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The large-scale integration of renewable energy requires increased flexibility
from nuclear power units in modern power systems. Steam turbines in nuclear
units have low natural cooling efficiency and slow cooling rates due to their
large size and intricate structure. This study investigates the application of air
fast-cooling technology to enhance the shutdown speed and flexibility of a
1000 MW nuclear steam turbine, marking its first application to Hua-long
Pressurized Reactor (HPR1000). The finite element method was utilized to
simulate the evolution of temperature and stress fields during the air fast-
cooling process. The results demonstrate that the proposed air fast-cooling
scheme effectively reduces rotor temperatures. Specifically, a 40 hrs cooling
period decreases temperatures across rotor surfaces to below 100°C, thereby
confirming its high cooling efficiency. Moreover, the maximum thermal stress
during air fast-cooling is 85.2 MPa, significantly below the material’s fatigue
stress limit, validating the safety of the scheme. This technology has been
implemented in the fast cooling of the HPR1000, with measured cooling times
showing high consistency with simulation results, confirming its safety and
reliability.
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1. Introduction

Nuclear power units, characterized by substantial capacity, zero emissions, and minimal
susceptibility to natural factors, constitute a crucial component of various carbon neutrality solutions [1-
4]. To enhance the efficiency of nuclear power units and reduce nuclear power costs, nuclear steam
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turbines [5] are being developed to achieve higher power output[6, 7]. Nevertheless, the integration of
large-scale intermittent power sources into the grid [8-10] and the residential heating demand pressures
arising from the decreased reliance on coal-fired power [11] will inevitably impose additional demands
on nuclear power units[12]. Therefore, the development of large-capacity nuclear power units with fast
start-stop capabilities is a critical requirement for advancing nuclear steam turbines[13].

Modern nuclear steam turbines, often designed as half-speed machines with relatively low inlet
steam parameters and steam density, exhibit significantly larger volumetric flow rates for equivalent
power outputs compared to conventional coal-fired units[14-16]. This requires more voluminous
cylinder structure and results in substantially increased thermal inertia after shutdown, prolonging
natural cooling times. Especially, the widespread use of heat insulators on high-pressure (HP) cylinder
further exacerbates this issue. Taking the HPR1000 unit as an example, the surface temperature of HP
rotor frequently exceeds 200°C after a normal shutdown. It requires approximately 8 to 9 days for the
HP rotor wall temperature decrease to 100°C, thereby allowing for the commencement of maintenance
activities[17]. This process not only consumes valuable maintenance time but also delays the unit
regeneration time, thereby reducing its availability and response capability to power demand. Under
emergency shutdown, the cooling period may extend to 9-10 days due to the rotor and inner wall
temperatures of the HP cylinder are significantly elevated. Operational experience and relevant
standards from nuclear power industry stipulate that units undergo scheduled shutdown maintenance
every eighteen months. During this process, the conflict between the cooling rate of the rotor metal
temperature and the maintenance schedule becomes particularly acute[18]. The excessively long natural
cooling times of large capacity steam turbine units not only limit unit availability but also impair their
market competitiveness[19]. Therefore, the exploration and application of fast cooling technologies to
shorten unit cooling time are essential for enhancing the economic performance and operational
adaptability of nuclear power units[20].

Current fast cooling methods for nuclear steam turbines include steam cooling, vacuum cooling
[21], and compressed air cooling[22-24], etc. Steam cooling utilizes deeply throttled low-temperature
and low-pressure steam or cross-unit and auxiliary steam sources, to cool nuclear power units. This
method imposes significant operational complexity, requiring strict adherence to prescribed down
gradient for steam temperature and pressure. Vacuum cooling method involves drawing ambient cold
air into the turbine via vacuum pumps. Its advantage lies in leveraging existing equipment for easier
implementation. However, vacuum cooling suffers from slow cooling rates at lower temperatures and
issues related to boiling in shaft seals.

Compressed air cooling method employs air drawn from a compressed air header. The air is
purified, potentially heated, and then introduced into the steam turbine for fast-cooling. This method
allows adjustable control over the cooling rate, offering strong controllability. Furthermore, due to air's
low specific heat and relatively lower heat transfer coefficient compared to steam, the absence of phase-
change eliminates associated risks. Consequently, compressed air cooling offers high safety, controlled
cool-down characteristics, and strong feasibility.

