool boiling

In a nuclear reactor we can assume, corresponding to reactor design, three possible

coolant inlet configurations:
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e Top flooding
e Bottom flooding
e Horizontal flooding

These three regimes are described bellow.

1.2.1 Top Flooding

A coolant is fed from top to the cooled object in the case of top flooding. Previous
experiments have shown, that axially advancing quench front is characterized by nearly
constant quench front velocity. There is a high temperature gradient between dry and wet
region due to a high axial heat conduction. The rewetting process is primarily controlled
by axial conduction in this case. This process is also known as conduction controlled
rewetting. Also, several types of boiling regimes can be observed during the top flooding.

The case of top flooding can be seen in Figure [1.3]
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Figure 1.3: Top flooding

1.2.2 Bottom Flooding

A coolant is fed from the bottom into test section and the coolant advances upwards
along the geometry in this case. Besides the axial conduction, this process is also charac-
terized by complex hydrodynamics and by given geometry of flow cross-section of the test

section. The bounded flow area prevents loss of droplets and they can touch and precool
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the surface consequently. The bottom flooding is the main regime of rewetting present
during the reflood phase of LOCA accident and this regime is the investigated subject of
this thesis. Figure [1.4] shows the typical case of bottom flooding.

Outer barrier
Dry region

Quench front
Wet region

Flow

Figure 1.4: Bottom flooding in annular channel

1.2.3 Horizontal Flooding

In the case of horizontal flooding, a coolant is fed into flow channel horizontally, e.g.
the axis of the cooled geometry and axis of the flow channel are both horizontal. The
basic characteristics of this configuration is a stratification of flow forced by gravity. This

flooding regime is shown in Figure [1.5]

Quench front

Outer barrier

%‘BDA

—  —

Wet region Dry region

Figure 1.5: Horizontal flooding
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1.3 Boiling Curve

Boiling of any liquid is a process at which liquid changes its phase from the liquid
state into the gaseous phase. The beginning of the phase change is called boiling point
and this point is defined by temperature and pressure. If the liquid temperature reaches
its saturation temperature for given pressure, the vapor pressure of the liquid is equal to
surrounding pressure. This is the reason, why liquid begin to expand into the gaseous
phase. The boiling point can be also considered as a maximum temperature of liquid
without the presence of vaporization.

In the year 1934 Shiro Nukiyama [4] proposed a dependence of heat flux from the
heated wall into the water on the temperature difference between wall temperature and
coolant temperature during boiling. The dependence is shown in Figure [1.6| and it is
called - boiling curve.

Figure contains several important points along the boiling curve. At the begin-
ning of the coordinate system, there is wall temperature almost equal to the saturation
temperature of water and heat flux is minimal. Natural single-phase convection takes
place up to point A. A nucleate boiling is present between points A and C. This region
is characterized by the rapid increase of heat flux i.e. increase of heat transfer coefficient,
due to the improved circulation of the coolant caused by detaching and rising bubbles.
Moreover, this region can be divided into two sub-regions. In the first one between points
A and B, bubbles released from the surface enter surrounding liquid and implode due
to insufficient conditions for boiling. In the second sub-region between points B and C,
boiling conditions are met in the whole volume and bubbles can reach the free surface.
The maximum value of heat transfer coefficient is located at point C. Beyond this point,
newly born bubbles are getting bigger and they merge together. The connection of bub-
bles creates heat insulating areas and heat flux decreases. The decrease continues up
to point D, which is called Leidenfrost point. At this point overheating of the surface,
compared to the saturation temperature of water, is high enough to maintain continuous
vapor layer. The vapor layer prevents water to cool the surface and wall overheating rises.
There is no solid-liquid contact beyond this point and heat transfer is mediated by vapor

and heat radiation.
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Figure 1.6: Pool boiling curve for water at atmospheric pressure with boiling regimes

1.4 Quenching and Rewetting Temperatures

There is no clear single definition of quenching and rewetting temperature in experi-
mental efforts on the rewetting phenomenon. In general, the rewetting temperature is the
maximum temperature which allows solid-liquid contact between the coolant and cooled
wall. This definition is in agreement with Leidenfrost point from Figure [I.6] on page

We can find three definitions of rewetting and quenching temperature in literature:

1. Quenching and rewetting temperatures are one and the same temperature. The

temperature is defined by maximum temperature decrease, i.e. the maximum of the

first order derivative (Figure [1.7| point C)

2. Quenching and rewetting temperatures are one and the same temperature. The

temperature is defined by the intersection of film boiling slope and transition boiling

slope (Figure [1.7] point D1)

3. Quenching temperature is defined by intersection of film boiling slope and transi-
tion boiling slope (Figure point D1) and rewetting temperature is defined by
maximum of the first temperature derivative (Figure [1.7| point C)
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Figure 1.7: Positions of quenching and rewetting temperature

Note: Point letters correspond to boiling curve in Figure on page

A modification of the last definition is adopted in this work. The last mentioned
definition uses the intersection of two tangent lines as described above. This approach
can be considered as a semi-graphical method and it is quite simple. The main reason
for usage of this method can be probably historical because the semi-graphical approach
doesn’t need advanced numerical solutions and can be easily found even on paper. On
the other hand, the resulting temperature simply does not lie on the temperature profile
and thus it can’t be physically correct.

For this reason, the quenching temperature is defined by the minimum value of the
second order derivative of temperature profile (Figure point D2). This method proved
to be reliable and its justification is described in chapter bellow and in results
consequently.

The temperature defined through the maximum value of the first derivative (Figure
m point C) represents temperature where heat transfer coefficient reaches its maximum
value according to boiling curve. At this point, transient boiling passes into nucleate
boiling.

Point A in Figure represents temperature on the interface between nucleate boiling
and forced convection region. This temperature is found, analogously to quenching tem-
perature, through the maximum value of the second order derivative of the temperature

profile.

Chapter 1 Jan Stepanek 28



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

1.4.1 Preliminary Verification Calculation

A simple two-dimensional transient calculation, in order to test the hypothesis of
the minimum second derivative for quenching temperature, has been performed. In this
calculation, a geometry was defined as a tube with outer diameter of 9mm and the wall
thickness of 0.5 mm. The length of the domain was 40 mm The internal heat source was
set to 15.5 MW.m™=3. Temperature properties of the tube were taken as the same as for
the other calculations, i.e. properties of Monel K-500 stainless steel.

Initial conditions were: initial wall temperature 600 °C', the temperature of the first
line of nodes was 20 °C' for the quenching start-up.

The case was solved numerically as thee-regional geometry, where the first region is
cooled by steam, the second region is cooled by saturated steam-water mixture and the

last one is cooled by relatively cold water. Boundary conditions (BC) were as follows:

Adiabatic condition at inner tube wall

Ist (dry) region: temperature of the steam 100°C; 600°C' > T, > 450°C =
hy =100W.m 2. K~!

2nd (quenching) region: temperature of the steam/water 100°C; 450°C > T, >
200°C = hy = 4000 W.m 2. K~!

3rd (forced convection) region: temperature of the water 35°C; 200°C > T, =
hy =500 W.m=2. K~}

Note: The values are estimates based on later experience

Resulting temperature profiles, obtained by numerical probes at positions 10 mm,
20mm and 30 mm from temperature array during iteration process, are shown in Figure
1.8l A boundary condition switches can be easily identified on these profiles due to the
sudden change of the profile slope. It is evident, that the first boundary condition switch
takes place at the end of the upper rounded part. This rounding is caused by axial and
radial heat conduction. This is evidence, that this mechanism is responsible for quench-
ing temperature achievement and resulting temperature decrease is ended by quenching
onset. Analogously, the second boundary condition switch can be found at the second

given temperature level, right at the maximum second derivative value position.
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Figure 1.8: Resulting temperature profiles from preliminary calculation

1.5 Basic Heat Transfer Regimes

In general, heat transfer description can be approached in two ways. In the first
approach we can examine a given spatial point and at this point, we can describe investi-
gated parameters chronologically. The chronological point of view is actually a resulting
process description obtained from experimental setup, where the test section is equipped
with thermocouples and chronological data are scanned by data acquisition system. In
the second approach we can examine the whole geometry at a given time, i.e. we get a

spatial view of the process along the geometry.

We can look at the temperature profile in Figure [1.9 as at a reversed boiling process
described in Section [L.3l

In the following description we will start at point G (in Figure on page with
initial wall temperature Tj. Far enough from advancing quench front, there is completely
dry region cooled by heat radiation (if wall temperature is high enough) and by vapor
generated at the quench front and escaping at high speed through the flow channel.
Precursory cooling region (points F - E) is located in front of the quench front and its

range depends on initial wall temperature and actual flow rate because more intense
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boiling produces more droplets with higher momentum. Heat is removed by sputtered
droplets and vapor in its region. A film boiling region is present closer to quench front
(points E - D). The wall temperature is still high enough to maintain continuous vapor
layer between the wall and coolant. This region ends with point D, where stable vapor
film collapses. The point D corresponds to the Leidenfrost point from boiling curve and
at this point, the quench front is located. As the vapor layer collapses, transient boiling
takes place between points D and C. Point C represents the critical point, which represents
the border between transient and nucleate boiling. Heat transfer coefficient reaches its
maximum value at this point and thus the temperature profile first derivative has the
maximum negative value here. Beyond the point C, a nucleate boiling regime can be
observed on short distance behind the front. Actually, it is very difficult to recognize
by eye the difference between transition and nucleate boiling during the reflood process.
Once the wall temperature is close to saturation temperature T, a single-phase forced
convection takes place (beyond the point A). The last point 0 represents the state, where
the wall temperature is slightly higher than coolant temperature T,,, and removed heat
is equal to heat generated within the wall, i.e. steady state is established.

Depending on initial wall temperature and coolant flow rate, these regions and corre-

sponding boiling regimes can be more or less evident.
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Figure 1.9: Typical temperature profile for bottom flooding at fixed time
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Note: Point letters correspond to boiling curve in Figure on page

1.6 Decay Heat

Heat is generated in a nuclear reactor through fission of heavy nucleus of Uranium 235
or Plutonium 239. Decay heat is generated by unstable fission products. These products
decay even when the reactor is shut down and this decay releases additional heat energy.
This decay heat is responsible for the post-accidental heating of the reactor core. Because
the decay heat is an integral part of the post-operational state of every nuclear reactor,
it must be calculated with this effect in post-accidental conditions. Decay heat power as

a function of time after reactor shutdown is shown in Figure [1.10]
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Figure 1.10: Decay Heat power as a function of time after shutdown [5]

From the perspective of bottom reflood process, the decay heat is responsible for high
initial cladding temperature and for possible core meltdown subsequently. In the basic

model, the decay heat source is assumed as spatially uniform.

There are three possible regimes during the bottom flooding process:

e Heat flux is subcritical and the quench front moves upward. The coolant inlet mass

flow rate is high enough to cool down the surface and to advance forward.
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e Heat flux is critical and quench front stops. The amount of generated vapor on the
surface is equal to inlet mass of coolant and the internal heat source is high enough

to keep the quench front static.

e Heat flux is supercritical and quench front moves downward - toward the inlet. In

this case, the evaporated amount of coolant is higher than its inlet mass flow rate.

1.7 Precursory Cooling

There is a clear interface between a wet region and a dry region at low quenching
velocities. A growing two-phase region in front of the quench front can be observed with
rising Peclet number (rising quench front velocity). The two-phase region is generated
by unrestrained processes at the interface, where a part of the liquid is thrown forward
by boiling liquid and escaping vapor. This mixture of vapor and droplets helps to pre-
cool the part of the dry region and it helps the quench front to advance forward. The
pre-cooling mechanism is called precursory cooling. If the momentum of these droplets is
high enough, the droplet can penetrate the vapor layer and it can rewett the surface at a
higher temperature. [4]

The base model is capable to correlate data at medium flow rates, but this effect
must be taken into account at high flow rates. The precursory cooling is represented in
analytical works by decreasing heat transfer coefficient in front of the quench front, e.g.

exponential function as it is shown in Equ[I.1] [6] (corresponds to Tab[3.2.1]).

hy = M gm0 (1.1)

Where hy [W.m™2.K~!] is the heat transfer coefficient in the wet region and N [—] is
precursory cooling rate. hy [W.m™2.K '] is then the resulting heat transfer coefficient in

front of the quench front.

1.8 Conclusion

A brief view on rewetting phenomenon was presented in this chapter. The process is
accompanied by many parameters and side effects, which must be taken into account if
we want to describe the process of flooding experimentally, such as precursory cooling,

dynamics of coolant, initial conditions of the surface, internal heat source, etc. The

Chapter 1 Jan Stepanek 33



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

process was described side by side with the boiling curve and individual according to
points in this curve were connected with the reverse meaning of quenching process. Also
a definition of quenching, critical heat flux and nucleate boiling temperature was adopted

in this chapter based on previous studies, own experiences and preliminary calculations.

Chapter 1 Jan Stepanek 34



Chapter 2

Loss of Coolant Accident

The rewetting mechanism of highly warmed surfaces is widely applicable in many tech-
nical applications. In the field of cryogenic technology, the rewetting phenomenon takes
place especially when vessels are filled with liquid gases at the room temperature. From
the perspective of nuclear reactor safety, the research of rewetting is crucial in the case
of loss of coolant accidents (LOCA). At the same time, LOCA represents the concept of
" Maximum Credible Accident”, which is caused by sudden and complete separation of the

main circulation pipe connected to the reactor vessel.

2.1 Principle of LOCA Accident

A loss of coolant accident is one of the most serious accidents that can affect a nuclear
power plant. This accident includes a damage of high-pressure components of the primary
cooling circuit especially a loss of integrity of primary piping. This may lead to a leakage
and thus to loss of coolant. If the emergency cooling system works properly, the reactor
core is reflooded and can be effectively cooled down. Otherwise, the accident leads to

unavoidable core meltdown and to the destruction, of the power plant unit.
The LOCA accident can be divided into four successive processes:

1. Decompression and emptying of the primary loop

2. Refill of the bottom part of the reactor vessel

3. Reflood of the core

4. Long-term cooling of the core
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2.2 Fenomenology of the LOCA Accident

A coolant presented in the system under high pressure expands into surrounding space
and this expansion is accompanied by a pressure drop in the primary loop. When tem-
perature level in the core reaches the saturation temperature for given conditions, a pool
boiling takes place at the core outlet (Figure[2.1/a) ). This boiling generates an enormous
volume of vapor and this situation leads to a lower pressure decrease in the loop. The
emptying is driven by critical outflow mechanism in this phase. If the pressure drops
further, the pool boiling occurs in the whole primary circuit. The full-scale boiling is re-
sponsible for suppression of coolant circulation (Figure b) ). Depending on the exact
point of leakage, the primary circuit is emptied very fast, until a residual volume of the
coolant remains in the bottom part of the pressure vessel (Figure c) ).

The fuel pins forming the core without the presence of coolant are getting overheated.
The cladding temperature in the core can reach up to 1204 °C (peak cladding temperature
limit)[7]. Significant exceedance of this temperature limit can lead to the autocatalytic
reaction of cladding with water/steam, fuel melting and destruction of the core followed by
leakage of radioactive materials outside of the first and second barrier. The temperature
rising has to be suppressed by the emergency core cooling system (ECCS). This system
begins to deliver the coolant into the core as soon as possible through reverse throttle
valves. However, in the case of large break LOCA accident, the core is already exposed
and its cladding temperature rises. After several tens of seconds, the ECCS can refill the
bottom of the reactor vessel. Once the bottom part of the reactor is refilled, the reflood
process takes place (Figure [2.1{d) ).

The coolant meets the overheated fuel pins during the reflood process and re-establishment
of solid-liquid contact is necessary for the safe cooling down these pins in order to prevent
the core meltdown. The understanding of the rewetting phenomenon is necessary for this
reason.

Once the core is reflooded (Figure e) ), it is necessary to ensure its long-term

cooling.
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Figure 2.1: Fenomenological process of LB-LOCA accident
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Chapter 3

Analytical models

Many mathematical models were created in the last forty years in order to solve rewet-
ting phenomenon for different geometries. These models are either one-dimensional or
two-dimensional. Also, several three-dimensional models can be rarely found with ad-
vances in computer technology. [A1] A brief overview of analytical studies, their features

and philosophy are presented in this chapter.

3.1 Common Simplifications

Over time, many models have been created that contain common simplifications.

These widely used assumptions are:
e Homogenous wall of infinite height
e Uniform wall thickness
e Neglect of precursory cooling (adiabatic dry region or its part)
e Constant quench front velocity

e Uniform heat transfer coefficient in the wet region. This assumption is used if the
wet region is one-regional. Otherwise, if the wet region is two-regional, the region

is split into two sub-regions: boiling and not boiling

e Only single fuel rod is included in the model. influence of surrounding rods is

neglected.

e No heat generated within a wall
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3.2 Basic Model

The basic rewetting model includes the mentioned simplifications. The most basic
model for the analytical solution of the rewetting phenomenon is model which includes
only two regions - wet (rewetted) region and dry region. A constant heat transfer rate for
the wet region and the adiabatic boundary condition for the dry region are assumed in
this approach in many analytical efforts. The model is then solved typically for infinite
slab or infinite rod with the quasi-stationary approach. Most of these models were one-
dimensional. Sometimes they included constant heat transfer coefficient also for the dry
region instead of adiabatic one (see Tab[3.2.1). However, the heat transfer rate in the
dry region is much lower than the heat transfer coefficient in the wet region so the heat
transfer rate in the dry region can be neglected. This simplification is present in most
works.

However, it must be noted, that assuming adiabatic or uniform heat transfer coefficient
in the dry region is not correct from the physical point of view and thus resulting data
cannot be physically correct. In this case, the heat transfer rate rises along the geometry in
front of the quench front. The rising heat transfer rate is caused by rising wall temperature
from the quench front. This behavior is unreal.[8] With consideration of multi-regional dry
region, we can get more acceptable results. In this case, the farthest dry part of geometry
can be considered with adiabatic boundary condition. Such effort was published by Elias

and Yadigaroglu (1977)[9)].

3.2.1 One-dimensional Models

In one-dimensional models, the radial (transverse) temperature profile is ignored. In
this case, only axial conduction is taken into account. One of the first one-dimensional
analytical rewetting solutions was proposed by Semeria and Martinet (1965)]10] followed
by Yamanouchi (1968)[11]. Yamanouchi considered a constant heat transfer in the wet
region and adiabatic boundary condition in the dry region. This solution gives a good
agreement with experimental data for low quench front velocities (low Biot and Peclet
numbers). His solution for inverse quench front velocity is in Eqn3.1[[11]. One of the
most important information from the equation is the inverse dependence of quench front
velocity u on initial wall temperature Ty. In short, quench front velocity decreases with

rising initial wall temperature.
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0 Ty — 1T, VvV Bi
-1 0 q. o . o
Ut = v T.-T, v = f(Bi,0,) Py = \/ (0, + 1) (3.1)

Next published reports by Andréoni (1975)]12] and Yandigaroglu (1977)[9] assumed
dry region as uniform or multi-regional. These efforts solved the problem also as one-
dimensional. These works are listed in the Table and they are followed by many
consequential efforts.

