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Executive Summary 

This report is a summary of the activities of the X6 design support for the Heat Removal 
System (HRS) of MEGAPIE. It can be divided into two main parts: The first part is about 
the design and manufacturing of the cooling loop (the first 3 chapters), and the second part is 
dealing with the thermal hydraulic analysis of the overall HRS. This also reflects the change 
of the X6 activities from design to operation support. The activities of this group are more or 
less driven by the needs rather than a complete set of tasks given at the start of the project. 

The first part chronicles the system development. Some of the arguments are probably 
outdated but are kept in the original form to illustrate the evolution of concepts. The main 
objective is, of course, to design a heat removal system that can cool the liquid metal 
spallation target for a 1 MW proton beam (i.e. 1.74 mA in 575 MeV). It is also reckoned that 
the liquid metal, LBE (lead-bismuth-eutectic), must be kept liquid even when the proton 
beam was switched off. This requires either that the cooling system can be shut down or the 
operating temperature of the coolant be higher than the freezing point of LBE. As for safety 
concerns, the HRS system must not exert a pressure that exceeds the design pressure of the 
target beam window in case of a break at the target heat exchanger (THX); this limits the 
cover gas pressure to about 4 bar(a). These are the basic design principles that carry through 
the conceptual and engineering design of the system. The organic coolant Diphyl THTR was 
then chosen, because of its wide range of operating temperature (i.e. from 0 to 340 °C) and 
high boiling point, and a proven record in industrial applications. 

Once the conceptual design and the coolant were defined, the engineering design was 
passed on to Ansaldo. It is known that organic coolants, such as the Diphyl THT, 
disintegrate under irradiation. The radiolysis gas. consists mainly of hydrogen (i.e. 97%). A 
hydrogen absorber was proposed to retain the active hydrogen, but later was found 
unnecessary. Due to the fact that the HRS is operated in a radioactive environment, the 
installed equipment is required to be able to i) resist the neutron and gamma radiations, 
ii) operate continuously without being serviced, and iii) endure 10,000 thermal cycles for the 
lifetime of the target. Those were the extra issues that had been dealt with during the 
engineering design. 

The system analysis started roughly at the same time as the engineering design. The 
main objective of this part was to develop a system model for predicting the thermal 
hydraulic behaviour of the MEGAPIE cooling system (i.e. from the target to the last heat 
exchange to the cooling plant of the SINQ hall). The early work by FZK with the HETRAF 
code helped to develop the control strategy and gave the rough time scale for the LBE to be 
frozen if the cooling was unregulated after the proton beam was switched off. The THX was 
also part of the cooling system that the work group had to design. The final design of the 
THX was an assembly that consisted of 12 identical pins. A mock-up model of a single 
cooling pin was tested in ENEA, Brasimone and followed up with CFD analysis by CRS4. 
The results showed that the design was adequate for the target cooling. 

Target temperature regulation relies on a three-way-valve to distribute the flow between 
a bypass line and the intermediate heat exchanger (IHX). SCKCEN provided the theoretical 
support for determining the control algorithm and parameters. A few algorithms were 
proposed based on the SIMULINK results of the system simulation. The basic idea was to 
scale the gain factors of a PID (Proportional, Integral, and Differential) control based on the 
beam power. A simple adaptive-gain PI control algorithm was also implemented in the 
RELAP5 model for verification. 
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Though the HRS had been studied during the conceptual design, the model was 
incomplete because changes had been made during the engineering design. Reassessment of 
the system behaviour in the final configuration relied heavily on a special version of 
RELAP5/Mod.3.3.2, which had been modified by Ansaldo for liquid metal application. The 
second code was provided by FZK with ATHLET-MF for multi-fluid system that included 
liquid metal. The steady-state and transient results of the normal target operation were 
benchmarked between these two codes. Though there were some small differences due to the 
different sets of LBE properties used, the agreement between the two codes were very good. 
Unfortunately, the work of ATHLET-MF could not be continued because of the 
unavailability of the personnel. 

RELAP5 was used for a further study of the system behaviour in off-normal conditions. 
In this study, it was assumed that one of the active components failed (active component 
means the valves and the pumps) and this event would remain undetected. The system could 
be heated up or cooled down due to i) circulation pump trip, ii) unregulated cooling, and iii) 
loss-of-heat-sink incidents. Due to the large thermal inertia of the system, the time duration 
to reach critical states is in the order of tens to hundreds of seconds. 

The last part of the report discusses the planned tests on the MEGAPIE Integral Test 
Stand (MITS). The proton beam is simulated by an electric heater. Selecting the heater was 
discussed in detail, and the experiments were proposed to be scaled down based on the power 
and the buoyancy effects in the target. Simulations showed that the system operating 
conditions could be scaled down and the transient time scale was also affected by the slower 
flow. 

In general, the analysis shows that the system behaves quite well in all the normal and 
off-normal conditions. Basically, the design fulfils all the requirements. There is no danger 
of a catastrophic target failure even with cooling capacity damped by a single component 
failure. There are good margins of reserve capacity to cope with an increase of the proton 
beam power. Whether the system behaves as predicted is yet to be verified in the system test 
on MITS. 
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Chapter 1 Introduction 

The target cooling is one of the important aspects in the MEGAPIE (MEGAwatt Pilot 
Experiment) design, because the proton beam is depositing more than half a MW of heat into 
the target material, Lead-Bismuth-Eutectic (LBE) and its surrounding structures. The cooling 
system also has a significant bearing on safety because the heat exchanger is deeply 
immersed into the active LBE. The HEX must be able to act as a barrier of the active 
material if it leaks at the heat exchanger wall. The thermal hydraulic characteristics of the 
system and the temperature control and stabilization are part of the effort in the designing of 
the cooling system. The interfaces to the target and the control are part of the tasks of this 
work group. 

The research and development (R&D) were started at almost the same time as the 
engineering design. The scientific support was first taken up by Sigg and contributed 
significantly to shape the system. There already existed some studies about the technical 
feasibility of building a liquid-metal target for SINQ (Spallation Neutron Source) prior to the 
MEGAPIE. Some alternative cooling devices or loops were then eliminated at the outset of 
the project. That activity was summarised in the baseline document by Sigg. [1]. However, 
details of those studies were not documented. During the conceptual design phase, some 
system analysis was provided by FZK and CEA with HETRAF and OASIS system codes, 
respectively. But this collaboration was stopped because of the unavailability of the 
involved persons. 

When the X6 activity progressed toward the engineering design phase, the load was by 
and large carried by Ansaldo under the supervision of the scientific support and the project 
management. In this phase, the system analysis for assisting the design was provided by 
Ansaldo. They developed the system model with RELAP5/Mod 3.2.2: a well recognized 
system analysis program in nuclear engineering. The model was later transferred to PSI, and 
W.H. Leung continued the effort of system analysis while Ansaldo's effort was phased out. 
The efforts continue in terms of investigating the global system behaviour. That constituted 
the main part of the latter X6 activity. 

