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ABSTRACT
This analysis was initiated to examine the temperature fields in the steam generator tube

in the vicinity of the tube support plates. It is assumed that the flow of the secondary coolant is
severely disturbed there, which causes local heating of the tube surface. Different designs of tube
support plates (a drilled hole - NE Krsko, broached trefoil and broached quatrefoil designs) were
assessed and compared. Inside the drilled hole tube support plate, the temperature of the outer
tube surface approaches the temperature of the reactor coolant. Inside broached trefoil and
quatrefoil support plates, the tube surface temperature reaches about 10K less than reactor
coolant temperature. The most important result concerning the Krsko specific conditions is that
the frequency of the detected defects can be correlated with the temperature of the tube outer
surface and void fraction of the secondary coolant.

INTRODUCTION

Stress corrosion cracking in the steam generator tubes is the main cause of excessive tube
plugging and early steam generator retirement. It is caused by combined effects of stresses and
aggressive environment, which include chemical and thermal effects [1],

Recently, the indications detected at the intersections with tube support plates (TSP) seem
to be the main cause of tube plugging for the steam generators with drilled hole tube support
plates (TSP, see Ref. [2]). The flaws are initiated at the outer surface of the tube, inside the
crevice between tubes and TSP. Beside the aggressive impurities which tend to reside in the
crevices, the local tube temperature rises as the secondary coolant is not able to efficiently cool
the tube. This is caused by local disturbances in the flow of secondary coolant [3, 4].

However, no published data on the measurements or analysis of tube temperatures in this
region appears to be available. A need for such analysis is further supported by the fact that stress
corrosion cracking is a thermally activated process. The temperature of the affected material is
therefore, besides the aggressive coolant and stresses, one of the most important parameters
determining the remaining lifetime of the steam generators [1].

An analysis of the distributions of temperatures in the tubes at the intersection with the
support plates is therefore the main goal of this paper. A parametric analysis was performed,
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accounting for the specific features of drilled hole support plates (as built in Krsko NPP), trefoil
and quatrefoil support plate desig (the most frequent designs for replacement steam generators).
Additionally, the frequency of observed defects in Krsico steam generators [5] is correlated with
the tube surface temperature and the estimated void fracture at different support plates.

The comparison of different support plate designs aimed at supporting the decision about
design of replacement steam generators. The results may be also used to support the decisions
related to steam generator maintenance.

Drilled Hole Broached Trefoil Broached Quatrefoil

Figure 1 Designs of tube support plates

ASSUMPTIONS AND MODELING

Different designs of the tube support plates which were accounted for in the present
analysis are depicted in Figure 1. The broached trefoil and broached quatrefoil designs are
standard TSP designs in the replacement steam generators [1].

The distributions of the temperatures in the drilled hole design were parametrically
analyzed by Dvorgek [6] using axisymmetric model and PAFEC-FE software [7]. The modeling
assumptions and simplifications are essentially based on the results of this analysis [6].

2.1 Finite element model

The analysis was performed using ABAQUS software [8]. Full 3-D modeling was
necessary to account for the non-axisymmetric effects of the broached TSP designs. The
ABAQUS model of the broached quatrefoil is depicted in Figure 2. Two symmetric planes were
assumed to minimize the computational effort. The model was developed using FAM software
[9]. The thermohydraulic conditions in reactor coolant and secondary coolant are given in some
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Figure 2 Model of tube inside the the broached quatrefoil TSP

detail in [6] and references therein. Temperature distributions were evaluated for different local
thermohydraulic (cooling of reactor coolant, increase in a void fraction in the secondary coolant)
conditions at different TSP locations (hot leg only).

The main assumption of the model is the distribution of the film coefficient (sometimes
also called heat transfer coefficient) which is governing the convective heat transfer from tube to
the secondary coolant. Because of a rather complicated flow regime (two phase turbulent flow
[3]) in the region analyzed, a parametric analysis comparing different distributions of the film
coefficient was performed [6]. The results showed that the maximum tube surface temperature
does not significantly depend on the distribution of film coefficient.

