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ABSTRACT

This report documents the thermosyphoning analysis which was performed with the CATHENA
network model of one of the blanket and first wall cooling loops of the SEAFP reactor design.
This thermosyphoning analysis includes four simulations, each with a slightly different model
feature or assumption. These simulations are performed to assess the primary heat transport
system behaviour for a complete loss of electrical power event (total loss of flow) and to estimate
the rate and extent of heat-up of the incore components. For each event, a description of some
of the important aspects of the transient thermalhydraulic behaviour including coolant
temperatures, circuit and sector flows, circuit pressure, pressurizer level and outflow, and first
wall and blanket temperatures is provided.

The results indicate that during the period when decay heat is removed by the steam generator,
via the atmospheric steam discharge valve, a strong natural circulation is established in the
circuit. The thermosyphoning flow is higher when the first wall coolant enters from the back of
the blanket and then travels upwards through the first wall. However, even when the flow
direction is reversed with the coolant entering the first wall from the top, there is a sufficient
thermosyphoning flow to keep the core adequately cooled. After the steam generator becomes
empty, the decay heat is removed by the discharge of coolant through the pressurizer steam bleed
valves. The core temperatures remain low until most of the primary circuit inventory is depleted.
When that happens, the core begins to heat-up gradually. During this phase, a significant fraction
of the decay heat is transferred from the core by the natural circulation of superheated steam, to
the rest of the primary heat transport system piping (primarily the feeders and steam generator
tubes where there is a large thermal mass and heat transfer area). The first wall temperature is
expected to reach 1000°C in approximately 5 days after the initial event.
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1.0 INTRODUCTION

One of the important safety considerations in the design of a fusion reactor is the primary

heat transport system behaviour following a loss of power to the heat transport pumps. In

particular, the heat transport loop must permit a natural circulation flow, which can remove

the residual heat stored in the segments and any decay heat which is generated after reactor

shutdown. A thermosyphoning analysis was performed using the CATHENA model of one of

the first wall and blanket cooling loops in the SEAFP reactor design which is documented in

References 1 and 2. The nodalization for this model is shown in Figures 1-1 and 1-2 for the

primary circuit and the steam generator secondary side respectively. The main purpose of

this analysis is to assess the thermalhydraulic behaviour following a loss of power to the heat

transport pumps and to ensure that adequate cooling of the in-core components is maintained.

In general, if electrical power is lost to the heat transport pumps, with the reactor at full

power, the result is a substantial reduction in circuit flow. The reduction in circuit flow, in

turn, causes a rapid decrease in the rate of heat removal by the steam generator and a rapid

increase in the coolant pressure. When the outlet header pressure reaches 12.0 MPa (0.5 MPa

over the assumed normal value), the reactor is assumed to be tripped automatically. The

reactor may also be tripped on low circuit flow or low header-to-header pressure drop. For

the SEAFP study, the assumed overpressure margin required to initiate reactor trip is

comparable to that employed in existing fission reactors. Following reactor trip, the primary

circuit pressure continues to increase until the power to the coolant becomes less than the rate

of heat removal by the steam generator. The pressure will then decrease to below the

setpoint for a short time. After a few minutes, the circuit pressure will be restored to near the

full power value by the pressurizer heater. A steady thermosyphoning flow is then

established, driven by the density head differences between the cold and hot legs. This flow

provides adequate cooling of the segments with the decay heat being transported by the

coolant and removed by the steam generator via steam discharge to the environment.
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2.0 ANALYSIS CASES AND OBJECTIVES

The objective of the thermosyphoning analysis is to assess the primary heat transport system

behaviour following a complete loss of electrical power event, and to estimate the rate and

extent of heat-up of the incore components. The analysis consists of four cases as listed

below:

1. Simulation using the decay power transient used in the previous SEAFP model, which

has a downward flow direction through the first wall (see Figure 1-3).

2. Simulation using the new SEAFP model with an upward flow direction through the

first wall (see Figure 1-3) and the new decay power curve given in Table 1-1. The

decay heat in this case is smaller than the 1% of full power assumed for Case 1.

3. Same as Case 2 except that a non-uniform distribution of heat flux along the

circumference of each First Wall pipe is used. Two thirds of the heat flux is assumed

to occur along the half of the pipe facing the plasma.