1.1 Baseline 

There were R&D works conducted even before the project came into being. Those 
works conducted before the X6 support group was formed are not going to be discussed, but 
what had been discussed in document is briefly summarized here. Investigation in alternative 
HEXs has almost been completed at the time the project started. One of the options 
discarded in the baseline report, has actually been employed in the final design: it was argued 
that the organic coolant should not be chosen because of the stability problem due to 
radiolysis and pyrolysis, which was later found to be less important. This work related to the 
task of transferring the heat produced by the proton beam in the liquid metal target to the 
secondary D2O cooling system by means of a reliable and manageable heat exchange unit. 
Besides its operational importance, the heat removal system has a significant bearing on 
safety because of the proximity of the highly radioactive liquid metal and the secondary 
coolant. The design of the Heat EXchanger (HEX) had to be elaborated in close connection 
with target thermal-hydraulics (X4 and X5 groups) and auxiliary system adaptation 
(secondary coolant, control, etc. XI1 group). Interfaces to other work packages have been 
mentioned in the baseline report [1]. 

This work group named after the task of "Heat Removal" had the primary objectives set 
as follows [1]: 
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• To discuss alternative heat retrieval systems. 

• To choose and work out a realistic design that ensures reliable cooling of the liquid 
metal target without exceeding given operating temperature limits (avoidance of 
freezing, overheating and excessive temperature differences between hot and cold 
parts) and satisfies the requirements of safety, shielding and the boundary conditions of 
the existing structures at SINQ (geometry and auxiliary systems). 

• To define the necessary amount of monitoring, control, operational and safety 
equipment related to the design of the HEX. 

Alternative heat removal systems, including considerations about using heat-pipes and other 
innovative type of HEX were discussed in the baseline report [1]. There is, however, no 
design document that suggested an alternative system other than a forced convection loop. 
Besides, the discussion of alternatives is irrelevant to the work that is going to be discussed in 
this report. 

The second objective caused much of the loads of this work group. Let's elaborate on the 
details of the specific issues as follows: 

• Reliable Cooling of the Liquid Metal Target 
This related to determine the pump capacity, Target Heat eXchanger (THX) design, 
interface to the cooling plant, regulation of different power, reliability of the 
components, etc., 

• Limiting Target Operating Temperatures 
This related to the THX characteristics, the system control and flexibility of the 
control over the cooling capacity of the loop. The goal was to ensure that the target 
neither overheated nor cooled down to solidification of the LBE coolant. The 
temperature regulation was later solved by implementing a three-way-valve (TWV) 
in the cooling loops, 

• Safety Requirements 
It was basically related to containing the active LBE in an accident (specially a leak 
in the THX). The basic strategy was to isolate the target in case of shutdown or 
accident and to keep the pressure of the cooling loop above that of the target to 
suppress any possible leak-out of the active LBE. It was also to ensure that there 
would be no spontaneous interaction between the LBE and the intermediate coolant 
in direct contact, etc., 

• Shielding 
The THX should be designed in such a way that high-energy radiation from the 
spallation zone could be adequately attenuated for limiting the radiation level in the 
target head enclosure (TKE) room. 

• Boundary Conditions 
The limited space in the TKE required the system to have a small footprint and 
limited height. The interfaces to the target and to the building cooling plant, which 
gave the limits of inlet/outlet temperatures of the cooling loop, were defined by this 
support group. 
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The third objective was to define the basic instrumentation and monitoring scheme. 
Temperatures and flow rates were the two basic parameter sets required for monitoring the 
system. The focus was on the operational and safety needs of the system monitor. The basic 
instrumentation as: 

• Thermocouples for temperature measurement, especially at the inlets and outlets of 
all the heat exchangers in the system, 

• An orifice flow meter for monitoring the main flow, 

• Pressure transducers for monitoring the system pressure, 

• Leak detectors deployed at the centre of the base plate of the mounting skid where 
the leaked oil would be collected. There are also some sensors put on top of the 
lower Liquid Metal Container (LMC). However, no detector is installed inside the 
LBE channels of the THX. A leak of organic coolant into the target can only be 
detected indirectly by the LBE level sensor or by the pressure increase in the cover 
gas. 

1.2 Studies of Alternative HRSs 

The feasibility of cooling the liquid LBE-target by means of a pin bundle with coaxial 
flow of the secondary coolant (D2O) has already been investigated in the old studies at PSI. 
That included heat transfer, fluid flow, structure corrosion and safety analyses. Some HEX 
problem areas concerning safety and thermal-hydraulics have also been identified. In 
particular, the effects of water/liquid-metal interactions have been investigated, 
experimentally and analytically. The results were encouraging in that they showed that no 
steam explosions occurred, but the subject needed more thorough experimental and numerical 
analysis. The use of heat pipes with water as the working medium was then proposed to 
alleviate the water ingress problem and to avoid freezing of the liquid metal (turn-off 
temperature of the heat pipes). They would, however, not eliminate the necessity of pressure 
relief devices. A prototype of the heat pipe had been tested in the LBE facility in PSI, but no 
record could be found about the test results. Heat transfer calculations showed that a total 
thermal power of 500 kW to 1 MW could be removed from the target for LBE operating 
temperatures between 300 to 350 °C (inlet to cooler) and 150 to 170 °C (outlet) using either 
direct water cooling or heat pipes. 

In a pre-conceptual design, a bypass EMP for forced convection cooling of the proton 
beam window was planned which would be installed in the upper target along with the THX. 
As for the main flow of target cooling, a forced convection or completely natural circulation 
had been considered as equally valid options. An adequate Heat Exchanger (HEX) was 
definitely one of the main focuses of the study. Keeping in mind that water was still 
considered as the prime candidate of the secondary coolant. On the other hand, the operating 
pressure of the Heat Removal System (HRS) was restricted to below 5 bar because of the 
concerns of over-pressurization on the beam window. A double-wall cooling pin was 
considered, because a water leak into the interstitial gap could be 
detected and the heat transfer surface could be modulated by the height of a contact fluid (i.e. 
liquid-metal) in the interstitial gap. A complicated design of the contact gap had also been 
proposed such as a gap sandwich consisting of two liquid layers, i.e. a conducting and an 
insulating fluid, separated by a wall but communicating at the bottom of the pins. It would 
allow liquid to be transferred from one gap to the other in order to create an adjustable heat 
transfer interface and could thus avoid freezing of the LBE at low or zero heating power. 
Without this possibility, the flow of the secondary coolant had to be greatly reduced (by
passed) and the temperature in the HEX had to increase to a value well above the melting 
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point of LBE by means of an auxiliary heater (i.e. boiling point at 180°C for water under 10 
bar pressure). If the target must be kept in liquid state in case of a loss of electric power, the 
heat capacity of the liquid metal should be large enough to sufficiently raise the cooling water 
temperature in pins and headers. If freezing was allowed, the auxiliary heating should provide 
sufficient power to re-melt the whole target. Removing the decay heat in a loss-of-heat-sink 
incident could presumably be achieved by thermal radiation. The HEX must be adequately 
instrumented and controlled to ensure its optimum operation and to detect abnormal 
conditions, such as flow instabilities and excessive cooling non-uniformities, as well as 
defects. The control system should comprise the regulation of pressures, temperatures, 
secondary-coolant flow rate and, optionally, the contact-liquid level. 

