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Preface
In this dissertation, I present my doctoral research which was about thermal hydraulic
investigations of the coolant (supercritical (pressure) water, SCW) flow in Supercritical
Water-cooled Reactor (SCWR) relevant geometries. This research was started during the
elaboration of my MSc thesis (February-June 2006). At the beginning, my former Supervisor
and I planned to use the widely applied, well validated, commercial computational fluid
dynamics (CFD) code ANSYS CFX1 only, but in the meantime a good collaboration between
us and the neutron radiography group of MTA EK has been established. That is the reason
why I had the opportunity to extend the scope of my doctoral research to the field of
experimental investigations next to the above mentioned field of numerical analysis.
The Generation IV International Forum (GIF) coordinates the international collaboration
since 2002 in order to develop the reactor concepts of generation IV class which potentially
could solve many or all technical challenges the nuclear reactors face nowadays. These
concepts are intended to be safer and more proliferation resistant, use the nuclear fuel more
efficiently, reduce the nuclear waste production and last but not least to be economically more
competitive in order to contribute to the sustainable development. Keeping these goals in
mind, the nuclear experts have investigated and compared more than 100 (exactly 130)
different reactor concepts at the end of 1990s’, and beginning of 2000s’. Finally, they selected
six revolutionary systems which use very different technologies: the Gas-cooled Fast Reactor
(GFR), the Lead-cooled Fast Reactor (LFR), the Molten Salt Reactor (MSR), the Supercritical
Water-cooled Reactor (SCWR), the Sodium-cooled Fast Reactor (SFR) and the Very High
Temperature Reactor (VHTR).
The SCWR is a high pressure and temperature, light water-cooled reactor which will
operate above the thermodynamic critical point of its coolant (22.064 MPa and 373.95ºC).
Nowadays the abbreviation SCWR is more indicative for a family of different SCWR
concepts rather than single concept because many key players of nuclear development (e.g.
Russia, Canada, Japan, China and the EU) have their own SCWR design(s). These concepts
may differ substantially from each other. That is the reason why the reactor can have fast or
thermal-neutron spectrum, depending on the proposed core design. The different concepts are
based on the actual pressure tube (e.g. the Canadian) or on the pressure vessel (all other’s)
reactors, and thus propose heavy water or light water as moderator. Unlike current watercooled fossil fired boilers and light water-cooled reactors (LWRs), the thermal hydraulics
significantly influences the heat generation in the fuel: there is a rather strong coupling
between them. Furthermore the SCW experiences a significantly higher enthalpy rise in the
core of SCWRs than the coolant in current water-cooled reactors, which reduces the needed
magnitude of core mass flow rate for a given thermal power and in the same time increases
the outlet enthalpy of the SCWR core up to superheated conditions. The direct, once through
trans-critical fluid cycle has been proposed to SCWR, eliminating any coolant recirculation
inside the reactor itself for both pressure vessel and pressure-tube type designs. It means that
the superheated gas-like SCW will be provided directly to the high pressure turbine while the
feed water from the condenser will be provided back to reactor core like in a boiling-watercooled reactor (BWR). Therefore, these SCWR concepts integrate the operation and design
experiences collected by hundreds of LWRs with the gained experiences from hundreds of
fossil fired supercritical and ultra-supercritical boilers operated with SCW. That is the reason
why, the SCWR can be developed from current LWRs in contrast to some other Generation
IV nuclear systems listed before.
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Although the above mentioned LWRs and supercritical, ultra-supercritical boilers have
operated for decades, there are many unresolved technical challenges related to the SCWR.
Illustrative examples for the major technical challenges are the not fully understood aspects of
thermal hydraulics (e.g. physical background of different heat transfer regimes, influence of
thermophysical properties on heat transfer or pressure drops in SCWR related geometries
under normal operation and different accidents) of SCW and the required development of
structural materials for the fuel and core structures that must be sufficiently corrosion resistant
to withstand nominal SCW conditions in an SCWR. I worked on the field of the first
mentioned example (thermal hydraulics of SCW) during my doctoral research in order to
assess the usability of commercial CFD codes (e.g. ANSYS CFX) in the field of SCW
thermal hydraulics, to contribute to the discovery of not fully understood aspects of SCW
thermal hydraulics and to contribute to the development of SCWR concepts.
The First Chapter of my dissertation (About thermal hydraulics of SCW and design of
SCWRs) is about the significant results in the field of SCW thermal hydraulics and the design and
developments of SCWRs gained by literature study. The Second (Validations of the CFX models for
SCW flows) and Third Chapters (CFD analysis on SCW flows in rod bundle geometries)
summarize the lessons learnt during validations of the ANSYS CFX code and results of my CFD
studies from numerical modelling of simple tube and annulus geometries up to complex four and
seven rod fuel bundles. The Fourth Chapter (Experimental investigation on SCW thermal
hydraulics under natural circulation condition) discusses the main results of my experimental
investigation on the hydraulic resistance of SCW flow in a SCWR relevant geometry assisted by the
ANCARA natural circulation loop. The last, Fifth Chapter (Summary and scientific theses)
summarizes the whole dissertation and states the scientific theses of my doctoral research.
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1. About thermal hydraulics of SCW and design of SCWRs
The thermal hydraulics of SCW can be characterized by rather complex processes even in
simple geometries like straight tube or annulus. In SCWRs, this thermal hydraulics becomes
even more complex because the heat generation in nuclear fuels is strongly coupled with the
temperature field of the SCW coolant. Furthermore, the European SCWR concept (this is
what I was most interested in), the High Performance Light Water Reactor (HPLWR) has a
more complex reactor core design than current LWRs. This Chapter describes the above
mentioned complex thermal hydraulics of SCW and design of SCWR (mainly HPLWR).
1.1 Application history of supercritical fluids
The application of supercritical fluid (SCF) in physical or chemical processes has a very
long history (billions of years) and it is not a human invention. The Nature has been creating
and modifying minerals in wet environment around and above the critical point of water
almost since the born of the Earth [1]. The scientist discovered this natural phenomenon and
started to apply it in laboratories in order to create different crystals at the end of 19th century.
The so-called hydrothermal processing (its operating parameters in water are: 20-200 MPa,
300-500°C) has been widely applied in the industrial field of high-quality single crystals
(mainly gem stones, e.g.: quartz, sapphire, zircon, etc.) production during the last 70 years.
The first research which dealt with heat transfer at supercritical pressures was started in the
beginning of 1930s: Schmidt and his colleagues [2] have been examined heat transfer of
supercritical fluids under free convection conditions at near-critical point (it is a narrow
region around critical point where thermophysical properties of pure fluid show rapid
variation) in order to invent a more efficient cooling system for turbine blades of jet engines.
They reported [2], [3] that the heat transfer coefficient (HTC) under free convection
conditions to near the critical point of the investigated fluids had very high values which
seemed to be quite advantageous. Based on this finding they proposed the usage of SCFs as
intermediate working fluid at near-critical point in single-phase thermosiphons
(thermosiphons transfer heat from a heat source to a heat sink which located at some distance
from each other) [4].
The intention of applying SCW as working fluid in supercritical fluid generators (similar to
steam generators working in the sub-critical range) and boilers became widely supported due
to its advantageous features in the middle of the 20th century. The research and development
(R&D) devoted to this area was mainly performed in the former Soviet Union (SU), the USA
and the United Kingdom (UK) from the 1950s to the 1980s. The main advantages of this idea
are that at supercritical pressures, there is no first order (liquid-vapour) phase change and the
potential increase of total efficiency of power plant. Thus, the phenomenon of critical heat
flux (CHF) and dryout could be avoided. However, it is true that a less abrupt and less
dangerous phenomenon occur instead [5], [6], which is called as deterioration of heat transfer
(DHT).
After the first introduction of NPPs in commercial use in 1954 in SU, more and more R&D
was conducted in order to investigate the necessary conditions of the application of SCFs in
nuclear reactors as coolant [7], [8]. It was found that the most suitable SCF is the SCW for
this purpose. That is the reason why many different concepts of SCWRs were developed in
the SU and USA. Finally, none of the concepts was implemented and the idea of SCWRs was
forgotten for 30 years till the 1990s when the interest toward SCWRs resuscitated again [9].
Though the use of SCW in power plant supercritical fluid generators is the largest
application example of SCFs in modern industry, there are other application areas where the
SCFs are widely used or will be shortly introduced [5]. The R&D of these further applications
intends for example to use of SCFs in the secondary loop of transformation geothermal
energy into electricity [10], chemical and pharmaceutical industries in different processes [1];
3

to apply SCW oxidation technology (SCWO) to treat general and dangerous industrial,
agricultural and military waste [1]; to use supercritical carbon dioxide (CO2): in the indirect
coolant cycle of GFRs [11], for coolant at printed circuits [12], as refrigerant in airconditioning and refrigerant systems [13], in supercritical fluid leaching (SFL) method in
order to remove uranium from radioactive solid side-products and waste [14]; to apply nearcritical helium in order to cool different electronic equipment of superconducting [15]; to use
supercritical hydrogen as a fuel of different rockets [15]; to develop SCWRs [5], introduce
SCW in Rankine cycle for LFRs [16] and Brayton cycle for SFRs [17]; to increase the
efficiency of supercritical, ultra-supercritical fluid generators [18]; etc.
As a summary, it can be said that the industrial usage of SCFs and SCW is very significant,
diversified and has a long, more than 150 years history.
1.2 Basics of thermal hydraulics in supercritical fluids
The SCF by the traditional definition is a fluid at pressures and temperatures that are
higher than the critical pressure and critical temperature of the given fluid [5]. E.g. the SCW
by definition means such kind of light water (H2O) which pressure and temperature are higher
than 22.064 MPa and 373.95ºC respectively (Figure 1-1). The thermal hydraulic state of SCF
is called as supercritical fluid state (e.g. SCW, see in Figure 1-1). I have to mention that in
the literature these notions have a slightly different and inconsistent meaning. The SCF (e.g.
SCW) is used in that sense as a fluid (e.g. water) which pressure is higher than the critical
pressure but its temperature can be lower, equal or higher than its critical temperature. This
latter and more permissive usage of these notions comes from the practice: e.g. in SCWRs the
pressure of the SCW is always higher than the critical pressure (generally it is 25 MPa) in the
reactor pressure vessel (RPV) under nominal conditions but its temperature increases from the
inlet temperature (e.g. it is 280°C for HPLWR) to the outlet temperature (500°C for
HPLWR), as it can be seen in Figure 1-1. Thus extending the meaning of SCF and SCW in
the temperature range makes the discussions easier. I use the notion of SCF and SCW in the
latter, more permissive meaning in order to simplify the wording.

Figure 1-1: Phase diagram of light water (H2O) with indication of three classical and the SCF state

The most significant difference between the thermal hydraulics of sub- and supercritical
fluids is the type of phase change experienced in these two cases [6], [19]. In subcritical fluids
(below the critical pressure), a so-called first order phase change occurs around the saturation
temperature at a given pressure: e.g. for water at 100°C and at ~0.1 MPa (at 1 atmosphere)
4

(Figure 1-1). Here, the thermophysical properties of the fluid vary abruptly (see for water at
p1=20 MPa in Figure 1-2) due to the classical first order phase change. For example the
density shows discontinuity at the state variables of 20 MPa and 365.8°C: it decreases
abruptly from 500 kg/m3 (liquid state) to 170 kg/m3 (gas state) as it can be seen in Figure
1-2/a. This discontinuity can be identified in the three other thermophysical properties as well
(Figure 1-2/b-d). Above the critical pressure (22.064 MPa for water) a second order phase
change can be observed which means that a so-called pseudocritical transition from liquidlike fluid state to a gas-like state (Figure 1-1) occurs in a continuous manner (within a
temperature range of 25-60°C) instead of first order (abrupt) phase change [20], see Figure
1-2/a-d from p3 to p10. The region where the pseudocritical transition occurs is often called as
Widom-region or as anomalous, pseudo-boiling or pseudo-spinodal region. The existence of
this region found to be general for all fluids. The existence of pseudocritical transition
demonstrates well, that the supercritical region (yellow in Figure 1-1) is an inhomogeneous
region consisting of a liquid-like, an anomalous transitional and a gas-like region [21], [22].

Figure 1-2: Thermophysical properties of water at subcritical, critical and supercritical pressures by
IAPWS-IF97 [23]: a., density, b., dynamic viscosity, c., isobaric specific heat, d., thermal conductivity

The critical point seems to be a singularity point where the density and dynamic viscosity
have almost infinity negative temperature first derivative (Figure 1-2/a-b) while the isobaric
specific heat and thermal conductivity have extremely high values (Figure 1-2/c-d). By
definition the critical point is also called as critical state where the meniscus between liquid
and gas phase disappears. Here both phases have identical pressure (pcr), temperature (Tcr) and
specific volume (Vcr), thus the critical point can be characterized by these three critical state
parameters and each pure substance has a unique set of them [5]. At critical pressure, the
thermophysical properties of SCFs exhibit a special change in a very narrow range around
critical temperature (Figure 1-2). The process while the fluid goes through the critical point is
often called as critical transition.
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Above critical pressure a so-called pseudocritical transition occurs around the
pseudocritical temperature (Tpc, and Tpc > Tcr, see Figure 1-1). The pseudocritical transition
can be characterized by continuous change of thermophysical properties in a certain (rather
narrow) temperature range which range widens by pressure increment (Figure 1-1 and Figure
1-2). The pseudocritical point (by definition) is a point at a pressure above the critical
pressure and at a temperature (Tpc) corresponding to the maximum value of isobaric specific
heat [5]. The increment of supercritical pressure causes some interesting changes in the trends
of thermophysical properties. The negative first derivatives of density and dynamic viscosity
increase toward zero by pressure increment (Figure 1-2/a-b). Furthermore, as the pressure
increases, the maximum value of isobaric specific heat decreases (Figure 1-2/c). The trend of
thermal conductivity is influenced as well: a peak appears directly before the pseudocritical
temperature which magnitude decreases by pressure increment until at a certain pressure
(~25.5 MPa for SCW) it totally disappears (see the zoomed part of Figure 1-2/d where the
curves corresponding to “p9” and “p10” have been deleted).
As it is obvious from the previous two figures, the thermophysical properties of SCFs
depend strongly on both temperature and pressure (Figure 1-3 for SCW). Házi and Farkas
have been demonstrated that in case of significant pressure variation the change of
thermophysical properties due to pressure dependency can be in the same order of magnitude
than the variation due to temperature dependency [24]. Nevertheless, the pressure variation is
far less (it is 0.5-1 MPa due to pressure drop which is 2-4% of the reference pressure of
SCWRs (25 MPa), while the temperature almost doubles from 280°C to 500°C (+80%) in
HPLWR.) than the temperature variation in the RPVs of SCWRs. Thus the property variations
due to temperature change are significantly bigger than due to pressure change in those
geometries which were examined during my doctoral research. Nonetheless, I have taken into
consideration the property variation due to pressure as well in most of my CFD models.

Figure 1-3: The isobaric specific heat versus pressure and temperature [23]

In the early studies of convective heat transfer of SCFs, the significant enhancement of
convective heat transfer near the pseudocritical point has been considered as a similar
phenomenon to nucleate boiling in the view of some researchers [6], [25]. They named it as
pseudo-boiling, and reckoned that it is similar (analogous) to nucleate boiling in subcritical
pressures, but it may appear in SCFs. They assumed that the temperature of some layers next
to the heated solid surfaces exceeds the pseudocritical value and thus becomes low-density
fluid (i.e. gas) (Figure 1-2/a), while the bulk-fluid remains high-density fluid due to its
temperature is still under the pseudocritical value. This low-density “gas” may leave the solid
surface in the form of variable density “bubble”. Later they proposed the pseudo-film boiling
too, as a physical phenomenon which may appear in SCFs and similar to film boiling in
subcritical pressures. They assumed that at pseudo-film boiling, the low-density fluid prevents
the high-density fluid to reach (“rewet”) the heated solid surface and this leads to DHT.
Finally, not much success has been reached using pseudo-boiling type models, therefore later

6

it became generally accepted in the scientific community that the convective heat transfer in
SCFs has fundamentally a single-phase fluid nature and the governing equations are the same
as normal (single phase, subcritical) forced convection flows [5]. Additionally, it was found
that the DHT regime is similar phenomenon to the departure from nucleate boiling (DNB) but
less abrupt in nature and thus somehow less dangerous for the facility applying SCW.
The most significant way of scientific investigations on SCFs was the experimental
investigation until the spread of numerical (most importantly CFD) tools in the 2000s. The
majority of the experiments examined hydraulic resistance and heat transfer of different SCFs,
mainly SCW, supercritical CO2 and helium in circular tubes [5]. Only a limited number of
experimental works examined annuli, rectangular shaped channel or rod bundle geometries
which are relevant for nuclear reactor R&D. Furthermore, I have to mention the fact that
experimental investigation of SCFs was, is and probably will be very expensive due to the
needed experienced senior staff, sophisticated measuring techniques and rather expensive
equipment and laboratory background. Therefore, it is likely, that most of the significant
studies (e.g. conducted in rod bundles) are proprietary and thus have not published in
commercial or open literature. This circumstance is a serious obstacle for further R&D of
SCWRs.
1.3 The use of supercritical water as coolant
The applications of SCFs can be classified into two major groups: heat transfer
applications (in heating and cooling processes) and chemical applications. The SCW as
working fluid has been widely used for decades in industrial practice, e.g. during chemical
processes like the supercritical water extraction (SCWE) or SCWO technologies [26] or as a
coolant in supercritical, ultra-supercritical fossil (mainly coal) fired boilers [27], etc. The
technologies of these boilers have been developed in order to increase efficiency of the
pulverised coal power plants (Figure 1-4), reduce the used amount of fuel and emitted
greenhouse gasses (GHGs) and thus make this technology more competitive, cheap, profitable
and environmental friendly. Pulverised coal power plants consist of more than 95% of the
world's coal-fired capacity. The conventional, subcritical type of this technology has around
35% efficiency. Their size can be up to 1000 MWe. They are commercially available
worldwide.

Figure 1-4: Technology scheme of supercritical coal fired power plants [28]

These plants combust the pulverised coal and produce SCW at 500-600°C temperature and
23-27 MPa pressure level, thus a considerably higher efficiency level can be reached: up to
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45% in case of supercritical, and even higher in case of ultra-supercritical plants. The
supercritical fossil fired power plants have been preferred and built in most industrialised
countries for decades, while the technology of ultra-supercritical plants (SCW at 700°C and
up to 30 MPa) remained still in the level of demonstration, e.g. the AD 700 project [29].
These supercritical, ultra-supercritical fossil fired power plants have slightly higher capital
cost (due to the higher requirements for the structural materials (mainly steel) needed to
withstand the higher nominal pressure and temperature) which is more than counterbalanced
by the considerably higher efficiency results in significant cost savings (annually 15-20%) at
fuel (coal) cost during the whole technical lifetime of these plants [28]. Thus, the cost of
supercritical pulverized coal fired power plants is competitive with the cost of subcritical
versions. Moreover, the whole economics is more favourable due to increased efficiency.
With the application of these technologies, emissions of CO2 per MWh electricity delivered to
electric grid could be reduced from 830 kg CO2 to 730 kg CO2 (~12% savings).
During the decades of development of the aforementioned conventional technology, the
SCW has been proposed as a possible coolant for the primary or secondary loops of advanced
nuclear reactors due to its advantageous thermal hydraulic characteristics. In the 1960s and
1970s very intensive research has been accomplished for SCWRs in SU [6], [30], USA [31],
[32], Japan [33] and UK [34]. This very intensive first research phase on SCWRs has been
ended without technical demonstration of this promising technology, and it was followed by a
long pause. In the 1990s, the interest for SCWRs [9] has resuscitated and an extensive second
research phase has been started [35], [36]. As it was previously mentioned, the concepts of
SCWRs are based on the design of present LWRs and the commercial supercritical, ultrasupercritical fossil fired power plants’ technology. Whereas LWRs and supercritical coal fired
boilers are currently in daily use, unfortunately there are unresolved issues the developer
community of SCWRs has to face. There is an essential need for new high temperature
resistant (up to 650°C) structural materials with high mechanical strength [37]. Up to today,
there is no such nuclear grade, licensed structural material available on the market suitable for
use in SCWRs. Unfortunately, there are many other challenges in the field of thermal
hydraulics. E.g. the calculation uncertainty of SCW thermophysical properties [22], [38], the
questionable importance of the hyper-compressibility at supercritical conditions [39], [40], the
significant or rather governing influence of thermophysical properties on heat transfer [25].
The trends and magnitudes of pressure drop in SCWR related geometries under normal
operation characterized by forced convection mostly, with minority of mixed convection and
different accidents (e.g. during Loss of Coolant Accident (LOCA) mostly the conditions of
natural convection are valid) are not completely explored [5] which would be essential for
safety assessment of different SCWR concepts. The physical background of specific heat
transfer regimes, the normal heat transfer (NHT), the enhanced heat transfer (EHT), the DHT
and the onset of heat transfer regeneration (OHTR) is not fully understood as well [25], [32],
[33], [41]. Furthermore, the previously mentioned strongly coupled thermal hydraulics and
neutronics of SCWRs need coupled numerical analysis code systems which are just on the
way of development and are not fully mature.
1.4 The trends of thermophysical properties of SCW
According to the widely accepted hypothesis, the experimentally extensively investigated
thermal hydraulics of SCW [25] around the second order phase change is mainly influenced
by the continuous but strongly nonlinear changes of thermophysical properties [5].
At the critical point, the thermophysical properties show a so-called critical divergence.
The density and dynamic viscosity continuously but steeply decrease (Figure 1-2/a-b) having
the highest absolute value of temperature first derivatives at critical temperature. The isobaric
specific heat and thermal conductivity have a maximum extreme in their temperature
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distribution (Figure 1-2/c-d). This peak in specific heat means that reaching the critical point
is a very difficult task, which needs a huge amount of heat to be supplied to the fluid.
Furthermore, the specific heat has an approximately infinite global maximum extreme at
critical point, and above the critical pressure, the value of these extreme decreases with
increasing pressure (Figure 1-3). In the same time the pseudocritical temperature slightly
increases with increasing supercritical pressure (Figure 1-1). The pressure increment starting
from the critical point causes a smoothening in the distribution of thermophysical properties
(Figure 1-2) or in other words the absolute values of temperature derivatives descend with
increasing pressure.
The distribution of density of SCW shows a strict monotonically decreasing shape (Figure
1-2/a). It means that the temperature first derivatives of density are negative and have a global
minimal or negative extreme at critical, pseudocritical temperatures.
The distribution of dynamic viscosity of SCW (similarly to the density) shows a strict
monotonic descend up to a global minimum point which occurs directly after the
pseudocritical temperature (Figure 1-2/b). Here the temperature first derivatives of dynamic
viscosity change its sign from negative to positive and the dynamic viscosity starts to
moderately increase. It is worth to mention that the highest absolute value of temperature
derivatives of dynamic viscosity occurs at the pseudocritical temperature.
The shape of the distribution of isobaric specific heat has been discussed just above
assisted by Figure 1-2/c. The global extreme in this distribution causes a very interesting
behaviour. While the SCW is heated up to critical, pseudocritical temperature in an
engineering system at a given pressure, more and more heat has to be transmitted into the
fluid due to the increasing trend of isobaric specific heat up to the critical, pseudocritical
temperature (indicated by the high positive temperature first derivatives of specific heat).
Here, the specific heat has its maximum extreme and its temperature first derivative becomes
zero. The temperature second derivative is a high negative value, which means the specific
heat starts to dramatically descend directly after exceeding the critical, pseudocritical
temperature. This descending shape means the higher the temperature the lower the needed
heat amount for 1 unit temperature increment of SCW. Thus, starting the heat-up from a lower
temperature than the critical, pseudocritical value an increasing amount of heat is needed for
each degree of temperature increment up to the critical, pseudocritical temperature. Here, this
trend becomes the opposite and decreasing amount of heat is needed for each further degree
of temperature increment above the pseudocritical temperature.
The distribution of thermal conductivity (Figure 1-2/d) has the most complex shape
among the four discussed thermophysical properties of SCW. It has a maximum extreme (a
peak) within a certain supercritical pressure range. It should be noted that peak in thermal
conductivity may be not corresponding to the pseudocritical temperature [5]. This kind of
peak can be recognized in the trends of other physical properties of SCW (not shown here)
like isentropic compressibility or speed of sound [21], [22]. In the first interval of its
presented distribution (see Figure 1-2/d) the thermal conductivity descends monotonically
(its first temperature derivative is negative) with increasing temperature. Approaching to the
critical, pseudocritical temperature it has a maximum extreme indicated by high positive and
then high negative first temperature derivatives. This maximum extreme is the highest at
critical point and its peak value descends with increasing pressure up to about 25.5 MPa
where this peak vanishes. After the region of this peak the thermal conductivity goes through
the pseudocritical region and descends dramatically while it reaches a global minimum
extreme value. Here the first temperature derivative changes its sign from negative to positive
and the thermal conductivity starts to moderately increase.
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1.5 Potential effect of SCW thermophysical properties on thermal hydraulics in
internal flows near heated solid walls
The flow of SCW in supercritical, ultra-supercritical coal fired power plants or in SCWRs
can be classified as internal flows bounded by unheated and heated solid no-slip walls. The
classical boundary layer theory is assumed to be valid for the flow of SCW. Thickness of
hydraulic and thermal boundary layers approximately equals to each other or they are in the
same order of magnitude in SCW, thus I use “boundary layer” wording hereinafter when
referring on one of them. Thus, the flow can be divided into two main domains in SCW as in
subcritical fluids: the bulk-fluid and boundary layer domain [42]. After investigating the
radial temperature distribution in a cross section of tube flow, it can be found that the highest
temperature occurs at the wall in the thermal boundary layer due to the heating. In SCW it
means that if the wall temperature is around or beyond the pseudocritical temperature and the
bulk-fluid temperature is considerable lower than at the wall then a very strange situation
occurs. The thermophysical properties at the wall reflect a gas-like fluid behaviour (beyond
the pseudocritical transition), which change continuously into a liquid-like fluid behaviour
coming along a radius from the heated wall to the symmetry axis of the tube. This could cause
flow induced corrosion in SCW [43]: the gas-like SCW can dissolve far less gas than the
liquid-like SCW. Thus the dissolved gasses like air, oxygen and hydrogen (created in
radiolysis of SCW in the radioactive core) releases and may enrich in the thermal boundary
layer at the heated solid walls potentially causing flow induced corrosion. This change of
SCW properties in radial direction means significant density difference (lower density at the
wall and higher in the bulk), which could lead to strong buoyancy effect near the heated wall
(mainly in the hydraulic boundary layer). Additionally the steep variation in thermophysical
properties in vicinity of the pseudocritical temperature leads to strong coupling between the
flow and temperature fields and influence the heat transfer by many different ways. After the
development length (which is normally 30÷50 times the L/D) the flow in a tube can be
considered as fully developed flow and the boundary layer as fully developed boundary layer.
In case of SCW, it should be noted, that in a heated tube or sub-channel (SC), the density
continuously decreases in the upstream direction due to the continuous heating and hence the
velocity continuously increases as well. This phenomenon is well known as the acceleration
effect [5]. That is the reason why only quasi-fully developed flow can be identified in SCW
flows bounded by heated walls [20].
1.5.1 Effect of density variation on heat transfer
The nonlinear density variation (Figure 1-2/a) creates very non-uniform distribution of
buoyancy forces in a tube cross section. In previous experimental and numerical researches
for SCW flow in tubes [44], [45] these density variation effects have been confirmed and
described as the buoyancy effect and flow acceleration effect. On one hand, the buoyancy
effect means that stronger buoyance force affects the SCW near the heated solid wall than in
the bulk due to previously mentioned density differences which causes acceleration of SCW
in near wall region relative to the bulk-fluid. On the other hand, acceleration effect means that
the average density of SCW drops while it passes near the heated surface due to continuous
heating thus its average velocity monotonically increases. In particular, large density
differences between the bulk and the boundary layer can change the flow structure (velocity
profile) and affect the turbulence. Under certain conditions, when the heat flux is high enough
the induced density difference can be large enough to change the whole flow structure. The
fully developed turbulent velocity profile (see CS1 in Figure 1-5/b) changes to a so-called Mshape velocity profile (see CS4 and CS5 in Figure 1-5/b) confirmed experimentally [30], [46]
and numerically [47]–[50], too. The M-shape velocity profile was firstly published by Russian
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researchers [30]. It means a velocity profile redistribution which is most significant in the
heated near wall region, as previously described.

Figure 1-5: Measured [6] and calculated [51] distributions of: a., wall (Tw) and bulk-fluid (Tb)
temperature versus specific bulk enthalpy (hb), b., velocity at five cross sections (CS1-CS5) along the
radial coordinate (r) for a mixed convection (MC) DHT case

Turbulence in the flow is maintained by an energy input near the solid wall generated by
shearing due to velocity gradients. If the near wall velocity distribution changes (for example
due to the above mentioned occurrence of M-shape velocity profile) the turbulence and the
turbulent heat transfer (which is a significant portion of overall heat transfer) could be
strongly affected. Past SCW experiments also revealed that turbulent (eddy) viscosity is
reduced when the low-density wall layer becomes thick enough to reduce the shear stress in
the region (near the wall in the boundary layer) where energy is normally fed into turbulence
[44]. Thus, considering nonlinear variation of density during the pseudocritical transition
could be a key factor in the very complex phenomenon of SCW heat transfer in such simple
geometry as straight tube.
1.5.2 Effect of dynamic viscosity variation on heat transfer
The dynamic viscosity descends during the pseudocritical transition as it can be seen in
Figure 1-2/b. It means that the molecular friction between neighbouring fluid particles
weakens and some kind of flow laminarization can be experienced locally near the heated
wall (especially in the viscous sub-layer), which has been confirmed both by experiments [46]
and CFD calculations [47], [52]. In dissipative fluids (viscous and heat conducting like the
SCW) the molecular shear stresses are dependent on the dynamic viscosity and speed of
deformation (velocity gradients) [53]:
𝜏𝑥𝑦 = 𝜇 (

𝜕𝑣𝑦 𝜕𝑣𝑥
+
) = 𝜏𝑦𝑥
𝜕𝑥
𝜕𝑦

Equation 1-1

where “x” is the coordinate axis parallel to the direction of main flow velocity and “y” is the
perpendicular coordinate axis to the wall. At the wall, Equation 1-1 simplifies to:
𝜕𝑣𝑥
𝑣𝑦 ≈ 0 ⟹ 𝜏𝑤 = 𝜇 (
)
𝜕𝑦

Equation 1-2

It means that if the dynamic viscosity descends then the molecular shear stress at the wall
start to decrease, but it could be compensated with the increase of near wall velocity gradients
caused by e.g. the occurrence of M-shaped velocity profile (Figure 1-5/b). The production of
turbulence depends on the velocity gradients (speed of deformation) as well [45], [52], [53]
and this is the reason why the turbulent heat transfer could be strongly affected by the
variation of velocity gradients. Thus the density and dynamic viscosity due to their variation
with temperature influence the overall heat transfer by different ways: the direct effect of
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dynamic viscosity variation through shear stress, the indirect effect of density variation
through the modification of near wall velocity field and turbulence production caused by
strong near wall buoyance effect. After the global minimum point of dynamic viscosity, it
starts to increase with increasing temperature (Figure 1-2/b). It means that molecular friction
gets stronger and possibly the thickness of viscous sub-layer and buffer layer increases. The
thickening of these layers around DHT has been reported in previous studies [45].
1.5.3 Effect of isobaric specific heat variation on heat transfer, thermal diffusivity
The isobaric specific heat has a very strong effect on the heat transfer especially around the
pseudocritical temperature. E.g. it is in Prandtl number (Pr) (Equation 1-3), which
dimensionless number characterizes the ratio of the molecular momentum (ν) and thermal
diffusivity (a):
𝑃𝑟 =

𝜈
𝜈
[−],
=
𝜆
𝑎
𝜌 𝑐𝑝

𝑎=

𝜆 𝑚2
[ ]
𝜌 𝑐𝑝 𝑠

Equation 1-3

Thermal diffusivity of a given fluid quantifies the speed of variation ability of specific
internal energy [54]. Figure 1-6 shows the temperature dependence of thermal diffusivity at
different sub- and supercritical pressures. As it can be seen, the thermal diffusivity has a
discontinuity at the saturation temperature at a sub-critical pressure (Figure 1-6 at p1=20
MPa) and this discontinuity transforms into critical, pseudocritical divergence at the critical,
pseudocritical points (Figure 1-6 at p2 – p10). The thermal diffusivity first increases slightly in
the range of 0 – 175°C and then starts to decrease, reaches its minimum point at certain
temperature (saturation, critical or pseudocritical) then starts to increase very steeply. During
this increasing range, it can reach four-fivefold higher value than the experienced local
maximal value below the critical, pseudocritical temperature (amax in Figure 1-6). This
increasing trend is due to the slightly increasing thermal conductivity, decreasing density and
steeply falling isobaric specific heat (Equation 1-3 and Figure 1-2). Above the critical
pressure, the variation of thermal diffusivity goes in a steep but continuous manner. The speed
of variation ability of specific internal energy shows a descending trend before and reaches its
minimum at the pseudocritical point then strongly increases. Figure 1-6 depicts also that
above the critical point the global minimum value of thermal diffusivity increases with
pressure.

