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Abstract

The Super Critical Water Reactor (SCWR) is one of the six generation IV nuclear reactor
designs. These designs were chosen as the most promising to deliver safe, sustainable and
financially attractive nuclear reactors. The SCWR uses water as coolant and operates with
temperatures up to 500 ◦C. These high coolant temperatures allow the SCWR to reach a
much higher thermal efficiency (up to 45%) compared to other water cooled nuclear reactors.
Several designs to build a SCWR have been proposed, among them the European High
Performance Light Water Reactor (HPLWR). After this design was published it was proposed
to drive the flow in the reactor by natural circulation, using the large density differences within
the system, instead of a conventional pump(Rohde et al., 2011).

To investigate the feasibility of this idea, the NERA group in Delft built a scaled loop
mimicking the HPLWR, called DeLight (Delft Light Water Reactor). After the experiment,
Spoelstra(2012) adjusted a 1-D computational model(Kam, 2011) to capture the physics of
flow instabilities in the experimental facility. However, the predictions from the experiments
did not entirely agree with the stability data obtained with the model. The goal of this
research is to implement a supercritical friction factor correlation and heat transfer model into
the existing model made by Spoelstra. Then a new stability analysis is done and compared
to the existing benchmark data. Before adjustments to the model are made, the available
supercritical friction factor and Nusselt number correlations found in literature are assessed
and an analysis is made of their behavior during supercritical heating/cooling. After the
analysis a friction factor model proposed by Fang et al.(2012) as well as a Nusselt correlation
proposed by Mokry et al.(2009), are implemented in the model. Steady-state simulations
showed good agreement between the experimentally measured mass-flow rates and predicted
values with the adjusted model. This indicates the new friction model accurately describes the
friction distribution in the system. Although the stability analysis yielded a neutral stability
boundary that does not accurately describes the experimental findings, the approximation
is better than both Spoelstra and Schenderling. Also, the effect of the Nusselt number
correlation on system stability turned out to be significant. The friction factor model also
influences stability, but the effects are much smaller that the influence the Nusselt correlation
has. It is concluded more comprehensive measurements and modeling should be done to
better understand the variables within the system, especially the Nusselt number, that affect
the stability of the system.
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Chapter 1

introduction

1.1 iv Generation Nuclear Reactors

Nuclear energy has been around since the 1960s and has provided a significant part of the
world’s electrical energy demand since. After a strong rise between 1970 and 1990 nuclear
energy has fallen out of favor due to large calamities such as Chernobyl and, twenty years
later, Fukushima. This distrust toward nuclear energy and technology has made safety a
top priority among scientists and engineers working on new nuclear reactors and applica-
tions. This was no different in the generation IV international forum, where six nuclear
reactor designs were proposed. The aim of this forum is to bundle the efforts of industrial
and academic partners toward sustainable, inherently safe, economically viable nuclear reac-
tors. One of these six reactor types is the Super Critical Water Reactor (SCWR)(see figure
1.2). This Reactor operates under high temperature and pressure so that the water becomes
supercritical, hence the name.

Figure 1.1: Phase diagram of water, the operating ranges of the different LWR’s are shown. Note that the
SCWR by far has the widest range and is the only one phase system. (Source: Spoelstra, 2012)

One of the key advantages of operating with a coolant in supercritical state is that this
makes the reactor a one phase system(see figure 1.1). Around the pseudo-critical point,
the point where the supercritical fluid experiences the transition from liquid-like to gas-like
state, several properties change significantly but no phase shift occurs. This means the core
outlet temperature is not limited by a boiling point, which is the case for a Pressurized
Water Reactor (PWR) for example. In the SCWR the outlet temperature is only limited
by the material temperature limit, which is much higher (roughly 620 ◦C for the HPLWR
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4 CHAPTER 1. INTRODUCTION

design). This allows for feasible operating temperatures of up to 500 ◦C. Reactor efficiency
is directly related to core outlet temperature, i.e. the thermal efficiency depends on the
temperature difference between the reactor core and the condenser temperature. Because the
environment is usually used as a heat sink the condenser temperature is fixed at 10-20 ◦C,
this means a higher core outlet temperature results directly in higher thermal efficiency. This
makes the SCWR economically a very interesting concept. Where Boiling Water Reactors
(BWR) usually have an effective efficiency of 33% the SCWR has a projected efficiency of
45%. Although the SCWR operates at very high pressure (250 bar), which is structurally
demanding, the construction costs are relatively low. Because the SCWR is a one phase
system, no phase separation equipment, as found in the BWR, is necessary. Furthermore,
supercritical water can directly drive the turbine because of the density drop around the
pseudo-critical point. The required turbines have already been developed, e.g. (Viswanathan,
2005), and are being used in fossil fuel plant, driving down further development cost.

Figure 1.2: General design of SCWR. Note that the reactor does not need a secondary cycle, the supercritical
water directly drives the turbine. (Source: Spoelstra, 2012)

1.2 HPLWR

Several Generation IV international partners have proposed SCWR designs, among them is
the European High Performance Light Water Reactor (HPLWR). The fuel elements used in
this reactor design are developed by Hofmeister et al. (2007) and use conventional uranium-
oxide and MOX fuel. The fuel is placed in clusters(see figure 1.3a) so the coolant water
can flow through the channels between the fuel bundles. The coolant water is heated from
roughly 280 ◦C to 500 ◦C at 250 bar. Because the flow rate is not constant in every channel,
for instance due to manufacturing uncertainties, there is a chance of hotspots within the core.
This can cause structural limits to be exceeded. Schulenberg et al. (2008) proposed a way to
reduce this effect by slitting the HPLWR core into three segments with mixing chambers in-
between the core sections(see figure 1.3c). This solution reduces the temperature differences
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5 CHAPTER 1. INTRODUCTION

between the channels below the point where structural limits would be exceeded. Each core
section, being the evaporator and super heaters I and II, house 52 fuel bundles.

Figure 1.3: Nine fuel assemblies in a cluster(a) and representation of three pass core proposed in the
HPLWR(b,c) (Scource: Hofmeister et al. (2007); Ortega Gómez (2009); Schulenberg et al.(2008))

Besides its function as coolant, the water in the HPLWR also has the function of neutron
moderator. The function of a moderator in a nuclear reactor is to reduce the energy level of
the neutrons released in the fission reactions to a lower level so the neutron can potentially
initiate a new fission reaction. The degree of moderation depends on the density of the water
in the core section, high density means more moderation and thus more fission reactions and
vice versa. Because the coolant water has a large difference in density as it heats up, 780
kg/m3 to 90 kg/m3, the moderating abilities heavily depend on core section, i.e. coolant
temperature. The loss of moderation is compensated with by relatively cold feedback water
through the square channels in the reactor core (see figure 1.3b). This water mixes with the
core inlet coolant at the evaporator entrance.

An interesting idea to make nuclear reactor inherently safe is natural circulation. This
means the coolant will flow without a mechanical pump. This idea is not new, e.g. the BWR
in Dodenwaard has been a natural circulation driven reactor. The idea of natural circulation
is based on a density difference between the downcomer and riser. The HPLWR has a large
density difference between the riser and the downcomer and therefore could be designed so
that natural circulation is sufficient to cool the core, making the reactor inherently safe. The
riser is required to produce enough driving force. The current general plans for the HPLWR
do not include a natural circulation driven design, however the implementation of natural
circulation to the HPLWR design has been investigated. This research will be discussed later
in this chapter.
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6 CHAPTER 1. INTRODUCTION

1.3 Supercritical Fluid Properties and Stability

Because the SCWR operates with a coolant in supercritical state, it is very important to
understand the behavior of fluids under these conditions. Although the coolant does not
experience a phase change, there are significant changes in properties within the reactor core.
Every supercritical substance has a pseudo-boiling point at which a transition in properties
takes place, the so-called pseudo-critical point (See figure 1.4). This pseudo-critical point
divides the liquid-like phase and the gas-like phase and fluid properties such as density,
viscosity, heat capacity and thermal conductivity change dramatically. The effects on the
mass-flow and heat transfer within the reactor are complex, especially when the reactor is
driven by natural circulation.

