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Abstract – The modular high temperature gas-cooled reactor (MHTGR) is 

characterized with the inherent safety. To enhance its economic benefit, the capital 

cost of MHTGR can be decreased by combining more reactor modules into one unit 

and realize the batch constructions in the concept of modularization. In the research 

and design of the multi-module reactors, one  difficulty is to clarify the coupling 

effects of different modules in operating the reactors due to the shared feed water 

and main steam systems in the secondary loop. In the advantages of real-time 

simulation and coupling calculations of different modules and sub-systems, the 

operation of multi-module reactors can be studied and analyzed to understand the 

range and extent of the coupling effects. In the current paper, the engineering 

simulator for the multi-module reactors was realized and able to run in high 

performance computers, based on the research experience of the HTR-PM 

engineering simulator. The models were detailed introduced including the primary 

and secondary loops. The steady state of full power operation was demonstrated to 

show the good performance of six-module reactors. Typical dynamic processes, such 

as adjusting feed water flow rates and shutting down one reactor, were also tested to 

study the coupling effects in multi-module reactors. 

 
 

I. INTRODUCTION 

 

The modular high temperature gas-cooled reactor 

(MHTGR) is characterized with inherent safety, 

which can remove the decay heat effectively and 

ensure the reactor safety. Due to lower modular 

reactor power compared with large scaled 

pressurized water reactors, the economic benefit of 

the MHTGR is limited and should be further 

improved before entering the market. The capital 

cost of MHTGR can be decreased by combining 

more reactor modules into one unit and realize the 

batch constructions in the concept of modularization, 

thus, the multi-module reactors can possess 

economic competitiveness besides the inherent 

safety features [1]. In the multi-module reactor 

systems, multiple Nuclear Steam Supply Systems 

(NSSS) may share the feed water and main steam 

systems in the secondary loop, while each NSSS has 

its own separate reactor core and steam generator. 

Based on this design, each NSSS can be flexible to 

control and operate on the same or different power 

level, while the adjusting and coordinating in reactor 

operations becomes complex due to the coupling 

effects between different NSSSs.  

In developing the multi-module reactors, a 

crucial issue is the research on coupling effects 

among different modules, especially for the influence 

on operation characteristics of whole system. Since 

there are no referred operation data or experience of 

multi-module reactors, the operation characteristics 

analysis has to be studied by numerical simulations. 

So far, the multi-module reactors, or at least two-

module reactors, have been studied in many 

researches by several simulation methods. The codes 

for design or safety analysis [2], used for steady 

states or transients simulations, are mostly specific in 

reactor physics or thermal hydraulics in one reactor 

core, so that combinations of various loops, sub-

systems or even reactor cores in the multi-module 
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system are not easy to simulate in real time. Lumped 

parameter model are usually established to simulate 

the dynamic behaviors of the whole plant in 

designing the control systems [3, 4]. Although the 

simulation scope has covered enough loops, sub-

systems and reactor modules, the models for reactor 

cores and important equipment are too simple to 

describe the actual physical processes accurately. 

Finally, the engineering simulator is found to be an 

effective tool to analyze the operation characteristics 

of multi-modular reactor system. Due to the high 

fidelity models and complete simulation scope, it can 

realized real time simulation and coupling 

calculations of different modules and sub-systems. 

The Engineering Simulation System (ESS), an 

engineering simulator for the demonstration plant 

HTR-PM (the High Temperature Reactor Pebble bed 

Module, in Figure 1), has been established and tested 

for the dual-module reactors [5]. Based on the 

experience of ESS, we further study the coupling 

effects in multi-module reactors by developing a new 

engineering simulator the six-module reactors. 

 

 
 

Fig. 1: Overview of the HTR-PM systems. [5] 

 

In this paper, based on the ESS for the HTR-PM, 

an engineering simulator for six-module high 

temperature gas-cooled reactors was modeled and 

described in section II. A steady operation condition 

was shown with 100% full power for six modules. 

Using the six-module reactors simulator, two typical 

dynamic operation processes, including adjusting 

feed water flow rates and shutting down one reactor, 

were simulated to study the coupling effects of multi-

module reactors in section III. At last, the section IV 

presented the conclusion and proposed the future 

work.  

