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Abstract:

This article deals with dynamic modelling and control of the ACACIA plant. A one-dimensional flow
model describing the helium flow and the two-phase water flow is used through the whole plant, with
different source terms in different pieces of equipment. A stage-by-stage model is produced for the
radial compressor and axial turbine. Other models include the recuperator, water/helium heat
exchangers, a natural convection evaporator, valves, etc. The models have been checked by
comparison of the transient behavior with several other models., e.g. produced in RELAP. The
dynamic behavior of this plant is analysed and a control structure is designed. First the requirements
and options for a control system design are investigated. A number of jpossible control valve positions
in the flowsheet are tested with transients in order to make an argued choice. The model is
subsequently used to determine the optimal working conditions for different heat and power demands,
these are used as set-points for the control system. Then the interaction between manipulated and
controlled variables is mapped and based on this information a choice for coupling them in
decentralised feedback control loops is made. This control structure is then tuned and tested. It can be
concluded that both heat and power demand can be followed with acceptable performance over a wide
range.

1. INTRODUCTION

The ACACIA plant (AdvanCed Atomic Cogenerator for Industrial Applications) is a small
nuclear gas turbine plant which coproduces steam for industrial use in e.g. beer breweries and
paper mills. Figure 1 shows the ACACIA flowsheet; a description of the plant has been
previously published, e.g. in references 1 and 2. For a cogenerating plant it is crucial that a
range of electricity and power demands can be met. This calls for an advanced control system,
since one can not only operate at full load or part-load; operations at different heat-to-power
ratios should also be possible, hi order to check whether and how this is possible, a dynamic
model has been produced. The direct cycle gives a strong influence of the reactor behavior on
energy conversion system behavior and vice versa, therefore detailed models of the reactor,
the primary cycle, the secondary cycle and the water/steam system have been produced.

2. DYNAMIC MODEL

2.1. Assumptions and Structure

The most rigorous way of modelling the system would be to solve the microscopic mass-,
momentum- and energy-balance for the flow path (with a CFD code), the microscopic energy
balance of the solid constructions (with a CFD or FEM code), and the neutronics (with a
diffusion or Monte Carlo code), all time-dependent and three dimensional. However, the
computational effort needed is immense, insufficient information is available for the input of
the models, and the level of detail of the information is unnecessarily high. Therefore a
strongly simplified model is constructed. The simplifying assumptions are listed in Table 1.
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TABLE I. SIMPLIFYING ASSUMPTIONS

Modelling assumptions

1 One-dimensional treatment of flow paths

2 Discretisation of flow path with staggered grid and method of lines

3 Point-kinetic neutronics model

4 Two-dimensional model of solid structure

5 Non-homogeneous two-phase flow with single momentum-balance

The division of the total plant into components, which are interconnected with few relations,
is analogous to the different pieces of equipment. Modelled components are compressor,
recuperator, reactor, turbine, shaft etc. Within each component, sub-systems exist which
behave similarly in different components. These sub-systems are:

1) One-phase flow
2) Two-phase flow
3) Neutronics
4) Solid structure.
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2.2 Fluids and Solids Model

In the flow model, the flow path in the different components (recuperator, reactor, compressor
etc.) is axially divided in a number of so-called thermal nodes, which are small volumes,
assumed to be perfectly mixed and to have a constant cross-sectional area [3]. For these
thermal nodes, the mass- and energy balances are solved. The mass flow between these
volumes is determined by solving the momentum balance for a flow node, which consists of
the two halves of neighbouring thermal nodes. This so-called staggered grid is chosen because
of its numerical stability. The two-phase water flow in the steam generator is assumed to be at
thermal dynamic equilibrium. The water/steam mixture cannot be modelled as a homogeneous
fluid, since there can be a considerable difference in velocity between the two phases.
Alternatively, one momentum balance for the two-phase mixture is solved and relative
velocity of both phases is calculated with an empirical relation. The model allows for negative
flows, which is necessary for incident analysis.