4. Long term simulation of the system behaviour following a loss-of-power event,

assuming a small break (area of 5.0 mm2) in one of the inlet headers and no feedwater

flow to the secondary side. The Atmospheric Steam Discharge valve is assumed to

open when the steam drum pressure exceeds 4.7 MPa.

For the first three cases, the secondary side is assumed to continue normal operation

following the loss of power event. Since the steam pipe is connected to a constant pressure

boundary node, the steam generator pressure is maintained at around 4.6 MPa throughout the

transient. The feedwater flow to the steam generator is assumed to be a function of the

reactor power. Thus, the calculated feedwater flow will become small following a reactor

trip. For a loss of power event in a fission reactor, the main boiler feedwater pump will stop

and an auxiliary feedwater pump would supply supply feedwater at a much reduced rate.
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Since the primary circuit behaviour is not strongly influenced by the feedwater flow, the

specific transient feedwater flow calculation used in the model is not critical.

Case 1 is a thermosyphoning simulation using the same SEAFP cooling system model used

for the blowdown analysis (References 2 and 3). This case is performed to determine if

natural circulation would occur even with a non-optimal flow arrangement in the first

wall/blanket (ie., a downward flow direction in the first wall tubes).

Case 2 is representative of the revised cooling system configuration and decay heat curve.

This case is compared to Case 1 to determine the effect of the change in first wall flow

direction on the natural circulation flow.

Case 3 will determine the effect of non-uniform circumferential heating of the first wall tubes

on the predicted first wall temperatures.

The objective of Case 4 is to determine the long term behaviour of the cooling system with a

continued loss of electrical power. For this case, the feedwater flow and the flow to the

turbine are terminated after the initial event. This case addresses three distinct operating

phases:

a) heat removal by discharge of the steam generator contents through the open

atmospheric steam discharge valves until all the liquid is gone,

b) heat removal by the discharge of the primary heat transport coolant by the operation of

the pressurizer steam bleed valve to maintain a steady circuit pressure (this behaviour

is modelled using a small break in one of the inlet headers), and

c) gradual heat-up of the system as the flow of superheated steam transports heat from

the first wall to the rest of the cooling system piping.
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The objective of the case 4 analysis is to predict how long it would take for the first wall

cooling tubes to heat up to 1400°C (the melting point of steel).

3.0 SIMULATION RESULTS

3.1 RESULTS OF CASE 1

The model used here is similar to the one used in the LOCA analysis (see Reference 1). The

pump speed following initiation of pump rundown is shown in Figure 2.1-1. The transient

pump rundown data is calculated by the CATHENA code with the assumption that 5% of the

frictional torque impeding rotation is non-speed related. The pump is assumed to stop

completely by 3.5 minutes after rundown is initiated. This rundown time is judged to be

conservative and is used in all four cases.

The transient coolant flow at the heat transport pump and through one of the segments is

shown in Figures 2.1-2 and 2.1-3 respectively. At 30 minutes after the pump rundown is

initiated, the total circuit flow is 52.7 kg/s. The coolant flows through each of the segments

at 30 and 60 minutes are shown in Table 2.1-1. The coolant flows become stable by 30

minutes as shown in the two graphs.

The circuit pressure transient is shown in Figure 2.1-4. During the first few seconds

following pump trip, the pressure at the pump discharge and the inlet header decreases as the

pump impeller rapidly slows down. However, the effect of reduced pump head is quickly

offset by a rapid increase in the pressure in the entire circuit. This rapid increase in pressure

occurs as a result of a positive heat imbalance which results from the reduced primary coolant

flow through the boiler. At 6 seconds, when the outlet header pressure reaches 12.0 MPa, the

reactor trip signal occurs. Following reactor trip, the fusion power is ramped down to 1%

over a 5 second period.
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The rapid increase in circuit pressure is soon arrested following reactor trip as less heat is

now being added to the coolant from the first wall and blanket than is being removed by the

steam generator. The highest pressure is about 13.6 MPa(a). The circuit pressure decreases

to under 11 MPa by 3 minutes following the initial event. The rate of decrease in circuit

pressure is slowed after about 1.5 minutes due to a strong outflow from the pressurizer and

the operation of the 100 kW pressurizer heater. By 30 minutes, the pressure recovers to 11.5

MPa which is the setpoint pressure according to the logic controlling the pressurizer heater.

