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Abstract

In this Master’s Thesis the numerical analysis of the thermal-hydraulics behavior of the
High Performance Light Water Reactor (HPLWR), the European version of a supercritical water
reactor (SCWR) with reduced order models, is presented. The thermal-hydraulics analysis
considers a three-pass core design with multiple heat-up steps. Each pass was simulated with a
model using an average channel. The core thermal-hydraulics behavior was analyzed for the
steady state and for some transients by means of models with and without temperature feedback
effects. An accurate understanding of the heat transfer correlations on the prediction of the fuel
temperature could provide important insights for improving the safety and the performance of
the SCWRs. A discussion and comparison of the results obtained with different correlations was
carried out and presented. Additionally the sensitivity and uncertainty analysis of a SCWR
applying a methodology based on Monte Carlo with reduced order models is presented. The
Monte Carlo’s methodology was applied systematically to establish the operating domain, due
that SCWRs are not yet in operation, and the analysis of the nuclear and thermal-hydraulic
processes must rely on numerical modeling with the purpose of developing or confirming the
design basis. The methodology considers an invariability test to obtain the representative
sample, i.e., invariable results with the simulation size. The relative standard deviation is
calculated and presented for power, temperature and pressure drop, as well as the regression
analysis. The neutronic calculations were performed with HELIOS-2 and the obtained results
were used to evaluate the reactivity feedback, caused by changes in fuel temperature and

supercritical water density, which was used in the point kinetics model.
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CHAPTER I

INTRODUCTION

The HPLWR (High Performance Light Water Reactor) is the European version of the
SCWR (Supercritical Water Cooled Reactor) concept, which is one of the promising future
reactor concepts of the Generation 1V International Forum (GIF). The main difference between
the SCWR and the current light water reactors (LWR) is its operating condition at a higher
pressure beyond the critical point of water (25 MPa), as well as, a heat-up of the coolant within
the core which is also greater, thus, reaches higher core outlet temperatures (the water enters the
core at 553K and leaves above 773K). This leads to a significant increase in the turbine’s power
and thermal efficiency of the power plant. For this reason some components of the current light
water reactors are not necessary in the SCWR, such as steam separators and dryers, steam
generators, a pressurizer, and primary loop pumps. Due to the supercritical conditions of water,
the supercritical coolant could be modeled as a single-phase fluid, because water does not
exhibit a change of phase from liquid to gas at supercritical pressure conditions, so a boiling
crisis cannot occur during the heat-up process in the SCWR core. A thermodynamic steam cycle
of such reactors can be derived from supercritical modern fossil fired power plants, however, the
reactor itself, and in particular the reactor core, still need to be studied. Due to the significant
changes in the physical properties of water, at supercritical pressure, the system is susceptible to
local oscillations of temperature, density and power. Strong variations in the vicinity of the

pseudo-critical line result in unusual heat transfer behavior.



Previous works have contributed to the understanding of the thermal-hydraulic phenomena in
the HPLWR (e.g., Renz and Bellinghausen, 1986; Dobashi et al. 1998; Cheng and Schulenberg,
2001; Pioro and Duffey 2007; Cheng et al. 2007; Gu et al. 2008; Gallaway et al., 2008; Hongzhi
et al., 2009; Zhu et al., 2013; Espinosa-Martinez et al., 2015). Renz and Bellinghausen (1986)
showed that a heat transfer enhancement occurs at low heat fluxes and at a bulk fluid
temperature close to the pseudo-critical region, which is mainly due to the increase in the
specific heat capacity. Dobashi et al. (1998) compared two different flow directions (upward
and downward) of the moderator within the water rods of a hexagonal fuel assembly. These
authors found that a downward flow of moderator water can flatten the high density of the
power variation in the core. On the other hand, Cheng and Schulenberg (2001) and Pioro and
Duffey (2007) observed that a heat transfer enhancement can occur at both high mass and at a
relatively low heat fluxes, however, deterioration in the heat transfer was observed at low mass
flux and relatively high heat flux, for the same region and for a circular geometry. For the
square annular geometry with a helical wire-wrapped spacer, Hongzhi et al. (2009) shared the
same observations. Zhu et al. (2013) performed a comparative study of transient flow
characteristics and the safety performance for SCWRs with different flow path designs. Other
works analyzed the heat transfer in supercritical water using Computational Fluid Dynamics
(CFD) (Cheng et al. 2007; Gu et al. 2008; Gallaway et al., 2008). Recently, Espinosa-Martinez
et al. (2015) performed a numerical analysis using various heat transfer correlations to evaluate
the effect on the prediction of fuel temperatures in SCWRs, and the Swenson’s correlation gave
the most conservative predictions, in terms of safety, because higher temperatures were
calculated due to the use of the wall temperature for the Re and Pr calculations, while the other

correlations use the bulk temperature.



