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Abstract – The Energy Multiplier Module (EM
2
) system response has been 

evaluated for control assembly withdrawal transients. Currently the EM
2
 core is 

equipped with six cylindrical drum-type control assemblies in the reflector zone for 

excess reactivity control and power maneuvering during the operating core life. This 

study investigates the system response to the control assembly withdrawal accident 

with various rotational speeds and reactivity worth to determine feasible control 

assembly design requirements from the physics viewpoint. The simulations have 

been conducted for single control assembly withdrawal transients without scram by a 

gas-cooled reactor plant simulator, which is based on a simplified plant nodal model, 

including the point reactor kinetics, single channel core thermal-fluid model, and a 

turbo-machinery performance model. Simulations were conducted for the middle-of-

cycle core, when the excess reactivity of the core is the highest. Control assembly 

withdrawal times were varied from 1 (runaway) to 180 sec and reactivity worth was 

varied from 100 to 400 pcm. For a single control assembly withdrawal, the 

simulation has shown that the peak fuel temperature is expected to be ~1820°C when 

the assembly worth is 200 pcm and the runaway time is 1 sec per 180 degree 

rotation. The peak temperature could be reduced to ~1780°C if the assembly is 

rotated out in a moderate speed such as 1 degree/sec. These peak temperatures give a 

thermal margin of 22 to 24% to the melting point of uranium carbide fuel. The 

results also indicate that the current design with a single control assembly worth of 

314 pcm may need adjustments in the future design. 

 
I. INTRODUCTION 

 

Reactivity control assemblies compensate for the 

excess reactivity for long-term core operation and to 

adjust the power level of the reactor for normal 

operation, transients, and shutdown. Typically these 

assemblies are made of strong neutron absorber rods 

which are inserted into or withdrawn from the core. 

In the Energy Multiplier Module (EM
2
), a 500 

MWth gas-cooled fast reactor (GFR), cylindrical 

drums are deployed in the reflector zone to maintain 

core criticality and maneuver power level [1]. In the 

fast reactor, the effectiveness of reactivity control is 

lower when compared with that of conventional 

thermal reactors, because the neutron spectrum is 

harder, the delayed neutron fraction is smaller, and 

the average delayed neutron time is shorter, which 

reduces the effectiveness of neutron capture by 

absorber material and causes a more prompt 

response to the reactivity perturbations. On the other 

hand, the fast reactor core is neutronically small 

because of relatively large mean free path of the fast 

neutrons. This is especially relevant for the EM
2
, 

which is designed for a long-burn fuel cycle with a 

“breed-and-burn” concept. The neutronics 

characteristics are as follows: 

 The excess reactivity of the entire fuel cycle is 

much smaller when compared with that of the 

conventional light water reactor (LWR). 

 There is almost no temperature defect due to the 

coolant temperature change.  

 The fuel is uranium-based, which enhances a large 

negative fuel temperature feedback effect. 
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 The structural materials are ceramic-based, which 

softens the neutron spectrum when compared with 

the metal-based system. 

In order to understand how the EM
2
 nuclear plant 

operates under various reactor normal operation and 

transient conditions, an EM
2
 plant simulator has 

been developed [2]. The simulator consists of 

component models such as reactor core, turbine, 

compressor, plenum, duct, heat exchanger, orifice, 

and control logic. The system variables such as 

coolant flow rate, temperature, and pressure are 

calculated in a time-dependent finite difference 

scheme. Owing to the simplicity and compactness of 

the GFR, the finite difference scheme works 

efficiently even with a very small time step.  

This study investigates transient behavior of the 

EM
2
 core against a beyond design basis accident 

(DBA), i.e. control assembly withdrawal without 

scram, using the EM
2
 plant simulator. The purpose of 

the study is to evaluate the performance of the plant 

components and to estimate feasible design 

requirements for the control assembly from the 

physics design view point. 

 

II. SYSTEM DESCRIPTION 

 

The EM
2
 primary coolant system includes reactor 

core, power conversion unit (PCU) and direct reactor 

auxiliary cooling system (DRACS). The DRACS is 

attached to the reactor vessel to enable shutdown 

heat removal by natural or forced convection flow 

from the core to the water-cooled heat exchangers 

when the PCU is not operating. The primary loop is 

also connected to an intermediate water loop through 

the PCU precooler. The intermediate loop then 

transports heat to an Organic Rankine Cycle (ORC) 

that adds 50 MWe to the electricity generation by the 

PCU (215 MWe). After considering process losses, 

the total electricity to the grid is ~265 MWe which is 

a ~53% thermal efficiency. Currently the simulator 

model includes only the primary coolant system 

without DRACS as shown in Fig. 1. The 

intermediate loop is considered as a constant heat 

sink. 