The coolant temperature at one of the inlet and outlet headers is shown in Figure 2.1-5. The

outlet header temperature initially increases due to the reduction in flow through the core

while the reactor is at full power. The temperature peaks at about 323°C. By about 45

seconds after the initial event, the coolant temperature in the hot leg begins to decrease

slowly as the heat added by the first wall and blanket is reduced. The decrease in

temperature occurs during the first 30 minutes of the simulation as the heat stored in the

segments is slowly removed. The outlet header temperature is predicted to stabilize at 277°C

by 60 minutes after the event begins.

The inlet header temperature decreases to about 259°C after the pump is tripped due to the

reduction in flow through the boiler which results in a cooler boiler outlet temperature. This

temperature is close to the secondary side temperature which is assumed to remain constant.

If the secondary side temperature and pressure are assumed to decrease following a loss of

power event, the long term primary coolant temperatures will also be lower than those shown

here.

The transient outlet header void is shown in Figure 2.1-6. The void which appears at about

40 seconds, occurs because of the circuit depressurization following reactor trip (see Figure

2.1-4) coincident with higher temperatures in the hot leg (see Figure 2.1-5). The void

disappears by 120 seconds as the pressure stabilizes while the temperature slowly decreases.

The system shrinkage which results from decreasing coolant temperatures is accommodated

by the pressurizer.
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The transient outflow from the pressurizer is shown in Figure 2.1-7. At the start of the

transient, a significant flow to the pressurizer begins in response to the increased circuit

pressure. When the circuit pressure subsequently decreases, an outflow from the pressurizer

begins. The flow drops to about 2 kg/s at 60 seconds which is when void first appears in the

outlet headers. At around 100 seconds, the outflow increases to over 9 kg/s as the void in the

circuit begins to collapse. After all the void disappears, the outflow is reduced to under 4

kg/s and gradually decreases thereafter. The outflow continues as the primary coolant

shrinks. The outflow eventually stops once the coolant temperature stabilizes. The

pressurizer level is 2.84 metres at the end of the simulation (60 minutes after the initial

event).

The temperature of the central outboard first wall element at the inside wall and the cooling

tube outer radius (hottest surface) is shown in Figure 2.1-8. In the circular representation of

the first wall steel, the outer radius of the steel represents the farthest point from the coolant

and thus has the highest temperatures. The temperature transient is typical of all the

segments in the reactor. Early in the transient, the inside wall temperature increases by over

10°C in response to the rapid reduction in coolant flows. A short time after reactor trip, the

inside wall temperature rapidly decreases in response to the reduced heat input to the first

wall. The temperature at the outer radius remains unchanged until reactor trip when it begins

to decrease. The decrease occurs as heat is conducted to the cooler regions. Eventually, the

temperature distribution within the first wall metal becomes uniform and the temperatures

stabilize near 275°C. A small increase in First Wall temperature between 6 and 15 minutes

occurs as a result of decreasing coolant flow during the same time period.

The temperature of the central outboard blanket at the inner surface of the cooling channels

and at the outer radius representing the volume of the lithium is shown in Figure 2.1-9. This

temperature transient is typical of all the segments in the reactor. Early in the transient, the

inside wall temperature increases by about 15°C due to reduced coolant flow. This trend

reverses a short time after reactor trip in response to the reduced heat input to the blanket.

The temperature at the outer radius remains unchanged until reactor trip when it begins to
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decrease. The decrease occurs as heat is conducted from the lithium to the cooling tubes and

then to the coolant. The decrease in temperature is slower than that exhibited by the first

wall due to the larger thermal mass of the blanket.

3.2 RESULTS OF CASE 2

The model used in this simulation is the same as the one used in Case 1 except that the flow

through the first wall cooling tubes is in the opposite direction and a different decay power

transient is used. A shown in Figure 1.1-1, the coolant is first transported to the bottom of

each segment. This portion of the tubes are located in the segment behind the blanket. The

cooling tubes then turn upwards and transport the coolant through the first wall. The coolant

temperature does not increase significantly until the coolant reaches the first wall, as there is

little energy deposited at the back of the blanket. This arrangement is more favourable to

natural circulation since the density head difference between the cold and hot legs is higher.