In order to achieve higher outlet coolant temperatures, and thus a higher specific turbine power
and a higher net efficiency, Schulenberg and Starflinger (2007) proposed the application of the
concept of supercritical fossil fired power plants as well as to include a second superheater,
resulting in the three-pass core concept of a HPLWR, which is analyzed in this paper, whereby
each pass was simulated using an average channel. The core thermal-hydraulic behavior has
been analyzed in both steady state and transients, with and without temperature feedback
effects. The heat transfer correlations on the prediction of the fuel temperatures are discussed.
Neutronic calculations were performed with the HELIOS-2 code, and the obtained results were
used to evaluate the reactivity feedback controls caused by changes in the fuel temperature and
supercritical water density, used in the point kinetics model which was coupled to the thermal-

hydraulics model.






CHAPTER II

MATHEMATICAL MODEL

The mathematical model for the HPLWR core was divided into three steps: the heat

transfer model in the fuel rod, the thermal-hydraulic model, and the neutronic process model.

2.1. Heat Transfer Model

The simulation of the heat transfer process in the fuel rod of the SCWR was obtained
using the numerical model of Espinosa-Paredes and Espinosa-Martinez (2009). The supercritical
water reactor was made up of cylindrical fuel rods that contain ceramic pellets inside the

metallic tubes or cladding.

A detailed multi-node fuel pin model was developed for this study. The fuel assembly
temperature distribution was obtained at each radial node of the 21 hydraulic axial nodes in the
core. Two radial nodes were used for the cladding and the gap, two nodes for the evaluation of

the boundary conditions, and four nodes for the fuel pin.

The fuel heat transfer was based on the following fundamental assumptions: (i) Axis-symmetric
radial heat transfer, ii) heat conduction in the axial direction is negligible compared to the heat
conduction in the radial direction, iii) the volumetric heat rate generation in the fuel is uniform

in each radial node, and iv) storage of heat in the fuel cladding and gap is negligible.



Under these assumptions, the transient temperature distribution in the fuel pin (2.1), initial

condition (2.2) and boundary conditions (2.3, 2.4) are given by,

or ,1o(_ oT
Cp)—=k=—| r— |+q"(t at h<r<r 2.1
(pom k22 r T ) ST @
I.C. T(r,0)=T(r) at t=0 (2.2)
B.C.1 —k%:Hw(T ~T) at  r=ry (2.3)
B.C.2 2—1:0 at r=r (2.4)

In these equations, r is the cylindrical radial coordinate, r, and r, are defined in Fig. 2.1,
q"(t)=P(t)/V; at each axial node, where P is the neutronic power, T, is the coolant

temperature, and H_, is the convective heat transfer coefficient.



o

Figure 2.1. Fuel element geometry used in this study.

where ry =3.45x107° m, r; =3.55x107°m and ryy =4.00x107>m.

The differential equations described previously are transformed into discrete equations using the
control volume formulation technique in an implicit form (Patankar, 1980) for the fuel pin, gap

and cladding,

ajT}flAt +bjT}+At +CjT}j__1At = dj (2.5)

where T{**, T/**" and T}{* are unknowns, a;, b;, ¢; and d; are coefficients, which are

j y
computed at the time t. When these equations are put into a matrix form, the coefficient matrix

is tri-diagonal whose solution procedure is the Thomas algorithm, which is the most efficient for



these type of matrices.

The heat transfer coefficient is calculated with the Swenson et al. (1965),

0.231
Nuj, = 0.00459Re2:%23 (pr, )" (/’;—Wj (2.6)
b

where Nu (=H_/kD;; H, is the heat transfer coefficient, k is the thermal conductivity and
D, is the hydraulic diameter equivalent), is the Nusselt number; Re (=G D,,/x; G is the mass

flux, g is the viscosity ) is the Reynolds number; Pr (=Cp u/k ; Cp is the specific heat) is the

Prandtl number; and p is density; subscripts w and b, denote wall and bulk, respectively.

Espinosa-Martinez et al. (2016) conducted a numerical analysis and found Eq. (2.6) to present
the best results among several Heat Transfer Correlations (HTC), including the classical
correlation given by Dittus and Boelter (1930), which is widely used for calculations for non-
super critical water; additionally Wang and Li (2014) found Eq. (2.6) matches closely to

experimental data. Later, a numerical analysis of HTC is presented.

The interaction of the convective heat transfer coefficients with the fuel heat transfer model is

brought about through the evaluation of the clad temperatureT|r_rI . The convective heat
—'C

transfer coefficient ( Hy ) is used in the boundary condition given by Eg. (2.3), which represents

the heat transfer from the wall to the coolant (Eqg. 2.9).