Using an organic or liquid metal coolant in a forced convection cooling loop or a heat 
pipe was discarded because of the ensuing complications for the auxiliary systems. Although 
radiation damage and thermal decomposition could cause degradation and vapour pressure 
increases, these effects are rather low at the operating temperatures considered for the LBE-
targets. For a liquid-lead target operating between 350 to 500 °C, the choice of mercury as 
heat pipe working medium would be realistic, but this option was not considered in the 
feasibility study. Intermediary coo ling systems using a naturally circulating, liquid or boiling 
fluid (thermosyphons) would require a driving height comparable to that of the target itself to 
be effective. There were a number of alternative heat removal concepts that could have been 
investigated in parallel, but this could not be done due to the limitation of resources and time. 

1.3 Feasibility Study 

The conceptual design was based on previous design proposals analysed at PSI, i.e. 
direct heat removal by the secondary coolant D2O or heat transfer by means of intermediary 
heat pipes, or a new concept using a closed intermediate cooling loop. 

To demonstrate feasibility and to arrive at a realistic design, additional engineering 
analyses were required for the following subjects: 

• Liquid metal: Analysis of heat transfer, temperature field and fluid flow including 
effects of operating conditions and fluid properties (influence of wetting and 
impurities on thermal surface resistance and viscosity). 

• Secondary coolant: Analysis of heat transfer and fluid flow at various operating 
conditions. Definition of permitted operating domain (avoidance of supercritical heat 
fluxes and flow instabilities under normal conditions). 

• Double-wall pins for direct heat removal: Design, heat transfer (including possible 
dependence on level of contact liquid), thermal and mechanical effects of thermal 
expansion. 

• Heat pipes: Design, definition of operating characteristics and test of existing 
prototype, radiolysis of working fluid. 

• Layout of the system for heat removal: Analysis of operational requirements and 
design of control system (in co-operation with X. 11). 

• Thermal and structural analysis: The heat removal system for various normal as 
well as abnormal operating conditions and malfunctions (steady-state, hot and cold 
stand-by, transients of proton beam, liquid-metal pump and secondary cooling, loss of 
heat sink and electricity supply, target overheating, effects of thermal expansion 
(stresses, wear, self-welding, vibration, effects of leaks) must be analyzed to ensure 
that no excessive mechanical stress would result. 
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• Safety-relevant occurrences: Interaction between secondary coolant or heat-pipe 
working medium and hot liquid metal (modes of interaction, consequences) (in co
operation with X3). 

• Auxiliary and safety equipment (in co-operation with X3/11): Monitoring of 
operating parameters, control of temperature, pressure, flow and level of contact 
liquid, detection of malfunctions and structural defects (leaks). Necessity and 
effectiveness of pressure relief devices and emergency power supply. 

1.4 Consolidation of the Concepts 

In the beginning of the project, it was desired to keep most of the options open. It was, 
however, impossible to pursue all investigations to a depth that satisfied all, due to the 
limitation of resources, but all efforts converged to a single solution where scientific and 
engineering studies could be focused on. Once the system converged to roughly the current 
form after the MEGAPIE TRJVI (Technical Review Meeting) Cadarache in France, the efforts 
concentrated on designing the attached cooling loop, which was later called the Heat 
Removal System (HRS). There were more considerations regarding the THX and the 
coolant. At least two main schemes were on the table at the time: 

i. Using heavy water (D20) as the HRS coolant and a double-wall cooling pin with a 
gap filled with liquid metal so that the heat exchange area could be varied and the pin 
could be shut down by pressing out all the filling liquid metal, 

ii. Using an organic coolant that could operate at high temperature (at least higher than 
the freezing point of LBE), so that a single-wall cooling pin could be employed. 

The advantage of the double-wall pin was that the liquid metal gap could also serve as a 
buffer to avoid the direct contact between the fluids on both sides of the THX. Furthermore, 
a simple pressure sensor could have been used for leak detection because the liquid metal gap 
was supposed to be evacuated; any leak could be detected by a rising pressure in the gap. 
Although the single-wall pin could not offer these features, the final decision was made in 
favour of the single-wall pin because a simpler structure was considered more reliable. After 
this decision, the task of detailed engineering design of the so-called HRS was transferred to 
Ansaldo. The X6 group and the project management were taking the supervision role 
through out the process. 
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Chapter 2 Conceptual Design and System Realization 

This chapter chronicles the conceptual proposals and their realization throughout the 
design phase of the cooling system. Not all proposed concepts went directly to the drawing 
board, because the best wishes must keep in balance with the basic needs - operation and 
safety. A good dynamic interaction was established between the scientific support and the 
design team in Ansaldo. The focus of the cooling system design was on the intermediate 
cooling loop (ICL); by no means it represented the whole cooling system of the MEGAPIE. 
It was rather a critical pathway of routing out the heat from the LBE and the means of 
controlling the target temperature. 

There are special requirements for all the equipment installed in SINQ because of the 
radioactive environment in and around the target. During the design process, the required 
radiation resistance of the equipment was specified by the SINQ operation team, who had 
actually measured the dose rates in the existing facility. That information was documented in 
the Safety Analysis Report [2] and the design documents. 

The choice of the intermediate coolant had a significant impact on the design. The 
important properties such as the operating temperatures and vapour pressures did have an 
important bearing. The foremost requirement was that the coolant had to be operated above 
the freezing point of LBE because it was not possible to re-melt the LBE in the container 
without over-stressing or risking of damage of the LMC. Secondly, the radiation degradation 
on the thermal properties had to be small. The vapour pressure at the operating range of the 
target must also be low in order to avoid over pressurizing the target beyond the design limit 
(i.e. 17 bar(a)) in case of a leak through the THX. The detailed account of coolant choice is 
given in this report. 