Figure 1-6: Temperature dependence of thermal diffusivity at sub- and supercritical pressures

The necessary heat amount for temperature increment directly before the pseudocritical
point (first part of pseudocritical transition) highly increases and the enthalpy increment
steeply speeds up due to the peak of isobaric specific heat (Figure 1-2/c). In case of constant
heat flux along heated length it causes that the temperature increment slows down. In case of
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a tube flow of SCW (heated through the tube wall) a special situation can occur at low heat
flux when the fluid temperature nears the pseudocritical temperature at the wall: the increment
of wall temperature slows down while the bulk temperature increases because it is far below
the pseudocritical value (here the thermal diffusivity is relatively high). Thus, the difference
of wall and bulk temperature decreases down as well, which could lead to the enhancement of
heat transfer (EHT). The heat transfer can be quantified by the heat transfer coefficient
derived from the Newton’s cooling law (Equation 1-4):
𝛼=

𝑞𝑤
𝜆
𝜕𝑇
𝑊
=−
|𝑤 [ 2 ]
𝑇𝑤 − 𝑇𝑏
𝑇𝑤 − 𝑇𝑏 𝜕𝑟
𝑚 𝐾

Equation 1-4

After the pseudocritical point, this trend turns in the opposite direction. The isobaric
specific heat starts to descend from its peak value while the thermal diffusivity increases. It
means that the necessary amount of heat for a unit temperature increment quickly descends as
well. The enthalpy increment slows down. Remaining at the example mentioned above, if the
heat flux is high enough and the fluid temperature exceeds the pseudocritical value (at the
heated wall) then a very fast temperature increase (practically DHT) at the wall could happen
along a short distance.
1.5.4 Effect of thermal conductivity variation on heat transfer
During heat conduction process the materials can be classified as heat insulator or
conductor: insulator < 0.2 W/m/K < conductor [54]. Bearing this in mind, it is apparent that
when the SCW goes through the pseudocritical transition then the fluid changes its behaviour
from thermal conductor to thermal insulator (Figure 1-2/d). This characteristic property of
SCW foreshadows that the viscous sub-layer of SCW (where the molecular heat conduction
dominates the heat transport) could serve as thermal insulator layer between the heated solid
wall and the bulk of the fluid if the temperature of viscous sub-layer increases above the
pseudocritical temperature [51], [52]. In this case, the heat accumulates in the near wall region
leading to sharp increases in wall temperature and finally could cause deterioration of heat
transfer. A similar accumulation process has been described in a recent study [52]. Shiralkar
and Griffith have found that DHT occurs when the bulk-fluid temperature was below and the
wall temperature above the pseudocritical temperature [55], which means high thermal
conductivity in the bulk and low thermal conductivity at the wall.
1.5.5 Summary on the effect of nonlinear thermophysical property variation
Based on the above detailed theoretical and numerical considerations, it is very reasonable,
that the complete physical understanding of the potential effects of thermophysical properties
of SCW in SCWR relevant geometries would lead a significant advance in R&D of SCWRs.
Nonetheless, except few studies [45], [51], [56]–[58], most CFD research has been focused
only on the overall heat transfer neglecting the complex phenomenon in the boundary layer
caused by the drastic variations of thermophysical properties. Due to recent advances in CFD
technology (being aware of modelling limitations [58]), CFD seems to be a capable tool to
provide thermal hydraulic predictions with greater details for SCWRs than experiments [59].
1.6 The characteristics of thermal hydraulics in SCW
The characteristics of SCW thermal hydraulic is discussed by presented main conclusions
of past experimental, theoretical and numerical studies in this subchapter with such detail
which support the understanding of the further Chapters about my own scientific results.
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1.6.1 Experiments on heat transfer of SCW
More than 500 experiments have been published since the early 1930s devoted to the
thermal hydraulics (the majority examined the heat transfer) of SCFs (mainly SCW) in
various geometries (generally in tube and annulus, rarely in rod bundle).
Glowing red hot spot (wall temperature peak caused by DHT) has been observed on the
outer surface of the heated tube during Shitsman’s experiment [6]. This glowing red hot spot
has appeared at the seventh section (thermocouple) of the heated length at a heat flux of 300
kW/m2 (qw/G=0.938 kJ/kg) and has been described as “faintly glowing red halo about 10 mm
wide”. The maximum wall temperature at the halo was about 510°C. As the heat flux was
raised to 337.21 kW/m2 (qw/G=1.054 kJ/kg), the glowing halo moved to the sixth section. The
brilliance of the halo increased, and the wall temperature reached 555°C. For qw=386 kW/m2
(qw/G=1.207 kJ/kg), the peak value of the wall temperature moved to the fifth section and
reached almost 600°C. At the same time there was an appreciable increase in the temperature
of the neighbouring cross section of the tube. As an explanation, it can be interpreted that the
higher the heat flux the shorter the heated length for reaching the pseudocritical temperature
at the wall. Shortly after the pseudocritical transition DHT occurs and the higher the heat flux
the higher the temperature peak.
A consistent classification of heat transfer regimes in SCW has been elaborated by many
researchers [6], [15], [30], [31], [33], [34], [41], [44] based on their experiments [5]. They
generally used the following experimental procedure: for each test section (fixed geometry)
kept constant all parameters (e.g.: supercritical pressure, mass flux, inlet temperature, average heat
flux along the heated length) except one and measured many steady states at different values of
the varying parameter. During the evaluation, they created figures where the wall and bulkfluid temperature were depicted versus the bulk specific fluid enthalpy (hb) because it is better
than axial length or position due to the possibility of marking the hb = hpc condition. Based on
this general procedure, three different heat transfer regimes (and a regeneration phenomenon)
are identified: the normal, enhanced (in some early work it was called as “improved”) and
deteriorated heat transfer which can be seen (Figure 1-7) for upward flow of SCW measured
in straight smooth-bare vertically installed tube with 9.4 mm inner diameter [31].

Figure 1-7: Experimental results of: a., HTC (α) versus hb, b., Tw versus hb for different heat transfer
regimes: EHT (630 kW/m2), NHT (787 and 945 kW/m2) and DHT (1260 kW/m2), [31]

As it can be seen the higher the heat flux (varying parameter) the lower the HTC. In case
of smaller heat flux (630 kW/m2) the temperature difference between the wall and bulk-fluid
decreases (Figure 1-7/b) which means enhancement in heat transfer (EHT) compared to the
other cases (Figure 1-7). Around the pseudocritical transition in the bulk (when hb=hpc), heat
transfer enhancement occurs in HTC (Figure 1-7/a) for EHT case (630 kW/m2). An
approximately constant temperature difference can be seen between the wall and bulk-fluid
temperature (Figure 1-7/b) after the developing length of thermal boundary layer in case of
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NHT (787 and 945 kW/m2) which leads to a lower HTC than at EHT but it is still relatively
high compared to the last, DHT case (Figure 1-7/a). At such high heat flux than 1260 kW/m2
the heat transfer deteriorates before the pseudocritical transition (before the conditions of
hb=hpc) and after a certain length it recovers and the onset of heat transfer regeneration
(OHTR) occurs (Figure 1-7).
The high local HTC peaks in EHT cases have been recorded slightly before the
pseudocritical bulk enthalpy [33]. If the wall heat flux increases, the peak of HTC descends
and moves away from the value of hpc towards lower hb. Later, this characteristic feature has
been reproduced by CFD calculations {2}, [52]. This EHT peak of HTC is probably caused
by the peak of isobaric specific heat around the pseudocritical transition at cases of low
thermal load [5].
1.6.2 Criteria for the onset of deterioration of heat transfer
After the identified heat transfer regimes became well confirmed experimentally and thus
accepted, the new investigations have focused on the setting up of a clear criterion for the
onset of DHT. Unfortunately it has been done without the elaboration of a clear definition of
DHT, although there were some attempts at the matter. E.g. Yamagata and his fellows
suggested the following DHT definition [33]:
𝛼 < 0.3 𝛼𝑁𝐻𝑇 [

𝑊
]
𝑚2 𝐾

Equation 1-5

αNHT means that the HTC is calculated by the Dittus-Boelter correlation [54] which is
unable to predict DHT. If HTC is smaller than 30% of the αNHT (calculated as it would be
under NHT conditions) than it must be considered as DHT occurs in the measured case. This
definition is not widely accepted or used in the literature [61] despite it is clear and logical.
Thus the community is still a debtor with a generally used definition of DHT.
Many experimental studies tried to identify the conditions which leads to DHT [6], [30],
[33]. These studies were theoretically based on the assumption that the released heat goes
fully through the inner surface of heated tube wall (left hand side of Equation 1-6) and it is
absorbed fully by the coolant SCW (right hand side of Equation 1-6). Two main parameters
(the heat and mass flux) are in Equation 1-6 while all others are geometric parameters or the
overall warming up of the fluid as a result. Thus this equation was reformulated in order to set
up the ratio of heat and mass flux (or thermal load, Equation 1-7):
𝐷2𝜋
) (ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛 ) [𝑊]
4

Equation 1-6

𝑞𝑤
𝐷
𝐽
=(
) (ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛 ) = 𝑓(𝑔𝑒𝑜𝑚. , 𝑤𝑎𝑟𝑚 − 𝑢𝑝) [ ]
𝐺
4 𝐿ℎ
𝑘𝑔

Equation 1-7

𝑞𝑤 (𝐷 𝜋 𝐿ℎ ) = 𝐺 (

Many experimental works were devoted to find the proper critical values under different
parameters for the right hand side of Equation 1-7 in order to define proper thermal load
condition for DHT. This joint work lead to the establishment of a well-accepted DHT
criterion [5].The criterion says that if the thermal load is beyond the critical value (Equation
1-8 and Equation 1-9) then DHT occurs which leads to a relatively low HTC locally and a
(generally global) peak in wall temperature (Figure 1-7).
𝑞𝑤
𝑘𝐽
≥ 0.95 − 1.05 [ ] 𝑓𝑜𝑟 𝑠𝑡𝑎𝑏𝑙𝑒 𝑓𝑙𝑜𝑤𝑠
𝐺
𝑘𝑔

Equation 1-8

𝑞𝑤
𝑘𝐽
≥ 0.68 − 0.9 [ ] 𝑓𝑜𝑟 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑛𝑔 𝑓𝑙𝑜𝑤𝑠
𝐺
𝑘𝑔

Equation 1-9

15

Different critical values (or rather critical ranges) were identified for thermal hydraulically
stable and oscillatory flows [5]. In stable flows about one is the critical value of thermal load,
while it is significantly lower (0.68-0.9 kJ/kg) for oscillatory flows. It means that thermal
hydraulic oscillations (e.g. in pressure at the end of heated section or at outlet) improve the
ability of heat transfer to become deteriorated.
The turbulence improved by different devices can enhance the HTC. That was the reason
why the application of ribs, different spacers (like the wrapped wire spacer [62] proposed for
HPLWR) which can improve the turbulence was examined experimentally as well [5]. The
main goals of these measurements were to find the effective ways to enhance the heat transfer
and to delay or avoid DHT in SCW. In general, it was concluded that the various turbulenceenhancing devices improve the HTC in SCW up to several times compared to the values
measured in bare tubes. The application of these devices avoids or significantly delays the
DHT regime in circular flow geometry (like tube or annulus). It must be noted that
unfortunately this issue has not been examined in such SCWR relevant geometries like rod
bundle [25]. However, it is very likely that the HTC can be enhanced by the above mentioned
devices in rod bundles as well.
Physically it is not fully understood how and why the heat transfer regimes change from
EHT to NHT, from NHT to DHT, and why the OHTR occurs after DHT. In the literatures,
there are several explanations and debates for the mechanism of DHT. They indicated that
DHT can be caused by rapid variation of thermophysical properties, acceleration, buoyancy
effect, flow laminarization or combination of these phenomena [56], [63], [64]. In a
frequently referred work [49] detailed CFD calculations were used to investigate the influence
of buoyancy and thermophysical properties variations on heat transfer of SCW. It was found
that the influence of buoyancy forces on initiation of DHT is significant at low mass flow
rates. However, the designated mass flow for SCWR is high enough (~1500 kg/m2/s) to
neglect the buoyancy force. At high mass flow rates, a low-conducting layer close to the
heated wall is created due to the variation of thermal conductivity (Figure 1-2/d) and this
layer acts as a thermal barrier causing the onset of DHT [49]. This work shows the potential
of CFD technique in order to deepen our understanding on SCW thermal hydraulics.
1.6.3 Criteria for the types of convection
Significant influence of buoyancy on the heat transfer in wide parameter range has been
reported in the SCW literature [25], [33]. That is the reason why it is essentially important to
know what kind of convection occurs at a heat transfer case in SCW: natural convection (NC)
where the buoyance provides the circulation thus fully governs the flow, mixed convection
(MC) where the buoyance may has an important impact on the heat transfer but a pump
circulate the flow, or forced convection (FC) where a pump provides the strong circulation of
flow and the buoyance and its effect on heat transfer can be neglected.
It is foreseen based on theoretical considerations and experiments [5] that there must be an
important difference in the influence of buoyance on heat transfer depending on the flow
direction of SCW. In case of downward flow, the buoyance slows down the SCW near the
heated wall, while in case of upward flow it accelerates the SCW in the boundary layer due to
the directions of main flow and the buoyance force coincides. This difference is well
illustrated by Figure 1-8 from McEligot and Jackson’s paper [65] (Figure 1-8).
Jackson and his fellows used a dimensionless buoyance number (Bo*) as independent
variable in order to depict the ratio of buoyance affected Nusselt number (Nu) and Nu in case
of FC where buoyance neglected [65]. In downward flow of SCW, the buoyance has a
positive impact on heat transfer (e.g. HTC is higher or equal to the HTC in FC case), while it
is on the contrary for upward flow. As the Bo* increases, the buoyance influence strengthens
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and from Bo* = 6 10-6 it must be taken into consideration. In the practise a simpler criterion
was needed for buoyance effect.

Figure 1-8: Effect of buoyance on convective heat transfer for fully-developed flow in vertical
circular tubes [65]–[67]

Jackson and Hall have investigated exhaustively this issue [68] and have specified a widely
received criterion (Equation 1-10) using the ratio of Grashof (Gr) and Reynolds (Re)
dimensionless numbers in order to decide on the influence of buoyancy:
FC:

𝐆𝐫
𝐑𝐞𝟐.𝟕

< 10−5 , MC:

𝐆𝐫
𝐑𝐞𝟐.𝟕

> 10−5 , NC:

𝐆𝐫
𝐑𝐞𝟐.𝟕

> 10−3 ,

Equation 1-10

(𝜌𝑏 − 𝜌̅ )𝐷 3 𝑔
[−]
𝜌𝑏 𝜈 2

Equation 1-11

𝑇𝑤
1
𝑘𝐽
𝜌̅ =
∫ 𝜌𝑑𝑇 [ ]
𝑇𝑤 − 𝑇𝑏 𝑇𝑏
𝑘𝑔

Equation 1-12

Gr and Re is defined as follows:
𝐺𝑟 =

𝑅𝑒 =

𝐺𝐷
[−]
𝜇

Equation 1-13

1.6.4 Heat transfer correlations for SCW
It can be concluded based on three previous subchapters that heat transfer in SCW is a
complex phenomenon. That is the reason why fully adequate analytical approaches have not
yet been elaborated due to the problems related to the handling of steep thermophysical
property variations in turbulent SCW flows at different thermal load conditions. Semitheoretical half-empirical generalized correlations of Nu based on measured data were used
instead for predicting HTC in SCW flows [25]. The first Nu correlation which was later used
to predict heat transfer under supercritical conditions was proposed by McAdams [69].
His correlation was based on the Dittus-Boelter correlation in the following form:
𝑁𝑢𝑏 = 0.0243 𝑅𝑒𝑏0.8 𝑃𝑟𝑏0.4 [−]

Equation 1-14

This correlation showed contradictory performance at different ranges of main flow
parameters. Equation 1-14 predicted well experimental data of SCW flowing inside circular
tubes at different pressures and low thermal loads according to past studies [25]. However, it
provided unrealistic predictions in other parameter ranges, especially in DHT cases or near
the critical and pseudocritical points due to its sensitivity on variation of thermophysical
properties. Nevertheless, this correlation became the base of further development on Nu
correlation for SCW heat transfer [5].
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The general form of such kind of correlations can be seen in
Equation 1-15. It turned out that the application of averaged isobaric specific heat (𝑐̅𝑝 ) in
these correlations gives better results.
𝑁𝑢𝑡,𝑥 =

𝑚
𝐶1 𝑅𝑒𝑡,𝑥1

𝑚
𝑃𝑟𝑡,𝑥2

𝑚

6
𝐷ℎ𝑦 𝑚7
𝜌𝑡 𝑚3 𝜇𝑡 𝑚4 𝜆𝑡 𝑚5 𝑐̅𝑝
( ) ( ) ( ) ( ) (1 + 𝐶2
)
𝜌𝑡 𝑥 𝜇𝑡 𝑥 𝜆𝑡 𝑥 𝑐𝑝,𝑡 𝑥
𝐿ℎ

Equation 1-15

The extensive comparison of different Nu correlations revealed that many of them can be
used to provide preliminary estimation for heat transfer of SCW in tube and bundle
geometries [5], [68], [70]. However, there is no correlation published which can predict the
DHT. It is a very critical flaw of this kind of correlations which must be solved by the
application of a more consistent experimental approach in order to support the future SCWRs.
1.6.5 Experiments on hydraulic resistance in SCW and lessons learnt
Only a few experimental works have been devoted to investigate the hydraulic resistance
of SCW under forced or mixed convection conditions flowing in tubes [5]. To my best
knowledge, our experiment on ANCARA loop was the first which investigated the hydraulic
resistance of natural circulation of SCW in HPLWR relevant geometry and conditions {3}.
Thus, our experimental work could provide valuable reference of measured data e.g. for
designing passive residual heat removal and other safety systems for SCWRs.
In general, the total pressure drop (Δptot) was measured along the length of test sections of
the facility in the past experiments. Based on the recorded total pressure drop its components
have been calculated. The total pressure drop can be calculated according to
Equation 1-16 using the forced convection approach [5]:
Δ𝑝𝑡𝑜𝑡 = ∑ Δ𝑝𝑓𝑟𝑖 + ∑ Δ𝑝𝑙 + ∑ Δ𝑝𝑎𝑐 + ∑ Δ𝑝𝑔 [Pa]

Equation 1-16

In the following, the four components of the total pressure drop (see at the right hand side
in
Equation 1-16) are presented with their definition.
Δpfri is the pressure drop due to frictional resistance, which can be defined as:
Δ𝑝𝑓𝑟𝑖 = (𝜉𝑓𝑟

𝐻 𝜌𝑣 2
𝐻 𝐺2
) = (𝜉𝑓𝑟
) [Pa]
𝐷 2
𝐷 2𝜌

Equation 1-17

ξfr is the frictional coefficient which depends on many factors (Equation 1-17): e.g. the
flow pattern itself, the quality of the solid surface bounding the flow, the fluid of the flow, etc.
It can be estimated by appropriate correlations for different flow geometries or calculated by
experimental results.
𝜉𝑓𝑟 = 𝑓(𝑅𝑎 , 𝜇, 𝑒𝑡𝑐. ) [−]

Equation 1-18

Δpl is the pressure drop due to local flow obstruction, which is defined as:
Δ𝑝𝑙 = 𝜉𝑙

𝜌𝑣 2
𝐺2
[Pa]
= 𝜉𝑙
2
2𝜌

Equation 1-19

This Δpl component of the total pressure drop was neglected in most of the past
experiments [5]. This was valid for our experiment on the ANCARA loop too, because the
test section of our loop was a vertically installed, straight tube without any local flow
obstruction effect within the measured sections {3}.
Δpac is the pressure drop due to acceleration of flow defined as:
1
1
Δ𝑝𝑎𝑐 = (𝜌𝑜𝑢𝑡 𝑣𝑜𝑢𝑡 2 − 𝜌𝑖𝑛 𝑣𝑖𝑛 2 ) = 𝐺 2 (
−
) [Pa]
𝜌𝑜𝑢𝑡 𝜌𝑖𝑛

Equation 1-20
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Last but not least, Δpg is the pressure drop due to gravity (also called as hydrostatic
pressure drop) defined generally as:
ℎ𝑜𝑢𝑡 𝜌𝑜𝑢𝑡 + ℎ𝑖𝑛 𝜌𝑖𝑛
Δ𝑝𝑔 = ±𝑔 (
) 𝐿 𝑠𝑖𝑛𝜃 [Pa]
ℎ𝑜𝑢𝑡 + ℎ𝑖𝑛

Equation 1-21

The majority of the test sections for examination of hydraulic resistant were smooth
channels (mainly straight tubes). That is the reason why the pressure drop component due to
local flow obstruction was neglected (it was practically zero). The remaining three
components, the pressure drop due to frictional resistance, due to gravity and acceleration of
flow have been examined. It is worth to note, that improperly in many studies, the pressure
drop due to acceleration of flow and due to gravity were neglected. Nonetheless, it was found
that the pressure drop due to acceleration of flow is the most significant component if the
critical or pseudocritical region falls within the heated length of the test section in FC of SCW
[5]. It was explained by the significant variation of density of SCW within the section where
pseudocritical transition occurs. The pressure drop due to gravity was found the most
significant at the vertically oriented test sections but it was zero in case of horizontal test
sections in FC of SCW. It was noted that neglecting the pressure drop due to acceleration of
flow and due to gravity may lead to overestimation of the pressure drop component due to
frictional resistance and its coefficient [5]. The main objectives for pressure drop due to
frictional resistance were the calculation of frictional coefficient and compare its value with
the same coefficient of isothermal flow (Figure 1-9).

Figure 1-9: Effect of bulk-fluid enthalpy on ratios μb/μw and ξfr/ξfr.iso [5], [71]

Tarasova and Leont’ev [71] found that a decrease in the value of ξfr/ξfr.iso coincides with an
increase in the value of μb/μw (Figure 1-9). It means that the frictional resistance moderates
locally. They reported that most significant changes in the values of these ratios correspond to
the pseudocritical region (however, it seems that they did not take into consideration the
pressure drop due to acceleration of flow which could fake their conclusions). This finding is
similar to that which was recorded at subcritical pressures [5]. Kondrat’ev [72] conducted
experiments in horizontally installed tube within a wide range of flow conditions to examine
the pressure drop. He found that the most significant variation in the value of frictional
coefficient was recognized within the pseudocritical region (Figure 1-10). He took into
consideration the pressure drop due to acceleration of flow at the calculation of pressure drop
due to frictional resistance and the frictional coefficient. This result confirms Tarasova and
Leont’ev’s conclusion on decreasing frictional resistance at pseudocritical transition. Ishigai
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[73] found that measured pressure drop due to frictional resistance were lower than calculated
values of subcritical pressure drop correlations for frictional resistance.

Figure 1-10: Effect of bulk-fluid temperature on frictional resistance coefficient [5], [72]

Razumovskiy [74] performed experiments in vertically installed tube geometries within a
wide range of flow conditions. He took into consideration the pressure drop due to
acceleration of flow during the calculation of total pressure drop. He found that the pressure
drop due to acceleration of flow has a dominant share in the total pressure drop for high
values of thermal load (qw/G) ratio (Figure 1-11). These results confirm the previously
presented findings: the total pressure drop increase with thermal load due to increasing
pressure drop due to acceleration of flow while the pressure drop due to frictional resistance
moderates.

Figure 1-11: Total pressure drop and pressure drop due to frictional resistance [5], [74]

Unfortunately, there is no such experiment aimed the examination of hydraulic resistance
in natural convection which was conducted in relevant geometry of current SCWR concepts
designs. Thus, this kind of experimental work is still needed in order to develop suitable
safety systems to handle accidents where natural convection often occurs.
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1.7 The seven SCWR concepts
Despite the before-mentioned many challenges, seven different SCWR concepts have been
elaborated in different details over the last 30 years from the general SCWR layout (Figure
1-12). The main parameters of the seven SCWR concepts can be seen in Table 1-1 [75].
Basically the SCWR is a supercritical pressure and high temperature light water-cooled
reactor. The seven concepts differ substantially from each other. The SCWR reactors can have
fast or thermal-neutron spectrum, depending on the proposed core design. Unlike current
water-cooled fossil fired boilers and reactors, the thermal hydraulics of SCW and the heat
generation in the fuel of SCWRs are rather strongly coupled through the reactivity
coefficients of moderator and fuel temperature. This circumstance makes more complex the
core design, the safety concept, the instrumentation and control, etc. of SCWRs. The SCW
experiences a significantly higher enthalpy rise in the core of SCWRs than the coolant in
current water-cooled reactors, which reduces the needed magnitude of core mass flow rate for
a given thermal power and in the same time increases the outlet enthalpy of the SCWR core
up to superheated conditions (Figure 1-1). The direct, once through trans-critical fluid cycle
has been proposed to SCWR, eliminating any coolant recirculation inside the reactor itself for
both pressure vessel and pressure-tube designs (Figure 1-12). It means that the superheated
gas-like SCW will be provided directly to the high pressure turbine while the feed water from
the condenser will be provided back to reactor core like in a BWR. The SCWR concepts
integrate the operation and design experiences collected by hundreds of LWRs with the
gained experiences from hundreds of fossil fired supercritical and ultra-supercritical boilers
operated with SCW. That is the reason why, the SCWR can be developed from current LWRs
in contrast to some other Generation IV nuclear systems.

Figure 1-12: The general layout of the SCWR from GIF website [76]

The Canadian Nuclear Laboratories (CNL) proposed the only pressure tube type and heavy
water moderated SCWR concept called CANDU SCWR [77], which is a fusion of the design
of CANDU type reactors and the idea of SCWRs. It has significantly higher inlet and outlet
temperatures than the others (Table 1-1) and a thermal neutron spectrum controlled by
horizontal control rods (Figure 1-13). The planned fuel of it is Pu-Th [75].
China has two light water moderated pressure vessel type concepts [75]: one with thermal
[78] and one with mixed neutron spectrum [79]. Their thermal power significantly differs
from each other, while their planed fuel is UO2 and UO2/MOX respectively (Table 1-1).
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Table 1-1: The main parameters of the seven SCWR concepts [75]
Canada
China
EU
Japan

Country:
Type:
Spectrum:
pnom [MPa]:
Tin [°C]:
Tout [°C]
Pth [MW]:
Efficiency:
Active core height [m]:
Fuel type:
Moderator:
# of flow passes:

PT
Thermal
25
350
625
2540
48
5
Pu-Th (UO2)
D2O
1

PV
Thermal
25
280
500
2300
43
3
UO2
H2O
2

PV
Mixed
25
280
510
3800
44
4.5
UO2/MOX
H2O/2

PV
Thermal
25
280
500
2300
43.5
4.2
UO2
H2O
3

PV
Thermal
25
290
560
3794
46
4.2
UO2
H2O
1/2

PV
Fast
25
280
501
1602
44
2.4
MOX
-/ZrH
1/2

Russia
PV
Fast
24.5
290
540
3830
45
4.07
MOX
1/2

The European Union has funded three projects in the last two decades in order to enable
the elaboration of a European SCWR concept, the HPLWR [62]. It is a pressure vessel type
concept with thermal neutron spectrum and light water moderation. Its specialty is the
complex, three pass core (Table 1-1).
Japan has two different pressure vessel concepts: one with thermal [80] and one with fast
neutron spectrum [81]. The first has more than double thermal power, controlled from blow
and uses UO2 fuel while the second, fast reactor concept has a smaller reactor and MOX fuel
(Table 1-1).
The Russian Federation has only one pressure vessel type fast neutron spectrum (no
moderator needed) SCWR concept called SuperWWER [82]. It has the biggest thermal power
and lowest nominal pressure among the seven concepts (Table 1-1).