2.2. Thermal-hydraulic Model

The basic equations to describe the thermal hydraulic behavior in the representative three
heated channels (one channel for each pass core), assuming the supercritical fluid is a single

phase fluid, are presented in this section.

In this study the flow is considered to be incompressible, i.e., mass flux (G) is a constant.

Under this consideration, the energy equation at steady state is given by,

M+Ga_h:ﬂ+9(@+ fGZ\

ot oz A, r\oz 2D,r

2.7)

where h is the enthalpy, f is the friction factor, P, is the heated perimeter, A, = P?- p/4d;
is the flow area (where P is the pitch and d,, is the external diameter 2 of the cladding) and
D, :4Af/,0dex is the hydraulic diameter. This equation is simplified taking into account that

the second term on the right side is negligible compared to the term q¢P, /Af . Then Eq. (2.7)

becomes,

L T _qdP,

Cp— +GCp— = 2.8
rCpg +GCPy =7, (2.8)

The heat transfer from the wall to the coolant is obtained with Newton’s law of cooling,



qe=H,(T,- T,) (29)

The temperature in each node of the channel is obtained numerically as follows,

t}*D‘:T;+[d—Tj Dt (2.10)
dt /|

Where,

(g} _ 1 (gR) G (Tyu-T)

= (2.11)
ot rcpl A ,- rcp Dz

j

where Az is the node length and j is the node number. The arrangement of the computational

nodes of the thermal-hydraulic model is illustrated in Fig 2.

Additionally, the included time dependent momentum equation is,

S LN (2.12)

where f is the friction factor, G is the mass flux, r is density, D, is the hydraulic diameter, g

is gravity which can be positive or negative depending on the direction of the fluid, the first term



on the right side is the pressure drop due to acceleration of flow, the second term on the right
side is the pressure drop due to frictional resistance and the last term on the right side is the

pressure drop due to gravity.

The friction factor, given by Mikheev (1956) is a function of the Reynolds and Prandtl numbers,

f :( 1 (m\l/q
L(1.82 log,, Re, - 1.64)° L Prb) J (2.13)

where subscripts w and b, denote wall and bulk, respectively.

The solution of Eq. (2.12) is solved numerically similar as Eq. (2.7),

dp, &|(G*) (G?) |1
E'E{LTJH' 7)oz 214
dp, & fG?
dz ,a:‘l 2r.D, (215)
21
®_ &g (2.16)
dz i=1

where Egs. (2.15-2.16) represent the contributions of pressure drop due to acceleration of flow,

friction and the entrance and exit of each channel, and gravity, respectively.

11






CHAPTER 111

IMPLEMENTATION

Each channel in the core was based on an hydraulic unit cell whose parameters are:

P,=0.025m, D, =0.054m, and A =0.34m’. The parameters of the fuel element

are:r, =5.207x10~° m for the fuel, r, =5.321x10"° m for the gap, and r, =6.134x10° m for

the clad. The active height of the fuel cell (4.0 m) was divided into 21 equidistant axial nodes

(Az =0.2 m). The distribution axial of power for each channel was imposed with the idea that

the heat flux is not uniform (Fig. 3.1).

Active length of the core (m)

3.81+

(%)

—_

~]

h
1

2.544
1.905+

1.27 1

0.635+

0.2

T

0.4

I LA E e B S e —
0.6 0.8 1.0 1.2 1.4 1.6

Axial power factor (normalized)

Figure 3.1. Axial power distribution used for the simulations (Reiss et al., 2008).
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The thermal physical properties used were taken from Wagner and Kretzschmar (2008). 73, 48
and 35 assembly clusters for Channel 1, Channel 2 and Channel 3, respectively, were used in the

simulation, in order to reach a better power distribution within the core.

3.1. Core Design

The SCWR under study is called the three-pass core concept. Water, as the working
fluid, is guided three times through the core (twice up and once down). The first pass, called the
“evaporator”, is situated in the center of the core. The evaporator heats the coolant up to 663K,
flowing upward around the fuel rods, resulting in an outlet temperature 5K higher than the
pseudo-critical temperature of 557.7K at a pressure of 25MPa. An inner steam plenum above the
core eliminates hot streaks. The second pass, called “superheater”, with a downward flow, heats
the coolant up to 706K. After a second mixing in an outer mixing plenum below the core, the
coolant is finally heated up to 803K with an upward flow in a second superheater located at the
core periphery, known as the third pass. Each pass, the evaporator and both superheaters, is built
of 52 fuel assembly clusters as shown in Fig. 3.1 (Schulenberg and Starflinger, 2007). Therefore

the complete reactor core is composed of 156 assembly clusters.

