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a b s t r a c t

Alternative control schemes for an Advanced High Temperature Reactor system consisting

of a reactor, an intermediate heat exchanger, and a secondary heat exchanger (SHX) are

presented in this paper. One scheme is designed to control the cold outlet temperature of

the SHX (Tco) and the hot outlet temperature of the intermediate heat exchanger (Tho2) by

manipulating the hot-side flow rates of the heat exchangers (Fh/Fh2) responding to the flow

rate and temperature disturbances. The flow rate disturbances typically require a larger

manipulation of the flow rates than temperature disturbances. An alternate strategy ex-

amines the control of the cold outlet temperature of the SHX (Tco) only, since this tem-

perature provides the driving force for energy production in the power conversion unit or

the process application. The control can be achieved by three options: (1) flow rate

manipulation; (2) reactor power manipulation; or (3) a combination of the two. The first

option has a quicker response but requires a large flow rate change. The second option is

the slowest but does not involve any change in the flow rates of streams. The third option

appears preferable as it has an intermediate response time and requires only a minimal

flow rate change.
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1. Introduction

The proposed designs of the future nuclear reactorsdthe

so-called Generation-IV reactorsdare presumably superior

to the current nuclear reactors, particularly with respect to

their sustainability, economics, safety, reliability, prolifer-

ation resistance, and physical protection [1]. These new

designs are projected to offer higher efficiencies in power

generation as well as open up the option of utilizing nuclear

energy for other processes involving direct utilization of

heat. Among the Generation-IV reactors, a current design

called the Advanced High Temperature Reactor (AHTR) has

been proposed and researched in recent years [2,3]. AHTR

represents a synergistic combination of technologies from

other designs: the fuel used is coated-particle graphite

matrix, the coolant is molten salts, and the Brayton power

cycle is utilized for electricity production. In addition, pas-

sive safety systems are included in the designs for the

AHTR [4].

Direct utilization of nuclear heat for industrial processes

is accomplished by transferring the thermal energy of the

reactor through two heat exchangers to the process stream.

Control of the system is an important consideration for these

new advanced reactor-heat exchanger systems; keeping the

system variables at their designed operating points will

maintain high efficiencies in the power cycle or process. Heat

exchanger control and reactor control have been investigated

on an individual basis and reported in literature. For

example, fuzzy proportional-integral-derivative (PID) con-

trollers were examined for plant control by Pan et al. [5].

Fuzzy logic controllers work well with nonlinear systems,

such as a reactor. The controller was optimized and

compared with a traditional PID controller. Controller actions

for a PID controller were much larger than fuzzy PIDs and it

was found that the fuzzy controller performed better in most

cases. Das et al. [6] developed this further by introducing a

fractional order PID (FOPID) controller. This controller has an

additional advantage of robustness over a fuzzy PID

controller. The fuzzy FOPID is robust when tuned at any

variety of power levels while a fuzzy PID must be tuned at

the highest power level to serve its optimal purpose.

Although the fuzzy PID and fuzzy FOPID controllers are

robust and show great ability to control the reactor, the

addition of two heat exchangers adds great complexity to the

system. Although these controllers are viable options, PID

controllers are chosen due to the complexity of having

several units in the system. In our previous work, control of

coupled heat exchangers with the PID controllers was

modeled and simulated for a variety of temperature distur-

bances [7]. The effectiveness of the control strategy was

demonstrated through its success in maintaining the

controlled variables at their desired set points for these dis-

turbances. The work presented in this paper describes

further development of the control strategy by incorporating

the nuclear reactor dynamics in the model. In addition to

temperature disturbances, flow rate disturbances are also

analyzed and alternate control strategies that rely upon the

manipulation of reactor power, flow rate, or a combination of

the two are also described.

