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ABSTRACT

Thermal loads are important parameters in fatigue assessments of nuclear power plant (NPP) components.
In some NPPs, thermal loads are determined using a dedicated fatigue monitoring system. However, not all
NPPs have a fatigue monitoring system available due to the substantial cost of such a system. Furthermore,
some locations in the plants are not accessible or difficult to access for detailed temperature measurements.
Therefore, research was conducted into accurately determining thermal loads using measurement data from
the operational process monitoring system (PMS), a system that is present in every NPP. The study focusses
on the surge line of a typical pressurised water reactor, a highly relevant location for fatigue in the primary
system. The thermal loads in the surge line are simulated using a structural finite element model. Input data
for the thermal loads are obtained from an operational PMS. The loads are imposed as convection boundary
conditions to the inner wall of the pipe. The temperatures in the pipe wall are then calculated by means of
thermal analyses. The calculated temperatures in the structure are validated with temperatures measured by
a fatigue monitoring system at various locations in the surge line, for various representative events. Based
on the results of the analysed events, it can be concluded that the use of PMS measurement data to simulate
thermal loads in the surge line looks promising.

INTRODUCTION

Thermal loads are important parameters in fatigue assessments of nuclear power plant (NPP) components.
In some NPPs, thermal loads are determined using a dedicated fatigue monitoring system. However, not all
NPPs have a fatigue monitoring system available due to the substantial cost of such a system. Furthermore,
some locations in the plants are not accessible or difficult to access for detailed temperature measurements.
Therefore, research was conducted into accurately determining thermal loads using measurement data from
the operational process monitoring system (PMS), a system that is present in every NPP. The developed
approach for determining thermal loads is presented in this paper.

The study focusses on the surge line of a typical pressurised water reactor, a highly relevant location
for fatigue in the primary system. The thermal loads in the surge line are simulated using a structural finite
element (FE) model. Input data for the thermal loads are obtained from the operational PMS. The loads are
imposed as convection boundary conditions to the inner wall of the pipe. The temperatures in the pipe wall
are then calculated by means of thermal analyses. The calculated temperatures are subsequently validated
with temperatures measured by a fatigue monitoring system of a typical pressurized water reactor.

In this paper, first, the FE model is described. Then, the measurement data used for the analyses

and the approach for determining and simulating the thermal loads are presented. This is followed by the
results of the thermal analyses and the validation. Finally, the discussion and conclusion are presented.
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FINITE ELEMENT MODEL

The study was conducted on the surge line of a typical pressurized water reactor (Hannink and Uitslag-
Doolaard (2022), Uitslag-Doolaard et al. (2019)). The geometry of the configuration is shown in Figure 1.
The model included the pipes, as well as the nozzles at the pressurizer and the main coolant line. The pipes
had an inner diameter of 315 mm and consist of 20 mm thick low-alloy steel with a 5 mm thick austenitic
stainless steel cladding. The thermal loads in the surge line were simulated using a structural thermal FE
model. The structure was meshed with hexahedral eight-node thermal solid elements (Figure 1). The
cladding and thermal sleeves were explicitly included in the model. The analyses were performed using the
FE software ANSYS, version 12.1.

Main coolant line

Surge line

Pressurizer

Figure 1. FE model of the surge line and the nozzles at the pressurizer and main coolant line.
MEASUREMENT DATA FOR THERMAL LOAD MODELLING

The thermal loads in the surge line were modelled using data from four operational PMS sensors, measuring
the temperatures in the main coolant line and the pressurizer, the pressure in the pressurizer, and the water
level in the pressurizer (see Table 1). In this paper, two events are analysed. Both are parts of start-ups after
refuelling outages. Event 1 was previously analysed for different studies presented by Hannink and Uitslag-
Doolaard (2022) and Uitslag-Doolaard et al. (2019). Event 2 was newly selected. The PMS measurement
signals of the two events are shown in Figure 2 and Figure 3.

Table 1: PMS sensors used to model thermal loads in the surge line.

PMS sensor / quantity Used for (see next section)

Main coolant temperature | Tmct, hmcL

Pressurizer temperature Tezr, hezr
Pressurizer pressure hmct, hezr
Pressurizer level X, hmet, hezr
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Figure 2. Measured pressurizer temperature, main coolant line temperature, pressurizer pressure, and
pressurizer level during Event 1.
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Figure 3. Measured pressurizer temperature, main coolant line temperature, pressurizer pressure, and
pressurizer level during Event 2.