Figure 1.4: Properties of supercritical water around the pseudo-critical point, 384.90 ◦C at 250 bar. The
operating window of the HPLWR is indicated with the dotted line. (Source: Spoelstra, 2012)

Flow instabilities occur all the time in a complex, turbulent system such as a nuclear reac-
tor. How the system responds to these disturbances is what makes the reactor either stable
or unstable. There are several instabilities that can occur within channel flows(Ambrosini,
2007; Ortega Gómez, 2009), typically divided in two categories; static and dynamic instabil-
ities(Boure et al., 1973). An example of static instability are Leginegg instabilities(Fukuda
and Kobori, 1979). This type of instability occurs when the system has more than one steady-
state solution, the flow rate can alternate between these solutions in a non-periodic manner.
Although the alternation between several solutions is non-periodic, steady-state channel anal-
ysis can predict unstable working points. Leginegg instabilities will not be studied further in
this thesis.

Where steady-state analysis can predict the unstable working point for static instabilities,
dynamic instabilities require transient analysis for proper prediction. Dynamic instabilities
are the reaction of the flow to small perturbations and, when a positive feedback mechanism
is in place, can grow significantly over time thus disrupting the system. A well-studied
type of dynamic instability is the Density Wave Oscillation (DWO)(e.g.; March-Leuba and
Rey, 1993). DWOs are common in BWR due to the large density differences throughout
the system. The density within the HPLWR also changes significantly within the core,
thus making DWOs a likely occurrence. DWOs are created when mass-flow fluctuations
move through the core, the area’s of lower mass-flow will spent more time in the core thus
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7 CHAPTER 1. INTRODUCTION

becoming hotter and less dense than the faster flowing areas which will be colder and denser.
The result of these fluctuations is a sinusoidal DWO traveling through the system.

Figure 1.5: Example of type II instability; density wave oscillations in the core. If the inlet flow and pressure
drop are 180 degrees out of phase, the perturbation grows maximally. (source: Ortega Gómez, 2009)

The DWO affect several variables within the system, for instance the gravitational pressure
drop and thus the driving force of the natural circulation. These instabilities can reinforce
each other, i.e. induce a positive feedback, when the core inlet mass-flow and the gravitational
pressure drop are out-of-phase with respect to each other. This type of instability is labeled
a type I instability. Type I instabilities manifest themselves over the length of the core and
the riser while type II instabilities take place only in the core. Type II instabilities can also
be caused by DWO, this time a feedback mechanism by the frictional pressure drop over the
core (see figure 1.5). Positive feedback is achieved when the DWO and the frictional pressure
drop are 180 degrees out of phase. The frequency of Type II instabilities is higher than that
of type I instabilities due to the relatively short transit time in the core.

Because the coolant in the HPLWR is also the moderator, a change in density causes a
change in moderation as well. The low density areas of the DWO causes fewer neutron to
start a new reaction while a higher density area achieves the opposite. DWO can thus cause
an oscillation in core power, this in turn influences the density in the core. These effects can
also reinforce each other, rendering the system unstable.

1.4 Literature Survey

In 2012, T’Joen and Rohde published an article concerning an experimental study of a natural
circulation driven supercritical cooling loop, simulating a SCWR(T’Joen and Rohde, 2012).
In this article a comprehensive study was lain out about the stability of such a loop, serving
as benchmark data for stability analysis exploring the possibility of a natural circulation
driven SCWR. The facility was given the name Delft Light Water Reactor, or short DeLight,
and the design was based on HPLWR. R23 (Freon) was used as coolant to reduce structural
requirements, the scaling rules were derived(Rohde et al., 2011). The system operates under
57 bar with temperatures from -40 to 110 ◦C. Neutronic feedback was implemented into the
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8 CHAPTER 1. INTRODUCTION

electrical heating to mimic a real reactor. A division between stable and unstable points
was made by measuring the decay ratio after applying a small perturbation. The results of
these measurements is the neutral stability boundary (see figure 1.6). This line separates
the stable operating conditions from the unstable operating conditions. NSUB and NPHC are
dimensionless numbers based on system properties.(T’Joen and Rohde, 2012)

Figure 1.6: Neutral stability boundary as found by T’Joen and Rohde in the DeLight experiments and the
computational simulations from Spoelstra and Schenderling. NSUB and NPHC are dimensionless numbers
representing operation points of the DeLight(T’Joen and Rohde, 2012). (Source: Schenderling, 2013)

After the DeLight experiments, J. Spoelstra wrote a 1-D model to represent the physical
phenomenon that take place within the DeLight facility.(Spoelstra, 2012) The model is based
on the numerical model from Kam (2011) and implements the Stealth code(Koopman, 2008)
which was originally meant for a boiling system. Spoelstra’s model yielded a neutral stability
boundary similar to the experiments for low power, however higher power results did not
agree(see figure 1.6). Several assumptions and simplifications were made by Spoelstra such
as the lack of thermal inertia in the structure and a friction and heat transfer model developed
for supercritical fluids. With these simplifications in mind, Schenderling implemented thermal
inertia to the model to explore its effect on the neutral stability boundary. Although the
results are better for high powers, they still differ from the experimental findings as figure
1.6 shows.

1.5 Thesis Objectives and Outline

The objective of this thesis is to explore the effect of the implication of a supercritical friction
factor correlation and heat transfer model on the stability analysis of a natural circulation
driven supercritical water Reactor. The starting point of this thesis will be the work done
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9 CHAPTER 1. INTRODUCTION

by Schenderling and Spoelstra, trying to capture the physics of the experimental DeLight
facility in a computational model. First, an assessment will be made of current supercritical
friction and heat transfer models. These models will be compared with each other and the
current friction and heat transfer model used in the code. Thereafter one or several models
for both the frictions factor and the heat transfer coefficient will be chosen for implementation
into the code. After implementation the new model will be compared to the Schenderling
and Spoelstra code through steady-state and transient analysis. Ultimately, a new neutral
stability boundary will be computed.

The outline of this thesis follows as; After this introduction chapter the DeLight experi-
ment will be discussed in chapter 2. Chapter 3 assesses the current friction factor correlation
in the model and surveys the available supercritical friction factor models from literature.
Chapter 4 than discusses the heat transfer model in a similar manner. The experimental pro-
cedure is discussed in chapter 5 after which chapter 6 takes a closer look at the behavior of
several correlations during supercritical heating/cooling. Chapter 7 introduces and discusses
the results of this thesis, flowed by the conclusions and outlook in chapter 8.

9



Chapter 2

DeLight Setup

In this chapter the DeLight experiment(T’Joen and Rohde, 2012) will be discussed. Section
2.1 gives an overview of the geometry and components. Section 2.2 discusses the experimental
procedure.

2.1 Geometry and Components

To explore the possibility of a natural circulation driven HPLWR the DeLight facility was
built(T’Joen and Rohde, 2012). This facility is designed as a scaled model of the HPLWR
with the goal of studying the stability of such a reactor. To reduce the structural requirements
the coolant in the DeLight facility is not water which operates between 280 and 500 ◦C, at 250
bar. Instead, Freon R23 was chosen as the coolant with its operating temperature between -30
and 100 ◦C. The scaling rules where derived by Rohde et al. (2011). Figure 2.1 is a schematic
representation of DeLight. To better capture the facility, the riser and the downcomer are
not fully displayed, i.e. they are much longer in the real setup.

As in the HPLWR, the core consist of three segments, the evaporator, super heater I and
super heater II. The segments are 80 cm stainless steel pipes with an inner diameter of 6
mm and a thickness of 0.5 mm. The core is heated by sending a very high current through
the pipes supplied by Delta SM15-200 power units and can be controlled per core section
via the voltage. The total power is distributed over the three core sections following the
same distribution as the HPLWR, 53% in the evaporator, 30% in superheater I and 17% in
superheater II. The largest power that can be supplied to the system is 18 kW. The core
neutronics of the HPLWR are taken into account as well. τ , an adjustable time constant,
is the amount of time is takes for feedback to occur. In this thesis τ was always set to 6
seconds.

After the core the R23 reaches the riser. The tubing in the riser and downcomer has an
inner diameter of 1 cm. The transition from core diameter to riser/downcomer diameter
is a gradual contraction/expansion over the length of three centimeters. The turbine and
condenser are modeled as two heat exchangers in series and act as heat sink to the system.
The first heat exchanger is fed with the building water supply and is able to absorb much
more heat than is required which causes the outlet temperature of the first heat exchanger
to be constant at 17 ◦C. This means the transition from gas- to liquid-like-state always
happens in the first heat exchanger. The second heat exchanger reduces the temperature to
the desired point. To reduce heat losses most sections are isolated with 25 mm of Armacell.

10



11 CHAPTER 2. DELIGHT SETUP

The core and preheater however are not isolated. To ensure an operating pressure of 57 bar,
the buffer was added to the system. The buffer system works via a prison(Parker Series 5000
Piston Accumulator), e.g. at higher pressures the buffer vessel will grow larger decreasing
the pressure and vice versa.