As mentioned, the adiabatic boundary condition is suitable for a thin slab with low
rewetting velocity and with low Biot number. Under these conditions, a transverse tem-
perature variation can be neglected. This transverse temperature profile begins to be
significant at higher velocities and it can’t be neglected. Thus a transition model between
one-dimensional and two-dimensional formulation was developed. This model also intro-
duced limitations for usage of the one-dimensional model for high values of Peclet and
Biot number. The model was designed by Tien and Yao (1975)[13]. Other models for

higher Biot numbers were developed subsequently. [§]

As can be evident from Tab)3.2.1] a lot of the models in the table work with more than
two-regional model. The main reason is to reflect highest heat transfer near the quench
front, where the heat transfer coefficient reaches its highest value due to transitional and

nucleate boiling right behind the front. The first of these models was presented by Sun
et al. (1974)[14] based on data by Yamanouchi (1968)]11].

Most of these studies need heat transfer coefficient and initial wall temperature as
input parameters. In order to reduce this dependence on two input parameter, some
models were developed. Initial wall temperature is the only parameter in these models.
Thus heat transfer coefficient is the a part of solution, i.e. heat transfer coefficient is a

function of wall temperature. This approach is also partially adopted in this study.
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Table 3.1: Selected 1-D Basic models (Models with correlated experimental data) ]

Author Experimental data h[W.m 2. K] Trew[°C] h regions
hy
hy =2-10° h
Yamanouchi, (1968)|11] | Yamanouchi, (1968)[11 150 2
ha=0
h,
By —
1 =570 hy
Sun et al., (1974)[14 Yamanouchi, (1968)[11 hy = 1.7 10 260 hs
h3 - O
hy
hy = 1.7-10* k
Sun et al., (1975)[6 Yamanouchi, (1968)]11 I 260
hy = 2l =005
N h
hy = 2.56 - 10* 1
2
Chun, (1975)[16 Case et al., (1973)[17 hy = 170 260 h
hg == 0
h,
hi = heur hy |
Ishii, (1975) |18 | Bennett at al., (1966)[19 hy = 4-10° 260 = 390 hs
hg =0
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hy = R- AT y ]
Thompson, (1972)[20| | Bennet et al., (1966)[19 T, + 100 2
hg - 0
hs
h,
hl = ].70 hl h
Elias, (1977)[9 Duffey, (1972)[21 260 N
ha, hs, ...hy
h,
hy |
hi..Jens — Lottes hs
Andreoni, (1975)[12 Andreoni, (1975)[12 280
hs, hs..experimental
h2 h3
hl h4
Chambré, (1979)[22 Duffey, (1973)[23 Taken from pool boiling 260 hs
h,
| | by = £(T) N\ )
Piggott, (1973)[24 Piggott, (1973)[24 To =T, + 100 2
hy =0
4 hy
hl = R . AT / h2
Karyampudi, (1976)]2 Karyampudi, (1976)]2 T =T,

ho..radiation
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3.2.2 Two-dimensional Models

The main advantage of the two-dimensional model compared to one-dimensional is an
ability to solve problems that contain high Biot and Peclet numbers, better said prob-
lems with thin walls and high quench front velocities. The first effort to provide a two-
dimensional solution was formulated by Semeria and Martinet (1965)[10] besides their
one-dimensional solution. However, they suggested model without the exact solution.[25]
The first solution for two dimensions was created by Piggott and Porthouse (1973)[24].
They correlated their own data and data from Yamanouchi (1968)[11]. Their model is in

Eq3224, 25). [§]

2 9 \/TO_T\/T()—TS ) 4B7. 1

-1 q
= — BiPe = m0,(0, — —)—
Y T Tkpe,  T,- T, iPe=m0,0 = 5 7)55

(3.2)

Further Salcudean and Bui (1978)[26] came with two-dimensional models followed
by efforts by Salcudean and Rahman (1980-1981)[27], Sawan and Temraz (1981)[2§],
Bonakdar and McAssey (1981)[29] and Hsu et al. (1983)[30]. These efforts were differ-
ent in assumptions from the perspective of the number of regions and their heat transfer

coefficients.

3.3 Analytical Solution of Precursory Cooling

The first model with precursory cooling was proposed by Edwards and Mather (1973)[31].
The model was two-dimensional. This model included exponential heat flux in front of
the quench front as well behind it. The solution presented by Dua and Tien (1976)[32]
included constant heat transfer coefficient in the wet region. Then analysis of precur-
sory cooling of a tube with finite precursory length for the bottom and top flooding was
proposed by Hirano and Asahi (1980)[33]. They solved the problem as one-dimensional
with three-regional heat conduction model, where the first region included transition boil-
ing, the second one included film boiling and the last one was characterized by adiabatic
boundary condition (heat radiation was neglected). Other models by Olek (1988)[34] and
(1990)[35] including precursory cooling were solved by separation of variables method or
Wiener-Hopf technique in cartesian or cylindrical coordinate system. The common sign
of these rewetting models with precursory cooling is especially dependence on these five
parameters: Peclet number, Biot number, the initial temperature of the wall, size of the

region influenced by precursory cooling and its rate. [§]
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3.4 Decay Heat in Analytical Studies

Several analytical studies, which contained decay heat power, were published from
the 1970s. One-dimensional unsteady analytical and numerical study was presented by
Chan and Zang (1994)[36]. Their study was focused on grooved and smooth plates. [§]
Another study on rewetting with the uniform heat source in infinite slab was presented
by Platt (1993)[37]. An effort by Satapathy and Sahoo (2002)[38] was solved for the case
of infinite cylindrical geometries using Wiener-Hopf technique. Then Sahu (2008)(39]
proposed a solution for this model using the heat balance integral method technique.
Other models included multi-regional assumptions of heat transfer coefficient and other
variations such as thermal dependence of physical properties of the cooled wall, namely

Elias and Yadigaroglu (1977)[9], Sawan (1979)[40] and Bera and Chakrabarti (1996)[41].

3.5 Temperature-dependent Parameters

It can be expected, that temperature-dependent parameter will heavily influence the
rewetting process due to rapid cooling of the wall. It is evident, that heat conduction in-
cluded in Biot number is the most influencing parameter from all temperature-dependence
parameters. Some analytical efforts include the temperature dependence into solution.
The solution of the problem is then a very non-linear set of equations. Works with incor-
porated temperature dependencies are for example solutions by Olek and Zvirin (1985)[42]

and Sahu (2009)[43].

3.6 Solution Techniques

Most of the models solve rewetting problem using Fourier’s heat conduction equation
with given set of heat transfer coefficients. The form of the equation for infinite tube

takes subsequent shape:

10, 0T 0T pcodT
——(r=—=)+ == === 0<z<lL L — 3.3
r@r(Tar)Jr@zQ T ri K r <K ry z 00 (3.3)
Rewetting velocity is then determined by application of energy conservation law and

continuity of temperature profile. The solution includes some analytical and numerical

methods. From analytical methods, it can be used for example separation of variables,
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Wiener-Hopf technique or heat balance integral method (HBIM). From numerical meth-
ods we can name finite difference method, finite volumes method or isothermal migration

technique by Durack and Wendroff (1977)]44] and Gurcak et al. (1980)[45].

The solution of the two-dimensional model with two regions (wet and dry) with vari-
able heat transfer coefficient at the quench front for a slab and furthermore for composite
slab was introduced by Olek (1988[15] and 1994[46]). In the first work, the dry region was
assumed as adiabatic. The composite slab was composed of three slabs, the first one with
internal heat generation, the second one was the heat insulator and the third one without
the internal heat source. The purpose of these layers was to simulate nuclear fuel and its
cladding. The rewetting process for the rod was solved by Evans (1984)[47] and for the
tube, it was solved by Chakrabarti (1996)[48]. A physical model of the infinite vertical
tube with uniform heat flux was presented by Sapathy and Sahoo (2002)[38]. Their work

included dimensionless heat flux and adaptable computational mesh.[§]

3.6.1 Separation of Variables Method

Separation of variables method is relatively simple and straightforward in many cases
for rewetting problems. Firstly, the rewetting velocity is chosen and it gives a formal
solution of temperature distribution for every subregion. The solution is set of arrays
with several constants. These constants are defined assuming continuous temperature
profile between each subregion, continuous heat flux and orthogonal properties of its
eigenfunctions. The obtained temperature of the quench front is then compared with
experimental values. If the assumption of quench front velocity is correct then obtained
quenching temperature has to be close to experimental one. If not, then the new value
of velocity is taken and the iterating process is repeated. The issue of this method is the
definition of a case with discontinuous boundary conditions. These discontinuities cause
singularities in solution at interfaces and slow down solution convergence. Moreover, these
discontinuities bring inaccuracies into the final solution. These problems can be solved

using Wiener-Hopf technique. [15]

3.6.2 Wiener-Hopf Technique

Usage of this technique in rewetting models is less formal than usage method of sepa-

ration of variables. This method was originally developed for the solution of the system of
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integral equations, but it can be used for the solution of differential equations with differ-
ent boundary conditions containing discontinuities. The typical discontinuity in rewetting
is different heat transfer coefficient in the wet and dry region. However, it is very difficult

to solve models with many regions using this method. |15]

3.6.3 Heat Balance Integral Method (HBIM)

This approximation method, as well as Wiener-Hopf technique, gives relatively simple
expressions for the definition of quenching temperature and rewetting velocity. Moreover,
it is capable to solve the multi-regional models. From some efforts, which used this
technique, a good agreement with correlated data was obtained. The greatest limitation
of this technique is limitation only for one-dimensional problems. Another limitation is

lack of uncertainty of solution without the known exact solution. [49)

3.7 Overview of Basic Analytical Rewetting Models

Many efforts on the analytical solution of the rewetting phenomenon based on the
basic model have been presented in the last forty years. These works used either of the
presented techniques for the solution of the problem. Hand in hand with the evolution of
computational power, they used more or less sophisticated approaches and simplifications.

Selected analytical two-regional rewetting models are summarized in Table [3.7]

Table 3.2: Basic two-regional rewetting models and their results [8]

Source Result
i
Semeria and Martinet, 1-D, (1965)[10] = ‘-0,
e
B
Yamanouchi, 1-D, (1968)[11] VPeZ ~ /6,0, +1)
Bi 7
Duffey and Porthouse, 2-D slab, (1973)[23] o = 5(@q +1)
e
2
Bi < Z(@q + 1) for high Pe
Bi Bi
Coney, 2-D slab, (1974)[50] o= 1.60,(0, + 1), B < 1
Andersen and Hensen, 2-D slab, (1974)[51] for low Bi: Pe = (Bi*)??
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Bi* = Bi[0,(0, + 1)]'"V™/?
for high Bi: Pe = 0.7355 - Bi*

Bi* = Bi[0,(0, +1)]"V™/?

Tien and Yao, 2-D, (1975)[13]

for low Pe:

VA 3Bi
e~ VOO A=y

for high Pe:

Bi
P—; = 1.7070, + 1.4560,
. . Bi 7
Blair, 2-D cylinder, (1975)[52] o = §@q
e
. 2B1
Yeh, 2-D cylinder, (1975)[53] Ber = 0,0,+1)

Dua and Tien, (1977)[32]

Pe = (Bi*)%? for Bi* < 0.3
Pe = 0.63Bi* for Bi* > 20

Pe = Bi*\/1 + 0.4Bi* for all Bi*

— Bi
here BiF = —
where Bi 6.0, + 1)
v M
Sahu et al., 1-D, 2-D slab and cylinder, (2006)[54] P = 0,(0,+1)

Bi
M=——"___
1+ Bi/1722

3.8 Dimensionless Numbers

In the table we can see, that major basic rewetting models from the last more than

forty years are functions of Biot (Eqn[3.4), Peclet (Eqn[3.5) and dimensionless tempera-

ture number (Equf3.6)).

3.8.1 Biot Number

The Biot number is a dimensionless index that connects heat transferred from the

body surface and its internal thermal resistance. A view on the time-spatial thermal be-
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havior of the body can be provided from its value. From the Eqn[3.4] it can be evident
when the Biot number is lower than 1 than the conduction inside the body is capable to

distribute heat and balance its temperature profile.

Generally, if the Biot number value is less than 0.1 than the effect of conduction in
the body wall can be neglected and thus simpler methods and equations can be used in
numerical methods. On the other hand, the Biot values greater than 0.1 indicate the

need for a complex solution for conduction inside the wall. The equation for Biot number

calculation is in Eqn[3.4]

Bi = — 3.4
=l (3.4
where h is the heat transfer coefficient [W.m™2.K~!], L is the characteristic length (eg.

wall thickness) [m] and k is the heat conduction coefficient of the wall’s material [W.m~1. K 1.

3.8.2 Peclet Number

The Peclet number is one of the dimensionless numbers used in heat transfer problems,
where heat is transferred by a fluid. It presents a relationship between heat transferred
through advection and heat transferred through conduction in the fluid. It can be also
written as a product of Reynolds and Schmidt number for the mass transfer and as a
product of Reynolds and Prandtl number for heat transfer. The form of Peclet number

for heat transfer problems is written in Eq. [3.5]

pCul

Pe = Re - Pr =
e e-Pr ’

(3.5)

where p is a fluid density [kg.m?], C is a heat capacity of the fluid [Jkg™'. K], u is a
local fluid velocity [m.s™!], L is a characteristic length [m] and k is a heat conduction
coefficient of the fluid [W.m~1.K~1].

In studies on the rewetting phenomenon, the Peclet number is assumed as dimension-
less quench front velocity and it is used in a different way and thus the Peclet number
loses its original meaning. Properties such as p, C, k are taken for wall material, L is

replaced by wall thickness and velocity u is the velocity of advancing quench front.
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3.8.3 Dimensionless temperature

Dimensionless temperature is a part of almost every analytical and experimental rewet-
ting study. It is a proportion of temperature difference between actual wall temperature
and saturation temperature of the fluid and temperature difference between quenching

(rewetting) temperature and saturation temperature. The dimensionless formula is in Eq.

3.6

(3.6)

where T is a actual wall temperature [°C|, Ty represents a saturation temperature of the
fluid [°C] and T} is the quenching temperature of the wall [°C]. From its definitions it

can be assumed, that temperature at the quench front will lie between values of 1 and 0.

S
|
i

0, = (3.7)

i
|
o3

Analogously, the Eq. shows modified dimensionless temperature at the quench

front. In this equation Tj is the initial wall temperature [°C].

3.9 Conclusion

An overview of analytical studies on the rewetting phenomenon was summarized in
this chapter. It includes important analytical studies in the field together with studies
including precursory cooling and internal heat source. The overview shows the common
dependence of individual efforts on the set of dimensionless numbers, which are mentioned
in the last section. The dependence of quench front velocity on initial wall temperature,
saturation temperature, heat conductivity, specific heat and other material and geomet-

rical properties is also a crucial part of the presented study.
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Chapter 4

Experimental Studies

Many experimental works have been performed in the last fifty years, especially in the
1970’s and 1980’s in order to deepen the knowledge of the rewetting phenomenon. These
studies have been performed for various geometries such as an annulus, rod bundles, plates,
etc. for a wide range of initial wall temperatures (generally 300°C' — 700°C') and also
under different pressures and for several flow rates. Some works even dealt with the effect
of reduced gravity. Subsequently, a lot of analytical efforts has been based upon obtained

data as described in the previous chapter. A brief overview is presented in this chapter.

4.1 Overview of Experimental Studies

Shires et al.[55] investigated the experimentally rewetting phenomenon in the year
1964. The resulting finding of the work was, that time needed for surface rewetting is
prolonging with rising initial wall temperature. Another consequential result was, that
a specific temperature level exists in the rewetting phenomenon and the temperature
represents the limit for re-establishing solid-liquid contact.

Bennett (1966)[19] conducted a set of experiments with heated stainless steel tube
in the steam environment. He proved the existence of the exact quenching temperature
for every pressure level within many pressure level ranges with maximum pressure up to
1000psi (6.9MPa). Yamanouchi (1968)[11] presented quenching experiments and he de-
scribed a conduction controlled rewetting phenomenon with axial heat conduction toward
the quench front. This heat is then removed by fluid in the rewetted region due to high
heat transfer coefficient. In this work the wet region heat transfer coefficient was taken
as a constant, in the dry region he assumed the heat transfer rate as a function of actual

wall temperature and saturated temperature of the coolant in the shape:
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¢" =1.5(T, — To)*” (4.1)

Later, Tohompson (1972)[20] introduced exponential heat transfer rate in the wet
region as a function of the third power of saturation temperature. The dependence is in
Tab[3.2.1] on the page An important point of this work is the influence of wall heat
capacity on the rewetting velocity. The observed effect of the capacity was that quenching
of a zircalloy tube was twice as short than for stainless or Inconel tube. A similar model
was introduced for the dry region by Karyampudi and Chon (1976)[2].

Duffey and Porthouse (1973)[23] examined a wide range of materials with initial wall
temperatures within the range 300 — 800 °C, flow rates 0.1 — 30 g/s. The length of the
test section was 20 cm. The conclusion of their work was, that one-dimensional analytical
solution is in good agreement with experimental data for low Pe and Bi numbers for the
bottom and top flooding. On the other hand, the process begins to be more unpredictable
in case of high velocities, thick walls and varying heat conduction of the wall. Another
result was a designation of Leindenfrost temperature within the range of 190 — 250°C'.

Experimental studies also showed a uniformity of quench front velocity along the cooled
geometry. However, a majority of experimental studies was performed on geometries
shorter than 1.5m whereas nuclear reactor fuel pins are over 3m high. With increasing
distance to be cooled down also increases dry region that is cooled by vapor and droplets
(precursory cooling). This means, that more heat will be removed during the process in
front of the quench front a thus a lower temperature will be present at the specific point,
while quench front reaches this place. Higher precooling of the dry region leads to higher
quench front velocity and to unequal front advance. [A3]

One of the latest experimental efforts is work by Saxena et al. (2001)[56]. Their
experimental loop consisted a test section 3030 mm high for bottom flooding and 2630 mm
high for top flooding. Initial wall temperature range was 200 — 500 °C'. Two correlations

based on obtained data were proposed for both directions of flooding.

e For top flooding:

5546 |, @ \os
— "7 (_*\0 4.2
ur @2'15p0(27rr> (42)
e For bottom flooding:
7285 Q)

U8 =500 o
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where Q[l/min] is the flow rate, C[k.J/kg] is the the heat capacity of the wall, p[g/cm?] is
the wall density, r[mm] is the outer radius of the tube and resulting quench front velocity
is u[mm/s]. However, this study also does not reflect the varying quench front velocity
dependent on actual front position. Incorporation of some kind of position is necessary

for the better description of the quench front velocity for high test sections.