Safety is paramount in design of all nuclear installation and there is no exception for the 
MEGAPIE target system. There is always a second barrier in and around the target. As a 
matter of fact, any system in direct contact with the active materials is required to be enclosed 
in an air-tight second containment. For example, the target, which is also the primary cooling 
loop, has a full-length enclosure. Since the THX is directly connected to the ICL, the loop 
itself is considered to be the first barrier. A second ICL enclosure has been proposed in the 
early design, but was dropped later. Instead of a second containment, two barriers are 
designed to stop LBE leaking out; first, the ICL is operated at a higher pressure than the 
target, and secondly, two isolation valves are installed before the connecting pipes to the 
target. With these barriers, any leak-out of active LBE will be blocked. 

2.1 System Requirements 

Once the decision was made to use a forced convection loop with a single-wall cooling 
pin, the system analysis took over the task of defining the operating conditions of the cooling 
circuits. The conceptual design started with a more definitive operating condition of the 
system. The requirements given in the conceptual design document [3] were as follows: 

1. Full power: Heating at 650 ~ 700 kW, 
Coolant flow rate ~ 10 1/s 
Temperature: 112/148 C to 142/178 °C 
Cover gas pressure 1 to 6 bar 

2. Beam interrupt: Optimal transient adaptation of the Heat Removal System (HRS) 
operating conditions to LBE inlet conditions in THX, minimum temperature changes 
in target structures. Required increase of forward flow temperature of coolant to 
between 180- 230 °C. 
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3. Hot standby: Temperature maintenance of target during the extended shut down 
period at 180-230 °C (together with target pumps and heaters). 

4. System or component failures: e.g. increases of cover gas pressure to prevent boiling 
after pump failure. 

2.2 Selection of the Intermediate Coolant 

It is necessary to operate the cooling system at an elevated temperature due to the single-
wall design of the cooling pin. It is because the intimate contact between the primary and 
secondary side through a thin conducting wall does not allow a high temperature difference. 
If one would like to keep water as the intermediate coolant (IC), the system pressure has to be 
raised to over 20 bar to stop the water from boiling in the THX. With such a pressure, it 
would have surely over-stressed the beam window in case of a leak in the THX. On the other 
hand, an organic coolant allows operation between ambient and target temperature (i.e. 
30-350 °C) without pressurizing the loop. The other alternative would be a low temperature 
liquid metal such as mercury or NaK, but this option has been discarded due to technical 
difficulties of operating a dual liquid metal system. The criteria of choosing an organic 
coolant are given as follows [3]: 

1. Melting point must be less than 20 °C and maximum admissible operating 
temperature larger than the LBE inlet temperature to the THX (-350 °C), 

2. Acceptable heat transfer properties, 

3. Vapour pressure as small as possible, i.e. less than 6 bar at 350 °C, 

4. Acceptable radiolysis and pyrolysis and only slight degradation of physical 
properties during operation period (i.e. 1 year under gamma radiation), 

5. No oxygen generated from radiolysis and pyrolysis, 

6. No significant corrosion on the pipe, sealing and pump blades due to impurities and 
decomposition, 

7. Commercially available, sufficient operational experience (if possible), no need for 
development of supporting equipment and acceptable costs, 

It went through an elaborated process to select the right coolant for the MEGAPIE 
application. The characteristics of candidate coolants are presented in Table 2.1. Note that 
the first two columns contain two coolants each. Those in the same column are primarily the 
same chemical product but produced by different companies in the US and Europe. Diphyl 
would have the advantage of high autoignition temperature and moderately good heat transfer 
properties, but the disadvantage of high vapour pressure. The disadvantages of Diphyl THT 
are, of course, the relatively high viscosity and the low autoignition at 380 °C. Fortunately, 
the highest operation temperature of the ICL is way below that temperature. No matter which 
one is used, one must be aware that almost all organic coolants are flammable. Special care 
must be given to avoid igniting the coolant during the operation. 

It was rather quickly that Diphyl THT emerged as the winner because of its low vapour 
pressure and oxygen-free products of radiolysis and pyrolysis. It was not clear at the point of 
decision whether Diphyl would be corrosive to steel or other materials in the cooling loop, 
but it was clear that the Diphyl THT would not be corrosive if its purity was adequate. 
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Table 2.1. Decision Matrix for Selection of Organic Coolant 

Properties 
Heat Transfer 

Boiling point 
Vapour pressure 
at 350 °C 
Operating range 
Autoignition 
temp. (°C) 
Information on 
irradiation 
stability 
Corrosion or 
fouling under 
irradiation 
Technical 
experience 
Availability 

Organic Coolant 
Diphyl, 

and 
Dowtherm 

A 
Acceptable 

260 °C 
5.5 bar 

15~400°C 
600 °C 

Yes 

Possible due 
to biphenyl 
oxide 
Good 

Good 

Diphyl 
THT, and 
Dowtherm 

TH 
Acceptable 
only for 
T>140 °C* 
360 °C 
0.9 bar 

0 ~ 350 °C 
380 °C 

Yes 

Small 

Good 

Good 

Isopropyl / 
biphenyl 

Acceptable 

290 °C 
N/A 

10~370°C 
N/A 

Yes 

Small (?) 

Unknown 

Unknown 

Biphenyl / 
Biphenyl -

methane 
eutectic 

Acceptable 

260 °C 
5.6 bar 

20 ~ 400 °C 
N/A 

Yes 

Small (?) 

Unknown 

Unknown 

Marlotherm 
LH (Benzyl 

toluene 
mixture) 

Acceptable 

270 °C 
4.0 bar 

450 °C 
450 °C 

No 

Small (?) 

Good 

Good 
*the viscosity of the fluid is very high at temperature below 140 °C and, hence, the Re and Nu are low. 

2.3 Safety Requirements 

The basic safety principle laid down in SAR [2] was to contain and to block all the 
possible release of active materials or gases. Due to the proximity to the target and the direct 
contact of the THX wall, the ICL is in the line of both the first and second containments of 
the active material. Some special requirements on the loop design and operation have to be 
considered. Choosing Diphyl THT as the intermediate coolant for a better range of operating 
temperature has also brought about extra safety requirements, e.g. for fire protection. The 
liquid and the vapour of the coolant are flammable and the autoignition temperature lies at 
380 °C. It is necessary to make sure that neither the fluid nor the vapour can be ignited in 
case of a leak, and sufficient capacity be available to extinguish a fire if it ever breaks out. 
The following safety measures are included: 

a. Pressure rise in gas space of target containments must not exceed 6 bar after the 
coolant ingresses into the target, 

b. Early detection of a leak, 
c. Prevention of igniting oil (liquid or vapour) leaks at the target head or in the TKE 

