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ABSTRACT

This report documents a series of calculations that evaluate the performance of the core-
inlet temperature controller under different transient conditions and design options. The present
analyses show that the core-inlet temperature can be controlled at ~45°C under all transient
conditions analyzed using the controller design described in the conceptual design report, which
includes variable-speed secondary coolant pumps and variable-speed cooling tower fans. This
study also shows that a constant-speed secondary pump would be sufficient to maintain core-inlet
temperature <45°C if this temperature is allowed to drop below the set point during some
demanding transients, such as normal startup. The use of secondary loop hot coolant to warm the
reactor building was also evaluated; however, optimization of the secondary hot-leg temperature
can only be achieved by trading off control of the primary side core-inlet temperature.
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1. INTRODUCTION

The Advanced Neutron Source (ANS) conceptual design has a complete and independent
secondary coolant loop for each of the four independent primary coolant loops. One of the control
objectives is to maintain the cold-leg temperature of each of the three active loops <45°C during
normal operation (the scram temperature set point is 50°C) by controlling either the variable-speed
secondary pumps, the cooling tower fans, or both. The conceptual design calls for reactor-inlet
temperature control t0 45 + 1°C steady state and 45 + 3°C during transients (overshoot). The reactor-
inlet temperature controller design is complicated by the long time constants of the cooling circuits,
the nonlinearity of the system, and the environmental conditions of the cooling tower.

These restrictions make controller design difficult, especially when regulation of the core-inlet
temperature for the two extremes of startup and shutdown and fast and slow transients is required.
Unlike the High Flux Isotope Reactor (HFIR), which controls part of the flow (20%) automatically, it
is expected that the ANS reactor (ANSR) will use fully automatic control for the secondary flow by
adjusting the secondary pump speed. Some relevant requirements that affect the desxgn of the

secondary pump speed controller are listed below.

1. Reactor-inlet temperature must always be <50°C with nominal control <45°C.

2. The controller must accommodate a fast reactor startup (10%-100%) in <2 min. This fast
power ascension is required to overcome xenon buildup during recovery from scram.

3. A minimum pump speed of 45% of nominal full speed is required to overcome the static head
caused by the cooling tower elevation and keep the secondary flow circulating through the

cooling tower.
4. The controller must be reliable, simple, and within acceptable cost conditions.

Since ANSR has three entirely separate cold legs, it is necessary to keep all three loops within
~1°C of each other. To date, the lower limit of the reactor-inlet temperature has not been determined.
One proposal is to allow the reactor-inlet temperature to remain significantly <45°C when excess
cooling capacity is available, giving the controller another degree of freedom. A variable core-inlet
temperature margin relaxes controller performance requirements and augments the simplicity and
reliability. Other proposed designs will be discussed in the subsequent sections.

The objective of this report is to evaluate methods of controlling reactor-inlet temperature or
heat removal and recommend the best approach by considering performance, reliability, and cost. To
accomplish this goal, three control schemes under various plant and weather conditions are evaluated.






2. DESIGN DESCRIPTION OF PROPOSED CONTROLLERS

There are several possible ways to control the core-inlet temperature. Three designs are
discussed in this report. The first design uses a proportional controller to regulate the core-inlet
temperature by controlling secondary pump speed and variable-speed fans to control off-tower
temperature at ~30°C. The second design uses single-speed secondary pumps and variable-speed
tower fans. The third design uses variable-speed secondary pumps to regulate the secondary hot-leg
outlet temperature to ~45°C and variable-speed tower fans to regulate the off-tower temperature at
30°C.