Figure 1-13: The general layout of pressure tube type CANDU SCWR concept [75]

1.8 The European HPLWR concept
Due to SCW is the state of the art coolant for widely spread, modern and economically
competitive coal fired power plants in Europe as well as elsewhere in the world, the European
nuclear community has recognized the potential possibilities in the again popular SCWR
technology in the late 1990s. Five European research institutes and two industrial partners
formed a consortium [83] in order to explore the potential advantages and design features of
the Japanese SCWR concept proposed by Oka [36] and to identify the major issues for future
development of a European SCWR concept. This consortium successfully proposed a first,
two years long project to the European Commission (EC) in 2000. It was named as “High
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Performance Light Water Reactor (HPLWR)” in order to avoid the wording “supercritical”
which would have been misunderstood in the field of nuclear reactors due to it is still critical
reactor neutronically [62]. The project team has taken advices from Oka whose employer
(University of Tokyo) has been contributed to the project as external partner. The main results
of the project were preliminary selection for the scale, core and fuel assembly design,
boundary conditions, RPV, containment, turbine and balance of plant design of HPLWR [84].
Furthermore, candidate materials for SCWRs were reviewed and selected for near future tests,
and numerical codes for safety analyses were selected for development in order to enable
them to model SCWRs.
Meanwhile the SCWR has been selected as one of the six nuclear energy systems of GIF
[75], thus the resources for SCWR R&D enlarged and the SCWR became popular among
nuclear research organizations and in the nuclear industry worldwide. As a prompt results
researches started in many countries next to Europe and Japan: in USA, in Canada, in South
Korea and finally in China and Russia. In 2006, a system arrangement for international R&D
of SCWRs was signed by Canada, Japan and the European Atomic Energy Community
(Euratom)2.
These above mentioned positive developments opened new perspective of long term
collaboration, therefore the European consortium of HPLWR project compiled a roadmap for
R&D of HPLWR [85] in 2003. Based on the roadmap, a second project on R&D of HPLWR
was successfully proposed to the EC by the consortium. The goal of this second project was to
elaborate in greater detail the HPLWR and the surrounding power plant in order to assess
future potential, based on the preliminary concept developed in the first project phase. The
name of this second project was “HPLWR Phase 2” and it was accompanied by three
programs: two technical on material (structural material testing and water chemistry) and
thermal hydraulics and one not technical on education and training. It was finally started in
September 2006 for a duration of 3.5 years financially supported by the EC [86]. The design
work was performed in three phases (1 year each). The first year was about review, mid-term
assessment and modification of the results of first project then the design was frozen for the
second year. Thus, the frozen design was analysed in the second year, while the third year was
left for a second design iteration by the outcome of second year (some repeated analyses were
included). The remaining half year was dedicated to summary, publication and documentation
of results and reporting. The mentioned design activities consisted of core and reactor design,
optimization on safety systems and power conversion cycle components, neutronic, thermal
hydraulic, structural and system analyses for both steady state and transient conditions. The
technical programs have been focused on SCW heat transfer in the core of HPLWR, testing of
candidate structural materials for fuel rod cladding and on the elaboration of suitable water
chemistry for HPLWR. The state of the design reached by the end of the project should not be
viewed as final. It was considered to be detailed enough to assess the design by the criteria
proposed by GIF [35].
As a reasonable next step after the two HPLWR projects, the consortium proposed a socalled “fuel qualification test” of a small scale rod bundle (based on current fuel assembly
design of HPLWR) placed in a research reactor under typical SCWR conditions. The aim of
this proposal is to demonstrate the operability of HPLWR FA and to provide experimental
data for the European and other SCWR concepts. The proposal won financial support from
the EC, and the project was named as “Supercritical Water Reactor—Fuel Qualification Test”
(SCWR-FQT). The scope of this third project was to elaborate the design and licensing of an
experimental facility for the fuel qualification test, including the small scale rod bundle of
four nuclear fuel rods (HPLWR design), the coolant loop with SCW, safety and auxiliary
2

It was created in 1957 to further European integration and tackle energy shortages through peaceful use of
nuclear energy. Nowadays, it has the same members as European Union (EU).

23

systems [87]. The most important part of the experimental facility is the so-called active
channel which includes the small scale rod bundle. This active channel intended to be placed
into the LVR-15 research reactor of CVR research institute located in Rez, in Czech Republic.
Once it will be installed, the SCWR-FQT will be the first in kind facility which uses nuclear
fuel and cooled by SCW. The expected outcome of this facility is to demonstrate the
functionality of HPLWR fuel assembly design, the effective cooling and mixing effect caused
by the wrapped wire spacer, mechanical strength and corrosion resistance of structural
materials selected for the cladding of fuel rods and for other internals of HPLWR core.
1.8.1 Latest core and fuel assembly design of HPLWR
The cores of SCWRs can have thermal or fast neutron spectrum. The HPLWR has thermal
spectrum which means it requires more SCW as moderator as in SCWRs with fast spectrum
due to the SCW beyond pseudocritical transition has too low density, thus too weak
moderation ability. This issue was solved by the inclusion of high density “water rods” inside
each fuel assembly and in all gaps between fuel assemblies in the core proposed by Oka and
his fellows [88]. On one hand this solved the moderation issue but on the other hand it made
the design of HPLWR fuel assembly and core far more complex compared to LWRs. The
targeted net electrical power of HPLWR is 1000 MWe at 44% planed net efficiency which
means 2300 MWth thermal power. The optimal core inlet temperature of SCW is 280°C while
the targeted core outlet temperature was defined as 500°C which can be view as a rather low
value for a once through transcritical stem cycle with single reheat compared to current
supercritical fossil fired power plants, but despite this it is challenging to withstand for
currently available, nuclear grade fuel cladding structural materials. The peak temperature
limit of these materials was set to 630°C in case of HPLWR. This temperature is challenging
for oxidation, corrosion protection, creep strength and resistance to stress corrosion cracking.
The limit for liner power was selected to 39 kW/m (under nominal conditions), which
keeps the fuel centreline temperature below a suitable value. The planed burn up of fuel is 60
MWd/tHM. Boron acid cannot be used in order to compensate the excess reactivity from the
beginning of burn-up cycle due to HPLWR has direct cycle (it means that the RPV and
turbines, condensers, etc. (which are more than sensitive to acidity) belong to the same closed
loop) like BWRs. Burnable solid neutron absorbers like gadolinium (Gd) were proposed
instead. The nominal core inlet pressure is 25 MPa in order to keep some margin from the
critical pressure. Based on the above mentioned thermal power and temperatures the required
mass low rate of SCW is 1179 kg/s. Not only the above listed nominal pressure, core outlet
temperature, etc. are different compared to current LWRs, but the coolant enthalpy rise within
the RPV too: it is about eight times bigger than in PWRs [62]. The latest fuel assembly design
of HPLWR can be seen in Figure 1-14/a. It was the origin of the thermal core design. As it
can be seen, it consists of 40 fuel rods (with 8 mm outer diameter) in a 7×7 lattice (its pitch is
9.44 mm, which means a 1.44 mm wide gap between two rods) with a 3×3 hole in the middle
in order to host a water rod in the so-called moderator channel box. These parts are
surrounded by a fuel assembly box made from a honeycomb structure (Figure 1-14/b). One
wire with 1.44 mm diameter as spacer is planned to be wrapped around each fuel rod (Figure
1-14/c). This whole forms one fuel assembly and nine fuel assembly form a fuel cluster which
has a common head and foot piece in order to enable easy handling (Figure 1-15) in the core
(Figure 1-16). Five control rods can run from the top into five of the nine moderator channels
of a cluster, as it can be seen in Figure 1-14/b and Figure 1-15 [62].
A total hot channel factor of 2 was assumed between the maximum and average coolant
heat-up which results in a peak coolant temperature of 1200°C. It is far beyond the target bulk
temperature limit of HPLWR. That is the reason why, the strategy of supercritical fossil fired
power plants has been adopted: the method of multiple heat-up steps with enhanced coolant

24

mixing between each two steps in order to prevent hot spots on fuel rod walls [89]. The first,
very moderate heat-up step – which is comparable to the economizer in a supercritical fossil
fired boiler – occurs in the downward flow of SCW within the moderator channel boxes and
upward flow within gaps between fuel assemblies. The second heat-up step takes place in the
middle, Evaporator part (1st pass, formed by 52 clusters) of HPLWR core (Figure 1-16)
where the SCW flows upward. The SCW goes through the pseudocritical transition from
liquid-like to gas-like fluid state in the Evaporator.

Figure 1-14: a., The latest fuel assembly design of HPLWR, b., The honeycomb structure of box
walls, c., The application of wrapped wire spacers [62]

Figure 1-15: Design of assembly cluster with head and foot pieces [62]

Figure 1-16: The three pass core of HPLWR [62]
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This step is followed by intensive coolant mixing in a huge so-called upper mixing
chamber above the core (Figure 1-17). The SCW turns in the upper chamber and flows
downward in the fuel assemblies of Superheater 1 (2nd pass, formed by another 52 clusters,
third heat-up step). There is a lower mixing chamber at the bottom of the core (Figure 1-17),
where the SCW mixes again and turns upward once again. The final heat-up step occurs in the
Superheater 2 (3rd pass, formed by the last 52 clusters) where the bulk SCW reaches the
planned 500°C outlet temperature. Based on latest design, the thermal power ratio of the three
passes is around 4:2:1 in order to reach the same peak coolant temperature in each passes.

Figure 1-17: Schematic sketch of coolant flow path in the HPLWR core: blue arrows indicate SCW in
moderator, red arrows indicate SCW in coolant role [62]

The flow path in the RPV is the following (Figure 1-17). 50-50% of the total coolant
amount is supplied into the downcomer of the RPV and toward the moderator channel boxes
through the window elements of fuel assembly head pieces (Figure 1-15). The first half when
reaches the bottom of moderator channel boxes turns upward (through the foot pieces of fuel
assemblies) and flows between the boxes of fuel assemblies. Up at the top of the core, it is
collected in order the flow through and cools the radial reflectors by its downward flow. At
the bottom of the core it mixes with the other 50% in the core inlet chamber (Figure 1-17).
More key design data of this core and fuel assembly concepts can be found in Annex 1.
Based on the above presented details, it is obvious that the latest core and fuel assembly
design of HPLWR is more complex than that of current LWRs.
1.8.2 The test section of SCWR-FQT
Due to I have performed an extensive CFD analysis on the test section of SCWR-FQT and
thus the main conclusions of that study are presented in the following, a short introduction of
this facility has been given below in more details. The SCWR-FQT experimental facility was
designed for the purpose to test the feasibility of HPLWR fuel assembly design and
demonstrate its operability. As it was mentioned before, the active channel (which contains
the test section) will substitute one fuel assembly in the LVR-15 reactor [87]. LVR-15 is a
light water cooled research reactor used for material research. Its thermal power is 10 MWth.
All other modules of this facility will be installed in a neighbouring building of the reactor
hall of LVR-15 [90]. The active channel and all other modules will be connected through a
radiological shielded channel. The SCWR-FQT facility has three loops: a primary, a
secondary and a third loop. The SCW flows in the primary loop and cools the four nuclear
fuel rods placed in the bottom part of active channel. The active channel includes the inner
part of the primary loop located inside the LVR-15. The active channel has a rectangular
shaped outside spacer in order to fit into the structure of the reactor core (Figure 1-18/a-b).
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Figure 1-18: a., Schematic drawing of active channel with the directions of coolant flows, b., Cross
cut of active channel at the level of rod bundle [90]

The active channel has been made by a pipe-in-pipe design and consists of four passes of
SCW flow (Figure 1-18/a). The SCW flows into the active channel at its head (Figure
1-18/a) with 300°C nominal inlet temperature, 25 MPa nominal pressure and 0.253 kg/s mass
flow rate (basic design parameters of the SCWR-FQT test section [87]). Directly after the
inlet, the SCW coolant flows downward between two tubes: the pressure tube and outer guide
tube. When the SCW reaches the bottom of the pressure tube, it turns back and flows upward
between the outer and inner guide tubes. At the height of recuperator head, the SCW flows
into the recuperator shell side through four windows and after that it flows downward again
between the recuperator pipes and inner guide tube. The full height of the counter-current type
recuperator is 4.2 m. The SCW warms up significantly in the shell side of the recuperator due
to heat transport through the walls of recuperator pipes. This heating-up and the gammaheating are the source of the preheating within the active channel. When the SCW reaches the
bottom of recuperator, it leaves the shell side and flows further downward between the box of
rod bundle and inner guide tube. At the bottom of the inner guide tube, the coolant turns again
and flows upward through the test section which consists of the rod bundle of four nuclear
fuel rods. The full height of the test section and the heated length of fuel rods are 680 mm and
600 mm respectively. Four fuel rods with 7 mm inner and 8 mm outer diameters have 64 kW
thermal power with bottom peaked axial profile [91]. The SCW leaves the test section with an
average bulk temperature of 383°C. Then it enters the recuperator pipes where it cools down
significantly due to the above mentioned heat transport through the walls of recuperator pipes.
When the SCW reaches the head of recuperator, it leaves the recuperator pipes and flows into
the cooler section. Here, U-type cooler pipes are placed. The SCW of secondary loop flows
inside the cooler pipes and cools down the SCW coolant in the primary loop. Downstream to
the cooler section the primary coolant leaves the head of active channel (Figure 1-18/a).
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2. Validations of the CFX models for SCW flows
The main aim of my doctoral research was to assess the usability of commercial CFD
codes (e.g. ANSYS CFX) in the field of SCW thermal hydraulics in order to contribute to the
discovery of not fully understood aspects of SCW thermal hydraulics and to cooperate to the
development of SCWR concepts. The literature review revealed that the practically relevant
SCW flows have too high Reynolds number and thus they cannot be investigated with Direct
Numerical Simulation (DNS) or Large Eddy Simulation (LES). That was the reason why I
used the Reynolds-averaged Navier-Stockes (RANS) approach in ASNYS CFX code. After
the literature review, the next logical step was a series of validation where the ability of
commercial, widely applied and generally well validated3 ANSYS CFX code to model the
different details of SCW thermal hydraulics (e.g. different heat transfer regimes, SCW flow in
rod bundle, etc.) was examined. The best CFD practice for SCW flow during these validations
has been applied based on partly the results of others [62], [92] and partly based on my own
results {2}, {4}, {5}. The main issues regarding CFD modelling of SCW thermal hydraulics
are the proper definition and usage of thermophysical properties, the suitable near wall
treatment and meshing in order to capture the large gradients near the surfaces of heated walls
and the applicability of currently available turbulence models.
2.1 Lessons of past CFD studies on modelling of SCW thermal hydraulics
In the framework of many researches dealing with SCW {2}, [49], [52], [96]–[100] or
supercritical pressure CO2 [45], [47], [98] have been performed detailed analysis on heat
transfer in simpler geometries (mainly in cylindrical tubes) by the application of CFD in the
last two decades. Most of them validated the applied commercial or in-house CFD code
predicting turbulent heat transfer cases of horizontal or vertical tube experiments. The
applicability of different wall treatment methods (wall functions, dens near wall mesh, etc.),
different turbulence models has been extensively studied. These different validations proved
that many different characteristic features of SCW thermal hydraulics could be simulated by
CFD and they have been concluded as follows:
 strong buoyancy effect plays important role in MC cases when the pseudocritical
temperature is reached at the wall, which deforms the velocity profiles causing a
reduction in turbulence and thus deterioration of heat transfer [98];
 all tested turbulence models (first- and second momentum closure (FMC, SMC)) were
able to calculate approximately accurately the EHT and NHT regimes, even the
standard k-ε turbulence model with wall functions [52], [96]–[98], but turbulence
models relying on wall functions (which were developed with the assumption of
constant fluid thermophysical properties [99]) to deal with the near-wall region are not
able to predict DHT regime in SCW [98];
 different low-Reynolds number k–ε (FMC) models are capable to qualitatively predict
the onset of DHT in upward flow, though they tend to overestimate the effect of
laminarization, providing wall temperatures well above the values observed in
experiments and they proved to be unable to capture the subsequent OHTR seen in the
experiments [98];
 SMC models are also capable to qualitatively predict the DHT in upward flow although
the location and magnitude of peak wall temperature were not perfectly predicted [52];
 the built in tables of SCW thermophysical properties gives more realistic results due to
they consider not only the temperature but the pressure dependency of fluid properties
in contrast with the temperature dependent polynomial definition methods{2};

3

Well validated for many different fluids and problems but not for SCW and SCW flows in SCWRs in 2006.
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 SST model with enhanced wall treatment (fine near wall mesh) was reported as a FMC
model which is capable to capture qualitatively not only the EHT, NHT and DHT but
the OHTR for both MC and FC cases [49], [96], [97];
 the issue of appropriate CFD modelling (e.g. suitable near wall resolution) for CFD
analysis of SCW thermal hydraulics has been very extensively investigated (I have
contributed to this work) in the framework of HPLWR Phase 2 project [62], [100] and
the outcomes were summarized in a best practice guidelines (BPG) listed in Annex 2;
 the predicted heat transfer coefficients do not differ using isotropic or anisotropic
turbulence models [26];
 detailed numerical grid, boundary condition and numerical setting sensitivity study has
been performed and it was demonstrated that the wall temperature and heat transfer
coefficient distributions (which are usually the published results of an SCW experiment)
are very sensitive to small change of global flow parameters (boundary conditions) such
as the inlet temperature, heat flux, mass flow rate and nominal pressure {1}, {6};
 Rohde and his fellows (I have participated in it as well) performed a blind, numerical
benchmark study [101] of GIF which examined the predictive ability of currently
available analytical, CFD and sub-channel models on problems under SCWR relevant
conditions, it was concluded that predictions for SCW heat transfer with the help of
currently available numerical tools and models should be treated with caution.
The above summarized studies showed that the CFD simulations provide many orders of
magnitude more data about the investigated thermohydraulic process (both locally near the
heated wall and in the bulk-fluid) than an experiment in the same geometry under the same
conditions without perturbation of the flow due to intrusion measuring tools [58]. On the other
hand, while CFD does provide locally more detailed data than an experiment, the result of
CFD simulation is only as realistic as the physical representations included in the CFD model.
Thus CFD simulations cannot totally replace experiments and should be viewed as a tool for
better understanding of the phenomena. Additionally, validation of CFD calculations is
difficult even under the simplest conditions due to many different reasons (e.g. not suitably
detailed documentation of experiment, etc.). But theoretically, if a validated CFD calculation
has been reached then the relationship between the thermal hydraulic characteristics (for
example different heat transfer regimes) and the global parameters (heat- and mass flux) and
local profiles (near wall velocity, turbulent variables, temperature field or thermophysical
properties) can be identified which could lead a better understanding of SCW thermal
hydraulics.
As a summary, it can be declared that the cautiously and properly applied CFD technique
is a promising tool to understand the still unknown properties of SCW thermal hydraulics and
to contribute to the development of SCWRs with e.g. accurate prediction of the HTC and the
distribution of fuel rod cladding wall temperatures (Tw) which are important issues during
designing SCWRs.
2.2 Validations on the usability of ANSYS CFX code
I have conducted my first CFD validation for SCW thermal hydraulics against two cases of
Swenson, Carver and Kakarala’s experiment [32], [102]. The examined geometry was a
vertically installed, straight, smooth-bore tube (its inner diameter was 9.4 mm) with 1.83 m
long heated length where the SCW flowed upward direction through. I have collected
important experience during this first CFD validation which was efficiently used for further
16 validation cases of qualitatively (it means that only the geometrical parameters (length,
diameter, thickness of tube) differed) same geometries against Shitsman’s [6], Ornatskij’s
[30], Yamagata’s [33], Herkenrath’s [103] and Kirillov’s [104] experiments.
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2.2.1 The description of tube experiments
A directly electrically heated, straight, smooth-bore vertical tube can be considered as the
simplest geometry, which could represent a sub-channel of future SCWRs. The DHT occurs
at lower heat fluxes in upward (aiding) flow than in downward (opposing) flow [5]. That is
the reason why upward flow is more critical. Considering these circumstances experimental
cases of vertically installed tube with upward SCW flow have been used for validations and
detailed CFD investigation of their results. After I selected the representative geometry and
flow direction, the next step was the identification of representative heat transfer regime or
regimes to be investigated. The calculation of EHT or NHT is not a challenge for CFD codes
with appropriately selected turbulence model and near wall treatment showed by previous
studies [52], [95], however the simulation of DHT is much more complicated and still a
challenge. Therefore DHT experimental cases have been chosen for the validation as the
representation of most interesting phenomenon of heat transfer in SCW. Some NHT and EHT
cases have been calculated as well to serve as reference for the investigation of DHT cases.
There was another circumstance to take into consideration during the selection of
experimental cases. This was the classification of convection cases into three categories: NC,
MC and FC (Equation 1-10). The NC was neglected due to it is not relevant for the majorly
FC minor MC normal operation of SCWRs. Thus, I selected 6 MC and 10 FC experimental
cases during the further validation analyses. The two tables of Annex 3 summarize the
geometrical and global flow parameters of the selected experimental cases from Sh1 to K5
and Y1 to S2 respectively {2}.
2.2.2 Applied numerical models
I created CFD models for this first series of validation cases which represent a single
phase, steady-state, turbulent, buoyant flow and an isotropic, Newtonian, compressible and
dissipative (viscous and heat conducting) fluid. The Finite Volume Method (FVM) has been
applied to discretize the RANS equations by the ANSYS CFX commercial CFD code. I
generated block structured hexahedral numerical grids by the ANSYS ICEM CFD software.
The convective, diffusive and turbulent terms have been approximated by second order
accurate numerical schemes {2}.
The lessons learned from my own first validation and others past CFD studies summarized
before, have been used with the following details. The two Swenson (S1-2), four Herkenrath
(H1-4) and the four Yamagata (Y1-4) cases were modelled by full perimeter of tube (Figure
2-1/a). Based on the results of these 10 cases, I concluded that there is no non-axial
symmetric effect on the global temperature, velocity and other fields for upward SCW flow
{2}. The rotational periodic or quasi two dimensional (2D) grid approaches could be used for
further validations of homogenously heated, vertically installed, smooth-bore straight tubes
instead of fully three dimensional (3D) grids representing the full perimeter of modelled
geometry. That was the reason why, a 10 degrees sector of the tube (Figure 2-1/b) was used
for the 2 Shitsman (Sh1-2), the Ornatskij (O) and 5 Kirillov (K1-5) cases {2}.
For the first validation I modelled the thermophysical properties with temperature
dependent polynomials which were defined in ANSYS CFX for the nominal pressure (Annex
3) of the predicted Swenson experimental cases [32]. Later, I investigated and compared three
widely used methods of thermophysical property definition which were applicable in ANSYS
CFX: the above mentioned polynomials (analytical method), a discrete point type (it uses the
“User function” function of ANSYS CFX) and the usage of built in IAPWS-IF97 material
table method. The discrete point method means that a huge number of discrete values for each
thermophysical property were provided to the ANSYS CFX before the run. The discrete
values were defined at constant pressure of the case in an appropriately wide temperature
range. The code could interpolate between discrete values during run. The built in material
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table method means that the user must define a temperature and a pressure range and the
number of points. The solver calculates thermophysical properties in given ranges with the
defined points before the run. Based on the comparison I preferred the last method in the
following {2}.

Figure 2-1: Computational domain and boundary conditions for: a., full perimeter {2}, b., 10 degrees
sector models [51]

I neglected the thickness of the tube walls, thus these models were not a Conjugate Heat
Transfer (CHT) models. I added an entrance (inflow profile generator) and flow discharge
part upstream and downstream to the examined heated section in order to provide fully
developed velocity profile at the beginning of heated section and keep sufficient space
between the examined section and the outlet boundary condition. The inner smooth walls of
the tubes were modelled applying no-slip wall boundary condition. Because of the simple
geometry, block structured hexahedral meshes were developed with coarse or fine boundary
layer resolution for all cases. The applied boundary layer resolution depended on the
requirement of used turbulence models, e.g. the k-ε high Re model requires relatively coarse
near wall grid as it uses wall function, but the SST needs dens near wall mesh because the
value of the y1+ has to be smaller than 2 for this turbulence model. I examined the sensitivity
of CFD results on the resolution of global and near wall numerical grid and it was presented
in my early publications {2}, [51], [106], [109].
2.2.3 The governing equations and turbulence models
In the applied Reynolds-averaged Navier-Stokes (RANS) CFD models, the SCW flow has
been assumed to be 3D steady state flow. The governing equations of the continuity,
momentum, energy for such a general flow written and calculated in Descartes coordinates
can be seen in many document of relevant literature [99], [106], [107].
Previous CFD model investigations {2}, [62] on appropriate near wall resolution were
extended to the issue of turbulence model selection as well. It was concluded that the SST
eddy viscosity (FMC) turbulence model [108] together with suitable near wall mesh
resolution should be used for normal flow (flow without twisting or high streamline
curvature) while a low Reynolds number Reynolds Stress turbulence model (e.g. Baseline
Reynolds Stress Model (BSL-RSM) in ANSYS CFX [106]) should be applied in case of
twisting (also called sweeping) flow caused by e.g. wrapped wire spacers in a HPLWR fuel
assembly. Furthermore, it was reported, that SST served qualitatively right results for NHT,
EHT, DHT and OHTR cases of SCW as accurate as SMC models [96], [97]. That is the
reason why, I used the SST turbulence model with enhanced wall treatment (fine near wall
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numerical grid with y1+<1) during these studies in order to investigate the flow in the
validation geometries {2}.
2.2.4 The boundary conditions and computations
The reference pressure for each case has been prescribed by the pressure values presented
in Annex 3. Case dependent mass flow rate (calculated by the mass flux and geometrical
parameters, see in Annex 3) and inlet bulk-fluid temperature (Annex 3) were prescribed at the
“Inlet” boundary condition with 0% inlet turbulence intensity (I investigated the potential
effect of inlet turbulence intensity too {1}). The “Entrance” and “Discharge” walls were
modelled as smooth adiabatic no-slip walls. Case dependent constant heat flux value (Annex
3) has been used on the smooth no-slip “Heated wall” surface. Average relative pressure with
a value of 0 Pa has been specified on the “Outlet” boundary. The two remaining boundary
surfaces have been defined as Symmetry planes for Sh1-2, O and K1-5 cases {2}.
All of the computations were performed on a modular type PC cluster at BME NTI, which
had 16 nodes with 80 Intel Xeon CPU's (3.2GHz) in that time for high performance
computation (HPC). ANSYS CFX 10, 11 and 13 SP1 were used in parallel option for the
simulations. Many so-called “User Points” were monitored during the calculations, for
example: the area average of the pressure on the inflow and velocity on the outflow regions,
fluid temperature and velocity in many prescribed points, etc. I monitored the residual, the
imbalance values, the User Points and the ratio of final RMS values over the maximum RMS
residual values {2}. These parameters indicated that suitable convergence were reached for
the investigated cases with not swirling (twisting) SCW flow for all computations [92].
2.2.5 Results of and discussion on validations
The significant lessons learnt by different validations are presented separately in the
following subsections.
2.2.5.1 The validation against the Swenson’s experiment
The aim of the first, Swenson validation [102] was to provide a first insight into the
estimation capability of ANSYS CFX for predicting turbulent heat transfer during and slightly
beyond the pseudocritical transition. At 31.03 MPa more moderate change of thermophysical
properties occurs than at pressures closer to the critical pressure (Figure 1-2 and Figure 1-3).
Therefore I expected lower discrepancies caused by numerical errors which occur around the
pseudocritical transition in Swenson’s validation cases compared to other validation cases.
The main difference between S1 and S2 cases (Annex 3) is that the pseudocritical transition
occurs within the test section of S1 case (Tin<Tpc) but not in S2 case (Tin>Tpc).
My investigation regarding the effect of thermophysical properties definition method on
CFD results provided the first significant results. As it was mentioned before, three different
methods for property definition were assessed for S1 and S2 cases (Figure 2-2). As it can be
seen, the CFD results got with the k-ε turbulence model was used here, but it must be
mentioned that the results of RNG k-ε and SST turbulence models would show almost the
same differences {2}. As it turned out, the discrete point (named as “CFX User function”)
definition method has disadvantages. The solver – during CFD run – uses linear interpolation
between the defined values of thermophysical properties. Due to the derivatives of the
thermophysical properties are not continuous the interpolated values of the thermophysical
properties are not accurate enough. A more important problem was that the pressure
dependence of thermophysical properties was ignored though the pressure drops were around
20-40 kPa along the heated length for the S1 and S2 cases. These disadvantageous features of
the “CFX User function” method resulted in serious underestimation of measured HTC
distribution, as it can be seen in Figure 2-2/a and b. The “CFX polynomial” (in Figure 2-2)
refers to the calculations in which the thermophysical properties of SCW were defined by
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polynomials. Unfortunately, the pressure drop was ignored as well as in case of the previously
described method. Furthermore, certain difficulties during curve-fitting occurred, but the
derivatives of the properties were at least continuous. Nonetheless, the CFD results of “CFX
polynomial” method underestimate as well the HTC of the measurements, though these
results fall slightly closer to the measured values (maybe caused by continuous derivatives)
than the result of “CFX User function” as it can be seen in Figure 2-2. The third method of
IAPWS-IF97 built in table provided far more accurate predictions for HTC from qualitative
and quantitative point of views than the two previously described methods (Figure 2-2). The
advantages of IAPWS-IF97 method are that it considers not only the temperature dependence
but the pressure dependence of the thermophysical properties too as well as the variation of
the pseudocritical temperature with the pressure. Finally, the IAPWS-IF97 definition method
(see in Annex 3) has been proposed (and used in the following in my CFD studies) as the
most realistic definition method for thermophysical properties of SCW {2}.

Figure 2-2: Measured and computed HTC distributions along heated length (CFD results were
calculated by three different property definition methods) for a., S1 and b., S2 cases {2}

In the next step, the effects of turbulence models on CFD results were investigated. Three
different FMC turbulence models, the k-ε, RNG k-ε and SST [106] were examined for S1 and
S2 cases (Figure 2-3). The RNG k-ε model with Scalable Wall Function predicted well the
HTC in the first part (L = 1 – 1.6 m) but underestimated the measured distribution after L =
1.6 m with the highest discrepancies of HTC (Figure 2-4) for both cases. The k-ε model with
Scalable Wall Function performed opposite: gave less accurate prediction in the first and
more accurate in the second part than RNG k-ε for both cases. The SST model performed
same way for S1 case like k-ε model, but it provided the best estimation from quantitative and
qualitative point of view for S2 case. All three models gave only an approximate prediction
qualitatively for S1 case, but they captured well the shape of the distribution for S2 case {2}.
In order to compare the estimations of different turbulence models for HTC and wall
temperature, I used the two definitions (Equation 2-1 and Equation 2-2) of computational
errors (discrepancies) {2}:
x  [%] 

x T w [%] 

 CFD   EXP
100%
 EXP ave

TCFD wall  TEXP wall
TEXP wall  TEXP bulkin

 100%

Equation 2-1

Equation 2-2

The computational errors were relatively low (14%>) in the first half of the tube and
increasing in the second half for S1 case (Figure 2-4/a). Computational errors increase
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towards the end of tube due to wall temperature exceeds the pseudocritical temperature at 1.4
m (here pseudocritical transition occurs and spread toward bulk). The increasing error at
second half of heated section indicates difficulty in accurate estimation of HTC during the
pseudocritical transition. The pattern is not clear for S2 case, but the SST model shows less
than 9% discrepancies along the whole length (Figure 2-4/b). Based on Figure 2-3 and
Figure 2-4, it can be declared that the SST model provided best estimation for S1 and S2
cases {2}.

