
 

 

 

 

  

The HTGR is one of the most promising reactor concepts of the 

Nuclear Renaissance, offering advantages such as improved safety 

and economics, shorter construction times, distributed generation 

and high temperature availability for process heat applications such 

as hydrogen production. This case study demonstrates the 

Dynamic/Transient modeling of the start-up of the High Temperature 

Gas-Cooled Reactor (HTGR) nuclear power plant (NPP). 
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CHALLENGE:  

The HTGR is one of the most promising reactor concepts of the Nuclear 

Renaissance, offering advantages such as improved safety and economics, 

shorter construction times, distributed generation and high temperature 

availability for process heat applications such as hydrogen production. This case 

study demonstrates the Dynamic/Transient modeling of the start-up of the High 

Temperature Gas-Cooled Reactor (HTGR) nuclear power plant (NPP). 

BENEFITS:   

• Transient Analysis 

• Startup Scenarios 

• System Control 

 

SOLUTION: 

Flownex was used to design a controller for the start-up of a HTGR NPP that 

varies the generator power as function of shaft speed. Using this controller the 

whole start-up process was modeled. A problem was identified with the surge 

of the LPC during start-up that warrants further investigation.  

NUCLEAR & SMR 

Flownex was used to design a controller for the start-up 

of a HTGR NPP that varies the generator power as 

function of shaft speed. 
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INTRODUCTION 

This case study demonstrates the modeling of the start-up of the 

High Temperature Gas-Cooled Reactor (HTGR) nuclear power plant 

(NPP) that was discussed in the case study titled “Steady-State 

Simulation of a Two-shaft High-Temperature Gas-Cooled Reactor 

Nuclear Power Plant”. 

 

SYSTEM DESCRIPTION 

The configuration that is considered in this example is a direct two-

shaft closed inter-cooled recuperated Brayton cycle as shown in 

Figure 1. The heat source for the system is a Pebble Bed Reactor [1, 

2].   

Figure 1: Schematic layout of a two-shaft Power Conversion Unit (PCU) for a 

Pebble Bed type HTGR. 

 

The operation of the cycle is discussed in [3] and in the case study 

titled “Steady-State Simulation of a Two-shaft High-Temperature 

Gas-Cooled Reactor Nuclear Power Plant”. 

 

This case study 

demonstrates the 

modeling of the 

start-up of the High 

Temperature Gas-

Cooled Reactor 

(HTGR) nuclear 

power plant (NPP). 
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OBJECTIVE OF SIMULATION 

The objective of the simulation is to model the start-up of the 

system. 

FLOWNEX MODEL 

The Flownex model of the system is shown in Figure 2. 

  

Figure 2: Flownex network of the direct two-shaft closed inter-cooled recuperated 

Brayton cycle PBMR power plant. 

 

Two PID controllers are employed to control the start-up of the 

system. The first one senses the speed of the LPC/LPT shaft and 

then adjusts the power of the generator load on the shaft in such a 

way that the generator initially acts as a motor that drives the shaft 

and then switches over to a generator load that approaches the 

design point value as the speed of the shaft approaches the design 

speed. The second PID controller senses the reactor exit 

temperature and adjusts the control rod position in an attempt to 

keep the reactor exit temperature constant. 

DETERMINATION OF INPUT PARAMETERS FOR PID CONTROLLERS 

The input parameters for the shaft speed PID controller were 

determined as follows: Starting at near zero shaft speeds the speed 

of the LPC/LPT shaft was slowly ramped up using Flownex’s event 

editor while the speed of the HPC/HPT shaft was calculated using 

Flownex’s shaft model. According to this model: 
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d P

dt I




=  (0.1) 

where 

  = angular speed, 

I  = moment of inertia of shaft together with all components 

attached to the shaft, and 

P  = net power delivered to the shaft. 

 

The net power delivered to the shaft is given by: 

/mech turbine compressor gen genP P P P = − −   (0.2) 

where 

mech   = shaft mechanical efficiency, 

gen   = generator efficiency, 

turbineP   = turbine fluid power, 

compressorP  = compressor fluid power, and 

genP   = generator power. 

 

The net fluid power to the shaft is given by: 

fluid mech turbine compressorP P P= −   (0.3) 

A plot of net fluid power during the ramp-up transient is shown in 

Figure 3. 

 

Figure 3: Variation in P_fluid and controller imposed generator power with speed. 

 

The input parameters of the PID controller are now set in such a 

way that it gives a variation of generator power with speed as 

shown in Figure 3. The difference 
/fluid gen genP P −

 is the net fluid 
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power to the shaft that will be used to accelerate the LPC/LPT shaft. 

It is important to notice that the generator power is negative up to 

a shaft speed of about 34 rps. During this stage of the start-up the 

generator will therefore act as a motor. 

DESCRIPTION OF SIMULATION 

The initial condition for the start-up simulation is the steady-state 

solution for a shaft speed of 1 Hz for both the HP and LP shafts. The 

boundary condition for the initial steady-state simulation is a fixed 

pressure of 3610 kPa at Node 1 and a reactor outlet temperature of 

900 ºC. The pressure boundary condition at Node 1 was 

determined through trial and error to give a pressure of 2333.3 kPa 

after the system has reached full power design point operation. At 

the start of the transient simulation the fixed pressure condition at 

Node 1 is released while the total mass in the system is kept 

constant.  

With the PID controller that causes the generator to act as a motor 

up to a speed of about 34 rps the LPC/LPT shaft quickly spins up to 

design speed with the design generator load applied to the shaft at 

the design speed. 

More details on the simulation can be found in [3]. 

RESULTS 

 

Figure 4 to Figure 9 show the variation of pressures, temperatures, 

mass flows, shaft speed, generator power and maximum fuel 

temperature during start-up. 

Figure 10 and Figure 11 show the locus plots of the HPC and LPC 

operating points on the compressor characteristics. While the 

operating point of the HPC stays well clear of the surge line, the 

operating point of the LPC at low speeds falls within the surge 

region. This is undesirable and it is an issue that warrants further 

investigation. What this however demonstrates is that one cannot 

select component characteristics with only steady-state operation in 

mind. One also has to take the impact of component characteristics 

on system performance during operational transients into account. 

This is a task where systems CFD analysis is very helpful. 

At the start of the 

transient simulation 

the fixed pressure 

condition at Node 1 

is released while the 

total mass in the 

system is kept 

constant. 
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Figure 4: Variation of pressures. 

 

 

 

Figure 5: Variation of temperatures. 
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Figure 6: Variation of mass flows. 

 

 

 

Figure 7: Variation of shaft speeds. 
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Figure 8: Variation of generator power. 

 

 

Figure 9: Maximum fuel temperature. 
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Figure 10: Locus plot of HPC operating point. 

 

Figure 11: Locus plot of LPC operating point. 

CONCLUSION 

Flownex was used to design a controller for the start-up of a HTGR 

NPP that varies the generator power as function of shaft speed. 

Using this controller the whole start-up process was modeled. A 

problem was identified with the surge of the LPC during start-up 

that warrants further investigation. 
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