2.1 OPTION 1: VARIABLE-SPEED PUMP AND VARIABLE-SPEED FANS

The control scheme using a variable-speed pump and variable-speed fans is the ANS baseline
as described in the conceptual design report (CDR). In this scheme, both the secondary coolant pump
and the cooling tower fans have variable-speed motors. The objective of this design option is to
maintain tight control of the reactor-inlet temperature during steady-state operation at nominal
conditions (the desired accuracy is 45 = 1°C). During transients and off-normal operating conditions,
the temperature is allowed to drift lower (i.e., the controller is designed to overcool the primary
system). The controller in this option determines the normalized secondary coolant pump speed, using
a standard proportional controller, that can be described by the following equation:

n, = kx(T-T,), M

where

n, = normalized secondary coolant pump speed (%),

k, = proportional controller gain (%),

T = core-inlet temperature as sensed by the cold-leg temperature detector (°C),
T, = the temperature set point (CDR value is 45°C).

The controlled pump speed, 7, , is not allowed to be greater than the maximum pump speed,
n,,... (the CDR value is 120%), or the minimum pump speed, n, ,;, (the CDR value is ~45%), required
to overcome the cooling tower elevation and maintain positive secondary coolant flow. It is important
to note that the simulations in this report indicate that an integral controller component cannot be used
for this purpose because it would lead to significant temperature overshoots during fast (few seconds)
power ascension. Figure 1 shows the response of the system for a power cutback from 100 to 40%
before the fast power setback to 100% shown in Fig. 2. With this option, the controlled temperature
is a function of power level (actually of the required secondary flow) and may become significantly
<45 °C by allowing the controller to have a steady-state error. The off-tower secondary coolant
temperature is controlled in this design option by adjusting the speed of the cooling tower fans. All
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fans are operated at the same speed, and all cooling towers are active at all operating powers. The
normalized fan speed, n,, for this option is controlled using a standard proportional-integral (PI)
controller, which can be described by the following equation:

ne = k) (T To) + b (1T, ) 4t @

where

n, = controlled fan speed (%),

k., = proportional controller gain (°C™"),

T, = off-tower temperature as sensed by the off-tower coolant temperature detector (°C),
T,... = off-tower temperature set point (the CDR value is 30°C),

k., = integral controller gain (°Css™).

The controlled fan speed, n,, is not allowed to be greater than the maximum fan speed, n;,,,, (CDR
value is 100%).

2.2 OPTION 2: SINGLE-SPEED PUMP WITH VARIABLE-SPEED FANS

The objective of this control scheme is to increase the reliability and reduce the capital cost of
the secondary cooling system by using a single-speed coolant pump (as opposed to a variable-speed
pump). To accomplish this objective, the reactor-core-inlet temperature must be allowed to operate at
significantly <45°C because the excess cooling capacity (100% pump speed) results in lower inlet
temperature for non-nominal operating conditions. Transient operations (e.g., startup) under this
option will result in large temperature variations, but these operations should not cause a scram
because the single-speed pump is designed to provide sufficient cooling for all expected operating
conditions. If there is a lower limit on the core-inlet temperature, then this option may be eliminated.

For this design option, the off-tower temperature is maintained constant by controlling the
speed of the cooling tower fans. This control is implemented as a PI controller similar to the one
described in Sect. 2.1. The core-inlet temperature is no longer directly controllable. This lack of
control could be a problem with the current conceptual design because each of the seperate cold legs
of the primary needs to be maintained at essentially the same temperature.

2.3 OPTION 3: SECONDARY OUTLET TEMPERATURE CONTROL

- The objective of this design option is to maintain the secondary heat exchanger outlet coolant
temperature as high as possible for use by the heating, ventilation, and air-conditioning (HVAC)
system and allow the primary coolant temperature to vary. The secondary temperature must be 244°C
for this option to be feasible. For this study, the selected secondary hot-leg temperature is 45°C.
Implementing this option requires the control of secondary heat exchanger outlet temperatures at 45°C
using variable speed secondary pumps and a PI controller. The off-tower temperature is regulated at
30°C using variable-speed fans and the PI controller described in Sect. 2.1. The core-inlet temperature
is no longer directly controllable. This lack of control could be a problem with the current conceptual
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design because each of the separate cold legs of the primary needs to be maintained at essentially the
same temperature.



