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1 ABSTRACT  

In HTR with steam cycle, pressure on the secondary side of the steam generator is higher than the helium 
pressure on the primary side，a heat transfer tube rupture will cause water and steam in the secondary loop 
to flow into the primary loop. When a large amount of steam leaks into the primary loop, the iodine deposit 
on the steam generator is washed into helium coolant and the incoming steam reacts with the fuel elements 
and the graphite components at high temperature, which produces water gas and increase pressure of the 
primary loop. If the pressure is greater than the set point of the helium safety valve, it will open and the 
primary loop gas will be released into the atmosphere. Therefore, it is important to secure the integrity of the 
SG heat transfer tube. In HTR, the SG heat transfer tube is a helical tube with small bending radius, which 
makes the volumetric in-service inspection difficult. This paper presents some research results on integrity of 
the helical coil tube. 

2 INTRODUCTION 

In a nuclear power plant, the steam generator (SG) heat transfer tubes account for almost 80% of the primary 
loop pressure retaining boundary. However, they are also the weakest link in the primary loop. In nuclear 
industry, mainly two kinds of steam generator are used, that is U-type steam generator and helical coil tube 
steam generator. The former is used in PWR with loop-type layout reactor coolant system, such as AP1000 
and EPR, while the later finds its application in PWR with integral reactor coolant system, such as IRIS, and 
in High Temperature Gas-Cooled Reactor (HTR), such as HTR-10 and AVR. In HTR with steam cycle, the 
pressure on the secondary side is higher than the helium pressure on the primary side，a heat transfer tube 
rupture will cause water and steam in the secondary loop to flow into the primary loop. When a large amount 
of steam leaks into the primary loop, the iodine deposit on the steam generator is washed into helium coolant 
and the incoming steam reacts with the fuel elements and the graphite components at high temperature, 
which produces water gas and increase pressure of the primary loop. If the pressure is greater than the set 
point of the helium safety valve, it will open and the primary loop gas will be released into the atmosphere. 
Therefore, it is important to secure the integrity of the SG heat transfer tube. 

The operational experience of steam generators in PWR worldwide have shown that corrosion-related 
degradations, such as SCC may occur to the roll transition zone or U bend zones of the heat transfer tube 
(Diercks et al., 1999). The reason for this is that residual strain exists at those locations due to a plastic 
machining, and the material is not fully free from SCC. Wear of the tube with anti-vibration bars may also 
exist during the operation of the SG.  In order to secure the integrity of the U-type heat transfer tube of SG, 
volumetric defect inspections, such as eddy current testing, have to be conducted in a nuclear power plant. A 
cracked structural component still can be used if it satisfies the relevant safety requirements. However, this 
assessment requires reliable sizes of the crack in order to evaluate its propagation behaviors. For U-type heat 
transfer tube, eddy current testing is used for the crack sizing. After the crack geometry is determined, 
various failure prediction models can be used to assess its integrity and to determine whether the crack can 
keep its stability until next in-service inspection or whether plugging and sleeving are necessary before the 
steam generator is put into operation. 
        For the heat transfer tube of SG used in HTR, it is not immunized from the degradations of SCC and 
wear. For example the leak of the SG heat transfer tube caused by tube degradation in AVR results in large 
amount of water and steam leaking into the primary loop and forces the reactor to shut down. However, the 
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heat transfer tube of HTR steam generator prohibits volumetric defect inspection from being used because 
it’s helical coil structure and small bending radius. For this reason, no volumetric defect inspection of helical 
heat transfer tube has been conducted in HTR power plants up to now. How to secure the integrity of the 
helical tube under the condition of using no volumetric defect inspection has troubled people for a long time. 
In this paper, some research results on securing integrity of the helical tube will be introduced. 

3 TYPICAL STRUCTURE OF HELICAL HEAT TRANSFER TUBE 

In HTR nuclear power plant, the SG tube side is filled with water and steam, while the shell side is full of 
high temperature and high pressure helium. As it has been known that comparing with water, the heat 
transfer ability of helium is very low. So the helical tube is used as heat transfer tube in HTR. Taking HTR-
10 as an example, there are many sets of heat transfer tubes in the HTR-10 steam generator, which are 
mounted in the annulus formed by the SG canister and the intermediate heat exchanger (IHX) canister. The 
heat transfer tube has three sections, the warm-up section, the phase-change section and the superheated 
section. The tubes are in sets, each having a single helical tube with a small bending radius wounded around 
an inner pipe. Each set consists of a central pipe, a helical tube, supports and the external pipe. Four helical 
tubes sections are supported on the central pipe by tooth-like plates. The first three helical tube sections are 
warm-up section and phase-change section with diameter of ! 18 mm and thickness of 3mm, respectively. 
The final helical tube section is superheated section with a diameter of ! 18mm and a thickness 2mm. The 
bending radius of the tube is 56mm. Each helical tube section has 23 turns with a distance between the turns 
of 22.5mm. These helical tube sections are connected with each other by butt-welding.  