The decay power transient used in this simulation is shown in Table 1.1-1. Since most of the

residual heat is in the first wall, the thermosyphoning flow in the first wall tubes is expected

to be higher in comparison to that predicted in Case 1. The pump rundown transient is the

same as that used in Case 1. The transient coolant flows at the heat transport pump and

through one of the segments are shown in Figures 2.2-1 and 2.2-2 respectively. At 30

minutes after the pump rundown is initiated, the total circuit flow is 44.8 kg/s. The coolant

flows through each of the segments at 30 and 60 minutes are shown in Table 2.1-1. The long

term circuit flows are lower than those in Case 1 since the total decay heat is smaller (this is

a direct result of the different decay heat transients used in the two analyses). However, the

first wall flows are considerably higher than those in Case 1 as shown in Table 2.1-1. At 60

minutes, the first wall flow is about 3.2% of the initial flow in Case 2 compared with 2.4% of

the initial flow in Case 1. The distribution of decay heat between the first wall and blanket is

also different between the two cases. The decay heat in the first wall is higher than in Case 1

while the blanket decay heat is much smaller. The higher first wall decay heat along with the

improved flow arrangement results in a higher first wall thermosyphoning flow. The blanket
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flows, of course, are much smaller with the revised decay power transient as shown in

Table 2.1-1.

The circuit pressure transient is shown in Figure 2.2-3. The transient circuit pressure is

almost identical to that predicted in Case 1 (see Figure 2.1-4). It is evident that the revised

decay power transient and first wall flow direction do not have a significant influence on the

circuit pressure.

The coolant temperature at one of the inlet and outlet headers is shown in Figure 2.2-4. In

the short term, the transient coolant temperatures are similar to the ones predicted in Case 1.

However, the outlet header temperature becomes lower than that in Case 1 since the total

decay heat generation is smaller. The smaller difference between inlet header and outlet

header temperatures (see Table 2.1-1) reduces the overall thermosyphoning flow. However,

since most of the decay heat occurs at the first wall, the temperature difference across the

first wall is higher with the outlet temperature at around 278°C. The larger temperature

difference enhances the first wall flow. The temperature difference across the blanket is only

about 5°C so the driving force there is relatively small. This effect is partially offset by the

reduced flow resistance across the blanket.

The transient outlet header void is shown in Figure 2.2-5. The duration of the voiding is

slightly shorter than that in Case 1 (see Figure 2.1-6) since the outlet header coolant

temperature decrease more quickly following reactor trip in the Case 2 transient.

The transient outflow from the pressurizer is shown in Figure 2.2-6. The transient pressurizer

outflow is very similar to that predicted in Case 1. The total amount of liquid discharged

from the pressurizer is slightly higher in Case 2 since the temperature of the hot leg decreases

more than it does in Case 1. The pressurizer level drops to 2.66 m by 60 minutes after the

initial event.
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The temperature of the central outboard first wall at the inner surface and outer radius of the

cooling channels is shown in Figure 2.2-7. The temperature transient is typical of all the

segments in the reactor. The transient is similar to the one predicted by the Case 1

simulation. The long term temperatures are the same as those predicted in Case 1. The

effect of the higher first wall decay heat is offset by the higher thermosyphoning flow.

The temperature of the central outboard blanket at the inner surface of the cooling channels

and at the outer radius representing the volume of the lithium is shown in Figure 2.2-8. This

temperature transient is typical of all the segments in the reactor. Early in the transient, the

predicted temperatures are similar to those in Case 1. Later in the transient, the blanket

temperatures predicted in the Case 2 simulation become significantly lower than in Case 1

since the decay heat generation is much smaller (see Table 2.1-1). Although the flow through

the blanket is also smaller, the difference between the two flow predictions is not nearly as

great as the difference in decay heat generation. Thus, the net effect is a significantly lower

blanket temperature.

3.3 RESULTS OF CASH 3

In the reactor, the side of the first wall cooling channel which is closest to the plasma has

higher temperatures since this region is exposed to the highest heat flux. In the previous

cases, the heat flux distribution was assumed to be uniform around the circumference since it

has a negligible effect on the thermalhydraulic behaviour. In the model used in Case 3, two

thirds of the heat flux was assumed to be deposited along the half of the first wall tubes

closest to the plasma, and one third along the other side of the tubes. Although this is only a

very rough approximation of the circumferential heat flux profile, it provides information on

the sensitivity of heat flux distribution on the maximum first wall temperatures.