Generally, we can conclude according to experimental efforts, that quench front velocity

rises with:

e Coolant flow rate
e Coolant sub-cooling
e Thinner wall

e Lower internal heat source power

Selected experimental studies on bottom flooding are summarized in Table 4.1 These
experimental studies are also graphically mapped in Figure [4.1] This map clearly shows
the lack of bottom rewetting studies with heated length over 1.5m and simultaneously
the lack of experiments covering wide range of initial wall temperatures. The presented
study is highlighted in the figure. It is also evident from this map, that lengths over 2
meters are very rare and only length of 3.6 m is covered by experimental studies with
rod bundle test section configuration. The reason is, that the length of 3.6m is the
height of typical pressurized water reactor. However, this study focuses on basic research
on rewetting behavior and for this purpose a basic geometry such as annulus is much
more suitable. Unfortunately we can find only two experimental efforts above length of
1.5m: Saxena (1998)[56] and Cho (2007)[57]. However, these studies do not cover a very
wide temperature range. Despite the fact that this map clearly shows the scattering of
experimental works, it does not take into account the mass flows and the channel cross-
sections. This information is often difficult to obtain and properly compare each other’s

study.
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Table 4.1: Experimental studies on bottom flooding

Author Geometry | Year | Heated length Water flow rate Initial wall temperature QF velocity (Result)
[m] [lpm)] °C] [cm/s]
Duffey, Porthouse |23 Annular 1973 0.2 0.006 - 1.2 300 - 800 0.1-5
Piggot, Duffey 58 Annular 1975 0.5 0.1-0.55 700 0.15-0.6
Piggot, Porthouse |59 Annular 1975 1.2 0.036 - 3.6 400 - 700 0.1-3.3
Lee |60 Tube 1978 4 1.2-6.1 450 - 650 2.5-17
Chung |61 Annular 1980 0.6 - 300 - 700 0.25 - 40
Neti, Chen |62 Tube 1981 1.45 0.045 - 0.94 400 - 600 0.5-9.5
Bankoft |63 Tube 1982 3.5 0.5-3.6 550 2.8 -10
Lee, Shen |64 Tube 1985 4; 2 - 350 - 550 4-22
Boer, Molen |65 Rod bundle | 1985 1.5 2 —20cm/s 400 - 800 1-3
Yonomoto |66 Rod bundle | 1987 1.8 34 630 -
Muto [67 Rod bundle | 1990 3.7 280 — 1400kg/m?/s |  Var. power (350-600) Correlation
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Tuzla |68 Rod bundle | 1991 1.2 0.56 - 2.1 800 0.1-0.5
Barnea [69 Annular 1994 0.8 - 350 - 600 16 - 38
Huang |70 Tube 1994 0.05 0.12-24 Stable film boiling temp. | Min. boiling temp. and CHF
Iguchi |71 Rod bundle | 1999 3.66 20 — 3500kg/m?/s up to 700 Spacer effect
Saxena et al. [56 Annular 1998 3.03 1.0-72 200 - 500 5-62.5
Cho [b7 Annular 2007 1.83 - 500 - 700 2-5
Cho [72 Core model | 2009 1.95 19.2 300 - 550 -
Stuckert |73 Rod bundle | 2010 1.024 2.46 up to 1776 0.4 (cladding oxidation)
U.S.NRC [74 Rod bundle | 2012 3.66 - 760 - 870 2.54 - 15.24
Lymperea |75 Annular 2015 1.016 0.5-3.0 300 - 550 Correlation
Stépének, Bldha [A3] Annular | 2016 1.75 0.55 250 - 800 2.5-125
Stépanck, Bldha [A4] Annular | 2017 1.75 0.55, 1.1 250 - 800 25-145
This study Annular 2018 1.75 0.8, 1.1, 1.9, 2.7 250 - 700 2.5-25
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Figure 4.1: Map of experimental studies on bottom flooding from Table
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4.2 Spacer Grid Effect on Reflood Process

There are many works aimed at the quenching temperature and rewetting velocity
but few of them were focused on the spacer grid effect on the reflooding phase of LOCA.
The main purpose of the grid spacers is to maintain relative rod position in a fuel rod
bundle. Another effect is to increase heat transfer rate in the single-phase flow due to
turbulization effect. Their effect on the reflood process has been pointed out in several
experimental studies. One of the first studies was study by Sigumoto (1984) [76]. An
experimental test section was 3.6 m high with 6x6 lattice equipped with six 40 mm high
spacers. Initial wall temperature levels were 400 °C' and 550 °C..

He presented three effects of the spacer on the geometry reflooding:

e The heat transfer above the spacer was 20 — 50% higher than below the grid

e The average droplet diameter was smaller above the spacer due to better heat trans-

fer from vapor to the droplet

e In the slug flow regime, the spacer was rewetted early and water was accumulated

near the spacer in the disperse flow regime

Another experimental work on the spacer grid effect was presented by Igushi (1999)
[71]. The test section (5x5 lattice, heated length of 3.66 m) was equipped with 9 spacers.
Tests were performed under the wide pressure range of 0.2 MPa to 15.5 MPa, initial wall

temperature was 630 — 730°C'. The main conclusions of the work are as follows:

e Spacers affect significantly the quench front propagation under high mass flux

e Quench front is incontinuous at high mass flux

e Spacers shorten quench time by 30% at mass flux of 500 kg.m2.s7%, under 30 kg.m 2.

the effect is insignificant

e Spaces have a positive effect on heat transfer coefficient in front of the quench front

especially for high mass flux

A study focused on flat spacers and spacers with swirl-vanes was performed by Cho
et al. (2007) [57]. The test section (annular channel, 1.83m of heated length) was
equipped with three flat /mixing spacers. Initial wall temperatures were in the range 500 —

700°C. They concluded, that swirl vanes have another positive effect on the quenching
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velocity. However, this effect can be caused by the different design of these two spacers
and thus different heat transfer area of the grid. Other conclusions are in agreement with
Sigumoto and Igushi [76],[71]. Moon (2012) [77] investigated the spacer effect on the heat
transfer enhancement in front of the quench front, i.e. in the dry single-phase region.
The secondary aim of this study was to describe the spacer grid effect on the breakup of
artificially injected droplets into the steam environment of the test section. He concluded,
that the breakup ratio increased with rising Weber number (with increasing speed) due

to the higher velocity of droplets impacting on the spacer grid face.

4.3 Conclusion

It can be concluded based on reviewed experimental efforts, that a lot of works in-
cludes test sections with the length under 1.5m and higher test sections are performed
on complex geometries such as rod bundles. The annular channel is very good channel
geometry for phenomenon description and moreover, these data can be also the input for
analytical studies. This is very difficult for too complex geometries. Individual experi-
ments can be slip into two groups: the first group takes initial wall temperatures within
the range from 300°C' to 500 °C" and the second group from 500°C' to 700°C. Experi-
mental studies covering a wide range of temperatures are quite rare, especially in terms

of basic geometries such as annulus.
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Chapter 5

Goals

The main goal of this study is to deepen the knowledge of the quenching phenomenon.

This overall goal was split into several individual goals:

e Build an experimental loop for investigation of quenching phenomenon in a flooded
annular channel with three changeable tubes for consideration of accumulated heat

and more real uneven heat generation

e Collect a large number of new experimental data with all relevant variables influ-

encing the process

e Development of new approaches for experimental data evaluation and self-operational
code for batch processing of individual quenching data with a built-in algorithm for

correlation development

e Propose correlations for quenching and nucleate boiling temperatures, which are the

main breakpoints in the process
e Propose formulas for calculations of heat transfer coefficients during the process
e Development of three-regional quenching model for further analytical studies

e Development of a correlation (or full set of correlations) for prediction of quench

front velocity

e To point out the accompanying phenomena such as the influence of spacers and

pressure peaks on the bottom flooding process

o8



Chapter 6

Experimental Loop

For the purpose of detailed investigation of rewetting phenomenon an experimental
loop has been built. Its component description, construction and parameters are in this

chapter.

6.1 Main Parts

The used experimental loop was originally constructed for critical heat flux experi-
ments. After these experiments, the equipment was rebuilt for a purpose of rewetting
research. [Al]

Main parts of the experimental loop are as follows:
e Variable hydraulic circuit
e Test section
e Power source

e Data acquisition system (DAS)

The loop scheme is shown in Figure and its part-by-part description is followed in

next sections.
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Figure 6.1: Simplified experimental loop scheme (Full scheme in Appendix |15.2/ on page

173)
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Table 6.1: Main parameters of the presented study

Mass flux (G) 80 — 270 kg.m~2.s7*
Coolant Water
Coolant temperature (7,,0) ~ 20°C
Initial wall temperature (7}) 250 — 700°C
Pressure Atmospheric
Internal heat source given by steady state at initial wall temperature

6.2 Variable Hydraulic Circuit

The hydraulic circuit is the biggest part of the equipment. It is constructed with
respect to all possible experiments such as critical heat flux experiments, bottom flooding
and top flooding configuration. Also, a pre-heater for different coolant sub-cooling is an
integral part of the circuit. The base construction material of the circuit is 25 x 3.5 PPR
(polypropylene) pipes due to the absence of corrosion, good flexibility, easy installation
and good temperature stability for given temperature range of coolant. All parts are
chosen as stainless. The main reason is to avoid corrosion because of a possible impact of
impurities on the investigated process and ensuring a clear view of the inner heated tube
in the test section. The circulation of water is ensured by the pump with stainless (brass)

body and plastic impeller for the same reason.

6.2.1 Circulation Pump

Wilo Star-Z 25/2 has been chosen for the circulation pump. It is a standard circulation
pump for drinking water or heating systems. Its only specialty is the brass body and
plastic impeller due to non-corrosion benefits as it was mentioned above. All relevant

technical data are summarized in Table [6.2.1]
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Table 6.2: Circulation pump main technical data (Source: www.wilo.com)

Type Wilo Star-Z 25/2 EM
Temperature range —10... +110°C
Maximum operating pressure 1 MPa
Revolutions 2700 RPM
Input 46 W
Housing Red brass (CC499K)
Impeller Plastic (PPO)
Shaft Alumina (A1203)
Pump head 0.5/3/10m

6.2.2 Flow Meter

A turbine flow meter Vision 2008 (see Figure was chosen for flow rate measuring.
The main reason for this choice is the easy installation, no maintenance, small size and
good precision. The actual flow through easily readable frequency output can be mea-
sured. High numbers of pulses also offer a good resolution of the output. [Al] There is
no need of installation of straight pipe in front of the meter. Due to simple mechanical
construction, a long lifespan is guaranteed without loss of accuracy. Moreover, pressure
pulses do not affect the measuring.

Measuring principle is based on the axially mounted turbine and a hall generator.

Rotations of turbine caused by flowing water are transferred to frequency for digital or
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analog signal processing. Generated pulses are represented by a magnitude called K-

factor. Units of K-factor are pulses per liter (PPL). The flow meter is capable to measure

low viscous and non-aggressive liquids such as water, oils, fuels, etc.

Main technical data for the chosen type of Vision turbine flow meter are in Table [6.3|

Figure 6.2: Vision turbine flow meter

Table 6.3: Vision turbine flow meter technical data (Source: www.badgermeter.com)

Type Vision 2008 4F44
Measuring rate 1—151pm
Frequency 36.7 — 550 Hz
K-factor 2200 PPL
Material Polyamid 12 / Trogamid

Viscosity range

0.8 — 16mm?2.s~*

Repeatability <05%
Accuracy +3% of value
Temperature range —20... +100°C
Power supply 5-24 VDC

Output signal

Pulses by open collector (NPN sinking)

Pull-down resistor

1 —22kQ
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6.2.2.1 Flow Meter Calibration

The flow meter was calibrated using the standing start-and-stop method. It is the

simplest method available. The calibration curve is shown in Figure [6.3] The measured

data were linearly regressed using least squares fit and resulting parameters are in Table

6.41
Table 6.4: Calibration data correlation results
Slope 0.0242
Y-intercept 0.21069
Correlation coefficient R? 0.996
Standard deviation of the slope 0.000398
Standard deviation of the y-intercept | 0.0211
+ measured data
354 linear regression i
————— error g
—— manufacturer
3.0 ~
€ 2.5
o
g
© 2.0 A
=
o
" 1.5 -
1.0 A
0.5 1
0 20 40 60 80 100 120 140

Frequency [Hz]

Figure 6.3: Calibration line of turbine flow meter
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From linear regression of measured data a flow rate value in liters per second can be

calculated. The linear function is in Eqn. bellow:

Q = 0.0242 - f +0.21069 (6.1)

where f [Hz] is the scanned frequency of the turbine flow meter and Q [Ipm)] is the resulting
actual flow rate. Standard error of the flow rate value is than calculated using rounded

standard deviations of the slope and the y-intercept of the least squares fit:

Qerr = +4-107% - f +0.022 (6.2)

From the standard deviation and flow rate value a relative error in % can be calculated

as:

p = 4013 - f7057 (6.3)

6.3 Test Section

The test section is the main part of the whole experimental equipment. It consists
mainly of an annular channel and two nodes (chambers): upper and lower one. The flow
channel is constructed from two parts. The first one is a transparent outer barrier made of
silica glass and the second part is an inner electrically heated stainless steel tube equipped
with the set of thermocouples.

The flow channel geometry differs in experimental studies as it was mentioned in
Chapter [4 on page (0} In this study, annulus was chosen for several reasons. The first
reason was technical restrictions such as maximum input power and dimensions of outer
barrier. The second pragmatic and the more important reason is, that obtained experi-
mental can be used for further analytical studies. Complex geometry such as rod bundle
with complicated spacers are very good for disposable description of the phenomenon,
but for analytical processing of data, a ”"simpler” approach is required. The main reason
is, that mathematical solution techniques containing complex boundary conditions and
its discontinuities are almost unable to solve the problem for very complicated geometries
due to resulting singularities in solution. Moreover, an annulus is clear, simple and uni-
form flow area and thus attention can be focused at just one advancing quench front and

its behavior. The annulus is also a very good basis for further works in the field.
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Figure 6.4: Test section annulus diameters

Table 6.5: Geometry of the test section

Total height (annular channel) 2m
Steel tube total length 1.775m
Heated length 1.725m (318 Dy,)
Cold inlet length 0.21m (38 Dy,)
Silica glass tube outer diameter (Dg,) 18 mm
Silica glass tube inner diameter (D;) 14.5mm
Heated tube outer diameter (d) 9mm
Flow area 101.5mm?
Hydraulic diameter (Dp,) 5.5mm

Dimensions of annular channel are in Table [6.5] and its cross-section is in Figure [6.4]
Total resulting flow area of the channel is given by Equation [6.4}
(D2 —d*)  7(14.52 — 9?)

Ay = 0 = n = 101.5mm? (6.4)

Hydraulic diameter is calculated as:

m.(D? — d?)
D 44y T )—(Dgi_dZ)—D d=145—-9=55 6.5
h — Ow - W(Dgl—i—d) - Dgl—i—d - gt — J = J.0Mm ( . )

Mass flow rate is scanned from turbine flow meter as frequency [Hz] and then it is con-

verted into mass flux G [kg.m~2.s71], assuming water density as p = 998 kg.m=3:
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Q-p (0.0242 - f +0.21069) - 998
G= = = 3.966 - f + 34.53 6.6
Ajg - 60 - 1000 101.5 - 10-6 - 60 - 1000 U (6.6)

and its standard error G, [kg.m~2.s7!] is given analogously using Eqn. [6.2}

0.0004 - f +0.022) - 998
Qerr-p f+0.022)-998 _ 066 £+ 3.61 (6.7)

Gerr ==
Ay - 60 - 1000 101.5-10-6 - 60 - 1000

6.3.1 Heated Tubes - Models

The inner tube in the test section is changeable. There were used three different tubes
- models during experiments. These models have different wall thickness for heat capacity
and profiled heat flux effect investigation. All models have the same outer diameter of

9mm and the wall thickness differs.

The tested models are (4 is the wall thickness):

e Model A: § = 0.5mm, steel MONEL® K500 (UNS N05500)
e Model B: § = 1.0mm, steel X6CrNiTil8 - CSN 17 248 / AISI-321

o Model C: § = f(2), steel MONEL® K500 (UNS N05500)

The last tube has variable wall thickness for simulation of the variable heat source within
the geometry. The models are heated by direct current. The thinner wall means smaller
cross-sectional area and this leads to lower current density i.e. lower generated heat at
given position. The profile of the thickness function corresponds to the cosine function.

The dependency of wall thickness on model position is in Figure |6.5
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Figure 6.5: Wall thickness of the model C

6.3.1.1 Thermal Properties of the Heated Models

Thermal properties of used materials have to be incorporated into the numerical pro-
cessing of measured data because of the wide range of initial wall temperatures in this
work. Thermal property such as electric resistance varies significantly during cooling and
thus resulting internal power is strongly dependent on the correct value of the resistance.
These properties are thermal conductivity k [W.m~'. K], specific heat C [J.kg~!. K],

2. m~1] and density p [kg.m?3]. These dependencies of properties

electric resistance r [Q2.mm
were obtained from material data sheets [78], [79]. Thermal properties were approximated
and resulting equations are listed below. The equations are functions of temperature

T ).

e Thermal conductivity [W.m 1. K]
Monel K-500
kar = 0.02952 - T + 16.538 (6.8)

AISI-321
ka=0.0151 T + 14.184 (6.9)

Chapter 6 Jan Stepanek 68



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

e Specific heat [Jkg 'K

Monel K-500
Cyr = 1.05276e—6 - T° — 0.001096 - T° + 0.5159 - T' + 407.02 (6.10)
AISI-321
Ca = —8.3187e—5-T? +0.272 - T + 462.92 (6.11)
e Electric resistance [Q.mm?.m™1]
Monel K-500
ry = 7.8779%—5-T + 0.6131 (6.12)
AISI-321
ra = —2.8298¢—7-T? 4 7.69e—4 - T + 0.73187 (6.13)

e Density [kg.m?| (calculated through thermal expansion coefficient)
Monel K-500
par = 8440 - (1 — 3 15.6e—6 - (T — 20)) (6.14)

AISI-321
pa =T900- (1 —3-19.3e—6- (T — 20)) (6.15)

6.3.2 Thermocouples

The crucial part of the study is the most accurate temperature measurement especially
in the sense of measurement response. The measurement response is most important
during data processing because derivatives of the measured temperature profiles are used
for heat flux calculation and calculation of heat transfer coefficient. Isolated 0.5 mm K-
thermocouples were chosen not only for their small dimension but also for their short
response time. This applies to the three thermocouples positioned along the heated tube.

The fourth thermocouple is fixed on the outer surface of silica glass tube. Its main
purpose is to indicate steady state through the glass barrier for flood initialization.

The last thermocouple is located inside the lower chamber. The thermocouple mea-
sures inlet temperature of water.

