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Abstract. Heat treatment cycles allow stress relieving of machine components of hydroelectric and thermoelectric
plants. Differences between the heating/cooling rate of surface and core of these components during the three heat
treatment stages (heating, holding and cooling) lead to thermal deformation and stresses that need to be controlled
to avoid failure. Finite element analysis is used in this work to determine the optimal heating/cooling rate to
guarantee that the components subjected to heat treatment in a radiant tubes furnace do not suffer damage at any
stage of the process. The results of this work are focused on a Francis turbine runner, which is a critical component
in this industry due to its size, geometrical complexity and maintenance costs. Transient thermo-structural analysis
is implemented in commercial software with non-linear properties. In addition, the proposed numerical approach
allows evaluating the maximum power requirement of the furnace to follow the heat treatment curve. The results
indicate that the lower the heating/cooling rate, the greater the thermal uniformity obtained within the turbine
runner; therefore, there is less risk of mechanical damage. However, the final decision on the heat treatment rate
depends on the duration constraints of the process.
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1 Introduction

Hydroelectric and thermoelectric machine components are subjected to heat treatment during maintenance
and repair activities, following three stages: heating, holding and cooling. The time it takes for the components to
reach the holding (ambient) temperature from ambient (holding) temperature determines the heating (cooling) rate
of the process. Transient thermal gradients create differences between the heating and cooling rates of the surface
and the core of the components, generating thermal deformations and stresses.[1]

Li et al. [3] and Hao et al. [4] conducted a comparison between numerical and experimental analysis of the
heat treatment of components subjected to 950°C in a vacuum furnace with automatic temperature control. Their
works were focused on reaching a homogenous temperature by optimizing the heat treatment parameters. They
concluded that thermal uniformity is reached for parts with thickness lower than 50mm if the maximum difference
between the temperature of the center and the external surface is kept below 50°C. This allows eliminating internal
distortions and damage of the components during the heat treatment. These results were supported for heating rates
of 6 and 12 °C/min. Wan, Dong, Li y Liu [5] designed a non-linear transient simulation for the heat treatment of
a 22cm thick plate up to 1280°C, assessing the effect of the temperature and the heating rate on thermal stresses.
Due to the high temperature of the plate, radiation was the main heat transfer mechanism and convection was
considered by using a combined heat transfer coefficient. These authors and Ramanenka et al. [6] were able to
reduce thermal stresses and temperature gradients by decreasing the heating rate and the preheating temperature,
which led to optimization of the net heat treatment duration.

The focus of this work is obtaining the temperature field of the components inside a heat treatment furnace.
Thermal finite element analysis is implemented in commercial software to describe this non-linear and transient
phenomenon. Several thermal scenarios are assessed by modifying the boundary conditions of the model to
evaluate the response of the treated components to different heating/cooling rates and convection coefficients.
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Francis turbine runners have geometries with high aspect ratio between external diameter and minimum wall
thickness. For this reason, simplified models are necessary to reduce the computational cost while maintaining the
quality of the finite element mesh. The numerical analysis is implemented following two approaches: first, the
Francis turbine runner is subjected to boundary conditions directly applied on its external surfaces; second, both
runner and furnace are included in the same model and heat transfer by convection and radiation is considered.
Thus, the final results allow evaluating temperature gradients within the runner and the power input requirements
to follow the heat treatment curve.

2 Methodology

2.1 Preprocessing

A CAD model of the Francis turbine runner considered in this work is shown in Figure 1 a). This 20-blade
runner is made of COR 13-4 stainless steel, has an external diameter of 3.2m, height of 1.1m and weighs 16 metric
tons. Cyclic symmetry is implemented for one blade of the runner to minimize computational cost. Mesh
convergence was reached for the discretization of 223000 second order tetrahedral finite elements. Temporal
convergence of the transient solution was guaranteed for a time step of 15 seconds.
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a) Francis turbine runner CAD b) Furnace dimensions and materials

Figure 1. Preproccessing data: Geometry, materials and symmetry

The heat treatment process of the runner is conducted in a box furnace (width 6.3m, length 6m and height
2.24m) with a sliding structure in the bottom to support the weight of the runner. The heating source corresponds
to 20 radiant tubes of 202mm diameter. The walls of the furnace are multilayer, with ceramic fiber in the inner
surface for insulation and steel in the external surface to provide structural support. The thickness of each layer
and other relevant dimensions are shown in Figure 1 b). Only a quarter of the furnace is modelled to reduce
computational cost and symmetry is considered in two planes through the center of the furnace. Mesh convergence
is guaranteed for 118000 second order tetrahedral finite elements.

2.2 Boundary conditions

The model created only for the periodic runner sector consists of a component being heated in the external
surface without considering the specific details of the power source. A temperature boundary condition changing
with time is imposed to follow the heat treatment curve. In addition, convection is applied in some surfaces of the
runner to simulate heat transfer from a fluid inside the furnace to contribute to temperature homogenization on the
faces of the runner that do not receive direct radiation from the heating tubes. The aforementioned boundary
conditions are represented in Figure 2. The transient phenomenon of this model is captured by changing the
heating/cooling rate of the runner. Three values are considered for this parameter according to empirical
knowledge of the process (see Table 1). The different configurations of the convection coefficient correspond to
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the values expected for furnaces with forced internal flow [9].

