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__________________________________________________________________________________________ 

Abstract: The waste heat recovery device is a kind of high-quality heat and mass exchange 

equipment. It consists of a steam drum and a heat exchange section. In this paper, the heat 

exchange tube leakage, the cracking of the tube sheet, and the influence of the mass load on 

the equipment during the use of the waste heat recovery device are studied. The temperature 

field distribution and stress field distribution of the waste heat recovery unit were studied. For 

the research and experiment of leaking samples of heat exchange tubes, the material of 

20(GB9948) should be selected for the working conditions of this paper. Through the research 

of this paper, the material of the heat exchange tubes of the waste heat recovery device for 

carbon black is optimized. 
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__________________________________________________________________________________________ 

1. INTRODUCTION 

Flue gas import and export device (smoking box) is usually made of carbon steel material, but 

due to the temperature of carbon steel cannot meet the requirements, so the inner wall cast 

refractory material. The manhole and the sewage outlet also adopt the structure of cast 

refractory [1]. Flue gas conditions of the waste heat boiler, usually the flue gas temperature is 

around 400°C, 600°C, 800°C. The components of the flue gas are more complex and contain 

carbon black particles, CO2, CO, H2O, etc., and the operation of carbon black flue gas the 

pressure is about 10~15KPa [2]. The operating pressure of shell-side saturated steam is 

generally above 1.0 MPa.  

2. HEAT EXCHANGE TUBE FAILURE ANALYSIS 

The heat recovery parameters are as follows: 
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Table 1. Basic design parameters 

parameter Shell process Pipeline 

medium Soft water, steam Smoke 

Operating 

temperature/℃ 

140（import）/191.6

（Export） 

400（import）/275

（Export） 

Standard sizes(mm) DN3100*5000 ф76*5*5000 

Main material Q345R(GB713) 20（GB9948） 

The selection of heat exchange tubes is particularly important in the design and use of waste 

heat recovery devices. The media on the outside is soft water, the media on the inside is carbon 

black smoke, contains carbon black particles, CO2, CO, H2O, H2S, etc., the temperature is 

400 °C, the operating pressure is about 10~15KPa, the general choice of material is 20, The 

standard is GB9948 or the material is S32168, and the standard is GB13296. The comparison 

of the two materials is as follows: 

Table 2. Comparison of chemical composition of materials 

material C Si P S Ni Cr Mo Cu Ti 

20 
0.17~ 

0.23 

0.17~ 

0.37 
0.025 0.015 ≤0.25 ≤0.25 ≤0.15 ≤0.2  

S32168 0.08 1.00 0.035 0.030 9.0~13.0 17.0~19.0   5C0.7 

 

Table 3. Permissible stress control table (MPa) 

material 100℃ 200℃ 300℃ 400℃ 500℃ 

20 147 131 108 88 / 

S32168 137 130 114 108 103 

The material contains a higher amount of C. The strength is better within 200°C. S32168 

contains Ni and Mo. The temperature resistance above 400°C is good. The following analysis 

of the results of actual engineering applications to optimize the selection of heat transfer tubes. 

The waste heat recovery device with an annual output of 30,000 tons/year carbon black device 

uses the S32168 material for the tube plate and heat exchange tube. The leakage of the stainless-

steel smoke tube occurs at the connection between the lower tube plate and the tube in about 

half a year after commissioning [3]. After about six months or so, the stainless-steel smoke 

pipe was found to be leaking once again, and the factory was completely returned for repair. 

After a detailed inspection of the dismantled waste heat boiler, it was found that the smoke pipe 

at the tube sheet under the waste heat boiler cracked. In order to analyze the causes of cracking 

and leakage of tobacco pipes, a section of smoke pipe with a length of 150 mm leaking was 

taken for microscopical analysis. 

After the waste heat boiler was installed and put into use for about 6 months after the leakage 

was found, the site was carefully inspected and the leakage point was located on the smoke 

pipe at the lower tube plate of the waste heat boiler. Fig 1 shows the location of the spot welding 

of the smoke pipes at the lower tube plate when the waste heat boiler leaks for the first time. 
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From the distribution of the leakage area, all of them appear in the box in Fig 2, namely, the 

tobacco pipe is inserted into the tube plate section. 

 

Fig 1. Patch welding profile after leakage 

 

Fig 2. Diagram of regional distribution of leakage 

 

(a)                                                             (b) 

Fig 3. Distribution of a cracked pipe in a tube bundle 

Fig.3 shows the macroscopic appearance of the waste heat boiler after it was shipped to the 

company for repair and dismantling. After surface coloring inspection, it was found that all the 

leaks occurred on stainless steel smoke pipes. The cracks and cracks started from the outer wall 

of the stainless-steel smoke pipe and expanded toward the inner wall. The preliminary inference 

was related to the corrosion of the shell-side medium of the waste heat boiler. From the 

distribution of leakage and cracking of the tube bundles, it is basically distributed on the outer 

circle of the pipe with two turns of the smoke pipe. The red circle position on the left side of 

Fig 4 shows that the smoke pipe inside the red circle has basically no leakage cracking 

phenomenon. It should be related to the high stress level of the tube sheet at the outer ring.  
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(a)                                                         (b) 

Fig 4. Analysis of the macroscopic morphology of the sampled tube section of a cracked pipe 

Fig 4 shows the failure sampling tube segment. It can be seen that the outer wall of the smoke 

tube exhibits a reddish-brown color, in which the outer wall of the inserted tube sheet portion 

has a scale layer about 0.5 mm thick, and the inner wall has a thin layer of soot, showing a 

thick black color. The right figure of Fig 4 shows that the first occurrence of a through crack at 

the in-situ leak repair weld. 

3. REASON ANALYSIS  

Since the waste heat recovery device was put into operation for the first time, the leakage was 

discovered for only about half a year. According to the cracking macroscopic analysis of the 

smoke pipe, it can be determined that the cracking of the heat exchange pipe belongs to the 

typical stainless steel in the concentrated boiler water by stress corrosion cracking (or boiler 

Water is locally alkaline brittle). 

Stress corrosion cracking is a type of cracked localized corrosion that often occurs in boilers, 

pressure vessels, and pressure piping [4]. Because of cracking, improper handling can often 

lead to serious consequences. It is a kind of corrosion cracking damage caused by tensile stress 

and corrosive media. The occurrence of stress corrosion cracking must satisfy three conditions 

at the same time: one is the tensile stress value that exceeds a certain level; the second is the 

sensitive material; thirty specific environments. The three are indispensable. These conditions 

are met from the operating conditions of the pipe cracking at the lower tube plate of the heat 

recovery device. Austenitic stainless steels are prone to stress corrosion cracking in the 

concentrated boiler water, plus austenite. Differences in thermal expansion and pressure 

between the stainless-steel heat transfer tube and the Q345R barrel tend to generate a large 

tensile stress at the outer ring of the tube sheet (analysis trend in Fig 5). Load stress corrosion 

conditions are generated, so a concentrated boiler is produced. Stress Corrosion cracking under 

water practice conditions. 
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Fig 5. Stress intensity map of boiler tube plate tube model 

4. CONCLUSION 

Cracking and leakage of the heat exchange tubes at the lower tube sheet of the waste heat 

recovery device is due to the stress corrosion cracking in the concentrated boiler water; 

unreasonable material selection, poor boiler water quality control, and problems at the bottom 

of the sewage discharge accelerate cracking and leakage of the smoke tube.  

Due to the tendency of stress corrosion cracking of austenitic stainless steels in this 

environment, consider that the temperature of the metal in the heat exchange tubes of the boiler 

is not high (235°C). Therefore, 20 should be used.  
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