Another question is the construction of the experimental model and thermocouple

installation. Basically, there are three possible options:
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e Installation from outside - This installation method is quite simple and can be
done either by fixing the thermocouple with staple (Figure a)) or by soldering
(Figure [6.6)b)). Moreover, the thermocouple can be positioned right on the wall or
in a groove. This method is suitable for applications involving coolant flow inside
the tube or applications with large flow area. In this study, the annular channel is
too narrow for this method. On top of that presence of thermocouple within the
flow cross-sectional area may strongly influence the flow, especially it can create
another quench fronts near the thermocouple due to its low heat capacity and heat
exchange surface. This method was used for installation of the thermocouple for

measuring the silica glass tube surface temperature.

e Installation from inside - Thermocouples are conducted inside the heated tube
and they are leaned against the wall (Figure|6.6/c)). On the one hand this method is
also relatively simple but on the other hand, it gives information primarily about in-
ternal surface temperature and temperature derivative can be influenced for thicker
walls due to heat conduction and heat capacity of the wall. Probably the great-
est disadvantage of this method is no control over the real situation between the
measuring junction of the thermocouple and inner wall surface. There is also no

information about the actual position of the thermocouple.

e Installation into the wall - This method proved to be the most reliable. Thermo-
couples are conducted inside the tube and soldered with silver directly to the hole
inside the wall (Figure [6.6{d)). The thermocouple junction is aligned with the out-
side tube surface. This design gives better information about surface temperature
and it also gives a good response to temperature changes. This method was used

in the current study.

a) TC Flow b) Staple
—— 4@
ﬁ

Tube Wall

0) Junction d) Solder

/V /.

Figure 6.6: Thermocouple installation methods
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There are three thermocouples soldered inside the tube wall. Their pitch is 0.5m and

their individual positions are in Table [6.6]

Table 6.6: Positions of thermocouples

Positions relative to:
TC | Pressure sensor | Channel inlet | Heated length
Water 0mm —35mm —245mm
1 580 mm 245 mm 335 mm
2 1080 mm 1045 mm 835 mm
3 1580 mm 1545 mm 1335 mm
GL 1080 mm 1045 mm 835 mm

6.3.2.1 Thermocouples Calibration

The thermocouples installed in the heated tube are uncalibrated and due to their
fixation, they cannot be calibrated. The accuracy of uncalibrated K-thermocouple is
+2.5° (CSN EN 60584-2).

The thermocouple positioned inside the lower node for measuring of water temperature
was calibrated. Its temperature shift was determined by immersion in water-ice mixture
at 0°. The shift for the thermocouple is +1.1°. Using this shift value of measured water

temperature was corrected.

6.3.2.2 Maximum Temperature Limitation

The thermocouples are soldered into tube wall by silver solder. The melting point
of silver solder is 710 C° and thus the maximum initial temperature for experiments is
limited by this temperature. Otherwise, the thermocouple can be melted out and the

model is destroyed.

6.3.3 Spacers

The heated tube is equipped with four spacer grid elements. The spacers have two

functions. The first and most important purpose is to help us to investigate their effect

Chapter 6 Jan Stepanek 71



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

on reflood process because spacer grids are the part of every pressurized and boiling
water reactor and thus their presence must be taken in mind for every operational and
accidental condition including LOCA accident. The second role of these spacers is to
maintain annular cross-sectional flow area along the test section.

Two spacers are positioned near the inlet and outlet area and two remaining are right
between thermocouple positions. The pitch of spacers is the same as for thermocouples,
i.,e. 0.5m. The spacer element is 10 mm high and it is made of stainless steel tube of
thickness 0.2 mm. Spacers were created in-site using simple manufacturing process which

is shown in Figure [6.7]

Figure 6.7: Spacer element manufacturing process

The final shape of the element positioned on the heated tube inside the test section is
shown in Figure [6.8] The spacer keeps its position due to the elastic force of the spacer
itself.

Figure 6.8: Spacer inside the annular flow area

Positions of all spacers within the test section are in Table[6.7] (Spacers are centered at

their position)
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Table 6.7: Positions of spacers

Position relative to:

Spacer no. | Pressure sensor | Annulus inlet | Heated length
1 330mm 295 mm 85 mm
2 830 mm 795 mm o85> mm
3 1330 mm 1295 mm 1085 mm
4 1830 mm 1795 mm 1585 mm

6.3.4 Pressure Sensor

Relative pressure under the test section in the lower node is measured by the relative
pressure sensor. Originally, the relative pressure was measured in both chambers - lower
and upper. However, preliminary experiments showed, that upper pressure is not influ-
enced by the flooding of the test section. The upper relative pressure was expelled from
data acquisition system for this reason. Lower chamber sensor then represents the actual
sum of hydrostatic pressure and pressure drop of the test section.

The relative pressure sensor Cressto TM G537 A3G with the ceramic membrane was

used in the device. Parameters of the sensor are in Table [6.8] and its connection scheme

is in Figure 6.9

Table 6.8: Relative pressure sensor parameters

Type Cressto TM G537 A3G
Pressure 0—250kPa
Input (Design) 12-36V
Input (Used) 24V
Output 0—20mA
Resistor (Rpess) 499.02
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+Ucc
Pressure Upress +24 VDCo
—o O—
sensor GND o
-UCC Out Rpress
L

Figure 6.9: Pressure sensor connection scheme

The measured value is the voltage Upess (see Figure . The voltage is transferred to
pressure using Equation and [6.17}

U ress * Mmax U ress 250 3
= o Lmas _ = > [Pd (6.16)

et = g ss Imas 499 - 20e—3

or

Prant = Kpress * Upress  [Pa]  where  Kppess = 25050 Pa.V ™! (6.17)

where U ess [V] is the measured voltage and p,ens [Pa) is the resulting measured relative

pressure.

6.3.4.1 Pressure Sensor Calibration

The pressure sensor was calibrated by measuring hydrostatic pressure of water column
with known height. For this purpose, the cold test section was used. The water column
height was red from the mm scale attached to the glass tube. There was chosen several

water column levels at which pressure was scanned (eight times each).
The reference correct value was calculated as hydrostatic pressure:

pn=p-g-H [Pa] (6.18)

where p = 999 [kg.m ™3] is the density of water at actual temperature (16°C'), g [m.s?]
is gravitational acceleration (Prague, Czech Republic g = 9.81373m.s™%) and H [m] is
height of the water column. Absolute error was subsequently calculated as a difference

between reference value and actual measured pressure value. These results are plotted in

Figure [6.10]
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Figure 6.10: Pressure sensor calibration

The resulting absolute error was approximated with logarithmic function, due to its

The corrected pressure profile and its absolute

profile, and from this approximation, a correction equation for pressure was created. The

correction function is in Equation [6.19

error are in Figure [6.10f The MAE (Mean Absolute Error) value for corrected pressure
(6.19)

values is £160 Pa.
[Pal

Pcorr = 108.2535 - ln(p'relM) — 1544
[Pal

Prel = DrelM + Peorr

or directly from measured voltage Up.ess (see Equation [6.17)):
[Pal

DPrel = Kpress Upress +127.755 - ln(Upress) + 1017
where Upyess [V] is the measured voltage, K ,ess [—] is pressure sensor constant

tion [6.17) and p,¢ [Pa] is corrected measured pressure.
Jan Stepanek

(6.20)

(6.21)

see Equa-
( q

5
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6.4 Power Source

DC current supply into the test section was ensured by welder CKD KS250. It is a
thyristor welding rectifier from 70’s and it was made in formal Czechoslovakia. It is an
easily accessible heavy-duty source of DC power. Preliminary tests showed, that KS250 is
suitable and reliable power source solution. The welder is connected to copper electrodes
of the heated tube through the manually operated contactor. Maximum provided direct

current of the welder is, as can be evident from its name, 250 A.

6.4.1 Input Power Measurement

The value of actual input power of the test section was calculated from the voltage
at welder output contacts and shunt resistor voltage drop. The shunt resistor parameters

are in Table The electrical scheme is in Figure [6.11]

Test
o] * Contactor section
KS250 L =
400VAC welder Shunt !
|+
o— |
|
I
o ZZQV
Uweld Uen Switch
Figure 6.11: DC current input scheme
Table 6.9: Shunt resistor parameters
Current (Ig,) 0—250A
Voltage drop (Ug) | 0 — 50mV
Scanned voltages were converted to input power P, [W] using Equation [6.22]
Us Us
-Pi — Uweld * ]weld - Uweld : L ' ]shmaac - Uweld ' _h - 250 = 5000 - Uweld : Ush (622)
Ushmaz 0.05
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where Uyerq [V] is the welder output voltage and Ug, [V] is the shunt resistor voltage drop.

6.5 Data Logger

For real-time experimental data logging Agilent (Keysight) 34972A unit connected to
the laptop was used. The data logger is equipped with a multiplexer 34901A with 20+2
channels. The 20-channel general multiplexer main features are 60ch/s scanning, two-wire
and four-wire scanning and built-in thermocouple reference junction [80]. The basic DCV
accuracy of the logger is 0.004%. However, it is included in each equipment calibration

as described in previous sections.

Figure 6.12: Agilent/Keysight 34972A data logger |@|

6.6 Conclusion

All parts of the experimental loop and the loop itself were described in this chapter.
The loop is equipped with temperature, flow rate, pressure and power measurement with

respect to investigated process and its parameters.
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Chapter 7

Experiment Setup and Methodology

Experimental methodology is described in this chapter. The measuring process can

be summed up in the following three steps:

e Flow rate setup
e Test section heating

e Flooding

Each experimental point, i.e. given initial wall temperature and flow rate, was measured
at least three times ideally five times. The number of minimum three repetitions was
chosen due to degradation of silver solder at high temperatures. This precaution ensured

the correct surface temperature measurement.

7.1 Flow Rate Setup

The desired investigated initial flow rate was chosen at four levels: 80, 110, 190 and
270 kg.m~2.571. These values were chosen with taking into account easy readability of
the value in frequency on data logger display during experiment run. The corresponding
frequency values are 11, 20, 40 and 60 Hz for the turbine flow meter.

The given flow rate was adjusted by throttle valve behind the circulation pump in
”Short Loop” configuration of the test loop (see Figure on page [60). The flow rate
between ”Short Loop” and "Open Loop” configuration slightly differs due to different
hydraulic conditions, but the flow rate level can be set in this way. During the reflood-
ing of the test section, the flow rate decreases approximately by 20 % because of rising

hydrostatic pressure and pressure drop caused by dynamic processes within the annular
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channel. The set flow rate in ”Short Loop” corresponds to flow rate at the half height of

the test section.

7.2 Heating of the Model

The tube - model inside the annular channel was heated by direct electrical heating.
The heating process was initiated by switching on the contactor in the electrical circuit
of the welder (see Figure on page [76). The surface temperature of the tube was
continuously scanned at three points via thermocouples TC1, TC2, and TC3. The annular
channel remains completely dry during the heating process. When thermocouples reached
the desired initial wall temperature, the electric current was stabilized at corresponding
value.

The investigated temperature levels are within the range from 250 °C' to 700 °C' with
the temperature step of 50°C.

The initial wall temperature for the tube with variable wall thickness (Model C) was
driven by the warmest thermocouple, i.e. the third thermocouple (TC3) with the thinnest
wall. In the case of models A and B, the initial surface temperature scattering for all
thermocouples was under +5°C.

The heating was maintained at given temperature level until the thermocouple po-
sitioned on the outside surface of the silica glass tube reached steady state. The heat
generated by the electric current within the steel tube is equal to escaping heat through
the outer barrier at this moment. The configuration of the hydraulic circuit was then
changed by valves from ”Short Loop” to "Open Loop” configuration and flooding process

begun.

7.3 Flooding

The flooding process does not require the intervention of the experimenter until the
flooding process is finished, i.e. the test section is full of water.

When done, the test loop configuration was switched back to ”Short Loop” and DC
current source was disconnected. Then water inside the test section was drained and new
water was added into the hydraulic circuit to cover the loss of water during the experiment

run.
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7.4 Initial Conditions - Summary

All initial wall temperature level are in Table [7.1] and initial flow rates in Table [7.2]
These conditions were set for each model in the same way. This gives 140 experiments

per model. In total, 420 experiments were performed and evaluated consequently.

Table 7.1: Initial wall temperatures

Initial wall temperature levels T, [°C]

250 | 300 | 350 | 400 | 450 | 500 | 550 | 600 | 650 | 700

Table 7.2: Initial mass flow rates

Initial mass flow rates G [kg.m~2.s71] (reps.)

80 (3) | 110 (5) | 190 (3) 270 (3)
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Chapter 8

Supplementary Study on Spacer
Grid Effect

The previous study by Stépanek and Bléha (2015)[A2] describing the spacer effect is
summarized in this chapter. These results were based on experimental data by Blaha

(1983) (never published).

8.1 Parameters of the Experiment

The experimental work initial parameters were follows:
- Bottom flooding regime

- Inlet water temperature of 50 °C

- Initial wall temperature of 580 °C'

- Coolant mass flux of 150 kg.m 2.5~}

- Wall heat flux (computed from voltage and current in the electrical circuit) 22 kW.m =2

- Atmospheric pressure

8.2 Construction of the Probe

The main target of the effort was to measure the temperature field around the spacer.
Obtained data were used for the description of the quench front propagation. For this
purpose, a set of thermocouples near the spacer is needed. These thermocouples are sol-
dered to the wall from the inside. This construction gives a good information on the wall

temperature. The thermocouple’s positions are follows (see Figure :
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Figure 8.1: Positions of thermocouples near the spacer

Bellow the bottom edge of the spacer

1. 28mm, 2. 18 mm, 3. 8mm

Above the top edge of the spacer

4. 5mm, 5. 15mm, 6. 25 mm

The spacer was placed 1250 mm behind the inlet.

8.2.1 Visually Observable Behavior Near the Spacer

At first sight, two quench fronts near the spacer can be observed. The first - primary
quench front moving relatively fast along the tube and secondary quench front in front
of the spacer. Behind the primary quench front, there are no dry regions. The secondary
quench front begins to be observable while the primary quench front is close enough to the
spacer (10 cm or less). As the secondary quench front moves away from the spacer there
is a column of water created. This column is about 1-3 cm high. The secondary quench
front velocity (U; in Figure is very low and no significant bubbly boiling occurs in
its area.

As primary quench front, with the velocity of U in Figure [8.2] reaches the spacer,
the secondary quench front becomes the primary one. This transformation of the quench
fronts may be understood as a prompt jump of the primary front.

Moreover, while the secondary front is present above the spacer, a thin tertiary quench

front moving downwards may cool down the surface of the tube under the spacer. Its

Chapter 8 Jan Stepanek 82



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

velocity (Us in Figure is very low compared to the velocity of the primary quench
front.
1275 [

1265 |

1255 |
1250

1240 |
1232 |

Z - Position [mm]
Heated Tube !

0.5mm K - Theli'mt:)couples

1222 |

1212 |

32s 34s

Figure 8.2: Primary, secondary and tertiary quench front near the spacer

(Coloured lines correspond to individual thermocouples)

The conclusion of this work was, that quenching of fuel rods equipped with spacers
will be not a coherent process with just one advancing quench front, but several quench
fronts will occur near the spacers. These quench fronts have different directions and
velocities. This means, that many local centers along the cooled geometry will generate
its own quench fronts with influence on the rewetting process. Because of this quenching

behavior, we can’t determine the exact location, which will be rewetted as the last one.
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Chapter 9

Individual Data Processing

Before the full-scale data evaluation, each data set passed through individual evalu-
ation. This step contains a calculation of average quench front velocities, surface heat
fluzes, evaluation of temperature profiles and its derivatives, identification of quenching
and rewetting temperatures, calculation of heat transfer coefficients, pressure drops and
etc. The data processing scripts are written in the Python v.3.6.4 programming language
supplemented by numerical python libraries (NumPy v.1.14) and scientific python (SciPy
v.1.0). Water and steam properties are calculated through python implementation of stan-
dards from the International Association for the Properties of Water and Steam (iapws
v.1.2). The process is described in detail in this chapter. Figure represents simplified
scheme of the data processing script and all its important parts are described in following

sections.
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Figure 9.1: Individual data processing script - simplified scheme

9.1 Start-End Detection

Full datasets of each experiment are converted and stored on a hard drive with corre-
sponding full-scale plots for further possible analyses. Subsequently, the flooding phase of
the experiment is extracted from these sets. The extraction process is done automatically

by the specialized script. The beginning of the flooding phase is detected through the
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first order derivative of the pressure. The rapid pressure increase occurs while the coolant
enters annular flow channel. This rapid change can be easily found in the pressure array
though set pressure gradient threshold. If pressure gradient is higher than this threshold,

the script searches for its local minimum backward in time. This process is shown in

Figure 9.2

pressure gradient threshold

pressure gradient [Pa/s]

t=0 time [s]

Figure 9.2: Detection of beginning of flooding in measured pressure data

The end is detected in several ways. The end of the experiment can be done in
the laboratory by input power disconnection, coolant flow closure or by scanning process
interruption. These interruptions are found in the dataset by searching for electric current
zero values or for no frequency input from turbine flow meter. Otherwise the last measured
point is the endpoint. The reason for flooding interruption by experimenter is fully flooded

test section.

9.2 Experimental Data Interpolation

First of all, data scanned by data logger need to be interpolated eventually filtered
for further evaluation because obtained experimental data represent discrete values of
physical quantities. If we want to perform various calculations, these points have to be

interpolated by the continuous function with continuous first order derivative.

Measured and scanned variables are:

e Time

e Coolant flow rate
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Coolant inlet temperature

Heated tube surface temperatures by thermocouples TC1, TC2, and TC3

Silica glass surface temperature

Lower chamber relative pressure

Welder and shunt resistor voltage drops, i.e. input power

Preliminary calculations were evaluated using cubic spline interpolation method. This
method proved to be unsuitable for obtained experimental data near the rapid tempera-
ture decrease near the quench front. On the one hand, the resulting curve is very smooth
and continuous. But due to its smooth character, it overestimates temperatures near the
upper and lower edge of the temperature profile. On top of that, the region with the
minimum value of first-order derivative (i.e. region of critical heat flux) is also affected

by the smooth interpolation.

600 - X Data
—— PCHIP
= ECae— .x\%\ —— PCHIP 1st der.
.%_). 400 - Spl!ne
. ——=- Spline 1st der.
©
o
(@)}
£ 200 -
4]
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o
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Q
€ —200 A
[
|_
_400 ] T T T T T T T
278 279 280 281 282 283 284 285 286

Time [s]

Figure 9.3: PCHIP vs Spline experimental data interpolation

Several other methods for data interpolation were probed subsequently. The best-proved
interpolation method for given data was a Piecewise Cubic Hermite Interpolation Polyno-

mial (PCHIP). The main difference between the spline and PCHIP curve is that PCHIP
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does not overestimate temperatures near the edges in temperature profile and the curve
looks more natural and credible. [A3] As it turned out, spline and PCHIP can be used for
identification of the position of critical heat flux and second derivative extremes. But the
main lack of spline and similar functions is an underestimation of the maximum first-order
derivative value, which is used for heat flux and heat transfer coefficient calculation. The
difference between the spline and PCHIP interpolation is shown in Figure 0.3} As it can
be evident, the maximum absolute value of the first order derivative is for spline lower
approximately by 20 %.