3. DYNAMIC MODEL USED FOR SIMULATIONS AND CONTROLLER DESIGN

PRSDYN is a dynamic mode! developed for the purpose of simulating the thermal-
hydraulic and control response of the ANS primary and secondary cooling systems for both
steady-state and transient scenarios, such as startup. It models the flow rate changes, pressure
variations, temperature behavior, and heat exchange between the primary and the secondary
cooling circuits. Figure 3 shows the ANS PRSDYN dynamic model block diagram. Because of
the low pressure at the secondary side of the heat exchangers, the flow-pressure dynamics are
limited by the pump transient response. Consequently, any flow or pressure changes within the
secondary cooling circuit components are derived from the pump flow and pressure changes. The
model] is used to evaluate secondary cooling system design alternatives, and consequently, changes
in the actual design configuration are to be expected.

The PRSDYN model has three independent loops, each of which transfers heat from its
primary side to its secondary side. For the transients examined, the loops were operated in
concert with identical conditions as if only one loop existed. The model is written in modular
form (as shown in Fig. 3) and includes the following modules: pipe, pump, basin, cooling tower
ventilation, valves, junction, header, core and heat exchangers. The model runs on a personal
computer (PC) and is coded in Advanced Continuous Simulation Language (ACSL).

In order to simulate effectively the control of the ANSR inlet temperature, experimental
data suggested by Gilbert/Commonwealth, Inc., for the proposed heat exchangers, cooling tower
fans, and ANS CDR parameters were used within the model to approximate the conceptual
design as accurately as possible.
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Fig. 3. PRSDYN code block diagram for the Advanced Neutron Source reactor cooling circuit.




4. DYNAMIC MODEL BENCHMARK AND VALIDATION

The PRSDYN dynamic model has been validated against calculations and experimental
results. The mathematics of the model, which involves mass momentum and energy conservation,
were reviewed, and hand calculations were performed to confirm that the steady-state conditions
were correct. In addition to steady state, several transients were evaluated, and the results of the
simulations were judged satisfactory. These transients included startup, loss of secondary pumping
power, loss of primary pumping power, secondary side natural circulation, and loss of cooling
tower ventilation.

To complete the validation of the PRSDYN dynamic model, a benchmark against
experimental results was performed and hand calculations were used. For this purpose, a typical
power escalation profile and flow shape from a recent HFIR startup were used. The results with
the PRSDYN model, adapted to HFIR calculations, were very close to the experimental results.
Figures 4 and 5 show reactor-core-outlet and inlet temperatures, respectively, for this HFIR
startup transient.
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5. RESULTS

Tests have been performed to evaluate the response of the ANSR to different transient
conditions. The control parameters used for these evaluations are summarized in Table 1. The
four transients investigated were:

1. fast restart from decay heat levels (before xenon buildup following shutdown);
2. setback to 40% power for up to 30 min, then reseting the power to 100%;

3. cold startup (fresh reactor) with hot basin; and

4. cold startup (fresh reactor) with cold basin.

These four transients are designated as cases 1, 2, 3 and 4 on Figs. 6-14.

Table 1. Control parameters used for the evaluations

Parameters Secondary coolant pump Cooling tower fans speed PI
speed PI° control constants  control constant

Proportional gain K,=125% e °C! K, =65% o °C!

Integral gain N/A® K, =35%e°Clegs!

“Pl = proportional-integral.
’N/A = not applicable.

5.1 OPTION 1: VARIABLE-SPEED PUMP AND VARIABLE-SPEED FANS

Figures 6, 7, and 8 are related to Option 1--the fully controlled core-inlet temperature
using variable-speed secondary pump and cooling tower fans. Figure 6 shows the core-inlet
temperature for the four simulated cases. For all four cases, the temperature stabilized at ~45°C,
and no overshoot was detected. Figure 7 shows one loop secondary pump flow rate. Figure 8
shows the cooling tower heat removal performance extrapolated from the fan speeds. Depending
on the weather conditions, the heat removal changes dramatically with air temperature. A fan
running at 100% speed in summer removes less heat than the same fans running at 75% in
winter.