Figure 2.1: Schematic representation of the DeLight facility, for precise measurements see Appendix A.
(Scource: Spoelsta, 2012)

The DeLight facility contains a large number of sensors. Bulk temperature is measured
throughout the facility and in five different points in each core section. Absolute pressure is
measured at the top and the bottom of the installation and the pressure drop (∆p) throughout
the system. The F symbol at the downcomer indicates a flow meter. The measured values
are also connected to a safety control which shuts down the facility if limits are exceeded.

2.2 Measurements

In order to produce a set of stability benchmark data, measurements were conducted. Each
measurement started by reaching a steady-state working point. This was done by starting the
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12 CHAPTER 2. DELIGHT SETUP

flow with an electrical pump while gradually adding power to the core segments, heating up
the system. When steady-state is reached the core temperature, and thus density, is measured
before turning on the neutronic feedback. When the feedback turned on, the measurement
began. Depending on the stability of the working point the density and neutronic oscillations
will either grow or dampen over time. To determine whether a point is stable or unstable the
decay ratio is calculated using a fitting function, equation (2.1), to the first two periods of the
auto-correlation function(Marcel, 2007; T’Joen and Rohde, 2012). The following expression
(2.2) then yields the decay ratio.

y = a0 + (1− a0 − a1)eb1τ + a1e
b2τcos(ωτ) (2.1)

DR = e
2πb2
|ω| (2.2)

The decay ration indicates whether a perturbation grows or decays over time, i.e. DR > 1
indicates a growing perturbation and DR < 1 a decaying perturbation. At DR = 1 the
perturbation does not change over time. When a point was determined unstable the signal
was measured until the fluctuation exceeded 10% of the initial power, this power fluctuation
occurred due to the neutronic feedback. When a point was deemed stable and no large
oscillations were present, the power was increased by 250-500 W for 5 seconds. Then the
decay of this large perturbation was measured until it became indistinguishable.
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Chapter 3

Supercritical Friction Factor Model

This chapter will discuss the friction factor. First, in section 3.1, the current friction model is
assessed. Section 3.2 explains why a supercritical friction factor models could improve model
performance and section 3.3 discusses several friction factor correlations found in literature.

3.1 Current Friction Factor Model

The current method to calculate the friction between the wall and flow is a combination
of several isothermal friction factor correlations. Which correlation is used, depends on the
Reynolds number at that point in the simulation. The used correlations are shown below.
All these equations accurately describe subcritical flow in their respective Reynolds windows.

Poisseuille f =
64

Re
Re < 2000 (3.1)

Blasius f = 0.316Re−0.25 Re < 30.000 (3.2)

McAdams f = 0.184Re−0.20 30.000 < Re < 106 (3.3)

Haaland f = (−1.8 log10

[
ε

3.7D

10
9

+
6.9

Re

]
)−2 4.000 < Re < 108 (3.4)

Here Re is the Reynolds number, D the hydraulic dynamiter and ε the surface roughness.
Effectively, Haaland is mainly used during the stability analysis. The friction factor has a
large effect on the steady-state mass-flow rate as the average shear wall stress τ̃w is modeled
according to Darcy’s definition (3.5)(Todreas and Kazimi, 1989).

M = A

√
8τ̃wρ

f
(3.5)

Here M is the mass-flow, ρ the dencity and A the contact surface.A supercritical friction
factor model may also effect the stability of the system, namely the feedback between a DWO
and the friction pressure drop in the core. When the friction factor increases or decreases
with a change in density this will influence the size of the perturbation, either positively or
negatively.
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14 CHAPTER 3. SUPERCRITICAL FRICTION FACTOR MODEL

3.2 Failures of Current Model

Although the current friction factor model can accurately describe liquid state, there are
severe errors when applied to a supercritical flow. Supercritical flow is complex, especially
around the pseudo-critical point. The system properties change tremendously and so the
transition between the liquid-like and gas-like state is often referred to as pseudo-boiling.
In the DeLight facility the heat enters the bulk via the heated pipes representing the core.
This means the temperature of the pipe must be higher than the bulk temperature causing
an extremely thin layer of fluid, dx, to have the same temperature as the pipes. When the
bulk temperature is close to the pseudo-critical point, the properties of the hotter layer near
the wall can be significantly different than bulk properties. This effect is called pseudo-film
boiling. This is very similar to the subcritical film boiling and dry-out boiling, where gas
bubbles forming near the wall influence flow turbulence, heat transfer and shear wall stress.
In BWR’s and PWR’s respectably dry-out and film boiling play a large role and pseudo-film
boiling should be accounted for in the SCWR as well.

Generally, experiments have determined that the friction factor of a supercritical substance
is higher when the substance is being cooled and lower while heating, due to pseudo-film
boiling(Fang et al., 2012).

3.3 Choice of a New Friction Factor Model

Several experimental correlations have been proposed to capture the behavior of the friction
factor of a supercritical flow. Fang et al. (2012) made an assessment of current models and
combined the existing experimental data to produce a new correlation that is not specific
to one fluid and has lower relative errors than the existing models. The evaluation of the
available models and experimental data is captured in table 3.1.

Three of the available correlations have been chosen for further assessment; the Fang, Ya-
mashitah and Popov correlations. This choice is based on their performance in the study and
the possibility of implementation in the DeLight model, considering the available and known
variables within the model. For instance, the Petrov and Popov(1988) correlation requires
the acceleration factor(Fang et al., 2012) to be calculation. This causes the implementation
of this correlation in the DeLight model to be much more complicated compared to the other
available correlations. It should be noted however, that all of the studies used different fluids
than R23 and most correlations are based on experiments with only one fluid. This makes
it extremely difficult to determine what friction factor correlation is best and thus how well
the behavior in the DeLight facility is modeled.
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15 CHAPTER 3. SUPERCRITICAL FRICTION FACTOR MODEL

Table 3.1: Overall weighted error of most-used models per substance/all data. The mean absolute relative
deviation(MARD) and mean relative deviation(MRD) are given for every substance/all data. A, b, c, repre-
sent the percentage of date points that have a smaller absolute relative deviation of respectably, 10, 20, 30
percent. (Source: Fang et al., 2012)

3.3.1 Fang et al. (2012)

The friction factor correlation produced by Fang et al. is a combination of the existing data
and correlations. The goal was to reduce errors overall and obtain a generally applicable
correlation.

f = fiso,b(
µw
µb

)
0.49(

ρf
ρpc

)1.31
(3.6)

fiso,b = 1.613[0.234(ln((
ε

D
)1.1007 − 60.525

Re1.1105
+

56.291

Re1.0712
)]−2 (3.7)

An interesting observation can be made regarding the correlation. When the wall tem-
perature is equal to the bulk temperature the term (µw

µb
) becomes 1 and the friction factor

becomes isothermal. This makes sense since pseudo-film boiling will no longer be an issue.

3.3.2 Yamshitah et al. (2003)

Yamashita et al. (2003) experimentally investigated the friction factor using supercritical
R22 flowing through a uniformly heated vertical pipe with a diameter of 4.4 mm. This
correlation also has a supercritical term where (µw

µb
) becomes 1 if the relative temperature

between wall and bulk is zero.
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16 CHAPTER 3. SUPERCRITICAL FRICTION FACTOR MODEL

f = fiso,b(
µw
µb

)0.72 (3.8)

fiso,b =
0.314

0.7− 1.65 logRe+ (logRe)2
(3.9)

3.3.3 Popov (1967)

A correlations was found by Popov in 1967 by investigating turbulent flows of supercrtitical
CO2 cooling. fiso,b is calculated with the Filonenko equation. The supercritical term in this
correlation is based on the changes in density rater than viscosity, which is the case for the
two previous correlations. The correlation also has a supercritical term where, in this case,
(
ρf
ρb

) becomes 1 if the relative temperature between wall and bulk is zero.

f = fiso,b(
ρf
ρb

)0.74 (3.10)

fiso,b = (0.79 lnRe− 1.64)−2 (3.11)
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Chapter 4

Heat Transfer Model

This chapter takes a closer look at the heat transfer modeling in the DeLight model. Section
4.1 discusses the heat transfer model used by Spoelsta. Then, in section 4.2, the changes
made by Schenderling are assessed and improvements are suggested. Section 4.3 looks into
the possibility of implementing a correlation for the Nusselt number that better describes
supercritical flow.