2. Materials and methods

2.1. System description

The system consists of an AHTR using coated-particle,

graphite-matrix fuel coupled through an intermediate heat

exchanger (IHX) and a secondary heat exchanger (SHX) to a

process (load). The coolant in the primary loop, FliBe, circu-

lates through the reactor where it is heated to the core outlet

temperature and the IHX where it transfers the heat to the

secondary loop. The coolant in the secondary loop, FliNaK, is

heated in the IHX, and transfers energy to the process loop via

the SHX. The heat transfer medium in the process loop is

helium, which is heated in the SHX and the energy utilized for

electricity generation or other industrial process applications.

The IHX design is a fluted tube heat exchanger, using spirally-

fluted tubes to generate a swirling flow to enhance the heat

transfer. The tube-side fluid is the primary coolant FLiBe; the

shell-side being the secondary coolant FLiNaK. The SHX is an

offset strip-fin heat exchanger (OSFHX), a plate-type heat

exchanger where flow channels are chemically etched into

each plate. The plates are then diffusion bonded with alter-

nate plates providing flow channels for cold and hot fluids.

The offset strips disrupt the flow pattern and prevents large

boundary layers from being formed which promotes heat

transfer. The SHX cold-side fluid is helium. These heat ex-

changers are chosen for their compactness and heat transfer

capabilities. The temperatures and flow rates for a 10-MW

thermal systemare shown in Fig. 1. The detailed calculation of

the system parameters such as temperatures and flow rates,

as well as heat exchanger and reactor characteristic have been

described previously [7e9]. The OSFHX has a smaller footprint

than the fluted tube heat exchanger which has a total volume

of 3.1 m3 compared with 0.29 m3 for the OSFHX [8]. The tem-

peratures of the SHX cold-side outlet stream (Tco) and the IHX

hot-side outlet stream (Tho2) are the controlled variables in

this system, the set points being 651.2�C and 600�C, respec-
tively. These temperatures are show in bold-faced type in

Fig. 1. The flow rates of coolants in the primary and secondary

loop are manipulated in order to control the temperatures,

with the steady state values of the manipulated variables

shown as boldfaced numbers below the streams in Fig. 1.

Two PID controllers are added into the system making it

possible to control the two temperatures. The controller in the

primary loop manipulates the flow rate of FLiBe (Gh2) in order

to control the hot-side outlet temperature of the IHX (Tho2).

The second controller in the secondary loop manipulates the

FLiNaK flow rate (Gh) in order to control the cold-side outlet

temperature of the SHX (Tco). Additionally, a controller may be

included for the reactor that controls neutron density (n) by

manipulating the control rods (rrod). Transfer functions for the

IHX, SHX, and reactor were used in tuning the controllers. The

transfer function for the SHX relates how the cold-side outlet

temperature (Tco) changes with variations in the hot-side flow

rate (Gh). The IHX transfer function relates how the hot-side

outlet temperature (Tho2) changes with variations in the hot-

side flow rate (Gh2). The reactor transfer function relates how

the neutron density (n) changes withmovement of the control

rods (rrod). Using the system transfer functions for the three
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components, a step response with the three tuned PID

controller parametersdproportional (KP), integral (KI), and

derivative (KD) gain valuesdis automatically produced. The

pidTuner function in MATLAB (The MathWorks, Inc., 3 Apple

Hill Drive, Natick, Massachusetts 01760, USA) was used to fine

tune controller parameters. The resulting three parameters

for each controller are shown in Table 1. Tuning of the con-

trollers along with control strategy is described in more detail

in a previous paper [7].

2.2. System model: governing equations for heat
exchangers

The representative governing equations for a heat exchanger

are obtained by the energy balance and are shown Eqs. (1e3).

Eq. (1) is the energy balance for the hot stream, Eq. (2) is the

energy balance for the cold stream, and Eq. (3) represents the

energy balance for the wall separating the two streams,

written for a differential element of the heat exchanger.