Figure 2.3-1 shows the first wall steel temperature at the outer radius for each of the two

circumferential regions. During normal steady state operation, the temperature of the warm

half of the cooling tube wall model is 59°C higher than the cool half. However, after reactor
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shutdown, there is no significant difference between the temperatures of the two sides. Also,

the other steady state parameters are unchanged from those in Case 2 and the

thermalhydraulic behaviour following pump rundown is the same as that predicted in Case 2.

3.4 RESULTS OF CASE 4

3.4.1 Stage I - Cooling by Steam Generator Blowdown

This stage lasts from the start of the transient to the time when the steam generator is empty

(approximately 3 hours). In the simulation, the secondary side flows (feedwater and steam

flow to turbine) are assumed to stop a short time after the initial event (loss of power to the

heat transport pump). The feedwater flow is ramped to zero over a 100 second period. The

turbine governor valve is ramped closed over a 40 second period. Reactor trip is initiated on

a high heat transport system pressure signal as in the other cases.

Once the turbine governor valve is closed, the steam generator secondary side pressure

increases as heat transfer from the primary side continues. When the pressure in the steam

drum reaches 4.735 MPa, the Atmospheric Steam Discharge Valves (ASDVs) begin to open.

The flow through the ASDVs is at the assumed maximum (23 kg/s) early in the transient (see

Figure 2.4-1) when the rate of heat transfer from the primary coolant is the greatest. The

flow becomes smaller as the rate of heat transfer from the primary side diminishes (see Figure

2.4-2). At approximately 3 hours after the initial event, all of the water in the steam

generator secondary side has evaporated. The steam generator inventory as a function of time

is shown in Figure 2.4-3. The ASDV flow and the rate of heat transfer from the primary side

then become very small. At this time, the boiler no longer provides an adequate heat sink for

the decay heat absorbed by the primary coolant.

During the time when the boiler empties, the primary circuit pressure is maintained at 11.5

MPa by the pressurizer heater as shown in Figure 2.4-4. At the start of the transient, there is

a brief period (20 seconds) of overpressure similar to that in the other cases (not visible on
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the graph due to the large time scale). This is followed by a period where the pressure drops

to 10 MPa. The pressurizer steam bleed valve opens during the brief period of overpressure,

but then remains closed thereafter for about 3 hours as the circuit pressure remains at or

below 11.5 MPa. The pressurizer level quickly decreases to less than 3 metres as shown in

Figure 2.4-5. Once the secondary side heat sink ts exhausted, the primary circuit pressure

increases, the pressurizer heater stops, the pressurizer level rises, and a steam bleed flow

begins, marking the beginning of the second stage of heat transfer.

The decrease in heat transfer to the secondary side at 2.85 hours causes a perturbation in the

primary circuit thermosyphoning flow (see Figure 2.4-6). The flow initially increases due to

a brief increase in the density head difference between the boiler inlet and outlet. With the

boiler heat sink greatly reduced, the warmer inflowing liquid spreads first toward the top of

the U-tubes resulting in a temporary increase in the density head difference. Once the

warmer liquid replaces the cooler liquid in the rest of the U-tube, the density head difference

between the boiler inlet and outlet is almost eliminated and the total circuit flow is reduced to

about 20 kg/s.

The first wall and blanket flows for the central outboard segment are shown in Figure 2.4-7.

The brief increase in flow after 2.85 hours occurs mostly in the blanket as the resistance to

flow there is much lower. However, the blanket flow eventually decreases to zero as the inlet

header temperature becomes higher than that anywhere in the blanket flow path. With a very

small decay heat and a large volume, the blanket liquid remains stationary until after 7 hours

when the steady circuit flow is disrupted by voiding at the top of the boiler. After the circuit

flow is disrupted, a period of reverse flow through the blanket core pass is predicted. This

reverse flow pushes the cooler blanket liquid into the inlet header resulting in a cooler inlet

header temperature (see Figure 2.4-8) by 8 hours. Also, the blanket coolant temperature

increases to that of the first wall outlet as warmer liquid from the outlet header flows in (see

Figure 2.4-9).
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3.4.2 Stage II - Primary Codant Discharge

The second stage where the primary coolant is discharged via the pressurizer steam bleed (or

liquid relief valves) begins after the steam generator is empty and lasts indefinitely as the

primary coolant will continue to expand, even after all the liquid is gone.