The mass and momentum balances are solved with second order central schemes. For the
mass balance, this simple scheme may result in a response, which is somewhat slower than in
reality in case of large elements, but unlike higher order approximations physically
unrealisable behaviour is not possible, hi the momentum balance the effects of friction losses,
area change, gravitational forces and forces in turbo-machinery and pumps are been taken into
account. The discretisation with a second order central scheme is a valid approximation as
long as the velocities stay well below the velocity of sound. Choked flow is expected only in
the valves connecting the inventory control vessels and the primary system, in the valves
connecting high and low pressure plena, and in case of a rupture. For these valves and the
ruptures a different model is used.

The energy-balance is be modelled with an upwind scheme. The incoming energy is only
influenced by the upstream node, which leads to physically realisable behavior under all
circumstances. A total energy-balance is being used, so internal, kinetic and potential energy
is considered. Kinetic energy is of importance in the turbo-maichinery only, and the potential
energy is only relevant in the water/steam cycle. However, in order to keep the models general
(in order to reduce the size of the code), all terms are taken into account in all components.

Helium is considered a non-ideal gas, thermal dynamic properties are calculated according to
Yan [4]. For the properties of water, the IF-97 water/steam tables are used [5].

The solid construction of most pieces of equipment are also discretised in flow direction only.
For the reactor model however, a two-dimensional discretisation is used. The wall model is
capable of combining internal heat production, convective heat transport from and to a fluid
and heat transfer by conduction to four surrounding wall elements.

2.3 Component Models

Closure of the set of equations describing the interaction between the one-phase and two-
phase flow models and solid construction model is reached after insertion of empirical and/or
component-specific relations for the source terms. Examples are the energy production in the
reactor, heat input and forces in the turbo-machinery, heat transfer and (two-phase) friction in
the heat exchangers and a slip-velocity correlation for the two-phase flow.
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The heat production in the reactor is calculated using a point-kinetic model. The temperature
of a large number of axial and radial sections of the pebble bed and its surrounding reflectors
is calculated under the assumption of a constant power profile. The reactivity-feedback of
each section is known from its temperature, these contributions are all summed and used in
the point-kinetic equation. The parameters of the model have been derived from the full-scope
thermal hydraulics and neutronics code Panthermix [6].

The forces and energy transfer in the turbo-machinery are calculated from the two-
dimensional gas velocities in each stage. The expressions used do not only hold for normal
operation, but also for negative flows and for compressor surge. The work done is calculated
from the changes in magnitude and direction of the gas flow, using the Euler equation. Three
loss-factors which determine the stator and rotor row efficiency have been implemented with
semi-empirical relations: 1) losses over the blade profile, during off-design mainly due to the
discrepancy between inlet flow angle and blade angle, 2) due to boundary-layer build-up near
the casing and 3) due to leak flows between the rotor and the casing. From the row
efficiencies and enthalpy changes the forces are calculated. The compressor, turbine and
generator are connected with a shaft, whose acceleration is calculated from the energy
balance.

2.4 Implementation

The models have been implemented in the simulation-tool Aspen Custom Modeler (ACM,
1999). All the component models can be combined in a graphical environment, thus allowing
the user to built a flowsheet, re-using the predefined models. ACM solves the implicitly
formulated set of the algebraic and differential equations. The complete plant model contains
approximately 60,000 variables and 1000 state-variables. Because of the implicit formulation,
the model can also easily be used for design. For example, instead of calculating the
compressor performance from its geometry, the geometry needed to achieve a certain pressure
ratio can be found.

2.5 Validation

All component models have been checked with verification of for example macroscopic
balances, comparison with other models and codes or sensitivity-analyses with regard to
empirical relations.

The compressor map has been produced in order to check its steady-state behavior. It is shown
in figure 2 and looks very plausible for this type of radial compressor. Moreover, some surge
transients have been simulated, in which the behavior shows the qualitatively expected
behavior.

The reactor has been compared to the Panthermix code with a number of transients, resulting
in differences of only a few percent. For example, figure 3 shows the response to a step
change of the helium inlet temperature of 100°C. One can see that in both time scales, the
models agree very well. Most differences are due to the slightly different thermal hydraulic
models. In the long run, it is clear that the point-kinetic model (drawn) yields a higher power,
since burnup is not taken into account.
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Fig. 3. Comparison of outlet temperature transient on step change of inlet temperature.
Drawn: ACM model, dashed: Panthermix model.