mhCph
dTh

dt
þ FhCphðTho � ThiÞ ¼ ðhAÞhðTw � ThÞ (1)

mcCpc
dTc

dt
þ FcCpcðTco � TciÞ ¼ ðhAÞcðTw � TcÞ (2)

mwCpw
dTw

dt
¼ ðhAÞhðTh � TwÞ � ðhAÞcðTw � TcÞ (3)

where, m is the mass of the fluid or metal in the element, Cp

is the heat capacity of the fluid or metal, and dT
dt dT=dt is the

rate of change in temperature over time; h is the heat

transfer coefficient, and A is the heat transfer area in these

equations. F is the flow rate and again Cp is the heat ca-

pacity. The subscripts h, c, w, i, and o stand for hot, cold,

wall, inlet, and outlet, respectively. The first term in each of

the equations is the energy accumulation term, which

would be 0 at steady state. The second term in Eqs. (1) and

(2) represents the difference in the energy of the fluid leav-

ing and entering the element by convection. The terms on

the right-hand side of the equations represent the convec-

tive heat transfer between the fluid and the wall. The energy

balance for the wall does not involve the convective flow

term, but has two heat transfer terms representing convec-

tive heat transfer from the hot fluid to the wall and wall to

cold fluid. Both IHX and SHX will have a similar set of three

equations, with the parameter values that correspond to the

properties of the respective streams. Each heat exchanger is

discretized and a hot temperature, cold temperature, and

wall temperature can be solved for at each node. The node

is defined by the uniformity of each temperature at the node

(no spatial variation within the node).

For the IHX, the heat transfer coefficients are based off of

models developed for a fluted tube heat exchanger [10] and for

the SHX heat transfer coefficients are based off models

developed for an offset strip-fin heat exchanger [11].

Table 1 e Proportionaleintegralederivative controller
parameters for secondary heat exchanger (SHX),
intermediate heat exchanger (IHX), and reactor.

HX KP (�C*sec/kg) KI (�C*sec/kg) KD (�C*sec/kg)

SHX 0.7976 0.9683 0.1643

IHX 0.6163 0.3821 0.2353

Reactor 0.461 0.621 0.0329

KD, derivative parameter; KI, integral parameter; KP, proportional

parameter.

Fig. 1 e Temperatures and flow rates of stream in Advanced High Temperature Reactor system. Fc, cold-side flow rate;

Fh, hot-side flow rate; IHX, intermediate heat exchanger; SHX, secondary heat exchanger; Tci, cold-side inlet temperature;

Tco, cold-side outlet temperature; Thi, hot-side inlet temperature; Tho, hot-side outlet temperature.
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2.3. System model: governing equations for the reactor

The reactor dynamics are described by a series of differential

equations that include the neutronics equations (Eq. 4) with

one to six groups of delayed neutrons, as well as energy bal-

ances for the fuel, and coolant [Eq. (6) and (7), respectively]. In

this work the equations reported earlier by Das et al. [6] have

been used, and are reproduced below [Eqs. (4e7)].

Dynamic neutron density balance:

dn
dt

¼ r� b

L
nþ

XG
i¼1

lici (4)

where n is the neutron density, r is the reactivity (0 at steady-

state), b is the delay neutron fraction,L is the prompt neutron

lifetime, li is the decay constant for group i, and ci is the pre-

cursor concentration for group i.

The precursor balance is shown by Eq. (5)

dci
dt

¼ bi

L
n� lici for i ¼ 1; 2;…;G (5)

where bi is the delay neutron fraction for delay neutron group

i, and G is the number of delay groups. The delay fraction, b

fromEq. (4), is the summation of all delay neutron fractions, bi,

and is equal to 0.006502 in all cases. There can be one to six

equations for precursor concentrations depending on how

many delay groups are chosen to be used. For example, if

three groups are chosen, three differential equations for the

precursor concentration would be necessary.

Energy balance for the fuel within the reactor:

dTf

dt
¼ P

mf

n� U

mf

Tf þ U

2mf

Ti þ U

2mf

Te (6)

T is the temperaturewhere subscripts, f, i, and e are for fuel,

inlet, and exit, respectively. P is the power of the reactor, U is

the product of the heat transfer area, A, and the heat transfer

coefficient, h, and mf is defined as the mass of fuel in the

reactor, mf, times the heat capacity of the fuel, Cpf.

