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A B S T R A C T

This paper deals with a tube cracking of a heat exchanger. The cause of the failure was studied,
with a focus on the effect of caustic brittle fracture on stress corrosion cracking base on the
research in the austenitic stainless steels. The cracks were examined at on the surface of the real
cracked tubes and artificial specimen of same tube and fin with SS310S and SS316L respectively
by metallurgical investigation. In addition, the stress analysis was performed by a finite element
analysis (FEA). Through the results of the structural analysis and computational fluid dynamics
calculations, any external forces and deformations due to difference of the strain from a thermal
expansion can cause a bending force. In particular, the cracks can be grown when an external
force was exciting such as a vortex-induced vibration. Besides, cracks on the tube can be ac-
celerated under several adverse conditions with a corrosion environment and low damping fluid
flow. In order to identify the accurate prediction of flow velocities for surrounding tube bundle,
2D computational fluid dynamics (CFD) is essential for simulating the flow-induced vibration.
Through them processing, oscillated vortices according to induced velocities are predicted with
around 76.5 Hz. As a result, the system has a risk against vortex-induced vibrations due to a
number of resonant modes that might have been identified according to a modal analysis.
Therefore, this paper suggests an optimal design for improvement with numerical simulation by
FEA.

1. Introduction

The purpose of this study is to analyze the failure of heat exchanger tube for high temperature fuel cell. A heat exchanger is used
throughout the industry for the purpose of energy recovery and is used in the Molten Carbonate Fuel Cell System of Balance of Plant
(BOP). The main purpose of the heat exchanger is to supply the temperature of the fuel suitable for the reforming reaction. In
addition, the heat exchanger to be studied is a type of evaporator in which a serpentine type tube is used. High temperature fuel cell
technology and fuel cell power plants are among the most promising distributed power generation associated with emissions re-
duction [1]. However, due to the high cost of the manufacturing process, it is being studied for improvement, and maintenance costs
are incurred due to failure of major components such as heat exchangers. The Finned Tube of Serpentine type is arranged in heat
exchanger in a manner of Compact staggered alignment and used in high temperature and low pressure environment. It has structural
characteristics such as fluid flow, heat transfer, and thermal expansion of two- phase. Therefore, some of the risks may occur in the
design stage due to these features, and it is essential to make an accurate evaluation according to the design procedure, analysis
model, and methodology [2,3]. The study model is a stainless steel heat exchanger, and its common problem is cracks occurring in the
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tube and tube sheet area. Cracks are grown by stress corrosion cracking (SCC), fatigue or crevice corrosion. The heat or residual stress
level, as well as the local stress level that results from the combination of applied loads affects the failure scenario. Although
austenitic stainless steel has basically excellent corrosion properties, when chromium carbide precipitates in grains by heat or high-
temperature operating environment due to welding, the grain becomes a crack deficient state and becomes vulnerable to corrosion.
Later, SCC occurs when the material is stressed and exposed to a corrosive environment at the same time [4–6]. In addition, fatigue
caused by external forces such as vortex-induced vibration may accelerate corrosion cracking [7]. This paper used computational
fluid dynamics (CFD) to calculate the external force acting on the heat exchanger tube. The CFD model is a numerical approach to
describing and solving hydrodynamic problems in a given area [9–11]. This paper numerically predicts the exact external flow
around the tube bank and provides a brief introduction to the fields of fluid mechanics and CFD. Finally, vibration analysis using
finite element analysis (FEM) was performed. The FEM model was verified through the modal analysis of the circular finned tube
which was carried out in the previous study [12], and the shedding frequencies assumed through the arithmetic calculation using the
modal analysis model were set. Initial studies on heat exchanger tubes have predicted various causes of tube cracks through metal
experiments, but there is not much literature on the proper investigation of the relationship between cause and effect by precise
methods [13]. In addition, there have been few precise proposals to improve the life of heat exchanger tubes in studies until now.

Therefore, this study presents a method to evaluate the relationship between cause and effect of tube cracks of heat exchangers
through metallurgical investigation, structural computing, computational fluid dynamics and vibration analysis. It also includes some
improvements about the tube bundle design, such as tube shape and support structure (Figs. 1 and 6).

2. Approach

Sensitive materials, corrosive environment and sufficient stress are required for propagation of Inter-Granular Stress Corrosion
Cracking (IG-SCC). Austenitic stainless steels are widely used in boilers and super-heater tubes due to their high corrosion resistance
and mechanical properties under high temperature conditions, but precipitation of chromium carbide in high temperature en-
vironments may lead to IG-SCC. SS310S tubes with high thermal conductivity are widely used in heat exchangers. In the previous
research, microstructure, chemical composition and metal hardness were studied by using the tube where crack occurred, and the
possibility of fracture by IG-SCC was studied. Also, SS310S metal specimens were compared with tubes with cracks. In addition,
refined structure was evaluated through Scanning Electron Microscope (SEM) and optical microscope. In the heat exchanger tube, a
mixture of gas and water flows, and a high temperature flame is present outside the tube. Thermal gradients and fluid induced
vibrations in this environment are the source of stress in the IG-SCC. The cracks by IG-SCC were found to have grown from the inside
to the outside, and fatigue seems to have accelerated its growth. In this study, we proposed a solution through experiment and
discussion to avoid fracture investigation, and confirmed the cause of SS310S tube fracture. Also in this study, the structural dynamic
behavior of a serpentine tube with a circular fin is assumed, and the experiment and analysis are performed assuming one tube to
avoid the interaction of the bundle tube. The eigenmode analysis was performed using the ANSYS FEA tool, and the mode shape and
the natural frequency were predicted through the analysis. The verification of the FEM model was carried out through a modal test
using an impact hammer and an acceleration sensor. Both results are compared via the Frequency Response Function (FRF). The FEM
mass element was used to simulate the fin of the FEM model, and the dynamic behavior of the model improved during installation
and operation of the fin is provided. As shown in Fig. 2, the damaged tubes of the entire surface are observed.

Fig. 1. Diagrammatic representation of the procedure.
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