To verify the efficacy and safety of the air fast-cooling scheme for nuclear steam turbines, this
study establishes a thermo-mechanical coupling model[25] based on the complete geometry of the steam
turbine cylinder and rotor. A specialized finite element model and computational methodology suitable
for simulating the air fast-cooling process in nuclear steam turbines are developed[26]. The transient
temperature and stress field of the steam turbine cylinder and rotor during the air fast-cooling process



are obtained. The effectiveness of the air fast-cooling scheme for steam turbines is being verified based
on the transient temperature and stress field, and the safety analysis and condition assessment of the
steam turbine rotor have been carried out. Results show that air fast-cooling can significantly shorten
shutdown times without compromising unit lifespan, thereby reducing maintenance time and enhancing
the economic efficiency and operational flexibility of the unit.

2. Numerical Method

2.1. Geometric Modeling

To accurately analyze temperature and stress fields in the steam turbine rotor under various
operating conditions while minimizing boundary-induced artifacts, the geometric modeling of the steam
turbine rotor[27] necessitates rational simplification. The following justified assumptions are adopted
to ensure simulation fidelity:

(1) The rotor and cylinder of the steam turbine are approximately axisymmetric models. A two-
dimensional (2D) cross-section domain is adopted for simulation.

(2) Adiabatic boundary conditions are applied to: the rotor's central axis of symmetry, both axial
end-faces.

Consequently, ignoring some small grooves and corners on the rotor surface, the 2D geometric
model of the HP rotor and cylinder of the steam turbine is shown in Fig. 1. Supporting bearings are fixed
at both the left and right ends of the model, and a thrust bearing is also installed at the right end to
prevent axial displacement of the rotor.
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Fig. 1 Axisymmetric 2D geometric modeling of rotor and cylinder.
2.2. Meshing of Rotor and Cylinder

After accurately setting the cylinder-rotor model and the corresponding ANSYS coordinate
system, the mesh of the cylinder-rotor model is automatically generated in the ANSYS Meshing
platform. The unstructured meshing method is adopted[28]. On the basis of unstructured meshing, local
mesh refinement is performed on the key parts of the HP rotor. The maximum mesh size is set to 20
mm. Finally, the number of mesh nodes is determined to be 32450, and the resulting meshing is shown
in Fig. 2.

A mesh independence study was conducted using the steady-state value of the maximum
centrifugal stress as the reference. As shown in Table 1, the maximum stress value stabilized when the
number of mesh nodes exceeded 32,450, with a relative variation of only 0.42%. Considering that an
excessive number of mesh elements significantly increases computational cost, a mesh size of 32,450
nodes was selected for subsequent calculations to balance computational efficiency and accuracy.



Table 1
Mesh independence verification results.

Number of meshs Maximum stress value/Mpa Errors/%
1 22848 86.30 0.61
32450 85.78 -
3 48988 85.42 0.42

Fig. 2 Refined cylinder-rotor mesh.

2.3. Governing Equations

In finite element analysis, a heat transfer process is considered steady-state if the temperature
field remains constant over time. Finite element analysis can determine parameters such as the steady-
state temperature field, thermal gradients, and heat flux density. In contrast, transient thermal analysis
calculates the time-dependent temperature distribution of a model. In coupled analysis, the transient
temperature field is computed first, and the results are subsequently applied as thermal load boundary
conditions for the stress analysis. A significant difference between the two methods lies in the heat
storage effects, while negligible in steady-state analysis, these effects must be taken into account in
transient analysis. Furthermore, material properties including density, thermal conductivity, and specific
heat capacity must be incorporated into the calculation model.

The governing equation for thermal equilibrium in transient thermal analysis can be expressed as

follows:
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Where qy is the volumetric heat generation rate, and ky, Ky, and k. are the thermal conductivities,
p is the mass density, ¢, is the specific heat capacity, respectively.

The correct selection of boundary conditions is essential to ensure calculation accuracy. In finite
element thermal analysis, boundary conditions are generally classified into three types: temperature
boundary conditions, heat flux boundary conditions, and convection heat transfer boundary conditions.
The corresponding expressions are expressed as follows:
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Where T(x, Y, z, t) is the temperature boundary function, and q(x, y, z, t) is the heat flux boundary
function, n is the surface normal direction, h is the convective heat transfer coefficient of the boundary
wall, T and Ty are the wall temperature and the near-wall fluid temperature, respectively.