The number of interpolated points between the experimental ones is a function of flow
rate. The data logger collects a specific number of pulses to evaluate the frequency, thus a
scanning frequency is dependent on the given flow rate. A variable called fin was defined
in numerical interpolation script and it represents a number of interpolated points. From
results a floor of thirteenth fraction of initial mass flux G;[kg.m=2.s71] was used.

G;

fin = h—BJ (9.1)

9.3 Experimental Data Filtration

Some experimental data needs to be filtered in order to get more consistent and clear
flow of the specific variable. The filtered data in the presented experiment were variables,
which show very frequent small chaotic changes around mean value. The filtered variable
was pressure, flow rate, and electric current. For this purpose, a Savitzky-Golay filter was
used. Savitzky-Golay filtering can be thought of as a generalized moving average. You
derive the filter coefficients by performing an unweighted linear least-squares fit using a
polynomial of a given degree. For this reason, a Savitzky-Golay filter is also called a digital
smoothing polynomial filter or a least-squares smoothing filter. Note that a higher degree
polynomial makes it possible to achieve a high level of smoothing without attenuation of
data features. [81]

Usage of Savitzky-Golay filter requires two parameters: window length and degree.
Window length represents a number of coefficients and degree is the order of the polyno-
mial used to fit the samples. The formula for window length calculation is in Equation
9.2l The formula is based on later experience in data processing. It must be a positive

odd integer.

Chapter 9 Jan Stepanek 88



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

W, = {Ns : 0.33] 241 (9.2)

where N,[—] is number of nodes in the filtered data sample. The degree of the filter was

taken as a floor half of the window length:

Dy = |5 (9.3)

A filtered relative pressure data sample is shown in Figure bellow.

17500 4 X Data

—— Savitzky-Golay
15000 A
12500 A

10000 A

7500 A

Rel. pressure [Pa]

5000 A

2500 A

250 260 270 280
Time [s]

Figure 9.4: Savitzky-Golay filter applied to relative pressure data

9.4 Quenching and CHF Temperature Detection

As it was mentioned in Section [I.4] on page [27] the quenching temperature is defined
at the position in temperature profile with the minimum second order derivative of tem-

perature. While the scanned points are equidistant in time, Equations and can
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be used for the first order and second order temperature derivation respectively. These

equations are applied on interpolated temperature arrays.

Tipne — Tr
T = KT (9.4)

Tivne — 21y + T a¢

14
1= A2

(K577 (9.5)

where ¢ [s] is given time moment (and corresponding array index), T [°C] is the tempera-

ture and At [s] is size of the time step defined as (i is for array index):

At =t —t; [s] (9.6)

Using these derivatives, positions of individual important temperatures were found:

e Quenching temperature 7} - position of the minimum second order derivative
e Critical heat flux temperature 7., - position of the minimum first order derivative

e (Nucleate boiling temperature T}, - position of the maximum second order deriva-

tive)
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Figure 9.5: Quenching and CHF temperatures on temperature profiles

Figure (9.5 shows detected quenching and CHF temperatures for selected temperature
profile. As can be seen, quenching temperatures show less scattering than CHF tem-
perature. However, CHF temperatures are less scattered in time for most cases because
the first order derivative can be found in data with greater certainty, despite the actual
different moments of reading the temperature values. CHF temperatures were chosen for

calculation of mean quench front velocity for this reason.

9.5 Quench Front Velocity

Quench front velocity is defined as a known distance overcome in a measured time
interval. The known distance is, in this case, the pitch of two thermocouples. The
chosen easily recognizable moment is the position of the minimum first order derivative
of temperature profile as declared in the previous section. Each temperature has assigned
a time point, for example Ty, is located at ¢i.f. The average quench front velocity
between thermocouples TC1 and TC2 is then calculated as:

Lyo — Ly 0.5
U2 = =

[m.s™ ] (9.7)

Atis  toehs — tiens
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the quench front velocity between thermocouples TC2 and TC3 is calculated analogously:

Lns—ILny 05
Atgg t3chf — tochy

[m.s™ ] (9.8)

U3 =

and finally, the average quench front velocity between thermocouples TC1 and TC3:

L —Lm 10

Uy = = m.s~! 9.9
13 Aty t3chf — tichy : ] (9:9)

Moreover an average quench front velocity between bottom edge of the heated tube and
the first thermocouple can be calculated. The unheated part of the test section is 0.21m
long. From known inlet coolant mass flux and the length of the unheated annulus the

zero time (originally detected from pressure derivative) is shifted by At;,:

Low  0.21-piy

Cin Gzn

(5] (9.10)

while the measured time is shifted backwards, the resulting quench front velocity between
bottom edge of the heated tube and the first thermocouple can be expressed as:
Ly 0335

Upp = = [m.s'] (9.11)
tiechy  tichf

Figure shows temperature profiles of TC1, TC2 and TC3 thermocouples with marked
CHF temperatures. The time interval between zero time and quench time of the first
thermocouple is at first glance shorter. It is caused not only by the shorter distance
between bottom heated edge and thermocouple position but also by the inertia of the
coolant moving at high speed through the unheated annulus. When the water meets
the overheated surface a significant pressure peak can be observed and the water speed
rapidly decreases. However, the resulting average velocity is higher in this first region.
This quench front velocity is not used for final quench front velocity correlations (due to
its evident relative inaccuracy) but only for rough estimation of the quench front position

in this region.
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Figure 9.6: Quenching intervals for quench front velocity calculations

9.6 Quench Front Position

For further calculations and data evaluations, a simple quench front position script
was created. The purpose of the script is to convert time axis into spatial coordinates.
Spatially dependent variables can be aligned and they can be compared to each other.
This conversion aligns all measured and calculated parameters with respect to known
time and spatial points. These points are in Table These sets of points are sent in

the PCHIP interpolator and a smooth set of spatial points is obtained as a solution.

Table 9.1: Known time and spatial points for quench front prediction polynominal

Position —th 0.0 Laux th th th Lht

Time - Atm 0.0 Atau:z: tlchf tQChf t3chf tend

In the Table Ly; stands for position of thermocouples TC1, TC2 and TC3 according
to bottom edge of heated tube, Ly, is the total heated length (see Table on page [71)
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and L, is length of unheated part of the annular channel. L,,, is an auxiliary point
for credible smooth velocity profile right after coolant inlet into the heated annulus. The
position of this point is related to actual inlet velocity and average quench front velocity in
the first region in front of the TC1. The resulting spatial shift is given by average velocity
of the inlet velocity and velocity in the first region and chosen time interval of At,,,. The
interval was chosen based on good experience with quench front prediction capability of
the code with these values for all experiments. The auxiliary point calculation is showed

in Equation [9.12]

Cin + Uo1
Lau:v - mT : Ataum

where (9.12)

Atguz = 1.0,0.6,0.4,02s for G =80,110,190,270 kg.m 2.5~

The last point at position of Lj; can be obtained by extrapolating the average velocities
between each thermocouples. Let’s assume a simplification, that average quench front
velocities u1o and ug3 are present in the middle of the each section then velocity at the

end of the heated tube will be:

Ly, + L. Lys — L
Ue = (U3 — Ulg)hp— + Uos where Ly, = %;

L. = Ly — Ly (9.13
2th ht h3 ( )

Ly, is "half pitch” length and L. is the length of the last heated section behind the last

thermocouple. For final calculation of time ¢.,; we need average velocity in the last region

U3e-
ug, = =2 ; Rt (9.14)
where
3. _

uz = w (9.15)

and finally
Le
lend = tSChf + (916)

U3e
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Using these complete arrays of positions and according time points the PCHIP interpo-
lator can be applied on the fine time array. The resulting array includes an approximate
view on the quench front advance and the first time derivation represents quench front

velocity along the test section. Example of the time dependence of quench front position

is shown in Figure [0.7]
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Figure 9.7: Calculated quench front position vs time

Based on Figure [9.7it can be concluded, that after initial slow down in the bottom part
of the test section (up to TC1), the quench front velocity is almost constant. While the
water column rises during the flooding and this generates higher pressure drop, the dry
region is more and more precooled and this helps the quench front to advance. These two
effects go against each other and it keeps velocity nearly constant. This behavior is also

observable visually.

9.7 Heat Fluxes

Heat fluxes within the channel must be solved in order to solve heat transfer coef-
ficients. The source of these fluxes is electrically generated heat within the steel wall,

which is a function of electrical current and resistance of the wall. The generated heat
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is removed by a combination of heat radiation, conduction, and convection through the
gap of the annulus. It can be assumed, that radiation escapes directly from the wall
through the gap and the silica glass barrier due to its high translucency. Rest of the
heat is conducted through the silica glass barrier by conduction and then it escapes to
the surroundings. The generated heat is accumulated within the wall up to the initial
wall temperature which corresponds to the steady state where heat flux from the wall is
equal to the heat loss escaping to the surroundings. In front of the quench front and at
the front, saturation temperature is assumed as coolant temperature. Beyond the quench
point, the coolant temperature has to be calculated from the water inlet temperature and
its enthalpy increase. Mentioned situation and its temperature profile are shown in Figure
0.8 In this figure, P, is the electrical heat source, Q). is the heat removed by coolant and

(), is the escaping heat.

Zlwall | annulus |glass|surroundings T f-
© » Tq
Q
o
3| Pe Qc Qg
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i T
- I T :
Dgo d Dgi Dgo

Figure 9.8: Heat fluxes within the channel and its temperature profile at quench time

Note: The temperature profile in Figure 15 only illustrative.

9.7.1 Coolant Heat Flux

The heat within the heated tube’s wall is generated by the direct electric current. The
current value is measured at shunt resistor behind the welder as described in Section 6.4l on
page |76, The generated heat is dependent on wall thickness i.e. cross-sectional area and
electric resistance of the tube at individual thermocouple’s position and corresponding

temperature at given time point.
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9.7.1.1 Tube Nodalization

The heat balance was calculated in nodalized geometry at three thermocouples. Eval-
uation of the heat fluxes was performed for all time points within the interpolated arrays
of temperatures and velocities. The essential assumption here is, that time-temperature
profile is the same for two spatial nodes at a very short distance. The finite distance named
Az [m] is calculated from actual quench front velocity and the time step of interpolated
time array (see Equation . This obtaining of node height respects rapid changes of
temperatures when the quench front passes the thermocouple. The nodalization is shown
in Figure . The total sum of all heat fluxes (axial-top, axial-bottom, Joule’s heat, heat
removed by coolant and accumulated heat change) must be equal to zero. The internal

tube surface is assumed as adiabatic.

Az = Up - At (9.17)

-

th

Figure 9.9: Axial nodalization and heat fluxes

9.7.1.2 Heat Flux Balance

The heat balance was calculated including axial heat conduction. The conducted heat

is calculated by Fourier’s equation in presented spatial nodes as:

AT,

_A pu—
Az z and s ks

Gn = kn —A, W] (9.18)

where A, is axial cross-sectional area of the heated tube (the area is assumed to be

constant at short distance of Az):
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A, = %[dQ —(d—2-th)] [ (9.19)

th; [m] is wall thickness at individual thermocouple axial position. k&, and ks [W.m™'. K]

are heat conduction coefficients between nodes defined as:

b KMTa) 4 k(@) K(Ta) + R(T)

5 5 Wm LK™ (9.20)

heat conduction coefficients such as k(T;_a;) are functions of temperature and they are

evaluated using Equations and (see page depending on tube’s material.

Temperature differences between nodes are defined with respect to heat flow direction

as:

ATn = E—At — 7_;5 and ATS = E-ﬁ-At — Tt [OC] (921)

If heat is conducted into the node, then it has a positive sign and negative otherwise.
Heat generated within the node by electric current is:
r(T)

qe = A—PAz (W] (9.22)

2.m~1] is calculated for node temperature using

Equation eventually (page according to tube material.

where specific electric resistance r [Q.mm

Finally all heat fluxes in node can be balanced as:

AT,
TZC(E)p(E)AzAZ = o+ qs + ge + ¢ (9.23)

specific heat ¢ and density p are temperature dependent parameters calculated using

Equations [6.11]}6.10] and [6.15] [6.14] (page [69). Last heat flux of g. is heat transferred to
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coolant and the heat flux is the unknown in this equation.

Moving q. to the left side of the equation we get:

AT,
Gc = T;C(E)p(E)AZAZ —qn —(4s — ge [W] (924)
in full form:
o ATt ATn A7—'5 T(Tt) 2

The time derivation of temperature is obtained from original temperature interpolating

polynomial. Example of all plotted heats within a single node is in Figure |9.10}

10 5
] —— qe - electric current
—— qgn - axial (top)
axial heat difference
3 gs - axial (bottom)
10 E accumulated heat change
qc - coolant
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£
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Figure 9.10: Absolute node heats at TC1 (75 = 600°C, Model B, I = 131 A)

From these values it can be concluded, that axial conduction can be neglected in
most parts of the process. But near the quenching point and nucleate boiling point are
evident peaks of axial heat flux difference. The axial heat flux at the quench point is

approximately 15% of the total heat flux at this point. This observation supports the
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conduction controlled rewetting theory. While precursory cooling pre-cools the geometry,
the axial conduction has the last decisive influence on the process.

While the electric power plays its small role, the most prevailing heat to be removed
by the coolant is the accumulated heat. Another finding evident from this figure is that

in the rear part of the flooding phase, the generated heat is equal to removed heat.

Areal heat flux removed by coolant flows through outer peripheral surface:

A, =mdAz  [m?] (9.26)
QC —92
Qe = L [W.m™] (9.27)

And this is also an important step towards heat transfer coefficient calculation. Another
comparable variable is the volume electrical heat power input i.e. internal heat source
term:

P, == [W.m ™ (9.28)

qe
Vi,  A.Az

In Figure bellow, there is plotted an example case of heat fluxes into the coolant.
These data are aligned using predicted quench front position function. The three peaks
correspond to thermocouple positions along the test section. Labeled lines represent

individual repeated measuring.
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Figure 9.11: Absolute coolant heat fluxes vs QF position (Ty = 600°C', Model B)

9.7.2 Silica Glass Tube Heat Flux

A simplified heat flux calculation was applied on the silica glass outer barrier. The
barrier is equipped with the thermocouple at the same position as the second thermo-
couple in the heated wall (835mm). The main difference between glass and heated tube
approach is, that silica glass has no internal heat source and also axial conduction was
neglected in this case. Another simplification is the use of constant silica glass physical

properties:

Table 9.2: Physical properties of silica glass

¢y = 1051.7 [J kg . K]

pg = 2203 [kg.m™?]

Geometrical parameters of the tube are listed in Table on page [66] The areal heat

flux can be then expressed as:
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T T, D% — D? T, 182 — 14.52
&CgpgAzg(l) d gcgpgﬂ-( go gl) d gCg,OgT(( 8 . b )
O, — dt _ dt 4 _ i 4-10 Wom=?)
g Auy(1) Dy, w18-1073

(9.29)

Assuming constant properties it can be expressed in simplified form involving ”glass bar-
rier constant” Cl:
dT,

Q, = Eog (Wom™2]  where  C, = 3660[—] (9.30)
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Figure 9.12: Heat flux and temperature of the silica glass tube (7 = 600 °C)

The resulting heat flux for given initial wall temperature condition can be seen in
Figure [9.12] It is a typical heat flux profile. A high heat flux peak, right behind the
flooding start, is obvious at first glance. The peak is more visible at higher temperatures
of the test section and it is caused by intensive steam generation when water meets the

hot surface. After this initial steam shock, the quench front velocity is stabilized at a
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lower value and the steam generation ceases. The temperature of the glass surface is
almost constant when quench front reaches the position of the second thermocouple and
position of the glass surface measuring one. The value is approximately 85 °C on the outer
surface. On the inner surface there is a saturated two-phase mixture, so the temperature
difference through the glass barrier is approximately 15°C. However, the heat flux at this

point is very small compared to the heat flux of the heated tube for the same conditions

in Figure [9.11]

9.7.3 Internal Heat Source

Internal heat source P, [MW.m™3] is generated by electric current flowing through the
heated wall. At the beginning of the experiment at each initial wall temperature level,
the generated heat is equal to heat losses. This means that initial heat source value is a
function of initial wall temperature.

The solution for the dependence of internal heat source on initial wall temperature is
in Equation below. The equation essentially includes heat losses to the environment
(free convection and radiation), the temperature dependence of electric resistance, etc.
For this reason, the dependence was created as an exponential function of the internal

heat source (which is measured) and initial wall temperature.

Poap = (25.25e—5) - Ty — 0.14 - Ty +27  [MW.m™] (9.31)

Figure show the dependence for model A and model B. The difference between these
two models is insignificant and sensitivity of Equation [10.1] on power source is relatively
low, so these two models share the same equation for internal heat source which is the

product of these two plots.
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Figure 9.13: Generated heat on initial wall temperature for models A and B

The situation is totally different from models with constant wall thickness, where the
initial wall temperature and thus internal heat source remains constant along the heated
length. In the case of model C, a dependence on axial position must be incorporated into
the solution because initial wall temperature was set for the third thermocouple TC3.
The solution for model C was found as a product of initial wall temperature and axial

position in the form:

Poc = (6.1e—11)A% 4 (4.6e—5)A +2.55 [MW.m™3]; A = T2, 043 (9.32)

where z [m] is the axial position and Tyres [°C] is the initial wall temperature of the TC3.

Figure [9.15 shows the correlated data for model C.
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9.7.4 Initial Wall Temperatures of Model C

Hand in hand with different internal heat source power along model C goes different
initial wall temperature for each thermocouple. As Equation needs as input initial
wall temperature and consequently Equation [10.13] requires averaged quenching temper-
ature, knowledge of initial wall temperature for TC1 and TC2 for model C is necessary.
The initial wall temperature is set for TC3 for this model. Thus other two temperatures
must be taken from experimental data directly or it can be calculated through functions
of initial wall temperature of TC3. The dependence of the first two thermocouples on the

last one in initial wall temperature is shown in Figure[9.16
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Figure 9.16: TC1 and TC2 initial temperatures on TC3 initial temperature

Torcr = (9.24e —4) - Tgrey +0.042 - Toroz +55  [°C] (9.33)

Torcs = 0.974 - Tores — 50 [°C) (9.34)

Equations [9.33] and [9.34] correspond to Figure [9.16] and its purpose is to evaluate ini-

tial wall temperature along model C in further calculations without need of unnecessary
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experimental data inputs.

9.8 Heat Transfer Coefficients

Calculation of heat transfer coefficient is one of the most tricky part of quenching
data evaluation and thus it is very rare in experimental works in the field. When we
have calculated areal heat flux into coolant the only thing it needs to be calculated is the
coolant temperature. Any direct measuring of temperature in the flow is impossible due
to the small area for thermocouple installation and due to the undesirable influence of the
thermocouple on the quenching process. The thermocouple within the coolant flow will
be cooled down significantly earlier and it generates secondary quench fronts spreading

further along the geometry.