The complete primary cycle has been compared to a model made in the code RELAP 5
MOD 3.2. The models yielded very much the same results, differences were mainly due to
simplifications made in order to implement compressor and turbine models in RELAP. Figure
4 shows the response after a load rejection, a sudden disconnection of the generator from the
grid. The acceleration of the shaft gives an increased pressure ratio and mass flow, which
leads to an also increased temperature change over the compressor and turbine. The RELAP
turbine model does not perform very well during this strong off-design operation which
explains the differences.

89



3. CONTROL SYSTEM DESIGN

3.1 Goals and Options

A cogeneration plant should be able to meet a range of heat and power demands
independently, preferably while maintaining a high efficiency. The variables that have to be
controlled and all possible control elements are indicated in figure 5. An asset of the closed
cycle is that high part-load efficiency can be obtained by reducing the helium inventory. If at
part load the pressure is halved and all temperatures are kept constant, the gas velocities are
the same as at full load. The mass flows and the power are also halved. Since the velocity
triangles in the turbo-machinery are unchanged, the efficiency stays high. The pressure losses
are reduced and the heat exchanger efficiency increases, thus giving a slightly higher
efficiency than at full load. The helium inventory can be increased or decreased without need
for an extra compressor, if a number of parallel inventory vessels with a pressure between the
lower and upper primary system pressure is used, hi most designs, the helium inventory is
rather large; therefore filling and emptying the system is a slow process [4]. In order to adjust
the electricity production quickly the turbine can be bypassed, for this a number of valve
positions is conceivable. The mixing with either hot or cool helium when a bypass valve is
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Fig. 4. Comparison of load rejection transient. Drawn: ACM model, dashed: Panthermix
model.

90



return water valve

! I
feedwater pump j p

deaerator

T

Fig. 5. Controlled variables and possible manipulated variables.

opened will give a strong and fast change of turbine outlet temperature. This results in a
thermal shock of the recuperator, which can lead to fatigue or direct failure [7, 8]). A
countermeasure could be to use two bypass valves: bypass one (see fig. 5) to control the shaft
speed and bypass two to control the temperature [4]. A bypass flow gives a dramatic decrease
of efficiency, therefore the bypass valves should be almost closed during prolonged operation
at a certain heat and power demand. An alternative for bypass control is to throttle the primary
flow [9], The main disadvantages of throttle valves is that they have to be much larger and
that they give a pressure drop and thus a decreased efficiency even when fully opened. Since
the generator is a-synchronous, the shaft speed must be actively controlled. The fastest and
easiest option is to use the electric load as manipulated variable. The turbine inlet temperature
is left uncontrolled, since it is passively controlled by the reactor neutronics. A rise of reactor
inlet temperature has a negative impact on the neutron economy, which leads to power
reduction, so that the reactor outlet temperature is kept fairly constant.

An inventory reduction with constant temperatures in the primary cycle gives an unchanged
heat-to-power ratio, hi order to increase the heat-to-power ratio, the temperature in the
precooler has to be increased. Reducing the cooling water flow can do this. In order to
efficiently transport the energy from the precooler to the steam generator and final cooler the

91



blower speed must also be adjusted. The temperature and pressure of the industrial steam of
course have to be controlled. For temperature control a spray attemperator can be used without
a penalty on the system efficiency, because the pinch point in the steam generator lies at the
evaporator water inlet. Moreover, the economiser should always remain subcooled, therefore
its outlet temperature must be controlled. The drum level and de-aerator conditions also have
to be controlled; this can be achieved by manipulating the feed water pump speed and the
valves in the steam and water pipes to the de-aerator.
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Fig. 6. Shaft speed response on different control actions.

3.2 Control Valve Positions

In fig. 5, a number of alternative bypass and throttle valves are shown. Valves one and two are
proposed in similar designs [4, 10]. Valve one is used to reduce the shaft speed, opening leads
to a temperature rise of the turbine outlet. To compensate for this temperature rise valve two is
opened, which leads to a reduction of the turbine outlet temperature. The bypass valve is
situated in a high temperature environment, which might complicate the design. An
alternative position for the bypass valve would be between the cold (instead of the hot) inlet
and outlet of the recuperator (valve three). Yet another possible position is between
compressor outlet and inlet (valve four). Two possible throttle-valves are conceivable, either
positioned in the high pressure (HP) or low pressure (LP) side.