In this study, the nodal displacement method is adopted to calculate the stress and strain fields. In
this approach, nodal displacements are treated as the fundamental unknowns of the element. Based on
the principle of minimum potential energy, the finite element formulation is established. The element
nodal displacement matrix is expressed as follows:
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The nodal displacement matrix is expressed as follows:
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Where [N] is the finite element displacement shape function. By substituting [N] into the
geometric equations of the computational model, the displacement distribution of the element nodes can
be determined, yielding the strain matrix:

ou u ow ou ow
= £ =— - — —+— 5
tel=te o & 7l {ar r oz oz 8r} ©)

Where yr, is the shear strain column vector matrix. Based on Hooke's Law, the finite element
formulation for the stress-strain relationship is obtained as follows:

{R} =[K1{5} (6)

Where {R}=>{R}" is the nodal load column vector matrix, {K}=>{K}" is the global
stiffness matrix, and {5} => {5}"

The Von Mises Yield Criterion was adopted to calculate the Von Mises stress and the formula for
determining this equivalent stress is expressed as follows:

is the nodal displacement column vector matrix.
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Where oeq IS the equivalent stress. or, gs, and o, are the radial, tangential, and axial stresses,
respectively. 7, 4., and 7, are the shear stress components.

2.4. Boundary Conditions of Rotor and Cylinder

For nuclear steam turbines, during the fast-cooling process, the HP rotor bears mainly centrifugal
and thermal load. Therefore, the boundary conditions are divided into mechanical boundary conditions
and thermal boundary conditions. Regarding the mechanical boundary conditions, the centrifugal force
can be directly characterized by the rotational speed. For the supporting and thrust bearing at both ends
of the rotor, displacement constraints in different directions need to be applied. Since the rotor is an
axisymmetric model and its 2D model is used for simulation calculation, a radial constraint needs to be
applied on the rotor centerline.

The rotor surface includes the smooth shaft, both sides of the wheel disc, the wheel rim, etc. The
left and right end faces and the center of the rotor are set as heat insulation. The bearing positions at
both ends are treated with the Dirichlet boundary condition (set to 55°C) because the oil return
temperature is constant. The heat transfer on the cylinder and rotor surfaces belongs to the Robin
boundary condition with known heat transfer coefficient and air temperature. The detailed boundary
conditions are shown in Fig. 3.
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Fig. 3 Rotor and cylinder boundary conditions.

In the case of forced air cooling, the cooling air enters the cylinder, cools through the flow gap
between the rotor and the inner cylinder, and then is discharged through the exhaust port. The heat
transfer process between the metal surface of the rotor and the air is quite complex. This study adopts
the empirical formula commonly used in the power industry for calculation. First, it is necessary to
determine the dimensionless flow measurement value Gy of the cooling air:

G (8)
o p-n-D°
Where G and p are the mass flow and density of air, D and n are the maximum diameter and
rotational speed of the wheel disc, respectively.
In our work, the measured flow is initially set to 2 kg/s. Through calculation, it is found that Go >
0.0004, so the influence of limited space can be ignored. The criterion formula for cooling when the

cooling air flows over the rotor side in a large space can be used:
hr
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Fig. 4 Simplified structure of the wheel groove of the HP cylinder rotor.

In the study of straight fin problems, it is assumed that the convection coefficient is constant along
the blade height and does not change with height. Moreover, the local heat dissipation problem in the
blade tip area is not considered separately but is incorporated into the heat transfer coefficient of the
blade body. The total heat transfer area of the finned surface (A) = total surface area of the fins (A7) +
surface area outside the fin surface (Ap). The heat transferred through Ay:

Q =h-(6-1)A, (13)
the heat transferred through As:
Qf :¢'h'(90_t)'Af (14)

Where h is the convection coefficient, 6y is the temperature at the root of the fin, t is the temperature
of the surrounding fluid, and ¢ is the fin efficiency.

Q=Q, +Q; =h-(6,-t)-[A-A -L-p)]=h-p-(6,-1)-A (15)
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P
Where h, is the equivalent heat transfer coefficient of pp1, Ay is the annular area of pp1(A, =2m-ry:l),
Ab is the surface area outside the fin surface (A, = Ay - Ap:I:n), As is the total surface area of the fins (Af
= L-h), rp is the impeller radius of pp1, | is the axial chord length, Apl is the cross-sectional area of the
blade (approximately Ap/2), n is the number of blades, L is the perimeter of the blade cross section, h is
the blade height, respectively.