The 7x7 square arrangement design proposed by Hofmeister et al. (2007) of 40 fuel rods with
an 8mm outer diameter distributed in dual rows and a single water tube replacing 9 fuel rods
was used. The fuel rods and the water tube are housed within an assembly box and are grouped
to a cluster of 9 assemblies, with a 3x 3 arrangement. A common head and foot piece, of similar
in dimensions to the head in PWs, is used to ease the handling of the assembly boxes during

revisions, and this permits a reduction of the number of individual control rod drivers. The



control rods are inserted from the core top into 5 of the 9 water tubes of a cluster (Fig. 3.2). The
structural material for cladding, assembly boxes and water tubes is stainless steel. The main

reactor parameters are presented in Table 3.1.

Table 3.1. Main reactor parameters (Schulenberg and Starflinger, 2007).

* Reiss et al. (2008).
** Uranium enrichment of 5% for all fuel rods except the corner rod which is
enriched to 4%.

15
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Figure 3.2. a) Arrangement of evaporator and superheaters 1 and 2; b) assembly cluster with

water tubes and control rods (Starflinger et al., 2010).

3.2. Conceptual Model
The core consists of three vertically oriented circular tubes. In the first and third step
(Channels 1 and 3) the coolant flows upward, while in the second step (Channel 2) the coolant

flows downward (Fig. 3.3); each channel is divided into 21 axial nodes.



Figure 3.3. Arrangement of the computational nodes in the core model.

In the heated channels with supercritical fluids, a sudden change in fluid density exists. No
phase change occurs during the heat-up process, hence, the heat transfer analysis takes into

account a single supercritical phase.

The understanding of the thermal-hydraulic behavior of rod bundles requires determining the
flow condition in sub-channels due to the changes presented in the fluid properties of the fuel

assembly.

17



3.3. Physical Properties of Super-Critical Water
The thermal physical properties at supercritical pressure used in this work were taken from
Wagner and Kretzschmar (2008). In Fig. 3.4 the behavior of these properties at 25 MPa are

shown. It is important to note that in the range of temperatures between 350 to 450 °C the

changes in all the parameters are significant.

1000 - 28407 3.0
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M 20 495 o
600 - < 1 gl =
o ¥
£ 2 10 4oaEls 5
< = 1 = £
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100 200 300 400 500 600 700 800

Temperature (°C)

Figure. 3.4. Behavior of specific heat (Cp), thermal conductivity (k), viscosity () and
density ( o), as functions of water temperature at 25 MPa.



CHAPTER IV

NUMERICAL EXPERIMENTS

4.1. Numerical Analysis of Heat Transfer Correlations
The supercritical water heat transfer correlations applied in this work are shown in Table

4.1. Dimensionless numbers are given by Eq. (2.6).

McAdams (1942) proposed the use of the Dittus-Boelter correlation for forced-convective heat
transfer in turbulent flows at subcritical pressures. The only difference between the Dittus-
Boelter and McAdams correlations is that the latter has a larger coefficient. According to
Schnurr et al. (1976), it agrees with experimental data. However, it was noted that the
correlation might produce unrealistic temperature results near the critical and seudocritical

points, due to it being very sensitive to variations in the thermophysical properties.

Bishop et al. (1964) conducted experiments in supercritical water flowing upward inside bare
tubes and annuli, within the following range of operating parameters: P=22.8-27.6 MPa,
Th=282-527°C, m=651-3662 kg/m2s and q=0.31-3.46 MW/m2. Their data for heat transfer in
tubes were generalized with a fit of £15%. This correlation uses a cross-sectional averaged
Prandtl number and the final term in the correlation (1+2.4 D/x) accounts for the entrance-region
effect. Bishop et al.’s correlation was modified and used without the entrance-region term,
because this term depends significantly on the particular design of the inlet of the bare test

section.

19



Table 4.1. Supercritical Water Heat-Transfer Correlations (HTCs).

* with Entrance-Region Effects (ERE) and a fit of £15%; (Pr) is the average; b and
w means bulk-fluid and wall temperature, respectively.

Swenson et al. (1965) have suggested a correlation in which thermophysical properties are
mainly based on a wall temperature, as they found that conventional correlations, which use a
bulk-fluid temperature as a basis for calculating the majority of thermophysical properties, did

not work as well.

A dimensional analysis was performed by Mokry et al. (2009) in order to obtain a general
empirical form of correlation for the heat transfer calculations, and as a result of the
experimental data analysis, two correlations for the heat transfer coefficient at supercritical

water conditions were obtained.



In Fig. 4.1 the results for Channel 1 are presented, showing the Wall Temperature behavior for
different correlations presented in Table 1. It should be noted that the last node temperature (at 4
m) is practically the same, and the trend is very similar for all the correlations, except for a short
zone where the Swenson correlation yields a lower temperature while Mokry’s correlations
(both preliminary and final) yield a higher temperature, the same was noted for the Bishop’s

correlations (with and without ERE).