4.1 Spoelstra Heat Transfer Model

In the first version of the code, made by Spoelsta, the heat flux was uniformly distributed
across each core section according to the simple equation (4.1). Spoelsta chose to assume
the heat flux would roughly be the same as the production, making the heat flux constant
over each core segment. The losses to the environment are modeled as a fixed percentage of
production. This simplified the heat transfer significantly.

q′core =
Pcore(1− ploss)

Lcore
(4.1)

In this equation q′core is the linear heating rate in W/m, with Pcore being the power supplied
to the core segment and Lcore the length of the core segment. ploss is the percentage of
the power lost to the envoirment. However, there are two considerable problems with this
simplification. First, this assumption made in the Spoelstra model does not hold when the
heat transfer coefficient varies. A higher heat transfer coefficient means a lower relative
temperature difference is necessary to reach the same heat flux and vice versa, see equation
(4.2).

q′′core = α∆T (4.2)

With ∆T being the relative temperature between the facility wall and the fluid bulk and
α the heat transfer coefficient. In the operating window of the SCWR the properties of
Freon change drastically, which strongly influences the heat transfer coefficient. Thus for
the heat flux to remain constant ∆T must change significantly as well. However, the losses
to the environment also depend on the relative temperature, i.e. the relative temperature
between the DeLight wall and the environment. Spoelsta assumed these losses to be constant
as well, i.e. a fixed percentage of core power. The simplification made by Spoelstra lead to
an inaccurate description of heat transfer when the heat transfer coefficient in the system is
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18 CHAPTER 4. HEAT TRANSFER MODEL

variable. Literature suggest this is the case in a SCWR(Piore et al., 2011). The Spoelstra
model does not accurately describe the complex heat transfer dynamics of the DeLight facility.

The second problem is the absence of thermal inertia. Density wave oscillations play a
major role in the stability analysis. The energy stored in the walls of the core are expected
to have a damping effect on DWO’s. The relative temperature between the wall and bulk
fluid will likely be lower for hotter areas compared to the colder areas. This will result in a
slightly lower heat flux for hotter areas while cooler areas experience a higher heat flux, see
equation (4.2). However, it is also possible that a hotter area will have a higher heat flux
due to the heat transfer coefficient growing due to a dependency on temperature. Then the
DWO will grow larger in amplitude. This complex behavior will be further investigated in
this thesis.

4.2 Schenderling’s Implementation

To better represent the heat transfer in the DeLight facility, Schenderling(2013) altered the
Spoelstra model to include a more complex heat transfer model and thermal inertia in the
walls. For this adjusted heat transfer model the wall temperature must be calculated since
the temperature difference between facility wall and bulk fluid has to be know. Schenderling
made an analysis of the energy balance in the core and proposed the following equation (4.3).

ρwallCp,wallVwall
dTwall
dt

= Q−αin(Twall−Tfreon)Perindz−αout(Twall−Tambient)Peroutdz (4.3)

The term on the left hand side is the temporal change of energy contend in the facility
wall, which is the result of the energy production Q minus the energy transferred to the fluid
bulk and the energy loss to the environment. In the new model both the heat flux to the fluid
bulk and the environment become functions of the stream-wise position in the core section.
This is a much more complex representation than the one of Spoelstra. Note that friction
heat is still ignored and axial heat conduction is not considered. Equations (4.4) and (4.5)
show the relation of the heat flux to the fluid bulk and the environment.

Q′in(z) = αin(z)(Twall(z)− Tfreon(z))Perin (4.4)

Q′out(z) = αout(z)(Twall(z)− Tambient)Perout (4.5)

4.2.1 External Heat Flux

The external heat flux is almost entirely dictated by the temperature difference between the
core pipe segments and the environment. Because the temperature of the environment can
be seen as constant the heat flux is nearly constant as well, see equation (4.8). Equation
(4.6) is an approximation of the heat transfer coefficient.

αout(z) = Nuout(z)
λair
D

(4.6)
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19 CHAPTER 4. HEAT TRANSFER MODEL

With Nuout as the Nusselt number for natural converction outside the verticatical cilin-
deris, proposed by Le Fevre and Ede(1956) and Gr as the Grashof number.

Nuout(z) =
4

3

(
7GrPr2out

5(20 + 21Prout)

) 1
4

+
4(272 + 315Prout)L

35(64 + 63Prout)D
(4.7)

Gr =
gβ(Twall − Tambient)D3

ν2
(4.8)

Schenderling assumed the volumetric thermal expansion coefficient β can be written as
(1/Tavg), which is only correct for ideal gasses. Furthermore, the average values are used to
calculate the Grashof number. This was done because of the effect of the grashoff number is
small and precise calculation is fairly tedious. The calculation of the Grashoff number was
not changed in this thesis.

4.2.2 Internal Heat Flux

The dependency of the internal heat flux(equation (4.4)) on ∆T and the perimeter of the
core pipes is straightforward and very similar the the external heat flux. The heat transfer
coefficient on the other hand is more complex and considerable simplifications ware made by
Schenderling. Equation (4.9) is an approximation of the heat transfer coefficient.

αin(z) = Nuin(z)
λfreon
DH

(4.9)

In the model the thermal conductivity λ is not a known variable so Schenderling estimated
this to be constant. However this is not the case, it varies like the density and viscosity do
due to the supercritical conditions. Furthermore, in most of schenderling’s calculations the
Nusselt number was calculated with the Dittus-Boelter(1930) equation for forced convection
in turbulent pipes, equation (4.10).

Nuin(z) = 0.027Re0.8z Pr0.3333in (4.10)

Usually, this correlation is fairly accurate for subcritical flow. However, to further simplify
the model, Schenderling chose to assume the Prandtl number constant. For supercritical
flow near the pseudo-critical point this is not at all the case. The Prandtl number strongly
depends on the thermal conductivity, viscosity and heat capacity. All these properties change
significantly in the pseudo-critical region. But even if the Prandtl number would have been
properly calculated, Dittus-Boelter does not account for pseudo-film boiling. When pseudo-
film boiling takes place a thin layer of fluid is heated to a value near or higher than the
pseudo-critical point. This layer expands, as the density decreases, and causes the fluid
layer to accelerate. This results in a lower friction factor, see chapter 3, causing the bulk
to more easily move trough the core, extinguishing turbulence. Turbulence increases heat
transfer and thus pseudo-film boiling causes deteriorated heat transfer. Once the fluid bulk
is approaching pseudo-critical temperatures, however, the fluid bulk will also stat to expand,
greatly increasing turbulence and hence heat transfer.
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20 CHAPTER 4. HEAT TRANSFER MODEL

4.3 Choice of New Nusselt Correlation

To better approximate the behavior of the heat transfer in the DeLight facility the thermal
conductivity and Prandtl number will be modeled more realistically. Also a new correlation
to calculate the Nusselt number, one that better captures the supercritical behavior, will be
implemented. Similarly to the friction factor model, many correlations have been proposed.
Unfortunately they do not agree well with respect to each other. Recently, Zahlan et al.(2010)
made an analysis of the most widely used supercritical Nusselt correlations. The result of
this effort is shown in table 4.1.

Table 4.1: Weighted average and RMS errors in each of the supercritical sub-regions. (Source: Zahlan et al.,
2010)

Schenderling briefly studied the effect of changing the Nusselt correlation in the model to
a supercritical correlation, namely the ones proposed by Jackson and Bishop, and found the
new correlation having an effect on the neutral stability boundary. However, no definitive
conclusion could be reached, with respect to the effect on the stability. To further investigate
the behavior of the Nusselt number in supercritical state, three models where chosen based
on the results by Zahlan et al.(table 4.1) and the possibility of implementation in the model.
The chosen models are the ones by Bishop, Jackson and Mokry.

4.3.1 Bishop et al. (1965)

Bishop conducted experiments in 1964 using supercritical water to find the following corre-
lation (4.11). The supercritical water used flowed upwards inside vertical bare tubes. The
last term of the expression accounts for the entrance effect. The measurements used for the
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21 CHAPTER 4. HEAT TRANSFER MODEL

correlation are performed in the same range as the SCWR operating range.

NuB = 0.0069Re0.9P̄ r
0.66

(
ρw
ρb

)0.43(
1 + 2.4

D

x

)
(4.11)

4.3.2 Jackson (2002)

Jackson’s correlation (4.12) is a modification of the original Krasnoshchekov et al.(1967) cor-
relation to employ the Dittus-Boelter form if the relative temperature is zero. This correlation
is based on measurements from supercritical water and carbon dioxide, forced convection heat
transfer.