THERMAL LOAD MODELLING
Approach

The temperature fluctuations in the surge line were simulated by applying a convection boundary condition
to the inner wall of the pipe. The outside of the configuration was assumed to be fully insulated (adiabatic).
The convection boundary condition at the inner wall of the pipe was defined by a time-dependent bulk
temperature and a heat transfer coefficient. Both were modelled in a simplified way. To model the bulk
temperature, part of the water in the surge line was assumed to have the same temperature as the water in
the pressurizer (Tezr, red in Figure 4), and part of the water in the surge line was assumed to have the
temperature of the main coolant (Twmcy, blue in Figure 4). The interface between the hot (pressurizer) and
colder (main coolant) fluids was modelled as a step change in temperature (i.e., no mixing taking place).
During insurge and outsurge, the interface between the hot and colder water moved through the surge line.
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Bulk temperature

The bulk temperatures in the pressurizer and main coolant line were assumed constant, equal to the average
measured temperatures over time (see the last column of Table 2). The bulk temperature in the surge line
varied over time due to the movement of the interface between hot (pressurizer) and colder (main coolant)
water. In addition, the temperatures of the water at the two sides of the interface (TmcL and Tezr) Were also
functions of time, defined by the temperature measurements in the pressurizer and main coolant line (see
Table 1, Figure 2, and Figure 3). The interface was assumed to be a horizontal plane. Its position was
defined by the coordinate x (see Figure 1) and was derived from the measurements of the water level in the
pressurizer (see Table 1, Figure 2, and Figure 3), as will be explained below.
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Figure 4. Modelling of thermal load in surge line (side view).

Table 2: Measured temperature and pressure values associated with Figure 2 and Figure 3.

Quantity Event 1 Event 2

Minimum | Maximum | Average | Minimum | Maximum | Average
Trzr[°C] 149 151 150 229 231 230
Tmer [°C] 57 63 58 43 58 56
p [bar] 4.4 45 4.43 27.0 27.5 27.2

Figure 5 shows the volume of the water above the interface for all possible interface positions. This
is the water with temperature Tezr. If the interface is at the top, the surge line is completely filled with main
coolant. If the interface is at the bottom, the surge line is completely filled with pressurizer water. The water
volume above the interface at start time to, V(X(to)), was determined by linear interpolation of the data in
Figure 5, using the assumed starting position x(to) of the interface. Subsequently, a lookup table was created
with volume differences AV for time t; by subtracting V(x(to)) from the volume in Figure 5. The interface
position x(t1) at time t; was then determined by linear interpolation of the data in the lookup table. The
guantity AV(t1) was calculated with the following equation:

AV (ti11) = [L(tin) — L(t I (2222) @
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where is Dpzr the diameter of the pressurizer, and L is the water level in the pressurizer obtained from the
PMS readings. The above steps were repeated to find the interface positions at the other time steps. Figure
6 shows the resulting interface positions as functions of time for the two events analysed in this paper. If
the measured volume differences led to interface positions outside the model, the interface positions were
kept constant at the highest and lowest values of X, as appropriate.
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Figure 5. Water volume above the interface as a function of the position in the surge line.
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Figure 6. Interface position as a function of time, derived from measured pressurizer level.

Heat transfer coefficients

The heat transfer coefficients were determined by an empirical convection correlation for a fully developed
turbulent flow in cylindrical pipe (Incropera and DeWitt, 1990). One of the parameters in the convection
correlation is the Reynolds number. The Reynolds number depends on the velocity v with which the water
moves back and forth through the surge line. The velocity v is a function of time and has been derived from
the level measurements in the pressurizer (PMS readings, see Table 1). Given the level of the water in the
pressurizer L (see Figure 2 and Figure 3), the inner diameter of the pressurizer Dezr and the inner diameter
of the surge line Ds, the velocity v of the water in the surge line was calculated as follows (see Figure 7):

dL DpzR?

v() =357 )

The heat transfer coefficient calculations were performed using temperature and pressure
dependent water properties (Lemmon et al., 2021). The temperatures and the pressure were taken from the
PMS readings (see Table 1). They were taken as constant, time-averaged values (see Table 2)! because the
measured signals hardly changed during the analysed periods (see Figure 2 and Figure 3). Different heat
transfer coefficients, hpzr and hmci, were determined for the surge line regions with pressurizer and main

! The values in the last column of Table 2 were used as the basis for the conditions at which the water properties were taken.
According to Lemmon et al. (2021), however, these conditions correspond to water in vapour phase. The pressure was, therefore,
slightly altered to obtain the properties of water in liquid phase.
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coolant temperatures Tezr and Tmcr (see Figure 4 and Figure 8). The resulting heat transfer coefficients are
functions of time because the velocity v is also a function of time (see Figure 7).
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Figure 7. Fluid velocity in the surge line derived from the pressurizer level measurements.
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Figure 8. Heat transfer coefficients in the surge line calculated at the pressurizer temperature (top) and at
the main coolant temperature (bottom).

