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The current baseline concept for a European DEMO defines a pulsed reactor producing power for periods of 2-4 

hours at a time, interrupted by dwell periods of approximately half an hour, potentially leading to cyclic fatigue of 

the heat transfer system and power generation equipment.  Thermal energy storage systems could mitigate pulsing 

issues; however, the requirements for such a system cannot be defined without first understanding the challenges 

for pulsed operation, while any system will simultaneously increase the cost and complexity of the balance of plant. 

This work therefore presents a dynamic model of the primary heat transfer system and associated steam plant 

for a water-cooled DEMO, without energy storage, capable of simulating pulsed plant operation. An operating 

regime is defined such that the primary coolant flows continuously throughout the dwell period while the secondary 

steam flow is reduced.  Simulation results show minimised thermal and pressure transients in the primary circuit, 

and small thermally induced stresses on the steam turbine rotor. If the turbine can be kept spinning to also minimise 

mechanical cycling, pulsed operation of a water-cooled DEMO without thermal energy storage may be feasible.   
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1. Introduction 

The proposed pulsed operation of DEMO creates 

fundamental challenges for the primary heat transfer 

system and balance of plant.  Although the thermal cycle 

and electrical power conversion systems may utilise 

precedented technology, their operation in a pulsed 

manner will not be straightforward, with the impact of 

frequent and significant cycling potentially detrimental 

to the lifetime of key components, such as heat 

exchangers, turbines and pumps [1].  Few attempts have 

been made to understand these impacts and the resulting 

feasibility of pulsed operation. Solutions involving an 

Energy Storage System (ESS) to mitigate any issues 

have been proposed [2]; however, previous studies have 

suggested that this would not be financially beneficial 

[3]. Without a firm understanding of the inherent cycling 

challenges, it is not possible to justify such a system. 

It is therefore necessary to simulate the time-variant 

behaviour of the heat transfer and balance of plant 

systems for DEMO, without an ESS, to gain insight into 

the major technical challenges of pulsed operation and 

possible mitigation strategies.  This paper details the 

development of a computer-based model to perform 

these simulations for the water-cooled DEMO concept. 

 

2. System Parameters 

The DEMO baseline design defines a reactor of 

around 2 GW thermal power output with a net electric 

output of ~500 MW delivered to the grid in pulses of ~2 

hours separated by dwell periods of ~0.5 hours.  The 

water-cooled concept utilises a primary coolant of 

pressurised water at 15 MPa, with a reactor inlet 

temperature of 290°C and an outlet temperature of 

320°C. These parameters are intentionally very similar 

to the primary cooling loop for a typical pressurised 

water reactor (PWR) fission plant, enabling DEMO to 

exploit well-developed technologies. 

The Primary Heat Transfer System (PHTS) serves to 

provide the flow of cooling water to the reactor, and to 

transfer heat to the power conversion cycle.  It consists 

principally of the pressuriser, which maintains and 

controls the pressure in the coolant loop, the main 

coolant pump, which provides the required coolant flow 

rate, and the steam generator, used to raise saturated 

steam in the secondary circuit by transferring heat from 

the primary coolant. On the secondary side, the steam 

passes through a turbine to drive a generator. 

 

3. Strategy for pulsed reactor operation 

The development of a dynamic plant model must first 

consider the desired behaviour of the plant across the 

pulse and dwell periods, and the reactor control systems.  

To define this specific behaviour, it is possible to learn 

from the operation of existing fission plant.   

If a PWR trips or is shut down suddenly, the main 

coolant pumps can continue to operate at full power [4].  

The primary coolant temperature is kept high by 

decreasing the flow of feedwater on the secondary side 

so that the heat taken from the primary circuit is much 

reduced [4].  This is assisted by an increase in the 

saturation steam temperature on the secondary side by 

raising the steam generator pressure. If performed 

correctly this process avoids any change in the average 

primary coolant temperature, and therefore the average 

density, coolant volume, and pressure. Further, the steam 

generator remains hot for long periods.  Steam continues 

to be produced in the steam generator and is often sent to 

the condenser directly, bypassing the steam turbine [4]. 