NuJ = 0.0183Re0.82Pr0.5
(
ρw
ρb

)0.3(
C̄p
Cp,b

)n
(4.12)

n = 0.4 Tb < Tw < Tpc and 1.2Tpc < Tb < Tw (4.13)

n = 0.4 + 0.2

(
Tw
Tpc
− 1

)
Tb < Tpc < Tw (4.14)

n = 0.4 + 0.2

(
Tw
Tpc
− 1

)[
1− 5

(
Tw
Tpc
− 1

)]
Tpc < Tb < 1.2Tpc and Tb < Tw(4.15)

4.3.3 Mokry et al. (2009)

The most recent correlation (4.16) that will be assessed is Mokry et al. This correlation is
based on a new set of heat-transfer measurements and the latest properties of water(NIST,
2007). The measurements where done within the SCWR range of operation and the experi-
mental data agreed with the correlation with a spread of roughly 25% of the calculated heat
transfer coefficients.

NuM = 0.0061Re0.904b P̄ rb
0.684

(
ρw
ρb

)0.564

(4.16)
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Chapter 5

Experimental Procedure

Chapter 5 gives an overview of the numerical model and the experimental procedures. First,
some aspects of the model are explained in section 5.1 after which some adjustments are
proposed in section 5.2. Section 5.3 discusses a behavior analysis of the selected supercritical
models. The experimental procedure for steady-state and stability analysis are the subject
of respectably section 5.4 and 5.5.

5.1 Numerical Model

A short description of the DeLight model will be given in this section. For a full explanation
of the model, please see Spoelstra(2012). A combination of the forward and backwards Euler
Scheme is used to discretize the model equations derived by Spoelstra. The forward Euler
scheme is explicit, accurate and computationally cheap. However, to ensure numerical sta-
bility, sufficiently small steps need to be taken which in turn is computationally demanding.
The backwards Euler scheme is implicit. This scheme is unconditionally stable but compu-
tationally demanding and less accurate. A scheme that combines an implicit and an explicit
scheme is called semi-implicit. The semi-implicit scheme in the DeLight model combines
the forward and backwards Euler scheme. θ is a system input-variable that dictates which
scheme is dominant in the calculation of the system differential equations. θ = 1 is fully
implicit and θ = 0 fully explicit.

Figure 5.1: Schematic representation of control volumes and staggered grid in the DeLight model(a) volume
around the point over which the mass en energy balance are integrated(b) volume around the point over
which the momentum balance is integrated(c). (Source: Spoelstra, 2012)
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23 CHAPTER 5. EXPERIMENTAL PROCEDURE

To prevent odd-even decoupling of the pressure field, the systems differential equations are
discretized on a staggered grid(see figure 5.1a). The momentum balance is solved at position
i while the energy and mass balance are solved at position j. Consequentially the energy
and mass balance are integrated over the area around j (see figure 5.1b) and the momentum
balance is integrated over the area around i (see figure 5.1c).

Figure 5.3 is a flowchart of the numerical DeLight model. Here the two loops can be
seen; the red box is the pressure correction loop and the blue box the time stepping loop.
Each time step starts by defining the heat flux withing the system, after which the pressure
correction loop is initiated. This loop starts by solving the enthalpy balance using the
newly defined heat flux and variables from previous iterations. The enthalpy balance yields
the new bulk enthalpy which defines bulk properties as the thermal conductivity, density,
temperature, viscosity and heat capacity. With these bulk variables and the mass-flow from
the previous iteration, the Darcy-Weisbach friction factor is calculated. The next step is
solving the momentum balance and several correction functions to determine the mass-flow
while correcting the system pressure. This mechanism is described by Spoelstra(Spoelstra,
2012) and will not be discuses further in this thesis. After these steps, there is a check to see
if the required convergence is reached. If no, the loop will be reiterated. If yes, the second
part of the time-step loop is initiated and the wall temperature will be determined using the
discretized form of equation (4.3). Finally, several variable are stored and the next time step
is initiated.

5.2 Model Adjustment

The DeLight model does not accurately predict the stability of the DeLight facility. In
chapter 3 and 4, several improvements have been proposed. First of all a new third order
spline will be added for the thermal conductivity. The spline is built with Matlab and based
on NIST data from 2013(see figure 5.2). The choice of a spline is in line with Spoelstra
and keeps the computational demand low. The process, ”call splines”(see figure 5.3), in the
pressure correction loop now includes this spline. Also, the heat capacity is now calculated
here.

In the Schenderling model the wall temperature is known but the properties near the
wall such as enthalpy, density, viscosity and heat capacity are not calculated. These wall
properties are necessary to implement the supercritical models discussed in chapter 3 and
4. To obtain these properties in the model a new step is added, ”call wallsplines”(see figure
5.3). Each time the wall temperature in a times step has been determines the wall enthalpy,
density, viscosity and thermal conductivity will be calculated using splines. The splines used
are the same as the splines used for the bulk properties, except for the temperature being the
input instead of the enthalpy. With the more accurate description of the thermal conductivity
and the calculation of the heat conductivity the definition of the Prandtl number can now
be implemented, which is necessary for a proper calculation of the Nusselt number.

Combining the effects of these changes, a new friction factor and Nusselt number correla-
tion are implemented. The friction factor and wall temperature calculation now require wall
properties(see figure 5.3).
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24 CHAPTER 5. EXPERIMENTAL PROCEDURE

Figure 5.2: Thermal conductivity of R23 around the pseudo-critical point, 33.22 ◦C at 57 bar. Plotted with
NIST data, 2013.

5.3 Supercritical Behavior Study

Because supercritical behavior is complex and several heating/cooling effects take place at the
same time, like pseudo-film boiling, a computational analysis of the behavior of the friction
factor and the Nusselt number is done. Within the DeLight model it is difficult to see and
predict the behavior of the supercritical models, which is why the analysis is done separately,
in a time-independent scenario. The models chosen in chapter 3 and 4 were assessed in
a situation with a constant temperature difference between the wall and the bulk. The
mass-flow was held constant while the bulk temperature was slowly increased at exactly the
same rate as the increase in the wall temperature, thus keeping the temperature difference
constant at either 0, 15, 30 or -30 degrees. Physically this would be nearly impossible to
achieve, however, it can disclose some valuable information while comparing the different
models. Both the friction factor models, Nusselt correlations and heat transfer coefficients
are compared using this method.

5.4 Steady-State

The analysis of the DeLight model can be divided in two parts; steady-state and stability
analysis. Steady-state is reached by gradually increasing core power to the set level while
solving the system equations of state. During the simulations a time of 2000 seconds was cho-
sen to increase the core power, followed by 500 seconds to settle into a steady-state situation.
This procedure is equivalent to Spoelstra’s method. During the acquisition of steady-state
θ = 1, so only the backwards Euler scheme is used, making the time-stepping fully implicit.
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In steady-state the changes to the friction factor, thermal conductivity, Prandtl number,
Nusselt number, heat transfer coefficient and heat flux will be analyzed. The magnitude and
type of changes can help explain a possible shift of the neutral stability boundary. Also,
the steady-state mass-flow will be determined and compared to the experimental values and
the power flow maps made by Spoelstra. A power flow map is a plot where steady-state
mass-flow is plotted against the core power at a certain core inlet temperature.

5.5 Stability

The second part will be the stability analysis, during which it is determined whether a per-
turbation grows or decreases over time, i.e. indicated by the decay ratio. The steady-state
simulation is used as the initial condition for the stability calculation. Stability analysis
requires smaller time-steps to accurately model the oscillations, especially if the frequency
of the oscillation is high. To achieve a significant accuracy a much smaller time step is
chosen, 0.01s instead of 1s. Additionally, θ is set to 0.6. This increases numerical preci-
sion making use of the semi-implicit scheme. Spoelstra tested several methods to create a
perturbation however it turned out that the switching to the finer grid created enough of a
disturbance(order of 1%). To determine the stability of the system the autocorrelation of the
time signal is analyzed. Similarly to the DeLight measurements, a function is fitted to the
autocorrelation function, disclosing the frequency and corresponding decay ratio. Spoelstra
extended the fitting function used in the DeLight measurements (2.1) with extra terms for
resonance containing multiple frequencies. In case of three frequencies the fitting function
takes from as seen in equation (5.1). The corresponding decay ratio and frequency are then
yielded respectively by equation (5.2) and (5.3).

y = a0 +

(
1− a0 −

4∑
i=2

ai

)
ebiτ +

4∑
i=2

aie
biτcos(ωiτ) (5.1)

DRi = e
2πbi
|ωi| (5.2)

fi =
|ωi|
2π

(5.3)

The stable versus unstable points are plotted in a dimensionless plane spanned by NPCH

and NSUB. The definitions of these dimensionless numbers are given by equations (5.4) and
(5.5). Each combination of these dimensionless number represent a working point for the
model and the DeLight facility. All working points represent a combination of core power,
core inlet temperature and steady-state mass-flow.

