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ABSTRACT: The failure of the central thermocouple protection tube, the primary temperature-
monitoring component in direct-reduction furnaces, is investigated. Failure of this critical component
disrupts production and increases maintenance costs. This study aims to identify the dominant failure
mechanisms and establish a scientific framework for optimizing tube design and extending its service
life. A finite element model incorporating the coupled Eulerian-Lagrangian approach was developed
in Abaqus to simulate granular material flow and pressure distribution along the furnace centerline,
where the protection tube is located. The numerical model was validated against the Janssen analytical
model and the Eurocode design standard. Subsequently, the effects of yielding, fatigue, creep, and their
combined interaction on tube failure were evaluated. The results indicate that creep is the dominant
degradation mechanism at the operating temperature of 800 °C, significantly reducing the tube’s
durability and service life. Furthermore, the tube geometry and material properties were found to
have a substantial influence on the stress distribution and structural integrity. By integrating advanced
numerical simulations with classical analytical models, the proposed framework provides a reliable tool
for service-life prediction and design optimization, contributing to improved operational reliability and
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reduced maintenance costs in direct-reduction furnaces.

1- Introduction

Direct reduction furnaces are key technologies in the steel
industry for converting iron ore pellets into sponge iron. The
stable operation of these furnaces relies on precise temperature
monitoring using thermocouples housed in protection tubes,
which often fail under severe mechanical stresses induced
by high-temperature granular flow. While granular flow
behavior is extensively studied in silos [1-4] using methods
like the Discrete Element Method (DEM) [5,6] and Arbitrary
Lagrangian-Eulerian (ALE) formulations [7,8], the Coupled
Eulerian-Lagrangian (CEL) approach effectively prevents
mesh distortion during large deformations [9-11]. However,
prior studies have predominantly focused on mechanical flow
behaviors, neglecting the direct impact of high operating
temperatures on internal components. Therefore, the main
novelty of this work is predicting the service life of the
central thermocouple protection tube under actual direct
reduction furnace conditions. By combining analytical
calculations based on the Eurocode standard with CEL
numerical simulations, this study comprehensively evaluates
temperature-dependent stress behaviors and simultaneous
failure mechanisms, including yielding, fatigue, and creep.

*Corresponding author’s email: y.alinia@hsu.ac.ir

2- Methodology

The mechanical loads exerted on the thermocouple
protection tube by the granular flow of iron ore pellets were
initially calculated using the Janssen analytical model and
the Eurocode design standard [3,4]. Figure 1 illustrates the
geometry of the thermocouple protection tube and its position
within the direct reduction furnace. Assuming a uniform mass
flow, the vertical and the lateral pressure distributions were
determined based on the material’s bulk density, the internal
friction, and the lateral pressure ratio, applying Eurocode
correction factors for critical discharge conditions.

Foradetailed dynamic analysis, a 3D numerical simulation
was performed in Abaqus/Explicit utilizing the Coupled
Eulerian-Lagrangian (CEL) approach, which effectively
manages large deformations without mesh distortion. The
granular material was modeled in the Eulerian domain
utilizing the Mohr-Coulomb plasticity criterion [12], while
the furnace wall was defined as a Lagrangian discrete rigid
body. A general contact algorithm with a penalty formulation
simulated the dynamic interactions. The main components of
the CEL model and the meshing strategy are illustrated in
Figure 2.

To evaluate structural

long-term integrity, a 2D
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Fig. 1. (a) Geometry of the thermocouple protection tube (b) Position of the central thermocouple protection
tube inside the furnace (all dimensions are in millimeters).

axisymmetric finite element model of the tube’s inner section
(the critical high-stress region) was developed to simulate
time-dependent deformation at 800 °C. The tube, constructed
from Incoloy 800 alloy, was modeled using a power-law
creep formulation [13-15]. The structural analysis was driven
by the axial and lateral loads extracted directly from the CEL
simulation. The overall lifespan was then analytically assessed
by evaluating yield limits, fatigue (assuming a 5% oscillatory
flow pressure based on ASME standards), pure creep, and a
linear cumulative damage model for the combined fatigue-
creep mechanisms

3- Results and Discussion

The numerical simulation successfully captured the
dynamic behavior and real-time filling/discharge processes
of the granular material. After the system reached a steady
state (approximately at 50 s), the numerical lateral pressure
distribution along the central axis of the furnace closely
matched the analytical Eurocode predictions, demonstrating
the high accuracy of the CEL model (Figure 3). Consequently,
the axial forces and stresses exerted on the thermocouple
protection tube were calculated. A section-by-section
comparison revealed that the maximum axial stress occurs at
the inner section of the tube. The numerical method predicted

a maximum stress of 29.64 MPa, which was in excellent
agreement with the analytical calculation of 29.32 MPa,
yielding a relative difference of less than 5%.

To identify the dominant failure mechanism, the tube’s
structural response was evaluated against yield, fatigue,
and creep criteria under an operating temperature of 800
°C. The critical effective stress during the discharge phase
(33.72 MPa) was found to be well below the 120 MPa
yield strength of Incoloy 800 at this temperature, ruling out
immediate plastic failure. Fatigue analysis, based on ASME
standards assuming a 5% oscillatory pressure flow, resulted
in an acceptable safety factor of 2.8 and an estimated pure
fatigue life of 55,500 hours. However, creep proved to be
the most destructive factor. Analytical and numerical creep
assessments estimated the pure creep life at approximately
27,700 and 26,900 hours, respectively (a less than 5%
deviation). Applying a linear cumulative damage model for
simultaneous fatigue and creep reduced the overall effective
lifespan of the tube to roughly 18,500 hours, confirming
creep as the primary failure mechanism.