II. SYSTEM CONFIGURATIONS 

 

As an example of multi-module high temperature 

gas-cooled reactors, the six-module reactors 

combined with one turbine system were modeled in 

the vPower integrated simulation platform. The 

engineering simulator for six-module reactors 

modeled most of the systems in the nuclear power 

plant, including the primary loop systems, secondary 

loop systems, auxiliary systems, control systems and 

main electrical systems. The six-module reactors was 

consisted of 6 NSSSs, and each NSSS had its own 

reactor module, steam generator and helium 

circulator separately, which were the same to the 

NSSS in HTR-PM. Accordingly, the reactor core 

was modeled using the three dimensional space-time 

neutron dynamic and thermal hydraulic models of 

the HTR-PM in ESS [6], including the pebble bed 

sections (in Figure 2), the graphite reflector sections 

(in Figure 3) and the carbon brick sections (in Figure 

4). The steam generator model was designed as a 

module matrix composed of several rows and 

columns (in Figure 5), which could simulate detailed 

heat exchange and flow characteristics in various 

operation conditions [7]. These models have been 

tested in many static and dynamic cases for the 

HTR-PM in ESS and showed good performance in 

the coupling calculations of the neutron dynamics 

and thermal hydraulics in the reactor core.  

 

 
Fig. 2: Schematic figure of the pebble bed section 

with flow network and heat transfer network. [6] 
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Fig. 3: Schematic figure of the graphite reflector 

section with flow network and heat transfer network. 

[6] 

 

 
 

Fig. 4: Schematic figure of the carbon brick section 

with heat transfer network. [6] 

 

 
 

Fig. 5: Schematic figure of the steam generator in the 

primary side (1916 matrix). [7] 

 

With more NSSSs, the six-module reactors were 

mainly different from the HTR-PM in the design of 

secondary loop system. In the HTR-PM, each NSSS 

had separate feed water pump and high pressure 

heater but shared the low pressure heaters and main 

steam system (in Figure 6). In designing the 

secondary loops of six-module reactors (in Figure 7), 

two feed water pumps drove water into one main 

pipe together and separated into six inlet pipes of six 

steam generators, the feed water flow rates of which 

were controlled by valves. Besides, steam from six 

steam generators converged in the main steam pipe 

to drive steam turbine. Several levels of steam were 

also extracted from the turbine into the deaerator, 

low pressure and high pressure heaters to heat up the 

feed water. Thus, the six NSSSs shared most 

secondary loop systems including the main feed 

water system, high pressure and low pressure heaters, 

and also the main steam system. Since the steam 

generators in six-module reactors had the same inlet 

(pressure, temperature) and outlet (pressure) 

boundary conditions from shared feed water system 

and main steam system, the coupling effects were 

mainly occurred here and differed from the HTR-PM.  

Therefore, the steam parameter variation in one 

NSSS may cause changes of secondary and primary 

parameters in the other NSSSs, which should be 

studied. In Figures 6 and 7, important systems in the 
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secondary loop were shown and compared for the 

HTR-PM and six-module reactors, respectively, 

including the main steam system, the steam 

extraction system, the main feed water system, the 

auxiliary steam system, the condensation system, the 

deaerator, the high pressure heater system, the low 

pressure heater system, etc. Some schematic models 

and corresponding operation interfaces were also 

completed and shown in Figures 8-10.  

 

 
 

Fig. 6: Secondary loop system of the HTR-PM. 

 

 
 

Fig. 7: Secondary loop system of the six-module 

reactors. 

 

 
 

Fig. 8: General overview of the main parameters in 

the six-module reactors plant system. 

 
 

Fig. 9: Control rods adjusting and position 

monitoring system of the 1# reactor in the six-

module reactors plant system. 

 

 
 

Fig. 10: Feed water system in the six-module 

reactors plant system. 

 

III. RESULTS 

 

According to the designs of reactor cores, 

primary loops, secondary loops and other auxiliary 

systems, the engineering simulator for the six-

module high temperature gas-cooled reactors was 

modeled and tested in the vPower simulation 

platform. The full power operation condition was 

simulated at first to validate models in the 

engineering simulator.  

Since models and parameters of the reactor 

cores and steam generators were consistent with 

those in the ESS of the HTR-PM and were integrated 

into the engineering simulator of the six-module 

reactors, the parameters of primary and secondary 

loops of six-module reactors were mostly referred 

and similar to those of the HTR-PM, as shown in 

Table 1. The main calculated parameters of the six 

NSSSs were almost equal to those of each module in 

the HTR-PM both in the primary and secondary 

sides.  

After the full power operation test, two 

transients were also simulated to investigate the 

dynamic characteristics of six-module reactors, 

especially the coupling effects among different 

modules. 
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Table 1: Main parameters of full power operation 

condition for six-module reactors. 