Figure 2. Boundary conditions on cyclic sector of the runner

The boundary conditions of the model including the furnace and the runner simultaneously are shown in
Figure 3. Ambient convection and radiation are imposed for the external faces of the furnace. The inner walls of
the furnace are subjected to heat exchange by convection with a fluid (not explicitly modelled) at 750°C. Surface
to surface radiation (with perfect enclosure) is assumed among the radiant tubes of the furnace, its walls and the
external faces of the runner. In this case, the heat source of the model is associated to a constant temperature of
1250°C on the radiant tubes. The parameters of the boundary conditions are shown in the Table 1

Convection

Tout = 33°C

a) Furnace boundary conditions b) Runner boundary conditions

Figure 3. Boundary conditions for the furnace and runner analysis

Table 1. Boundary conditions parameterers for each model

Case 1: Cyclic sector of the runner Case 2: Furnace and runner
Variable Value Variable Value

Heating/Cooling 80 Inside convection fator (W/m2 K) 3
rate 60 Outside convection fator (W/m2 K) 25
(°C/h) 40 Runner emisivity 0.82
Convection 150 Ceramic fiber emisivity 0.7
coefficient 175 Steel emisivity 0.82
(W/m? K) 200 Outside temperture (°C) 33
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3 Results

In the case of the model only with the runner, a lineal heating is considered, starting form ambient temperature
and for the different combinations of the boundary conditions presented in Figure 2. The configuration with the
highest heating rate (100°C/h) and the lowest convection coefficient (150W/m?K) generates the highest
temperature gradients within the runner. For this reason, this result is used as a reference to identify the regions
where the measurement of temperature differences is critical to avoid any kind of damage on the runner. Figure 4
a), Figure 5 a) and Figure 6 a) show the maximum temperature difference over the selected critical path during the
heating, for each heating rate and showing the dependence on the convection coefficient.

A similar analysis is implemented for the cooling stage. The initial temperature of the runner is assumed
620°C and is linearly cooled according to each cooling rate and configuration of convection coefficient. These
results are shown in Figure 4 b), Figure 5 b) and Figure 6 b).
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Figure 4. Temperature difference in the critical region for a heating/cooling rate of 80°C/h
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Figure 5. Temperature difference in the critical region for a heating/cooling rate of 60°C/h
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Figure 6. Temperature difference in the critical region for a heating/cooling rate of 40°C/h

An empirical thermal criterion to avoid distortion and damage of components during heat treatment consists in
keeping the maximum temperature gradient between surface and core below 50°C [3]. Thus, the previous results
allow selecting the best scenario to satisfy this requirement while minimizing the duration of the entire heat
treatment process. Figure 5 a) and Figure 5 b) show that damage can be avoided for the 60°C/h heating/cooling
rate and the lowest convection coefficient (150W/m?K), in which case the maximum temperature gradient is 44°C.
Also, it is clear that the effect of convection on temperature homogenization of the runner is not significant, since
the maximum temperature gradient can be decreased to 41°C if the convection coefficient corresponds to
200W/m2K. Figure 4 a) and Figure 4 b) show that if higher heating/cooling rates are considered (for instance
80°C/h), values above 200W/m?K need to be selected for the convection coefficient to keep the temperature
gradient less than 50°C, which would require heat transfer by convection outside the common limits stated for box
furnaces with radiant tubes.

The temperature field for the case of furnace and runner is shown in Figure 7 a) and the dependence of the
input power with time is shown in Figure 7 b) for a quarter of the furnace. In this case, the boundary conditions
selected for the model are such that the maximum heating power (4.8 MW) is required during the first seconds of
the cycle due to the higher temperature gradients among the radiant tubes, the runner and the furnace walls.

4  Conclusions

The methodology implemented in this work allowed obtaining a numerical model to identify different thermal
scenarios in which a Francis turbine runner can be heat treated with a control on the maximum temperature gradient
to avoid damage induced by thermal stresses. Equivalent results were obtained for the heating and cooling stages
of the heat treatment cycle. Thus, Figure 4, Figure 5 and Figure 6 showed that the effect of the convection
coefficient on temperature homogenization is not significant (the maximum temperature difference is 5°C, which
is a low value compared with the technological and power requirements to generate this level of forced convection.

On the other hand, the best thermal configuration from the perspective of temperature homogenization
corresponds to the lowest heating/cooling rate and the highest convection coefficient. In this particular case study,
the maximum temperature gradient can be kept significantly lower than 50°C for a heating/cooling rate of 40°C/h.
However, the proposed heating/cooling rate for the analyzed runner is 60°C/h because it allows reducing the entire
duration of the heat treatment process while satisfying the allowable limits of the temperature gradient. Finally,
the model including the furnace and the runner simultaneously can be used as a first measurement of the maximum
power that needs to be provided by each radiant tube and the total energy consumption of the heat treatment cycle.
According to Figure 7, the most valuable results are those given on the first seconds of the heat treatment process
because the maximum heat demand is required when the temperature gradients are higher. Nevertheless, energy
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consumption also depends on the heating rate, in such a way that the required power input is decreased for lower
heating rates with the drawback of an increase on the total heat treatment duration.
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Figure 7. Results for the case including both furnace and runner
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