Energy balance for the coolant:

dTe

dt
¼ 2U

mc

Tf �
�
2Mc þ U

mc

�
Te þ

�
2Mc � U

mc

�
Ti (7)

The variables are similar, with the addition of Mc which is

the product of the mass flow rate, Fc, and the coolant heat

capacity, Cpc. mc is the mass of coolant in the reactor, mc,

multiplied by the heat capacity of the coolant, Cpc.

In addition, an equation for the reactivity is used which

incorporates temperature feedback due to changes in inlet

and outlet temperatures. This equation determines the reac-

tivity that is used in Eq. (4).

r ¼ rrod þ af

�
Tf � Tf0

�þ ac

2
ðTi � Ti0Þ þ ac

2
ðTe � Te0Þ (8)

The reactivity is dependent on rrod, which is the reactivity

change due to movement of control rods. In addition, the

temperatures of the fuel and coolant affect reactivity. The

change depends on the reactivity coefficient for the fuel, af,

and the coolant, ac. The values of these reactivity coefficients

used in this study were e3.85 � 10�5 �C�1 and e0.34 � 10�5

�C�1, respectively [1].

2.3.1. Optimization of the number of groups
Eq. (5), in reality, is not a single equation, but represents as

many equations as the number of delay groups used. As seen

fromTable 2, there are six distinct groups of delayed neutrons,

and the greatest accuracywill be obtained by using six distinct

equations. However, this will result in an increased compu-

tational load and complexity in programming as well as an

increased possibility of introducing rounding errors in

computation. Combining all the distinct delayed neutrons

into a single delay group will result in lower computational

load and simplified programming, but may introduce inac-

curacies in the results. To optimize the number of delay

groups to be used in the computations, the six delay neutron

groups were combined into three, two, and one group and the

resultant effective neutron fraction and delay constant

calculated for each grouping. These values can be seen in

Table 2. The values for six groups were acquired from

Lamarsh and Baratta [12].

Table 2 e Neutron fraction and decay constant for one, two, three, and six groups of delayed neutrons.

Group 6 Groups 3 Groups 2 Groups 1 Group

bi li (sec
�1) bi li (sec

�1) bi li (sec
�1) bi li (sec

�1)

1 0.000215 0.0124 0.001639 0.0256 0.002913 0.0386 0.006502 0.0767

2 0.001424 0.0305

3 0.001274 0.111 0.003842 0.192

4 0.002568 0.301 0.003589 0.387

5 0.000748 1.14 0.001021 1.37

6 0.000273 3.01
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The bi values for the situations where delayed neutrons

fractions are grouped into one, two, and three groups are

found by summing the bi values of the fractions in that group.

For example, when the fractions are combined into three

groups, the three bi values are the sum of Group 1 and Group 2,

the sum of Group 3 and Group 4, and the sum of Group 5 and

Group 6. The li values to be used in Eqs. (4) and (5) are found

using Eq. (9), where the summation is carried over the delayed

neutron fractions combined in that group.

li ¼
P

biP
bi=li

(9)

The simulations for the one-, two-, and three-group situ-

ations were compared with the simulation where all six

distinct groups were used. A disturbance of e0.2$ was intro-

duced in the reactor. For each situation the reactor power was

found as a function of time. The reactor power errors, defined

as the deviation of the results for the groups from the results

for the simulation involving six groups, for simulations

considering one, two, and three groups were then found and

are shown in Fig. 2. The largest errors were seen during the

initial period, with the errors becoming vanishingly small for

all combinations at around 600 s. The maximum errors for

one, two, and three groups were 6%, 2%, and 0.5%,

Fig. 3 e Controlled response of system after disturbance of þ10�C entering the cold side of secondary heat exchanger (SHX).

(A) SHX cold outlet temperature. (B) Intermediate heat exchanger (IHX) hot-side outlet temperature. (C) Reactor outlet

temperature. (D) SHX hot-side flow rate. (E) IHX hot-side flow rate. (F) Duties of SHX, IHX, and reactor.
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respectively. Therefore, three groups of delayed neutrons

were used in subsequent simulations as it reduces the

computational burden by 50% with respect to Eq. (5) while

only introducing minor errors.