Figure 2-3: Measured and computed HTC distributions along heated length (CFD results were
calculated by three different turbulence models) for a., S1 and b., S2 cases {2}

Figure 2-4: The computational error of the HTC for: a., S1 and b., S2 cases {2}

2.2.5.2 The validation against the Yamagata’s experiment
The validation against Yamagata experiment [33] was performed secondly with four heat
flux parameters (Annex 3). Figure 2-5/a depicts the comparison of measured and CFD wall
temperatures for Y1-4 cases while Figure 2-5/b shows the discrepancies between these
measured and computed values. As the pseudocritical transition occurs at an ever-lower bulkfluid enthalpy values in Y2, Y3 and Y4 cases due to increasing heat flux, the CFD results start
to underestimate the measured values which confirms the difficulties predicting pseudocritical
transition (it is indicated by increasing computational errors (5-15%) after 1700 kJ/kg bulk
enthalpy for Y3 and Y4 cases) reported at S1 case before {2}.
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Figure 2-5: Results of Yamagata validation: a., comparison of wall temperatures versus bulk (fluid)
enthalpy, b., computational errors of wall temperature versus bulk enthalpy {2}

2.2.5.3 The validation against the Herkenrath’s experiment
The validation against Herkenrath experiment [103] was conducted with four heat flux
parameters as well. Figure 2-6 depicts the comparison of measured and CFD wall
temperature versus bulk-fluid enthalpy for H1-4 cases.

Figure 2-6: Results of Herkenrath validation – comparison of wall temperatures versus bulk enthalpy
for: a., H1 and H2, b., H3 and H4 {2}

Same trend can be recognized than at Yamagata validation: as the pseudocritical transition
occurs at an ever-lower bulk-fluid enthalpy, the CFD results start to underestimate the
measured values. After a certain bulk enthalpy range, the CFD results overestimate the
experimental distribution (Figure 2-6). Figure 2-7/a depicts that, the computational errors fall
in the range of 5-40% (higher for H3 and H4 than at two previous validations) and show two
peaks: one at the pseudocritical transition (~1800 kJ/kg) and one far beyond it (~2500 kJ/kg).
The ANSYS CFX predicted well the characteristic feature of SCW thermal hydraulics, which
were reported experimentally first [33]: if heat flux increases then the peak of HTC decreases
and moves away from the pseudocritical transition (Figure 2-7/b).
I investigated the necessary extent of computational domain in circumferential direction
based on the first three validations performed on 3D numerical grids. As a conclusion of this
investigation, I declared that there is no non-axial symmetric pattern in global temperature
(Figure 2-8/b), velocity and other fields (Figure 2-8/a). Thus, rotational periodic or quasi 2D
numerical grid can be used for further validations on homogenously heated, vertically
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installed, smooth-bore straight tubes, instead of 3D grids representing the full perimeter of the
modelled geometry {2}.

Figure 2-7: Results of Herkenrath validation: a., computational errors of wall temperature versus bulk
enthalpy, b., HTC versus bulk enthalpy {2}

Figure 2-8: Axisymmetric flow fields: a., isobaric specific heat on X-Z plane (Y=0) using IAPWSIF97 method for S1, b., concentric contours of SCW temperature at many Z levels for Y4 case {2}

2.2.5.4 Comparison between results of CFD and Nu correlations
I could present many other interesting results {2}, [51], [106], [109], but due to extent
limitation one further result from these validations is shown. In a past study [109] the
accuracy and validity of selected heat transfer correlations and buoyancy criterion developed
for SCW thermal hydraulics were compared with heat transfer measurements. Jackson’s Nu
correlation was found to be the best to estimate test data by capturing 86% of data within the
range of +/-25%. The Watt’s Nu correlation was found to be the worst to predict test data by
capturing 50% of data within the range of +/-25%. Figure 2-9 shows the same comparison on
Nusselt numbers calculated by experimental (these Nusselt numbers were calculated by
Jackson’s correlation using experimental data) and CFD results for five validations. 80% for
O, 86.4% for S1-2, 55.35% for Y1-4, 37.5% for Sh1-2 and 12% for H1-4 of the data points
are within the range of +/-25%. The ANSYS CFX predicts as accurately the Nu as the best
(Jackson’s) correlation for O and S1-2 validation cases. Furthermore, one validation (for Y14) result calculated by ANSYS CFX is at least as accurate as the worst correlation (Watt’s).
ANSYS CFX provided less accurate results for H1-4 and Sh1-2 cases compared to the worst
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(Watt’s) correlation. Based on the above detailed comparison, it can be declared that ANSYS
CFX (CFD simulation) seems to be a promising tool to examine the heat transfer in SCW, but
further and significant development of its predicting capability is still needed {2}.

Figure 2-9: Comparison of experimental and numerical Nu for all cases [105]

2.3 Validations for sensitivity studies on boundary conditions
After the first series of validations presented above under which I surveyed some aspects
of the usability of commercial ANSYS CFX code, I examined the possible effect of small
discrepancies (caused by potential experimental uncertainty) of global flow parameters
(boundary conditions) such as the mass flow rate, reference (nominal) pressure, heat flux,
inlet temperature and inlet turbulence intensity on the local flow and thermal fields, like
velocity, HTC or wall temperature distributions. The Sh1 [6] and O [30] previously described
tube experimental cases (Annex 3) were used at first {1} and later I confirmed the initial
results {6} by another two tube experimental cases [111] and four annular channel cases
[109], [112].
Electrically heated, vertically installed tube or annular channel geometries can be
considered as the simplest geometry, which represent a single sub-channel of different
SCWRs. This is the reason why the above mentioned four tube and four annular channel
experimental cases were employed.
For the first validation stage, one MC (Sh1) and one FC (O) tube experimental cases were
examined where DHT occurred (Annex 3). At the confirmatory second stage, I validated the
ANSYS CFX against two MC DHT cases in tube [111] and two-two MC and FC cases in
annular channel [109], [112] among which there are two NHT, one DHT and one isothermal
case. Thus, the boundary condition sensitivity study has been performed on both mixed and
forced convection and normal and deteriorated heat transfer cases as well.
I performed the confirmatory stage validations as part of my contribution in the framework
of an international CFD benchmark4 coordinated by me. This benchmark was intended to
improve the understanding of the participants on the CFD modelling of SCW flow in simple
tube and annular channel geometries {6}. The first two tube experimental cases were
provided by Professor Chen from the Chinese CIAE institute. These cases were performed
with upward SCW flow inside a straight, smooth bore, vertically installed tube. The
4

It was conducted in the framework of a Coordinated Research Project (CRP) of the International Atomic
Energy Agency (IAEA) named as “Understanding and Prediction of Thermal-Hydraulics Phenomena Relevant
to Super-Critical Water-cooled Reactors (SCWRs)”.

37

geometrical parameters of these cases were as follows: the inner (Di) and outer (Do) diameters
were 7.98 mm and 9.6 mm, while the heated length (Lh) was 2.85 m (Figure 2-10/a). The
wall temperature at the outer surface was measured in nine axial positions of heated length at
0.4, 0.7, 1.0, 1.3, 1.6, 1.9, 2.2, 2.5 and 2.75 m (Figure 2-10/a). The test section was heated by
a direct current power supply applied on the tube wall made from INCONEL alloy 625. The
main thermal hydraulic parameters of the two experimental cases of CIAE can be seen in
Table 2-1 (heat flux was defined at the inner surface of the tube). I assumed that the outer
surface of the tube is adiabatic due to the applied thermal insulation at the experiment.

Figure 2-10: Main dimensions of the test section of: a., CIAE tube {6}, [114], b., UW circular
channel, c., UW square channel experiment {6}, [113], [115]
Table 2-1: Parameter of CIAE experimental cases {6}, [114]
pref [MPa]

qw [kW/m2]

G [kg/m2/s]

Tpc [°C]

Tin [°C]

Tout [°C]

qw/G [kJ/kg] Gr/Re2.7 [-]

Case 1

25.25

623

587.6

385.8

34.4

356

1.06 (DHT)

8 10-5

Case 2

24.5

1181

1102

383.05

37

358.5

1.07 (DHT)

9 10-13

The information of the further four experimental cases was provided by Professor
Anderson from the University of Wisconsin-Madison (UW). These cases belong to two
similar, but slightly different shaped (a circular and a square) annular channel geometries
(Figure 2-10/b-c). The main geometrical parameters of the two test sections are the
following. The outer diameter of the heater rod is 10.7 mm. The inner and outer diameters of
the outer piping are 42.9 and 60.33 mm. The heated length is 1.01 m, while the entrance and
discharge lengths upstream and downstream to the test section are 760 mm. The square
annular test section geometry is a 10.7 mm diameter heater rod within a 28.8 mm wide flow
channel (Figure 2-10/b-c). The SCW flowed in upward direction in the channels {6}.
The wall temperature of the heater rod was measured on the inner surface at the axial
positions listed in Table 2-2 (axial position (Z) starts at the beginning of heating) [109],
[112].
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Table 2-2: Axial positions of the thermocouples (TCs) at UW experiments [109], [112]
TC#:

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Z [mm]

67

134

202

269.3

336.7

404

471.3

539

606

673.3

740.6

808

875

942

I selected two-two experimental cases for the circular and square test sections. The
thermal hydraulic parameters of these cases can be seen in Table 2-3 and Table 2-4 (heat
fluxes were defined at outer surfaces of heater rods). Only Case B can be classified as DHT
case, the rest are NHT or EHT cases. Case A and C are FC, while Case B and D are MC cases.
Table 2-3: Parameters of UW cases for circular test section [109], [112]
pref [MPa]

qw [kW/m2] G [kg/m2/s]

Tpc [°C]

Tin [°C]

Tout [°C]

qw/G [J/kg] Gr/Re2.7 [-]

Case A

25

1000

1160

384.9

370

-

860

2.4 10-6

Case B

25

500

400

384.9

350

-

1250

5 10-5

I assumed that the outer surface of the outer piping tube is adiabatic due to proper heat
insulation was applied during the experiment {6}, [113], [115]. The tube has been made from
INCONEL alloy 625.
Table 2-4: Parameters of UW cases for square test section [109], [112]

pref [MPa] qw [kW/m2] G [kg/m2/s]

Tpc [°C]

Tin [°C]

Tout [°C]

qw/G [J/kg] Gr/Re2.7 [-]

Case C

25

0

308

384.9

175

-

0

1.2 10-8

Case D

25

220

308

384.9

175

-

714

3 10-5

2.3.1 Numerical models for sensitivity studies
The general description of CFD modelling (see in Sub-chapter 2.2.2) is valid here as well.
For the Sh1, O and the two cases of CIAE experiment a 10° sector of the tube has been
modelled (Figure 2-1/b), while for the four UW cases a 45° part of the channels were
modelled as computational domain {6}. All CFD models contained the 10° or 45° of tube or
channel solid wall which means that all CFD model was CHT model. I used the built-in fluid
property formulation for the SCW, the IAPWS-IF97 in ANSYS CFX to define pressure and
temperature dependent thermophysical properties {6}.
I used the SST eddy viscosity (FMC) turbulence model with enhanced wall treatment
during this confirmatory stage due to it was reported, that SST served qualitatively right
results for NHT, EHT, DHT and OHTR cases as accurate as SMC models [96], [97]. I
adopted all lessons learnt during the HPLWR Phase II project [62], [100], general BPG for
CFD studies in the nuclear field [92] and previous validations {2}, [51], [106], [109]. I
generated block structured hexahedral 3D meshes with fine boundary layer resolution near the
wall for all cases.
I prescribed case dependent mass flow rate and bulk-fluid temperature (see in tables from
Table 2-1 to Table 2-4) at the “Inlet” boundary condition with 5% turbulence intensity. I
modelled “Entrance and Discharge wall” as smooth adiabatic walls and employed case
dependent constant heat flux value (see in Annex 3 and from Table 2-1 to Table 2-4) on the
smooth “Heated wall”. I specified average static pressure with a value of 0 Pa on the “Outlet”
boundary, while the case dependent reference pressure (see in Annex 3 and from Table 2-1 to
Table 2-4) was set for each case. A tiny Symmetry plane at the axis of the tube for mesh
generation purpose was employed. Two remaining boundary surfaces were defined as
Symmetry planes as well {1}, {6}.
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2.3.2 Data extraction method and computations
I performed the computations for the above detailed CFD models on a modular type
“Rocks” cluster named “Alfonz” at BME NTI. In that time Alfonz had 16 nodes with 80 Intel
Xeon CPU's (3.2GHz) for high performance computation. I used the ANSYS CFX code in
parallel mode for the computations and monitored the residual, the imbalance values, the User
Points and the ratio of final RMS values over the maximum RMS residual values {6}. These
parameters indicated that suitable convergence were reached for the investigated cases with
not swirling SCW flow for all computations [92].
2.3.3 Results and lessons of sensitivity studies
As I learnt from the literature {1}, {2}, {4}, [5], it is widely accepted that the local flow
and thermal fields strongly depend on the global flow parameters (boundary conditions) in
SCW flows. I performed a detailed boundary condition sensitivity study (BCSS) in order to
investigate this phenomenon: the sensitivity of the CFD result on the specified value or
distribution of the mass flow rate, the reference pressure, the heat flux, the inlet bulk-fluid
temperature and inlet turbulence intensity were assessed. As an additional sensitivity study, I
examined the effect of used turbulence model and different settings of CFD model applied.
2.3.3.1 Mesh sensitivity study
Extensive mesh sensitivity studies were performed (not presented here) for all investigated
cases and the most suitable numerical grids were selected for further calculations {1}, {6}.
2.3.3.2 Results of the validations
The confirmatory validations were performed in two phases: first blind benchmark phase
(where the experimental results were unknown for the participants of the benchmark) and
second follow-up benchmark phase where the boundary conditions were slightly modified
based on the published experimental data {6}.
Figure 2-11 depicts a comparison between the experimental and CFD results for Case 1:
the measured values increases monotonically with the axial height. The CFD results provided
by BARC and KIT indicate good qualitative and quantitative coincidence with the
experiment. The other three predictions from BME, GIDROPRESS and UPisa show DHT (it
was forecasted by the thermal load, see Table 2-1) at the end of heated length directly after
the calculated wall temperature exceeded the pseudocritical temperature.

Figure 2-11: Comparison of experimental and CFD wall temperatures for Case 1 {6}
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Figure 2-12 presents comparison between experimental and CFD results for Case 2: the
experimental distribution increases monotonically along heated length similarly to Case 1.
Majority of the CFD predictions indicate deviation from measured trend after the position of
sixth thermocouple (~1.9 m). The wall temperatures predicted by CFD analyses exceed the
pseudocritical value at this position like at Case 1. The CFD results of BME, GIDROPRESS
and UPisa overestimate the last 3 measured vales after the position of sixth thermocouple
while the results from BARC and KIT underestimate them. There is a significant difference
between these two groups: the model of BARC and KIT uses k-ε turbulence model and wall
function while the other three apply low Re SST or special k-ε turbulence model (UPisa) with
enhanced wall treatment. The standard k-ε turbulence model fails to predict the DHT, but SST
with enhanced wall treatment can predict DHT at most of the cases based on results of past
analyses {6}.

Figure 2-12: Comparison of experimental and CFD wall temperatures for Case 2 {6}

Figure 2-14 depicts comparison between the experimental and CFD
The CFD result provided by CNL seems to be the best prediction
quantitative terms. The CFD results provided by BARC and BME are
terms although under- and overestimate the experimental trend. The last
significantly over predicts the measured trend {6}.

results for Case A.
in qualitative and
good in qualitative
CFD result (UPisa)

Figure 2-13: Comparison of experimental and CFD wall temperatures for Case A {6}
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Figure 2-14 shows the CFD predictions for Case B. The experimental trend contains a
small peak at the position of third thermocouple. The CFD result provided by BARC predicts
best this distribution in qualitative terms. The CFD predictions of CNL and UPisa indicate
DHT along first one-third of length witch differs from the experimental trend. My prediction
(BME) coincides qualitatively but underestimates the measured distribution {6}.

Figure 2-14: Comparison of experimental and CFD wall temperatures for: a., Case A, b., Case B {6}

I compared the axial velocity fields along the radial direction for Case C (Figure 2-15) and
Case D (Figure 2-16) at the middle of the heated section (Z=0.5 m). The CFD predictions
provided by BME and UPisa agree well with the experimental trend for Case C (NHT case):
the maximum velocity value (0.4 m/s) and its radial position (3.6 mm) have been estimated
well. The CFD prediction provided by CNL for Case C significantly differs from the
measured velocity distribution: the maximum velocity value is at 7 mm instead of 3.6 mm,
while the shape of the calculated distribution is different, only the maximum value (0.413
m/s) was estimated right {6}.

Figure 2-15: Comparison of axial velocity in radial direction for Case C {6}

Figure 2-16 shows better CFD predictions for Case D: all the five predictions coincide
well in qualitative sense, only quantitative differences can be found. The CFD predictions
provided by UPisa and CNL are the best in quantitative sense: they captured perfectly the
maximum axial velocity (4.25 m/s). The distributions provided by BME slightly
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underestimate the experimental distribution: the calculated maximum values are between 3.85
m/s and 4.1 m/s {6}.

Figure 2-16: Comparison of axial velocity in radial direction for Case D {6}

Figure 2-17 depicts a comparison of experimental data and CFD predictions for wall
temperature in case of Case D (NHT case). The CFD prediction provided by UPisa estimated
best in qualitative terms the experimental trend, but there are some discrepancies in
quantitative terms. The CFD predictions from BME and CNL underestimated the measured
trend {6}.

Figure 2-17: Comparison of experimental and CFD trends for wall temperatures of Case D {6}

2.3.3.3 Sensitivity study on the Mass Flow Rate
Figure 2-18 shows the sensitivity of my CFD results on the mass flow rate (MFR). I
concluded based on this figure that MFR is the only global boundary condition which
influences not only the values but the shape of wall temperature distribution for the UW cases
as well: the distribution of MFR 120% is very flat while the distribution of MFR 80% depicts
a crooked trend similar to the measured one. The other three distributions (MFR 90%, 100%
and 110%) represent a transition between these two extremes. As it can be seen, the CFD
result of 80% MFR coincides almost perfectly with the experimental distribution.
Furthermore, when I decreased the MFR the distribution of wall temperature increased {6}.
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Figure 2-18: Boundary condition sensitivity study of mass flow rate for Case D {6}

Figure 2-19 shows the sensitivity of CFD results on the very wide range of mass flux (G)
for Sh1 case {1} (investigation of MFR and G are equivalent). As it can be seen, the heat
transfer is in NHT or EHT regime in case of 110-400% G. The heat transfer deteriorates from
105% G with decreasing mass flux. The predicted higher first, and lower second DHT peaks
in wall temperature occur lower and lower bulk fluid enthalpy with decreasing mass flux. In
case of 25-75% G (at very high thermal load), the first DHT peak appears directly
downstream to the inlet. The wall temperature distribution changes significantly even in the
+/-10% range of the reference case (100% G). It shows that the CFD prediction is far more
sensitive for the mass flux in MC DHT cases compared to MC NHT/EHT cases (e.g. Case D)
where moderate sensitivity was experienced (Figure 2-18). This is valid for the sensitivity on
the reference pressure, inlet temperature (not presented here due to page limitation, see in
{1}) and heat flux (see later) in case of Sh1 or other MC DHT cases.

Figure 2-19: Measured and calculated wall temperature distributions versus bulk fluid enthalpy for
the Sh1 case (parameter: mass flux) {1}
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2.3.3.4 Sensitivity study on the Reference Pressure
Figure 2-20 shows the sensitivity of CFD results on the specified reference pressure (p ref):
as it can be seen, the reference pressure does not influence the distribution of wall temperature
due to the predictions of original and the two-two increased (110% and 120%) and decreased
(80% and 90%) reference pressure are very close to each other {6}.

Figure 2-20: Sensitivity study of reference pressure for Case D {6}

2.3.3.5 Sensitivity study on the Heat Flux
Figure 2-21 depicts the sensitivity of CFD results on the specified heat flux. This
parameter is one of the three boundary conditions (MFR, heat flux and inlet temperature) I
expected to have significant influence on SCW heat transfer. The calculated trend of wall
temperature increases as the heat flux becomes higher and higher (+10% each step from 80%
up to 120%), but its shape did not get closer to the measured one: remains monotonically
increasing instead {6}.

Figure 2-21: Sensitivity study of heat flux for Case D {6}
Figure 2-22 shows the sensitivity of CFD results on the wide range of heat flux (qw) for Sh1
case {1}. As it can be seen, the wall temperature distribution changes significantly in the +/10% range of the reference case (100% qw). It shows that the CFD prediction is far more
sensitive for the heat flux in MC DHT cases compared to MC NHT/EHT cases (e.g. Case D)
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where moderate sensitivity was experienced (Figure 2-21). This is valid for the sensitivity on
the reference pressure and inlet temperature (not presented here due to page limitation, see in
{1}) in case of Sh1 or other MC DHT cases.

Figure 2-22: Measured and calculated wall temperature distributions versus bulk fluid enthalpy for
the Sh1 case (parameter: heat flux) {1}

2.3.3.6 Sensitivity study on the Inlet Temperature
The inlet temperature is the third boundary condition which I expected to have a significant
influence on the SCW heat transfer. Figure 2-23 depicts the result of the performed
sensitivity analyses on the specified inlet temperature of SCW: this pattern is identical to that
what was presented in Figure 2-21. The increase of inlet temperature causes a global
increment for calculated trend but does not improve the agreement in qualitative terms {6}.

Figure 2-23: Sensitivity study of inlet temperature for Case D

2.3.3.7 Sensitivity study on the Inlet Turbulence Intensity
I examined the possible effect of spacer device applied at the experiment upstream to the
inlet of the test section by sensitivity analysis on the specified inlet turbulence intensity.
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Figure 2-24 shows the sensitivity of CFD predictions on the inlet turbulence intensity
specified in the CFD model. As it can be seen, the whole distribution of wall temperature is
identical. It indicates that the CFD result is not sensitive to this parameter {6}.

Figure 2-24: Sensitivity study of turbulence intensity for Case D {6}

2.3.3.8 Turbulence model sensitivity study
I investigated the effect of the applied turbulence model on the CFD result for these cases
as well. As an example, Figure 2-25 depicts the results for Case 1. This sensitivity study was
conducted in the follow-up calculation phase. As it can be seen the models belonging to the kε family (k-ε, k-ε EARSM, RNG k-ε) predicted significantly different distributions of wall
temperature compared to the k-ω type models (BSL, BSL EARSM, k-ω, SST). The k-ω type
models indicated DHT at the end of the heated section (directly after the height where the
wall temperature exceeds the pseudocritical value, Figure 2-25), but the k-ε type models do
not. The k-ε type models found to be not capable to predict DHT, while the low Re k-ω type
models can predict it. It can be interpreted that the used turbulence model significantly
influences the CFD predictions as it was reported by past CFD studies {1}, {2}, [5], [105].

Figure 2-25: Turbulence model sensitivity study for Case D {6}
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2.3.3.9 Sensitivity study on CFD model parameters
I have examined the effect of a number of different numerical settings {1} with the
following lessons learnt:
 For the numerical schemes for advection and turbulent terms of governing
equations I tested three different setting: first order schemes for both the advection
and the turbulent terms, second order schemes for advection and first order for
turbulent terms, second order schemes for both the advection and turbulent terms.
Outcome: the order of numerical schemes slightly influences the CFD predictions;
 For the computation mode of energy equation (thermal versus total energy): there is
no difference between the CFD predictions (e.g. Tw(hb) distributions) calculated by
the two energy equation approach;
 For the reference density for buoyancy: it has only a weak effect on the peak value
of wall temperature. Outcome: the density value calculated at inlet temperature and
pressure should be used;
 For the resolution of IAPWS-IF97 database generated and used by the solver of
ANSYS CFX: theoretically the smaller the pressure and temperature steps (the
higher the resolution) the more accurate the thermophysical property table of SCW.
Outcome: only a weak effect of this setting above 1000 points was recognized, but
below this value moderate influence can be experienced;
 For the turbulent flux closure setting for heat transfer: according to my calculations,
there is no difference in the CFD predictions in case of turning this numerical
model on or off;
 For the transitional and not transitional turbulence I have performed some CFD
calculations in order to understand the possible flow laminarization effect in SCW.
Outcome: there is no difference in CFD results in case of turning this numerical
model on or off;
 For the buoyant turbulence setting: there is no difference in CFD results in case of
turning this numerical model setting on or off;
 For modelling the heat conduction in the tube wall with CHT model: when I
modelled conjugate heat transfer by the discretization of the tube solid wall no
significant difference in CFD predictions was recognized.
2.3.4 Summary on the sensitivity studies
The sensitivity analysis covered the effect of mass flow rate, reference pressure, heat flux,
inlet temperature and turbulent intensity (as global boundary conditions) on the CFD
prediction. I found that the mass flow rate is the only parameter that influences the shape of
wall temperature distribution in the right way (improves the agreement between experimental
and CFD distributions). Furthermore, the variation in the other four above mentioned global
flow parameters increase or decrease only globally the values of wall temperature distribution
or shifts it in the axial direction. I experienced that the inlet turbulent intensity has a weak
influence on the CFD predictions at least in the investigated range of it (from 0 to 10%).
Based on the sensitivity analyses I concluded that the documentation of a CFD-grade
experiment for SCW thermal hydraulics has to be performed with great care and accuracy. I
reckon that very accurate measurement techniques of recorded parameters are needed because
a small difference in the values of global boundary conditions (e.g. mass flow rate, reference
pressure, heat flux, inlet temperature of water) could cause significant discrepancies between
experimental and CFD results during code validation. In other words: I demonstrated that the
distributions of local variables (e.g. wall temperature) especially near the heated wall show
significant sensitivity to small changes of global boundary conditions such as the inlet
temperature (±30°C), reference pressure (±2% – ±20%), mass flow rate (±10% – ±20%) and
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heat flux (±10% – ±20%). The sensitivity is stronger in case of deteriorated heat transfer than
in case of normal or enhanced heat transfer {1}, {6}. I investigated the effect of the used
turbulence model on the CFD prediction by a detailed turbulence model sensitivity study. The
three investigated k-ε type models seem to be not capable to predict DHT, while the low Re kω type models can predict this phenomenon. Thus it is obvious that the selection of applied
turbulence model may strongly influence the CFD predictions of SCW heat transfer {6}.
2.4 Validations for rod bundle geometries
I performed validations with the ANSYS CFX code for different rod bundle geometries in
the framework of several projects.
First time I did it in the framework of SCWR-FQT project where a blind CFD benchmark
was conducted by the European participants of the project in order to prove the
appropriateness of the applied CFD codes. Chinese partners from China Nuclear Power
Technology Research Institute (CNPRI) provided the experimental data measured at the
SWAMUP II test facility [114] for this validation. Good agreement between calculated CFD
and the provided experimental data was reached during the blind and the follow-up
calculation phases [87], [115]. This validation and the received experimental data formed the
basis of my new research direction which aims to investigate the thermal hydraulic effect of
wrapped wire spacer in the four rod fuel bundle test section of SWAMUP II {7}, {8}.
I participated in a GIF blind, numerical benchmark for different thermal hydraulic codes
(system, sub-channel and CFD) and conducted CFD analysis on a fuel bundle of 7 fuel rods.
The main goal of this benchmark was to measure the predictive ability of currently available
(and used) numerical models when they are applied to a “real-life” application with flow
conditions of SCWRs. It was concluded that none of the calculations provided by the twelve
participating institutes were able to convincingly capture the typical heat transfer behaviour
around the pseudo-critical point. Furthermore, there was no evidence that the RANS
approaches of CFD codes performed better than the method based on sub-channel modelling.
It is worth to note however, that only RANS (or other CFD modelling) was able to predict
detailed distribution of circumferential cladding temperature due to their ability to realistically
calculate the different structures of turbulence in the gap and centre region. The analytical 1D
reference approach provided the worst agreement with the experimental results. A comparison
between different grid resolutions, turbulence models and CFD codes did not showed any
well recognizable trend in differences between experimental and numerical results. Finally, it
can be concluded that all types of simulations indicate a significant dispersion in all the three
investigated cases: e.g. for the pressure drop in case A1 and the wall temperatures in cases B1
and case B2. Thus, it can be concluded that predictions of supercritical heat transfer with the
assistance of currently available numerical codes and models they use should be treated with
caution [101], [116].
Most recently, I have participated in two blind, numerical benchmarks in the framework of
the previously mentioned IAEA CRP. The first benchmark was organized by the Shanghai
Jiao Tong University (SJTU) and the investigated geometry was a fuel bundle with four fuel
rods and six grid type spacers. The second benchmark was coordinated by the UW and its
geometry was very similar (four rod bundle with six spacer grids) to the first benchmark. The
results of these benchmarks will be published in a Technical Documentation (TechDoc)
which will summarize the results of the ongoing CRP.
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3. CFD analysis on SCW flows in rod bundle geometries
In order to contribute to the SCWR development (it was one of the main goals of my
doctoral research) I have performed a wide range of CFD analysis on the European HPLWR
concept. First, I investigated the proposed fuel assembly (FA) design of HPLWR assisted by
CFD models consisting of different portions of the HPLWR FA. After these first studies, I
examined some thermal hydraulic aspects of the SCWR-FQT facility by CFD analysis in the
framework of the SCWR-FQT EU project. Finally, I measured the possible effect of wrapped
wire spacers on the thermal hydraulics of four rod fuel bundle by an extensive CFD study.
3.1 CFD analysis on HPLWR fuel assemble
As my first contribution to the SCWR development, I performed CFD analysis on one subchannel [102], circumferentially one-eight, one-fourth [117] and full model {5} of HPLWR
FA. I present the description and results of the latest model in the following.
I conducted 3D CFD simulations on the SCW flow within the HPLWR FA design: it is a
fuel bundle of 40 rods in a square arrangement surrounded by a thin wall of FA box and
consisting of a central moderator channel. In order to ensure spacing between the rods this FA
design uses thin wires wrapped counter-clockwise around each rod which is called as wrapped
wire spacer device. This spacer was proposed for the HPLWR [62]. I investigated an axial
section with one turn of wrapped wire spacer located in the Evaporator region of the HPLWR
core applying hydraulic (in order to ensure fully developed flow at the inlet boundary
condition and reference for heated simulations) and thermal hydraulic boundary conditions.
3.1.1 Description of the investigated geometry and CFD model
I applied CFD analysis on the HPLWR FA with whole perimeter. The computational
domain consisted one counter-clockwise turn (200 mm) of wrapped wire spacer located in
different positions of the Evaporator region of the HPLWR core. The schematics of FA
structure and its dimensions can be seen in Figure 1-14 and Annex 1 respectively. The pitch
between fuel rods is 9.44 mm while the rod diameter is 8 mm thus the pitch to diameter ratio
is 1.18 which indicates that the FA of HPLWR is rather tight compared to currently used
LWRs. The geometry of the FA, the used Descartes coordinate system (x y z), the boundary
regions and the simplified cross section of the wires on the inflow boundary region are shown
in Figure 3-1. The diameter of wires was 1.34 mm which meat that there was at least a 0.1
mm wide gap between the wires and other elements (fuel rods or walls of FA/moderator
channel). The starting positions of the wires at the inflow boundary region of the CFD model
are identically at 90° (12 o’clock from the top view) which can be seen in Figure 3-1/b-c.
I identified three thermal hydraulically interesting regions in the first Evaporator pass of
HPLWR three pass core based on the distributions of SCW thermophysical properties (Figure
3-2), the heat flux (Figure 3-3/a) and bulk fluid temperature (Figure 3-3/b) calculated in a
previous study {5}:
 the first region (1stR) is where the maximal axial gradient of heat flux and bulk
temperature occur from 0 m to 0.6 m (3 turns of wire), the SCW properties alter
moderately, the heat capacity has a relatively low value, the density, kinematic viscosity
and heat conductivity are relatively high;
 the second region (2ndR) is where the steepest change in SCW properties occurs due to
the pseudocritical transition, this region is located from 1.4 m to 2 m (3 turns of wire),
the bulk temperature stagnates due to high isobaric specific heat, while the heat flux
strongly decreases in the downstream direction;
 the third region (3rdR) is where the SCW properties decreases strongly from a relatively
high value, the bulk temperature slightly increases, while the heat flux strongly
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decreases in the downstream direction, this region is located from 3.4 m to 4 m (3 turns
of wire).