As the decay heat accumulates in the primary coolant after the boiler secondary side is empty,

its temperature increases as shown in Figure 2.4-8. The resulting swelling causes the

pressurizer level to rise resulting in a steam bleed flow from the top. When the level reaches

close to the top of the pressurizer, the flow becomes two phase and unstable. This behaviour

cannot be modelled effectively by the CATHENA code as the interaction of liquid and vapour

in the steam bleed line results in a very small timestep and thus an excessively time

consuming simulation. An alternative approach is to model the opening of the pressurizer

steam bleed and/or liquid relief valves as a small orifice in the primary heat transport piping

which discharges continuously. The discharge of coolant through this orifice mimics the

emptying of the primary circuit via the pressurizer steam bleed. The appropriate orifice area

is one which allows the circuit pressure to remain near 11.5 MPa. If the pressure decreases

significantly after the orifice discharge is initiated, the orifice area is larger than what is

needed to maintain constant pressure. Thus the primary circuit will blowdown more quickly

than it would if the pressurizer steam bleed is modelled explicitly. Some decrease in pressure

also occurs if the primary circuit is subcooled. Here, the pressure will decrease to the

saturation pressure, and then remain constant.

A break with an area of 5 mm2 and located at one of the inlet headers is initiated at 4.16

hours (15000 seconds) after the initial event. The resulting discharge flow through the orifice

is around 0.4 kg/s (see Figure 2.4-10). The circuit pressure decreases after the orifice is

opened as the coolant discharged through the orifice is replaced by coolant from the

pressurizer. This causes the pressurizer level to fall (see Figure 2.4-5). If the pressurizer

steam bleed was modelled explicitly instead of using an orifice, the liquid level would

continue to rise steadily until is reaches the top.
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The decrease in circuit pressure which occurs after the orifice is opened reactivates the

pressurizer heater which restores the circuit pressure back to 11.5 MPa by 45 minutes after

the orifice is opened. This delay in restoring the circuit pressure results from the pressurizer

liquid being subcooled by 15°C at the time the orifice discharge is initiated. The outflow

from the pressurizer continues until it is empty. Once the outflow stops, a decrease in circuit

pressure occurs. In reality, the pressure would be maintained at 11.5 MPa, with a mixture of

water and steam being discharged from the top of the pressurizer. Also, the coolant will

gradually heat-up to the saturation temperature of 321°C.

With the decrease in circuit pressure, void appears in the hot leg, first at the top of the boiler

U-tubes. As noted earlier, the presence of void in the boiler tubes disrupts the steady

thermosyphoning flow in the circuit. After 14 hours, void appears at the inlet header where

the small break is located as shown in Figure 2.4-11. The presence of void is also evident in

the break discharge flow graph (see Figure 2.4-10). At 22 hours, when the simulation is

terminated, the discharge is mostly steam. This indicates that most of the piping at or above

the elevation of the headers is filled with steam with the bulk of the remaining liquid

inventory below the headers.

3.4.3 Stage III - Superheated Steam Cooling

At the end of the blowdown simulation, no significant heat-up of the first wall has started as

shown in Figure 2.4-12 which shows the steel temperature near the outlet of the first wall. At

this time, the first wall cooling tubes contain mostly liquid with only a small amount of void

present. The first wall temperatures will begin to increase significantly once most of the

liquid in the first wall cooling channels has evaporated. At this time, the entire circuit except

the blanket cooling channels is filled with steam. The time when this happens is estimated by

extrapolating the break discharge transient since it is too time consuming to continue the

blowdown simulation to the time when the all the water has evaporated from the first wall

cooling channels. Based on the calculation shown in Appendix A, it is estimated that the

primary circuit (except the blanket) will be empty in approximately 24 hours after the end of
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the simulation. A small increase in first wall temperature is expected during that time. A

separate simulation is then performed with the circuit filled with superheated steam at a

pressure of 11.5 MPa to calculate the rate of first wall heat-up. The initial first wall

temperatures are assumed to be around 350°C. The initial first wall and blanket powers

(298.1 kW and 39.4 kW respectively) are obtained from the normalized decay heat transient

at 36 hours (see Table 1-1). The simulation is performed for 200000 seconds (2.3 days).