CHANNEL 1

— o — Dittus-Boelter (1930)

—<— McAdams (1942)

— Bishop et al. (1964) with ERE
Bishop et al. (1964) without ERE

—»— Swenson et al. (1965)

ffffffff Mokry et al. (2009)

-~ Mokry et al. (2009)

1 2
Axial length (m)

Wall temperature (K)

Figure. 4.1. Simulation results for Channel 1 showing the wall temperature behavior
for different HTCs.

In Fig. 4.2 the results for Channel 2 are presented, showing the wall temperature behavior for

the correlations in Table 4.1. Similar results were obtained, however contrary to what was
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observed in Channel 1, the Swenson’s correlation yields slightly higher temperatures along the
entire channel meanwhile the Bishop’s (with and without ERE) and Mokry’s correlations yield

slightly lower temperatures along the entire channel.

CHANNEL 2
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= ------- Mokry et al. (2009)
g 700 4L Mokry et al. (2009)
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=
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660 " . - | - | |

Axial length (m)

Figure. 4.2. Simulation results for Channel 2 showing the wall temperature behavior
for different HTCs.

Fig. 4.3 presents the results for Channel 3, showing the wall temperature behavior for the
correlations presented in Table 4.1. In this case, the trends that most resemble each other are
presented. Again, the Swenson’s correlation deviates the most, yielding slightly higher

temperatures than other correlations.
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Figure. 4.3. Simulation results for Channel 3 showing the Wall Temperature

behavior for different HTCs.

In Fig.4.4 the results along the three channels are presented. It should be noted that Swenson’s
correlation is the one with greater deviation from Dittus-Boelter’s correlation, with a difference

of 10K in Channel 1.
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Figure. 4.4. Simulation results showing the wall temperature behavior across the three
channels for different HTCs.

There is a wall temperature reduction at the end of each channel; especially for Channel 2, and
this is due to the axial distribution of thermal power which has a minimum in this bottom core

zone. This is an undesired result of the three pass core concept.

An important finding in this numerical analysis is that Swenson’s correlation gave the most
conservative predictions, in terms of safety, because higher temperatures are calculated due to
the use of the wall temperature for the Re and Pr calculations, while other correlations use the

bulk temperature.



4.2. Steady State Analysis

The aim of the steady state analysis, without temperature feedback effects (reactivity
effects), was to predict the effect of the fluid’s physical properties close to the supercritical and
critical pressures in the behavior of the reactor core under those conditions.
Twenty one numerical experiments were executed to predict the temperature distribution of the
cooling in each channel for different values, from 1100 to 1300 kg/s, of mass flux in the inlet of
the core.
The numerical results are presented in Figs. 7-9. Fig. 6a shows the behavior of the HTC along

the length of the core for the three channels. This experiment was executed for a mass flux of
621.6 kg/mzK and a pressure of 25 MPa. In Channel 1, the HTC exhibits a sharp increase of

25,000 W/m?K to 44,000 W/m?K with a value of 15,000 W/m?K at the end. The

behavior of the HTC, at supercritical pressure, is primarily characterized by the thermal physical
properties which vary markedly, especially near the pseudo-critical condition as illustrated in

Fig.3.3.
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Figure 4.5. HTC behavior at constant pressure with a mass flux of 621.6 kg/m?s in the three
channels: the evaporator, and the superheaters 1 and 2 are represented for Channel 1, Channel
2 and Channel 3, respectively,

Figs. 4.6-4.9 show the temperature axial profiles for the fuel peak, gap, wall-cladding and
coolant for a mass flux of 1200 kg/s in the core. Fig. 4.6 shows the peak temperature profile in
the fuel, whose magnitude is a function of the axial power distribution in each channel. Fig. 4.7
shows the axial temperature profile in the gap; a large temperature decrease from the fuel
temperature was observed, as expected, however both temperatures follow similar trends. Fig.
4.8 and Fig. 4.9 show the temperature profiles in the wall and coolant through the axial channel.
A significant temperature increase at each step of the core was observed. In the case of the wall
temperature distribution (Fig. 4.8), in Channel 1, the temperature increase was 74.4K, with an
inlet temperature of 591.3K and an outlet temperature of 665.7K; in Channel 2, the temperature

increased by 52.1K, with an outlet temperature of 717.8K ; and in Channel 3, the temperature



increased by 94K, where the outlet temperature was 811.8K. The coolant temperature increase
(Fig. 4.9) in Channel 1 was 77.5K, with an inlet temperature of 586K; the temperature increase
in channels 2 and 3 was 48.9K and 94.6K, respectively, with an outlet temperature of 807K in
Channel 3. The concept of the three channels in the core, their flow trajectories and multiple

heat-up steps enhance the heat transfer process and consequently the thermal efficiency of the