(Target Head Enclosure); measures considered are: 
- Explosion-proof electrical installation, 
- Fast cooling of leaked oil, 
- Retention or drainage of leaked oil, 
- Automatic fire extinguisher or/and inert gas filled TKE, 

d. Acceptable exposure to personnel and environment, 
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2.4 Thermal and Hydraulic Requirements of the Components 

Since the ICL is an intermediate loop between the target and the coolant plant, it has 2 
HEXs to transport heat from one to the other loop. A pump and valves are needed for the 
flow and temperature regulations. An expansion tank and heaters are necessary for elevated 
temperature operation and also for pressurization. Pipe size and wall thickness are 
determined by the available driving head, flow rate, and system pressure. A layout of the 
system is presented in the Figure 2.1. The detailed requirements of each component are 
given as follows [3]: 

Target heat exchanger (THX) 
The design was proposed in collaboration with the target design team. It should 
obviously have the capacity to remove 640 ~ 700 kW heat from the target. The operating 
temperature on the primary side should be between 230 ~ 350 °C and the secondary side 
between 130 ~ 230 °C. The pressure loss on the secondary side should not be higher than 
3 bar. 
Intermediate heat exchanger (IHX) 
It was recommended to be a plate type HEX. The operating temperature on the primary 
side should be 130 -240 °C. On the secondary side, the temperature was limited by 
cooling plant requirement that was 40 °C at the inlet and below 60 °C at the outlet of the 
IHX at roughly 8 1/s. 
Centrifugal pump 
It was recommended to use a canned-type pump to reduce the probability of leaking. 
Furthermore, the motor was cooled by the coolant so that less heat would be released to 
the atmosphere of the TKE. The required pressure head would be 3-5 bar at 10 1/s flow 
rate. 
Valves 
There would be different types of valves installed in the loop for: 

• flow regulation between the main and bypass circuit, 
• throttle control in the main circuit, 
• filling and draining 
• isolation, 
• gas release and pressurization of the cover gas in the expansion tank, 
• pressure relief, 

Pipes 
The pipe diameter should be large to reduce the head loss; it was recommended to be 
80 mm in diameter. The design pressure should be higher than 16 bar, 
Expansion tank 
Size would be fixed in the engineering design. It had to be large enough for taking in the 
oil expansion and, furthermore, provided sufficient gas space for the release of the 
radiolysis gas from the coolant, 
Storage tank 
Design pressure depended on the vapour pressure of the coolant at maximum possible 
temperature. It could also serve as a pressure relief tank, and it should also be coolable 
and exchangeable. 

One of the options given in the schematic in Figure 2.1, which has never been considered 
seriously, is the Fouling Test loop. It is a good idea to test the organic coolant from time to 
time if the coolant can be degraded significantly during the operation, but there is no 
evidence that this would be the case. However, the test can still be conducted because 
samples can be extracted from the loop without a separate branch. In Figure 2.1, the 
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secondary coolant was assumed to be D20 because of the previously existing loop for target 
cooling. 

C :0 
D:0 In Return 

PbBi n 

Water-Coo led Oil Drip Pan 
PbB out 

Figure 2.1. Schematic of the conceptual design of the Intermediate Cooling Loop (ICL) of 
the Heat Removal System (HRS) and the instrumentation layout. 
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To service the cooling loop, it was foreseen to add a few ancillary systems as follows: 
a. A portable storage tank: for filling and draining the coolant in the loop. A filter 

could also be installed in either the filling and drain line for cleaning the coolant, 
b. Cover gas system: for pressure control and radiolysis gas release, 
c. Vacuum system: to evacuate the loop before filling to avoid formation of gas 

pockets, especially at the top of the IHX, which would reduce the cooling capacity of 
the IHX, 

d. Steam condenser: to keep the coolant pressure low during isolation, 
e. Sampling port: for extracting coolant samples to determine the degradation during 

the operation in the radioactive environment. 

2.5 Instrumentation and Electrical Installations 

The basic structure of the intermediate loop is presented in Figure 2.1. Based on this 
figure, the instrument layout was planned by Sigg [3]. The operation and safety related 
signals were located in the ICL, IHX, and part of the secondary heavy water loop. The 
instrumentation of the THX is contained in the target instrumentation list. Redundancy 
requirements are taken into account in the column 'Quantity', but in addition, other 
instruments or measurements at other locations, afford supplementary signals for checking 
the correct functioning of the probes. Finally, the probes can have operational functions (O), 
which includes component protection, and/or safety functions (S). 

Table 2.2: Temperature Measurements 
Serial 

number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 

20 
21 

Quantity 

2-3 
2-3 

1 
2 
1 
1 
1 
1 

2-3 
2 

4-6 

2-3 
2 
2 
2 
2 
1 
2 
2 

2 
2 

Supplementary 
signal numbers 

13 
9 

3,34,2,32,14 
11 

3,33,4,34,35 
6 

6,7 
8,36,power 

Preheater power 
Expansion tank 

power 

2,14 
3,4,13 

Pump power 
Test pin power 
7,37, pin power 
38, pump power 

39,11 

40,12 
41,91 

Location and additional infrmation 

D2O return flow 
D20 outlet of IHX 
IC inlet into IHX and bypass 
IC outlet of IHX 
IC from expansion tank 
IC after mixing tee 
IC after pump 
IC at THX inlet 
IC at THX outlet 
Electric heater 
At different level and on heater in 
expansion tank 
IC in storage tank 
D2OinofIHX 
IC in IHX 
Pump coil 
In fouling test-section outlet 
IC at fouling test-section 
Pump cooling system 
H2O coolant of expansion tank 
condenser 
H2O coolant in the storage tank 
H2O coolant of IC drip pan 

Function 

0 
0 
0 
0 
0 
0 

o,s 
o,s 
o,s 
o,s 
0 

0 

o,s 
0 

o,s 
0 
0 

o,s 
0 

0 
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Table 2.3: Flow rate Measurements 
Serial 

number 
31 
32 
33 
34 
35 
36 

37 
38 
39 
40 
41 

Quantity 

. 2 

Supplementary 
signal numbers 

1,32 
2,31 

34,35,36 
33,35,36 
33,34,36 

8,9,33,34,35, 
target power 

7,17,pinpower 
18, pump power 

11,19 
12,20 
21,91 

Location and additional information 

D2O forward and return flow 
D20 flow in IHX 
IC bypass 
IC through IHX 
IC from expansion tank 
IC in THX 

Flow in fouling test and filter 
Flow monitor for pump cooling 
Flow monitor for exp. tank 
Flow monitor for storage tank cooling 
Flow monitor for drip pan 

