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Abstract

This paper presents a comparative analysis of different parameters such as
enthalpy, moderator temperature, moderator density, flow velocity, pressure,
and fuel temperature profile at the fuel pin cell level of PWR. Moreover, in
this paper pitches to fuel pin radius ratio are varied from 2.3 to 4. The me-
thods and implementation strategy are such that the coupled neutronic and
thermal-hydraulic analysis is executed in a fully one dimensional (1D) man-
ner. The thermal hydraulic is based on moderator/coolant mass and enthalpy
equation together with one group diffusion equation for fuel pin. Modelling
of fuel pin cell and subchannel is executed in two steps. First, the governing
equations are derived assuming that all the parameters appearing in the equa-
tions are temperature independent. Fuel pin centerline temperature and ra-
dially averaged temperature equations are derived from Fourier laws of ther-
mal conductivity. Finally, diffusion coefficient, fission cross-section and ab-
sorbing cross-section are evaluated with respect to the fuel pin temperature.
The outcome will be helpful for further neutronics and thermal analysis of
PWR. Thermal hydraulics parameter varies the maximum 30 percentage
from the lowermost value.
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1. Introduction

The Light Water Reactor (LWR) Nuclear Fuel Development Research and De-
velopment (R & D) is mainly focused on improving reactor core economics and
safety margins through the development of fuel design. To obtain significant

economical improvements while remaining safety boundaries, significant steps
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beyond improvements in the current generation of nuclear fuel are required.
Primary improvements in the field of fuel pin and pallet design, cladding inte-
raction with coolant, enhanced fuel burn up; fuel composition is highly essential.
To achieve massive development within next 20 - 25 years in nuclear industry,
advanced fuel design should be introduced by today and those designs must be
implemented with confidence [1].

For LWR, strong economic incentives exist with higher fuel consumption by
maintaining its reliability. One of the most effective ways to increase fuel con-
sumption and to use fuel pin more efficiently is raising the fuel volume fraction
in the core, which in terms of thermal hydraulic and structural design can be
done by increasing the fuel pin diameter and by decreasing the fuel pitch. Under
certain operating condition, small fuel pitch can cause fuel pin damage or distor-
tion, thus examining in some detail the fuel pin pitch optimization of a large

LWR, taking these problems into consideration [2].

2. Objective

The aim of this work is to analysis both thermal-hydraulic and neutronic beha-
vior along the channel of the fuel pins. The overall objectives are divided into
several steps:

e To vary the fuel pitch to pin radius ratio;

e To investigate thermal hydraulic behavior by analyzing coolant temperature,

pressure, density and enthalpy inside fuel assembly.

3. Methodology

The entire methodology is performed on three steps. Firstly, neutron flux is cal-
culated from one group diffusion equation. Volumetric heat source is deter-
mined from this equation as well.

Thus, other parameters such as temperature of the fluid from fuel cladding are
also determined. Finally, an equation of enthalpy is developed from the Gauss
theorem and enthalpy conservation equation.

Enthalpy is determined for four different fuel pin pitch to radius ratio. Thus,
other parameters such as temperature profile and moderator density profile are
determined.

However, several assumptions have been made:

Pressure throughout the reactor is assumed to be constant and it is 15.5 bar.
Moreover, no pressure drop will occur in the reactor.

Finally, using above two properties and implementing all values from steam ta-
ble leads to determine moderator temperature and density. Those two parameters
are determined for four distinct fuel pin pitch to radius ratio. Thus, other parame-
ters: diffusion coefficient, macroscopic cross-section, fuel radially averaged tem-

perature, coolant velocity and pressure are also determined by using Matlab.

4. Model and Equation

In this work, uranium-235 is used which is 3.957% enriched. The thermal hy-
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draulics behaviors along the channel of two adjacent fuel pins are properly ana-
lyzed. The parameters relevant to the fuel pins are mentioned in Table 1 and
Table 2. The pitch between two fuel pins is varied to investigate the change in
enthalpy, coolant temperature, coolant velocity. Radius of the pin remained con-
stant. It is assumed that the higher pitch to fuel pin radius ratio reflects more
distance between two pins. Thus, more space can be added for coolants between

the two fuel pins and the volume for the coolant can be increased as well.
(02, -%,)
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¢ is defined as neutron flux, v, Z;, X, are the neutron released per fis-

a
sion, macroscopic fission cross-section, macroscopic absorbing cross-section
and D is diffusion coefficient. The solution of Equation (1) is Equation (2). Vo-

lumetric heat flux and moderator enthalpy is determined from Equation (2).
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of the fuel pin, & is recoverable energy per fission event, 4 is the enthalpy, A is

is noted as heat dissipated to fluid from the cladding. Ry, is the radius

the total height of the fuel pin. R, is defined radius of the pin including the
cladding. z defines any parameter value along the zaxis or along the vertical axis.
Qis power produced by one fuel pin. Enthalpy is defined in Equation (4).