SCWR.
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Figure 4.6. Axial temperature distributions of fuel peak for a mass flux of 1200 kg/s in the core.
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Numerical analyses were applied for different mass flux values of coolant (Wj,) in the core

within the range of 1,100 to 1,300 kg/s. Results of temperature profiles of the coolant are shown

in Fig 4.10. The heat transfer is improved while the mass flow in the core increases, the

numerical results indicate that the coolant temperature increase, at each step is greater for 1,100

kg/s than for 1,200 and 1,300 kg/s. This produces a relatively significant increase in the coolant

temperature in Channel 3.
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Figure 4.10. Coolant temperature axial distribution for different inlet mass fluxes in the three
channels.

4.3. Transient Analysis with Temperature Feedback Effects

The reactor power is given by,

P(t,z) =n(t)F(2)R, (4.1)

where F(z) is the axial power factor, B, is the nominal power and n(t) is the normalized

neutron density, which is calculated from a point reactor kinetics model with six groups of

delayed neutrons,



dt

dei(t)
dt

dn(t) _ p(t) -5
A

=%n(t)+4ci ®);

n(t) + iﬂici
i=1

1=12,.,6

(4.2)

(4.3)

where ¢; is a delayed neutron concentration of the ith precursor group normalized with the

steady-state neutron density, p is the net reactivity, £ is the neutron delay fraction, L is the

neutron generation time and f; is the portion of neutrons generated by the ith precursor

group. The initial conditions are given by n(0) =n, and ¢;(0) = giny / A4 . The parameters

of the kinetics model are presented in Table 2.

Table 4.2. Kinetics parameters used in the reactor power model (Duderstadt, 1976).

1
2
3
4
5
6

2.470 x10™
1.355 x 107
1.222 x10°
2.646 x 107
8.320 x 10
1.690 x 10

0.0127
0.0317
0.1150
0.3110
1.4000
3.8700

* B=65%x10" and A =4.0x107°s

The reactivity coefficient due to variations on fuel temperature was studied for the square

fuel assembly design proposed by Barragan-Martinez et al. (2013). The calculations were

done for the fuel assembly model along the active core height. Due to the strong variation of
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coolant density through the core, five densities: 0.74, 0.45, 0.31, 0.17 and 0.09 g/cm® were
considered. This safety parameter is calculated in order to evaluate the variation of the
reactivity due to the Doppler Effect, as a function of the fuel temperature, which is related to
the resonances broadening when the fuel temperature increases. The values of the reactivity
as a function of the coolant density and fuel temperature are presented in Fig. 4.11. The
values of the infinite multiplication factor obtained with HELI10OS-2 for 177 energy groups

were used to obtain the reactivity (Duderstadt and Hamilton, 1976).
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= ]
- 28 —a—p =031 g/em’
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-32 - +—p=0.09 g/c:m3
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36 -
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T (K)
Fig. 4.11. Reactivity coefficients obtained with HELIOS-2 for 177 energy groups at different

coolant densities.
The core thermal-hydraulics behavior was analyzed for the steady state and for two transients

applying models with temperature feedback effects. The core transient behavior has been



analyzed during a flow reduction from 100% to 90%, and 60% (Fig. 4.12), only extensive

results for 60% reduction are presented in Figs. 4.13-4.15.

900 —— 100% Flow
—— 90% Flow
— 60% Flow

Coolant temperature (K)

550 T T T T

0 1 2 ' 3 | 4
Axial length (m)

Figure 4.12. Coolant temperature for different inlet flows.

In order to avoid hot spots the core needs to be redesigned, as initially proposed by Hofmeister
et al. (2007), and Schulenberg and Starflinger (2007). A recent work of Wank et al. (2010)
analyzed and discussed the proposed core design of Schulenberg and Starflinger (2007), where
two chambers were added between the heat-up regions. Inside the two chambers the cooling

water is mixed.

33



A

Temperature (K)

Figure 4.13a. Average temperature distribution in the axial and radial nodes for the three
channels at the beginning (t=0 s) of flow reduction of 60% transient.

S |

A

Temperature (K)

Figure 4.13b. Average temperature distribution in the axial and radial nodes for the three
channels at the middle (t=20 s) of flow reduction of 60% transient.
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Figure 4.13c. Average temperature distribution in the axial and radial nodes for the three
channels at the end (t=40 s) of flow reduction of 60% transient.
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Figure 4.14. Power behavior for a flow reduction of 60% transient.
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Figure 4.16. Average fuel temperature behavior for a flow reduction of 60% transient.