Figure 3-1: a., Geometry, boundary regions and coordinate system of the CFD model, b., simplified
cross section of wires, c., inflow region of the model {5}

Figure 3-2: The SCW thermophysical properties at 25 MPa in three pass core of HPLWR {5}

I have performed many different CFD computations which can be classified into two main
groups: hydraulic computations (denoted as HDR-G) and thermal hydraulic computations
(denoted as TH-G). The different computational cases are listed in Annex 5. I calculated one
hydraulic case at first in order to investigate the mesh sensitivity of hydraulic results assisted
by 7 different global mesh densities for the unstructured tetrahedral mesh (see Msh-1 to 7 in
Annex 5). After I selected the global mesh density (Msh-6), I conducted calculations for three
hydraulic cases (1stR, 2ndR and 3rdR) in HDR-G group in order to generate fully developed
inflow turbulence and velocity boundary conditions for the thermal hydraulic cases and to
provide reference unheated prediction for each interesting thermal region. In the next step I
performed calculations for three different thermal hydraulic cases for each region of interest
for the three-three sequential turns of wire (1stR1-3, 2ndR1-3 and 3rdR1-3) using
corresponding axial heat flux distributions and inlet bulk fluid temperatures (Figure 3-3/a-b).

51

I examined all the three middle cases for regions of interest (1stR2, 2ndR2, 3rdR2) with about
909 kW/m2 constant heat flux (denoted as 1st-, 2nd-, 3rdR2 qw constant) and additional axial
and radial heat flux distributions (denoted as 1st-, 2nd-, 3rdR2 qw rad). Finally, I have done a
mesh sensitivity study for the thermal hydraulic cases using four meshes: 2ndR2, 2ndR2 n
369k, 2ndR2 n 563k, 2ndR2 n 907k {5}.

Figure 3-3: a., Distribution of heat flux, b., distribution of bulk fluid temperature in the Evaporator
pass along the axial height {5}

Figure 3-4 shows the denotations for sub-channels (1-60), gaps between neighbouring subchannels (1-100) and fuel rods (1-40). All the three numberings start at the upper left corner. I
investigated the effect of radial heat flux distribution on the CFD prediction for all three
middle cases (1stR2, 2ndR2 and 3rdR2, see Annex 5) by applying different radial heat flux
factor (right side in Figure 3-4) for each row. It means that each row had its own
multiplication factor to the axial heat flux distribution (Figure 3-3/a) in order to model an
increasing linear power gradient from the last row to the first row of fuel rods.
I used SMC Reynolds stress turbulence models (RSM) for these calculations in order to
consider the turbulence anisotropy and properly capture the twisting flow [100]. I applied the
SSG RSM for the hydraulic mesh sensitivity study (from Msh-1 to Msh-7) in order to
decrease the computational costs of calculations. After I selected the global mesh density, I
used the k-ω RSM instead of SSG RSM for the further cases.
I built the CFD model with the details as described in the following (e.g. boundary
conditions, numerical settings, etc.). I set the reference pressure to 25 MPa for all cases and
defined the SCW with buoyance considered. I set the inlet bulk-fluid temperature assisted by
Figure 3-3/b. I used different boundary conditions at the inflow and outflow regions of the
model: translational periodic boundary condition with prescribed mass flow rate (3.22 kg/s)
was used for HDR-G cases (it means that inflow and outflow boundary regions were
connected by identical velocity and turbulent fields), while inlet and outlet boundary
conditions were applied on inflow and outflow regions for TH-G cases. The velocity and
turbulent fields for inlet boundary conditions of TH-G were calculated by the HDR-G
calculations. Relative pressure provided by German colleagues [119] was set at the outlet
boundary conditions for TH-G calculations. I specified axial and optionally radial heat flux
distributions at the fuel rod surfaces for each thermal case by Figure 3-3/a and Figure 3-4. I
modelled the surfaces of wrapped wires, moderator and FA box walls as adiabatic smooth noslip walls. Naturally, I used the IAPWS-IF97 built in tables to model the thermophysical
properties of SCW {5}.
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Figure 3-4: Denotations of sub-channels, gaps, fuel rods and radial heat flux factors {5}

3.1.2 Numerical Grid Generation and Computations
My main aims were with this investigation to gain experience about CFD modelling on the
whole perimeter HPLWR FA and to provide qualitative and quantitative insight into the
phenomena of inter-channel cross flow and mixing {5}. For the advanced calculations, I used
relatively coarse numerical meshes to discretize the geometry due to high number of
computational cases. Furthermore, I applied the scalable wall function for the modelling the
near wall region. It leads to inaccurate distribution of wall temperatures but the overall heat
transfer remained accurate in order to provide insight into the global flow patterns. I generated
unstructured tetrahedral meshes in ANSYS ICEM software which differed only in the total
number of nodes due to different global mesh size. Figure 3-5 shows some details of the
unstructured numerical grids.
I performed the computations on a NEC Xeon EM 64T type cluster named “cacau1” at
HLRS (Peak Performance: 2.5 TFlops) in Stuttgart. For the calculations, I used the ANSYS
CFX code in parallel mode on cacau1. In Table 3-1, I summarized the representative number
of processors used, wall clock times, maximum residual and imbalance values for each
computational group. I monitored four “User Points” during the calculations: the area average
of pressure and velocity on the inflow and outflow regions. The monitored user points and the
imbalances indicated that all of the computations reached a well converged state {5}. The
convergence values are acceptable considering the proposal of the guidelines [13]:
 the not twisting flows should be considered as well converged calculations with a
reduction of only 3-4 orders of the final/peak RMS residual ratios,
 in case of twisting flow (which is valid for all cases presented here) 5-6 orders of the
final/peak RMS residual ratios are necessary for converged CFD calculation.
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Figure 3-5: Some details of unstructured tetrahedral mesh with 1,671,793 number of nodes {5}
Table 3-1: Characteristic computational data for each computational group {5}
Computationa
l group

Number of
processors/iteration

HDR-G
TH-G

16-32/500-1000
16/200-300

Wall clock
time
9-10h
10h-11h

Max. RMS
residual value

Max. imbalance
value

Final/Peak RMS
residual ratio

9 10-6
10-7

0.1844 %
0.0395 %

10-4 - 10-5
10-5 - 10-6

3.1.3 Mesh Sensitivity Study
I have conducted a numerical grid sensitivity study for this model as usual. I selected two
target variables: pressure drop along whole model length for HDR-G calculations and
enthalpy rise between inflow and outflow regions for TH-G cases. The results of this study
showed good convergence to mesh independent prediction and Msh-6 was selected for further
calculations {5}.
3.1.4 Computational Results
At first, I examined the main characteristics of the flow pattern assisted by evaluation on
CFD predictions provided by the hydraulic cases. I concluded that the wrapped wire spacer
causes a significant additional rotational velocity component to the main axial flow due to the
SCW flow strongly follows the wires. This is the so-called twisting flow. It turned out that the
inter-channel cross flow is far more affected and enhanced by the effect of wrapped wires
compared to the effect of anisotropic turbulence and different hydraulic diameters of the subchannels which were studied before {9}, [124]. The most important positive consequence of
the enhanced inter-channel cross flow is that the hot spots {9}, [125] in the outer corner subchannels disappeared.
The flow fields of SCW are strongly influenced by the twisting flow: e.g. rotation of the
local pressure field was expected. Figure 3-6 depicts the locally scaled pressure fields of
cross sections at 0 (inflow boundary region), 50, 100, 150 and 200 (outflow boundary region)
mm. As I expected the local pressure field rotates together with the wires in a counterclockwise direction {5}.
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Figure 3-6: One fuel rod and wrapped wire and the locally scaled pressure fields of cross sections at 0,
50, 100, 150, 200 mm {5}

The counter-clockwise rotation of wires causes another characteristic feature: the wires
wrapped around such a fuel rod, which rod is a neighbour of the FA wall, crosses only once
the gap between the FA wall and fuel rod and guides the SCW flow always in counterclockwise direction. It generates a counter-clockwise (defined from the top view) interchannel cross flow near the FA wall (Figure 3-7). If the wires wrapped around such a fuel
rod, which rod is a neighbour of the moderator box wall, crosses also only once the gap
between the moderator box wall and fuel rod and directs the flow always in clockwise
direction (Figure 3-7). This causes clockwise (defined from the top view) inter-channel cross
flow near the moderator box wall. If two wires cross such a gap which is not located near the
FA or moderator box wall then it means that bidirectional inter-channel cross flow occurs at
the “inner” (located between two fuel rods) gaps {5}.

Figure 3-7: a., Streamlines originated from the inflow boundary region, b., the recognized clockwise
and counter-clockwise inter-channel cross flow directions {5}

In the second part of the evaluation, I investigated the effect of heating on the inter-channel
cross flow by comparing reference hydraulic cases and heated cases with different heat flux
profiles. Four different sub-channel types can be identified in the square HPLWR FA [123]:
the inner corner, the wall, the central and the outer corner type (Figure 3-8). Regarding the
gaps it is clear that each gap is unique, but I classified them using the above mentioned four
sub-channel types due to evaluation considerations. Based on the four sub-channel types six
different gap types can be identified (Figure 3-8 and Table 3-2). I selected six gaps (last
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column in Table 3-2) in order to represent the inter-channel cross flow for the six investigated
gap types. For the confirmation of symmetry, I used a seventh gap for detailed analysis. These
seven gaps are bounded by totally twelve sub-channels (SC No. 4, 5, 8, 14, 15, 16, 20, 21, 22,
23, 28 and 29) {5}.

Figure 3-8: Four sub-channel types of HPLWR square FA {5}, [126]
Table 3-2: Types of gaps defined by the four sub-channel types {5}
Name of gap type:

SC type at first side:

SC type at second side:

Number of representative gap:

Gap-I, wall-wall
Gap-II, wall-central
Gap-III, wall-inner
Gap-IV, wall-outer
Gap-V, inner-central
Gap-VI, central-central

wall type
wall type
wall type
wall type
inner type
central type

wall type
central type
inner type
outer type
central type
central type

7, 37
28
40
15
27
42

Figure 3-9/a-b depicts the comparison between the mass flow averaged transversal
velocity of hydraulic (“1stR”, “2ndR”, “3rdR”) and thermal hydraulic (“1stR1”, “2ndR1”,
“3rdR1”) cases using Gap-7 and 15. Gap-7 and 15 are located in the outer twisting flow cycle
with a counter-clockwise inter-channel cross flow direction. The outer twisting flow cycle
flows through the four outer corner sub-channels and all wall type sub-channels (these wall
sub-channels lies next to the FA wall). I used sixteen so called “User surface” for each gap to
evaluate the mass flow averaged transversal velocities on them. As it can be seen in Figure
3-9/a-b, the difference between “1stR” (unheated) and “1stR1” (heated) cases of gap-7 and 15
are 9.7% and 1.51%, between “2ndR” and “2ndR1” are 13.5% and 6%, between “3rdR” and
“3rdR1” are 8.95% and 1.45% respectively. This trend indicates that there is a slight influence
of heating (the averaged transversal velocity is increased by heating for gap-7 and 15) on the
transversal velocities of unidirectional gap flows. The averaged difference between unheated
and heated cases for gap-7 is about 10%, while this averages value is far less for gap-15
(4%>). It seems that the heating has significant acceleration effect not only on the main flow
direction but on the transversal velocities as well {5}.
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Figure 3-9: Comparison between the mass flow averaged transversal velocity of hydraulic and
thermal hydraulic cases using: a., Gap-7, b., Gap-15 {5}

Figure 3-10/a depicts a comparison between the mass flow averaged transversal velocity
of differently heated thermal hydraulic cases (axial, constant and axial heat flux distribution
with radial heat flux factors) for Gap-27. This gap is located between fuel rod 12 and 13 and it
has a bidirectional inter-channel cross flow of SCW. The first and last one-fourth part of Gap27 indicates positive while the second and third one-fourth show negative transversal velocity
due to the above mentioned two wires cross Gap-27 at 50 and 150 mm. The transversal
velocity through Gap-27 is positive along the first one-fourth, because it is affected by the
wire of fuel rod 12 in the previous turn in upstream direction. At the position of 50 mm, the
wire of fuel rod 13 crosses Gap-27 and modifies the cross flow direction from positive to
negative. The negative direction is valid up to the position of 150 mm, where the wire of fuel
rod 12 changes this direction from negative to positive (Figure 3-10/a). The difference
between “2ndR2” and “2ndR2 qw constant” cases of Gap-27 is 0.56%, while between “2ndR2
qw constant” and “2ndR2 qw rad” cases is 2.16%. It indicates that the type of heat flux
distribution slightly affects the transversal velocities of Gap-27 in the second region of
interest. Figure 3-10/b shows a comparison between mass flow averaged transversal
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velocities of the thermal hydraulic cases of Gap-27 in three following turns of the second
region of interest. The difference between “2ndR1” and “2ndR2” cases of Gap-27 is 4.77%,
while between “2ndR2” and “2ndR3” cases of Gap-27 is 0.29%. It shows that the transversal
velocities of Gap-27 increases in the axial direction turn by turn due to the decreases in
density which causes acceleration {5}.
In the third part of this evaluation, I measured the effect of heating on the twisting flow
assisted by comparison between reference hydraulic and heated cases with axial heat flux
profiles. Figure 3-9/a-b and Figure 3-11/a-b depicts comparison between mass flow
averaged transversal velocity of hydraulic and thermal hydraulic cases of Gap-7 and 15 (outer
twisting cycle) and Gap-37 and 40 (inner twisting cycle), respectively. As it can be seen, the
heating has a slight effect on the twisting flow (acceleration for Gap-7 and 15, rather
deceleration for Gap-37 and 40) {5}.

Figure 3-10: Comparison on mass flow averaged transversal velocities of: a., heated thermal
hydraulic cases, b., thermal hydraulic cases in three following turns for Gap-27 {5}
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Figure 3-11: Comparison between the mass flow averaged transversal velocity of hydraulic and
thermal hydraulic cases for: a., Gap-37, b., Gap-40 {5}

3.1.5 Conclusions on CFD study of HPLWR fuel assembly
With the above presented CFD study, I demonstrated that by reasonable numerical effort a
sufficient accuracy of the RANS CFD calculations can be achieved in the challenging topic of
CFD analysis for HPLWR FA using unstructured tetrahedral numerical grids, a Reynolds
Stress turbulence model and a combination of cases with hydraulic and thermal hydraulic
boundary conditions. I reproduced the expected flow patterns of SCW flow such as additional
mixing and the twisting flow qualitatively which made possible a quantitative comparison to
the results of sub-channel codes in order to better understand and possibly improve the subchannel models for wrapped wire geometries (e.g. for HPLWR core design). The expected
counter-clockwise (outer twisting cycle) and clockwise (inner twisting cycle) twisting SCW
flow has been confirmed for channels next to the walls of FA and moderator box,
respectively. This twisting effect assists to eliminate the hot spots (which were reported in
previous studies) from the outer corner type sub-channels. I identified strong (average
velocity in main flow direction is 3 m/s) unidirectional inter-channel cross flows (0.2 – 2.2
m/s) between corner and wall type of sub-channels in the inner and outer twisting cycles and
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bidirectional inter-channel cross flows (±0.1 – ±2.2 m/s) through such gaps, which are located
between two fuel rods (gaps far from FA and moderator box walls). In my opinion, the next
steps towards more accurate CFD predictions could be the application of wall functions
accounting for variable properties or generation of fine near wall boundary grid {5}.
3.2 CFD analysis on the test section geometry of SCWR-FQT loop
The experience what I have been gained during the CFD study on the HPLWR FA I
directly used for my next HPLWR related tasks. I worked on many various tasks in the
framework of SCWR-FQT project in the domain of steady state CFD investigations. One of
these tasks was the examination and geometrical optimization of inlet and outlet region of FA
part of SCWR-FQT test section. Here, stable in time and uniform inflow SCW fields (as
appropriate experimental boundary conditions) have to be ensured at the inlet of FA. A further
design goal was the intensive mass and energy exchange between sub-channels, which results
in more homogeneous temperature field along the heated length of the four fuel rods [87],
[115]. This goal was tried to be ensured by the application of wrapped wire spacers due to it is
the proposed spacer device for HPLWR and its significantly positive effect was well proven
by one of my previous studies too {5}. Furthermore, homogeneous bulk-fluid temperature
field was expected at the outflow region (upstream to the outlet of rod bundle). In order to
ensure the fulfilment of the above mentioned criteria, I performed 3D CFD analysis with the
well validated ANSYS CFX code. During the CFD analysis, I identified two main design
flaws from thermal hydraulic perspective. On one hand, I discovered significant generation of
a huge eddy in the so-called flow direction changing chamber (upstream to the inlet section of
test section) which existence had to be avoided or at least its size had to be reduced in order to
ensure stable inflow conditions. On the other hand, I identified flow regions where SCW had
very low velocity directly downstream to the inlet of test section which could cause cooling
deficiency at the beginning of the heated part of fuel rods. I solved both flaws by geometrical
optimization of the inlet of the test section. I examined the outlet section and it was graded
suitable as is {4}.
3.2.1 Computational domain and boundary conditions
I selected such kind of computational domain for the CFD model that it consisted of only a
small fraction of the active channel geometry which was relevant to the inlet and outlet effect
(marked by red rectangle in Figure 1-18). The computational domain contained: an entrance
circular annulus part with downward SCW flow, the flow direction changing chamber (I refer
to it as chamber in the following) and the test section with four fuel rods and their wrapped
wire spacers between the lower (“bottom piece”) and upper spacer (“head piece”) with
upward SCW flow. The SCW flow enters into this domain at 200 mm before the end of third
pass of SCWR-FQT active channel (Figure 1-18 and Figure 3-12). I specified an Inlet
boundary condition here with prescribed inlet fluid temperature (Tin=375.64°C) and mass
flow rate (0.253 kg/s). The SCW flows downward from the Inlet between the inner surface of
inner guide tube wall and outer surface of assembly box wall (Figure 1-18 and Figure 3-12).
I modelled as no-slip adiabatic solid surfaces the walls of the inner guide tube and assembly
box. When the SCW flow leaves the annular cross section between inner guide tube and
assembly box, it enters into the chamber (I modelled its solid surfaces as no-slip adiabatic
walls, Figure 3-12). In this chamber, the SCW flow direction changes from downward to
upward and it enters into the test section through the amorphous holes of foot piece spacer
element (Figure 3-12 and Figure 3-13). I applied solid domains for the foot piece, head piece
and fuel rods (see their geometries in Figure 3-13) taking into consideration the heat transport
by heat conduction (CHT modelling) while the outer surface of wrapped wire spacers and the
inner surface of assembly box wall have been modelled as no-slip adiabatic walls. I specified
the 64 kW heat load with realistic axial profile on the inner surfaces of fuel rods as imposed
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heat flux. The SCW flow goes through the rod bundle of four fuel rods then leaves the test
section at the upper end of the head piece spacer element. Here, I defined an Outlet boundary
condition with relative pressure (-11 kPa to the reference pressure), while I set the reference
pressure to 25 MPa {4}.

Figure 3-12: Investigated computational domain of SCWR-FQT test section {4}

Figure 3-13: Modelled geometrical details in the SCWR-FQT test section {4}

I modelled the thermophysical properties of SCW by the IAPWS-IF97 built-in table
generation method suggested by relevant past studies {2} in ANSYS CFX. Because I
expected strong radial velocity components in the examined geometry of the test section due
to the twisting effect caused by wrapped wire spacers, thus I used the Omega Reynolds Stress
turbulence model in order to properly model the turbulence in such twisting flow {4}, {5}.
3.2.2 Applied numerical schemes, grid type, time stepping and computations
As usual, I used the RANS approach for this CFD study and modelled the time dependent,
convective, diffusive and turbulent terms by second-order numerical schemes. I generated
unstructured type numerical grids with tetrahedral mesh elements. I covered with 4 layers of
prismatic numerical elements the thermal hydraulically significant solid surfaces (such as the
outer surface of the fuel rods, wrapped wire spacers, and bottom and head pieces, Figure
3-13) in order to properly model the boundary layers next to these solid surfaces. At first, I
performed steady state CFD calculations, which were used during the final calculations as
initial conditions for the transient computations. The total simulated transient time was 1.2 s:
it ensured that a SCW fluid package was able to pass the whole computational domain at least
4 times. I set the time step to 0.001 s and the result was saved in each 25th time step {4}.
I computed the above mentioned models on Alfonz cluster in HPC parallel mode assisted
by the ANSYS CFX code. I monitored many User Points during the calculations: the area
averaged pressure on the Inlet and velocity on the Outlet, SCW temperature and its velocity in
many prescribed points, global imbalances of mass, heat, momentum, etc. The trends of
residuals, User Points and the imbalances showed that all of the cases reached a well
converged state before they were stopped. The ratios of final over the maximum RMS
residual values were less than 10-4 – 10-5 for all calculations. The maximum absolute value of
the imbalances for each case was less than 0.01%. These computational parameters indicate
suitable convergence for the investigated twisting flow case [92].
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3.2.3 Mesh sensitivity study
Our first step in this CFD study was a detailed numerical grid sensitivity study. Its goals
were as usual: to assess the effect of numerical grid resolution on the predictions of CFD
calculations and select the most suitable numerical grid [92]. For this purpose, we created four
grids with different resolutions {4}. We selected target variables [92] at the beginning of
mesh sensitivity study. Many target variables were compared for the CFD predictions
computed with different grids in order to check the sensitivity and grid independence. The
CFD prediction provided by M4 grid was ranked as optimal balancing between accuracy and
numerical costs {4}.
3.2.4 Geometrical optimization of inlet section
As Figure 1-18 and Figure 3-12 illustrates, the examined computational domain includes
a 180° turn in the SCW flow path at the bottom of the inner guide tube upstream to the inlet of
the test section (assembly box). I named this small part of the geometry as flow direction
changing chamber and I identified this region as potential source of flow instabilities. My first
task was to identify and – if it is possible – reduce the magnitude of possible thermal
hydraulic instabilities (time dependent behaviours, oscillation in flow pattern which cause
additional mechanical or thermal loads) at the inlet of the test section, thus I examined the
flow field in the above mentioned chamber in details. The inner guide tube was closed at its
bottom end by a flat disk according to the original design (Figure 3-12). I expected that this
bottom closure design together with the 180° turn of SCW flow direction may cause
instability in the chamber and downstream to this region (it means around the Inlet of test
section which had to be avoided or at least reduced). Based on the CFD predictions provided
by the CFD model with the M4 grid, the creation of a large eddy has been identified upstream
to the inlet of the test section. Large eddy means here that the size scale of the identified eddy
is in the order of the geometrical dimensions. This large eddy causes an unstable velocity and
pressure field. Figure 3-14/a depicts the shape of the inner guide tube closure in the case of
the original design (“Reference geometry”) and the large eddy created in the chamber. The
size scale of the eddy identified in the Reference geometry equals to the main geometrical
dimension (e.g. its diameter) of the computational domain, which indicates the seriousness of
the problem caused by the occurrence of this eddy. This large eddy influences the SCW flow
entering into the assembly box by transforming it unstable flow whit strong oscillations. This
is a very negative turn from thermal hydraulic sense due to the instabilities increase the
possibility of the DHT. The more unstable the flow, the lower the thermal load where DHT
occurs [5] and consequently the DHT can cause hot spots on the fuel rods [33], [68] directly
downstream to the Inlet of test section. In order to stabilize the flow field and reduce the size
of eddies, three different new designs of bottom closure were proposed (Type-1, -2 and -3
geometry, Figure 3-14/b-d) based on best engineering practise and past experience of project
partners [87]. Type-1 design had a semi spherical shape with a truncated cone in its middle
(Figure 3-14/b). Type-2 design was almost identical with Type-1: it has a semi spherical
closure with a truncated cone in its middle, but it was divided into four parts by two
perpendicular beams (Figure 3-14/c). Type-3 design had been derived from the design of the
Reference geometry: it had eight special wings added in order to reduce the creation of a large
eddy (Figure 3-14/d). Figure 3-14 shows the results of CFD calculations on the four different
variations of bottom closure geometries as well by 3D velocity streamlines. The creation of
three smaller scale but still significant eddies can be identified in the result of Type-1
geometry (Figure 3-14/b). In the CFD prediction for Type-2, the creation of four smaller
eddies can be identified (Figure 3-14/c). In the case of Type-3 geometry, large eddies cannot
be identified in the CFD result (Figure 3-14/d). Here, the large eddies were fully eliminated
by the added wings and only a small and weak eddy remained in the middle of the closure
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plate. This was the reason why Type-3 was selected as the most favourable among the other
two proposed and the Reference designs. I evaluated and compared many different thermal
hydraulic variables of CFD predictions for the four different bottom closure designs {4}.

Figure 3-14: Velocity streamlines indicating different scale eddies in the flow direction changing
chambers of 4 different bottom closure designs: a., Reference, b., Type-1, c.,Type-2, d., Type-3 {4}

Figure 3-15/a-b and Figure 3-16 depicts the time averaged distribution of velocity,
turbulent kinetic energy and velocity absolute helicity. The time averaged distributions were
exported from transient results and calculated from the bottom of the guide tube (Z = 0 m) to
the start of the heated section of the fuel rods (Z = 0.045 m) with a 3 mm step. The time
averaged velocities of different designs varied in a 0.8-1.5 m/s wide range (between 2.1 and
4.5 m/s in absolute sense) in the chamber (axial position from 0 m to 0.01 m). This velocity
range became narrower up to 0.5 m/s at the entrance of the test section (from the axial
position of 0.02 m) and decreases practically to zero up to the beginning of the heated length
(0.045 m) of the fuel rods (Figure 3-15/a). The Type-3 design had the lowest velocity
between 0 and 0.03 m due to the highest hydraulic resistance caused by the eight small wings
added to its bottom closure. While the turbulent kinetic energy was significantly increased in
Type-1 and 2 designs, it was considerably decreased in the Type-3 design compared to the
distribution of the Reference geometry (Figure 3-15/b).
Figure 3-16 shows the most decisive pattern: the time averaged values of velocity absolute
helicity can be seen as a selected indicator for the non-uniform rotating flow. The helicity is
the extent of helix-like motion of the flow. The velocity absolute helicity (VAH) is the
absolute value of the dot product of the velocity and vorticity vectors as defined by
Equation 3-1:
𝑚
ℎ𝑣 𝑎𝑏𝑠 = (𝛁 × 𝒗) ∙ 𝒗 [ 2 ]
𝑠

Equation 3-1
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Figure 3-15: a., Time averaged velocity, b., time averaged turbulent kinetic energy at inlet in case of
four different designs bottom closure {4}

Figure 3-16: Time averaged velocity absolute helicity at inlet in case of four different designs bottom
closure {4}

The distribution of VAH illustrates how the vorticity field behaves. Type-3 geometry had
the lowest VAH values which mean the flow was the most uniform and stable. While the
design of Type-1 and 2 had identical or even higher helicity compared to the Reference case,
Type-3 had mostly lower or at least identical helicity (Figure 3-16). It means that Type-3
design had the weakest eddy flow. Thus the Type-3 design had to be preferred because its
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flow field at the bottom of the fuel rods was more homogeneous and stable than in the case of
the other three designs. Figure 3-15/b shows that Type-3 geometry had the lowest turbulence
kinetic energy, and it is relatively close to the prediction for the Reference geometry.
When I examined the thermal fields, I recognized that the heat transfer was in the same
order at the beginning of heating for the four designs. It is well illustrated by the very similar
temperature (Figure 3-17/a-d) and normalized HTC fields (Figure 3-18/a-b and Figure
3-19/a-b). As a summary it can be declared that the design of Type-3 provided a decreased
level of helicity (it means more homogeneous and stable flow field) but nearly the same level
of turbulent kinetic energy (it means almost same level of turbulent heat transfer) and almost
the same level of total heat transfer along the full heated length (from 0.05 m to 0.65 m, Lh =
06 m, Figure 3-18 and Figure 3-19) indicated by similar wall temperature profile directly
downstream to the inlet of the test section and normalized HTC fields along the heated length.
Thus, I concluded that the application of Type-3 design is the optimal option from the thermal
hydraulic sense {4}.

Figure 3-17: Similar temperature contour plots on the surface of fuel rods in case of the four different
bottom closure designs: a., Reference, b., Type-1, c., Type-2, d., Type-3 {4}

I identified oscillations in the flow pattern created by the large eddy in the chamber. In
order to illustrate them I evaluated the instantaneous values of different flow and thermal
variables, such as pressure, temperature, velocity, etc. As an example, I depict the
instantaneous velocity values in five points for the four different bottom closure designs in
Figure 3-20/a-d. All of the five used points are located on the vertical or Z coordinate axis
(symmetry axis of the assembly box) {4}:
 Point 1 is at Z = 0.005 m (position of the top level of the wings of Type-3 bottom
closure);
 Point 2 is at Z = 0.016 m (3 mm upstream to the bottom of the foot piece);
 Point 3 is at Z = 0.045 m (this is the position of the beginning of heating);
 Point 4 is at Z = 0.345 (this is the position at the half of the heated length);
 Point 5 is at Z = 0.645 m (this is the position of the end of the heated length).
I depicted the time average, minimum, maximum, positive and negative amplitude velocity
values in Figure 3-20. Based on the evaluation, it can be pointed out that significant velocity
oscillations can be seen in the chamber (indicated by Point 1 and 2) and at the beginning of
heating (see Point 3) for the Reference design (Figure 3-20/a). These oscillations moderate
up to Point 4 and vanish in Point 5 (Figure 3-20/a) due to the strong modification effect of
the wrapped wires on SCW flow. The CFD predictions for Type-2 and 3 designs indicate
moderated oscillations (Figure 3-20/b-c), but the SCW flow can be characterized still to be
oscillatory and unacceptably unstable (e.g. see Point 3 in Figure 3-20/b-c). The CFD result
for Type-3 represents a qualitatively and quantitatively (Figure 3-20/d) more stable and
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homogeneous flow pattern. The oscillations are significantly moderated in Point 2 and 3 to a
level which can be seen only in Point 4 of the Reference design. Considering these results, I
concluded that the Type-3 bottom closure design is more favourable than the Reference,
Type-1 or Type-2 designs. Based on the circumstances presented in Figure 3-15, Figure
3-16, Figure 3-17, Figure 3-18, Figure 3-19 and Figure 3-20, I selected the design of Type-3
as best performing bottom closure design from the viewpoint of uniform and stable inlet flow
and temperature profiles {4}.