 

II.A. Reactor Model 

 

Reactor core module calculates fuel, cladding, 

and structural component temperatures as well as 

core helium pressure and flow rate. The core model 

provides lumped parameters of thermodynamic and 

neutron kinetics to describe the core behavior during 

expected normal, upset, and emergency transients. 

 

II.A.1 Thermal Calculation 

 

The reactor core is treated as a single channel 

with multiple axial nodes. The core thermal power 

can be calculated in one of following three ways:  

 The core power is calculated with effective core 

temperature, reference core inlet temperature and 

mass flow. 

 The core power is calculated with effective core 

inlet/outlet temperature and mass flow.  

 If the core thermal power is specified, the core 

outlet temperature is calculated. 

The core channel mass flow and power are 

obtained as a fraction of the total primary loop mass 

flow and total power, respectively. The longitudinal 

heat flow is described by a coolant-centered model 

which consists of a number of longitudinal fuel-

cladding nodes from which heat flows into the 

coolant gas. At some point located between the node 

inlet and outlet, there will be a gas temperature 

which fulfills heat flow continuity. The fuel and 

cladding temperatures are calculated in the same way.  

 

 
 

Fig. 1: Schematic EM
2
 plant model.
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For the heat loss to radial reflectors, fuel and cladding 

nodes are put together in one node with an average 

temperature. Heat losses are calculated between a fuel-

cladding node and a radial reflector node as well as 

between an axial reflector node and a corresponding 

radial reflector node. 

 

III.A.2 Reactivity Control Assembly 

 

The control drum consists of an inner Be2C 

stationary column and a rotating outer sleeve of 

which a 120
o
C section is B4C. The outer diameter of 

the drum is ~40 cm, and thickness of the absorber 

pad is ~1.0 cm. Each drum has its own dedicated 

stepper motor to regulate rotation. The function of 

the stepper motor is to rotate the control drum sleeve 

to control core excess reactivity. The control drum 

was designed to move vertically when it rotates via 

spiral track and axial rollers. The highest level of 

reactivity occurs when the axial rollers are at their 

highest vertical location in the spiral track. When 

power is lost, the stepper motor is no longer 

energized and cannot hold the control drum cage up 

in the spiral track. The control drum cage then 

spirals downward exposing the absorbing material to 

the core, halting the fission process. By design, the 

control drum mechanisms are “fail safe”. During 

normal operation, control assemblies maneuver 

power variations and trim excess reactivity changes 

due to fuel burnup by rotating the absorber sleeve 

from 0 to 180°. 

 

III.A.3 Kinetic Parameters 

 

The active core neutron flux is assumed to be 

sufficiently uniform that the neutron kinetics for a 

single lumped average fuel-cladding element will 

apply to the entire core. The transient core power is 

estimated by a linear-kinetics algorithm (in units of 

equivalent thermal power) which incorporates 

reactivity contribution of the control assemblies. The 

reactor power changes with variations in control 

assembly position and temperature feedback 

reactivity.  

For the reactivity control by control assemblies, 

the reactivity insertion (RC) depends on rotation 

angle of the assembly. 

RC = RC0 × f (C) 

where RC0 = nominal value of RC (when the control 

drum is fully rotated in), C = rotational position of 

the control drum (0= absorber fully rotated-out; 1= 

absorber fully rotated-in). Figure 2 shows the 

reactivity insertion curve of the control assembly. 

For a reactor scram using the insertion of shutoff 

rods, the reactivity insertion (RS) depends on delay 

for shutoff rods to reach the core top and their 

duration of total insertion. 

RS = RS0 × f (TS) 

where RS0 = nominal value of RS (when the shutoff 

rods are fully inserted), and TS = position of 

shutdown rods (TS = 0 for shutdown rods fully 

withdrawn, TS = 1 for shutdown rods fully inserted). 

Table 1 compares the reactivity worth of control 

assemblies and shutoff rods. The delayed neutron 

parameters are summarized in Table 2. 

 

 
Fig. 2: Reactivity insertion curve of the control 

assembly. 

 

Control assemblies 1600 pcm 

Worth of 1 stuck assembly 300 pcm 

Shutoff rods 3600 pcm 

Table 1: Reactivity worth of control assemblies and 

shutoff rods at MOC. 