NSUB =
hpc − hin
hpc

(5.4)

NPCH =
Pcore
Mhpc

(5.5)
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Figure 5.3: Flowchart of the numerical model. The start-up phase is simplified into a single process. The
blue box indicates the time stepping g loop and the red box the pressure correction iteration.
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Chapter 6

Supercritical Behavior Analysis

This chapter assesses the behavior predicted by several Nusselt number and friction factor
correlations during supercritical heating/cooling. Section 6.1 discusses the friction factor and
section 6.2 the Nusselt number and heat transfer coefficient. Section 6.3 discusses the current
implementation of the Dittus-Boelter correlation in the Schenderling model.

6.1 Friction Factor

The first comparison that is made between the different friction factor models, is a situation
where there is no difference between the wall and bulk temperature. This yields isothermal
friction factors, i.e. the supercritical terms do not manifest themselves as µw = µb and
ρw = ρb. The result of this simulation is figure 6.1.

Figure 6.1: Behavior of the friction factor according to several correlations at ∆T=0 ◦C. On the horizontal
axis the temperature of the bulk is displayed, this means the wall temperature at that point is Tbulk + ∆T .
The Darcy-Weisbach friction factor is displayed on the vertical axis.

The isothermal friction factors portray the expected behavior as the density and viscosity
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28 CHAPTER 6. SUPERCRITICAL BEHAVIOR ANALYSIS

drop near the pseudo-critical point. Of course, the drop in density causes v to increase as
the mass-flow is constant during the calculation. The friction factor thus decreases as the
Reynolds number grows larger, see equation (6.1).

Re =
ρvL

µ
=
MDtube

µA
(6.1)

The Fang correlation almost perfectly agrees with Haaland while in the gas-like region
the Yamashitah and Popov correlation predict a different friction factor. In the second
simulation ∆T=30 ◦C and maintained as the bulk temperature increases (see figure 6.2). In
this simulation the supercritical terms play a significant role as a large drop of the friction
factor around the pseudo-critical point is predicted. The Fang and Yamashitah correlations
experience a low point roughly 20 ◦C before the pseudo-critical point. This makes sense, as
the difference between the bulk and wall properties reaches its maximum in this area. After
the pseudo-critical point, the difference in properties becomes smaller and the friction factor
approaches the isothermal friction factor again. The Popov correlation however does not
predict such a large gap. This is due to the fact Popov uses the ρf in stead of ρw. Despite
this disagreement, it is clear the friction factor decreases significantly during supercritical
heating.

Figure 6.2: Behavior of the friction factor according to several correlations at ∆T=30 ◦C. On the horizontal
axis the temperature of the bulk is displayed, this means the wall temperature at that point is Tbulk + ∆T .
The Darcy-Weisbach friction factor is displayed on the vertical axis.

The behavior of the friction factor during supercritical cooling has also been assessed (see
figure 6.3). The effects are the opposite of the ∆T=30 ◦C case. This finding agrees with
the available literature. The order of the deviation also appears to be equivalent to the su-
percritical heating. As the fluid cools near the wall the density and viscosity increase and
because the mass-flow remains constant the Reynolds number decreases thus the friction fac-
tor spikes. The peak however, shifted to roughly 20 ◦C after the pseudo-critical point. Again,
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29 CHAPTER 6. SUPERCRITICAL BEHAVIOR ANALYSIS

as the difference in properties become smaller the isothermal friction factor is approached.

Figure 6.3: Behavior of the friction factor according to several correlations at ∆T=−30 ◦C. On the horizontal
axis the temperature of the bulk is displayed, this means the wall temperature at that point is Tbulk + ∆T .
The Darcy-Weisbach friction factor is displayed on the vertical axis.

From the work done by Schenderling, it can be concluded a a relative temperate of 30 ◦C
between core wall and bulk within the DeLight core is not a fictional case. Thus, it is clear
Haaland cannot accurately capture the friction factor in the DeLight core. Given the results
of this chapter, the correlation proposed by Fang et al. has been chosen for implementation
in the DeLight model. There are three reasons why this correlation has been chosen over
the others. First, it has shown to give the lowest relative error in the study done by Fang
et al.(2012), see table 3.1. Second, the isothemal term of the Fang correlation agrees with
Haaland outside the core. Considering that Spoelstra, with the Haaland correlation, was
able to approach the experimental steady-state mass-flow quite nicely, this is seen as an
advantage. Lastly, the height of the friction factor at the peak/gap agrees relatively well
with Yamashitah et al., giving the its prediction some legitimacy. Still, it should be noted
all correlations have relatively large errors and none of the assessed correlations are based on
R23.

6.2 Heat Transfer Model

The first case is a calculation of the Nusselt number and the heat transfer coefficient with
∆T=0 ◦C. The result can be found in figure 6.4. The only difference between the heat transfer
coefficient and Nusselt number is the term λFreon,b/DH from equation (4.9). As the thermal
conductivity decreases with increasing temperature(see figure 5.2) this term becomes smaller,
lowering the right branch in the heat transfer coefficient plot. The behavior of the different
models is fairly similar; all correlations show a peak at the pseudo-critical point and outside
the pseudo-critical region they more or less agree with each other. The height of the peak
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can be explained by the extend of the power applied to the Prandtl number, i.e. Bishop and
Mokry apply a power of respectably 0.684 and 0.66 versus Jackson’s 0.5 and Dittus-Boelter’s
0.4. A higher power results in a higher peak. The second simulation is the ∆T=30 ◦C case,
see figure 6.6. The effect of pseudo-film boiling is a evident, as the heat transfer significant
deteriorates in the Bishop and Mokry model. The heat transfer coefficient still experiences a
peak around the pseudo-critical point but it is much lower than the ∆T=0 ◦C case. Note that
Jackson’s correlation includes some discontinuities, these discontinuities represent a position
where the expression for n changes. As expected, the heat transfer coefficient calculated with
Dittus-Boelter is obviously not effected by a heated wall.

Figure 6.4: Plot of the heat transfer coefficient(left) and Nusselt number(right), according to several corre-
lations at ∆T=0 ◦C. On the horizontal axis the temperature of the bulk is displayed, this means the wall
temperature at that point is Tbulk + ∆T . The heat transfer coefficient and Nusselt number are displayed on
the vertical axis.

Figure 6.5: Plot of the heat transfer coefficient according to several Nusselt correlations at ∆T=30 ◦C. On
the horizontal axis the temperature of the bulk is displayed, this means the wall temperature at that point
is Tbulk + ∆T . The heat transfer coefficient is displayed on the vertical axis.
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After the supercritical heating simulation, a supercritical cooling case was assessed, with
∆T = −30. The effect of pseudo-film boiling now has the opposite effect, i.e. a dense layer
of fluid forms near the wall. This dense layer enables the bulk of the fluid to transfer more
energy thus increase heat transfer. Again, the Bishop and Mokry correlation show the same
type of behavior while Dittus-Boelter does not change. Jackson’s correlation does not feature
discontinuities in this case because the value of n is unchanged as Tbulk > Twall, see equation
(4.12).

Figure 6.6: Plot of the heat transfer coefficient according to several Nusselt correlations at ∆T=−30 ◦C. On
the horizontal axis the temperature of the bulk is displayed, this means the wall temperature at that point
is Tbulk + ∆T . The heat transfer coefficient is displayed on the vertical axis.

Overall, the deviation of the supercritical Nusselt correlations versus the Dittus-Boelter
correlation is significant. The behavior the supercritical correlations portray, is more complex
and very sensitive to the temperature difference between the bulk and wall fluid. Therefore, it
is clear Dittus-Boelter cannot accurately capture the behavior of the Nusselt number during
supercritical heating/cooling, especially in the pseudo-critical region. To improve the heat
transfer model, the Mokry correlation will be implemented in the DeLight model. Mokry’s
correlation performed well in the study done by Zahlan et al.(2010) Also, the measurements
to derive the correlation were done in the operating window of the SCWR with the latest
data from NIST. Lastly, Bishop found the same general behavior as Mokry legitimizing the
findings.