Figure 3-18: The normalized HTC along the heated length (0.6 m) in case of: a., Reference, b., Type1 bottom closure designs {4}

I depicted the time average, minimum, maximum, positive and negative amplitude velocity
values in Figure 3-20. Based on the evaluation, it can be pointed out that significant velocity
oscillations can be seen in the chamber (indicated by Point 1 and 2) and at the beginning of
heating (see Point 3) for the Reference design (Figure 3-20/a). These oscillations moderate
up to Point 4 and vanish in Point 5 (Figure 3-20/a) due to the strong modification effect of
the wrapped wires on SCW flow. The CFD predictions for Type-2 and 3 designs indicate
moderated oscillations (Figure 3-20/b-c), but the SCW flow can be characterized still to be
oscillatory and unacceptably unstable (e.g. see Point 3 in Figure 3-20/b-c). The CFD result
for Type-3 represents a qualitatively and quantitatively (Figure 3-20/d) more stable and
homogeneous flow pattern. The oscillations are significantly moderated in Point 2 and 3 to a
level which can be seen only in Point 4 of the Reference design. Considering these results, I
concluded that the Type-3 bottom closure design is more favourable than the Reference,
Type-1 or Type-2 designs. Based on the circumstances presented in Figure 3-15, Figure
3-16, Figure 3-17, Figure 3-18, Figure 3-19 and Figure 3-20, I selected the design of Type-3
as best performing bottom closure design from the viewpoint of uniform and stable inlet flow
and temperature profiles.
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Figure 3-19: The normalized HTC along the heated length (0.6 m) in case of: a., Type-2, b., Type-3
bottom closure designs {4}

Figure 3-20: Instantaneous velocity values in five points in: a., the Reference, b., Type-1, c., Type-2,
d., Type-3 designs {4}

I identified another fluid dynamic problem during the investigation on the bottom closure
design, namely: stagnant areas appear after the original foot piece element (see its design in
Figure 3-21/a), which stagnant areas can be seen in Figure 3-22. These identified stagnant
areas may create hot spots at the beginning of heated length of the fuel rods directly
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downstream to the inlet of test section due to the appearance of very low velocity regions in
the trace of stagnant areas [87]. The existence of these hot spots may cause overheating of
corner type sub-channels till the twisting effect caused by the wrapped wire spacers become
strong enough. According to my CFD calculations (in both cases: with and without modelling
the heat conduction in the solid domain (cladding) of the fuel rods) these very low velocity
regions create hot spots on the fuel rods outer surfaces {4}.

Figure 3-21: Cross-sections of: a., original (Type-3), b., New Foot 1, c., New Foot 2 designs {4}

Figure 3-22: Velocity contours at the axial position of 0.025 m to visualize stagnant areas: a., Type-3
design, b., denotation of sub-channels, c., New Foot 1 and d., New Foot 2 design {4}

The reason why the stagnant areas appear is easy to understand: the shape of flow cross
section of the original foot piece design (Figure 3-21/a) causes the appearance of stagnant
areas directly downstream to the foot piece (Figure 3-22/a). I examined the four different
bottom closure designs from the aspect of stagnant areas and low velocity regions. The result
confirmed that the effect of stagnant areas still exists at the beginning of the heated section as
very low velocity regions for all of the four different bottom closure designs {4}. This was the
reason why it turned out that further geometrical optimization was necessary. To solve the
problem of stagnant areas, two new foot piece designs were derived by KIT colleagues from
the Type-3 (original) design by foot piece geometry modification. They were named as New
Foot 1 (NF-1) and 2 (NF-2) (Figure 3-21/b-c). I investigated the flow field nearby the bottom
part of the fuel rods in case of the reference and the two proposed new foot pieces as the next
step of this CFD study. For comparison purpose, I depicted the velocity distributions directly
downstream to the foot pieces (Z = 0.025 m above the closure disk) and directly upstream to
the heated section (Z = 0.045 m above the closure disk) of the fuel rods in Figure 3-22 and
Figure 3-23.
Unfortunately, the existence of stagnant areas can be observed at the corner sub-channels
of the Type-3 geometry (Figure 3-22/a). The design of NF-1 was elaborated in order to
eliminate these stagnant areas with small bores at the corners while the design of NF-2 is
totally different from the other two foot piece geometries. Type-3 and NF-1 designs had
similar velocity profiles at both investigated cross-sections (Figure 3-22, Figure 3-23 and
Figure 3-24).
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Figure 3-23: Velocity contours at the axial position of 0.045 m to visualize stagnant areas: a., Type-3
design, b., denotation of sub-channels, c., New Foot 1 and d., New Foot 2 design {4}

Figure 3-24: Quantitative comparison of time averaged velocities for each sub-channel at: a., the test
section inlet (axial position of 0.025 m), b., the start of heating (axial position of 0.045 m) {4}

The stagnant areas were reduced (the velocities were significantly increased) in the corner
sub-channels at the axial position of 0.025 m for NF-1 compared to the result for Type-3
(compare Figure 3-22/a-c and Figure 3-24/a-b). The low velocity regions still exist at the
axial position of 0.045 m in the results of NF- 1 (Figure 3-23/c and Figure 3-24/b). Thus, I
concluded that the application of NF-1 cannot entirely solve the problem of stagnant areas.
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The NF-2 design significantly modifies the velocity profile in the desired direction at Z =
0.025 m contrary to the designs of Type-3 and NF-1 (Figure 3-22, Figure 3-23 and Figure
3-24). The velocity profile was increased around the whole perimeter of the fuel rods and the
stagnant areas were eliminated in case of NF-2 design. Unfortunately, next to the wall of
assembly box the change was on the contrary at Z = 0.025 m: the velocity was decreased
significantly. Furthermore, I found much higher average velocity in central sub-channel (SC5). The velocity profile of NF-2 had more homogeneous velocity distribution in the wall and
corner sub-channels (SC-1-4 and 6-9) at Z = 0.025 m compared to the other two designs
(Figure 3-22 and Figure 3-24/a). Furthermore, the average velocity of central sub-channels
heated in all four sides was significantly increased compared to the results of Type -3 and NF
1 designs (Figure 3-24). Thus, the stagnant areas in the geometry of NF-2 were eliminated at
Z = 0.025 m (Figure 3-22/d) and consequently the low velocity regions vanished up to Z =
0.045 m (Figure 3-23/d and Figure 3-24/b).
Furthermore, the NF-1 and NF-2 designs stabilised the flow pattern not only at the inlet
(Point 3) but in the chamber (Point-1, 2) too (Figure 3-25).

Figure 3-25: Instantaneous velocity values in five prescribed points of: a., the NF-1 design, b., the
NF-2 design {4}

This is well indicated by the strongly moderated oscillations in Point 1 and 2 compared to
that of previous designs (Figure 3-20). As it can be seen, NF-1 design eliminated the
oscillations better compared to NF-2 design, but considering the better performance of NF-2
in elimination of the stagnant areas, low velocity regions and nearly the same elimination
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efficiency on oscillations, I selected NF-2 design and proposed for further mechanical
investigation in the SCWR-FQT project {4}.
3.2.5 Investigation of the outlet section
After, I exhaustively examined the SCW flow at the inlet; I investigated the flow at the
outlet as well. The aim of this investigation was to ensure uniform outlet temperature field. It
seemed to be a simple task even in case of the reference design due to the wrapped wire
spacer as very effective mixing and spacer device provided good inter sub-channel mixing in
the test section. This very effective inter sub-channel mixing was demonstrated by the very
moderate (1.3°C) temperature difference on the contour plot directly (0.01 m) upstream to the
outlet (Figure 3-26/a). Thus, the uniform outflow temperature field was provided in the
reference geometry already. Furthermore, I concluded that the different bottom closure
designs did not influence significantly the flow and thermal pattern at the outlet. I evaluated
the time averaged temperature of each sub-channel directly upstream to the outlet in case of
the four different bottom closure designs: the temperature difference at each sub-channel was
within the range of 0.2°C, which is 2.71% of the coolant total heat up while it passed through
the test section {4}. The two new foot piece designs did not change the flow and thermal
pattern at the outlet either. In order to prove this, I examined the temperature contours
upstream to the outlet in the case of NF-1 and NF-2 designs. I found that the closer the outlet,
the more uniform the temperature profile {4}. The temperature difference on the contour plot
directly (0.01 m) upstream to the outlet was 1.2°C (Figure 3-26/b), which was slightly
smaller compared to the reference design (1.3°C, Figure 3-26/a).

Figure 3-26: Temperature contours at 0.01 m upstream to the outlet for: a., Reference design, b., NF-2
design {4}

3.2.6 Conclusions on CFD study of SCWR-FQT test section
At first, I investigated the inlet effect: a large eddy was identified in the so-called flow
direction changing chamber. Three further different bottom closure designs were proposed
and I investigated them in order to eliminate this large eddy. This problem was solved by the
Type-3 bottom closure design. Type-3 ensures both weaker eddy flow and more
homogeneous velocity profile at the inlet of test section compared to Reference design, which
is beneficial for the future experimental work on the built facility. Thus, Type-3 design of the
bottom closure was chosen for further investigation. During these CFD analysis, I identified
stagnant areas directly after (downstream to) the foot piece element. The reason why these
stagnant areas appeared was the shape of the flow cross section of the foot piece. In the trace
of the stagnant areas, low velocity regions still existed at the beginning of heated sections,
which could cause hot spots on the wall of the fuel rods. Therefore, two new foot piece
designs were proposed in order to eliminate the stagnant areas and low velocity regions.
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According to the CFD predictions of the two new designs, the New Foot-2 design was ranked
as the best design to remove the stagnant areas. Therefore, I selected this foot piece design
and proposed for further analysis. The third investigated phenomenon was the outlet effect.
The reason behind this investigation was to prove that the wrapped wire spacer provide
uniform flow field and temperature profile at the outlet. I examined qualitative and
quantitative aspects and the results showed that the design of the bottom closure and foot
piece do not influence significantly the flow pattern at the outlet. Furthermore, I concluded
that the proposed geometrical optimizations leave intact the uniformity of outlet profiles. On
the contrary, the temperature profile was found to be slightly more uniform in case of New
Foot 2 design compared to the reference design {4}.
3.3 Lessons learnt from the CFD analysis of a bundle with four fuel rod
The aim of my most recent research {7} was to numerically investigate the effect of
wrapped wire spacers on thermal hydraulics of turbulent coolant SCW flow and its heat
transfer in a small bundle (its geometry relevant for HPLWR concept) with four fuel rods. For
this reason, I investigated the CFD models of one bare and six wired geometries with different
wire pitches (1-6 turn(s) of wires). In order to discretize the selected computational domain I
used unstructured volume mesh of tetrahedral elements with fine near wall boundary mesh of
prism elements for fluid domain and structured mesh of hexahedral elements for solid
domains of fuel rods, wires, etc. After an extensive mesh and turbulence model sensitivity
study (not presented here due to its large extent), I selected the M4 mesh resolution with BLC near wall mesh approach and the most advanced BSL Reynolds Stress turbulence model for
the further CFD calculations {7}. I performed a validation against experimental results [114]
for the model with 3 turns of wires. The results of advanced CFD calculations revealed many
important effects of wrapped wires on the SCW thermal hydraulics in this HPLWR relevant
geometry. I describe these effects in a compact way in this sub-chapter.
3.3.1 Investigated geometry
As I mentioned before, the special SWAMUP-II test facility [114] was selected for CFD
investigation in my research because this test facility contains an electrically heated 2×2 rod
bundle with a helical wire spacer wrapped around each rod. Unfortunately only this facility
provided experimental data on the thermal hydraulics of HPLWR relevant fuel assembly. The
investigated part of the facility consists of two channels separated by a square steel assembly
box with round corners: the outer channel had annular while the inner had square cross
section. The SCW flowed downward in the outer channel and at the bottom (in the flow
direction changing chamber {4}) turned upward towards the inner channel in order to cool the
2 × 2 bundle with wrapped wire spacer. This test section was intended to be the out-of-pile,
inactive (meaning that these fuel rods were electrically heated from inside instead of nuclear
fission), experimental demonstrator of the SCWR-FQT test loop [87], [115]. Its geometry was
up-scaled by a factor of 1.25 compared to the SCWR-FQT test section (seen in Table 3-3) in
order to adapt the design of SCWR-FQT to the SWAMUP facility {7}.
The inner channel consisted of four heater rods with an outer diameter of 10 mm arranged
with pitch-to-diameter ratio of 1.18 in a square lattice (Figure 3-27). The heated length was
750 mm totally: it spanned three pitches of the wrapped wires (e.g. 3 × 250 mm). The helical
wire spacers were wrapped around the rods in counter-clockwise direction from top view. The
position of the wires was 180° at the start of the heated section (Z = 0 mm) (Figure 3-28). In
order to overcome this geometrical complexity (to avoid the numerical discretization of small
angle contact surfaces between wires and rods), the wires were shifted toward their rods
(pushed into the rods) by 0.1 mm: this way the helical shaped contact curve transformed to
helical shaped contact surface between each wire and its own rod. Thus a suitable sized
helical contact surface was formed between each rod and its wire while a reasonably wide
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(0.225 mm) gap was ensured between each wire and the neighbouring rods in order to avoid
the application of too small and thus too many numerical elements in gaps. This modelling of
rod-wire contact has not significant influence on the turbulent SCW flow and its heat transfer
in such kind of wrapped wired fuel assembly according to recent CFD studies [125]–[127].
All solid components (rods, wire spacers, rectangular flow channel, etc.) were made of
Inconel-718 and deionized water was used as coolant medium (Li et al., 2017). The averaged
Re and Pr numbers were about 223,000 and 2.44 respectively in the investigated experimental
case {7}.
Table 3-3: The main dimensions of SWAMUP-II test section {7}
Component/part
Length of rectangular flow channel around rod bundle
Inner/outer width of rectangular flow channel around rod bundle
Wall thickness of rectangular flow channel around rod bundle
Length of lower foot piece (1.25 × 4.8)
Length of rods
Heated length of rods (1.25 × 600)
Inner/outer diameter of heated rods (1.25 × 7 / 8)
Wall thickness of heated rods (1.25 × 0.5)
Rod to rod pitch (1.25 × 9.44)
Diameter of solid wire spacer (1.25 × 1.34)
Helical pitch of solid wire spacer (1.25 × 200 mm)

Dimension [mm]
820
25.4 / 29.4
2
6
1120
750
8.75 / 10
0.625
11.8
1.675
250

Z [mm]
-35 to 785
n.a.
n.a.
-30 to -24
-30 to 1090
0 to 750
n.a.
n.a.
n.a.
n.a.
-18 to 840

Figure 3-27: Cross-section of SWAMUP-II test section with dimensions {7}

Figure 3-28: The position of rods, wires, characteristic planes and lines (used for evaluation) in top
view at the beginning of heating (Z = 0 mm) {7}

3.3.2 Computational domain and boundary conditions
The general description of CFD modelling (see in Sub-chapter 2.2.2) is valid here as well.
Table 3-4 shows the main boundary conditions I used during this CFD study. As it can be
seen, the appropriate parameters (heat- and mass flux) were scaled-up by the factor of 1.25
[114], [128]. The detailed boundary conditions can be found in the original publication {7}.
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I carried out a comparative study on the appropriate selection of computational domain
(CD). The extended CD (CD-A) contained the outer and inner channels and the flow direction
changing chamber, while the minimal CD (CD-B) consisted of only the inner channel.
Finally, I selected CD-A computational domain among the two investigated versions (Figure
3-29) because it provides more realistic inflow boundary condition at the inner channel inlet
and wall temperature field at the outer surface of fuel assembly box {7}.
Table 3-4: The nominal test conditions for the SWAMUP-II test section {7}
Dimension / parameter
Inlet pressure
Inlet mass flow rate
Inlet temperature
Overall heating power

Value dimension
25 MPa
0.390625 kg/s (i.e. 1.252 × 0.25kg/s)
366°C
100 kW (25 kW per rod) (i.e. 1.252 × 64 kW)

Figure 3-29: Two different computational domains: a., an extended (CD-A) with, b., a minimal (CDB) with only the inner channel {7}

Figure 3-30 depicts the inner channel geometry of the developed CFD model and the
notations of the inner channel cross section used during evaluation for fuel rods and subchannels (black text in black boxes in Figure 3-30/b), border surfaces between sub-channels
(red text) and middle planes in wall sub-channels (blue text). The inner channel model
consists of square assembly box (transparent in Figure 3-30/a), four fuel rods, wrapped wire
spacers and lower spacer (or foot piece) {7}.

Figure 3-30: a., Interested region (test section) with 3 turns of wrapped wire spacer in isometric view,
b., Notations of entities used for evaluation {7}

74

I built totally seven models in which only the geometries, more precisely the pitch or
number of turns of wrapped wire spacers differed from each other. These models were signed
from ww-0 to ww-6. Here “ww” stands for “wrapped wire”, while the numbers stand for the
number of turns the wrapped wire spacers have (e.g. in case of ww-0, there was no spacer; in
case of ww-2, the wires turned around the rods twice along the 750 mm long heated length).
The pitch of the wrapped wires for each model can be seen in Table 3-5 {7}.
Table 3-5: Pitch of seven different number of turns {7}
Number of wire turns [-]:
Pitch [mm]:

0
0

1
750

2
375

3
250

4
187.5

5
150

6
125

3.3.3 Results and discussion
I selected the results of ww-0, 1, 3 and 6 in order to present the discovered trends for the
calculated fields and avoid the inclusion of too many figures. I used the bare ww-0 geometry
as reference geometry to show the results excluding the effect of wrapped wire spacers, while
the results of ww-1, 3 and 6 show the effects caused by the presence of wires and the increase
of the number of wire turns.
3.3.4 Flow field
I identified many mayor effects of wrapped wire spacer on the flow field in the
computational domain. Figure 3-31 visualizes the modification in the direction of the SCW
flow by strongly curved 3D streamlines.

Figure 3-31: Streamlines in: a., bare geometry (ww-0), b., geometry with one turn of wrapped wires
(ww-1), c., geometry with three turns of wrapped wires (ww-3) {7}

As it can be seen the streamlines follow the curvature of the wires or in other words the
guiding effect of wrapped wire spacer causes 3D twisting type flow. Figure 3-31/a depicts the
flow pattern in the bare, ww-0 reference geometry (no wrapped wire spacers): here the
streamlines are parallel to the axis of the fuel rods. Figure 3-31/b and c shows the streamlines
in two wired, the ww-1 and ww-3 geometry. The streamlines follow the curvature of the
wrapped wire spacers and they turn around the rods once (Figure 3-31/b) and three times
(Figure 3-31/c). It indicates that the wires modify the velocity field by adding radial
(transverse) velocity components to the purely upward initial main flow direction and velocity
(compare Figure 3-31/a to b-c). This was called as streamline direction altering effect: the
wrapped wires block the straightway of the SCW flow and constrains it to follow the
curvature of the wires. Furthermore in the central sub-channel (SC-5 in Figure 3-30/b), the
SCW flow has significantly higher velocity (see e.g. at outlet surface of Figure 3-31/a-c)
because the central sub-channel has the lowest hydraulic resistance among the sub-channels in
this geometry {7}.
3.3.5 Axial and transverse velocity
Figure 3-32 depicts the axial velocity profiles at two characteristic planes (see their
position in Figure 3-28) in four different geometries (ww-0, 1, 3 and 6). Quasi fully
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developed flow can be seen in bare (ww-0) geometry at both characteristic planes (Figure
3-32/a).

Figure 3-32: Axial velocity profile (in common scale) at the cross section of the characteristic Plane-1 and 2 in:
a., ww-0, b., ww-1, c., ww-3, d., ww-6 geometry {7}

This means that the axial velocity along the axial direction increases monotonically
because the SCW warms-up steadily. This is the reason why the density of SCW decreases
monotonically in the main flow direction [20]. In wired geometries, the uniform axial velocity
– after the SCW flow entered through the lower spacer – distorts significantly compared to the
flow in ww-0 (Figure 3-32/b-d). The values of axial velocity near the fuel rods and wires are
very low like in ww-0 or in multi-wired geometries [129]. The reason of the above mentioned
distortion is simple: the position of wires always changes from one cross section to another
and thus the whole SCW flow also periodically changes (rotates). The value of axial velocity
is the highest in central type sub-channel (SC-5) in both bare and wired geometries because
this sub-channel has the lowest hydraulic resistance as mentioned before. Figure 3-33 shows
the axial velocity profiles at the cross section of Z = 0.75 m. The profile is symmetric and
significantly inhomogeneous in bare geometry (Figure 3-33/a). This symmetric distribution
becomes asymmetric in ww-1, 3 and 6 geometries due to presence of wires (Figure 3-33/bd). In the same time the profiles becomes more homogeneous from ww-1 to ww-6 {7}.

Figure 3-33: Axial velocity profile (in common scale) at the cross section of Z = 0.75 m in: a., ww-0,
b., ww-1, c., ww-3, d., ww-6 geometry {7}
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Figure 3-34 depicts the distribution of axial velocity along the four characteristics lines
(see their position in Figure 3-28) for ww-0, 1, 3, 6 geometries. As it can be seen, these
distributions are mostly monotonically increasing – neglecting the inlet effect – in ww-0
(Figure 3-34/a): it is highest along Line-3 (green) and lowest along Line-2 (red) as expected
based on the results of recent studies {5}, [117]. The introduction of wires breaks the pure
monotonic feature of axial velocity distributions (see Figure 3-34/b-d) and changes it to
periodic {7}.

Figure 3-34: Distribution of axial velocity at various characteristic lines along axial direction for: a.,
ww-0, b., ww-1, c., ww-3, d., ww-6 geometry {7}

I visualized the transverse flow (caused by the presence of wrapped wire spacers) by the
transverse velocity (defined by Equation 3-2) and its two components (Velocity-u and v).
𝑚
𝑈𝑡𝑟𝑣 = √𝑈𝑥2 + 𝑈𝑦2 [ ]
Equation 3-2
𝑠
Figure 3-35 shows the profile of transverse velocity at the end of heated length (Z = 0.75
m). As it can be seen, it is practically zero in bare (ww-0) geometry as expected (Figure
3-35/a). In wired geometry, the presence of wires generates significant amount of transverse
momentum (transferred from axial momentum). The more the number of wire turns (along the
heated length), the stronger the transverse velocity (Figure 3-35/b-d). The magnitude of the
transverse velocity was found to be remarkable higher in the corner sub-channels (SC-1, 3, 7,
9) and in the vicinity of the wires (Figure 3-35/b-d). This means that the axial (Figure
3-33/b-d) and transverse velocity (Figure 3-35/b-d) increase due to the presence of wires,
thus the heat transfer enhances where it was most needed (in corner sub-channels). This effect
of wires is very advantageous from thermal hydraulic aspect {7}.
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Figure 3-35: Transverse velocity profile at the cross section of Outlet (Z = 0.75 m) in: a., ww-0, b.,
ww-1, c., ww-3, d., ww-6 geometry {7}

Figure 3-36 depicts the 2D or surface streamlines together with the profile of transverse
velocity (in local scale) at the cross section of Z = 0.5625 m in order to help understanding the
complex secondary flow system induced by the wires. The 2D streamlines did not form a flow
system in case of bare (ww-0) geometry (Figure 3-36/a), while it was on the contrary in case
of wired geometries (Figure 3-36/b-d). The appearance of so-called outer twisting cycle {5}
with counter clockwise rotation direction caused by the wrapped wires can be identified in
Figure 3-36/b-d next to the wall of fuel assembly box {7}.

Figure 3-36: 2D streamlines together with profile of transverse velocity at the cross section of Z =
0.5625 m in: a., ww-0, b., ww-1, c., ww-3, d., ww-6 geometry {7}

3.3.6 Pressure field
Figure 3-37/a-d presents the profile of relative pressure (difference between absolute and
reference pressure) at the end of heated length (Z = 0.75 m) for different geometries. As it can
be seen, there is not any clear pattern (e.g. transversal pressure gradient) in the profile of
relative pressure in case of bare (ww-0) geometry (Figure 3-37/a). At wired geometries, a
definite transversal pressure gradient along the X coordinate direction can be identified in
case of ww-1, 3 and 6 geometries (see Figure 3-37/b-d). The more the number of wire turns
the higher the maximum values of relative pressure at the right hand side (e.g. in SC-1, 2 and
3) of the profiles {7}. This radial pressure gradient moves (rotates) together with the wires as
it was reported in previous studies {5}, {9}.
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Figure 3-37: Contour plot profiles of relative pressure at the cross section of Z = 0.75 m in: a., ww-0,
b., ww-1, c., ww-3, d., ww-6 geometry {7}

Figure 3-38 shows the pressure drop and normalized pressure drop along the heated length
of test section for the bare and six wired geometries. The pressure drop seems to be relatively
high (8.6 kPa) for bare (ww-0) fuel assembly because its geometry is a rod bundle with very
tight lattice. The pressure drop increases by 10% to 9.5 kPa by the inclusion of only one turn
of wires. Appling three turns of wires, the pressure drop increases to 10.1 kPa – 18% higher
compared to bare geometry – in case of ww-3. This ww-3 geometry is relevant for HPLWR
(it is the 1.25 scaled up representative version of the HPLWR fuel assembly). Finally, as it
was expected, the highest pressure drop was identified in case of ww-6. It is 12.4 kPa which
value is 44% higher than the pressure drop in the bare case (ww-0). As it can be seen in
Figure 3-38, the increment of normalized pressure drop stagnates between 1 and 3 turns of
wire (no significant difference between them in the sense of pressure drop) but it accelerates
between 4 and 6 turns. Therefore, if only the aspect of minimal pressure drop would be
considered for design purpose then optimal number of turns would be between 1 and 3 {7}.

Figure 3-38: The pressure drop (left scale) and its normalized value (right scale) along the heated
length of test section for the bare and six wired geometries {7}

I extrapolated the pressure drop prediction of ww-3 (3.38 kPa/turn) for HPLWR fuel
assembly (see in Table 3-6). HPLWR will have 21 turns of wires (wire pitch is 200 mm)
along 4.2 m long heated section in each pass of the three pass core of HPLWR. Here, I
assumed that the geometrical scale difference (×1.25) between the investigated and HPLWR
geometries has negligible effect on the values of pressure drops (ΔpSWAMUP ≈ ΔpHPLWR
(kPa/pitch)). Thus, the total pressure drop would be 53.2 kPa/pass (21 turn/pass × 3.38
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kPa/turn × pseudocritical transition factor) in first, Evaporator pass of HPLWR along the 4.2
m long heated section. The pseudocritical transition factor takes into account that upstream and
downstream to pseudocritical transition (occurs at Z = 3 m) in the Evaporator pass the pressure drop
has different gradient value per unit length. The designers of the HPLWR concept predicted

previously the pressure drop of Evaporator pass about 58.3 kPa [89] using the Rehme
correlation [130]. It means that the extrapolated 53.2 kPa would be a significant portion of the
58.3 kPa value (91.3%, Table 3-6). I examined the extrapolated pressure drops for the
Evaporator pass provided by the other five wired geometries (last two columns of Table 3-6),
and concluded that four geometries (ww-1 – ww-4) are acceptable, while ww-5 and ww-6 are
not due to too high pressure drop could cause the vibration of FAs [5], [89]. If I assume some
uncertainty in the calculated pressure drop values, then the ww-4 case may be excluded from
the group of acceptable geometries because its extrapolated value (96%) is very close to the
100% of the designers’ predictions {7}.
Table 3-6: Extrapolation of calculated pressure drop values for Evaporator (Eva) pass of HPLWR
three pass core (Δp – pressure drop, ΔpEva - pressure drop along heated length of Evaporator pass) {7}
Extrapolated geometry
ww-1
ww-2
ww-3
ww-4
ww-5
ww-6

Δp/turn [kPa/turn]
9.5
4.93
3.38
2.66
2.32
2.07

ΔpEva [kPa/pass]
49.9
51.8
53.2
55.9
60.9
65.2

ΔpEva/58.3 kPa [%]
85.5
88.7
91.3
95.8
104.4
111.8

3.3.7 Temperature fields
At first I conducted an evaluation on the field of SCW bulk-fluid temperature in order to
specify the maximum temperature and its maximum gradient (these parameters are important
for the thermal hydraulic design of a SCWR fuel assembly). I depicted the profiles of bulkfluid temperature at the characteristic Plane-1 and 2 in Figure 3-39 {7}. The profile of ww-0
at Plane-1 indicates higher temperature in the two corner sub-channels as expected due to the
lack of wires and thus lack of outer twisting cycle (Figure 3-39/a). At Plane-2 two
monotonically increasing high temperature zones can be identified between the two-two fuel
rods in the gaps (Figure 3-39/a). The temperature reach 385°C at the end of heated length (Z
= 0.75 m) in the gaps. The inclusion of four wires in the geometry reduced slightly both the
maximum temperatures in the gaps and the temperature in corner sub-channels (Figure
3-39/b-d). In the same time, the temperature in the central sub-channel (SC-5) slightly
increased. Furthermore, I identified local hot spots which located along the curvature of the
wires at both Plane-1 and especially Plane-2 (Figure 3-39/b-d). The above presented profiles
are similar to profiles reported in multi-wire wrapped bundles {7}, [129].
Figure 3-40 depicts the contour plot profiles of water temperature in common scale at the
end of heated length (Z = 0.75 m) for ww-0, 1, 3 and 6 geometry. As it can be seen, the
profile is symmetric, very inhomogeneous in the bare geometry (Figure 3-40/a). Furthermore,
the hottest SCW (~385°C) is located around the outer walls of fuel rods in the corner subchannels and in the gaps between fuel rods. The inclusion of wrapped wires seriously changed
this profile: distorted the symmetries, increased the temperature in the core of central subchannel, moderately homogenised the profile and decreased both the maximum water
temperature and the area where it appeared around the walls of fuel rods (Figure 3-40/b-d).
The SCW around the wall of fuel assembly remained colder due to heat loss through this wall
towards the outer channel {7}.
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Figure 3-39: Temperature profile of SCW (in common scale) at the cross section of the characteristic
Plane-1 and 2 in: a., ww-0, b., ww-1, c., ww-3, d., ww-6 geometry {7}

Figure 3-40: Contour plot profiles of water temperature at the end of heated length (Z = 0.75 m) in: a.,
ww-0, b., ww-1, c., ww-3, d., ww-6 geometry {7}

Figure 3-41 shows the distributions of bulk-fluid temperature along characteristic lines
(see their position in Figure 3-28) in common scale along the axial direction for ww-0, 1, 3,
and 6 geometries. The distributions followed strictly monotonically increasing trend in case of
bare geometry (Figure 3-41/a). Here, Line-1 has the highest values along the heated length
because it was located in the gap between two heated fuel rods. The distribution of Line 3 has
the lowest values because it was located in the middle of the best cooled, central type subchannel (SC-5). These above mentioned trends become periodic distributions due to the
inclusion of the wires (Figure 3-41/b-d). The local ups and downs unfortunately appeared in
short distances: it means very high gradients of cladding temperature around the wires. These
high temperature gradients may lead to thermal fatigue, and this thermal fatigue problem
should be examined in details in future mechanical investigations {7}.
Regarding the wall temperature profiles of the four heated rods, it can be concluded that
the main patterns of these profiles are almost identical; therefore I present only the results of
Rod-1 in the following. Figure 3-42 depicts the monotonically increasing axial distributions
of wall temperature averaged on the outer surface of Rod-1 in bare (ww-0) geometry.
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Figure 3-41: Distribution of water temperature at various characteristic lines (in common scale) along
axial direction for: a., ww-0, b., ww-1, c., ww-3, d., ww-6 geometry {7}

Figure 3-42: Cross section averaged distributions of wall temperature on the interfaces between Rod-1
and the surrounding sub-channels in the ww-0 geometry {7}

I divided into 4 parts the outer surface of the cladding wall: each part represented a surface
where Rod-1 and a neighbouring sub-channel had an interface. As it can be seen, the highest
value of wall temperature appears in the corner- (SC-1) while the lowest in the central subchannel (SC-5). Furthermore, the distributions of wall sub-channels (SC-2 and SC-4) were in
between the two extrema. Based on this result, it seems that the value of wall temperature is
inversely proportional to the cross-sectional area of the neighbouring sub-channel {7}. When
I inserted wrapped wire spacers into the CFD model, the above described pattern significantly
changed. I applied different types (e.g. solid, dashed, etc.) of vertical black lines to indicate
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the notable positions in degrees (e.g. 0°, 90°, 180°, 270°, 360°, etc.) of the wires in Figure
3-43 and Figure 3-44 in order to make these changes more comprehensible {7}.

