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ABSTRACT 

 
The expansion measurements for the Advanced Power Reactor 1400 (APR1400) reactor coolant 

system (RCS) were conducted in real time to verify the typical soak time requirement applied during the 
heatup and cooldown processes of pre-core hot functional test (HFT). The measurement instruments of 
linear variable differential transformers (LVDTs) were installed at the hydraulic snubbers for supporting 
steam generators (SGs), where the RCS structure most sensitively responds to the changes in the RCS 
fluid temperatures. The measurement data are analyzed to determine the actually required soak times. In 
this paper, the required soak times for the RCS expansion measurements during the HFT are 
recommended to be applied for actual plant tests. 
 
INTRODUCTION 

 
The integrated system test of the RCS for a new nuclear power plant is required to confirm the 

acceptability of the clearances and displacements of components, piping and their supports, and to check 
the free RCS expansions during the preoperational test phase in accordance with the licensing 
requirement [1]. The APR1400 RCS expansions are measured to comply with the requirement by 
checking the changes in the gaps between component support keys and keyways and in the strokes of 
hydraulic snubbers for supporting SGs and reactor coolant pumps (RCPs) at several major measurement 
plateaus during the heatup and cooldown processes of the pre-core HFT for a new nuclear power plant.  

As the temperature of the RCS fluid increases during the heatup, the RCS gradually expands to 
the predetermined levels. After reaching the next level, the temperature must be maintained within the 
acceptable limit of the changes in the RCS fluid temperatures in order to get the almost constant 
measurement data while carrying out measurements. The period in which this steady state of the RCS 
fluid temperature is maintained is called plateau. The measurements can be implemented after 
temperature stabilization soak of the RCS structure at the plateaus. The soak times required for starting to 
measure the RCS expansions are defined as the periods in which the movements of the RCS structure 
decrease to the acceptable limit after the RCS fluid temperatures get to the target temperatures of the 
plateaus. The required soak time shall be applied to obtain the credible data. 

The movements of the RCS structure were measured in real time at the locations of the hydraulic 
snubbers for SGs. The operating parameters such as the RCS fluid temperatures and pressures were 
obtained from the information processing system (IPS) for an APR1400 nuclear power plant. Based on 
both the measured movements of the RCS structure and the obtained operating parameters, the correlation 
between both data and the RCS structure responses is reviewed, and the actually required soak times are 
evaluated and recommended. 

 
DESIGN FEATURES OF APR1400 RCS 
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The APR1400 RCS is arranged as two closed loops connected symmetrically to the reactor vessel 
(RV) as shown in Figures 1 and 2. Each loop consists of one hot leg, one SG, two RCPs, and two cold 
legs (RCP suction and discharge legs). A pressurizer is connected to one of the RCS loops. 

The RCS operates at a nominal pressure of 158.2 kg/cm2A. The reactor coolant enters the RV, 
flows downward between the reactor vessel shell and core barrel, flows up through the core, leaves the 
RV, and flows through the tube side of the two SGs where heat is transferred to the secondary system. 
RCPs return the reactor coolant to the RV. The flow directions of the reactor coolant during the 
operations of four (4) RCPs are depicted by arrow marks in Figure 2. 

The design specification of the hot and cold legs, which are the major contributors of the SG and 
RCPs movements, is described in Table 1. 
 

 
 

Figure 1. APR1400 RCS Arrangement and SG Snubber Link System 
 

Table 1. Design Specification of Hot and Cold Legs 
 

Piping Material Inside Diameter 
(mm) 

Minimum thickness of 
Base Metal (mm) 

Hot Leg SA-508 Grade 1 
or Grade 1a and 

clad with austenitic 
stainless steel 

1066.8 98.4 

Cold Leg 
RCP Suction 

762.0 
63.5 

RCP Discharge 76.2 
 

MEASUREMENT OF RCS EXPANSION MOVEMENT 
 

Measurement Locations 
 
The most sensitive locations of the expansion movements of APR1400 RCS structure are the 

hydraulic snubbers for supporting the SGs. Because they are further away from the center of RV in 
comparison with other RCS components, and they have the snubber link systems including levers which 
connect them to the SGs as shown in Figure 1. The levers of the snubber link systems magnify the 
movements of the SGs by the lever ratio, and this leads to making the strokes of the snubbers enlarged. 
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This is the reason that four (4) linear variable differential transformers (LVDTs) for RCS expansion 
measurements are installed at the SG snubbers as shown in Figure 2.  

 

 
 

Figure 2. Installations of LVDTs 
 

Data Measurements 
 

The plateau temperatures of the RCS fluid were maintained within 2.8 ℃ while conducting 
measurements. The stroke changes of SG hydraulic snubbers were measured and recorded every one (1) 
minute during the heatup and cooldown processes of pre-core HFT with LVDTs. The LVDTs were 
calibrated to be accurate within 0.1 mm for the measurement range of 0 mm to 100 mm. Those were reset 
to cover the whole snubber stroke, approximate 170 mm, under the steady state of the RCS structure. 
 