(h(z)-hy)

Tood = x(T, =Ty )+ T, (6)
mol (hl — ho )

Toos is moderator temperature, h, is the updated enthalpy at the end of
node, h, initial enthalpy at the beginning of node, T, temperature at the end
of node, T, initial temperature at the beginning of the node. Total height is
discretized into 37 nodes. By Equation (6) temperature of the moderator is up-

dated from the moderator enthalpy.
T =Ry REnQ" + T g (7)

T{™ is noted as maximum fuel centerline temperature, R, is effective

4

thermal resistance, " is volumetric heat flux.
The assumptions are made:
e the system is considered to be at steady-state conditions;

e the fluid contains no volumetric heat source/sink;
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e the coolant is always assumed to remain in single-phase (PWR example);

¢ the flow is assumed to be mono-dimensional along the vertical z-axis;

e the neutron transport will be described by using one-group diffusion theory;

e the thermal conductivity of the fuel is assumed to be temperature-independent;

o the effective thermal resistance is assumed to be constant along the channel;

o the friction factor is assumed to be constant along the channel;

e Fuel pin radius measured including the cladding, however, cladding material
has not been taken into account.

Fuel Pin Diameter including cladding is 8 mm.

A nuclear reactor core is the portion of a nuclear reactor containing the nuc-
lear fuel components where the nuclear reactions take place and the heat is gen-
erated.

A structured group of fuel pins (long, slender, metal tubes containing pellets
of fissionable material, which provide fuel for nuclear reactors). Depending on
the design, each reactor vessel may have dozens of fuel assemblies (also known
as fuel bundles), each of which may contain 200 or more fuel pins. A long,
slender, zirconium metal tube contains pellets of fissionable material, which
provide fuel for nuclear reactors. Fuel pins are assembled into bundles called fuel
assemblies, which are loaded individually into the reactor core. Table 1 presents
fuel pin pitch and pitch to radius ratio which are used to determine different pa-
rameters. Moreover, Table 2 presents specific initial conditions and other para-
meters related to the problem. Figure 1 presents core, fuel assembly and fuel pin
with pitch between two adjacent pins. Apart from this, subchannel among four
pins and subchannel among three pins are shown in Figure 2. In this paper,

subchannel among the four pins is implemented.

Table 1. Fuel pin and pitch design data.

Pitch (mm) Pitch to radius ratio
9.2 2.3
10.4 2.6
11.6 2.9
16 4.0

Table 2. Problem specification.

Parameters Data
Axial Height (m) 4.20
Fuel Pin Radius without cladding (mm) 3.5
Power produced by one fuel pin (W) 6.5x 10*
Recoverable energy per fission event (J) 32x107!
Flow velocity at the inlet of the channel (ms™) 4.34
Flow temperature at the inlet of the channel (K) 556.51
Macroscopic fission cross-section (cm™) 0.028
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Figure 1. The radius and pitch between two pins.
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Figure 2. Different design for various fuel assembly.
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5. Result and Discussions

It is found in Figure 3 that maximum enthalpy of the coolant is determined for
lowest fuel pitch to pin radius ratio and minimum enthalpy is determined for
maximum fuel pitch to pin radius ratio. More enhancement of pitch will result
in more flatten of the enthalpy curve. However, an optimum range between 2.6
to 2.9 shows better results from both the power generation and safety aspects.
Maximum enthalpy for minimum pitch to radius ratio 2.3 is a concern from the
safety aspects. On the other hand, less enthalpy to the coolant results in lower
power generation. An enthalpy range from 1500 KJ to 1200 KJ is desired value
for PWR. As a result, a fuel pitch to radius ratio 2.9 to 4 is desirable for PWR.