 

 Power 

Primary Fluid Secondary Fluid 

Flow 

rate 

Inlet/Outlet 

temperature 

Flow 

rate 

Inlet/Outlet 

temperature 

Units MW kg/s ℃ kg/s ℃ 

1#NSSS 251.1 96.9 245.1/742.4 95.8 204.7/570.0 

2#NSSS 250.1 97.1 245.4/739.3 96.0 204.7/568.0 

3#NSSS 250.0 96.9 245.3/739.8 96.0 204.7/567.8 

4#NSSS 250.0 96.7 245.0/741.0 96.0 204.7/567.7 

5#NSSS 249.7 97.2 245.5/738.7 96.0 204.7/567.7 

6#NSSS 250.0 97.0 245.3/739.3 96.0 204.7/567.7 

 

III.A. STEP DECREASE OF THE FEED WATER 

FLOW RATE 

 

 Taken the full power operation condition as the 

initial state of the six-module reactors, the 1# NSSS 

feed water flow was decreased by about 3.9% after 

60 seconds by means of turning down the inlet valve 

of the steam generator. After that, the fluctuations of 

main parameters of all the NSSSs were observed and 

recorded for another 180 seconds in Figures 11-13. 

In the whole process, main automatic controls, such 

as adjusting the reactor power, the primary and 

secondary flow rates, were switched off to show the 

natural effect on all reactor modules.  

In Figure 11, the outlet steam pressure 

experienced a step reducing responding directly to 

the step decrease of feed water flow rate at first. For 

the same reason, the heat transfer coefficient on the 

secondary side declined rapidly so that the heat 

transfer from the helium side to the water side was 

lower. On condition that both of the helium flow rate 

and the hot helium temperature remained, the cold 

helium temperature then went up.  

Afterwards, the steam temperature at the steam 

generator outlet gradually rose since the extent of 

heat transfer decrement was less than that of the feed 

water flow rate decrement. Since the stem position of 

the inlet valve of the steam generator was not 

changed, the feed water flow rate was also reduced 

slowly with the increment of fluid temperature at the 

water side, leading to the increment of the cold 

helium temperature. Finally, the reactor power 

decreased due to the minus temperature effect in the 

reactor core.  

Meanwhile, since the main steam was converged 

from all six NSSSs, the decreased 1# NSSS feed 

water flow rate also caused the main steam flow rate 

falling directly, followed by the descending pressure 

and temperature in the main steam (in Figure 12).  

 

 
 

Fig. 11: Variations of main parameters of the 1# 

NSSS in the step decrease of the feed water flow rate. 

 

The step change of the feed water flow rate in 

the 1# NSSS also had impact on other NSSSs due to 

the coupling effects in the secondary loop systems. 

Parameters of other NSSSs were influenced because 

of the shared steam pressure boundary condition of 

all NSSSs in the main steam pipe.  

Taken the 2# NSSS as an example, the 

variations of main parameters in the same process 

were shown in Figure 13. The steam pressure at the 

steam generator outlet went down immediately as the 

main steam pressure dropped at the beginning of the 

step change. The feed water flow rate in the 2# 

NSSS then had a step increase due to larger pressure 

difference when the control valve at the steam 
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generator inlet was not altered. The increasing feed 

water flow rate induced more heat transfer from the 

primary loop to the secondary loop, so that the cold 

helium temperature decreased. In the meantime, the 

feed water flow rate increased more remarkable than 

the heat transfer so that the steam temperature at the 

steam generator outlet decreased. After that, the 

reactor power rose with the decline of the cold 

helium temperature by the minus temperature 

feedback in reactor core.  

 

 
 

Fig. 12: Variations of main steam parameters in the 

step decrease of the feed water flow rate. 

 

The 3#, 4#, 5# and 6# NSSSs experienced the 

same process as the 2# NSSS. Although all the other 

five NSSSs had decreased steam temperatures at the 

steam generator outlets, while the steam temperature 

of the 1# NSSS increased (in Figure 12), the main 

steam temperature increased at last under the 

combined function of all NSSSs.  

In view of the above test and analyses, it was 

proved that the parameter variations of one NSSS in 

the secondary side changed the operation conditions 

and many parameters in other NSSSs in both the 

primary and secondary sides due to the coupling 

effect. The variations from all the six NSSSs affected 

synthetically on the main steam flow rate, pressure, 

and temperature. The influence of coupling effect on 

the operation parameters was mainly ascribed to the 

shared systems in the secondary loops, including the 

feed water system and the main steam system. 