6.3 Schenderling Implementation of the Dittus-Boelter Correla-
tion

Chapter 4 discussed some of the assumptions made by Schenderling(2013). To get a better
understanding of how those assumptions effected the heat transfer coefficient and the Nusselt
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number, a final calculation was conducted(see figure 6.7). In this simulation, the Dittus-
Boelter correlation is plotted against the current implementation of Dittus-Boelter in the
model, i.e. with λ = 0.0414 W/K*m and Pr = 6. It is clear that the assumptions completely
change the heat transfer behavior, especially in superheater I and superheater II. Here, the
heat transfer coefficient is a factor 2.5 higher than the model actually predicts.

Figure 6.7: Plot of the heat transfer coefficient according to the Dittus-Boelter correlation versus the Schen-
derling implementation in the model. On the horizontal axis the temperature of the bulk is displayed. The
heat transfer coefficient is displayed on the vertical axis.
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Chapter 7

DeLight Model Results

7.1 Steady-State

7.1.1 Friction Model

The first change to the DeLight model is the friction factor model proposed by Fang et al.
The implementation is quite straightforward. The steady-state result is captured in figure 7.1.
As expected Fang’s friction factor strongly decreases in the core segments while Haaland and
the isothermal term in Fang’s correlations only decrease because of an increasing Reynolds
number. Because ∆T=0 ◦C outside of the core, the friction factors agree well outside the
core. It was decided not to implement the new model in the heat exchanger, as the friction
factor there is experimentally determined by Spoelstra and the heat exchangers are simplified
in the model.

Figure 7.1: Friction factor in the DeLight core. On the vertical axis the friction factor is displayed and the
horizontal axis represents the location in the model. The three core segments are clearly distinguishable
because of the smaller friction factor
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7.1.2 Heat Transfer Model

A 3rd order spline for the thermal conductivity was added to the model and, consequently,
a more realistic value for the bulk Prandtl number was calculated (see figure 7.2 and figure
7.3). A more detailed description of the spline, can be found in appendix B.

Figure 7.2: Bulk thermal conductivity throughout the core in the DeLight model. The blue line is the result
of the 3rd order spline and the red line the estimated value by Schenderling. On the vertical axis the thermal
conductivity is displayed and the horizontal axis represents the location in the model.

Figure 7.3: Bulk Prandtl number throughout the core in the DeLight model. The blue line is the newly
calculated result and the red line the estimated value by Schenderling. On the vertical axis the Prandtl
number is displayed and the horizontal axis represents the location in the model.

The next change in the model is the implementation of Mokry’s Nusselt number corre-
lation. A steady-state snap shot is taken(see figure 7.4) of the DeLight core using the new
and old method to calculate the Nusselt number. Schenderling predicted a higher Nusselt
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number in every core segment and thus better heat transfer from the tube wall to the bulk
of the Freon. This behavior agrees with the prediction made in figure 6.7.

Figure 7.4: Nusselt number in each core section of the DeLight model. On the vertical axis the Nusselt
number is displayed and the horizontal axis represents the location in the model. Note that this is not the
correct implementation of Dittus-Boelter, see figure 6.7.

7.1.3 Mass-Flow Comparison

Here the effect of implementing the new correlations for heat transfer and the friction factor
on steady-state mass-flow is assessed. First the new friction factor correlation and the heat
loss to the environment are turned off, as they influence mass flow directly. This enables a
comparison with the mass-flow as found by Spoelstra, see figure 7.5. This measurement is
taken with a total core power set to 7, 5kW and Tinlet at 0 ◦C. Although the start up mechanics
are somewhat different, which can be attributed to the very different heat transfer dynamics,
the flow rates converge beautifully as soon as a steady-state is reached. As expected, the
adjusted heat transfer dynamics do no influence steady state mass flow.

Figure 7.5: Mass-flow during the acquisition of steady-state in the DeLight model. On the vertical axis the
mass-flow is displayed and the horizontal axis represents time in the model. Each time-step is one second.
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Next, an attempt was made to reproduce the so-called power flow maps made by Spoelstra,
now with the adjusted heat transfer model and friction factor correlation. The result(see
figure 7.6) agree better or equally well with the experimental data. The Tinlet = 0 ◦C case is
performed with preheater values equal to Spoelstra, i.e. 1250 W. This power is applied before
the Freon enters the core, thus the temperature in the downcomer is lower than 0 ◦C, i.e.
−19.9 ◦C. Where Spoelstra predicted a discontinuity in the power flow map, the adjusted
model does not. Spoelstra concluded this discontinuity was caused by a yet unidentified
physical aspect. The absence of this discontinuity can be attributed to the heat transfer and
friction models.

Figure 7.6: Power versus mass-flow plot, all measurements were done at steady-state. On the vertical axis the
mass-flow is displayed and the horizontal axis represents the total power output by the three core segments.

7.2 Stability

7.2.1 Approximation of the Spoelstra NSB

To validate the new models, an attempt was made to reproduce the results found by Spoel-
stra, i.e. the neutral stability boundary, with the adjusted code. Spoelstra’s measurements
did not include a supercritical friction factor correlation, thermal inertia in the structure was
not accounted for and heat flux was considered constant over each core segment. To approx-
imate Spoelstra’s neutral stability boundary, the new heat transfer model and fiction factor
correlation are adjusted to approximate the models used by Spoelstra. For example, the
supercritical effect of the new friction factor models is excluded, resulting in an isothermal
friction factor correlation like the one used by Spoelstra. Also, the heat transfer dynamics are
adjusted. The heat transfer dynamics are different from Spoelstra’s model, equation (4.1),
and are now dictated by equation (7.1).

ρwallCp,wallVwall
dTwall
dt

= Q−αin(Twall−Tfreon)Perindz−αout(Twall−Tambient)Peroutdz (7.1)

In order to obtain the constant heat flux required, the external heat transfer coefficient
is modeled as 0 and the pre-set heat loss from Spoelstra’s model is used again. Also, the
internal heat coefficient is set to a constant value of 104, this is the same value Schenderling
used in his successful approximation of Spoelstra’s neutral stability boundary. Lastly, the
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heat capacity and density of the Delight wall are set to a value close to zero. This will remove
the effect of thermal inertia from the model. After these changes equation (7.1) approximated
to equation (7.2).

Twall − Tfreon ≈ Q
1− ploss
αinPindz

(7.2)

The result of this approximation is shown in figure 7.7. The observed behavior matches
the results of Spoelstra quite well. The slight deviations can be attributed to the adjusted
heat transfer dynamics.

Figure 7.7: NSB as found by van Iersel and the stable/unstable data points. The NSB and data points are
plotted in a dimensionless plane spanned by NPCH and NSUB .

7.2.2 Neutral Stability Boundary

A stability analysis with the advanced modeling for the friction factor and heat transfer dy-
namics yielded the neutral stability boundary as shown in figure 7.8. The squares represent
either a stable(green) or unstable(red) working point. Each data point represents an indi-
vidual calculation, with a steady-state as the initial condition, lasting for 50 seconds. The
NSB closely approximates several points, this indicates a decay ratio near neutral value of
DR = 1. In figure 7.9 the new neutral stability boundary is compared to Spoelstra’s and
Schenderling’s neutral stability boundary as well as the experimental DeLight results, all for
τ = 6. The general behavior of the new NSB is similar to the experimental result and the
study performed by Schenderling, the position within the dimensionless plane spanned by
NPCH and NSUB, however, is not. The NSB seems to be shifted to the upper right, which is
also observed by Schenderling. Although the shape of the NSB better approximates the be-
havior observed in the experimental results, it’s clear the model does not accurately describe
the stability within the DeLight facility. There are several types of errors made that could
cause these deviations.
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Figure 7.8: NSB as found by van Iersel and the stable/unstable data points. The NSB and data points are
plotted in a dimensionless plane spanned by NPCH and NSUB .

First of all, Spoelstra(Spoelstra, 2012) concluded discretization errors can lead to numer-
ical diffusion, which could still be a factor. However, this should only stabilize the system
and thus can’t explain the difference, at least not entirely. Additionally, several assumptions
made in this thesis could cause the discrepancy.

Although more complex heat transfer modeling has been applied, its accuracy could still
be debated. The literature concerning supercritical Nusselt correlations is contradictory and
relatively inaccurate(Zahlan et al. 2010). Several data points have also been assessed with
Bishop’s correlation, which is fairly similar to Mokry, yet different decay ratios were obtained
(see appendix C). Only three point where assess but all showed a higher decay ratio, about
10-25% higher, with only a small shift in NPCH . Also, the external heat flux is simplified in
the model, i.e. the Grashof number is averaged and only accounted for in the core and not
in the rest of the facility.