 

The above procedure for PWR plant is proposed as 

an operation strategy for DEMO: during the dwell period 

the primary coolant will continue to flow at its nominal 

rate and the power into the coolant from the pumps and 

small amount of decay heat will be removed by a 

reduced secondary flow and higher steam temperature in 

the steam generator.  The small amount of steam 

produced during the dwell will by-pass the turbine.   

 

4. Description of the DEMO dynamic model 

The dynamic model includes, from the PHTS, the 

steam generator, pressuriser, main coolant pump and 

(simplistically) the blanket.  On the secondary side, a 

source of feedwater and the steam turbine are modelled.  

Appropriate control systems are also included. 

The model has been created in the Modelica 

programming language, using the ThermoPower library 

of components [5].  Contained within ThermoPower are 

fundamental components for the modelling of fluid 

systems and heat transfer, such as pipes and volumes, as 

well as machine models, such as steam turbines and 

coolant pumps. Not all necessary components were 

available; therefore, custom components were also 

created, often by assembling and adapting lower level 

components. Details are given in the following sections. 

 

4.1 Steam Generator 

The vertical U-tube steam generator design is typical 

of today’s PWRs: a bundle of tubes in an inverted-U 

shape, through which the primary coolant flows, features 

in the lower half of the component. Feed water from the 

secondary side flows upwards over these tubes, receiving 

heat to become a two-phase mixture separated in the 

upper part of the unit (the dome). Saturated steam is 

extracted, with liquid falling back into the water volume. 

In the steam generator model created, the riser 

section consists of models using the discretized finite 

volume method for fluid flow in pipes, with heat transfer 

between the primary and secondary flows.  On the 

single-phase primary side, the Dittus-Boelter correlation 

[6] is used to find the heat transfer coefficient between 

the fluid and the wall, while on the two-phase secondary 

side the Chen correlation [6] is used.  Heat is conducted 

in one dimension radially through the pipe wall.   

The secondary side water/steam mixture flows into a 

separate component to represent the steam generator 

dome, which describes a two-phase volume of steam and 

water, not necessarily in equilibrium. The model is based 

on mass and energy balance equations for the two phases 

and describes evaporation and condensation as well as 

heat transfer between the dome wall and the two phases. 

 

4.2 Pressuriser 

The pressuriser is a volume containing both water 

and steam connected to the hot leg of the primary loop, 

with natural condensation and evaporation of the two 

phases maintaining the pressure under transient 

conditions. For significant transients, these processes are 

supplemented by two active systems: a spray of cold 

water to condense steam and reduce pressure, and a set 

of heaters to evaporate water and increase pressure. 

The pressuriser volume in the dynamic model utilizes 

the same basic equations for a two-phase volume as the 

steam generator dome.  Spray and heater systems are 

included, with control systems to activate these when the 

pressure of the primary circuit passes defined limits. 

 

4.3 Steam Turbine 

Induced cycling of the steam turbine is of particular 

concern for a pulsed DEMO and can be divided into two 

categories: mechanical cycling, caused by the stressing 

and relaxation of rotating parts when repeatedly started 

and stopped, and thermal cycling, caused by the cool-

down of the machinery internals. 

The steam turbine model uses the Stodola law to 

relate the flow rate of steam to the steam pressures at the 

inlet and outlet.  The model is created such that during 

the dwell the flow of steam is shut off entirely, with the 

dwell steam sent to an idealized sink component. 