The predicted first wall temperature, shown in Figure 2.4-13, reaches 915°C at the end of this

simulation. The heat-up of the first wall is proportional to the decay heat curve. The rate of

heat-up is delayed by the natural circulation of steam which transports over 70% of the decay

heat from the first wall to the rest of the heat transport piping. A large portion of this heat is

absorbed by the boiler tubes and the portion of the first wall cooling channels extending down

from the distribution headers and behind the blanket. Figure 2.4-14 shows the transient first

wall heat generation rate and the rate of heat transfer to the coolant. The difference between

the two values is the heat which is absorbed by the first wall channels. In reality, some of

the first wall decay heat is also transferred to the blanket by conduction. Since this behaviour

is not modelled, the predicted rate of first wall heat-up is likely higher than that which may

actually occur.

The natural circulation of the steam occurs because all of the first wall heat is applied to one

leg of the first wall cooling channels (see Figure 1-3). This creates a density head difference

between the hot and cold legs which drives the flow. The circuit flow and flow through the

inboard first wall are shown in Figure 2.4-15. The flows gradually decrease as the density

head difference becomes smaller. There is no flow in the blanket channels since the coolant

there is much cooler than that elsewhere in the circuit and cannot escape due to the U-

configuration of the channels. Although not modelled in the simulation, the blanket tubes are

likely still filled with water. The evaporation of this water will reduce the rate of first wall

heat-up as the steam from the blanket provides an additional heat sink.
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Figure 2.4-16 shows the coolant temperatures at the first wall inlet and outlet and also the

blanket inlet for the inboard segments. A constant temperature difference between the coolant

and the first wall piping is maintained. The small change in blanket temperatures, even after

several days is evident.

By extrapolating the first wall temperature graph in Figure 2.4-13, it is estimated that the

temperature will reach 1440°C (the melting point of stainless steel) in approximately 2.7 days

after the end of the simulation. The total time, from the initial event to the time when the

first wall cooling tubes begin to melt, is estimated to be approximately 7 days. The predicted

and estimated first wall temperature transient for this 7 day period is shown in Figure 2.4-17.

Part B of this graph is the estimated first wall temperature between the end of the blowdown

simulation and the time when the cooling tubes are expected to run dry (see Appendix A).

The first wall temperature is not expected to increase by a large amount during this time. In

conclusion, the first wall heat-up is so slow due to the small decay power and the

arrangement of the first wall channels which promotes natural circulation.

4.0 SUMMARY AND CONCLUSIONS

4.1 SUMMARY OF RESULTS

1. Following a loss of electrical power to the heat transport pumps, the resulting

thermosyphoning in the SEAFP primary cooling system works well due to the large

elevation changes, and the flow arrangement in the first wall. Therefore, there is no

cooling crisis for some time after the pumps rundown.

2. Following a total loss of electrical power, where the secondary side flows are also

terminated, adequate cooling of the core is maintained by the discharge of the steam

generator contents to the atmosphere.
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3. If electrical power (full or partial) is not restored within 3 hours, the primary coolant

will begin to discharge through the liquid relief or pressurizer steam bleed valves.

The coolant discharge will remove the decay heat as long as there is liquid present in

the core. It is estimated that it will take at least one day for the primary cooling

system to empty enough for heat-up of the first wall to occur.

4. If electrical power is not restored within two days, it is likely that a large portion of

the primary heat transport circuit including the first wall cooling tubes will be filled

with superheated steam. Here, a large fraction of the decay heat will be transferred

from the core to the rest of the heat transport piping by natural circulation. However,

the reactor core will gradually heat-up as some of the decay heat accumulates. The

heat-up rate is estimated to be about 200 to 300°C per day, hence it would take at

least several days for the first wall temperature to reach the melting point of steel.

This result demonstrates the effectiveness of the large thermal mass and heat transfer

area in the cooling system in removing decay heat from the core.