2.4. Model simulation via MATLAB code

The resulting set of governing equations was solved numeri-

cally using the fourth order RungeeKutta method. The equa-

tions required are shown in Appendix A of Chapra and Canale

[13]. For the IHX and SHX there are three dependent variables

each (Th, Tc, Tw) for a total of six sets of the equations. The

reactor has six dependent variables (n, c1, c2, c3, Tf, Tc) for a total

of six sets of the equations. In total, 12 sets of the equationswill

be solved for at each time step. AMATLAB codewas created to

solve for temperatures throughout the system after a distur-

bance is introduced. In addition to the transient code for the

heat exchangers and reactor, PID controller code is included. A

number of disturbances including flow rate and temperature

variations were introduced in the cold inlet stream to the SHX

and the system response analyzed. The temperature distur-

bances in the cold inlet stream to SHX could arise from prob-

lems within the power conversion unit or from the process.

Flow rate disturbances could come from leaks or breaks in the

Fig. 4 e Controlled response of system after disturbance of þ10% in the cold-side flow rate of the secondary heat exchanger

(SHX). (A) SHX cold outlet temperature. (B) Intermediate heat exchanger (IHX) hot-side outlet temperature. (C) Reactor outlet

temperature. (D) SHX hot-side flow rate. (E) IHX hot-side flow rate. (F) Duties of SHX, IHX, and reactor.
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pipes of the process loop. As described below, the control

systemwas able to control the cold-side outlet temperature of

the SHX (Tco) and hot-side outlet temperature of the IHX (Tho2)

at their set-point values shown in Fig. 1.

3. Results

3.1. Temperature disturbance

Fig. 3 shows the response of the system after a þ10�C step

increase in the temperature of the stream entering the cold

side of the SHX (Tci). Fig. 3A and B shows the time trajectories

of the controlled variables for the SHX (Tco) and IHX (Tho2),

respectively. As can be seen in these figures, the disturbance

causes the temperatures to increase initially, followed by the

controller action that manages to return the temperatures to

their set-point values indicated by the dashed lines. The hot-

side outlet temperature of the SHX (Tho) and cold-side outlet

of the IHX (Tco2) are not controlled. Tho increases by 5.7�Cwhile

Tco2 decreases by ~0.9�C. To counteract the increase in tem-

perature seen in the controlled variables both hot-side flow

rates (Fh/Fh2) are manipulated, with both the flow rates ulti-

mately decreasing: Fh by 0.8 kg/s (e2.2%) and Fh2 by 3.0 kg/s

(e7.4%) as seen in Fig. 3D and E. Due to a decrease in flow rate

going through the reactor an increase in outlet temperature of

~1.0�C is seen in Fig. 3C. The system comes to a new

equilibrium in approximately 1,200 s with an overall decrease

in the heat duty of ~650 kW (e6.5%) as seen in Fig. 3F.

3.2. Flow rate disturbance

Fig. 4 shows the system response after aþ10% step increase in

the cold-side flow rate of the SHX (Fc). Fig. 4A and B shows the

controlled variables for the SHX (Tco) and IHX (Tho2), respec-

tively. Again, these are controlled around their set-point

values after manipulation of the hot-side flow rates. To

counteract the decrease in temperature seen in the controlled

variables both hot-side flow rates (Fh/Fh2) must increase. Fh
increases by ~6.5 kg/s (þ17.8%) and Fh2 increases by ~5.0 kg/s

(þ12.4%) as seen in Fig. 4D and E. Tho increases by ~5.6�C while

Tco2 decreases by ~3.7�C. Due to the increase in flow rate going

through the reactor, a decrease in outlet temperature of ~1.7�C
is seen exiting the reactor, seen in Fig. 4C. The system is at

equilibrium within ~1,000 s with an overall duty increase of

1,000 kW or 10% if the initial duty as seen in Fig. 4F.