9.8.1 Downstream Heat Transfer Coefficient

Common approach, that can be found in several studies [82], is assumption of saturated
steam downstream the quench front i.e. T,,,;, = 100°C. At high initial wall temperatures,
this assumption will be less accurate. In this case, overheated steam will be present in
the channel. However the overheating can be assumed to be relatively small and thus
negligible. The saturated steam approach is adopted in this section for the dry region.
The main reason is a too difficult prediction of the steam velocity in the channel due
to the unknown exact evaporated mass of water. Based on the heat transfer version of
Newton’s law of cooling, the heat transfer coefficient can be obtained as:

Qe Qc

hsat = = m 2K .
! ACrsa,t Tw - Tsat [Wm ] <9 35)

where Q.[W.m™?] is heat removed by water (Equation [0.27, p. [100)), T,, [°C] is wall
temperature and Ty, [°C] is saturation temperature of water at atmospheric pressure
(Tsqe = 100 [°C]). This equation was involved in this study up to nucleate boiling point
declared in Section on page Behind this point a complex prediction of coolant

temperature was developed.
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9.8.2 Upstream Coolant Temperature

The only way how to obtain coolant temperature behind the quench front is to calcu-
late enthalpy increase caused by known areal heat flux behind the front in combination
with measured inlet coolant temperature. Because the heat flux behind the front is rela-
tively low, the temperature increase of water is also insignificant except the region right
behind the front.

The coolant temperature calculation is based on the idea, that heat flux from the
surface to water is very similar along the geometry, or it morphs linearly in the case of
varying wall thickness. In other words, moving along heat flux profile forward in time
means to go backward in space, because the investigated point is deeper and deeper below
the advancing front. In the case of areas without thermocouples, the linear morphing of
heat flux profiles is applied. The concept of moving and morphing heat flux profile is
shown in Figure [9.17, The effect of spacers is neglected in this approach. It can be
expected, that preheated water accumulated around a spacer may increase the actual
water temperature compared to calculated one because it is probably not too deep under
the saturation temperature. Nevertheless, it can be supposed, when the quench front
reaches next thermocouple the preheated portion of water will be already evaporated and

fresh water will be fed to the front.
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Figure 9.17: Heat fluxes along the geometry of model C
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The water velocity at the inlet is the same along the channel (in the rewetted region) at
given time. A time interval needed to overcome the distance between thermocouples can
be calculated from the known velocity of the water at a given time for given thermocou-
ple. The heat flux profiles at this thermocouple and the previous one give us information
about how many heat the coolant had to remove from the tube during its path. We can
go further back in time/space on heat flux curves if another thermocouple is below these
two. In this case, the process is repeated between second and third thermocouple behind
the investigated one starting at end time from the previous step and so on. For better
accuracy, the water velocity and inlet enthalpy should be taken at corresponding times

during the calculation. The solution process is described below.
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Figure 9.18: Cascade concept of coolant temperature calculation
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The following description of ”cascade” calculation process is for the last thermocouple.
Remaining thermocouples are calculated in the same way just with the reduced number
of cascade steps. A graphical representation is shown in Figure [9.18 and it is followed by

process description.

e Enthaply increase between thermocouple TC2 and TC3:

— Interval needed for water to overcome the distance between thermocouples is
determined by the pitch (Ls3 = 0.5m) and inlet velocity at time point of

nucleate boiling temperature of the third thermocouple (t3yp):

L23 _ 0.5 Pisne

Atyy = (9.36)

Ctsnp

— Time when the investigated water portion passed the second thermocouple
then was:

tz = tSNB — At23 [S] (937)

— Mean heat power between thermocouples TC2 and TC3 was then calculated

as integral part of heat flux curve in resulting time interval Ats3 (Heat flux

Q;(t) [W.m™2] was calculated using Equation [9.27] p{100)):

to to
Tone + Tom Qs(t)dt + Qs (t)dt
g = BT _ i GON T, GO W] (9.38)
2 2Atos

— Enthalpy increase is then:

AHyy = =22 [Jkg™!] (9.39)

23Af

where G3 is averaged mass flux within given time interval.

t
_ > G(t)dt
G23 _ Jisng

—2 -1
Ao [kg.m™<.s7"] (9.40)

e Enthalpy increase between thermocouple TC1 and TC2:

The calculation process is analogical to the interval between TC2 and TC3

— Time interval:
Ly 0.5 py
Aty = = s 9.41
p=2=pl (9.41)

— Time of passing the first thermocouple:

tl = t3NB — Atzg - Atlg == tg - Atm [S] (942)
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— Mean according power within the region:

G + G _ Sy QO+ [T Qu(t)dt

T2 = dL w 9.43
12 5 N mTalag W] ( )
— Enthalpy increase:
AH,y = 12 [Jkg™] (9.44)
Gi2Ay
where G, is averaged mass flux within the time interval 1-2.
t
_ L G(t)dt
12 = M [kg.m 2571 (9.45)

e Enthalpy increase between bottom edge of the heated tube and the first thermo-
couple.
In this case the mean power along the region can not be weighted between two
known fluxes, so the power results only from data of TC1. Neverthless, heat flux is
very low, and practically constant in time.

— Time interval

L01 0.335 - Pt
Aty = = 9.46
01 e G [5] (9.46)

— Time of passing the heated edge (z = 0):
to = tSNB — Atgg — Atm — At()l = tl — Atgl [S] (947)

— Mean power within the region:

t1
. Q1 (t)dt
do1 = e At wd Lo (W] (9.48)
01
— Enthalpy increase:
AHy = =20 [Jkg™!] (9.49)
01 Ay

where Gy, is averaged mass flux within the time interval 0-1.

Gt dt

 _Ju 2 —1
Gy = Ao [kg.m™=.s7"] (9.50)

e Resulting enthalpy of water at given time and thermocouple (in this case TC3):
H3 = Hinto + AHOl + Ang + AHQg [J]{,'gil] (951)

Temperature of water was subsequently calculated using iapws steam tables:

Tooots = f(H3,p =0.1MPa)  [°C] (9.52)
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This process was iterated for all time points in interpolated data arrays (beyond the
nucleate boiling point) and for every thermocouple. The result is three sets of coolant
temperatures giving a coolant temperature for each thermocouple during the reflood phase
of the experiment. Temperature profiles of wall temperatures and coolant temperatures
are shown in Figure . Using these temperature profiles and law of cooling (Equation
, a map of heat transfer coefficients was created.
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Figure 9.19: Result of coolant temperatures (75 = 600 °C', Model B)
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Figure 9.20: Map of HTC vs front position (T = 600°C, Model B)

9.9 Conclusion

Main parts of individual data processing procedure were described in this chapter.
This process begins with experimental data extraction, their interpolation and eventually
filtration. Prepared data serve as an input for other steps, such as important temperature
points detection, calculation of heat transfer coefficients, etc. The heat transfer coefficient
is the most tricky part of the process. The heat transfer coefficients in the dry and
two-phase region are assumed as regions cooled by steam or water-steam mixture at
saturation temperature, heat transfer coefficients behind the quench front are calculated
through coolant temperature obtained via cascade algorithm. Generally, the individual
data processing part of the study is crucial and the most complex part. Its purpose is
to obtain all relevant information from experimental data and prepare them for further

evaluation.
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Results

This chapter consists of all relevant results from individual data processing coupled
in global view on the process for given experimental equipment. These results include a
view of important temperatures such as quenching temperature, critical heat flux temper-
ature and nucleate boiling temperature. These temperatures are used in other results as
mput variables and they are also used as limits for the developed three-regional model of
rewetting. Hand in hand with the defined important wall temperatures go relevant heat
transfer coefficients (HTC) in local form or in mean for between mentioned temperature
limits for usage on the three-regional model. The most important result presented in this
chapter is a solution for mean quenching velocity. The understanding of the complexity of
the process and its influence on quenching velocity is crucial for a deeper understanding
of the process and for more effective handling of situations where quenching takes place.
On top of that, there are presented results of pressure behavior during quenching and its

influence on the process.
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10.1 Pressures

Relative pressure was measured by pressure sensor described in section [6.3.4] on page
Relative pressures of the cold section for selected flow rate levels were also measured.
The pressure was measured as a supplementary parameter with focus on pressure peaks

at the beginning of the reflood process.

10.1.1 Pressure Peaks

The reflood process goes with significant pressure peaks while the coolant meets the
hot surface. This sudden contact generates an enormous amount of vapor due to the
momentum of the coolant. The effect is clearly detectable at initial wall temperature
levels above 400 °C'. This effect was already published and described by Stepanck (2016)
[A3] for model A. In this study, the pressure peak rate is described also for models B and
C.

The pressure peaks significantly influence pressure drop at the beginning of the reflood
process and its value can easily exceed total pressure drop of fully reflooded test section
as shows Figure [I0.1] This can be a challenge for parallel channels, e.g. nuclear reactor
core. The unevenness can lead to cooling water flowing around the central area of the
core, where the surface temperature is lower, and the central area of the core can be

cooled down distinctly later.

Figure shows measured pressures for model B and for all four flow rate levels.
The pressure peak is clearly visible from these plots. Its value is dependent on flow rate
as well as on initial wall temperature. The flow rate is responsible for higher momentum
and initial wall temperature represents more accumulated heat. In combination, these

two parameters can raise considerable pressure drop as it is shown in Figure d).
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Figure 10.1: Relative pressures of model B
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1] also contains hydrostatic pressure and pressure drop of the cold test sec-

10.

Figure

tion. The difference between cold section pressure drop and hydrostatic pressure is hardly

noticeable compared to dynamic pressure drop during the reflood process. Based on the

figure it can be deducted, that addition to pressure drop by dynamic behavior within the

channel is approximately 5 kPa to 7 kPa.
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Figure 10.5: Pressure peaks of model C

The pressure peaks were detected in measured pressures as maximum pressure before

rewetting of TC1 minus according to the pressure drop of the cold section (approximately

7kPa). Figures [10.3, [10.4] and [10.5| show values of pressure peaks on initial wall temper-

ature and for different flow rates. Detection of actual pressure peak at high flow rates
proved to be difficult because the actual peak can be uncaught by data acquisition system
due to a short time interval of its occurrence. For this reason, some data were excluded

in following figures.

e In the case of model A, pressure peaks begin to be significant at the initial wall

temperature of 400 °C'+ and they rise exponentially with the wall temperature.

e Model B shows similar initial wall temperature for the beginning of pressure peaks,
but compared to model A the value of pressure peak is almost twice. This is caused
by more accumulated heat within the wall, which generates more vapor and pressure

peak consequently.

e Initial wall temperature for model C is shifted to higher temperatures, approxi-

mately 450 °C'+ (initial temperature of TC3). This shift is caused by relatively cold
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bottom part of test section due to profiled heat generation. The values are also

more scattered for the same reason.

These pressure transient processes strongly influence the pre-cooling of the geome-
try and the quenching temperature consequently. This effect was mentioned in section
10.2.1.1] (page and it is already included in Equation . As it can be seen, the pres-
sure characteristics of the flooding are complex problem closely connected with flooding

geometry and channel design.

10.2 Temperatures

Surface temperatures are the most important measured parameters. A lot of as-
sumption can be made on the basis of their time courses. There are several important
points on these profiles, namely: quenching temperature, critical heat flux temperature
and temperature of the nucleate boiling point. These points separate important areas
with different flow and heat transfer regimes. For the presented study the quenching

temperature showed to be sufficient for description of the investigated process.

10.2.1 Quenching Temperature

Quenching temperatures have been found via second order derivatives on the time-
dependent temperature data. The quenching temperature represents a state at which
re-establishment of solid-liquid contact is possible. After this point a high heat transfer
rate takes place and thus the quenching temperature determination is the crucial part of
the study. From this point of view, a higher quenching temperature (relative to initial
one) means, that less accumulated heat needs to be removed in front of the quench front

and thus the front can move faster along the surface.
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Figure 10.6: Quenching temperatures for all models and flow rates

All quenching temperature points are shown in Figure [10.6| Based just on this scatter
plot, it can be concluded (regardless of flow rate), that with rising initial wall temperature
the quenching temperatures are more deflected from the line, which represents the state
where quenching temperature equals the initial wall temperature. Another insight is, that
the deflection rate is also dependent on thermocouple’s position which is obvious at first
glance. It can be caused by more pre-cooling time further from the inlet. Points bellow
temperature of Ty = 200°C represent states for the model C, where no boiling at the
advancing water surface was visible. In this case, the surface was rewetted instantly.

This is another lack of approach, which determines quenching temperature via the
first-order derivative. The temperature of the maximum first order derivative will be
never equal to the initial temperature, even in the case of very low initial parameters.
In this case, the temperature will be located somewhere on the most inclined part of the

temperature profile, regardless of whether the surface is already rewetted.

10.2.1.1 Precooling Effect on Quenching Temperature

The difference in geometry precooling is clearly visible on models with different wall

thickness and high initial wall temperatures. There are plotted two temperature profiles
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in Figure for models A (6 = 0.5mm) and B (0 = 1.0mm).

Model A Model B
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600 - 600 -
s’ 550 1 550 -
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2 400 400
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250 T 1 1 1 250 T 1 1 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Front position [m] Front position [m]

Figure 10.7: Precooling at TC2 on models A and B (T = 650°C)

It can be seen from temperature profiles in Figure [10.7] that wall thickness has a
significant influence on precooling of the foregoing parts of geometry. The reason for this
is, that more accumulated heat within the thicker wall is responsible for greater pressure
peak, while coolant reaches heated part of the tube or part, where the wall temperature
is high enough to produce a significant amount of vapor (case of model C). The sudden
contact of water with hot wall produces an enormous amount of vapor due to coolant
momentum. The vapor production is almost constant or slightly decreases after this
initial peak. In the case of model B, the precooling by vapor ”explosion” is high enough
to set up nearly new initial conditions from wall temperature point of view. However,
the actual quenching temperature is a product of combinations all relevant variables and

conditions.
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10.2.1.2 Limit Temperature - True Rewetting Temperature

0] S —— S N S x TC1 .
600 +
500 ==
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300 £—
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100 ~
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Figure 10.8: Temperature profiles of model A at G = 80 kgm 257!

Another finding supporting the second order derivative approach is situation showed
in Figure It shows typical temperature profiles through all initial wall tempera-
tures for model A with marked quenching temperatures. An existence of limit quenching
temperature can be clearly seen from the figure. This is typical behavior of quenching
temperatures at low flow rates and high initial wall temperatures. It fully supports the
idea of rewetting temperature in its true form. It can be concluded, that this temperature
limit is the true rewetting temperature because above this temperature the surface cannot
be rewetted and the flooding process is prolonged until wall temperature falls below this
limit. Otherwise, the "quenching” temperature below the limit is not the temperature
of stable vapor film collapse, but a common transient boiling temperature of the wall for
actual parameters. Eventually, rewetting/quenching temperature can be split into two
temperatures, where the temperature limit will be the rewetting temperature and below
the limit, the temperature will be called the quenching temperature. Unfortunately, the
present study has not enough data for low flow rates and high initial wall temperatures

to fully investigate and correlate the rewetting temperature limits. But it is a promis-
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ing topic for future basic research on the rewetting phenomenon and it is supposed in

recommendations.

10.2.1.3 Quenching Temperature Correlation

Quenching temperature was checked for dependency on material and global experi-

mental parameters. The dependence on initial global parameters proved to be the reliable

way how to correlate experimental data. Variables, which are not investigated e.g. inlet

coolant temperature (remains almost constant through all experiments), are not present

in correlation from this reason. All variables and its units and correlation results are

listed in Table [10.1] Figure [10.9) shows the linear dependency of quenching temperature

on resulting combination of initial experiment parameters.

700 . . : :
— 5.066e-25 x + 83.95 i i
R2:0.94669 : :
600 1 ---- P=68.3% S i
-—-- P=90.0% | !
» Exp. data i
1| e e e .
G 400 b R
.
o
300 oo e
200 -2z - e b e
1 i i i
i I . ] o
100 - : : : :
0 ; ; ; ;

a sb -C d e f [¢] h
T5.67.Zi . Cges- Pass- Kgee- Peo- Cin

Figure 10.9: Quenching temperature data correlation
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Material properties were included in the simplified form as parameters at 66 % of

initial wall temperature in order to avoid further temperature iteration and reflect its

temperature dependency in reasonable form.
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Table 10.1: Exponents of quenching temperature correlation

Variable Unit Exponent | Optimized value | Rounded value

T °C a 2.0084324 2.01

0 m b -0.14643548 -0.15

2 m c -0.19332843 -0.19
Cos6 Jkg LK1 d -1.73060197 -1.73
Pq66 kg.m™3 e 7.44157239 7.44
Eqe6 Wom LK1 f -2.48221125 -2.48
P, MW.m=3 g -0.02443836 -0.024
Cino m.s~! h 0.1503645 0.15

Slope 5.066e — 25 5.066e — 25
Intercept 83.95 84

Equation bellow solves quenching temperature for all measured models, all flow rates
and all initial wall temperatures:
[(5426€ — 7)pyee)™** 15

in0 o
: +84  [°C] (10.1)
qug?/ﬂgg;%S 510‘152?.19P600?24

Tq — T02.01 .

where Ty is the initial wall temperature, c;,o is the initial coolant inlet velocity, d; is the
wall thickness (7 is for thermocouple’s index), z; is the position along geometry relative to

heated length and P,y; is the initial value of internal heat source (in this study Equation

9.31] is used). Material properties are calculated through Equations [6.8] [6.9] 6.11]

and (pages for temperature of %TO. Units for all variables are summarized
in Table [10.1l The relative error of the correlation is 9% for P = 68.3%, and +15% for

P =90%. The linear regression of the relative error is in Equation bellow.

35¢ — 5)pgee] "4 LS
Toprr = £ | T2 ( g in0 6.4 °C 10.2
qFE ( 0 03623 kg.ﬁ%g 5?.15 Z?.lQ Pgdo24 + [ ] ( )
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The main lack of this result and results of experimental studies in general is, that it tries
to put together rewetting and/or quenching temperature as it was described on page m
If quenching temperature will be assumed as solid-liquid contact temperature regardless
of the existence of a stable vapor film, then it rises naturally with increasing initial wall
temperature. On the other hand, once the surface temperature is above the temperature
limit introduced in section part ”Limit Temperature” (page , the quenching
temperature ceases to be dependent on initial wall temperature and the quench front
advance must "wait” for stable vapor layer collapse. It is difficult or almost impossible to
affect the independence in one correlation and moreover, there is not enough experimen-
tal data to do so. But the presence of this limit is evident. There are several outliers in
Figure from this reason, especially between "x” values of (0.5 + 0.7)e 4+ 27. These
points belong to Model A at low flow rates and high initial wall temperatures. Another
region of overestimated quenching temperatures lies bellow ”x” value of 0.2e + 27. This
region consists of measured points of TC1 on model C, where initial wall temperature is

relatively low and no boiling region is visible in this case.