3. Air Fast-Cooling Scheme

The air fast-cooling scheme adopts compressed air entering the HP cylinder in a downstream
manner for forced cooling. First, the cooling air enters the main steam pipe through the fast-cooling
interface on the control valve, then enters the interior of the HP cylinder from the upper and lower inlets
in the middle of the HP cylinder through the main steam pipe, and is discharged from the steam exhaust
port after completing the cooling process. It is necessary to ensure that the rotor stress is less than 300
MPa during the entire fast-cooling process. The minimum temperature of the compressed air is
approximately 30 °C, but considering the heating capacity of the fast-cooling device, the maximum
temperature is set to 150 °C. Meanwhile, considering the heating from the compressor, the minimum
temperature is set to 40 °C or 45 °C. Approximately taking the average of the maximum and minimum
temperatures, the intermediate temperature is set to 100 °C. In order to compare the influence of
compressed air temperature on fast-cooling efficiency, three different schemes are adopted, in which
compressed air with different temperatures is introduced in different time stages. When the unit is
operating under full-power steady-state conditions, if an emergency occurs requiring an emergency
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shutdown, air fast-cooling is immediately activated. To simulate this working condition, the following
three schemes are designed.

Fast-Cooling Scheme 1: First, cooling air at 150 °C is introduced for 1 hr, then cooling air at 100 °C
for 1 hr, and finally cooling air at 40 °C for 38 hrs, with a total time of 40 hrs.

Fast-Cooling Scheme 2: First, cooling air at 150 °C is introduced for 1 hr, then cooling air at 100 °C
for 2 hrs, and finally cooling air at 40 °C for 37 hrs, with a total time of 40 hrs.

Fast-Cooling Scheme 3: First, cooling air at 150 °C is introduced for 1 hr, then cooling air at 45 °C
for 39 hrs, with a total time of 40 hrs.

The effectiveness of the air fast-cooling scheme lies in optimizing the way of introducing cooling
air and evaluating the cooling effect across varying temperatures and durations of cooling air, with the
aim of determining the optimal scheme. Fig.5 shows the changes of initial air temperature, air flow rate
and rotational speed with time for the three schemes during the fast-cooling process.
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Fig. 5 Parameter variation curves under different fast-cooling schemes.
4. Results and Discussion

4.1. Temperature Field of Rotor and Cylinder

Prior to shutdown, the turbine rotor operates under sustained high-speed rotational conditions with
nominal steam flow traversing its surface. The different steam parameters and flow states at different
positions lead to different heat transfer conditions. Fig. 6 shows the initial steady-state temperature field
of the rotor at shutdown. It can be found that the axial temperature difference of the rotor is large, while
the radial temperature difference is small. The peak temperature of 274.98°C occurs at the first-stage
HP rotor.
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Fig. 6 Initial steady-state temperature field of nuclear power turbine high-pressure cylinder.



For the numerical simulation of the transient temperature fields of the rotor and cylinder during the
air fast-cooling process, based on the boundary conditions and the calculated operating data, the heat
transfer coefficients and temperatures of different parts are calculated. Meanwhile, the steady-state
temperature field of the rotor is applied as the initial condition for transient analysis. Thus, the temporal
variation in temperature at each rotor position during the shutdown process can be obtained. Fig. 7 shows
the transient temperature fields at 60, 1264, 2324 mins, and at the end of the 40-hr calculation during
the air fast-cooling process, respectively. It can be seen that the temperature of the rotor increases from
the surface toward the center. The cooling rate at the center of the rotor is significantly lower than that
at the rotor surface.
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Fig. 7 Temperature field variation during steam cooling of nuclear power turbine.

Calculations performed in line with the three schemes generate the curves depicting the decline of
the rotor's maximum temperature under varying compressed air temperatures, as shown in Fig. 8 (a). It
can be seen that the maximum temperature of the HP cylinder rotor requires 1264, 1284, and 1277 mins
to drop below 150°C, and 2324, 2354, and 2400 mins to fall below 100°C, respectively. Experimental
tests revealed that the temperature dropped to 100°C after 2436 mins.

The temperature drop rates of the three schemes are showed in Fig. 8 (b). It can be seen that
reducing the temperature of the incoming compressed air results in a sudden surge in the temperature
drop rate followed by a gradual decay. Outside of this phase, the temperature drops rate remains below
10°C/h. Among these, Scheme 1 and Scheme 2 employ a three-stage cooling method, and the average



temperature drop rate of the rotor is lower than that of Scheme 3, which adopts a two-stage cooling
method.
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Fig. 8 (a)Temperature variation of rotor surface and center in the inlet area during air cooling.
(b) Comparison of temperature drop rates under three fast-cooling schemes.