The influence of these valves is tested with a model of the primary system only in which the
shaft speed is reduced to its nominal speed after a load rejection. The system is operated with
constant compressor inlet temperature, ha order to assess the different control-possibilities a
number of output parameters have been monitored. The shaft speed must be reduced with as
little overshoot as possible. Figure 6 shows the transients of the shaft speed during 50 s.
Figure 7 shows the original temperature profile of the recuperator (hot and cold helium
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temperature) dotted while the profile at the end of the transient (after 50 s) is drawn. The heat
transport to and from the primary helium flow in the reactor respectively the precooler are
plotted in fig. 8. hi order to minimise the disturbance of the secondary system, both the heat
flow to it and the precooler hot inlet (recuperator hot outlet) temperature must be as constant
as possible. The heat from the reactor becomes equal to the heat supplied to the secondary
system; the difference is used to heat the recuperator and precooler core. A small and short
deviation between both heat flows proves that the heat exchangers operate at constant
temperature.
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Fig. 7. Recuperator temperature profile response on different control actions. Dotted: profile
before transient, drawn: after transient.

It can be seen that in case of a load rejection without control the recuperator actually cools the
low-pressure flow instead of heating it. The heat flow to the secondary cycle becomes too
large, due to the fact that the compressor inlet temperature is constantly kept low, leading to a
poor efficiency. The strong increase of the precooler hot inlet temperature will normally also
lead to a rise in compressor temperature and thus to a decrease of the heat transport. If
necessary, the temperature can be increased further by reduction of the cooling flow.

With the LP throttle (in the turbine outlet) the mass flow is reduced to 23 kg/s. This leads to a
hardly changed energy transport to the secondary cycle and a well-controlled shaft speed. The
HP throttle can only limit the increase of mass flow to 29 kg/s (No control gives an increase
from 25.4 to 33 kg/s). Throttling further brings the system in an unstable operating. The
increased recuperator hot outlet temperature gives a strong increase of heat transport to the
intermediate helium loop.

Opening of the bypass valves has hardly any effect on the recuperator cold inlet temperature
for valves one, two and three. The reason is that the compressor inlet temperature is kept
constant with the large secondary flow through the precooler (simulating perfect control of the
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Fig. 8. Heat flow response on different control actions. Upper: heat to primary system in
reactor, lower: heat to secondary system.

secondary loop) and the pressure ratio over the compressor does not change very much. When
valve four is opened, hot helium is mixed with the compressor inlet flow so the compressor
outlet temperature rises. This rise could also be accomplished by decreasing the final cooler
water flow. The increase of temperature leads to a decrease of heat transport from the reactor.

For valves one, two and four the mass flow on both sides of the recuperator is equal. This
keeps the temperature lines parallel, which is favourable because it keeps the temperature
difference and thus the thermal stresses perpendicular to the flow direction small. Opening of
valves one, three and four lead to an increase of the turbine outlet temperature. This increase
is the smallest with valve one. A load decrease with opening of valve two leads to a decrease
of the recuperator hot inlet temperature. This shows that the combination of the bypass and
attemperation valve can be used to keep the temperature constant.

Finally the results are shown for a transient in which two bypasses (valve one and two
respectively one and three) are opened simultaneously. This can lead to a hardly changed
recuperator temperature profile. Figure 8 shows that the energy transport to the secondary
cycle is still too high. It can be reduced further with an increase of the compressor inlet
temperature. This will again raise the temperature at the cold side of the recuperator. The
combination of valve two and three is chosen since it gives good performance with small
valves operating at low temperatures.

3.3 Optimal Operating Conditions

The dynamic model can also be used to calculate the optimal steady-state situation for a given
heat and power demand. These are subsequently used as set points for the control system. The
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operational region with optimal conditions is shown in fig. 9. At high electricity and heat
production the area is bounded because otherwise the helium mventory and thus the pressure
is too high. The 'left' and 'right' boundaries are due to saturation of the cooling valve; at the
left boundary the valve is fully closed, whereas it is fully opened at the right boundary. In
order to achieve the highest efficiency, the bypass valves should be closed. With the bypass
valves open, the plant can operate to the left of the region shown. One can see that the electric
efficiency stays high over the operating region. If the inventory is reduced, the both steam and
power production decrease proportionally. When the cooling valve is opened, less steam can
be produced, but the electric efficiency rises. In order to keep the correct temperature profile
in the steam generator (a.o. to keep the economiser water outlet slightly sub-cooled) the
blower speed is varied almost proportional to the steam flow.

