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ABSTRACT 

 
Fracture parameters such as critical pressure and crack opening area are required in safety 

assessment of steam generator tubes. The traditional methods of parameter measurement are demanding 
for experimental facilities (under the condition of high pressure and high temperature), and also there are 
always some difficulties such as pressure instability due to fluid flow. This paper presents a simplified 
method that can be used to measure the parameters without using large facilities. Proper-sized hydraulic 
rubber tubes are designed and lined inside SG tubes as the medium during pressure propagation in 
experiments. We measured the critical pressure of flawed tubes with axial cracks, and recorded the 
variation of crack size with the change of internal pressure. Critical pressures obtained in experiments are 
in reasonable range while the deviation of COA data is a little bit larger, compared with Argonne Lab test 
results. It has been concluded that this new and simple method by using rubber tubes to acquire fracture 
parameters is practical and economical in proper cases. 
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INTRODUCTION 

 
Steam generator heat exchanger tube degrades in most commercial nuclear power plants. 

Degradation model varies from SCC (stress corrosion crack) to pitting corrosion.  
Lots of work has been done before, both theoretically and experimentally, on degradation 

mechanism. Safety assessment is always a major job in engineering practice. Argonne National 
Laboratory conducted experiments in the 1990s and summarized models for predicting failure pressure 
and leak rates in different working conditions (Saurin Majumdar et al., 2001). 

In this paper, we conducted hydrostatic experiments on tubes, material: 2.25Cr1Mo, adopted in a 
nuclear steam generator by lining rubber tubes inside SG tubes. Critical pressures of tubes with different 
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initial crack sizes are measured, and crack propagating process is recorded with the increment of applied 
pressure. Crack opening area is calculated during the post-processing progress. Relationship between 
critical pressure and initial crack size is summarized, and the variation of crack size with the change of 
internal pressure is also plotted. 
 

MODELS FOR CRITICAL PRESSURE AND CRACK OPENING AREA 

 

Critical Pressure of Tubes with Through Wall Rectangular Axial Cracks 

 
The critical pressures and crack sizes for the unstable failure (rupture) of a thin–wall internally 

pressurized cylindrical shell with a single TW axial crack can be estimated with an equation originally 
proposed by Hahn et al. (Zahoor A, 1989) and later modified by Erdogan (Paris P C et al., 1983): 

 b
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Sy  and Suare the yield and ultimate tensile strengths, respectively, 
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, 
R and h are the mean radius and wall thickness of tube, respectively, ν is the Poisson's ratio, and 

2c is the axial crack length. And according to ANL test results, for the failure pressure of the tubes with a 
TW axial crack, the best value for k is 0.55. 

 
Relationship between COA and Internal Pressure 

 
The crack opening area (COA) in the Zahoor model for an axial TW crack in a thin–walled tube 

is given by (Zahoor A, 1989) 
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Where, σ = hoop stress,σ = ∆P. R/h 
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∆𝑃 = differential pressure across tube wall, 
E = Young’s modulus,  
R and h = mean radius and thickness of tube, respectively, 
𝑆𝑦  = yield strength, and  
C = crack half length. 

 
EXPERIMENTAL FACILITY 

 
The experiments were performed in Chemical Machinery Research Institute of East China 

University Of Science and Technology. The experimental apparatus is originally used to conduct tests on 
small-diameter pipes to get ultimate load. Researches have been done on this device by former users, such 
as “influence of defects on the strength of heat transfer tubes”, “failure criterion of steam generator tubes 
in normal working conditions” (HUI Hu et al., 2008). 

The experimental principle is simply described as follows (Fig.1).  
 

 
 

Fig.1 Principle of the experiment 
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The high-pressure pump can offer two-stage pressurizing. The pressure gauge and pressure 
sensors are installed in the oil line. Pressure signal is gathered by pressure sensors, and then transferred to 
computers via DAQ card. In the meanwhile, pressure load is applied on the test tube using the hydraulic 
rubber tube as a medium. Measurement accuracy of the pressure sensor is 0.01MPa, qualified for pressure 
control and measurement. 

 
Hydraulic Rubber Tubes 

  
The traditional method to measure critical pressure of a flawed tube is to gradually fulfill the 

inner space with air or liquid, with both ends of the tube closed. As the internal pressure increases 
(beyond a threshold value), the air or liquid keeps leaking and cracks on surface of the tube begin to 
propagate. Optical measurement is simultaneously conducted during the crack propagating process, to 
record strain field around the crack tip. Stress intensity factor K and J integral are calculated afterwards. 
Crack initiation, growth, and buckling progress are reviewed and the safety assessment procedure is then 
completed. This traditional method is appropriate and practical in room temperature with ordinary 
pressure. 

A new method using hydraulic rubber tubes is introduced in this paper, which is simpler than the 
traditional method mentioned above (Dong Jian-Ling et al., 2012). The working principle can be 
described as follows: the high-pressure pump pumps the oil into the rubber tube, and hydraulic pressure is 
propagated to the test tube uniformly. It is a quasi-state loading process and no oil will spill out until the 
test tube’s bursting. Structure of the rubber tube is shown in Fig.2. Size of the connection thread is 
M10×1, and effective length of the rubber tube is designed to be 100mm. 

 

 
Fig.2 Structure of the hydraulic rubber tube (LIU Bo et al., 2006) 

 
Compared with the traditional measuring method, the new approach gets some advantages: 
1) Safer experimental environment 

In the traditional way, liquid keeps spilling out from the crack with high speed in 
high-pressure experimental condition and it is a security threat to laboratory staff, while no 
liquid is spilled out until the failure of the test tube in the new method, and it is much safer. 