4 METHOD OF SECURING INTEGRITY OF THE SG HELICAL TUBE 

The concept of leak-before-break (LBB) is that if the tube satisfies requirements: 1) flow medium 
leaking from a crack is great enough so that the leakage can be detected by the leakage detection system；2) 
there is enough time for safety measures to be conducted after the leakage is found, then the double-ended 
rupture can be avoided. In some countries, LBB criterion has been used in U-type heat transfer tube of PWR, 
for example, Spain put forward the tube plugging criterion based on LBB concept, but believes that the 
concept can only be used in several specific defects. The LBB based tube plugging criterion has been 
approved by Spain Nuclear Safety Crustee Council and was used in the 930MWe nuclear power plant 
designed by Westinghouse. 

The helical structure of the SG heat transfer tube of HTR makes intra-tube volumetric inspection very 
difficult. In reference (Dong et al., 2001), a method to avoid the double-ended tube rupture accidents without 
using intra-tube volumetric in-service inspection was introduced. The basic idea is: 1) to use sets of humidity 
monitoring system to detect the humidity of the primary loop; 2) when humidity is greater than a prescribed 
limit value, the reactor protection system is triggered, and the reactor is shut down; 3) the prescribed limit 
value is determined by the leak rate from the crack, leakage of which can be detected. 

5 SUMMARY OF THE RESEARCH WORK CONDUCTED 

According to the idea above, the following research work has been conducted: 
1）Leakage detection system 
A leakage detection system has been adopted to identify leakage before heat transfer tube rupture 

occurs. The system includes leakage detection that can detect cracks which are small enough to be stable 
under the effect of normal operation loads and SSE loads. The leakage detection system is connected to the 
primary loop. By monitoring the humidity of the primary loop, the system can tell the leak rate of the heat 
transfer tube. When the humidity exceeds the prescribed limit value, the reactor protection systems will shut 
down the reactor and the secondary loop is depressurized so that the intra-tube pressure does not exceed the 
safety level. 

2）Heat transfer tube stress analysis 
The FEM analysis program PIPESTRESS was used to calculate the tube stress (Dong et al., 1997; Dong 

et al., 2000; Dong et al., 2001). The applied loads were the normal operating loads (dead weight, pressure 
and thermal expansion loads) and the SSE loads. The equivalent static analysis method was used to calculate 
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the stress. The analysis showed that for the simultaneous effect of the normal operating load and the SSE 
load, the critical section of the heat transfer tube set is the superheated section.  

3） Determination of detectable crack size 
According to the half circle hypothesis for cracks, the size of the minimum through-wall crack is 2 

times that of the tube wall thickness. Therefore, for a wall thickness of 2mm, the minimum through-wall 
crack size is 4 mm.  

The steam leakage rate from a 4.0 mm through-wall crack has been shown to be QS = 3329.3 ! 10-3 
cm3/s and the humidity-meters of the leakage detection system would respond 50.7 seconds after the 4.0mm 
through-wall crack begins to leak. 

4） Critical crack size 
The 21/4Cr1Mo tube material is very tough, so limit analysis assessment method in US NRC SRP 3.6.3  

was used to calculate the critical crack size in the heat transfer tube.  
The stress analysis results have shown that the critical point of each the helical tube set is on the 

superheated section under the combined effect of the normal operating and SSE loads. The bending stress in 
the superheated section is 117.8MPa and the membrane stress is 6.82MPa. Therefore, the half-length of a 
critical crack can be calculated to be 6.32mm. 

5） Stability of the minimum through-wall crack 
The half-length of a critical crack is almost twice length of the minimum through-wall crack with that of 

the critical crack, 4.0 mm. Conservatively, the bending stresses and membrane stresses for 1.4 times the 
combination loads of the dead weight, thermal expansion load, internal pressure and SSE load were  
calculated to be 164.98MPa and 68.23MPa. For these conditions, the critical crack length is 7.3mm, which is 
still greater than that of the detectable crack, 4.0mm. So the minimum through-wall crack is stable. 

6）Time for the minimum detectable crack to keep its stability 
The time for the minimum detectable crack to keep its stability should be greater than that for the 

humidity detection system to respond and the reactor protection system shut down the reactor. Assuming a 
uniform extending velocity for the detectable crack, the time for the minimum detectable crack to extend 
from its original size to the critical crack length can be calculated by using the formula: T = (C/2-L)/ 2V, 
where C is the critical crack length, L the minimum detectable crack length and V the extending velocity of 
the minimum detectable crack (Colemon et al., 1990; Moan et al., 1990). The fatigue crack extending 
velocity calculated according to ASME Code Volume III, Appendix G and Volume XI Section 1 Appendix 
A would be less than 10-8 m/s. Conservatively, the velocity is considered to be 10-6 m/s. Then the time T is 
1.16! 103 seconds, which is greater than the sum of the time required for the humidity detection system to 
activate and the time required for the reactor shutdown actions to be completed, 95.7seconds.  