PLANT OPERATION PARAMETERS 

 
The plant operation parameters were obtained from the IPS for an APR1400 nuclear power plant 

at intervals of two (2) minutes. The parameters include hot leg temperatures, pressurizer levels, 
pressurizer pressures and temperatures, and RCP speeds. 
 
CORRELATION BETWEEN PLANT OPERATION PARAMETERS AND RCS MOVEMENTS 

 
Typically twenty (20) plateaus are applied for RCS expansion and contraction during the heatup 

and cooldown processes of pre-core HFT for the APR1400 nuclear power plants. The plateaus can be 
established by controlling the RCS fluid temperatures which are elevated while the power of the 
pressurizer heaters and RCPs is on during the heatup, and which are lowered while the power is off and 
the heat sinks in steam generators.  

As the plateau is changed, the displacements of SG snubbers follow exactly the plateau trend of 
the hot leg fluid temperatures in comparison with the pressurizer pressure as shown in Figures 3 and 4. In 
particular, as the fluid temperatures in the hot legs #1 and #2 suddenly decrease and recover at Plateau 
#16, the displacements of SG snubbers also pursue the trend considering the constant pressurizer pressure 
as shown in Figure 4. There was a power loss in LVDT systems as marked in Figure 4. However, it is 
thought that it does not affect the trend. Based on this fact, it can be said that there is a good correlation 
between the RCS fluid temperatures and movements. 
 

Installed LVDT 

: Flow Directions of Four (4) RCP Operations 

LVDT #1B 

LVDT #1A 

LVDT #2A 

LVDT #2B 

RCP #1A RCP #2B 

Hot Leg #2 Hot Leg #1 

RCP #1B RCP #2A 
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Figure 3. APR1400 SG Snubber Displacements (Heatup) 
 

 
 

Figure 4. APR1400 SG Snubber Displacements (Cooldown) 
 
RCS STRUCTURE RESPONSES TO THE CHANGES IN FLUID CONDITIONS 

 
The thermal responses of the RCS structure to the changes in the temperatures and flow rates of 

the RCS fluid are reviewed.  
 

Plateaus #1 to #2 
 
Figure 5 shows the case that RCP #2B started first to heat up the RCS. The temperature 

differential between hot legs #1 and #2 increased from 0.25 ℃ to 0.78 ℃ after the RCP #2B started. The 
flow rates in hot legs #1 and #2 were calculated considering both the RCS flow resistances and RCP 
hydraulic performances as shown in Table 2. It is thought that this differential between hot legs #1 and #2 
induced the displacement differential of the SG snubbers between loops #1 and #2. It is also clear that the 
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response times and displacements of the SG snubbers are inversely proportional to the distance from the 
operating RCP. 

 

 
 

Figure 5. APR1400 RCS Structure Response (Plateaus #1 to #2) 
 
Plateau #3 

 
It is shown in Figure 6 that the relatively much bigger displacement differential of the SG 

snubbers between loops #1 and #2 occurred at Plateau #3. The maximum displacement differential of 6.7 
mm was measured at that time. The maximum displacement differential between SGs #1 and #2 
corresponding to the value of 6.7 mm can be calculated as 1.34 mm by applying the lever ratio of the 
snubber link system.  

This transient phenomenon arose while the much hotter fluid in the pressurizer surged into the 
fluid of 65.9 ℃ in hot leg #2. Figure 6 indicates that the displacement differentials of the LVDTs started 
to increase as the fluid temperature surged from the pressurizer rose to 233.4 ℃ close to the beginning 
time of Plateau #3. It is thought that the much hotter fluid surged through the nozzle attached to the top of 
the hot leg #2 flowed inside its top portion and heated up the pipe wall. The flow rate in the hot leg #2 
was also much higher than that of the hot leg #1 as listed in Table 2 at that time. However, it seems that 
the rate of the surge flow was too small to make the fluid temperature in the hot legs changed. Meanwhile, 
the RCPs #1A and #1B operated for a short time, but there were no heat sources necessary for heating up 
the pipe wall of the hot leg #1 unlike the hot leg #2.  