Function 

0,S 
0 

o,s 
o,s 
o,s 
o,s 
0 
0 
0 
0 

s 

Table 2.4: Pressure Measurements 
Serial 

number 
51 
52 
53 
54 

Quantity 

1 
1 
1 
1 

Supplementary 
signal numbers 

54,61 
51,61,62 

36,54 
51 

Location and additional information 

Gas in expansion tank 
Gas in storage tank 
IC after pump 
IC downstream of THX 

Function 

0,S 
0 

o,s 
o,s 

Table 2.5 Coolant level in the expansion tank 
Serial 

number 
61 
62 

Quantity 

2-3 
1 

Supplementary 
signal numbers 

51,52,62 
51,52,61 

Location and additional information 

Expansion tank IC level 
Storage tank IC level 

Function 

0,S 
0 

Table 2.6 Valve Positions 
Serial 

number 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 

Quantity 

2 

Supplementary 
signal numbers 

31,32 
31,32 

33 
34 
35 

61,62 
37 

61,62 
51 
52 
52 

36,61,62 
51 

Location and additional information 

D2O bypass valve CV1 
D20 IHX valve CV2 
IC bypass valve CV3 
IC IHX valve CV4 
IC exp. Tank valve CV5 
IC filling valve CV6 
Fouling test circuit valve CV7 
IC drain valve CV8 
Gas inlet valve CV9 
Gas in/outlet of storage tank CV10 
Gas outlet of exp. Tank CV11 
Isolation valve for IC draining (IV) 
Exp. Tank safety valve (SV) 

Function 

0 
O 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

s 
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Table 2.7 Leak Detectors 
Serial 

number 
91 
92 

Quantity 

2-3 
1 

Supplementary 
signal numbers 

51,61 
Target leak det. 

Location and additional information 

In IC loop containment 
In vacuum space of target safety hull 

Function 

S 
S 

2.6 Engineering Design 

Since the X6 was more or less a scientific group, engineering design had to rely on a 
qualified external engineering company. The task was then passed to Ansaldo, who had the 
expertise of engineering different nuclear facilities. The work went through a lengthy process 
of iterating on the issues laid down in the baseline documents. The detailed efforts were well 
documented by Ansaldo and are not going to be repeated over here. Those design documents 
can be found in the document archive of the MEGAPIE project in PSI. However, it is worth 
giving some details of the design for illustrating how the conceptual design has been realized 
and how much it is different from the original concepts. There are few things specified in the 
conceptual design eliminated in beginning of the design. The components eliminated during 
the design phase are: 

a. Pre-heater for temperature regulation during the start-up, 
b. Storage tank for level regulation, cleaning, and filtering, 
c. Fouling test loop is reduced to a simple sampling port at the filling and draining pipe, 
d. Water cooled condenser, 

The operation conditions of the target system had been clarified at the time the engineering 
design work was started. The following actions to sizing the pipes, pump, insulation 
thickness, and other details were worked out by the design team. A short summary is 
provided here. 

In addition, it was decided to build a new secondary light water loop for cooling the ICL 
in order to eliminate the risk of contaminating the D2O system in case of a leak in the IHX. 

2.6.1 Nominal Operation Conditions for Design 

There was some confusion about the heat deposition in the target at the beginning of the 
design work. The results of the neutronic assessment by Foucher [4] and Pitcher [5] gave a 
heat deposition around 720 kW for a 1.74 mA, 575 MeV proton beam, and it was widely used 
in the CFD simulations [6]. The heat deposition used in system design, however, was 
extrapolated from the data of SINQ operation, which gave the value of 650 kW for the same 
beam conditions. This discrepancy was never resolved. Hence, the system specifications for 
starting up the design work in Ansaldo were given in the earlier document (Ansaldo 
MEGAPIE Doc. Nr.: MPIE 1SIPX 002). However, it is more relevant to talk about the 
conditions specified in system sizing, which had more updated information [7]: 

Table 2.8 The nominal conditions for design evaluations [7] 
Nominal heat removal capacity 
Power released to the fluid by the pump 
Diathermic fluid thermal cycle : 
IHX inlet temperature 
IHX outlet temperature 
Cooling water thermal cycle : 
IHX inlet temperature 

650 kW 
15 kW 

166 °C 
104 °C 

40 °C @ 100% beam power 
59 °C, @ 0% beam power 

Summary Report for X6 - 18 - Dec. 2005 



PSI-Bericht 05-13 

Table 2.8 (continue ....) 
IHX outlet temperature 59 (constant) 

(160°C, during the integral test) 
LBE thermal cycle : 
THX inlet temperature 
THX outlet temperature 

333 °C 
230 °C 

Recirculating pump data : 
Nominal flow rate 
Pump head 

8.85 kg/s 
71m; NPSHa>11.9m;NPSHr~3m 

Pressure control data : 
Gas pressure in the Expansion tank 
Thermal relief valve set-point 

Expansion tank safety valve set-point 

3.5 bar (g) 
6.4 bar (upstream pressure 10 bar(g) and 
downstream pressure 3.6 bar(g)) 
5.0 bar (g) 

System design parameters : 
Design pressure 
Design temperature 

16bar(g) 
300 °C 

2.6.2 Requirements of the Equipments 

Since this intermediate cooling loop would be deployed in a radioactive environment (i.e. 
in the TKE), it was necessary to have equipments that could withstand the level of gamma 
and neutron radiation. The components such as the pump, valves, heaters, heat exchanger 
etc., and instruments such as the thermocouples and pressure transducers, must meet required 
minimum radiation doses [7] as follows: 

Gamma: dose rate = 0.3 Gy/hr at 5 MeV, total = 1.8 xlO3 Gy 
Neutron: dose rate = 0.2 Gy/hr at 5 MeV, total = 1.2 xlO3 Gy 

Access to the TKE is restricted. Repairing or replacing a failed component is highly 
undesirable. Thus, all the components and the instruments must be able to be operated 
maintenance free and withstand the thermal cycles during the whole irradiation period. The 
specified cycles and hours given in specifications for all the components and instruments are 
[7]: 

Number of Thermal Cycles: 10,000 in over 6000 hr 
Amplitude: 1 7 5 - 217 °C 
Period: 30 s, 

The specifications are given in this way so that a trouble-free system can be attainted during 
the time of operation in SINQ including the margin of wearing during the Integral Test. 

2.6.3 Arguments For/Against the Need of Hydrogen Absorber 

In a radioactive environment, a hydrogenated organic coolant releases radiolytic gases. 
Based on the Microshield program and data in the literature [8], the amount of gas produced 
was estimated to be ~1 m3 for 6000 mAh of proton irradiation These data were taken as the 
basis for the initial design for the absorber system and the thermal compensator. It was 
suggested to install a large absorber tank filled with baseball-size CaO and CuO granulated 
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balls, on top of the system. This absorber would have to work at an elevated temperature of 
roughly 140 °C. Trace heaters would be installed on the outside of the tank. Since the 
absorber tank was separated from the oil expansion tank, the gas and vapour had to be 
transported to the absorber tank to make the system effective. The assumed mechanisms 
were the thermal cycling of the coolant in the ICL and the possible natural convection 
established between the tanks due to the temperature difference [9]. However, the arguments 
for such a transport mechanism were not well established on practical ground. 