 

Delayed neutron fraction (eff) 0.00447 

Doppler coefficient -0.644 pcm/K 

Coolant temperature coefficient 0.0095 pcm/K 

Power coefficient -0.634 pcm/K 

Table 2: Kinetic parameters at MOC. 

 

II.B. Turbine Model 

 

Turbine module calculates the performance of 

the turbine, represented by the shaft speed, pressure 

drop, and thermal efficiency. Starting from full shaft 

speed map and incoming mass flow, the pressure 

ratio is directly obtained from the performance map. 

Then the temperature drop and turbine efficiency are 

computed. Turbine shaft/bearing cooling flow, which 

is distributed throughout the turbine stages, is 

approximated as one-half the flow mixing at the 

turbine inlet and one-half the flow mixing at the 

turbine outlet. The turbine outlet temperature is 

therefore determined by a three-step process which is 
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greatly simplified by the fact the helium speed limit 

is independent of temperature and pressure:  

 The turbine inlet temperature computed by the 

core component is reduced by a portion of the 

bypass cooling flow from the compressor, 
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 The turbine outlet temperature is further reduced 

by the remaining compressor cooling flow. 

coolin

coolcoolinin

out
mm

TmΔT)(Tm
T








  

 The last step of turbine performance calculation 

is the turbine power. The turbine power is computed 

as Pmech = m cpΔTturbine. Various bearing losses are 

computed in the compressor module when the 

electrical power, speed, and acceleration of the 

turbo-machine are computed. Figure 3 shows the 

turbine and compressor integrated in PCU. 

 

II.C. Compressor Model 

 

The compressor module calculates the 

performance of the compressor and, in conjunction 

with the turbine module, computes the net power 

applied to the turbo-machine shaft. The calculation 

sequence is as follows:  

 At the initial state, the pressure ratio and efficiency 

are searched from the compressor performance 

map based on inlet flow rate and shaft speed.  

 Using the adiabatic efficiency defined as a ratio of 

isentropic and real variations of temperature 

(=Tis/T), the compressor ΔT is computed.  

 The power used by the compressor is then 

computed as Pcompressor = m cp ΔTcompressor. 

 The shaft input power, Pmech, is obtained from the 

power generated by the turbine after subtracting 

the compressor, bearings and the generator losses.  

The shaft speed and/or electrical power are 

controlled by modulating the turbine power with the 

bypass valve. Depending on the speed mode and 

desired perturbation conditions, the electrical power 

generation is estimated in one or multiple modes as 

follows: 

 Constant speed with infinite electric grid. 

 Variable speed with no electric load (used for load 

rejection, start-up, and shutdown studies). 

 Variable speed with electric load. 

 Variable speed with shaft broken between turbo-

machine and generator. 

The net accelerating torque on the shaft is formed 

by combining the turbine power with the power 

dissipated in various losses and the electrical power 

being delivered. The resultant torque is then used to 

calculate the acceleration of rotating mass and the 

speed and electrical phase angle. Speed and phase 

angle are then used to calculate the new electrical 

power. Therefore, the turbo-machinery calculation 

requires an iteration to establish the initial shaft 

speed depending on one of the operation modes 

described above.  

 

II.D. Nodal Model 

 

Figure 4 shows the nodal model of the EM
2
 plant, 

in which the first and last nodes are plenum and duct, 

respectively. For the transient simulation, component 

initial conditions can be obtained from a different 

program (such as a steady-state optimization 

program), or can be searched by the simulator itself 

and saved for the transient runs.  

 

  

Fig. 3: Turbine and 

compressor. 

Fig. 4: EM
2
 plant nodal 

model. 
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Component performance characteristics are 

computed using suitable transient models. Each 

module is executed in a sequence defined in the 

“router” module. The inlet mass flow, temperature, 

and pressure of individual node are updated based on 

outlet condition of the preceding node. For the 

convergence, each time step requires about five 

iterations over the whole plant. 

 

III. UNPROTECTED CONTROL ASSEMBLY 

WITHDRAWAL 

 

The control assembly withdrawal during power 

operation has been an anticipated operational 

occurrence for the modular high-temperature gas 

reactor (MHTGR) that challenges the safety function 

for controlling heat generation. It was selected for 

evaluation here to confirm safety performance of the 

EM
2
 in regard to the time constant of the transient 

and the reactivity worth of the control assembly. 