Figure 3-43: Cross section averaged distributions of wall temperature on the interfaces between Rod-1
and the surrounding sub-channels in ww-1 geometry {7}

Figure 3-44: Cross section averaged distributions of wall temperature on the interfaces between Rod-1
and the surrounding sub-channels in ww-3 geometry {7}

Figure 3-43 presents the cross section averaged distributions of wall temperature for ww-1
geometry. The highest value of wall temperature can be still found in the corner sub-channel
(SC-1) along the first one-third of the heated length because the wrapped wire of Rod-1 stays
in SC-1 from 0 to 90°. Next to the wire the axial and transverse velocities slow down nearly
to 0 m/s. This effect impairs the heat transfer thus the temperatures of SCW and wall
significantly increase in the windward and leeward sides of the wire. When the wrapped wire
leaves SC-1 (dashed line of 90° in Figure 3-43) the wall temperature of SC-1 immediately
starts to decrease and around Z = 250 mm the wall temperature of SC-2 perceives it. The
distribution in the central sub-channel (SC-5) also starts to increase when the wire of Rod-1
enters into it at the position of Z = 375 mm (dot-dashed line in Figure 3-43). The distribution
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of SC-4 stagnates up to Z = 375 mm and here it starts to increase almost monotonically just
like in the bare case. Where the wire enters into SC-4 (dotted line in Figure 3-43), there the
axial gradient of wall temperature becomes positive and increases. Comparing these
distributions of Rod-1 in ww-0 and ww-1 geometries, a few effects of wrapped wire spacer on
the wall temperature field can be identified. As the most important effect, the global peak of
wall temperature reduces by 20°C from 472°C to 452°C (in ww-0 geometry, the SC-1 was the
hottest (Tw.max = 472°C) because this corner sub-channel had the highest hydraulic resistance,
thus it was the less cooled). Furthermore, the location of the global peak of wall temperature
moves from SC-1 (in ww-0) to SC-2 (in ww-1) due to the transverse flows between subchannels caused by wires. The strictly monotonic increase of wall temperature distribution in
ww-0 was replaced by local peak values in ww-1. The axial positions of the peaks depend on
the wire position and these peaks appear once in each sub-channel at the location where the
wire stays in the sub-channel. Figure 3-44 shows the cross section averaged distributions of
wall temperature for ww-3 geometry {7}.
Due to the wires turn around the rods three times in this case thus four black solid lines at
Z = 0; 250; 500 and 750 mm can be seen in Figure 3-44. Between two black solid lines the
distributions of wall temperature are identical to those identified in ww-1. The global peak of
wall temperature decreased further by 12°C to 440°C compared to ww-1 case. Though the
distributions within each segment (axial length which involves one turn of wire) of ww-3 are
similar to those of ww-1, I identified some differences caused by the increased number of
wire turns. The major difference is the appearance of new local peaks in the distributions of
SC-4 and SC-5 within the second and third segment. Furthermore, there are three global peaks
(one per turn) for each sub-channel in ww-3 and their values increase with each additional
turn. Based on the conclusions on Figure 3-42 - Figure 3-44 I can state that the quasi strictly
monotonically increasing distributions of wall temperature for ww-0 become non-monotonic,
rather periodically changing distributions along the flow direction in different sub-channels
for wired geometries. Unfortunately, this can cause significant circumferential gradient of
wall temperature. On the other hand the global peak of wall temperature shows a decreasing
trend: 472°C for ww-0, 452°C for ww-1, 440°C for ww-3 and 435°C for ww-6 {7}.
Figure 3-45 depicts the averaged wall temperature values over each interface located
between surrounding sub-channels (SC-1, 2, 4 and 5) and the outer cladding wall surface of
Rod-1. The averaged values are depicted versus the number of wire turns. I identified similar
pattern for the bare geometry in Figure 3-45 than in Figure 3-42 before: The highest value of wall
temperature is in the corner (SC-1) while the lowest value is in the central (SC-5) sub-channel. The
wall sub-channels (SC-2 and SC-4) had almost identical values. When I inserted one turn of wrapped
wire spacers (ww-1), the averaged value of SC-1 dropped below the value of SC-2. As more turn of
wire was added, the average wall temperature of SC-2 decreased, but SC-2 remained the hottest subchannel in wired geometries. The averaged value of SC-4 decreased as well compared to its value in
case of ww-0: it descended to the level of SC-5 in ww-1 and decreased slightly in the other four cases.
As I increased the number of wire turns the averaged wall temperature of SC-1 strictly and
monotonically decreased. In case of ww-5 and ww-6, the corner sub-channel became the coldest
among all four presented sub-channels (Figure 3-45). The averaged value of SC-5 was almost
constant independently the used number of wire turns. The averaged values moved closer to each other
step by step (Figure 3-45): while their range was around 40°C in ww-0, it was only around 10°C in
ww-6. In my interpretation, it means that in the sense of averaged values the wall temperature field of
Rod-1 became more homogeneous in circumferential direction. The averaged wall temperature of
corner sub-channel (SC-1) decreased most significantly by 44°C from 449°C (ww-0) to 405°C (ww-6)
(Figure 3-45). It is very advantageous because it means that the wrapped wire spacers enhanced the
heat transfer where it was most needed {7}.
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Figure 3-45: Averaged wall temperature values of interfaces between surrounding sub-channels and
Rod-1 versus number of wire turns {7}

As a summary on the major lessons of Figure 3-41 – Figure 3-45 I can state that by the
increasing number of wire turns the averaged wall temperature of the rod decreases, and the
wall temperature distributions of sub-channels surrounding identical rod homogenise. On the
other hand, the wrapped wires cause many local minimum and peak values relatively close to
each other spatially which lead to big local differences in wall temperature. E.g. there are
around 30°C differences within 40 mm in SC-5 in case of ww-6 geometry. These differences
could lead to thermal fatigue which must be further analysed and avoided {7}.
3.3.8 Heat transfer distribution
I examined heat transfer characteristics in different types of sub-channel (corner, wall and
central) and my evaluation revealed that each type has its specific HTC characteristics (like
wall temperature distributions of rods). That is the reason why I depicted only one subchannel from each type: the interface between SC-1 and Rod-1 represents corner type; the
interfaces between SC-2, Rod-1 and Rod-2 represent wall type while the interfaces between
SC-5 and all rods represent the central type sub-channel. I presented the distributions of HTC
on the interface between SC-1and Rod-1(Figure 3-46/a) in order to represent the corner subchannels. The HTC has the lowest value with a strictly monotonically decreasing trend (the
ups at the end of heated length were neglected for all investigated cases) for the bare (ww-0)
case and the highest value with periodically changing trend for the ww-6 case. Local
minimums and peaks appear due to the insertion of wires. The more the number of wire turns
the more the number of local minimums and peaks. E.g. I identified only one-one global
minimum and peak for ww-1, three-three local minimums and peaks for ww-3 and six-six for
ww-6. Furthermore the values of minimums and peaks increase as well segment by segment
(Figure 3-46/a) in the multi-segmented geometries (ww-2 – ww-6). In Figure 3-46/b and c, I
depicted the HTC distributions for SC-2 and SC-5 to demonstrate the trends for wall and
central type sub-channels. The most difference between the HTC distributions of SC-1, SC-2
and SC-5 is the overall range: ~30,000 W/m2/K for SC-1, ~16,000 W/m2/K for SC-2 and
~6,000 W/m2/K for SC-5. It means: the maximum HTC increment is nearly double for corner
sub-channels compared to the value of wall sub-channels and five-fold compared to the value
of central sub-channels. I found this trend advantageous in aspect of thermal hydraulics
because the HTC increment was the highest where it is most needed (in corner sub-channels,
found to be the hottest in bare case). Naturally, I identified the minimums and peaks for all the
three types of sub-channels (the reason of their appearance is the insertion of wires as I
presented in the section of wall temperature) {7}.
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Figure 3-46: Distributions of HTC on the interface between: a., SC-1 and Rod-1, b., SC-2, Rod-1 and
Rod-2, c., SC-5 and all rods for different geometries {7}

I calculated a single, averaged HTC value of each sub-channel type for all geometry in
order to depict the global characteristics of heat transfer like I did for wall temperature field.
Each value was averaged over the interface(s) between one of the three sub-channels and the
surrounding rod(s). Figure 3-47 presents the result of this calculation for the corner type (SC1), wall type (SC-2) and central type (SC-5) sub-channels in two diagrams: averaged HTC
values (Figure 3-47/a) and averaged HTC values normalized by the result of ww-0 (Figure
3-47/b). As a summary on the major lessons of Figure 3-46 and Figure 3-47, I can state that
each sub-channel type has its own characteristics in HTC distributions. The HTC range is the
widest for the corner type sub-channels, the narrowest for central type sub-channels and this
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value is in between the two extrema for the wall type sub-channels. These figures confirm my
previous conclusion that the insertion of the wrapped wire spacers enhances most the heat
transfer in corner type sub-channel where it is most needed because it was originally the most
overheated in the bare case. Moderate enhancement can be achieved for the wall type subchannel, while in case of the central type sub-channel (best cooled in bare case) the insertion
of wires cannot enhance practically heat transfer at all {7}.

Figure 3-47: Averaged values of interfaces between sub-channels and Rod-1 versus number of wire
turns for: a., averaged HTC, b., averaged HTC normalized to the values calculated for ww-0 case {7}

In my opinion, the most advantageous choice from thermal aspect seems to be ww-6 for
HPLWR concept because the application of six wire turns decrease the averaged and
maximum values of wall temperature by 44°C and 37°C compared to bare case and in the
same time it enhances the HTC to more than double (+145%). If I take into consideration the
hydraulic results (e.g. velocity-, pressure field and most importantly the pressure drop) then
ww-3 seems to be the best technical choice in thermal hydraulic sense. Pressure drop of ww-3
was only 18% higher than in bare case while the averaged and maximum wall temperatures
were 36°C and 32°C lower while the average HTC was 95% higher in the corner subchannels. For these thermal benefits, 18% penalty in pressure drop is acceptable. This general
conclusion fortunately coincides with the original chose of HPLWR designers. Albeit ww-3
seems to be a reasonable compromise from the considered technical aspects, additional
technical investigations have to be done in the topic of possible long term effect of revealed
hot spots on material integrity. Furthermore an extensive economic examination (cost analysis
on alternative designs of spacer device) would be needed as well. By the results of these
future technical and economic studies together with the above conclusions, one could finally
decide the issue of number of wrapped wire turns for the HPLWR concept {7}.
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4. Experimental investigation on SCW thermal hydraulics under natural
circulation condition
Next to CFD analyses, I used experimental approach in order to widen the current
knowledge of SCW thermal hydraulics during my doctoral research {3}. As I mentioned
before, since the 1930’s more than 500 experiments have been published which dealt with
SCFs, mainly with SCW [25]. In my opinion, the main disadvantage of these experimental
works was that only very limited information was recorded about the different distributions of
thermal hydraulic variables. E.g.: the wall temperature distribution along the heated length
was often recorded with a typical 50-200 mm distance between two neighbouring
thermocouples. This circumstance resulted in a rather coarse resolution of wall temperature
distribution though very steep increase of wall temperature within relative short axial length
(e.g. 50-100 mm) was reported under DHT conditions [6], [30]–[33]. On the other hand, many
other and relevant variables and their distributions were not been measured: e.g. the
distribution of SCW temperature, the distribution of velocity or turbulent variables in the
radial and axial directions. As a consequence, the limited resolution of measurement
techniques bounded the possibility of the research on the thermal hydraulics of SCW.
Furthermore, the high pressure and temperature conditions of SCW made these experimental
works complicated, because there was not suitable structural material which was transparent
for visible light and could withstand high pressure and temperature conditions. That was why
the visualization of SCW flow meant big challenge for experimentalist in the past [132].
The FC and MC in SCW were investigated expansively [5], though the natural convection
(NC) in SCW was not examined at the right depth. That was the reason why I decided to
investigate experimentally the thermal hydraulics of SCW under NC conditions {3}, {10}. I
received serious help to this research direction from the MTA EK colleagues (see at the
Acknowledgement section). The work share between me and the MTA EK colleagues was
the following: I designated the thermal hydraulic phenomenon to be investigated and the
needed measurement set-up; they designed (with my major assistance), built and operated
(together with me) the experimental facility. I evaluated the experimental results, concluded
the lessons and published them with minor help from MTA EK colleagues.
I found very promising the application of neutron radiography (NR) simultaneously with
conventional measurement techniques in order to discover more details of the thermal
hydraulics of NC in SCW. As a first step due to the need of simplicity, a static sample holder
was designed and built in order to experimentally investigate the process of pseudocritical
transition [133]. In the second step a NC loop cooled by SCW was designed based on
experience of the successful sample holder experiment and other facilities [134], [135]. The
name of this loop is ANCARA (from MTA KFKI AEKI-BME NTI Budapest SuperCritical
wAteR test fAcility). I depicted the structure of the ANCARA loop together with the meters
in Figure 4-1. The ANCARA loop is essentially a multiply bent closed tube system with one
horizontal (lower) leg, one quasi horizontal (upper) leg, one vertical (left) leg and one quasi
vertical (right) cooled leg. The lower horizontal leg consisted of the preheater. The left
vertical leg consisted of four heater elements thus it was the heated or hot leg. While the SCW
warmed up flowing through the hot leg its density decreased and hence the pressure drop due
to gravity descended as well. The process was opposite in the quasi vertical cooled leg
(Figure 4-1) therefore the pressure drop due to gravity increased there. That was the reason
why a significant (hydrostatic) pressure difference occurred between the hot and cold leg due
to the big density difference (Figure 4-2 and Equation 4-1).
(𝜌
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Equation 4-1
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Figure 4-1: Structure of ANCARA loop {10} with the short name of each element (for the meaning of
the abbreviations please consult with the Nomenclature) {3}

Figure 4-2: Schematic view of ANCARA loop {3}

This (hydrostatic) pressure difference droved the NC flow and it was counterbalanced by
the pressure drops due to frictional resistance developed along the full length of the closed
tube system (Figure 4-2 and Equation 4-1). The main task of the ANCARA loop was the
investigation of NC in SCW but the possibility to switch to FC or MC was ensured by special
design {10}. My main goal of this thermal hydraulic study was to investigate the total
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pressure drop and its components measured along the heated length of the ANCARA loop. An
additional goal was to compare the trend and magnitude of the measured pressure drops under
NC conditions to other experimental data recorded under MC or FC conditions. The total
pressure drop was measured along the lower and upper half of the left heated leg by DP1 and
DP2 (see Figure 4-1).
4.1 The design of ANCARA natural circulation loop
As I mentioned before, the loop itself is a multiply bent closed tube with many different
measurement equipment mounted on an aluminium alloy frame (Figure 4-1 and Figure 4-3).
The tube was made of special titanium reinforced stainless steel with the inner (ID) and outer
diameter (OD) of 5 and 8 mm, respectively. Based on my proposal, the loop was designed to
represent the current HPLWR concept [62]. That is the reason why the ID of the loop equals
to the average equivalent diameter of the four different type sub-channels of the HPLWR FA
[123]. The loop consisted of more tube parts with a total tube length of 5.2 m. Each tube part
was welded to the neighbouring one or connected with a Swagelok type tube connector {3}.

Figure 4-3: A photograph about the semi-final state of the ANCARA loop {10}, the meaning of the
abbreviations can be seen in the Nomenclature {3}

In the following, I describe the meters of the loop starting from the lower right corner and I
go around following the clockwise direction in the description which coincides with the flow
direction in the ANCARA loop (see Figure 4-2) {3}.
Two absolute pressure transducers measured the absolute pressure in the loop: one was
located at the lowest elevation in the cooled leg at the bottom right corner (see in Figure 4-1
as AP1) and another at the top elevation in the hot leg at the upper left corner (see in Figure
4-1 as AP2).
Left to the lower absolute pressure transducer (AP1) there was a mass flow meter (MFM)
made by SIEMENS (see in Figure 4-3 as MFM). This mass flow meter measured
simultaneously the density, the temperature, the volume flow rate and the mass flow rate of
the SCW (flow error ≤ 0.1% of rate [137]). The MFM was working by the Coriolis theory.
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The MFM enables the option to record the so-called steady state characteristics (see e.g. in
Figure 4-4 and Figure 4-5).
The last equipment in the lower horizontal part was the preheater (see Figure 4-3 as PHE).
This was uniquely manufactured and it is identical to the four heater elements located in the
vertical hot leg (see in Figure 4-3 as H1-H4). The preheater is essentially an indirect type
heater element with a total heating power of 1000 W. The outer wall temperature was
measured after the PHE (tp1 in Figure 4-1): this temperature value was used for calculation
of SCW bulk-fluid temperature (Equation 4-2) here at the inlet of heated section.
𝑇𝑏𝑖 = 𝑇𝑤𝑖 −

𝑄𝑖
𝑟2
𝑄𝑖
[°C]
ln −
2𝜋𝜆𝐿𝑖 𝑟1 2𝑟1 𝜋𝐿𝑖 𝛼

Equation 4-2

Figure 4-4: Theoretical steady state characteristics for the ANCARA loop {3}

Figure 4-5: The measured part of the steady state characteristics for case E11 (psys = 250 bar, Tin =
50°C, pR = 1.14, flow error ≤ 0.1% of rate, smaller than the size of the symbols) {3}

The hot leg was heated by four heater elements with a total heating power of 4000 W
(4 × 1000 W). The temperature distribution on the outer wall of the hot leg was measured by
nine “K” type thermocouples (tp2-tp10 in Figure 4-1). The distance between two
thermocouples was 110 mm (Figure 4-1). The heater elements just like the dimensions of the
loop were designed in order to represent the suitable conditions of HPLWR. The NC can
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occur in an HPLWR during shut-down process or accidental circumstances. Due to the shutdown process is more often during the lifetime of an HPLWR, thus the maximal thermal
power during a shut-down was selected as the basis for the design of the heater element. That
was the reason why the heaters were scaled in order to cover the range from 50% of HPLWR
nominal power (50% of 2300 MWth, which corresponds to 4875.5 W/m linear heating power
for one sub-channel) to the range of remnant heat (its linear power range is from 0 to
700 W/m for one sub-channel) {3}. Consequently, we were able to vary the total heating
power of the hot leg between 0 and 4000 W which equals to 0-4615 W/m linear power. It
means that the heater elements covered the power range of NC which could occur during
shut-down process or after that when the only heat source is the remnant heat during the
switched-off state of HPLWR {3}.
The length of the hot leg was approximately 1 m where the local pressure drops were
measured by two differential pressure transducers made by SIEMENS (see in Figure 4-3 as
DP1 and DP2). The measured local pressure drop error was less than 1% [137]. DP1
measured the local pressure drop between the start and middle points of the hot leg (it is the
lower pressure drop). DP2 measured the local pressure drop between the middle and the end
points of hot leg (it was called as upper pressure drop).
The high purity water was heated from 25°C (room temperature) to around or above the
critical temperature (374°C) in order to reach the SCW state. During this heat-up process the
water expanded and its pressure increased. If sometimes we could not control the pressure fast
enough by changing the heating power (generally the pressure gets higher than needed) then a
fast action was needed to decrease the too high pressure. In order to realize these two options
we implemented one rough (by the blowing down system) and one soft (by the active air
cooling system) pressure control option in the loop. The electrically controlled blow down or
pressure reducing valve (PRV in Figure 4-1 and Figure 4-3) was installed at the beginning of
the upper horizontal part. Its shortest opening time was 1 s which normally causes 25-30 bar
fall in the system pressure. We collected the SCW which left the loop through this valve in a
tiny tank (TT in Figure 4-1 and Figure 4-3). This tank had its own heating capability which
enabled SCW feed back into the loop (Figure 4-1). We measured the pressure in this tank by
a PTX 1400 type absolute pressure transducer (PTX in Figure 4-1 and Figure 4-3). We
designed a three pass active air-cooled pre-cooler (PCO) at the upper part of the cold leg in
order to enable the soft pressure control function by cooling the loop softly down. This precooler consisted of cooling ribs actively cooled by two ventilators per each pass. The rotation
speed of the ventilators could be controlled by a PC between 0 and 100% (Figure 4-1 and
Figure 4-6/a-b).
Downstream to the pre-coolers there was a crosscurrent water-water heat exchanger hosted
in a stainless steel tank (WWHE in Figure 4-1 and Figure 4-3).
Downstream from the WWHE there was a valve (CV3 in Figure 4-3). Its function was to
control the mass flow rate. We were able to control this valve through an electrical motor. For
the necessary vacuum and high purity water charge processes two valves (CV1 and CV2)
were installed at the bottom and upper horizontal parts (Figure 4-1 and Figure 4-3). CV1
connected to the lowest while CV2 connected to the highest level of the loop.
Last, but not least, two safety thermocouples were mounted onto the outer surface of the
closed tube upstream and downstream to the water-water heat exchanger (Figure 4-1). For
more details about the design of the loop see our original publication {3}.
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Figure 4-6: Windows of in-house data visualization and acquisition software: a., on-line loop schema,
b., history of measured parameters, c., visualization of temperature changes {3}

4.2 Neutron radiographic aspects of the experiment
Due to I did not word scientific thesis from the experimental results got with neutron
radiography (NR) techniques, thus I do not present here aspects of NR and the results got with
NR. For details about the NR aspects of the ANCARA loop see the original publication {3}.
4.3 Description of the measurement process
In the first measurement series I investigated the thermal and flow pattern under NC
conditions in the ANCARA loop. The wall temperatures at nine position along the hot leg, the
total pressure drop along the two half lengths and the absolute pressure at the lowest and
highest level of the loop have been measured, evaluated and investigated. Each measurement
had two parameters: the absolute pressure of the SCW and its inlet temperature measured at
tp1 (see the position of tp1 in Figure 4-1).
The characteristic of the loop was not modified by the usage of CV3 valve which could
add pressure drop due to its local flow obstruction in order to change the mass flow rate. It
meant that CV3 was fully open during this first measurement series. We will use CV3 later in
the upcoming measurement series when the DHT regime will be intended to be examined
under NC condition of SCW in the loop {3}.
The preparatory step before each measurement on the ANCARA loop was the previously
mentioned vacuum inchoation and high purity water charge processes done by MTA EK
colleagues. By these measures the loop can be cleaned out from the corrosion particles
produced by the reaction between the chemically very aggressive SCW and internal surfaces
of the loop. Using this above detailed treatment, suitable tightness can be ensured for the
high-pressure measurement.
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The next, second step was the activation of the shell side circulation pump of the WWHE.
Then the control and data acquisition PC was started. An in-house software (developed by my
MTA EK colleagues) recorded and visualized the measured data. This software consisted of
three individual windows (see Figure 4-6/a-c). The first window (Figure 4-6/a) showed online the instantaneous values of the variables measured by the meters in the on-line schema of
the loop. The second window (Figure 4-6/b) depicted the history of the variables (zoom
option available in the history window). The third window visualized the temperature change
of the thermocouples in the preheater and the heater section. The calculation method of
temperature change can be seen in Equation 4-3. When all temperature change values
decreased below +/-0.5°C then the state of the loop was considered to be steady state.
∆𝑇𝑤 = ̅̅̅̅̅̅̅̅̅
𝑇𝑤1−20 − ̅̅̅̅̅̅̅̅̅̅
𝑇𝑤21−40 [°C]

Equation 4-3

The third step was the heating up process of the loop. During this process all heater
(preheater included) released 200-400 W power each. Usually 5 × 200 W was the initial
power while 5 × 400 W was the final set of heating power during the heating up process. In
order to reach 225-275 bar the high purity light water had to be heated from room temperature
above its critical temperature. In the meantime the fluid expanded because its density fell
down (thus its specific volume rose up) while the volume of the loop kept approximately
unchanged (volume increase of the loop due to thermal expansion was less than 0.5% of the
total volume of the loop at reference (room) temperature {3}). The SCW expanded far more
than the slight thermal expansion of the loop enabled. Consequently the pressure of the SCW
increased due to its hampered expansion. This was how the system pressure was increased
until it exceeded the critical pressure. For example if the targeted system pressure was 255 bar
and the inlet temperature was 150°C (measured by tp1) then the heating up process looked
like as it can be seen in Figure 4-6/b in between 0-38 min where the green curve represents
the system pressure measured by AP1. When the system pressure (psys) and inlet temperature
(Tin) reached the target variables (see in Figure 4-6/b from 38 min), then the fourth step
started. In the first measurement series the so-called steady state characteristic (which is the
steady state mass flow rate at a given heating power rate [138]) of the loop was investigated.
In order to measure the steady state characteristics of the loop 15-25 steady states were
reached and recorded by the discrete rise of the total heating power (Figure 4-5). At each
steady state, we recorded many variables: the mass flow rate, the heating powers, the wall
temperatures, the absolute pressures and the total pressure drops in order to define the steady
state characteristics, investigate the heat and flow patterns and to enable future code
validation. During the record of the first few steady states the pressure could be controlled by
the active air-cooling system (soft pressure control method). From a certain total power level,
the active air-cooling system was not able to cool the SCW down enough and the blow down
valve had to be used (rough pressure control method) in order to maintain the system pressure
around the target value (e.g. 25 MPa or 250 bar, see Figure 4-5). The blow down process
decreased the system pressure with 25-30 bar (see the green curve marked by psys in Figure
4-6/b). When the total heating power reached its maximum (4 × 1000 W) then the
measurement had to be ended. Then the four heaters and the pre-heater were switched off and
the system started to cool down {3}.
The measured lower and upper total pressure drops were corrected (Equation 4-4 and
Equation 4-5) because the connections between the two differential pressure transducers and
the impulse pipes and between the impulse pipes and the heated test section are not in the
same level [5], [139]:
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
∆𝑝𝑡𝑜𝑡.𝑙𝑜𝑤𝑒𝑟
= ∆𝑝𝑡𝑜𝑡.𝑙𝑜𝑤𝑒𝑟 + ̅̅̅𝑔𝑙
𝜌1 1 + ̅̅̅𝑔𝑙
𝜌2 2 [Pa]

Equation 4-4

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
∆𝑝𝑡𝑜𝑡.𝑢𝑝𝑝𝑒𝑟
= ∆𝑝𝑡𝑜𝑡.𝑢𝑝𝑝𝑒𝑟 + ̅̅̅𝑔𝑙
𝜌3 3 + ̅̅̅𝑔𝑙
𝜌4 4 [MPa]

Equation 4-5
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During the evaluation of experimental results, I used Equation 4-6 in order to calculate the
pressure drop due to gravity which was a special form of Equation 1-21.
𝑛

Δ𝑝𝑔 = ∑ 𝜌̅ (𝑇𝑏𝑖 , 𝑝)𝑔𝐿𝑖 [MPa]

Equation 4-6

𝑖=1

The average bulk-fluid density of SCW in the vicinity of the i-th thermocouple (ρ̅(Tbi , p))
was calculated in the following way {3}: the i-th outside wall temperature (Twi) was used to
calculate the bulk-fluid temperature (Equation 4-2) at the position of the i-th thermocouple
which measured the outside wall temperature {3}.
4.4 Results of the experiment
We performed twenty different experiments in the first measurement series. Table 4-1
summarizes the thermal hydraulic parameters of each case. A relatively wide pressure range
(225-275 bar) was explored around the nominal pressure (250 bar) of the HPLWR with a 510 bar increment (Table 4-1). The inlet temperature measured by tp1 at the pre-heater
element (Figure 4-1) was varied from 50 to 200°C (it was increased by a 50°C step). We
recorded the first measured points or steady states around 1400 W of total heating power
because this amount of heating power was at least needed in order to reach the higher than
critical pressure value (Table 4-1). As I previously mentioned, in the first measurement series
the thermal and flow pattern under NHT and NC conditions were investigated by the
ANCARA loop. The steady state characteristics, the distribution of wall temperatures, the
total pressure drop and its components were analysed {3}.
4.4.1 The steady state characteristics
At first, I present the results about the so-called steady state characteristic (the steady state
mass flow rate as a function of the total heating power [134], [138]) of the loop. As it was
decided during the designing phase of the loop, only a part of the first half of the steady state
characteristics could be investigated (see Figure 4-5) by the current set-up of the loop due to
the limiting installed maximal amount of total heating power. There are two main
counteractive, competing processes which influence the mass flow rate. The first one is the
increment of the driving force due to the increasing heating power: the higher the heating
power the higher the density difference which drives the NC (Equation 4-1). The second one
is the friction in the loop which strengthens due to the increasing heating power as well: the
higher the heating power the higher the flow velocity which increases the local pressure drops
due to frictional resistance (Equation 4-1 and Equation 1-17). In the first half of the
theoretical steady state characteristics, the increasing driving force of the flow dominates over
the friction (Figure 4-4) therefore the mass flow rate increases with the total heating power
[138]. In the second half, the increasing friction dominates over the driving force of the flow
(Figure 4-4) and thus the mass flow rate starts to decrease with the increasing total heating
power [138]. Figure 4-7 depicts only a part of the first half of the steady state characteristics
for different absolute pressures but the same inlet temperature (50°C).
Figure 4-7 shows that the steady state characteristic is independent from the absolute
pressure of the system at studied part of the first half of it, if other parameters (like inlet
temperature) are unchanged. This conclusion confirms the lessons learnt from past studies
[135], [140]. The explanation of this conclusion is that neither the density difference (thus the
driving force) nor the local pressure drop due to frictional resistance depend on the system
pressure (Equation 4-1). It must be noted that although the density of SCW depends on the
system pressure, but the differences between the densities in the investigated range (225275 bar) at the same temperature relatively small. Furthermore the only important parameter
which really matters here is the density difference between the hot and cold leg (Equation
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4-1). These two average densities change in the same direction with system pressure (e.g. if
the system pressure increases the density increases as well) therefore I neglected here the
pressure dependency of the density {3}.
Table 4-1: The thermal hydraulic parameters of the experimental cases {3}
Case
E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13
E14
E15
E16
E17
E18
E19
E20

p [bar]
225
235
240
240
240
240
245
245
245
245
250
250
250
250
255
255
255
255
265
275

pR [-]
1.02
1.07
1.09
1.09
1.09
1.09
1.11
1.11
1.11
1.11
1.14
1.14
1.14
1.14
1.16
1.16
1.16
1.16
1.2
1.25

Tin [°C]
50
50
50
100
150
200
50
100
150
200
50
100
150
200
50
100
150
200
50
50

Pmin [W]
1440
1630
1460
1650
1630
1880
1635
2770
3000
3280
1420
1570
1520
1700
1640
1600
1640
1860
1630
1470

Pmax [W]
4050
4000
4050
4230
4450
4685
4000
4700
3900
3450
4000
4090
4270
4310
3900
4230
4450
4685
3920
4045

npoint [-]
14
13
14
14
15
15
13
12
10
3
18
14
15
14
24
14
15
15
13
14

Figure 4-7: Measured part of steady state characteristics at different system pressures but identical
inlet temperature (Tin = 50°C, flow error ≤ 0.1% of rate, smaller than size of symbols) {3}

When I kept the pressure constant (e.g. at 240, 250 or 255 bar) and varied the inlet
temperature between 50 and 200°C, then I saw a slight dependence of steady state
characteristic on the inlet temperature: the higher the inlet temperature the higher the mass
flow rate (Figure 4-8/a-c). I concluded that the mass flow rates at 100, 150 and 200°C inlet
temperatures were 5-10% higher than at 50°C. Its reason can be explained quite simple by the
left hand side of Equation 4-1: if the inlet temperature increased then the average density of
hot leg decreased which resulted in an increased driving force partly counterbalanced by the
increased friction. Overall, this resulted in a moderately increased mass flow rate {3}.
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Figure 4-8: Steady state characteristics at different inlet temperatures but identical system pressure:
a., psys = 240 bar, pR = 1.09, b., psys = 250 bar, pR = 1.14, c., psys = 255 bar, pR = 1.16 (flow
error ≤ 0.1% of rate, smaller than the size of the symbols) {3}

4.4.2 The distribution of wall temperature
As I mentioned before, the distribution of wall temperature was recorded along the heated
length by nine thermocouples (Figure 4-1) denoted as tp2-tp10. Figure 4-9 shows that one
distribution of wall temperature belongs to each recorded steady state therefore each case has
as many distributions as many recorded steady state points (e.g. 14 for E4).