5.2 OPTION 2: SINGLE-SPEED PUMP AND VARIABLE-SPEED FANS

Figures 9 and 10 show the performance of the second proposed design, Option 2—single-
speed pumps with the cooling tower fans controlling the off-tower temperature at ~30°C. Figure
9 shows core-inlet temperature response to the four simulated cases. No overshoots were
detected, and the core-inlet temperature reached 45°C in 200 s, which is the main heat exchanger
heat transfer time constant. This relatively fast response results from the fact that the basin
temperature was kept nearly constant at 30°C. The basin temperature was most likely maintained
because the tower fans were controlled only by a proportional controller. An integral controller
was tried and caused instability, and an derivative controller will not be efficient in this case
because of the slow process of heat transfer between the primary side and the secondary side.

11
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Figure 10 shows the corresponding heat removal by the tower fans for each of the performed cases.
Unless the basin temperature of each secondary loop is kept at the same temperature, this scheme may
lead to undesirable situation such as different cold-leg temperatures.

5.3 OPTION 3: SECONDARY OUTLET TEMPERATURE CONTROL

Figures 11, 12, 13, and 14 are related to the third proposed design that is associated with the
control of the secondary hot-leg temperature at <45°C and the regulation of the off-tower temperature
at 30°C. Figure 11 shows the secondary hot-leg temperature always kept at <45°C. Controller gains
were chosen experimentally for optimum performance with minimum overshoot. Figure 12 shows the
corresponding core-inlet temperature always kept ~45 °C. Figure 13 shows the secondary pump flow
rate extrapolated from the controlled pump speed. Figure 14 shows the cooling tower heat removal
demand extrapolated from the fans speed. This scheme may lead to undesirable conditions if
appropriate measures are not taken such as keeping the minimum heat removed by the fans at a high
level (For Option 3, the fans were started at a speed equivalent to maximum heat removal = 110
MW). The fact that the core-inlet temperature is no longer directly controllable is also an obstacle
toward keeping the three independent cold legs at the same temperature. Figure 15 shows the core
inlet temperature which went above the scram set point (S0 °C) and the secondary hot leg temperature,
for a power setback to 40%, when the fans were not operating at the required speed.
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6. SUMMARY AND CONCLUSIONS

All three design options studied have inherent limitations that need to be considered for
construction.

For the first option (variable-speed pumps and variable-speed fans), a requirement is to
maintain a pump speed to a value that will assure flow circulation through the cooling tower. The
cooling tower fan controllers will keep the off-tower temperature at 30°C. At startup, the fans will not
be running until the off-tower temperature reaches the set point (30°C). This feature circulates hot
water that may be used to heat the basin during startup in cold season. Option 1 is the current
baseline design, and it is still the recommended option.

In the second option (single-speed pumps and variable-speed fans) an important limitation is
that the core-inlet temperature is not directly controllable. This limitation does not pose a difficulty as
long as the proper measures are taken to keep the secondary pumps running at full speed and the
cooling tower fans are operated to keep the off-tower temperature <30°C. This method is the most
economical because it includes only one control device and is easier to design and to manipulate. The
cost is reduced by eliminating the variable-speed pump controllers used in Option 1. If there is no
lower limit on the core-inlet temperature, then the cost may be reduced more, and the design basis of
the controllable fans may be simplified by changing from variable-speed fans to manual discrete (or
step) speed fans that allow the operator to decide on the off-tower temperature limit.

For the third option (variable-speed pumps controlling the secondary hot leg at ~45°C and
variable-speed fans), it is necessary either to couple the core-inlet temperature signal with the
secondary pump speed controller or to increase the minimum secondary flow speed and the minimum
cooling tower fan speed set points to a limit that can avoid primary core-inlet temperature overshoot or
undesirable increases. By increasing secondary flow response to core-inlet temperature escalation first
and starting the cooling tower fans at high speed, enough heat will be removed from the primary by
the secondary sides to avoid temperature overshoot in both sides of the reactor cooling circuit.
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