4.4. MonteCarlo Simulations

To obtain mathematical expressions, i.e., a sensitivity analysis, which describes the
behavior of SCWR power, fuel temperature and total reactivity depending on core inlet flow, a
Monte Carlo based methodology simulation applies. Monte Carlo simulation methodology was
applied systematically to establish the power operation domain with the core inlet flow system in

a SCWR. This methodology is described as follows,

Step 1. Random number generation with normal distribution N(0,1). It is important to use

random samples with a similar distribution function as the phenomena under study.

Step 2. The numbers with normal distribution are applied to a variable, in this case core inlet
flow, in order to obtain a random sample of input variable.

Step 3. The Monte Carlo method is applied in a numerical model of a SCWR reactor, in order to
construct a distribution of reactor power, fuel temperature and total reactivity, i.e., obtain the
output variables.

Step 4. The Monte Carlo methodology is applicable to systems at steady state, for this reason it is
necessary to determine the time it takes for the system to reach a new steady state by applying the
input variable to the model.

Step 5. To ensure that the output variables are independent of the simulation size, an invariability
test is applied, i.e., in order to determine the size of the random sample input variables for the
Monte Carlo’s analysis.

Step 6. Analysis of the core inlet flow on the power reactor, fuel temperature and total reactivity

behavior is performed.
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Random Number Generation

To generate random numbers with normal distribution N(0,1) it is required first to

obtain a sample of pseudorandom numbers uniformly distributed in space. Then these numbers

should be normalized to obtain a sample of pseudo random numbers uniformly distributed in the

space (0,1). Finally these numbers are used to generate the pseudorandom sample with normal

distribution (Quezada-Garcia et al. 2016).

Application of the Sample Random Number

The sensitivity analysis requires to obtain the output variables, i.e., a relationship between

the core inlet flow as input variable and the reactor power as output variable, which is obtained

by,

7n=70(1+bxNp) (4.4)

where b is the fraction in which the input variable moves, , is the value of the variable, in this
case the core inlet flow, and N, is the number n with normal distribution which was previously

generated.

Applying the Monte Carlo Methodology



The input variables formed from Eq (4.1) are introduced into the conceptual model of
SCWR, in order to obtain the output variables, in this case: reactor power, fuel temperature, total

reactivity and inlet flow to the reactor core.

Steady State

The Monte Carlo methodology is applicable to systems at steady state. To determine the
time it takes the system to reach steady state, the biggest change that the input variable can
possibly have is considered, and is determined the necessary time for the SCWR to reach the
steady state. Tests showed that a value of 150 seconds is required for the system to reach steady

state. For this work the simulation time was, therefore, 150 seconds.

Invariability Test

The results should not depend on the size of the simulation therefore an instability analysis is

applied, in this paper the Relative Standard Deviation is used,

S
RSD = 7(100) (4.5)

where s is the standard deviation and X is the mean. The optimal value of n is obtained when

the value of RSD becomes invariable with respect to the simulation size n.

Sensitivity and Uncertainty Analysis of a SCWR
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Finally the output variables obtained from the input variables that describe the behavior
functions that the SCWR has, depending on the core inlet flow is deducted. These functions must
be adjusted to the phenomenon and contain terms of uncertainty. Confidence interval is used to
understand the sensitivity of the system to changes in the core inlet flow, these were calculated

using the standard formula as follows,

cl=X i{tnl i} (4.6)

n

Discussion

The invariability test was obtained, and for small numbers of simulations the RSD varies
considerably. However, from 100 to more simulations, the RSD begins to remain constant. For
simulation sizes greater than 5000 the RSD does not change, as shown in Fig. 4.17. For this study

the size of the simulation is 5000, to ensure the stability of the results.
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Figure 4.17. Relative standard deviation for core inlet flow, fuel
temperature, reactor power and flow at the reactor core.

Then the obtained results by introducing the input variables in the conceptual model are
presented. In Fig. 4.18 the normalized reactor power is shown, and it can be observed that the
reactor power is directly proportional to the core inlet flow. Also, the average temperature of the
fuel is directly proportional to the core inlet flow as shown in Fig. 4.19. Total reactivity is also
directly proportional to core inlet flow as shown in Fig. 4.20. Also the input stream to the first

channel of the reactor core is proportional directly to the core inlet flow (Fig. 4.21).

Sensitivity and Uncertainty Analysis

Then the sensitivity analysis and uncertainty for each of the cases studied is presented.
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Reactor Power

For the reactor power, a curve was fitted with linear regression and it was obtained a value of

R? =0.9999,
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Figure 4.18. Normalized reactor power as function of core inlet flow.
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Figure 4.19. Average fuel temperature as function of core inlet flow.