To enhance the tube’s durability, two geometrical
modifications were proposed and evaluated. First, increasing
the inner shell thickness from 4 mm to 4.5 mm reduced the
axial stress to 30.13 MPa, extending the combined operational
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Fig. 2. Schematic of the dimensions and meshing of each model component (all dimensions are in millimeters)

lifespan to 26,000 hours (a 40% improvement).

Second, a more effective load-redistribution strategy was
applied by increasing the lengths of the outer and middle
sections by 2 m and 1 m, respectively. This modification
significantly smoothed the stress distribution across the
tube’s depth, successfully dropping the maximum axial stress
to 26.86 MPa. This design optimization drastically increased
the pure creep life to 100,000 hours and elevated the combined
fatigue-creep lifespan to 35,700 hours, yielding a remarkable
90% improvement over the original design.

4- Conclusions

In this study, a comprehensive framework combining
Eurocode-based analytical calculations and the Coupled
Eulerian-Lagrangian (CEL) numerical simulations was
developed to evaluate the mechanical behavior of a
central thermocouple protection tube in a direct reduction
furnace. The developed CEL model accurately predicted
granular flow dynamics, pressure distributions, and axial
stresses, demonstrating a deviation of less than 5% from
conventional analytical models. Comprehensive failure
analysis revealed that at an operating temperature of 800 °C,
creep is the dominant degradation mechanism, limiting the
tube’s combined fatigue-creep service life to approximately
18,500 hours. By implementing geometrical modifications,
specifically increasing the inner shell thickness or extending
the upper sections to redistribute loads, the maximum
axial stress was significantly reduced. These structural
optimizations enhanced the tube’s effective lifespan by 40%

and 90%, respectively.

Ultimately, this coupled analytical-numerical approach
provides a robust and reliable methodology for the optimal
design of furnace internals, promising enhanced operational
reliability, minimized production downtime, and reduced
maintenance costs in the steel industry.
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Fig. 1. (a) Position of the central thermocouple protection tube inside the furnace (b) Geometry of the thermo-
couple protection tube (all dimensions are in millimeters).
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Fig. 2. (a) Pressure variation along the depth of the silo for liquids and granular materials (b) Flow regimes
for the granular materials in the silo [9].
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Fig. 3. Forces acting on an arbitrary element of granular materials inside the vertical section of the silo at a
depth of z [9].
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Fig. 4. (a) Notation of the geometrical parameters of the silo according to the Eurocode design standard (b) Nota-
tion of the stresses acting on the vertical section of the silo [10].
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Table 1. Values of the parameters used for the studied furnace [10].
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Fig. 5. Difference between Lagrangian and Eulerian approaches [14].
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Fig. 6. Schematic of the dimensions and meshing of each model component (all dimensions are in millimeters).

Jwe sl 51 S 2 guiudSud Olaswin .Y Jods

Table 2. Meshing specifications of each model component.
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Table 3. Mechanical properties of the Eulerian component (iron ore pellet) [15].
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Fig. 7. Schematic of the assembled model.
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10. Symmetry Boundary Conditions
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Fig. 8. Schematic of the dimensions and meshing of the thermocouple protection tube (all dimensions are in
millimeters).
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Table 4. Meshing specifications of the thermocouple protection tube.
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Table 5. Mechanical and creep properties of Incoloy 800 alloy at 800 °C [16-18].
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Fig. 9. Comparison of the pressure acting on the silo wall from the current study with the results given in
reference [7].
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Fig. 10. Pressure distribution inside the furnace at two time steps: the beginning of the analysis and the
steady-state time of the system, and a magnified view of the funnel-shaped region at the bottom of the furnace.
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Fig. 11. Lateral pressure variation along the central axis of the furnace versus depth during the discharge
process, and comparison of the results with analytical prediction.
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Table 6. Comparison of axial stress at different sections of the thermocouple protection tube.
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Fig. 12. Strength variation of the protection tube material versus operating temperature [16].
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Fig. 13. Lateral pressure variation acting on the lower
protection tube due to the pellet flow fluctuation along
the central axis of the silo.
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Table 7. Creep strength of the protection tube material [16].
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S, Mises

(Avg: 75%)
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+5.020e+06
+2.543e+06
+6.536e+04

Max: +2.97%e+07
Elem: TERMOCOUPLE-1.208
Node: 238

Max: +2.979e+007
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1. Von-Mises
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14. Determination of the critical point of the thermocouple protection tube based on the von Mises stress.
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Fig. 15. Strain variation versus time at the critical point.
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Table 8. Effect of increasing the inner shell thickness on the creep life and combined life of the thermocouple pro-
tection tube.
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Fig. 16. Axial stress variation acting on the cross-section of the protection tube along the depth (comparison
of the existing design and the modified design).
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Table 9. Comparison of the maximum axial stress and service life of the thermocouple protection tube for the
existing design and the modified design.
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