Figure 4-9: The distribution of wall temperature for each steady state for case E4 (the parameter is the
total heating power in W, the size of the symbols shows the measurement error: +/-3°C) {3}

Each distribution starts from the same inlet temperature measured by tp1. The distributions
are basically monotonically increasing with some exception (compare the values of tp6-7 and
tp9-10 at highest total heating power). The wall temperatures at most steady states (e.g. for
E4: 1650-3435 W) were below the pseudocritical temperature and exceeded it at only a few

97

steady states (e.g. for E4: 3625-4230 W) at the end of heated section (e.g. for E4 at tp9 and
tp10, see Figure 4-9). Due to I did not recognize local hot spots of wall temperature (its
distributions were mostly monotonically increasing during the cases of the first measurement
series) therefore I concluded that the heat transfer regime remained in EHT, NHT region {3}.
I examined the possible validity of the DHT criteria presented in Equation 1-8 and
Equation 1-9 [5], [33] developed for MC and FC tube flow. Figure 4-10 depicts the result of
this investigation. The values of thermal load fell in the range of 1.57-3.4 kJ/kg though the
heat transfer remained in the EHT, NHT regime. This fact demonstrated that obviously the
criteria elaborated by Yamagata et al. for FC is neither valid for the heat transfer in NC of
SCW nor give a good guidelines about the quality of the heat transfer regime existing in the
investigated system. I assume, the underlying physics of DHT may differ in such extent that
totally new criteria would be needed in order to predict DHT in NC flow of SCW {3}.

Figure 4-10: Thermal load versus total heating power for each measured case {3}

4.4.3 The total pressure drop and its components
We measured the total pressure drops in two portions by DP1 and DP2 (Figure 4-1) as I
mentioned before. The first lower one was measured between the middle and lowest levels by
DP1, while the second upper one was measured between the highest and middle levels of the
hot leg by DP2. I calculated the four components of the total pressure drop (Equation 1-16)
based on the lower and upper local pressure drops, other measured variables, the dimensions
of the loop and the previously defined equations (see in 1.6.5 and Figure 4-1).
Figure 4-11/a-c depicts the total pressure drop (Figure 4-11/a), its lower (Figure 4-11/b)
and upper portions (Figure 4-11/c) which varied between 94 and 105, 45.5 and 48.75 and 48
and 56 mbar respectively for the measured cases. I calculated the total pressure drop by the
addition of the two above mentioned portions of it. The lower portion has a constant positive
slope along the lower half of the heated length; while the upper portion has a bigger positive
slope along the upper half. These two different but positive slopes of the lower and upper
portions resulted in a monotonically increasing trend in the distribution of total pressure drop
(Figure 4-11/a). Furthermore, the total-, lower- and upper local pressure drop seem to be
independent from the system pressure based on the trends presented in Figure 4-11.
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Figure 4-11: The distribution of local pressure drops for each case, a., the total-, b., the lower- and c.,
the upper total pressure drop {3}

In Figure 4-12/a I depicted the total pressure drop and its components except the local
pressure drop due to local flow obstruction (it was assumed to be zero). I found that the
pressure drop due to acceleration of flow is two orders of magnitude smaller (practically
negligible) than the other two remaining and dominant components. The pressure drop due to
gravity shows decreasing trend with increasing heating power. The pressure drop due to
frictional resistance has the opposite trend: it increases with increasing heating power. Thus,
the two dominant components of the local pressure drop are the pressure drop due to frictional
resistance and due to gravity. The sum of them gives practically the value of the total pressure
drop and forms the shape of its distribution as it can be seen in Figure 4-12/b.

Figure 4-12: The total pressure drop and its components for case E11 (psys=250 bar, Tin= 50°C):
a., with the component of Δpac, b., without the component of Δpac {3}

4.4.4 The pressure drop due to frictional resistance
I defined the pressure drop due to frictional resistance in Equation 1-17 and Equation
1-18. Based on the first measurement series, I found that this component is the most dominant
next to the local pressure drop due to gravity. In Figure 4-13/a-c, I depicted the total pressure
drop due to frictional resistance (Figure 4-13/a), its lower (Figure 4-13/b) and upper portions
(Figure 4-13/c) which varied between 24 and 55, 4 and 11 and 19 and 42 mbar respectively in
the measured cases. The trend of the distributions seems to be mostly monotonically
increasing which can be explained by the influence of bulk-fluid temperature on the density.
The bulk-fluid temperature increases due to heating while the SCW passed through the hot leg
of the tube. The SCW density decreases due to the increasing bulk-fluid temperature and in
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the same time the SCW velocity increases due to the constant mass flow rate5. These two
effects influence the local pressure drop due to frictional resistance in opposite directions as it
can be seen in Equation 1-17. The effect of increasing velocity dominates over the effect of
decreasing density, thus the trend is mostly monotonically increasing for each measured case.

Figure 4-13: The distribution of local pressure drop due to frictional resistance for the measured cases,
a., the total-, b., the lower- and c., the upper pressure drop due to frictional resistance {3}

Figure 4-14/a-c shows the lower local pressure drop due to frictional resistance at 240,
250 and 255 bar for four measured cases with different inlet temperatures (50, 100, 150,
200°C). As it can be seen in Figure 4-14 the higher the inlet temperature the higher the
pressure drop due to frictional resistance at the same heating power. I can explain this trend
by the influence of bulk-fluid temperature on the SCW density here too. The difference is
very small (within 3 mbar) between the pressure drops in case of the highest (200°C) and
lowest (50°C) inlet temperature. In Figure 4-15, I depicted the trend in the distributions of
upper local pressure drop due to frictional resistance for 240, 250 and 255 bar. The presented
trend differs from the lower one. For this upper pressure drop portion the trend seems to be
opposite than in case of the lower one: the higher the inlet temperature the lower the pressure
drop due to frictional resistance. The difference between the pressure drops seems to be
bigger (within 2-6 mbar) compared to the lower portion. The reason of this opposite trend is
that the effect of the decreasing density and dynamic viscosity (the dynamic viscosity
decreases with increasing bulk-fluid temperature as well just like the density, see in Figure
1-2) had a stronger, decreasing impact on the upper pressure drop. The decrease of density
and dynamic viscosity is more emphatic in the warmer upper half of the tube. The decreasing
density means decreasing pressure drop due to frictional resistance. Furthermore the
descending dynamic viscosity causes decreasing friction coefficient (ξfr), see Equation 1-18.
The effects of decreasing friction coefficient and descending SCW density together dominates
over the effect of increasing SCW velocity which resulted in decreasing upper pressure drop
if the inlet temperature increasing (Figure 4-15/a-c) {3}.

5

The cross section of the flow is constant, thus not only the mass flow rate but the mass flux is constant:
𝑚̇ = 𝜌𝐴𝑣 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 → 𝑚"̇ = 𝜌𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡.
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Figure 4-14: Lower pressure drop due to frictional resistance at: a., 240, b., 250, c., 255 bar {3}

Figure 4-15: Upper pressure drop due to frictional resistance at: a., 240, b., 250, c., 255 bar {3}

4.4.5 The pressure drop due to local flow obstruction
Because the investigated heated length was a part of a vertically installed, smooth bore,
straight tube without any change in its direction or diameter, thus this component was
practically zero (Δpl = 0 mbar) due to the lack of local flow obstruction effect {3}.
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4.4.6

The pressure drop due to acceleration of flow

I defined this component of pressure drop, the pressure drop due to acceleration of flow in
Equation 1-20. I depicted the distributions of the total-, lower- and upper pressure drop due
to acceleration of flow in Figure 4-16/a-c. The trend of the distribution is basically increasing
due to the acceleration effect on flow caused by the decreasing density and increasing velocity
of SCW. As it can be seen, the total pressure drop due to acceleration of flow has very low
values: it varied between 0.001 mbar and 0.67 mbar due to the very low velocity (0.040.12 m/s which is 4-12 cm/s) of SCW under NC conditions. Based on the order of its
magnitude, this component seems to be negligible under NC conditions. This outcome is
surprising due to the pressure drop due to acceleration of flow was reported as a dominant
component of the total pressure drop under FC and MC conditions [5].

Figure 4-16: Distribution of local pressure drop due to acceleration of flow for the measured cases, a.,
the total-, b., the lower- and c., the upper pressure drop due to acceleration of flow {3}

The lower portion of the pressure drop due to acceleration of flow varied between 0.001
and 0.014 mbar which is lower by one order of magnitude than that of the upper pressure drop
which varied between 0.003 and 0.651 mbar (Figure 4-16/b and c). Here, I have to recall the
fact that the velocity of SCW in the upper part of the tube was higher (5.5-11.5 cm/s) than the
velocity in the lower part (5-8.8 cm/s). I found that the real reason behind the difference of
one order of magnitude is the difference between the inlet and outlet density of the lower and
upper section of the hot leg. Obviously, the inlet density of SCW is always higher than the
outlet density for a heated section. The difference between them was 40-100 kg/m3 for the
lower and 80-190 kg/m3 for the upper part. It means that the outlet density in the upper
section was always much lower than in the lower section. This different trend caused the one
order of magnitude (or more) difference between the upper and lower portion of pressure drop
due to acceleration of flow {3}.
4.4.7 The pressure drop due to gravity
The pressure drop due to gravity was defined in Equation 1-21. I depicted the measured
distributions of total-, lower- and upper portions of pressure drop due to gravity in Figure
4-17/a-c. As it can be seen, this has a monotonically decreasing trend. I concluded that this
component was the other dominant component next to the pressure drop due to frictional
resistance. The value of total-, lower- and upper pressure drop due to gravity fell in the range
from 45 to 71, from 37 to 42 and from 11 to 30 mbar respectively. Furthermore the total
pressure drop due to gravity had higher values at most of the cases until the end of upper
section compared to the total pressure drop due to frictional resistance (compare Figure
4-13/a and Figure 4-17/a). Nevertheless, in some cases (e.g. E9, E11, E12, etc.) the total
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pressure drop due to frictional resistance exceeded the total pressure drop due to gravity but
only at the end of upper section {3}.

Figure 4-17: The distribution of local pressure drop due to gravity for the measured cases, a., the
total-, b., the lower- and c., the upper pressure drop due to gravity {3}

Figure 4-18/a-c shows the lower pressure drop due to gravity at three different pressures
(240, 250 and 255 bar) and four different inlet temperatures. As it can be seen in this figure,
the inlet temperature had a strong effect on the lower pressure drop due to gravity: the higher
the inlet temperature the lower the pressure drop due to gravity {3}. The reason of this trend
is simple: the increasing inlet temperature decreases the average SCW density of the heated
length. For the upper pressure drop due to gravity I could not recognized any strict pattern,
thus it is not depicted here {3}.

Figure 4-18: Lower pressure drop due to gravity at: a., 240 bar, b., 250 bar and c., 255 bar {3}

4.4.8 Conclusions of ANCARA experiment
Based on the experimental results of the first measurement series on ANCARA loop I
recognized many specific trends. First of all, I evaluated the measured portion of the first half
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of the steady state characteristic and I found that it is independent from the system pressure. I
recognized only a slight dependence of this characteristic on the inlet temperature: the higher
the inlet temperature the higher the mass flow rate. Furthermore, the steady state
characteristics remained in its first half dominated by the increase of driving force in the
investigated HPLWR relevant geometry. I checked the potential validity of DHT criterion
under NC conditions in the ANCARA loop and I found that the criteria of DHT elaborated for
FC and MC SCW flows is not only invalid for the NC of SCW, but does not give a good
guidelines for the heat transfer regime occurred under NC conditions. Regarding the different
component of pressure drop, I concluded that the local pressure drops are independent from
the system pressure but strongly dependent on the inlet temperature. I identified two dominant
components of the total pressure drop: the pressure drop due to frictional resistance and due to
gravity while the local pressure drop due to acceleration of flow seems to be negligible due to
its very low value which I calculated two orders of magnitude smaller than the previously
mentioned two dominant pressure drop components {3}.
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5. Summary and scientific theses
The main results of my doctoral research and lessons learnt have been presented through
four chapters of this dissertation. The First Chapter summarized the technical applications of
supercritical fluids (SCFs), the results in the field of supercritical water (SCW) thermal
hydraulics and the design and developments of Supercritical Water-cooled Reactors
(SCWRs). It was demonstrated that the industrial usage of SCFs and SCW is very significant,
diversified and has a long, more than 150 years history. Regarding the thermal hydraulics of
SCW, it can be characterized by rather complex processes even in simple geometries like
straight tube or annulus. In SCWRs, this thermal hydraulics becomes even more complex
because the heat generation in nuclear fuels is strongly coupled with the temperature field of
the SCW coolant through steep, non-linear change in thermophysical properties of SCW.
Furthermore, the European SCWR concept, the High Performance Light Water Reactor
(HPLWR) has a more complex reactor core design than current reactors.
The lessons learnt during validation and sensitivity studies of the ANSYS CFX
commercial computational fluid dynamics (CFD) code conducted in simple tube and annulus
geometries have been showed in the Second Chapter. I demonstrated in these studies that the
SCW flow can be modelled by CFD techniques with the application of specific modelling
setup adapted to the speciality of SCW. The sensitivity studies revealed the importance of
accurate measurement of global flow parameters in case of SCW heat transfer and specifically
in case of CFD grade experiments intended to be used for validation of CFD model(s).
Numerical investigations in complex HPLWR fuel assembly related geometries have been
presented in the Third Chapter. The CFD analyses proved that the wrapped wire spacers block
the straight vertical flow path, force the SCW flow to follow their curvature and thus
fundamentally modify the flow pattern. E.g.: the flow which has purely vertical velocity
component at inlet picks up significant transverse velocity components; the cross sectional
flow pattern (e.g. the pressure gradient) changes periodically together with the cross section;
the higher the number of turns of wrapped wire the higher the pressure drop and the higher the
values of transversal velocity components and slightly the lower the axial velocity. Due to the
presence of wrapped wires twisting flow cycles are formed in sub-channels next to the walls
of fuel assembly and moderator box. I identified unidirectional and bidirectional inter-channel
cross flows through borders (gaps) of sub-channels. In the framework of SCWR-FQT project,
I identified and solved two major thermal hydraulic problems: generation of large scale eddy
in the so-called flow direction changing chamber and presence of low velocity zones at the
beginning of heating. Last, I investigated the effects of wrapped wires on thermal hydraulics
of SCW flow in HPLWR related geometries. CFD analyses on bare and six wired geometries
with one-six turns of wires were performed. The results were evaluated according to two
opposing aspects: the more the turns of wire the higher the pressure drop (hydraulic aspect:
the lower the better) and the more enhanced the heat transfer (thermal aspect: the higher the
better). A proposal on the best compromise (number of wire turns) of the two examined
aspects has been given. Throughout the doctoral research I continuously developed the used
CFD modelling technique I applied on SCW flows in different, more and more complex
geometries from numerical modelling of simple tube and annulus geometries up to complex
four, seven rod fuel bundles and HPLWR fuel assembly.
The Fourth Chapter presented the main results of my experimental investigation on the
hydraulic resistance of SCW flow in a SCWR (HPLWR) relevant geometry assisted by the
ANCARA natural circulation loop. Based on the experimental results of the first measurement
series on the loop I recognized many specific trends. The different components of pressure
drop have been defined and presented.
New scientific results achieved and published during my doctoral research and presented in
this dissertation are summarized in the following list:
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1. I created a validated numerical (CFD) model for upward flow of supercritical water in
vertically installed, homogeneously heated, straight, smooth bore tube geometry, and after
comparison with many set of experimental data I concluded, that in steady state
calculations the best agreement between the measured and calculated results can be
obtained by the application of built in IAPWS-IF97 thermophysical property model, the
Shear Stress Transport turbulence model and a numerical grid resolution that provides y1+
≤ 1. The modelling of full circumference of the tube geometry is not necessary, a rotational
symmetric model (consisting e.g. a 10° segment of the tube) in the circumferential
direction can be used {2}, {11}.
2. Based on results of validated CFD models for supercritical water flowing in tube and
channel geometries I concluded, that the distributions of local variables (e.g. wall
temperature) especially near the heated wall show significant sensitivity to small changes
of global boundary conditions such as the inlet temperature (±30°C), reference pressure
(±2% – ±20%), mass flow rate (±10% – ±20%) and heat flux (±10% – ±20%). The
sensitivity is significantly stronger in case of deteriorated heat transfer than in case of
normal or enhanced heat transfer {1}, {6}.
3. I developed CFD models for HPLWR fuel assembly related geometries and I deduced that
the cross sectional flow pattern changes periodically together with the cross section
geometry, and the velocity field gets transversal velocity components due to the presence
of wrapped wires. This is the reason why counter-clockwise (outer twisting cycle) or
clockwise (inner twisting cycle) twisting flows are formed in sub-channels next to the
walls of fuel assembly and moderator box, respectively. I identified strong unidirectional
inter-channel cross flows (0.2 – 2.2 m/s) between corner and wall type sub-channels in the
inner and outer twisting cycles, and strong bidirectional inter-channel cross flows (±0.1 –
±2.2 m/s) through gaps located between two fuel rods {4}, {5}, {7}, {9}.
4. During CFD analyses I identified undesired unstable and non-uniform flow of supercritical
water at the inlet section caused by a large eddy (its size scale equals to bounding
dimensions) generated in flow chamber of SCWR-FQT facility. I solved this problem by
CFD analyses on three further bottom closure designs. I selected a design with eight small
flow guider wings placed on disk which was found to be the most suitable because it
provides most uniform and stable flow at inlet section {4}, {12}, {13}, {14}.
5. I identified stagnant supercritical water flow zones in corner sub-channels directly after the
foot piece element during CFD analyses of SCWR-FQT test section. Undesired low velocity
flow regions still exist at beginning of heating in the trace of these stagnant flow zones. I
solved this problem by CFD analyses on two further foot piece designs. I selected a totally
revised new foot piece design as most appropriate: it eliminated stagnant flow zones
behind foot piece and additionally increased the stability of inlet flow {4}, {12}, {13},
{14}.
6. Based on results of validated CFD models for four rod bundle I confirmed that thermal
hydraulically best compromise on pitch of wrapped wire spacers is 200 mm for HPLWR
fuel assembly. Pressure drop along the heated length (hydraulic aspect: the lower the
better) was found to be only 18% higher than in case of bare geometry, while average heat
transfer coefficient (thermal aspect: the higher the better) are 95% higher in corner subchannels which I found to be hottest in bare case. Application of wrapped wires enhances
heat transfer in corner sub-channels where it is most needed {7}, {8}.
7. I determined the pressure drop components of supercritical water flow under natural
circulation conditions at different pressures (225-275 bar) and inlet temperatures (50200°C) by the experimental results of ANCARA loop. I identified two dominant pressure
drop components: pressure drop due to frictional resistance and gravity, while the pressure
drop due to acceleration of flow (the acceleration is due to density decrease, this
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component dominates under mixed and forced convection conditions) found to be
negligible due to the very low velocity (n×1 cm/s instead of n×1 m/s) {3}, {10}.
Based on the results presented in this dissertation and the scientific theses derived from
these results, I reckon that my doctoral research has fulfilled the objectives set at the
beginning. My doctoral research contributed to the international effort to measure the
usability of commercial CFD codes (e.g. ANSYS CFX) in the field of SCW thermal
hydraulics, to the discovery of not fully understood aspects of SCW thermal hydraulics and to
the development of SCWR concepts.
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Annexes
This section contains the Nomenclature and other auxiliary items which assist to the
understanding of the presented researches and their results by providing more details.

Annex 1: Key data of the HPLWR core design
This table below summarizes the key data of the HPLWR core design:
Name of parameter:
Fuel rods per assembly
Water boxes per assembly
Assemblies per cluster
Evaporator assembly clusters
Superheater 1 assembly clusters
Superheater 2 assembly clusters
Fuel cladding outer diameter
Cladding thickness
Fuel rod pitch / diameter ratio
Control rods per cluster
Active core height
Total core height
Water box wall thickness
Moderator channel box outer width
Assembly box wall thickness
Assembly box inner width
Gap between assembly boxes
Moderator mass flow fraction
Flow direction in water boxes
Flow direction between assembly boxes
Flow direction in the radial reflector
Spacer concept
Wire pitch
Wire diameter
Control rod absorber material
Average core power density
Average coolant mass flux

Value of parameter:
40
1
9
52
52
52
8 mm
0.5 mm
1.18
5
4200 mm
5331 mm
2 mm
26.9 mm
3 mm
67.5 mm
9 mm
50%
downwards
upwards
downwards
wire wraps
200 mm
1.34 mm
B4C
57.3 MW/m3
1600 kg/m2s
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Annex 2: Best Practise Guidelines for CFD analysis of SCW flows
The issue of appropriate CFD modelling (e.g. suitable near wall resolution) for CFD
analysis of SCW thermal hydraulics has been very extensively investigated in the framework
of HPLWR Phase 2 project [62]. I have contributed to this work as active supporter by CFD
analysis and elaboration of the recommendations. I have applied these recommendations for
all of my later CFD studies. The final outcomes were summarized in a best practice guideline
(BPG) which main recommendations are listed below [100]:
 second order numerical schemes should be used instead of first order schemes;
 mesh sensitivity study should be performed first;
 RMS convergence criteria of residuals should be 10-5÷10-6 et least;
 convergence criteria of imbalances should be 0.1% or less;
 monitor points should reach a steady value without any oscillation around it for
steady state CFD computations;
 y1+ values of the numerical grids should be less than 1 (y1+<1);
 axial mesh resolution should be equal or less than 1 mm, but a mesh sensitivity
study on the axil resolution needed for each case;
 Aspect ratio of the numerical grid should be not more than 500 (AR ≤ 500);
 more than 5 (~10) nodes in the viscous sub-layer should be applied;
 SST FMC turbulence model with enhanced wall treatment should be used if the
flow is free of secondary flow and anisotropy. If that is not the case, anisotropic
SMC turbulence model should be applied;
 hybrid (e.g. tetrahedral global grid with suitable prismatic boundary layer mesh) or
fully hexahedral numerical grid with suitable near wall mesh should be used;
 value of y1+ (the height of the first numerical layer next to the wall) should be
below 1 (at least on average basis);
 expansion factor between the heights of two boundary layers should be equal or
less than 1.3-1.5.
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Annex 3: Key parameters of validation cases
A.4 Table 1. Geometrical and global flow parameters of selected experimental cases from Sh1 to K5
Cases:
p [MPa]
Tpc[°C]
Tin [°C]
qw [kW/m2]
G [kg/m2/s]
qw/G[kJ/kg]
HT regime
Di[mm]
LEntrance [mm]
LHeated[mm]
LDischarge [mm]
(Gr/Re2.7)*105
Flow type
Published at:

Sh1
23.3
379.1
324.9
319.9
430
0.74
DHT
8
400
1500
80
3.06
MC

Sh2
25.33
386.1
259.2
883.71
1500
0.59
NHT
8
400
1500
80
0.005
FC
[6]

O
25.5
387
138.6
1810
1500
1.2
DHT
3
150
990
150
0.09
FC
[30]

K1
24.8
384.2
350
390
495
0.79
DHT
10
500
1000
100
2.64
MC

K2
24.9
384.5
350
433
496
0.87
DHT
10
500
1000
100
2.65
MC

K3
K4
24.9
24.9
384.5 384.5
351.1 354.5
88
275
200
200
0.44 1.375
NHT DHT
10
10
500
500
1000 1000
100
100
8.32
13.7
MC
MC
[104]

K5
24.9
384.5
358.9
375
200
1.875
DHT
10
500
1000
100
6.61
MC

A.4 Table 2. Geometrical and global flow parameters of selected experimental cases from Y1 to S2
Cases:
p [MPa]
Tpc[°C]
Tin [°C]
qw[kW/m2]
G [kg/m2/s]
qw/G [kJ/kg]
HT regime
Di[mm]
LEntrance [mm]
LHeated[mm]
LDischarge [mm]
(Gr/Re2.7)*105
Flow type
Published at:

Y1
24.5
383.1
333.8
233
1260
0.18
EHT
7.5
729
1500
150
0.002
FC

Y2
24.5
383.1
333.8
465
1260
0.37
EHT
7.5
729
1500
150
0.004
FC
[33]

Y3
24.5
383.1
333.8
698
1260
0.55
NHT
7.5
729
1500
150
0.007
FC

Y4
24.5
383.1
333.8
930
1260
0.74
NHT
7.5
729
1500
150
0.01
FC

H1
24
381.2
330.9
800
1500
0.54
EHT
10
2479
5100
510
0.003
FC

H2
H3
24
24
381.2 381.2
330.9 330.9
900
1000
1500 1500
0.6
0.67
EHT NHT
10
10
2479 2479
5100 5100
510
510
0.006 0.014
FC
FC
[103]

H4
24
381.2
330.9
1100
1500
0.73
NHT
10
2479
5100
510
0.023
FC

S1
S2
31.03
31.03
405.4
405.4
390.85
408
790
790
2150
2150
0.37
0.37
EHT
EHT
9.4
9.4
890
890
1830
1830
230
230
0.001
0.001
FC
FC
[32]

Annex 4: About the IAPWS-IF97
This IAPWS-IF97 industrial formula was derived from the IAPWS-95 scientific formula
using specific allowed tolerances for each SCW property. Significant calculation acceleration
(faster but less accurate computation) has been achieved by applying IAPWS-IF97 compared
to the application of IAPWS-95. On the other hand for isobaric specific heat (cp) significantly
larger deviations were allowed near critical point of SCW. In a wide pressure (22.1-35 MPa)
and temperature range (357-457°C), where the pseudocritical transition occurs, the Δcp equals
at least ±3%, but approaching to critical point it is more than 3%. This could cause different
discrepancies comparing experimental and CFD results of SCW thermal hydraulics.
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Annex 5: Computational cases of HPLWR fuel assemble model
The words with Italic style indicate cases for mesh sensitivity study.
Group

Name of the case

HDR-G
Unheated

Msh-1 (Coarse)
Msh-2
Msh-3
Msh-4 (Middle)
Msh-5
Msh-6
Msh-7 (Fine)
1stR
2ndR
3rdR
2ndR2 n 369k
2ndR2 n 563k
2ndR2 n 907k
1stR1
1stR2
1stR2 qw constant
1stR2 qw rad
1stR3
2ndR1
2ndR2
2ndR2 qw constant
2ndR2 qw rad
2ndR3
3rdR1
3rdR2
3rdR2 qw constant
3rdR2 qw rad
3rdR3

TH-G
Heated

Number of nodes
222,000
443,000
600,000
809,000
1,100,000
1,810,000
3,082,000
1,671,793
1,671,793
1,671,793
369,000
563,000
907,000
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793
1,671,793

Mesh scale
1 to Msh-1
2 to Msh-1
3 to Msh-1
4 to Msh-1
5 to Msh-1
9 to Msh-1
16 to Msh-1
1 to n 369k
2 to n 369k
3 to n 369k
5 to n 369k
-

Inflow/Outflow
BC
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Translat. periodic
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet
Inlet/Outlet

Axial position
0-0.2 m
0-0.2 m
0-0.2 m
0-0.2 m
0-0.2 m
0-0.2 m
0-0.2 m
0-0.2 m
1.4-1.6 m
3.4-3.6 m
1.6-1.8 m
1.6-1.8 m
1.6-1.8 m
0-0.2 m
0.2-0.4 m
0.2-0.4 m
0.2-0.4 m
0.4-0.6 m
1.4-1.6 m
1.6-1.8 m
1.6-1.8 m
1.6-1.8 m
1.8-2 m
3.4-3.6 m
3.6-3.8 m
3.6-3.8 m
3.6-3.8 m
3.8-4 m
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