Consequently, a simple linear interpolation was used to develop the film coefficient from
essentially zero inside the TSP to the full value far from the disturbance in the axial direction. A
transition length of about 35 mm was assumed in the axial direction. A similar procedure was used
to describe the circumferential variations of film coefficient, which is caused by the shape of
broached TSP designs (see Figure 1). A user defined subroutine FILM was used within
ABAQUS code to describe those variations.

DISCUSSION OF RESULTS

A set of analyses was performed to assess different local thermohydraulic conditions at
different tube support plate locations on the hot leg side of the steam generators. Examples of
temperature distributions on the outer tube surface are shown on Figure 3 for broached trefoil
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TSP and Figure 4 for drilled tube support plate. In both cases, the thermohydraulic conditions
were assumed to be equivalent to the 5* TSP in Krsko steam generators.
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figure 4 Distribution of temperatures (outside surface of the tube, drilled hole TSP)
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Figure 3 Distribution of temperatures (outside tube surface, broached trefoil TSP)
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A large overheated region is clearly shown for the drilled TSP (Figure 4). Essentially, the
outer surface temperature approaches the temperature of the reactor coolant along the entire
circumference and within the full thickness of the TSP.

The situation is quite different for both broached designs. Rather localized overheating
is shown in Figure 3. The locations of overheated regions in circumferential direction are
governed by the shape of TSP. The main difference observed between a broached trefoil and
broached quatrefoil designs is actually in the circumferential distributions of overheated regions.
The maximum surface temperature is however not significantly different (see Figure 5).

The size of the overheated regions in the tube axial direction is nevertheless approaching
the full thickness of the TSP.
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Figure 5 Comparison of temperatures (different TSP designs, different TSP levels)

A comparison of temperatures at different locations is given in Figure 5. The highest
temperature is the temperature of the reactor coolant. It is closely followed by the maximum outer
surface temperature of a tube inside the drilled hole TSP. The difference between those two
temperatures is estimated to be about 1-2K.

Maximum tube surface temperatures inside broached TSP followed the same trend.
However, they were significantly lower (about 10-15K) than those observed in drilled hole TSP.
This is important because it may significantly reduce the progression of the thermally activated
corrosion processes.

Additionally, the number of defects detected by bobbin coil and confirmed by MRPC coil
at tube-TSP intersections of both Krsko steam generators [5] is given in Figure 5. With the
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Figure 6 Void fraction and number of defects at different TSP levels

exception of TSP # 3, lower tube surface temperature obviously contributes to the lower number
of defects.

The exception of TSP #3 can be explained by studying the relationship between number
of defects and void fraction at different TSP levels (Figure 6). Namely, a relatively low void
fraction as compared to other TSP locations is to be expected at the level of TSP # 3. Lower void
fraction may cause less frequent flooding and dry-out of the crevice, which in turn means a lower
sedimentation rate and consequently less chemically aggressive environment.

CONCLUSIONS

The analysis focused on the temperature fields in the steam generators in the vicinity of
tube support plates. The severe disturbances of the flow of the secondary coolant were assumed
to cause local overheating of the tubes. Different designs of tube support plates were considered
in the analysis, including drilled hole TSP (Krsko), broached trefoil and broached quatrefoil
designs. The latest two designs are used in the replacement steam generators.

The maximum temperature on the outer tube surface inside the drilled support plate was
found to be essentially the same as the temperature of the reactor coolant. This promotes the
development of stress corrosion defects in the tubes and is confirmed by the inspection data from
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Slovenian nuclear power plant at Krsko. Also, the void fraction seems to have an important
contribution to the extent of corrosion damage.

For both broached TSP designs, the maximum tube outer surface temperature is estimated
to be about 10-15K lower than temperature of the reactor coolant. This is an obvious
improvement, as high tube temperatures promote the development of stress corrosion flaws. Also,
both designs show virtually the same temperature.

The non-axisymmetric thermal distributions obtained for both broached designs are
causing additional circumferential thermal stresses (tensile on the outer surface). Those stresses
and their potential impact on the development of flaws will be scope of our future work.
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