2) Hydraulic pressure remains more stable 
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The testing system oscillates with the jet of high-speed liquid and supplement of liquid 
from the source tank, resulting in the instability of working pressure. The new method gives a 
more stable system and a more accurate measuring pressure. 

3) Less demanding for experimental facilities 
Neither high-pressure water tanks nor expensive safety facilities are needed in the new 

method. It is more suitable for running small-scale researches. 
Nevertheless, the new method using rubber tubes is an approximate simulation of the real 

working condition. Whether it really works is to be examined by test results since the model involved 
with hydrodynamics is simplified. 

  
Test Specimen 

 
Test tubes are 200mm in length (much longer than crack length to eliminate the end effect), and crack 

size is recorded in Table1. 
 

Table1: Size of test specimen 
 

Sample 
Number 

Crack Type Crack Width 
/mm 

Crack Length 
/mm 

1 Axial 0.2 4 
2 Axial 0.2 8 
3 Axial 0.2 10 
4 Axial 0.2 12 

 
During the loading procedure, surface morphology around the crack tip is recorded by the high 

resolution stereo camera under different loads. Failure pressure is recorded by the pressure gauge when 
test tubes come to buckling. 
 
ANALYSIS 

 
The load was applied by a two-stage high-pressure oil pump, and Fig.3 shows the surface 

morphology of three test specimen in different stage: before loading, under loading (haven’t yielded yet), 
after yielding, respectively. A closer view of the buckling specimen around the crack tip is exhibited in 
Fig.4. 
 

Relationship between Critical Pressure𝑷𝒄𝒓 and Crack Length  

 
Relationship between critical pressure and crack length is plotted as the green line in Fig.5 

according to the experiment data. The blue line in Fig.5 is a description of the theoretical relationship as 
is mentioned in Equation 1 in the second part.  
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Fig.3 Different surface morphology of specimen in different stages 
 

 

 
Fig.4 Closer view of the buckling specimen aroundthe crack tip 

 
 

 

 
Fig.5 Experimental and theoretical relationships between critical pressure and crack size 

 
The experimental critical pressure of the specimen is 4%~12% higher than theoretical data 

calculated with Equation 1 with regard to different crack length. The theoretical data described with 
Equation 1 has larger safety margin. 
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Tolerance analysis: 

 
Test specimen is loaded with a rubber tube as a medium, and below is a rough estimate of the 

actual load applied on the specimen.  
A simplified sleeve model is described in Fig.6, where 𝑃𝑜  is the actual load applied inside the 

test specimen and 𝑃𝑖  is the experimental load measured by the pressure gauge. The rubber tube has an 
inner and outer diameter of 2a and 2b, respectively.  

 
 

Fig.6 A simplified model of the loading process 
 

Radial displacement ru  can be described as Equation 3,  

2 2 2 2
0 0

2 2 2 2

(1 )( ) (1 ) ( )1 [ ]
( )

i i
r

v a p b p v a b p pu r
E b a b a r

   
 

 
           (3)

 

Where E is the Young’s modulus and v  is the Poisson’s ratio of the rubber material. 
Young’s modulus of the rubber material（about 7MPa）is much less than the Young’s modulus of 

the test specimen （about 200GPa），we consider the test specimen as a rigid body. And the radial 
displacement is approximately zero at the point where r=b, so as to get the relationship between p0 and pi. 
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                  (4)
 

b=7mm，a=6.5mm，v=0.48，and we get 

0 0.96 ip p                        (5) 

According to Equation 5, the actual load applied on the specimen tube is in close proximity to the 
measured experimental pressure.  

Safety factor of SG tubes in nuclear power plant is about 3.0~3.5 (YAO Wei-Da et al., 2011). 
Taking the safety factor into account, the critical pressure obtained by the new experimental method is 
relatively accurate and can be used as a reference in proper cases.  
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Relationship between Crack Opening Area and Internal Pressure 

 
Surface morphology of the crack is recorded by the camera during the applying process, and 

crack opening area is obtained after post-processing. The relationship between COA and internal pressure 
is described as the green line in Fig.7. The blue line is a description of theoretical relationship as is 
mentioned in Equation 2 in the second part.  
 

 

 
Fig.7 Relationship between crack opening area and internal pressure 

 
As we can see from Fig.7, theoretical COA value increases much faster than the experimental 

data with the increase of internal pressure. And the deviation of experimental data cannot be ignored. One 
explanation of this deviation is the initial crack width (about 0.2mm) cannot considered to be zero, 
compared with crack width measured in the loading period (varies from 0.3mm to 1.2mm). In other words, 
the crack cannot be considered as an ideal crack. Another explanation is the difference between the 
experimental condition and the real working condition. The pressure and frictional force applied on the 
longitudinal section of the crack may play an important role in the crack propagation in the real working 
condition while there is no pressure or frictional force applied on the longitudinal section of the crack in 
the experimental condition.  

 
CONCLUSION 

 
This paper introduces a new and simple experimental method using hydraulic rubber tubes to 

measure fracture parameters such as critical pressure and crack opening area. Experiments are conducted 
to check the feasibility of the new method. 
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There are several differences between the experimental condition and the real working condition. 
1) In the experimental condition, load is applied on the test specimen with a rubber tube as the 

medium, and the actual load needs to be modified according to the experimental load measured 
by the pressure gauge. 

2) Liquid will not spill out from the crack in the loading process until yielding in the experimental 
condition, so there is no pressure or frictional force applied on the longitudinal section of the 
crack.  

Critical pressure measured with the new method matches well with the theoretical value offered 
by Equation 1, while the experimental data of COA deviates a little bit compared with the theoretical 
value offered by Equation 2. And there is much work to be done to optimize the new experimental 
method. 
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