Average fuel temperature

For the average fuel temperature, a curve was fitted with linear regression and it was obtained a

value of R? =0.9997,

Tre = (0.24268+9.74365x10°° W+ (749.3199+0.11758) 4.8)

Total reactivity

For the total reactivity, a curve was fitted with square regression and it was obtained a value of

R? =0.9842,
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For the inflow to the reactor core, a curve was fitted with linear regression and it was obtained a

value of R? =0.9999,

Wogre = (5:34188x10° +5.511348x10 ) +

(—2.0816 10716 + 423988 x 10 )

(4.10)
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Figure 4.21. Inflow to the reactor core as a function of core inlet flow.

The results for the sensitivity analysis using a confidence interval of 95% are shown in Table

4.3.
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Table 4.3. Sensitivity analysis confidence level (t-student) 95%.
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CONCLUSIONS

In this Master’s thesis four main objectives where performed,

1. Super-critical heat transfer correlations analysis.

2. Development of a time dependent SCWR numerical code.

3. Numerical experiments with and without temperature feedback effects.

4. Obtained equations from the MonteCarlo Simulations which can predict the output

variables of a SCWR as a function of feedwater flow.

Regarding the first point, the main findings are, the correlation, which agrees most with Dittus-
Boelter, is McAdams. The only difference in the equation is the value of the coefficient.
Bishop’s correlations, with and without Entrance-Region Effect (ERE) have little differences
among them in the prediction of the wall temperatures, meaning that, for this simulation the
ERE is not important; predictions compared to the Dittus-Boelter correlation are a little higher
in the first channel and slightly lower in channels 2 and 3. With preliminary and final Mokry’s
correlations, higher temperature predictions were found in Channel 1, but were very similar to
Dittus-Boelter in channels 2 and 3. Swenson’s correlation showed the most deviated results,
yielding lower temperatures in the first channel and higher in channels 2 and 3. Swenson’s
correlation uses the wall temperature for calculating the Re and Pr numbers, while the others
used the bulk temperature and we found the greatest differences compared to other HTCs. For
this reason Swenson’s correlation could be very useful in order to find the most conservative

results for Channel 3, where high wall temperatures could affect the fuel rod integrity.



Regarding the numerical experiments,

Steady State Analysis. In the three-pass core design with multiple heat-up steps the thermal-
hydraulic behavior of water at supercritical conditions differs strongly from sub-critical
conditions, due to a rapid variation of the thermal-physical properties in the vicinity of the
pseudo-critical point. Due to the rapid change in the thermal-physical properties, a challenge is
to avoid excessive hot spots of local coolant temperature and, subsequently of local cladding
temperature.

For calculating the temperature axial distribution, the thermal-hydraulics calculation was
applied to the three channels. The core inlet coolant temperature is set at 553K which is heated
through the downcomer to 583K. Coolant density and temperature distributions in the
equivalent channels and the coolant water were calculated in the axial direction of the core. The
total mass flow rate is calculated to satisfy the criterion of the maximum cladding surface
temperature of 893K. From this thermal-hydraulic criterion, the core outlet temperature
obtained, in Channel 3 (Superheater 2), was 807K. The thermal-hydraulics calculation was
carried out in the coolant, the wall, the gap and the fuel. The numerical results show that the
core concept of three channels in the core and multiple heat-up steps enhance the heat transfer
process, and therefore enhance the efficiency of the HPLWR.

Temperature profiles of the coolant for different inlet mass flux values in the core within the
range of 1100-1300 kg/s where obtained. The heat transfer is improved while the mass flow in
the core increases, the numerical results indicate that for 1,100 kg/s the temperature increase is
greater than that for 1,200 and 1,300 Kkg/s, causing a relatively large increase on the coolant
temperature in Channel 3.

Transient Analysis with Temperature feedback effects. The neutronic process, the heat transfer
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in the fuel rod and the thermal-hydraulics in the core of the HPLWR were considered. The
neutronic calculations were performed with the HELIOS-2 code and the obtained results were
used to evaluate the reactivity due to fuel temperature and supercritical water density changes.
Numerical analysis were obtained for two coolant transients in the core and the effects on
power, fuel temperature, clad temperature and coolant density were presented. The maximum

difference was found in the decreased mass flow coolant transient.

Finally the influence of the core inlet flow on the SCWR evaluated from the Monte Carlo

simulation main results are,

The simulation time required to reach steady state is 150 seconds when the core inlet
flow varies + 10% with respect to its nominal value.

- The simulation size required to have invariability is 5000.

- Invariability test concluded that the reactor core inflow is the output variable most
sensitive to changes on the core inlet flow. Subsequently, the reactor power is the next
most sensitive variable.

- Reactor power, fuel temperature and inflow to the core are directly proportional to the
core inlet flow and have a linear correlation.

With the equations found with linear and square regressions, it is possible to predict the output
variables of a SCWR by modifying the core inlet flow, which can be applied to operation and

design of SCWRs.
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