To obtain a first-order approximation of cyclic 

stresses, the model details the temperature variation of 

the turbine rotor.  The rotor is represented by a hollow 

steel cylinder with radial heat conduction described by 

the heat equation in one dimension. The correlation used 

in [7] for the heat transfer coefficient between the rotor 

and steam was applied.  During the dwell period, with no 

steam against the rotor, a fixed heat transfer coefficient 

is assumed for heat transfer from the rotor to the turbine 

insulation. Heat transfer from the insulation to the 

environment is also modelled.  From the resulting time-

variant description of the radial temperature profile, the 

tangential and axial thermal stresses, σt and σz, at the 

internal and external surfaces can be estimated,  

mzt T
E
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where E is the modulus of elasticity,   is Poisson’s 

ratio,   is the linear coefficient of thermal expansion, 

and 
mT  is the difference between the temperature of 

the rotor surface in question and the bulk temperature. 

The tangential mechanical stress on the internal 

turbine rotor surface due to rotation is given by, [8] 
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where  is the material density,  is the angular velocity 

(3000 rpm) and 1R and 2R are the internal and external 

rotor diameters, taken to be 0.05 m and 0.5 m.  A similar 

expression gives the tangential stress at the external 

surface; the axial and radial stresses at the surfaces are 

zero [8]. The thermal and mechanical components give a 

total equivalent stress through a von Mises formulation. 



 

4.4 Blanket heat addition 

The blanket is not explicitly described in the dynamic 

model.  Instead, a component is defined that supplies a 

given amount of heat to the flow of water through it, 

with a constant pressure drop.  The blanket delivers 1835 

MW of heat to the primary coolant during a pulse.  The 

level of decay heat is not accurately known so, based on 

previous studies [9], the reactor power was assumed to 

fall to 2% of nominal power during the dwell.  The flat-

top of a pulse has a duration of 2 hours and the dwell 

period is 0.5 hours, with a linear ramping of the power 

between the two states lasting 300 seconds. 

 

5. Results of dynamic simulation 

The model was run to a simulation time of 10
4
 s at 

full reactor power in order to reach a steady state, at 

which point the pulse/dwell time profile was initiated. 

The temperature of the water boiling on the 

secondary side is increased by increasing the pressure 

inside the steam generator during the dwell.  This causes 

the cold leg temperature to increase; the hot temperature 

is only a few degrees higher due to the much reduced 

power input (Fig. 1). As a result, the average temperature 

of the coolant remains roughly constant throughout. 

With a constant average coolant temperature, and a 

subsequent constant average density, pressure transients 

in the primary circuit should be minimised.  During the 

transition from pulse to dwell, very little change in 

pressure is observed, although during the transition from 

dwell to pulse a sharp spike in pressure is seen (Fig. 2).  

This spike is counteracted by pressuriser operation, and 

is kept below a deviation of 3.5 bar from the nominal 

operational pressure.  While not critical, this event would 

be undesired on a regular basis, but further refinement of 

the control systems to manage the transition and better 

mitigate this phenomenon could be envisaged. 

The model allows inspection of the temperatures of 

the steam generator tubes at discretized points along 

their length, on both the internal and external sides.  The 

most extreme variations occur near the primary coolant 

inlet, where the primary fluid is hottest. The greatest 

change in temperature is around 15°C (Fig. 3).  Taking a 

linear coefficient of thermal expansion for Inconel 690 

tubes of 15 μm/m°C and assuming a half-tube length of 

10m and a worst-case scenario of a 15°C temperature 

change over this entire length, the expected change in 

tube length is 2.25mm, which is not considered to be 

significant for thermal stressing of the tubes. The 

internal temperature rises faster than the external 

temperature during the ramp-up, potentially leading to 

differential thermal expansion. The temperatures remain 

closely matched, however, and the tube thickness is 

small, so this is not considered likely to be problematic. 

The equivalent stress on the internal surface of the 

turbine rotor shows periodic fluctuations due to the 

varying thermal stress (Fig. 4). Here it is assumed that 

synchronous speed is maintained without steam flow by 

another means so that the mechanical stress is constant. 