4.2 CONCLUSION

The analysis results indicate that the heat-up of the core, following a total loss of electrical

power for an extended period of time is slow, and would require at least 5 days for the core

to reach temperatures that could jeopardize its structural integrity. On this basis, it can be

concluded that an emergency decay heat removal system is not required.
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Table 1-1
Transient Decay Power Data

Time

I s

1 min

17 min

1 hour

3 hour

10 hour

1 day

3 day

1 week

Global Decay Heat
(MW)*

28

27

22

17

10

3.6

3.3

2.5

2.4

Source: Reference 4

* Global decay heat is obtained by multiplying first wall decay heat by a factor of 1.3.
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TTR-03
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Table 2.1-1
Predicted Circuit Conditions Following a Loss of Heat Transport Pump

Case 1:

Component

Central outboard first wall
Central outboard blanket

Lateral outboard first wall
Lateral outboard blanket

Inboard first wall
Inboard blanket

Total Circuit (2 sectors)

Flow @
Time = 0

68.8
192.2

84.6
230.3

105.2
287.6

1937.4

Flow @
Time = 30 min

1.7
5.4

2.2
6.3

2.8
7.8

52.6

Flow @
Time = 60 min

1.7
5.5

2.1
6.4

2.5
7.9

52.3

Circuit pressure @ 60 minutes: 11.51 MPa

Inlet header temperature @ 60 minutes: 259.3°C

Outlet header temperature @ 60 minutes: 277.1°C

Heat Generation: First wall: 1.25 MW
Blanket: 3.38 MW

Case 2:

Component

Central outboard first wall
Central outboard blanket

Lateral outboard first wall
Lateral outboard blanket

Inboard first wall
Inboard blanket

Total Circuit (2 sectors)

Flow @
Time = 0

70.5
191.3

86.0
228.3

106.7
284.4

1934.6

Flow @
Time = 30 min

2.5
3.6

3.0
4.3

3.7
5.3

44.8

Flow @
Time = 60 min

2.4
2.9

2.8
3.4

3.5
4.2

38.5

Circuit pressure @ 60 minutes:

Inlet header temperature @ 60 minutes:

Outlet header temperature @ 60 minutes:

First wall outlet temperature @ 60 minutes:

Blanket outlet temperature @ 60 minutes:

Heat Generation: First wall:
Blanket:

11.50 MPa

'259.4°C

271.0°C

278.8°C

264.6°C

1.64 MW
0.49 MW

TTR-9.1
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Appendix A

Calculation of Time to Empty First Wall Cooling Channels

At the end of the blowdown simulation (22 hours after the initial event), the primary circuit

inventory is 13.0 Mg. Most of this is liquid which is located at or below the elevation of the

headers. The first wall will not heatup significantly until most of the liquid in that region has

evaporated. When the first wall cooling channels become filled with steam, it is likely that

the blanket cooling channels will still contain a large amount of liquid since the decay heat

there is so small. Therefore, the mass of water in the blanket (5.3 Mg) is subtracted from the

remaining inventory. Also, the mass of steam in the rest of the circuit (2.2 Mg) is also

subtracted from the remaining inventory before dividing it by the break discharge flow to

calculate the time when the first wall tubes run dry. From the calculation shown below, it is

estimated that the first wall cooling channels will run dry in 24 hours after the simulation is

terminated. This gives a total of 46 hours after the initial loss of electrical power event.

Remaining Inventory at the end of the blowdown simulation:

Blanket Inventory at the end of the blowdown simulation:

Volume of Circuit excluding blanket cooling channels:

Specific volume of steam (assume a temperature of 320°C):

Estimated mass of steam in circuit when first wall tubes run dry:

Inventory still to be discharged before first wall heatup begins

( = 13.0 - 5.3 - 2.2 ):

Break Discharge Flow (assumed to be a constant steam flow):

Time to discharge 5.5 Mg of inventory (discharge flow of 0.063 kg/s): 24.2 hr

The following are sources of uncertainty which may affect the estimate of the time when the

first wall channels run dry and begin to heatup:
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Some first wall channels may run dry some time before the majority of them do.

Some liquid may still appear in the break discharge which reduces the time to expose

the first wall cooling channels.

The use of a small break provides only an approximation of the rate of inventory

depletion through the pressurizer steam bleed. This approximation is judged to be

conservative since the circuit pressure is more than 1.5 MPa lower during the

blowdown transient. Therefore the break discharge is higher than is required to

provide pressure relief.

LEGEND

A blowdown simulation with small break in header

B estimated temperature during remainder of blowdown

C superheated steam simulation

D extrapolation from C to estimate time of possible melting
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