The uncertainties concerning the supercritical Nusselt number also related to the super-
critical friction factor model. Correlations found in literature do not agree well with each
other and experimental data. All correlations have relatively large errors(Fang et al., 2012).
Fang’s correlation, however, performed well in the steady-state analysis, so this is unlikely
to cause the discrepancy between model and measurements, unless small variations in the
friction factor have a large impact on stability. When the isothermal friction factor is im-
plemented instead of Fang et al., the decay ratio’s seemed to increase slightly (see appendix
D). Again, only a few calculations were conducted. The decay ratio’s only changed 0-3.5%,
which is much less than the case of the Nusselt number. The observed shifts in NPCH where
relatively small.

Lastly, it is possible that several physical phenomena are not yet identified in the DeLight
model, causing the NSB to disagree with the model.
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Figure 7.9: NSB as found by the experimental analysis as well as the computationally simulated NSB by
Spoelstra, Schenderling and van Iersel. The NSB and data points are plotted in a dimensionless plane spanned
by NPCH and NSUB .
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Chapter 8

Conclusions

8.1 Conclusions

The aim of this thesis was to implement a supercritical friction factor correlations and heat
transfer model in an excising numerical model of the DeLight facility to perform a stability
analysis and to study the effect of the new correlations on the outcome of the numerical
code. The friction factor correlation chosen was the one proposed by Fang(Fang et al., 2012).
This correlation was implemented in the code and reduced the friction factor in all three core
segments. Additionally, several changes were made to the heat transfer in the model. First,
the initially constant value for the thermal conductivity was changes to a variable, using a
spline. Second, the definition of the Prandtl number was implemented in the system which
greatly changed its behavior throughout the model. The Prandtl number had also been
assumed constant. Last, Mokry’s Nusselt number correlation was used to more accurately
describe the supercritical heat transfer in the model.

After these changes, power flow maps were produced that agreed similarly well or better
with the experimental data than the results of Spoelstra. After the steady-state analysis the
focus shifted to stability. To validate the adjusted code, the Spoelstra code was approximated.
To achieve this, the new heat transfer model and fiction factor correlation were adjusted
to approximate the models used by Spoelstra. The result matched the Spoelstra result
with good accuracy. Finally a new neutral stability boundary was produced. Although the
stability analysis yielded a neutral stability boundary that does not accurately describes the
experimental findings, the approximation is better than both Spoelstra and Schenderling.
The shape of the NSB’s agreed fairly well but a shift to the upper right had taken place.
Interestingly, it was found that the correlation used for the Nusselt number has a very large
effect on the stability. The few assessed points showed a deviation between 10-25%, when
Bishop(Bishop et al., 1965) was used instead of Mokry(Mokry et al., 2009). When at the
same operating conditions only the isothermal friction term of the Fang correlation(Fang et
al., 2012) was used only a small deviation was found(0-3,5%). Overall it can be concluded
that the numerical model, that is the result of the adjustments done in this thesis, does not
accurately describe the stability of the DeLight facility.

8.2 Outlook

The large difference between the computational stability prediction versus the experimen-
tal findings could be caused by numerical diffusion or a physical phenomena that is ne-
glected(friction heat, axial heat conduction, etc.). However, it appears to be more likely
caused by errors made with modeling the current physical phenomena. The neutral stability
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boundary is highly depended on the current variables, such as the Nusselt number. The
NBS found by Spoelstra, Schenderling and the one in this thesis are located very differently
on the dimensionless plane spanned by NPCH and NSUB. Thus, the current modeling of
the known phenomena is inadequate. For instance, the large deviation caused by different
Nusselt number models is striking. The literature concerning these Nusselt correlations is
contradictory and all correlations show relatively large errors. Because the Nusselt number
has a significant influence on stability, it could improve the model if the effect of the Nusselt
number on stability is qualitatively studied. The Nusselt number could also be experimen-
tally investigated by measuring the wall temperature in the DeLight facility. Although the
friction factor appears to have a much smaller effect on the NSB than the Nusselt number,
it could be interesting to further investigate its effect on system stability as well. Both these
suggestions could be part of a sensitivity analysis, which is something Spoelstra proposed in
2012. If it is known which parameters mainly influence stability, and how, a much better
approximation of the experimental neutral stability boundary could be made.
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Appendix A

Delight Technical Drawings

Figure A.1: Technical drawing of the delight facility. The goemetery of the components is indicated as well as
the position of some sensors. The F indicates a flow meter, a T temperature measurement and P a pressure
measurement.(source:)
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Appendix B

Thermal Conductivity Spline

Thermal conductivity produced with added spline versus data from NIST. Good argeement
is found.

Figure B.1: 3rd Order spline plotted against NIST data.
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Appendix C

Effect of Different Nusselt Correlation
on Decay Ratio

Table C.1: Result of the use of a different Nusselt number
correlation in same operating points.

Model PCore Tinlet NSUB NPHC DR

Mokry et al. 5000 −20 ◦C 0.4208 0.4083 0.8823

Bishop et al. 5000 −20 ◦C 0.4208 0.3990 1.1639

Mokry et al. 4000 0 ◦C 0.3166 0.3498 0.9952

Bishop et al. 4000 0 ◦C 0.3166 0.3466 1.2318

Mokry et al. 3750 15 ◦C 0.2256 0.3651 0.9996

Bishop et al. 3750 15 ◦C 0.2256 0.3661 1.1264
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Figure C.1: Decay ration calculated with Mokry’s Nusselt correlation(top) and bishop’s Nusselt correla-
tion(bottom). Both calculations where done op the same operating point with Tinlet = 0 ◦C and core power
set to 4kW .
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Appendix D

Effect of Different Friction Factor on
Decay Ratio

Table D.1: Result of the use of a different friction factor
correlation in same operating points.

Model PCore Tinlet NSUB NPHC DR

Fang et al. 5000 −20 ◦C 0.4208 0.4083 0.8823

Isothermal 5000 −20 ◦C 0.4208 0.4140 0.9223

Fang et al. 4000 0 ◦C 0.3166 0.3498 0.9952

Isothermal 4000 0 ◦C 0.3166 0.3545 1.0296

Fang et al. 5750 10 ◦C 0.258 0.5819 1.0067

Isothermal 5750 10 ◦C 0.258 0.5845 0.9821

Fang et al. 3750 15 ◦C 0.2256 0.3651 0.9996

Isothermal 3750 15 ◦C 0.2256 0.3681 0.9918
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Figure D.1: Decay ration calculated with Fang’s friction factor correlation(top) and only the isothermal part
of the correlation(bottom). Both calculations where done op the same operating point with Tinlet = 0 ◦C
and core power set to 4kW .
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Nomenclature

Symbol Dimensions Description

Roman Symbols

D m Diameter

M kg/s Mass-flow

A m2 Surface area

f (-) Darcy-Weisbach friction factor

Q′ W/m Linear heating rate

Q′′ W/m2 Surface heating rate

P W Power

Per m Perimeter

Cp J/K Heat Capacity

V m3 Volume

g m/s2 Gravitational constant

x m Distance to core inlet point(Bishop)

n (-) Variable(Jackson)

Greek Symbols

τ s Time constant

ε m Absolute wall roughness

τ̃ kg/ms2 Shear stress

ρ kg/m3 Density

µ kg/ms viscosity

α W/Km2 Heat transfer coefficient

λ W/Km Thermal Conductivity

β 1/K Volumetric thermal expansion coefficient
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ν m2/s Kinematic viscosity

θ (-) Constant value between 1 and 0

Subscripts

b Bulk property

w Wall property

pc Property at pseudo-critical point

f Darcy-Weisbach friction factor

iso Isothermal

tot Total

avg Average value

H Hydraulic

J Jackson

B Bishop

M Mokry

Dimensionless

Re (-) Re = MD
Aµ

NSUB (-) NSUB = hpc−hin
hpc

NPCH (-) NPCH = Pcore
Mhpc

Nu (-) Nusselt Number(several definitions used)

Pr (-) Pr = µCp
λ

Gr (-) Gr = gβ(Twall−Tambient)D3

ν2

Acronyms

BWR Boiling Water Reactor

PWR Pressurized Water Reactor

DeLight Delft Light Water Reactor

DWO Density Wave Osculation

LWR Light Water Reactor

HPLWR High Performance Light Water Reactor

NSB Neutral Stability Boundary
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SCWR Super Critical Water Reactor

PNR Physics of Nulear Reactors
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