It was later found that the total radiolysis gas production based on the Microshield 
calculation was grossly over estimated by more than a factor of 20. Using the neutronic 
results of Pitcher [5], the estimated total gas production was roughly 37 Nl. Given the 
uncertainty in the Monte Carlo calculation, Groeschel at al. [8] adjusted the design value to 
be 50 Nl, which was far smaller than the initial estimation. A new gas handling concept was 
then proposed as follows: 

1. The SINQ ventilation system can take exhaust gas as long as the hydrogen 
concentration is below 3 vol.% (lowest explosion limit), 

2. The gas space (oil expansion tank + absorber tank) is roughly 150 litre and initially 
pressurized to 4 bar of argon, 

3. The allowable hydrogen volume is roughly 18 Nl in this gas space, 

4. It only needs 3 releases through the target lifetime to maintain the LEL, 

Thus the absorber was found to be unnecessary. Even though the absorber was not needed, 
the absorber tank was kept in the system to provide extra volume for the hydrogen releases. 

2.6.4 System Sizing and Layout 

In general, sizing a system is rather straightforward. As for the ICL, it is a bit more 
complicated because of the special requirements such as: i) operating in a radioactive 
environment, and ii) a limited space in the TKE. Furthermore, the system is required to be 
installed and removed from the operating location in a relatively short period of time because 
of the operation requirement of the SINQ. In order to meet all those requirements, the ICL is 
designed to be mounted on a skid that has a small footprint. In the conceptual design, large 
pipe size, such as § 80 mm pipe, has been proposed for reducing the friction loss so that a 
smaller re-circulation pump can be used. 

The ICL works at elevated and variable temperatures during normal operation. 
Compensating the thermal expansion and maintaining a constant pressure requires careful 
considerations. The THX can be isolated for safety reasons, and the trapped coolant will be 
heated by the LBE. An extra thermal compensator must also be installed in this region. The 
sizes of all the orifices and the valve flow factors are all determined based on the design 
specifications given in Ref. [7]. 

2.6.4.1 Sizing the Pipes and the Pump 

The highest friction loss part is the THX and the associated pipes. Based on the single-
pin test in Brasimone [10], the pressure drop across the cooling pin would be as high as 
3.7 bar at 10 1/s. One must keep in mind this extra-pressure drop in sizing the pump. It is 
advantageous to use large-diameter pipes for lower friction loss, but with a large-diameter 
pipe it is more difficult to make a compact design where the pipes must be fitted in a rather 
corrugated way to a confined space. 
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The task has been taken by Ansaldo and the design details have been documented in 
Ref. [7]. The conditions for noriiinäl operations for the sizing calculation are given as 
follows: 

THX oulet Temperature, °C: 166 (rounded up from 165.8) 

THX Inlet Temperature, °C: 130 (rounded up from 129.8) 

Mass Flow rate through THX, kg/s: 8.75 

IHX and bypass Inlet Temperature, °C: 166 (rounded from 166.4) 

IHX oulet temperature, °C: 104 (rounded from 103.4) 

Mass Flow Rate through IHX, kg/s: 5.22 

Baypass Flow Rate, kg/s: 3.35 

Degassing Flow Rate, kg/s: 0.1 

The decisions for the pipe size and the pump are closely related. One of the criteria given is 
that the linear velocity should be around 3-4 m/s in the pipe. That gives a pipe size roughly 
of DN65 (DIN 17456, Stainless Steel), which has the dimensions given as: 

Nominal Outside Diameter = 76.1 mm, 
Wall Thickness = 5 mm. 

The linear velocity for this given pipe size is 3.5 m/s. The basic configuration of the loop has 
been given in the conceptual design by Sigg [3]. A rough sketch of the loop given by the 
Ref. [7] is presented in Figure 2.2. Some detailed descriptions of the hydraulic path are given 
in Table 2.9. The total hydrodynamic pressure drop is roughly 200.0 kPa. The differential 
pressure drop across the THX and IHX must be estimated separately based on the data 
available from the manufactures, and they are given [7] as: 

Total hydraulic pressure drop in the pipes = 200.0 kPa 
THX (estimated from Brasimone Results [10]) = 363.8 kPa 
IHX (estimated form Alfa-Laval's data) = 20.5 kPa. 
The total hydraulic head = 584.3 kPa 

The required pump head must meet the required hydraulic head plus some reserve (i.e. ~ 10% 
or more), meaning that 606.4 kPa is sufficient. Thus, a Nikkiso pump of 71 m (water 
column) of pressure head was chosen [7]. There is a requirement that a minimum Net 
Positive Suction Head (NPSH) must be provided to avoid cavitation. As one can see from 
Figure 2.2, the suction head is controlled by the pressure over the free surface in the 
expansion tank BB001. The required NPSH of this pump is roughly 3 m (of water) and the 
actual NPSH is 11 m (of water). It meets the requirement for cavitation free operation. 
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Figure 2.2 The schematic of the Intermediate Cooling Loop (ICL) for hydraulic head 
evaluation. 

Table 2.9 The path lengths and components in each brand 

Path 

Pipe length [m] 

Differential Elevation [m] 

Nr. of elbows (45 or 90) 

Nr. of Tee (run) 