The heat transfer coefficients in the pressurizer and the main coolant line were assumed constant
and were chosen to equal the maximum calculated heat transfer coefficients in the surge line over time (i.e.,
421 W/mK for Event 1, see Figure 8 (left), and 7510 W/mK for Event 2, see Figure 8 (right)).

THERMAL ANALYSIS RESULTS

After determination of the thermal loads, transient thermal analyses were performed for the two events. To
verify to what extent the thermal loads determined by PMS data correspond to reality, the calculated
temperatures in the surge line were compared to the temperatures measured by a fatigue monitoring system.
Fatigue monitoring data were available for three measurement sections (MS): one near the pressurizer
nozzle, one on the inclined part of the surge line, and one near the main coolant line nozzle (MS 3, MS 6,
and MS 8, respectively, see Figure 9). Each measurement section contained seven thermocouples attached
to the outer wall of the pipe (TC, see Figure 9).
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Figure 9. Positions of measurement sections (MS) and thermocouples (TC) of the fatigue monitoring
system.

Figure 10 to Figure 15 show the temperatures calculated at these positions together with the
measured temperatures. The results are plotted for the seven thermocouple positions of each measurement
section. The left figures show the results for the cases where time-dependent heat transfer coefficients were
used (see previous section). The right figures show the results for the cases where constant heat transfer
coefficients were used. In the latter cases, the maximum heat transfer coefficients over time were used for
the entire configuration (i.e., 421 W/mK for Event 1, see Figure 8 (left), and 7510 W/mK for Event 2, see
Figure 8 (right)).

Note that the data from the fatigue monitoring system is only used for validation purposes. The
proposed thermal load modelling method only uses operational PMS data, available in every NPP, and does
not need data from a dedicated fatigue monitoring system.

DISCUSSION
Figure 10 to Figure 15 (left versus right) show that the calculated thermal loads are sensitive to the
selection of the heat transfer coefficients. The results show an underestimation of the thermal loads

calculated with time-dependent heat transfer coefficients. The use of constant, maximum heat transfer
coefficients yields a much better agreement between FE analyses and measurements. The observed
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differences in the latter case can be largely attributed to the simplifications made in the FE model. Further
studies will be conducted to investigate the sensitivity of the results to these simplifications.

One of the simplifications is that the FE analyses start from a steady-state situation, whereas the
measurements of the fatigue monitoring system start from transient states. This partially explains the initial
mismatches in temperature distributions over the circumference of the pipe. Analyses of longer signals
could make this effect less pronounced. Another simplification in the current model is the absence of a
mixing layer between the hot (pressurizer) and colder (main coolant) water. The calculated and measured
stratification profiles are, therefore, somewhat different. A better agreement could be obtained by including
a mixing layer in the FE model.

The accuracy of the heat transfer coefficients depends on the resolution of the pressurizer level
measurements because derivatives of the pressurizer level measurements are used to determine the velocity
v of the water. The pressurizer level data of Event 1 have the resolution of one minute. The pressurizer level
data of Event 2 have a variable resolution determined by a smart storing algorithm. Figure 3 shows that the
resolution of Event 2 is relatively coarse. This reduces the accuracy of the fluid velocity signal. The
influence of the resolution of the pressurizer level measurement data on the calculated results will be further
investigated in future research. Furthermore, analyses and validation will be performed for different
transients.

CONCLUSION

In this paper, a methodology is presented to model thermal loads in the surge line of an NPP, based on
measurement data from an operational PMS. The calculated temperatures in the pipes were validated with
measurement data from a fatigue monitoring system. Based on the results of the two analysed events, it can
be concluded that the use of PMS measurement data to simulate thermal loads in the surge line looks
promising. Further research will be conducted on the topics discussed in the previous section.
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MS 3, variable heat transfer coefficient
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MS 3, constant heat transfer coefficient
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Figure 10. Calculated and measured temperatures at the thermocouple positions of MS 3 during Event 1.

MS 6, variable heat transfer coefficient
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Figure 11. Calculated and measured temperatures at the thermocouple positions of MS 6 during Event 1.

MS 8, variable heat transfer coefficient
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Figure 12. Calculated and measured temperatures at the thermocouple positions of MS 8 during Event 1.
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MS 3, variable heat transfer coefficient
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Figure 13. Calculated and measured temperatures at the thermocouple positions of MS 3 during Event 2.
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Figure 14. Calculated and measured temperatures at the thermocouple positions of MS 6 during Event 2.

MS 8, variable heat transfer coefficient
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Figure 15. Calculated and measured temperatures at the thermocouple positions of MS 8 during Event 2.
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