 

III.A Description of Transient Progression 

  

The event progresses as follows: 

 Initiating event is an assumed failure of the control 

system which results in the highest reactivity 

control drum being inadvertently rotated to its 

lowest reactivity value during 100% full power 

operating conditions. Plant operator actions to 

mitigate this accident are not considered. 

 Core reactivity and power increase, resulting in 

temperature rise of core solid materials and 

coolant. 

 Negative core temperature coefficient of reactivity 

provides an inherent rate limiting mechanism on 

the core reactivity transient. 

 Reactor protection system (RPS) high power-to-

flow (P/F) reactor trip is assumed to fail. 

 RPS high reactor outlet helium temperature reactor 

trip is assumed to fail. 

 RPS high P/F and power not low reactor trip is 

assumed to fail. 

The function of controlling core heat generation 

is challenged when one of six symmetrically located 

control assemblies is rotated from fully or partially 

inserted positions in the reactor core. Selection of 

initial conditions such as initial control assembly 

position and use of middle of cycle (MOC) core 

parameters were made based on the peak excess 

reactivity of the core throughout the fuel cycle. It 

was determined that the core temperature transient 

would be maximized by initiating the event with a 

fully inserted control assembly at MOC core 

conditions.  

During the unprotected control assembly 

withdrawal, the power conversion system remains 

connected to the electrical grid. When the control 

assembly with reactivity worth of 314 pcm is 

continuously withdrawn from initially fully inserted 

position in 3 sec, the core power hits the maximum 

value of 189%, drops, and levels off at about 124% 

due to the negative core temperature coefficient of 

reactivity. The power transient is arrested at ~10 sec 

into the event, fluctuates a little, and levels off nearly 

150 sec after the completion of control assembly 

withdrawal from the core. The inherent core 

temperature feedback on reactivity provides a self-

limiting mechanism on the core reactivity and 

temperature transients. Figure 5 shows the core 

power changes for two different withdrawal times: 3 

sec and 180 sec. 

 

 
Fig. 5: Reactor power transients. 

  

The core module estimates the average fuel 

temperature of the core. The peak fuel temperature is 

estimated by a 1.5 power factor. The peak fuel 

temperature is less than 2050˚C, while the average 

fuel temperature is less than 1350˚C (Fig. 6). 

Although not modeled, there would be a slow 

increase in core power and temperature to offset the 

positive reactivity addition due to xenon decay. This 

occurs over tens of hours and has no impact on the 

transient results presented for the initial 300 sec.  

The turbine and recuperator undergo heatup due 

to the increase in core power. The core outlet/turbine 

inlet temperature reaches the maximum value of 

1330 ºC and drops to 1285ºC (Fig. 7). Recuperator 

hot end metal temperature also reaches the maximum 

value of 998ºC and drops to 968ºC. Though the 

exposure time to the elevated temperature is limited, 

these temperatures are 421 to 480ºC higher than 

normal operating temperatures of the turbine and 

recuperator. Accordingly, these components as well 

as the reactivity control system need to be evaluated 

again for the thermal transient. 
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Fig 6: Peak fuel temperature. 

 

 
Fig 7: Component inlet temperature. 

 

Ceramic reactor internal components and the 

cross vessel would approach the core inlet gas 

temperature, which reaches a maximum of about 

950ºC. These components are expected to withstand 

this over-temperature (initial inlet temperature is 

550ºC) condition for many hours without failure. 

The excess reactor thermal power (~120 MW) is 

easily accommodated by the heat exchangers, which 

are sized to handle full load rejection from 100% 

power. System pressures and flow rates increase 

from their nominal values due to the increased power 

operating conditions. Maximum primary coolant 

pressure reaches 16 MPa, and compressor flows 

remain below 110% of nominal. A unique feature of 

the highly recuperated EM
2
 design is the effective 

isolation of high and low temperature components by 

the recuperator. Thermal transients experienced by 

low-temperature components such as precooler and 

compressors are very mild. These temperatures are 

well within design limits. The recuperator provides 

effective recovery of turbine exhaust heat, and 

returns this energy to the core inlet. In addition to the 

thermal isolation benefits, the recuperator provides 

enhanced thermal feedback to the core during core 

heatup transients. Thus, the recuperator plays an 

important role in mitigating the thermal transients to 

low-temperature components, and assists in limiting 

the core reactivity transient. 