In summary, it is judged that the much hotter flow surged from the pressurizer induced the more 
expansion in the loop #2 and it led to the much bigger displacement differential of the LVDTs between 
loops #1 and #2 in comparison with those at other plateaus 

  
Table 2. Predicted Flow Rates 

 

Condition 
Flow Rate (liters/min) 

Hot Leg #1 Hot Leg #2 

RCP #2A or #2B Operation -61,140* 458,767 
Note * : The negative sign means the reverse direction to the direction marked in Figure 2. 
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Figure 6. APR1400 RCS Structure Response (Plateaus #3) 
 

ACTUALLY REQUIRED SOAK TIME 
 
The twenty (20) plateaus consist of the observation and measurement plateaus. The measurement 

plateaus require the temperature stabilization soaks for RCS structure before measuring and recording 
RCS expansion data. The measurement plateaus are Plateaus #2, #5, #7, #9, #14, #15, #16, #18, and #20 
as shown in Figures 3 and 4. The actually required soak time is defined as the period that the SG snubber 
movements decrease to the limit of 0.2 mm from the time point that the RCS temperature reaches the 
target plateau temperature. The SG snubber movement of 0.2 mm means the SG movement of 0.035 mm 
to 0.040 mm which does not affect the RCS expansion. 

Plateaus #1, #7 and #16 are mainly discussed because the measurement results at Plateau #1, the 
initial plateau, are the baseline data for this test, while Plateaus #7 and #16 have the longest soak times 
during the heatup and cooldown processes according to evaluation results. 

 
Plateau #1 

 
There were three times of dynamic vents by operating each RCP for 30 seconds for every pump 

running at Plateau #1. The fluid temperature and the SG snubber displacements were maintained within 
2.8 ℃ and 0.2 mm, respectively. Therefore, it is confirmed that it does not need to define any required 
soak time during the dynamic vents at Plateau #1. 

 
Plateaus #7 and #9 

 
Plateaus #7 and #9 were secured during the heatup, and the overall RCS measurements were 

typically carried out at least two (2) hours after reaching those plateaus as shown in Figure 7. The 
movement data of SG snubbers after reaching those plateaus are reviewed in detail as depicted in Figures 
8 and 9. The required soak time of fifty five (55) minutes at Plateau #7 is evaluated as the longest time 
during the heatup while ten (10) minutes at Plateau #9 is much shorter. This differential seems to come 
from the different transients of the RCS fluid temperatures immediately after the RCS heatup. The 
temperature change for twenty nine (29) minutes at Plateau #7 was 2.7 ℃ while the temperature change 
for eleven (11) minutes at Plateau #9 was 1.0 ℃ as shown in Figures 8 and 9. As a result, it is confirmed 
that two (2) hours for the typical soak time is too conservative in comparison with fifty five (55) minutes, 
the longest required soak time during the heatup. 
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Figure 7. RCS Heatups to Plateaus #7 and #9 
 

 
 

Figure 8. Required Soak Time at Plateau #7 
 

 
 

Figure 9. Required Soak Time at Plateau #9 
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Plateau #16 
 
Plateau #16 was secured through the heat removal in steam generators without stopping RCP 

during the cooldown and the overall RCS measurements were also typically fulfilled at least two (2) hours 
after reaching this plateau as shown in Figure 10. The movement data of SG snubbers immediately after 
reaching the plateau are reviewed in detail as depicted in Figure 11. The movements became steady state 
at first as the RCS fluid temperatures were stabilized. However, even though the steady state in the RCS 
fluid temperatures was still maintained, the movements additionally decreased.  

It is thought that the additional movements occurred because of the contraction of the secondary 
shell due to the heat removal in the SGs. This phenomenon causes the longer required soak time. As a 
result, the required soak time of seventy four (74) minutes at Plateau #16 is evaluated as the longest time 
during the cooldown. It is also confirmed that two (2) hours for the typical soak time is still too 
conservative in comparison with the longest required soak time during the cooldown. 

 

 
 

Figure 10. RCS Cooldown to Plateau #16 
 

 
 

Figure 11. Required Soak Time at Plateau #16 
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CONCLUSIONS 
 
The APR1400 RCS expansion measurements were completed in real time in order to verify the 

typical soak time requirements applied at the plateaus during the heatup and cooldown processes of pre-
core HFT. The measurement data have been evaluated and the results are as follows: 

- There is a good correlation between the RCS movements and fluid temperatures 
- Two (2) hours for the typical soak time requirement is too conservative in comparison with 

seventy four (74) minutes, the longest required soak time during the heatup and cooldown 
processes. 

- Fifty five (55) minutes, the longest required soak time during the heatup, is shorter than 
seventy four (74) minutes during the cooldown. 

Based on the measured results, it is concluded that the typical soak time requirement for the 
APR1400 RCS expansion measurements is conservative and it can be reduced to 90 minutes. 
 
NOMENCLATURE 
 
APR1400 Advanced Power Reactor 1400 
HFT Hot Functional Test 
IPS Information Processing System 
LVDT Linear Variable Differential Transformer 
RCP Reactor Coolant Pump 
RCS Reactor Coolant System 
RV Reactor Vessel 
SG Steam Generator. 
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