3.3. Alternate control strategy

Control of both the cold-side outlet temperature of the SHX

(Tco) and the hot-side outlet temperature of the IHX (Tho2) by

manipulation of hot-side flow rate of both heat exchangers

(Fh/Fh2) have been described above. However, there are other

alternatives available for control as described below for the

Fig. 5 e Controlled response of system after disturbance of þ20�C entering cold side of secondary heat exchanger (SHX)

using flow rate for control. (A) SHX cold outlet temperature. (B) Reactor outlet temperature. (C) SHX hot-side flow rate. (D)

Duties of SHX, intermediate heat exchanger (IHX), and reactor.
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control of the cold outlet temperature of the SHX (Tco), which is

the temperature of the stream providing the driving force for

energy production in the power conversion unit or a process,

and hence considered to be the controlled variable of primary

significance. The control options are:

� Control of Tco bymanipulation of flow rate (could be Fh or Fc)

� Control of Tco by controlling reactor power

B Changing reactor power to equal the change in duty seen

on the cold side of the SHX such that Tco will end up at its

original value

� A combination of reactor control and flow rate control

B Initially reactor power is used to control Tco. As the

temperature comes close to the set-point value, the

system switches to using the hot-side flow rate of the

SHX to control Tco

A comparison of the three alternatives for a disturbance of

þ20�C in the temperature of the cold inlet stream of the SHX

(Tci) is described below.

Fig. 5 shows the system response when the hot-side flow

rate of the SHX (Fh) is manipulated to control the cold-side

outlet temperature (Tco). The initial increase in cold outlet

temperature is mitigated by decreasing the hot-side flow rate.

As seen from Fig. 5A, the controlled temperature Tco returns to

its set point at ~600 s. The reactor outlet temperature de-

creases by about ~3.5�C as shown in Fig. 5B. The manipulated

variable, the hot-side flow rate (Fh), changes by approximately

e2.6 kg/s (e7.1%) shown in Fig. 5C.

Fig. 6 shows the transients for the same disturbance when

the reactor power is used to control the cold-side outlet

temperature (Tco). In this case, the reactor power is controlled

to equal the duty of the cold side of the SHX such that the

cold outlet temperature will equal its set point value. Fig. 6A

shows that it takes ~1,800 s to reset the controlled temper-

ature to its set point. The reactor outlet temperature de-

creases by ~7�C (Fig. 6B), while the flow rate remains

unchanged (Fig. 6C).

Fig. 7 shows the transients when the reactor power is

manipulated followed by flow rate manipulation for control-

ling the cold-side outlet temperature (Tco) for the same

disturbance [20�C increase in the temperature of cold inlet

stream of the SHX (Tci)]. Initial control is accomplished by

manipulating the reactor power until the controlled temper-

ature Tco is within 1�C of the set point (at ~800 s), at which

point the system switches to manipulating the hot-side flow

rate (Fh) for the final part of the control. Fig. 7A shows that Tco

is reset in ~900 s, while the reactor outlet temperature de-

creases by ~7.5�C (Fig. 7B). As seen in Fig. 7C, a small flow rate

change of þ0.75 kg/s or þ2.0% is required.

Fig. 6 e Controlled response of system after disturbance of þ20�C entering cold side of secondary heat exchanger (SHX)

using reactor for control. (A) SHX cold outlet temperature. (B) Reactor outlet temperature. (C) SHX hot-side flow rate. (D)

Duties of SHX, intermediate heat exchanger (IHX), and reactor.
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It can be seen by using just the flow rate for control (the

first option) the response is much quickerda new equilib-

rium is reached in ~600 s. However, a large change in flow

rate (e7.1% in Fh) is necessary. When using the reactor

power only for control (the second option), the response is

much slower (time to new equilibrium state tripled to

~1,800 s) but no flow rate change is necessary. With the last

scheme (the third option), the response time is between the

two (response time ~900 s) and only a small change in flow

rate (þ2%) is necessary for the control. Depending on the

situation, one of these schemes may be preferred over the

others. In all cases, the system stabilizes to a new steady

state with a heat duty 13% lower (1,300 kW) than the initial

steady state.