 

III.B Sensitivity of EM
2
 Core  

 

The EM
2
 core could be vulnerable to a beyond 

DBA such as hypothetical unprotected control 

assembly withdrawal as the fuel loses its thermal 

margin to the melting point and the component 

temperature rises when the time constant of the 

control assembly withdrawal is very small. This can 

be mitigated by reducing the reactivity worth of a 

single control assembly and/or by relaxing the 

control assembly runway time. Simple parametric 

calculations have been performed to search for 

feasible control assembly performance in terms of its 

reactivity worth and withdrawal speed. Table 3 

summarizes the peak fuel temperature during the 

transient for various reactivity worth and withdrawal 

speed of the control assembly. In general, if the 

reactivity worth of a single control assembly is less 

than 200 pcm, the peak fuel temperature remains 

below 1825°C regardless of the speed, which allows 

at least 20% margin to the fuel melting. The 

sensitivity to the withdrawal time is relatively small, 

because the total reactivity insertion into the core is 

the same regardless of the withdrawal time and the 

reactor power is simply dependent on the added 

excess reactivity. Under this condition, the turbine 

inlet and recuperator temperatures are below 1285°C 

and 968°C, respectively. 

 

Withdrawal 

 time (s) 

Reactivity worth 

100 pcm 200 pcm 300 pcm 400 pcm 

1 1629 1825 2029 2240 

2 1627 1820 2024 2235 

3 1624 1815 2018 2229 

4 1621 1811 2012 2229 

5 1618 1806 2009 2229 

10 1601 1797 2003 2229 

50 1558 1779 2003 2228 

100 1554 1779 2003 2227 

200 1554 1779 2003 2227 

Table 3: Sensitivity of the peak fuel temperature. 

 

The time-dependent behavior of the reactor 

power, peak fuel temperature, and component inlet 

temperature are shown in Figs. 8 to 10. During the 

transient, the negative core temperature coefficient 

of reactivity provides inherent self-limiting action on 
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the core reactivity transient and fuel temperature 

increase as well. The high-efficiency recuperator 

provides effective passive thermal isolation between 

high and low temperature components of the power 

conversion system, and enhances the core 

temperature feedback on reactivity. There may not 

be any threat of heat exchanger failure. In reality, 

diverse trip parameters and trip systems are available, 

and ample time is afforded to shut down the reactor 

with no damage to system components. 

 

 
Fig 8: Reactor power transient. 

 

 
Fig 9: Peak fuel temperature. 

 

 
Fig 10: Component inlet temperature. 

 

IV. CONCLUSION 

 

Some key findings observed in the EM
2
 response 

characteristics are: 

 The core thermal and neutronics response will be 

manageable owing to the negative core 

temperature coefficient of reactivity that is 

realized by the higher operating temperatures of a 

gas-turbine EM
2
. Single control assembly worth of 

approximately 200 pcm shall be enough to hold 

the peak fuel temperature around 1800˚C under 

the unprotected control assembly withdrawal. 

 The highly efficient recuperator provides effective 

thermal isolation between high temperature (core 

and turbine) and low-temperature components 

(precooler and compressors). In addition, it 

enhances the core temperature feedback on 

reactivity during core/turbine heatup events. 

In conclusion, the current control assembly 

model will need modification to mitigate the DBA 

such as unprotected control assembly withdrawal. 

Nonetheless the EM
2
 core possesses favorable 

response characteristics that can be attributed to the 

following salient characteristics: 

 The higher core operating temperatures result in a 

more strongly negative core temperature 

coefficient of reactivity, which offsets the effects 

of smaller delayed neutron yield and higher 

control assembly worth expected for the EM
2
. 

 The highly efficient recuperator and more negative 

core temperature coefficient of EM
2
 provide 

enhanced temperature feedback on reactivity and 

less severe reactivity transients. 

In continuation of the transient analysis and plant 

simulator development, further studies are required 

on the following issues: 

 Detailed component design evaluations of the 

thermal fluid dynamic loads caused by the 

operation of the reference turbine bypass valve 

control, and the effects of rapid pressure 

equilibration (and potential for local flow reversal) 

that occur as a result of shutting down the turbo-

machine.  

 Assessment of reactivity accidents at off design 

conditions along with assessments of other key 

design duty cycle events to establish transient 

requirements for the design of system components. 

 Control and protection systems designs with 

regard to component design limits and the 

considerations.  

 The protection system trip parameters and 

setpoints with particular attention given to the 

unique response characteristics of the EM
2
: a) 

large, rapid variations in core flow, b) rapid 
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pressure and temperature transients that result 

from turbine bypass valve modulation, c) load-

follow operation of the generator, and d) strongly 

negative core temperature coefficient. 

 Spatial kinetics capability to improve the accuracy 

of the reactor core transient simulation. 
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