 

Fig. 1.  Primary coolant inlet, primary coolant outlet, 

and secondary steam temperatures, over multiple pulses. 

 

 
Fig. 2.  Pressure of coolant in the primary circuit for 

a single pulse-dwell-pulse transition. 

 

 

Fig. 3.  Internal and external surface temperatures of 

steam generator tubes at the primary side inlet. 

 

 

Fig. 4. Stress on the turbine rotor internal surface. 



 

With a mean stress, mS , of 169 MPa and a conservative 

amplitude, aS , of 5 MPa, the Goodman failure criterion,  
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is evaluated. The endurance limit, eS , is taken to be 

conservatively 0.3 times the yield strength of 930 MPa, 

and the tensile strength, utS , to be 1037 MPa (for a 

typical 3.5 NiCrMoV rotor).  The LHS of equation 3 is 

then less than 0.2, suggesting reasonable margin to 

fatigue failure.  This is considered a lower limit since the 

model is highly simplified and significant stress 

concentration will be expected at blade roots and tips. 

Indeed, infinite life is not expected and the result is due 

to a low stress amplitude and high strength of the 

material. However, the results hold intuitive logic: if no 

cold steam is passed through the turbine, the large, well-

insulated mass would not be expected to cool down over 

the short dwell period, leaving only mechanical cycling 

as a potential issue.  This requires the turbine to be kept 

spinning at full speed at all times, which could be 

achieved by utilizing a separate motor, or even by idling 

the turbine, unloaded, using the flow of steam produced 

during the dwell. In this way, a large thermal ESS would 

not be necessary. Further detailed analysis of turbine 

cycling is needed to fully investigate this possibility. 

 

6. Conclusions 

A dynamic model of the PHTS and balance of plant 

for a water-cooled DEMO has been developed and used 

to examine the effects of pulsed operation.  To do so, an 

operating regime has been proposed that specifically 

defines the plant behavior through the dwell period, 

based on off-normal PWR operation.   

The driving area of interest is to establish the 

requirements, if any, for an energy storage system. The 

limited fluctuations in primary side pressure and limited 

temperature variations in the steam generator suggest 

that the defined operation of the PHTS handles the 

effects of pulsed operation well. The detailed response of 

the blanket has not been modelled, nor have finer details 

of components, such as inlet nozzles and connection 

points, which could be more susceptible to thermal 

stressing. While these items should be considered further 

at the next stage of investigation, the concept to facilitate 

pulsed operation without an ESS appears viable. 

The above conclusion applies if the turbine can be 

kept spinning, without a steam flow, by alternative 

means since thermal cycling may be minimal.  Further 

analysis of the cool-down of the turbine, and the 

feasibility of the mitigation strategy, are required to 

expand upon the assessment given here. In particular, 

this requires the engagement of turbine manufacturers 

and consideration of the wider secondary cycle. 

The applicability of the operational concept to a 

helium-cooled DEMO is also worth consideration.  The 

water-cooled concept benefits from a small difference 

between the inlet and outlet temperatures of the coolant 

during a pulse, which minimises transients as the 

temperatures converge during the dwell, and low 

primary coolant pumping powers (~10 MW), which 

renders feasible the idea of keeping the pumps running 

during the dwell.  For a helium-cooled blanket, the 

difference between the inlet temperature (300°C) and 

outlet temperature (500°C) is greater, and the pumping 

power will be much greater, around 150 MW.  Operating 

a helium-cooled DEMO without an ESS in the same way 

therefore appears inherently more challenging. 

While the operational concept for pulsed operation 

may be viable, the practical need to provide a continuous 

power output should still be established, as should grid 

requirements for permissible ramp rates and periods of 

non-generation (adjusted appropriately to account for the 

small capacity, one-of-a-kind nature of the plant). If 

these considerations become the driving factor for an 

ESS, further dynamic simulation will continue to be of 

value in assessing the necessary trade-off between 

storage capacity, plant requirements, and cycling issues. 
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