However several conclusions on quenching temperature behavior can be based just on

presented correlation result:

e [t strongly depends on initial wall temperature. This influence is clear up to limit

temperature as it was described above.

e It rises with rising flow rate which is in agreement with Baumeister and Simon [1],
i.e. stronger flow disturbs forming vapor layer at quench front and the surface can

be rewetted at a higher temperature.

e [t decreases with increasing wall thickness. This influence is less evident at the
first sight and it is closely tied to other parameters. The effect of wall thickness on

precooling was mentioned in section [10.2.1.1} on page [120

e Influence of position on cooled geometry goes with quenching delay and thus with

greater precooling of the wall.

e The effect of the internal heat source is also less evident. The value of heat source is
dependent on initial wall temperature in this study because reflood process is started

by the steady state of initial wall temperature and silica glass surface temperature.

Chapter 10 Jan Stepanek 125



Dynamics of Heat Transfer During Cooling of Overheated Surfaces

Higher generated heat heats up the wall and decreases the pre-cooling effect. It can

be equal to precooling effect or even greater at high initial wall temperatures.

As can be seen from these conclusions, the only true parameter, that can cause rewetting
at higher wall temperatures is coolant flow rate for given model.

It must be also noted, that Equation [10.1| includes the effect of precooling caused by

pressure peaks described in sections [10.2.1.1] and [10.1.1] Another integral part of the

solution is the effect of spacers which are part of the test channel.

10.2.2 Nucleate Boiling Temperature

Nucleate boiling temperature represents a temperature limit, where the last two phase
boiling regime is present. The temperature is found via maximum second order derivative
of the temperature profile. The nucleate boiling point separates two-phase boiling regimes,
i.e. regions, where coolant has a saturation temperature, and single phase rewetted region.
Definition of nucleate boiling correlation offers the possibility to create three-regional heat

transfer coefficient map in combination with known quenching temperature.
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Figure 10.10: Nucleate boiling temperatures for all models and flow rates

Figure [10.10] shows, that nucleate boiling temperature is close to saturation temper-
ature for low initial wall temperatures and rises slightly with experimental conditions.
However, most of these values lie on temperature level around 150 °C. The nucleate tem-
perature is burdened by considerable uncertainty due to the difficult identification of the
point in second-order derivatives of the temperature profile. While ”quenching edge” of
the profile is relatively sharp, the curvature beyond the nucleate boiling point is much

milder in most cases. This makes its finding harder.
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Figure 10.11: Nucleate boiling temperature data correlation

Despite the considerable scattering of values, a correlation of nucleate boiling tem-
perature has been established in order to obtain an approximate idea of its value. The
correlation scatter plot is shown in Figure [10.11] and resulting equation is in Equation
Surprising was the fact, that the temperature turned out to be almost independent
on the coolant velocity. For this reason, the velocity term was neglected in the final equa-
tion as well as the internal source term. The internal source term is actually subject to

initial wall temperature.

T(g].25
T =471———r
b z?'15?'13k(1)'5%5

—98 [ (10.3)

where Ty is the initial wall temperature, d; is wall thickness and z; is axial position. The
heat conduction k;5p was calculated for 150°C. The mean relative error is £20% for

P = 68.3%, and £34% for P = 90% or it can be calculated using Equation [10.4]

Té).25
(A 150
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10.3 Heat Transfer Coefficients

Results from heat transfer calculation described in Section are presented in this

section. These results contain dependence of heat transfer coefficient on given position,

flow rate and initial wall temperature.

10.3.1 Semi-Spatial View on HTC

Semi-spatial heat transfer coefficients were defined as a value of HT'C, which depends

on relative distance to quench front. The positive value of QF distance in presented

results means a position behind the front and negative otherwise. As it was mentioned

in Section the coolant temperature up to the nucleate boiling point was taken as

100°C and behind this point, the coolant temperature was calculated through ”cascade”

algorithm.

The thermocouple TC2 (position 0.835mm) for all three models with mass flux of

80 kg.m~2.s7! was taken as a representative sample of resulting data. At this low flow

rate are clearly visible all common features of the time-spatial dependence of heat transfer

coefficient.
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Figure 10.12: TC2: HTC vs distance to quench front (Model A, G = 80 kg.m2.s71)
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Figure 10.14: TC2: HTC vs distance to quench front (Model C, G = 80 kg.m2.s71)
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Figures [10.12], [10.13] and [10.14] show the dependence of HTC on distance to quench front

(negative values represent positions in front of the QF and positive values otherwise) for
middle thermocouple TC2 for all three models. All three plots can be divided into three
separated regions. The first region in front of the quench front, second one near the front

(between quenching and nucleate boiling point) and the last one behind the front.

e The region in front of the quench front is cooled only by steam and sputtered water
droplets. With rising initial wall temperature we can observe rising heat transfer
coefficient value. This increase is caused by increased amount of evaporated water
at the quench front, which moves at higher speed through the channel. This one-
phase vapor cooling creates a constant plateau along the dry region. An HTC peak
is present at the beginning edge of the plateau. This peak is formed by rapid steam
generation, while water meets the hot surface at the beginning of the flooding phase.
The plateau is followed by the increasing slope right in front of the quench front,

where the heat transfer coefficient is increased by sputtered droplets.

At very low initial wall temperatures, a very low HTC region can be observed in
front of the single-phase plateau. The behavior is clearly visible in Figure [10.14]
which shows HTC for the variable tube. In its case, no vapor is generated because
no quench front is formed yet. Until coolant meets enough hot surface (it depends
on electric current and actual wall thickness), the heat transfer coefficient remains

very low. In this case, the surface is cooled by heat radiation.

e The second region is characterized by the sharp peak of heat transfer coefficient.
Its value is dependent on the amount of accumulated heat i.e. wall thickness and
specific heat of the tube. The surprising fact is, that value of critical HTC is not
unambiguously dependent on initial wall temperature for given flow rate. At higher
temperature levels the critical temperature is also higher and thus the resulting heat
flux (assuming saturated two-phase mixture as a coolant) has to be lower. Related
results are presented in the next sections. HTC values from presented figures show,
that Model C has a slightly lower value of critical HT'C than Model B and Model
A has half CHF value than other two models. The similarity between Model B
and Model C is caused by similar wall thickness at the given axial position. The
HTC values are in good agreement with actual wall thicknesses (considering almost

identical specific heats).
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e The third region is single-phase region behind the front, i.e. region cooled by water.
The actual heat transfer coefficient value within the region is mainly dependent on
the electrical resistance of the tube, which results in higher heat flux and thus in
coolant temperature in this region. As the quench front advances forward, flow rate
slightly decreases and this causes higher coolant temperature and slightly rising heat
transfer coefficient. Remaining fluctuations can be caused also by varying coolant

inlet temperature during the experiment run.

10.3.2 Local Heat Transfer Coefficients
10.3.2.1 HTC at Critical Heat Flux Point

The critical heat flux point is located at the point, where the maximum value of the
first order derivative reaches its maximum value (absolute value). This point is located
right behind the quenching/rewetting point, so the wall is already rewetted. In this region,
a heat flux rapidly rises up and this causes intense extraction of accumulated heat from

the wall (internal heat source is insignificant compared to accumulated heat change, see

Figure on page [99).
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Figure 10.15: Complete sets of CHF heat transfer coefficients vs initial wall temperature
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All heat transfer coefficients in this region were checked for their dependence on ini-
tial wall temperature, flow rates and position along the geometry. The only provable
dependence of the critical heat flux heat transfer coefficient is dependence on accumu-
lated heat, i.e. dependence on wall thickness, density, and specific heat. The product of
density, capacity and wall thickness can be understood as a ability to accumulate heat
per area of the wall. A term ”area-specific heat” was used for this ability. This result
is in agreement with the claim in the previous paragraph. These HTCs are showed in
Figure [10.15] The dependence of HT'C on wall thickness is clearly appreciable. It can be
noted, that dependence on wall thickness provides an opportunity to use thermocouples

on Model C as three measured points. This approach was applied in Figure [10.15 already.

NOTE: Because of inconsistent behavior of TC1 in Model A caused by the wrong
installation of the thermocouple, its results are not presented in the section. Moreover,
the thermocouple was destroyed during experiments at high temperatures, so its results at

watial wall temperatures above 600°C are excluded from results
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Figure 10.16: Histogram of critical HTC

The scattering of heat transfer coefficients shows normal distribution of experimental
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data. This scattering is showed in Figure [10.16| In the case of TC1 on Model C, a
greater scattering of experimental data can be observed. This scattering is caused by
lower quenching temperatures which causes a faster quenching of the point. Thus more

interpolating points were applied.
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Figure 10.17: Dependence of critical HTC on area-specific heat

Critical CHF's are plotted against area-specific heat in Figure [L0.17] This chart gives
a good connection to the mentioned statement, that critical HTC is dependent on wall
thickness (characteristic length), density and specific heat. The values of density and
specific heat are calculated for the critical temperature of the wall via material property
equations for the corresponding material of the model. Horizontal scattering is caused by
the uncertainty of critical temperature detection. It is clearly visible, that 1.52 mm wall
thickness has approximately three times higher heat transfer coefficient than the point
with 0.5 mm wall thickness.

The data were approximated using second order least square polynomial fit. The
resulting approximation is shown in Figure and its equation is in Equation|10.5] The
material properties were taken for quenching temperature, since quenching temperature

is already solved in Equation m (page [124) and it can be assumed, that temperature
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properties will be changed insignificantly between these two points.

heny = —(1.7e=4) - (p,C40:)* + 2.8 - (p,Cy6i) — 1290 (Wm™ 2K (10.5)

where p, [kg.m™3] is the wall density, C,[J.kg~*.K '] is the specific heat of the wall
and ¢ [m] is the wall thickness. All temperature dependent parameters correspond to

properties at critical temperature.

The relative error of the dependence is +£13% for P = 68.3%, and +22% for P = 90%
of the HTC (hepy) value.
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Figure 10.18: Correlated dependence of critical HT'C on area-specific heat

10.3.2.2 HTC at Quenching Point

The heat transfer coefficient at quenching point was correlated in a similar way as
HTC at critical heat flux point. The point is located at the minimum value of the second-

order derivative of the measured temperature profile. From quenching point of view, the
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point is located at the head of the quench front, i.e. where the vapor film collapses and
water meets the surface. Physically, a relatively high axial conduction takes place due to
prompt change of the axial temperature gradient. This axial conduction peak can be also
observed in Figure [0.10] on page [09 This behavior supports the concept of conduction
controlled rewetting because the conduction is responsible for the definitive collapse of
the vapor layer.

A dependence of quenching heat transfer coefficient results from this consideration and
this dependence was proved consequently. Besides the quench point HTC dependence,
the dependence of HTC at CHF point is not influenced by density and capacity or the

influence is insignificant.
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Figure 10.19: Correlated dependence of quenching HTC on heat conduction

Heat transfer coefficients at quenching point are plotted in Figure [10.19} Five red
points represent five measured points (two for model A and B and other three points for
model C). A value of CHF rises hand in hand with heat conduction coefficient and wall
thickness, i.e. conducted amount of heat power per temperature difference. The value

of heat conduction coefficient was calculated for according quenching temperature via
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material properties of the wall material.

These data were approximated by linear regression in the form:

hy = 67180 - k,6; — 56 [Wm >K 1] (10.6)

where k, [Wm~'K~!] is the heat conduction coefficient and §; [m] is the wall thickness.
The resulting error of the regression is +£15.6% for P = 68.3%, and +27% for P = 90%

of the value.

10.3.3 Mean Heat Transfer Coefficients

Following sections contain solutions for mean heat transfer coefficients in three regions:
dry region, region between quenching and nucleate boiling point and wet region. These
results show dependency on input parameters and they can be used in three regional

rewetting models.

10.3.3.1 Mean HTC in Dry Region

As a part of the solution of the three-regional model of the process, a solution for
mean dry region heat transfer coefficient was constructed. Heat transfer coefficient in the
dry region is actually a combination of radiation and convective heat transfer via vapor
and water droplet interaction. Radiation heat transfer alone can be assumed in dry test
channel without flowing vapor, i.e. state before flooding initiation at high temperatures.
Once the coolant enters the test section a significant amount of vapor is generated at the
quench front and the vapor flows through the channel at high speed. The value of heat
transfer coefficient proved to be dependent especially on initial wall temperature, and

mass flow rate of the coolant.
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Figure 10.20: Correlated data of mean dry region HTC

Figure dependence on chosen set of experiment parameters and Equation [10.
shows its optimized result. The heat transfer coefficients for the dry region are burdened
with a relatively high scattering due to very chaotic and dynamic behavior at the quench
front. Because of intense boiling at the front, an uncertain amount of vapor is driven
through the channel at the time. The low values of HTC in Figure belongs to
model C with low initial wall temperature. The coolant begins to boil further from the

inlet and this is responsible for very low HTC values. The effect is visible in Figure

on page [129]

0.11P0.2950.44
hapy = 1851+ 2000 0 _ 50 [[m 2K (10.7)

0.013
TO

where ¢ [m.s™Y], P [MW.m™3] and T, [°C] are initial parameters of the experiment -

coolant velocity, internal heat source and wall temperature. The mean relative error of

the correlation is +17% for P = 68.3%, and +29% for P = 90% of the value.
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10.3.3.2 Quenching to Nucleate Boiling Mean HTC

Mean heat transfer coefficient correlation was developed in a similar way as for critical
HTC. Its purpose is to serve as mean heat transfer coefficient in the three-regional model.
The only difference between CHF and this correlation is, that it requires the inclusion of
heat conduction coefficient due to the presence of peripheral coefficients (influenced by

relatively high axial conduction) near the quenching and nucleate boiling point.

—_— —8.26—07-(p05C056k05)2+O.209-p05C056k05—5242

10000 -

8000 -
T
X
6000 -
=
5
< 4000 -

2000 -

0 T T T T T T
40000 60000 80000 100000 120000 140000

PosCoskos [ J2m3K=2s71]

Figure 10.21: Dependence of quenching to nucleate boiling HTC

hqnb = —(826—7) : (p0500551']€05)2 4+ 0.21 - (pchéikog,) — 5242 [WmiZKil] (108)

Figure [10.21| shows the dependence of mean heat transfer coefficient between quenching
and nucleate boiling point on the product of density, capacity, wall thickness, and con-
ductivity. Mentioned parameters were calculated for 50 % of initial wall temperature.
Equation [10.8] approximates the mean HTC values. Its mean relative error is +20% for
P = 68.3%, and £34% for P = 90%.
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10.3.3.3 HTC Behind Nucleate Boiling Point

The region behind nucleate boiling point, i.e. behind nucleate boiling temperature of
the wall defined through maximum second order derivative of the temperature profile, is
cooled by single-phase water. The flow regime in this region is laminar (Re < 2300). The
first attempt was to solve heat transfer coefficient through existed correlation (e.g. Mills).
It yields good results for low internal heat source value, but with rising heat source and
thus surface heat flux (electrically generated heat is equal to heat transferred to coolant
in this region), heat transfer coefficient increased. The increase is probably caused by the
narrow channel and by the presence of spacers. However, a correlation for single-phase
region was constructed as a function of Reynolds number, Prandtl number, internal heat

source and wall thickness. The result is showed in Figure [10.22] and in Equation [10.9

— 8059 x-722.3 | : : : !
2000 ¢ L R e i S s
---- P=68.3% | : : i P
1750 4 - P=90.0% [ e [ e -’ ’;g 77777
» Exp. data i i i
B L1 T e e o~ .
: -
r?' 1250 1 e e e Mo S S WY o 1 L i e
E_ T
2 1000 f---nnmmomfonomooeeo b s S oo
S T e =
500 - L
PR e T T S
o ) T T T T T T T
0.150 0.175 0.200 0.225 0.250 0.275 0.300
Re?.Pr. P, .67
Figure 10.22: Correlated data of post nucleate boiling HTC
hip = 8059 - Re®1°0 py0124 po-1650-47 _ 799 (Wm 2K (10.9)
where
Cin. D
Re = ] (10.10)
14
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Prandtl number was taken from TAPWS97 tables, q. [MW.m™3] is internal heat source,
d; [m] is the wall thickness, Dy [m| is hydraulic diameter of annular channel (see Table
on page [66]), cin [m.s~'] is the inlet velocity of the coolant and v [Pa.s] is kinematic
viscosity of the coolant. The mean relative error is +15% for P = 68.3%, and 4+25.5% for
P =90%.

10.4 Three-Regional 1-D Model

10.4.1 Definition of Regions and Boundary Points

A three-regional model was developed based on results from previous sections. This
model consists of the dry region in front of the quench front, quenching-to-nucleate boiling

region and single-phase region with forced convection. The graphical representation of

the model is in Figure [10.23

h hqnb

Quench front

(=)
&/

hdry

Dry region

Quenching
-to-
Nucleate boiling region

Forced convection region

Figure 10.23: Three-regional model suitable for present study

The model is defined by two boundary temperatures:
¢ Quenching temperature 7, - Equation [10.1} p[124]
e Nucleate boiling temperature T, - Equation [10.3] p[127]
and three mean heat transfer coefficients, one for each region:
e Dry region HTC - hg,, - Equation [10.7] p[137]
¢ Quenching to nucleate region HTC - hgyy, - Equation [10.8] pJI38]

e Forced convection region HTC - hyy - Equation [10.9} p
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10.4.2 1-D Calculation

The three regional model was employed into simple numerical calculation through hy-
brid 1-D non-stationary case. Model A with the initial wall temperature of 600 °C" and
with the flow rate of 80kg.m2.s7! has been chosen as a representative sample. The
Crank-Nicolson finite difference method was applied in solution in finite element heat
balance procedure. Initial parameters were set to the same values as the compared exper-
imental ones. Solved total flooding time was 50 s with the time step of 0.066 s. Quenching
temperatures, nucleate boiling temperatures and all heat transfer coefficients were calcu-

lated via equations described in the previous sub-section.

Boundary conditions (BCs) were defined as:

e Adiabatic boundary condition at inner surface

Adiabatic at endpoints

hary if Ty > Ty > Ty Teoor = 100°C

hqnb if Tq > Tw > Tnb7 Tcool = 100°C

hlf if Ty > Tw; Teool = 30°C

4 Nn-3 n-2 n-1 n

1 2.3 |
©] $9c$ 99 de @9 U@ d ¢ T ¢

_______ adiabatic BC ------ wall temp. contolled BC

Figure 10.24: 1-D Nodalization of the wall

The nodalization of the domain is shown in Figure [10.24] Figure [10.25 contains spatial
solutions of temperatures through time (black line). As can be seen, the domain consists
of 1.5m long "wall” and 0.4 m long upstream region for process development. Influence
of initial conditions fades away in this region until front reaches the first TC (probe).