4.2. Rotor Stress Field

In Scheme 1, the stress field of the HP cylinder after 40 hrs is shown in Fig. 9. Thick-walled
components are more prone to generating thermal stress during the fast-cooling process. By comparing
the geometric characteristics of the rotor and analyzing the finite element calculation results, it is
determined that the points with relatively high stress on the rotor are mainly concentrated at the wheel
groove positions of the blade roots. To conduct a more in-depth and precise analysis of thermal stress
evolution in the rotor, several key points are selected for comparative assessment, with the positions are
shown in Fig. 10. These four points are located at the circular groove of the rotor shaft shoulder with
maximum stress concentration, the rotor steam inlet area, the disk groove at the 6 stage of the turbine

end and the disk groove at the 9" stage of the generator end.
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Fig. 9 Stress field after 40 hrs of fast Cooling Scheme 1.
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Fig. 10 Selected points for stress field analysis.
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The stress variation values of the four selected points in the above figure are output and generate
trend curves. The stress variation trends of the four points are shown in Fig. 11 (a). Based on the analysis
of the stress peaks and variation trends of each point, it can be concluded that the maximum stress of
the rotor during the fast-cooling process is approximately 85.2 MPa, and the maximum stress at the
other three positions is approximately 80.1 MPa.

The comparison of maximum stress variations among the three schemes is shown in Fig. 11 (b). It
can be concluded that since the initial stage is the same for all schemes, with 150°C cooling compressed
air introduced, the calculated stress variations are identical. As the fast-cooling proceeds, the rotor
temperature decreases, and the maximum stress of the rotor first increases and then decreases, with
similar stress variation trends observed across the three schemes. The maximum stress of the rotor occurs
at the shaft shoulder circular groove, followed by the steam inlet area. Due to the forced convection
effect of the cooling air at the initial fast-cooling process, the thermal stress increases significantly and
quickly reaches the maximum value. With the continuous forced cooling, the rotor temperature achieves
stationary equilibrium, causing the resulting thermal stress to gradually decrease and dissipate.
Expectedly, the thermal stress remains within the safe range, far below the allowable value of 300 MPa
that would affect the rotor's service life. Among the schemes, Scheme 1 and Scheme 2 adopt three-stage
cooling, and the second stress peak of the rotor is smaller than that of Scheme 3, which uses two-stage
cooling. This indicates that multi-stage cooling is beneficial for controlling the rotor's temperature drop
rate and maximum stress.
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Fig. 11 (a) Stress variation trend of fast-Cooling Scheme 1. (b) Comparison of maximum stress
variations among the three schemes.

Fig. 12 shows the axial deformation of the cylinder and rotor in Scheme 1, which is the fastest
cooling scheme among the three fast-cooling schemes. It can be seen from the maximum deformation
of the rotor and cylinder that during the air-cooling process, the axial deformation of both the rotor and
the cylinder decreases, with the rotor's deformation decreasing faster and more significantly. The
differential deformation analysis reveals the expansion difference between the rotor and the cylinder
decreases from 2.9 mm to 1.1 mm. Therefore, there is no risk of axial impact and friction.
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Fig. 12 Axial deformation of the cylinder and rotor in fast-Cooling Scheme 1.
5. Conclusions

In this study, the transient temperature field and stress field of the 2D axisymmetric model of the
rotor and cylinder within 40 hrs of air-cooling are obtained through finite element analysis. The cooling
effect and safety of the air-cooling scheme are evaluated, with detailed analysis conducted accordingly.
The main conclusions are as follows:

(1) During the air fast-cooling process, the convective heat transfer coefficient on the rotor surface
is small, ranging between 4~9 W/(m?-°C), which is close to natural convective heat transfer. Therefore,
the compressed air fast-cooling scheme possess inherent safety, and its cooling rate is relatively slower
than that of the steam fast-cooling scheme.

(2) All three schemes can reduce the maximum temperature of the rotor surface to 100°C within
40 hrs, indicating the effectiveness of compressed air cooling in achieving fast-cooling of the rotor and
cylinder. Among them, Scheme 1 has the fastest cooling rate, which can reduce the maximum
temperature of the rotor surface to 100°C in about 38.7 hrs.

(3) The maximum temperature drop rate on the rotor surface is approximately 22°C/h, which occurs
at the initial cooling phase. For most of the time, the temperature drop rate on the rotor surface does not
exceed 10°C/h.

(4) During the compressed air-cooling stage, the maximum stress of the rotor is 85.2MPa, which is
much lower than the allowable value of 300 MPa that would affect the rotor life. The maximum stress
of the rotor occurs at the shaft shoulder circular groove, followed by the steam inlet area. Among the
three schemes, Scheme 2 has the smallest mean stress.

(5) Air fast-cooling significantly reduces cooling time for nuclear steam turbines, enhancing
operational flexibility while boosting economic viability through improved capacity factors. Therefore,
this demonstrates strong potential for broader deployment within nuclear power systems.
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