Figure 4 shows the change in moderator temperature and moderator density
respectively. For steady state condition, inlet moderator temperature is set at 556
K. Since, melting point of moderator in PWR is 615 K and single-phase flow is
desirable for PWR and the optimum value of fuel pin pitch to radius ratio is 2.9
to 4. For four different ratios the temperature of moderator increases from 550 K
to 650 K along the vertical axis. All three except the ratio 2.3 show satisfactory
result. On the other hand, moderator density reduces along the axis as tempera-
ture along the axis increases. Moderator density remains almost constant for ra-
tio 4 and it changes rapidly for ratio 2.3. Maximum density is found almost 770
kg/m® and minimum density is 505 kg/m’.

Figure 5 shows gradual decrease of coolant pressure. Several pressure drops
such as: gravitational pressure drop, frictional pressure drop, acceleration pres-
sure drop are taken into account which causes a fall of pressure along the verticle
axis inside the reactor. Pressure range is found from 15.5 MPa to 15.65 MPa for
all four pitch to radius ratio. In PWR maximum pressure can be raised upto 15.5
MPa [3]. So, all the pressure range lie in optimum level.

Figure 6 shows increase of coolant velocity along the vertical axis. A significant
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Figure 3. Enthalpy along the axial elevation.
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Figure 4. A variation on moderator temperature (a) and moderator density (b) along the
channel.
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Figure 5. Axial variation of the coolant pressure.

increment has been found for 2.3 ratio. Maximum allowable coolant velocity is
found 6.4 ms™ for this ratio. The rest of the ratio shows increment from 4.4 ms™
to 5.5 ms™'. No significant flow velocity is found for the ratio 4.

In Figure 7, radially averaged fuel temperature is presented. As it can be seen,
maximum temperature has been found for 2.3 ratio is 1580 K. The fuel temper-
ature is almost 50 K higher than the lowest value for the pin pitch to radius ratio
4. The profile seems symmetrical.

The pellet radial temperature profile at the hottest location in fuel pin is de-
picted in Figure 7. In the fuel pin the hottest location is found at the fuel rod
position at active height of 1.5 to 2.5 m. The thermal conductivity from 500°C to
2000°C is 4 W(m-K) to 2 W(m-K) [4].
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Figure 6. Coolant flow velocity along the vertical axis.
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Figure 7. Fuel centerline temperature along the vertical axis.

and lowers the coolant density.

and clad materials.

Thermal-hydraulic behavior along the channel has been observed. This analy-
sis has been performed on the pin cell level by varying pitch to fuel pin radius
ratio. It has been found from overall all figures that ratio 2.6 is optimum and ac-

ceptable ratio. As coolant higher enthalpy results in more rise in the temperature

The first important constraint is that the core temperatures remain below the

melting points of core components. This is particularly important for the fuel

There are also limits on heat transfer rate between the fuel elements and coo-
lant, since if this heat transfer rate becomes too large, critical heat flux may be

approached leading to boiling transition. This, in turn, will result in a rapid in-
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crease of the clad temperature.

In case of exceeding limit of a certain wall heat flux, there heat transfer rate
will become progressively worse [5].

Critical heat flux is the primary concern for the Pressurized Water Reactors
(PWR), since such reactors operate with subcooled and low quality coolants. Even
for Boiling Water Reactors (BWR), which have a significantly bottom-peaked axial

power profile, the DNB-risk have to be taken into account.

6. Conclusion

In this study, fuel pin optimization is performed for Pressurized Water Reactor.
The results are specifically dependent on design specification and design criteria.
The pitch to fuel pin radius ratio is better optimized from 2.6 to 2.9 which is de-
sirable for PWR. A certain temperature limit is maintained to keep the reactor in
subcooled condition. Moreover, a PWR fuel pitch and radius should be designed
in such a way that will result in higher neutron economy which rises the enthal-
py, and thus efficiency of the reactor. The results are obtained very preliminary.

These may be used in future modelling of reactor core.
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Nomenclature

D diffusion coefficient

q” heat dissipated to fluid from the cladding

Re radius of the fuel pin

k recoverable energy per fission event

h the enthalpy

H the total height of the fuel pin

Rs radius of the pin including the cladding

z the any parameter value along the zaxis or along the vertical axis
T, moderator temperature

od

3

S &=

updated enthalpy at the end of node

initial enthalpy at the beginning of node
temperature at the end of node

initial temperature at the beginning of the node
is noted as maximum fuel centerline temperature
is effective thermal resistance

is volumetric heat flux

Greek Letters

7 neutron flux

v neutron released per fission

PP macroscopic fission cross-section
z, macroscopic absorbing cross-section
Subscripts

p fuel pin

mod  moderator

! fission

a absorbing cross-section

co cladding

eff effective
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