6 PROBLEM TO BE SOLVED AND FUTURE RESEARCH WORK 

6.1 Tube degradation type and mechanism 

In U-type heat transfer tube used in the steam generator of PWR, many degradation types have been found. 
Among them are corrosion-related degradations, such as dent, pitting and SCC, as well as wear. SCC has 
been detected under sludge pile on the top of tube sheet (TTS) and some wear defects detected around 
structure like anti-vibration bar region. In helical heat transfer tube used in HTR, the operational 
environment is different from that of PWR. Here the inside medium of the tube is water and steam, while the 
outside medium of the tube is high temperature and high pressure helium. Besides that the tube degradations 
of PWR could happen to the HTR tube, creep degradation may also play an important role in the tube 
degradation process. 

6.2 Applicability of LBB criterion to the SG helical tube integrity of HTR  

In section 5, the application of LBB concept to the helical tube of HTR is summarized. Comparing with the 
contents of SRP 3.6.3, one can find that there are several points which does not completely satisfy the 
requirements of SRP 3.6.3 for application of LBB concept:  

1) The candidate piping is not susceptible to creep and creep-fatigue. Operation below 371.1℃ in 
ferritic steel piping can alleviate concerns of creep. However, the operation temperature of the HTR tube is 
greater than 500℃. So the influence of creep degradation on application of LBB concept has to be evaluated; 

 2) SRP 3.6.3 requires that the specifications for plant-specific leakage detection systems inside the 
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containment should be equivalent to those in RG 1.45, “Reactor Coolant Pressure Boundary Leakage 
Detection System”. But in HTR-10, the requirements of RG 1.45 cannot be satisfied.  

The above is only two of the points not satisfying the requirements of SRP 3.6.3. Therefore, 
applicability of LBB criterion to the SG helical tube integrity of HTR should be carefully studied. 

6.3 Approach of the determination of the critical crack size of the welded joint  

The critical crack dimension depends on material properties of the welded joint and the stress level where the 
crack locates. In order to obtain the critical crack size of the welded joint, the stress-strain curve, critical 
stress intensity factor, resistivity curve has to be determined by tests and the stress distribution calculated.  

6.4 Flaw detection and plugging criterion of the SG helical tube  

In the heat transfer tube where volumetric inspection can be utilized, tubes with defects exceeding 40% of 
wall thickness in depth should be plugged. In the helical heat transfer tube, it is difficult to perform 
volumetric inspection to tell distribution and geometry of defects. Only a pressure test and a helium 
leakage test can be conducted during in-service inspection. The pressure test is conducted on the 
tube side, while the leakage test is on the shell side. So it is impossible to determine whether a tube 
should be plugged according to defect geometry of tube wall.  Therefore, the new plugging criterion has to 
be built on leak rate. In order to do so, research work as follows should be conducted: 

1) Method to detect leakage of tube; 
2) The relationship between the defect size and leak rate. 

7 CONCLUSION 

In HTR with steam cycle, helical heat transfer tube is used. This kind of tube structure makes it very difficult 
to conduct in-service inspection by volumetric defect examination technology. From the research work 
above, it can be seen that although monitoring the leakage of the tube through detection of the humidity of 
the primary loop can supply us a possible way to secure integrity of the heat transfer tube without using 
volumetric defect examination technology, there are still many challenging problems to be solved. 

 
Acknowledgements. This study has been supported by the State High Technology Research and 
Development Program: “Study on Steam Generator Tube Integrity Evaluation and Life-Span Predication” 
(2008AA04Z402). 

REFERENCES 

D.R. Diercks, W.J. Shack, J. Muscara. 1999. Overview of steam generator tube degradation and integrity 
issues. Nuclear Engineering and Design Vol.194. P.19-30 

Dong Jianling, Fu Jiyang, Yu Suyuan, Yin Dejian. 2000. LBB Concept Application to HTR-10 Steam 
Generator Heat Transfer Tube. High Technology Letters, Vol.10: No.10, P. 81-84. (In Chinese) 

Dong Jianling, Zhang Xiaohang, Yin Dejian and Fu Jiyang. 2001. Stress analysis and calculation of the SG 
heat transfer tube of HTR-10. Nuclear Power Engineering. Vol.22:5. P.433-447. (In Chinese) 

Dong Jianling. 1997. Integrity Analysis and Assessment of HTR-10 SG Heat Transfer Tubes with 
Exemption of Volumetric Flaw In-Service Inspection. HTR-10 Report. 

U.S. NUCLEAR REGULATORY COMMISSION STANDARD REVIEW PLAN. 1987. 3.6.3 LEAK-
BEFORE-BREAK EVALUTION PROCEDURES (DRAFT). P. 1-11. 

U.S. NUCLEAR REGULATORY COMMISSION STANDARD REVIEW PLAN. 2007. 3.6.3 LEAK-
BEFORE-BREAK EVALUTION PROCEDURES. P. 1-14. 

C. E. Colemon, S. Sagat. 1990. Locating a Leakage Crack by Safe Stimulation. Int. J.  Pres. & Piping. 
Vol.43. P.187-204. 

G. D. Moan, C. E. Coleman, E. G. Price, D. K. Rodger & S. Sagat. 1990. Leak-before-Break in the Pressure 
Tubes of CANDU Reactors. Int. J.  Pres. & Piping., Vol. 43. P.1-21. 
 