4. Discussion

The control system response to various disturbances is sum-

marized in Table 3. As seen from the table, the system is able

to establish a new steady state for step temperature distur-

bances and step flow rate disturbances coming from the

process loop. Other simulation results (figures not shown) are

included in this table.

It can be seen that flow rate disturbances require a larger

manipulation of the hot-side flow rates than temperature

disturbances for control. Normalizing the disturbances on the

basis of the disturbance in the thermal duty indicates a similar

level of changes in the hot-side flow rate of the IHX (Fh2, col-

umn 4) for both flow rate and temperature disturbances.

However, for the SHX, a much larger change in the hot-side

flow rate (Fh, column 3) is necessary for flow rate distur-

bances than temperature disturbances. Apart from the

magnitude of changes in flow rate, another factor of impor-

tance is the time period for which the cold-side outlet tem-

perature of the SHX (Tco) is not around its set point value. The

simulation results show that at any given time the tempera-

ture does not exceed ~±5�C from the design value with these

disturbances due to the quick responses of the tuned PID

controllers. In addition, the SHX responds quickly and within

100 s the temperature does not exceed 1�C. Controlling the

cold outlet temperature of the SHX allows for the process to

run at high efficiencies. The SHX is much more compact

compared with the IHX, thus changes in the exchanger affect

the parameters at a quicker rate. The larger IHX takes more

time to react to changes in the flow rate. This can be seen in

the plots from Sections 3.1 and 3.2.

In addition, an alternate control strategy was developed

and tested. The resulting flow rate change and equilibrium

times for each option are shown in Table 4.

As can be seen from Table 4, Control Option 3 (reactor

power manipulation followed by flow rate manipulation)

Fig. 7 e Controlled response of system after disturbance of þ20�C entering cold side of secondary heat exchanger (SHX)

using reactor power followed by flow rate manipulation for control. (A) SHX cold outlet temperature. (B) Reactor outlet

temperature. (C) SHX hot-side flow rate. (D) Duties of SHX, intermediate heat exchanger (IHX), and reactor.
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response is 50% slower than Option 1 (flow rate manipulation

only) which is twice as fast as Option 2 (reactor power

manipulation only). Further, the flow rate change needed for

Option 1 is more than three times as high as that for Option 3.

The third control method has a quick response and only a

small change in the flow rate is necessary. However, the

controlled temperature is far from the set point value for

~300 s longer than Control Option 1. This could have an effect

on the efficiency of the process. The process is designed to

operate for a narrow range of temperature and a minimum

temperature must be present to prevent process failure. A

larger disturbance may cause the temperature to dip below

the minimum value so a quick response, as seen in Control

Option 1, may be desired. If only minimal changes in the

temperature are seen entering the process, Control Option 3

may be favored in order to prevent large flow rate changes in

the secondary loop.

5. Conclusion

A model was developed for the control system response for

the AHTR system that included dynamics of the IHX and SHX,

as well as the dynamics of the nuclear reactor. The reactor

model included the point kinetic equations with three groups

of delayed neutrons. Three groups were chosen over six

groups for the lower computational loadwhileminimizing the

error. The system response was simulated using MATLAB

codes for a number of different temperatures and flow dis-

turbances introduced into the system. Two types of control

strategies were implemented into the code. The first involved

two controllers in which the cold-side outlet temperature of

the SHX (Tco) and hot-side outlet temperature of the IHX (Tho2)

are controlled by manipulation of the hot-side flow rate of the

SHX (Fh) and hot-side flow rate of the IHX (Fh2). Temperature

disturbances of ±10�C required flow rate changes of ±2e8% of

their initial value to properly control the system. Flow rate

disturbances of ±10% Fc required a larger change in flow rate

of ±11e18% of their initial values for control. The second

control strategy involved the control of the cold outlet tem-

perature of the SHX (Tco) using three different control options.

The first involved manipulating the flow rate, the second

controlling the reactor power, and the third a combination of

the first two options. The final control option combines the

advantages from the other two control optionsdrapidity of

the response from Option one and minimal flow rate change

from Option twodand is potentially a superior option

compared with the first two.
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