Flooding process in the domain was initialized by definition of cold nodes at the beginning.
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Figure 10.25: Solution of temperature profiles along the domain through time
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Figure 10.26: Resulting temperature profiles at specified points
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Heat profile solutions for specified points (the same axial positions as positions of thermo-
couples in the test section) is plotted in Figure It shows relatively good agreement,
despite the simplicity of the task, with experimental data with the sharp-edge profile at
quench points. This sharp edge is a product of 1-D definition of the case and forced
control of boundary conditions. This sudden change in boundary conditions simply does
not include the sputtering effect. Moreover, the temperature deflection in dry region is
possibly cased by constant stream coolant temperature (including absence of droplets).
On the other hand temperature profile behind nucleate boiling temperature shows good
agreement with experimental data. Other time deviations are probably consequences of

spacers neglection, which can’t be easily reflected in the case definition.

10.5 Quench Front Velocity

10.5.1 Absolute Velocity

The mean quench front velocity for each model and temperature level was obtained
through Equation on page [92] This value gives us information on the front velocity
between thermocouples TC1 and TC3, i.e. the heated position of 0.335m and 1.335m.
Results for each model type are plotted in Figures and [10.29] In general, an
apparent influence of initial wall temperature and coolant mass flux is evident from these
results. This behavior is in good agreement with expectations. [A3], [A4]

The results were approximated by the least square method with automated polynomial
order search for the lowest fitting error. From standard deviation and corresponding
Student’s coefficient of these values, a weighted error range was calculated.

The error range is greater at lower temperatures and high flow rates in most of the
cases. High wall temperatures (over 400°C') have a tendency to stabilize the flooding
process. At lower temperatures, a physical quench front profile is much more chaotic and
this causes greater scattering of measured values. Moreover, in the case of high coolant
flow rates (especially at 270 kg.m~2.s71), the greater error range is caused by lower time
density of scanned data. For this reason, the interpolated temperature profiles and its

derivatives are responsible for its resulting uncertainty.
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Figure 10.27: Mean quench front velocity for Model A
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Figure 10.28: Mean quench front velocity for Model B
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Figure 10.29: Mean quench front velocity for Model C

From all three previous figures (Figure [10.27] [10.28] [10.29) it can be concluded, that

quench front velocity decreases with rising initial wall temperature and this decrease
is almost constant above 400°C. At lower temperature levels the decrease is relatively
much bigger. This behavior is evident for tubes with constant wall thickness. Quench front
velocity is also strongly dependent on wall thickness. With thicker wall more accumulated
heat needs to be removed and this slows down the flooding process.

In the case of variable wall thickness, the initial wall temperature was set at the last
thermocouple (TC3), where electric current density and thus wall temperature are the
highest. This means, that lower part of the tube has a much lower temperature. The
quench front meets different conditions along the tube and this causes strongly spatially

dependent front velocity. Equations|10.11jand [10.12[show the relative velocity calculation.

10.5.2 Relative Velocity

The first step was a definition of dimensionless quench front velocity. Very basic idea

was to check quench front velocity as a portion of coolant inlet velocity as:
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where

[%Cin]

Uis

U
Uy = — [—]
Cin13
G(t)
ts
¢ —2dt
L ftls cm(t)dt i1 p(t) [m 3_1]
ml Ats Ats '

(10.11)

(10.12)

100

80 A

60

40 A

20 A

T

G=80kg.m2.s571; R2=0.969
.s71; R2=0.949

-1, R2=0.939
-1, R2=0.947

Figure 10.30: Mean relative quench front velocity for Model A

In Figure [10.30} there are plotted relative velocities for all coolant mass fluxes for Model

A. A surprising finding is, that consideration of relative front velocity is not dependent

on coolant flow rate. Relative quench front velocity scattering is relatively high compared

to other two models (Figures [10.31] and [10.32 below). More accumulated heat stabilizes

and polishes the flooding process and thus value scattering is much lower. Assuming this

evident independence on coolant flow rate, three relative velocity profiles (one for each

model) can be constructed. These results are in Figure [10.33 on page m
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Figure 10.32: Mean relative quench front velocity for Model C
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Figure 10.33: Mean relative quench front velocity for all models (TC1 to TC3)

Three dependencies of quench front velocity on initial wall temperature are shown in
Figure [10.33] From their trends we can conclude, that Model B has the almost identical
shape from temperature level of 400 °C' with Model C. At lower temperatures the variable
tube has significantly lower initial temperature than other two models. This causes the
deflection compared to Model B. Decreasing actual initial wall temperature with the
thicker wall in the bottom part of the Model C simply results in higher velocities of the
quench front. The Model A suffers from bigger uncertainty due to lower accumulated heat.
On the other hand, this lower accumulated heat is also responsible for higher quench front

velocity.

10.6 Quench Front Velocity Correlation

A quench front velocity correlation was developed based on presented experimental
quench front velocity data from Section [10.5.2] Data shown in Figure were corre-
lated incorporating selected variables which are listed below. These variables were chosen
through sensitivity analysis of quench front velocity on various variables. The quench

front velocity proved to be dependent on these three variables:
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e Mean initial wall temperature Ty [°C]

e Mean quenching temperature T, [°C]

e Mean characteristic length - Wall thickness & [m)]

These variables were chosen based on ” All-

in-One” correlation test, where other vari-

ables were excluded as variables without influence or with negligible influence on the

result.

Moreover, these variables were chosen as averaged values from all three ther-

mocouples. It must be noted, that most of the material properties are included in the

quenching temperature definition which is one of the chosen variables and it is solved by

Equation [10.1]

107 ! ! ! ' ' ' ' 1

i i i i 3 2 l

i ; ; ; —— -0.2363 x + 1.587 x - 3.701 X + 3.327 |

AN ! ! ! R2:0.94262 ;
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Figure 10.34: Correlated relative quench front velocity for all models (TC1 to TC3)

Figure shows the resulting correlation between the chosen variables and relative

quenching velocity. The correlation is shown in Equation [L0.13]| bellow:

—os3, 0

Ups = —0.2363A%+1.587A%—3.7014+3.327 where A :T0°83(1;)1/3 (-] (10.13)
q
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Relative mean average error of the correlation is £6.5% for P = 68.3%, and +11.1% for
P = 90%. (Meaning of each term and its unit was described in previous paragraphs).

The absolute mean quench front velocity is then:

w3 = Ui - Cinas [em.s™] (10.14)

Based on these results, a partial conclusion can be formulated. For example, the relative
velocity of 25 % means, that 75 % of coolant will be evaporated during the reflood process.
This also means that we need four times more coolant in order to reflood the geometry than
is the volume of the channel. This finding is crucial for applications such as emergency

reactor cooling system from water stack point of view.

10.6.1 Quench Front Velocity Validation

Quench front velocity correlation in final form from Equations[10.14]and [10.13] supple-

mented by Equation [10.1] was validated against experimental data. From this comparison
a overall uncertainty is calculated and the result is compared with correlation by Saxena,
(2001)[56] (Equation 4.3, p. [1). The mentioned main equations for current study are

recapitulated bellow:

Ugh = Uab * Cinab

U,y = —0.2363A4% + 1.587A% — 3.701A + 3.327

—083, 0
A=T, "(=)"?
q
T l Z T20L. (5426 — 7) pgee] ™" ) o +84)
n 2 S N

All terms in these equations are described in corresponding sections. Original index 13
was replaced with more general index ab. Where a is the lower quenched point and b is the
upper quenched point. This adjustment was introduced as a result of a good agreement of
predicted quench front velocity also for other two regions, not only for the region between
thermocouples TC1 and TC3. Based on this result, it can be assumed, that prediction

capability will be valid for other chosen regions.
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Results are plotted against experimental data and correlation by Saxena, (2001)[56]
applied to acquired experimental data. The study by Saxena was evaluated on the ex-
perimental loop with annular flow channel with the internal heated tube with 1.5mm
wall thickness and with the outer diameter of 15mm. The inner diameter of the outer
barrier was 19mm. The temperature range of the study was 200 — 500°C. Its values
were calculated using Equation [4.3] on page 51} As it is evident, the experimental loop
has slightly different geometrical and thus hydraulic parameters, but it is one of several

studies close enough with the experimental setup to the current study.

—— Corr. data: G=80kg.m=2.s7! —— Corr. data: G=270kg.m=2.s71
---- Saxena (2001): G=80kg.m~2.s7?! ---- Saxena (2001): G=270kg.m=2.s71
—— Corr. data: G=110kg.m=2.s71 » Exp. data: G=80kg.m=2.s71
---- Saxena (2001): G=110kg.m~2.s71 « Exp.data: G=110kg.m~2.s71!
—— Corr. data: G=190kg. m=2.s7?! » Exp. data: G=190kg.m=2.s7?!
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Figure 10.35: Comparison of experimental data and current correlation for Model A

Figure [10.35] shows good agreement with experimental data. The predicted quench
front velocity slightly underestimates the real velocity approximately, which is caused pri-
marily by uncertainty in quenching temperature calculation. The relative mean absolute

error of quench front velocity prediction is dependent on flow rate and its results are listed
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in Table [10.2] As can be seen, the velocity is underestimated more at high initial wall

temperatures and for high flow rates.

Table 10.2: RMAE for quench front velocity prediction for Model A

Flow rate [kg.m™2.s7!] | RMAE [+%](P = 68.3%) | RMAE [+%](P = 90%)
80 9.2 15.6
110 7.6 13
180 8.0 13.6
270 14.9 25.3
—— Corr. data: G=80kg.m=2.s71 —— Corr. data: G=270kg.m=2.s71
---- Saxena (2001): G=80kg.m~2.s7! ---- Saxena (2001): G=270kg.m~2.s71
—— Corr. data: G=110kg.m™2.s71 » Exp. data: G=80kg.m=2.s71
---- Saxena (2001): G=110kg.m~2.s71 % Exp.data: G=110kg.m=2.s7?!
—— Corr. data: G=190kg.m~2.s71 % Exp.data: G=190kg.m2.s7!
---- Saxena (2001): G=190kg.m~2.s7! » Exp. data: G=270kg.m=2.s7!
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Figure 10.36: Comparison of experimental data and current correlation for Model B

Prediction capability for model B in Figure[10.36|shows lower precision than for model
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A (see Table , but the agreement with experimental data is suitable. On the other
hand, the deflection at high initial wall temperatures is lower than in the case of model

A.

Table 10.3: RMAE for quench front velocity prediction for Model B

Flow rate [kg.m™2.s7!] | RMAE [£%](P = 68.3%) | RMAE [+%](P = 90%)
80 21.2 36
110 11.0 18.7
180 14.5 24.6
270 12.8 21.8
—— Corr. data: G=80kg.m=2.s571 » Exp.data: G=80kg.m2.s71
—— Corr. data: G=110kg.m™2.s71 « Exp.data: G=110kg.m~2.s7!
—— Corr. data: G=190kg. m=2.s7! » Exp. data: G=190kg.m=2.s7!
—— Corr. data: G=270kg.m=2.s71 » Exp. data: G=270kg.m=2.s7!
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Figure 10.37: Comparison of experimental data and current correlation for Model C

Results showed in Figure shows also a very good agreement with experimental
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data. Its relative mean average errors are listed in Table[10.4l This model is quite unique
so it is not compared to other models. Compared to other two models, the prediction for
model C is slightly overestimated especially at higher temperature levels. This is caused

by the very different behavior of lower part of the model at low initial wall temperatures.

Table 10.4: RMAE for quench front velocity prediction for Model C

Flow rate [kg.m2.s7'] | RMAE [+%](P = 68.3%) | RMAE [+%](P = 90%)
80 8.8 15.0
110 5.8 9.9
180 9.5 16.2
270 9.2 15.6

10.7 Conclusion

Based on the presented comparison of results from correlation developed in this study
with experimental data proves a good agreement with real data. These results were com-
pared to correlation by Saxena, (2001)[56]. The comparison showed good accordance
at initial wall temperatures on the level 350 — 500°C'. Lower temperatures show over-
estimated velocities, which is possibly caused by slightly different hydraulic conditions.

Overall relative mean absolute error of the presented correlation is about 10 % and actual

error are listed in tables|[10.2] [10.3]and [10.4] Presented results are evaluated for the region

between thermocouples TC1 (0.335mm) and TC3 (1.335mm). However, the correlation
is capable to predict quench front velocity also for other regions at different axial positions

within the range from 0.335m to 1.335m.
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Recommendations

The experimental part of the study was performed on the testing loop with parameters
described in Section 6] As it was mentioned in Section [[0.2.1.2] a quenching temperature
is not dependent on initial wall temperature from specific initial temperature level. It
seems, that the limit temperature is dependent only on actual flow rate and wall thickness.
Unfortunately, it is observable only at high initial wall temperatures and low flow rates.
For this reason, a new experimental effort has to be done to confirm this hypothesis. This
experiment should include temperatures above 700 °C' and coolant inlet velocities under
5cm.sL.

The current experimental loop is equipped with annular flow channel with changeable
heated models. The main advantage of this technical solution is, that we can visually
observe the process and take pictures or video record if needed. On the other hand,
an outer barrier such as silica glass tube represents unheated heat conducting wall with
poorly estimated influence on the process. A more coherent way how to catch the flooding
process is the inverse problem where coolant flows inside the heated tube. Moreover, in the
case of the inverse channel, a large number of thermocouples can be positioned along the
geometry because they are no more geometrically limited by model from the installation
point of view.

Another recommendation is a usage of a different flow meter for high flow rates, due
to relatively low scanning frequency in the case of frequency based flow meter. However,

the turbine flow meter proved to be very suitable for low flow rates.
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Conclusions

The presented experimental study was focused on the rewetting phenomenon in the an-
nular channel with bottom flooding configuration. Over 400 experiments were performed
in order to obtain sufficient information about the process. Results showed the complexity
of the process and helped to deepen knowledge of the investigated phenomenon.

Experiments were performed on three electrically heated models (tubes) at ten initial
wall temperature levels (from 250 to 700 °C'), moreover, four flow rate levels were included
in these experiments.

The main goal was to collect experimental data and using this data to develop a set
of correlations for the description of the flooding process. Based on individual results it
can be concluded, that the goal was completely fulfilled with many additional findings.

Experimental data were processed completely with custom-built scripts. These scripts
have several key features such as ”cascade” algorithm for calculation of heat transfer coef-
ficient behind the quench front, locating the quench front via the second-order derivative
of temperature with node heat balance sub-routine. As an output of this basic data
processing is converted raw data and over three thousands individual plots describing all
relevant measured and calculated variable. On top of that, a superior autonomous batch
processing script is capable to manage individually processed data and search through
variables and its influence on the investigated parameter for the purpose of correlation
development.

The most important results are solutions for quenching and nucleate boiling temper-
ature, which is accompanied by correlations for heat transfer coefficients in the main
individual points and regions along the flooded geometry.

Quenching temperature correlation is also main input for the solution of quench front
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velocity prediction. A surprising finding related to quench front velocity is, that relative
front velocity to inlet velocity of the coolant is not dependent on actual flow rate. It
follows that the percentage inlet velocity value can be calculated only through initial wall
temperature, quenching temperature, and wall thickness. The quenching temperature
is, therefore, most important and the most complex output of the study. The set of
correlations developed in this study showed good agreement with acquired experimental
data through all models and initial parameters.

In general, quench front velocity decreases with rising initial wall temperature and
with more accumulated heat (thicker wall) regardless of flow rate from the relative velocity
point of view

Moreover increasing initial wall temperature and flow rate goes with significant pres-
sure pikes. These pressure pikes strongly influence the hydraulic characteristic of the
heated channel and this leads to a big pressure drop in the channel. These effects hand
in hand with higher quench front velocity at low initial wall temperatures can lead to
unevenness of water flow through the core during LOCA. The unevenness can lead to
coolant flowing around the central area of the core, where the surface temperature is
higher, and the central area of the core can be cooled down distinctly later. On the other
hand, geometrical elements, such as spacer grids, create secondary quench fronts moving
along the fuel rod. Due to these secondary quench fronts, the last rewetted point can’t
be clearly determined. In other words, the water presence above the core doesn’t mean
that the rest of the core is rewetted and cooled down. [A2]

As a side product of these results is the three-regional model which can be used as an

input for further analytical studies in the field.
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Future Work and Remarks

Presented study and final recommendations give a solid base for future experimental
efforts in the field. The results of the study are not only given correlations and detailed
view on the rewetting phenomenon, but also a reasonable approach for experiment setup
and data evaluation. The methodology and the processing logic are described in detail in
the study and all acquired data and evaluation python scripts are provided on the optical
disc.

All outlined goals were fulfilled and these beneficial results are:
e New experimental loop with 1.7m high test section

e Large number of new experimental data for a wide range of initial wall temperatures,

flow rates, and wall thickness

e Set of new, fully automated scripts for data processing, with custom-built correlation

script
e Improved detection of important temperature points and data approximation/filtration
e Heat transfer coefficients for every measured point throughout the time-spatial scale

e Correlations for HTC at important temperature points (quenching, critical heat

flux, nucleate boiling)
e Correlations for HTC within each region between important temperature points
e Correlations for quenching and nucleate boiling temperature

e Suggestion of three regional rewetting model
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e All-embracing quench front velocity correlation
e Pointed out the effect of pressure peaks
e Briefly described the effect of spacers

Moreover, the experimental study has several side benefits, that could help to improve

efforts in the field in the future. The main resulting remarks are listed below.

e Experimental part

— Thermocouple placement within the wall gives the best view on the wall tem-

perature

Direct electrical current heating is an easy and suitable method of wall heating

Turbine flow meter is easily readable and sufficient method for flow rate mea-

suring
— Spacers are an integral part of the process and their positioning must take this
in mind
e Data evaluation part

— The maximum second order derivative of the surface temperature is the clearly

determined point of the rewetting onset

— Analogically, the minimum second order derivative of the surface temperature

is the nucleate boiling point

— The Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) is the best
method for data interpolation due to its conservation of data features without

overestimation near edges

— Proposed cascade algorithm gives good results of coolant temperature in the

wett region

— Developed custom-built correlation script is comfortable and easy to under-

stand way how to correlate complex data
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Figure 15.1: Experimental loop scheme
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15.2 Correlation Custom-Built Script

Read all processed data dictionaries

Choose investigated variable ( Var |)

—

List all or estimated influencing variables ( Var A...Z)

\_‘

P~ Create all-data array

Exp. sata set

yes

Exclude variable

1 n
Var |
Create array of exponents
[a, b, ....,Z] 8 Var A
o
8
i 3
[Choose polyfit degree ‘ >
Var Z
Initialize N-Dimensional
Nelder-Mead Minimazing Algorithm
Evaluate
> Var | = A2.BP.Ce...Z%
Fit polynominal of given degree
Update array of exponents
[a, b, ...., Z]
Calculate R?
Return Exponents
&
Polyfit matrix
&
P 20 fR?— R < tol. Std. D%\Lnatlons
0 = 5
(tol = 1e-10) MAE

ForVarA...Z

Var |

If any Var

.001 > I'> 0,999

Figure 15.2: Self-Operational correlation algorithm simplified scheme
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