3.4 Control Structure

The choice for the pairing of manipulated and controlled variables with PI controllers is based
on Dynamic Relative Gain Analysis [11] and is elucidated in reference 12. Here only the
result will be presented. Figure 10 shows the control structure. The customer gives a set point
for the electric power Pei and steam flow Nst. Using the off-line optimisation the optimal
blower speed and primary helium mass (fig. 9) are found. The blower speed is directly
adjusted. If the helium inventory is directly adjusted to its optimal steady-state value after a
change in electric load, the heat input to the secondary cycle changes quickly. The heat
removal in the final cooler cannot be adjusted equally fast, due to its thermal inertia. This
results in unacceptably large swings in steam pressure during load changes. The problem can
be overcome by first adjusting the helium inventory to such a value that the primary mass
flow through the precooler is kept constant. Since the temperatures are also fairly constant due
to the operation of bypass valves, the heat flow to the secondary cycle remains in balance. In
case of opening of the bypass valve in order to reduce the electricity production, the
compressor flow and thus the primary precooler flow increases. To counterbalance this effect
the inventory is reduced. This is accomplished by ramping up or down the set point
simultaneous with the electricity demand. Subsequently the inventory can be very slowly
reduced to the optimal value shown in fig. 9; this is done with a 1000 s ramp. The reduction in
heat input into the secondary cycle leads to a steam pressure reduction, which lets the
controller close the cooling water valve. The compressor inlet temperature rises which
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Fig. 10. Control structure of the ACACIA plant.

through an increased power consumption of the compressor gives a reduced electricity
production. This is balanced by closing the bypass valves, thus raising the efficiency. The set
point for the inventory Msystem is compared with a value calculated from the helium mass in
the vessels, which is known from temperature and pressure measurements. A Pi-controller
sends a signal to a logic switch which operates the inlet or outlet valve of the LP or HP vessel,
dependent on the system upper and lower pressure and the sign of the error. All the controllers
use Pi-feedback, they have been tuned heuristically with a number of transients.

3.5 Test Transient

The results of a transient in which both power and heat demand are changed is shown in
figure 11. Starting At t=10 s the electricity demand is ramped down with 25% in 10 s. As a
result, the inventory is directly adjusted and during the next 1000 s ramped down to its
optimal value. At t = 2000 s the heat demand is decreased with 15%.

The electricity production exactly meets the demand, while the steam flow and pressure show
only small deviations from their set-point (shown as dotted line). The steam temperature and
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the de-aerator conditions are almost the same as their set points and therefore omitted in figure
11. Ratio control of bypass valve two cannot keep the recuperator temperature completely
constant, but the changes are small. The drum level is kept in the middle of the drum. The
controller is not set very aggressively since that would lead to short and large deviations of the
steady-state pump speed, which would unnecessarily upset the system. Because of the
integrating nature of the drum level response to both the pump speed and disturbances, longer
small differences in pump speed work equally well. The bypass valves are almost closed
during the heat load following transient. If they are completely closed (as could happen in
larger load-swings), eitlcier the electricity set-point cannot be attained, or the inventory must be
adjusted to secure the electricity production.
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Fig. 11. Results of control system test transient.
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4. CONCLUSIONS

A dynamic model of the ACACIA plant has been produced. It is capable of describing a wide
range of operating conditions, thus making it a powerful tool both for design and optimisation
of a control-structure and incident-analysis. Its level of detail surpasses any model described
in literature. The setup of the code allows also for use as a design-code.

It is impossible to prove that a dynamic model correctly predicts the transient behavior under
all conditions. However, by logical tests and comparison with analytical solutions and other
models and codes, it is made plausible that the model developed gives a correct estimation of
the system dynamics over a time-scale varying from fractions of a second to several days.

The dynamic model has proven to be a valuable tool in the system and control system design.
It can be used for the assessment of alternative designs and control options and for
optimisation of steady-state and dynamic performance. The ACACIA plant can meet a large
field of heat and power demands with high efficiency. Its control system can track the set
points quickly, without too large temperature swings in the recuperator.
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