 

 
 

Fig. 13: Variations of main parameters of the 2# 

NSSS in the step decrease the feed water flow rate. 

 

III.B. SCRAM 

 

From the test results and discussion in the 

previous section, the deviation of the 1# NSSS 

operating parameters did have effects on other 

NSSSs’ operations. About 3.9% decrement of the 

feed water flow rate in the 1# NSSS increased the 

feed water flow rates in other NSSSs by about 0.66%. 

Some other parameters, such as reactor powers, 

temperatures, and pressures, also fluctuated in 

various extents. The step decrease of feed water flow 

rate in the 1# NSSS did not induced significant 

changes to the rest NSSSs or itself so that all the 

reactor modules deviated not far from the initial 
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states and were still in normal operation conditions. 

In order to further study the coupling effect among 

those NSSSs, the process of shutting down one 

NSSS was simulated in the scram to figure out the 

operation characteristics of the six-module reactors 

and the effect on other NSSSs’ operation in accident 

condition.  

Also started from the full power operation 

condition, the scram was simulated by pressing the 

scram button in the 1# NSSS after 60 seconds. 

Another 180 seconds was used to recording related 

important parameters in the 1# NSSS, 2# NSSS and 

the main steam. According to the scram signal, the 

1# NSSS was shut down by dropping the control 

rods, turning off the main helium blower, closing the 

flaps to isolate the primary loop, and closing the 

safety valves to isolate the secondary loop. Validated 

from Figure 14, the primary and secondary fluid 

flows fell abruptly into zero in less than 20 seconds 

and the reactor power also decreased to the decay 

heat level. 

For other NSSSs, main parameters were affected 

rapidly by the sharp decline of 1#NSSS feed water 

flow rate as well as the steam flow into the main 

steam pipe. As shown in Figures 15 and 16, the 

variation trends of the main operating parameters 

were very similar to those in section III.A which 

could be explained by the same reason.  

 

 
 

Fig. 14: Variations of main parameters of the 1# 

NSSS in its scram. 

 

 
Fig. 15: Variations of main steam parameters in the 

1# NSSS scram. 

 

 
Fig. 16: Variations of main parameters of the 2# 

NSSS in the 1# NSSS scram. 
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However, if comparing the extents of the 

specific parameters of the 2# NSSS in both the 

sections III.A and III.B, the coupling effect in the 

scram test was evidently larger than that in the step 

change test, which was indicated in Table 2.  

In the scram test, the feed water flow rate was 

decreased from 96kg/s to 0kg/s when the isolation 

valves in the secondary loop were closed in the 1# 

NSSS. The extent of feed water flow rate variation is 

100% in the scram test, which was much larger than 

the 3.9% in the step change test. Therefore, the 

deviations of the main steam were more significant 

in pressure and flow rate. As a result, the feed water 

flow rates in other NSSSs became much larger, and 

parameters in both the primary and secondary sides 

were also affected in larger extents to show stronger 

coupling effect. Yet, the coupling effect did not lead 

to the scram of other NSSSs on the condition that the 

feed water flow rates of other NSSSs and the valve 

of steam turbine were adjusted to the dramatic 

change in time. 

 

Table 2: Comparisons of the extents of specific 

parameter variations in the 2# NSSS between the 

scram test and feed water flow rate step change test. 

 
 III.A III.B 

Reactor power (%) +0.02 +0.15 

Feed water flow rate (%) +0.66 +14.36 

Outlet steam pressure (%) -0.19 -6.37 

Outlet steam temperature (%) -0.41 -6.97 

Cold helium temperature (%) -0.09 -1.69 

 

 

IV. CONCLUSION 

 

This paper introduced the engineering simulator 

established for the new designed six-module high 

temperature gas-cooled reactors. Shared systems of 

six NSSSs, such as the main feed water system, 

steam extraction system and main steam system, 

were described to indicate main coupling effects in 

the multi-module reactors. Full power operation 

condition and two typical transients were simulated. 

The tests and analyses on the main parameter change 

of all NSSSs indeed reflected the influence of 

coupling effects among different modules.  

In the future, more normal operation conditions 

will be simulated to test the models in the 

engineering simulator. Large amount of operation 

conditions and their combinations of six modules 

and scenarios should be tested to further clarify the 

coupling effects in multi-module reactors, which will 

be more helpful for the operating analyses for the 

multi-module reactors. 
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