Nr. of Entrance 

Nr. of Exit 

Nr. of Restriction 

Nr. of enlargement 

Nr. of Globe Valves 

Nr. of Check Valve 

AH 

3.260 

0.33 

6 

2 

0 

1 

0 

1 

1 

N/A 

HB 

0.410 

0.0 

1 

0 

1 

0 

0 

1 

0 

N/A 

BC 

0.900 

0.54 

4 

0 

0 

0 

0 

0 

0 

N/A 

CD 

0.660 

0.18 

1 

0 

1 

0 

0 

1 

0 

N/A 

L 

ES 

0.190 

-0.82 

1 

1 

N/A 

1 

1 

N/A 

N/A 

1 

SF 

4.470 

-0.23 

5 

0 

1 

0 

1 

0 

1 

N/A 

CS 

1.164 

0.6 

2 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

RZ 

0.712 

0.213 

4 

N/A 

1 

1 

N/A 

N/A 

N/A 

N/A 

2.6.4.2 Sizing the Expansion Tank [7] 

The expansion tank (BB001 in Figure 2.2) is used to compensate the thermal expansion 
volume of the coolant. It must be able to compensate the volume of the oil from 60 ~ 220 °C 
without significantly raising the system pressure. The calculation is based on the loop filled 
with 78 litres of Diphyl oil at 60 °C [7]. The oil dilates by 4.28 litres to 148 °C and by 
9.28 litres to 220 °C. The expansion tank is a long cylinder of 24.6 litres with an inner 
diameter of 25.5 cm. The tank is initially pressurized to roughly 4 bar (~ 400 kPa). If the 
tank is filled initially to 3 cm from the bottom, the level rises to 11.4 cm and 21.17 cm for the 
oil temperature 148 °C and 220 °C, respectively. With the total length of 48.1 cm, the gas 
space is reduced to almost half. To estimate the pressure rise, one must include the 
"absorber" tank, which is completely empty and has a volume of 140 litres. Assuming the 
gas space in the expansion tank has the same temperature of the Diphyl oil and the absorber 
tank remains at 40 °C all the time, the pressure rises by 24.8 and 40.6 kPa for the oil 
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temperature at 148 °C and 220 °C, respectively. The pressure increases mildly by roughly 
10% of the initial pressure, through ä thermal cycle. 

2.6.4.3 Sizing the Thermal Compensator [7] 

The target is required to be isolated in the case of repairing or other maintenance 
activities. Once the two isolation valves are shut, the Diphyl (nominal operating temperature 
is between 120-170 °C) in the THX is trapped stagnantly and heated up by the LBE. The 
expansion volume is taken up by a thermal compensator. The other requirement is that the 
gas space in the compensator would not be over pressurized during the process. Furthermore, 
radiolysis gas is generated in the trapped Diphyl. To calculate the necessary compensator 
size, the operating conditions are given as follows: 

i. Volume expanding from 148 °C to (a) 270 °C, and (b) 220 °C. 

ii. It is estimated that 2.08 Nl radiolysis gas (97% hydrogen) would be released per 
week. 

iii. The design is for maximum 1 week of shut down. 

The total fluid volume trapped in the THX and the pipes between the 2 isolation valves is 
roughly 46.0 litres. An argon filled gas space is 19 litre, which is initially pressurized to 
5 bar(abs) at 40°C. The results are as follows [7]: 

(a) Equilibrium temperature = 270 °C 
Expansion volume of Diphyl THT: AVi48°c->27o°c = 4.3 litre, 
Total expansion volume (AV;4S°c-270°c + V radiolysis gas at final pressure) = 6.29 litre, 
Compressed argon volume = 12.71 liters at equilibrium temperature of 66.4 °C, 
Compensator equilibrium pressure = 811 kPa, 

(b) Equilibrium temperature - 220°C 
Expansion volume of Diphyl THT: AV'w>c-*no°c = 2.4 liter, 
Total expansion volume (AVm°c^27o°c + Vr radiolysis gas at final pressure) = 4 . 5 0 l i t r e , 
Compressed argon volume = 14.50 litre, 
Compensator equilibrium pressure -711 kPa, 

The oil pressure, at the THX pin bottom, in the range 220~270 °C bulk oil temperature 
remains below 10 bar(g), as required to protect the beam window in case of a THX break, 
and above the pressure outside the pins. 

2.6.4.4 Sizing the Orifices 

There are three orifices in the system for flow measurement (CF001 in Figure 4.2) and 
for flow restriction (CF002 and CF003 in Figure 4.2). The size is determined by the required 
pressure drop or the required flow rate. 

The orifice CF001 is the main flow meter of the loop. The size depends on the expected 
pressure drop and sensitivity to make a precise measurement. In order to evaluate the 
possible pressure drop across an orifice, the followings assumptions are made: 

i. The discharge coefficient, Cd, is roughly 0.6, 
ii. The orifice diameter is roughly 0.6 times of the mean diameter of the pipe (i.e. ratio of 

the device, ß-0.6), 
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The general formula for calculating the pressure drop, AP, across an orifice is given as [11]: 

Q 
2 

( „ V 

\CdA J 
(i-n (2.i) 

where p - density of the coolant, 
Q = the volumetric flow rate of the coolant, 
A, = the throttle area of the obstruction (i.e. orifice), 

Taking the main velocity about 3.5 m/s, the pressure drop is roughly 47.0 kPa. This is a 
reasonable sensitive range of pressure drop. 

A bypass pipe is installed in parallel with the IHX for regulating the cooling rate of the 
system. The path length, flow area and hydraulic diameter are different in these two 
branches. It is desirable to make both paths have the same flow resistance to make sure the 
system is operated at a constant flow rate. Based on the Ansaldo's calculation [7], the bypass 
path has to increase the friction loss by roughly 80 kPa to match the IHX in the nominal case 
(i.e. 8.85 kg/s at 160 °C). To acquire such a pressure drop the orifice of CF002 gives the 
dimensions: 

Orifice diameter: DORIFICE = 35 mm, and 
Discharge coefficient: CD = 0.606. 

For degassing and recirculation purposes, a small amount of the Diphyl oil is diverted from 
the hot leg of the main loop to the Expansion Tank, through a small tube (i.e 8mm outside 
diameter and thickness 1 mm) connected to the top of the IHX on the opposite side of the 
inlet nozzle (path RZ in Figure 2.2). This diverted flow must be very small, so that the 
cooling loop performances of IHX will not be affected. A flow restriction orifice is installed 
in the diversion line to keep the flow rate down to 0.1 kg/s (rounded value). The calculated 
size of the orifice CF003 is: 

Orifice diameter: DORIFICE = 2.6 mm, and 
Discharge coefficient: CD = 0.609 

2.6.4.5 Three-Way-Valve (TWV) Flow Coefficient 

The maximum flow coefficient Cy for the three-way-valve (flow diverting type) installed 
upstream of the IHX is calculated at the nominal flow rate assuming a differential pressure of 
27 kPa (0.27 bar) through the valve itself. Using the correlation defined in DIN IEC 534 for 
liquid mass flow, M [kg/s], the coolant density, p [kg/m3], at the hot leg temperature, and the 
differential pressure, AP (in bar), given in Ref. [7], the resulted discharge coefficient is: 

• M 8.85-3600 
Cv = . = . =64 (2.2) 

VlOOO-p-AP Vl 000 -909 -0.27 

2.6.4.6 Sizing the Safety Relief Valve 

The safety valve AA900 is mounted on top of the expansion tank BB001 (it is not shown 
in Figure 2.2). The connecting pipe of the valve has a diameter of DN20 (with internal 
diameter equal to 20.5 mm). Selecting the maximum flow area allowable for such a nominal 
diameter leads to choosing an orifice type E, with a diameter of 13.5 mm and a discharge area 
of 1.43 cm2. The maximum flow rate that can be discharged through the safety valve is 90.4 
Nm3/h of argon, following an accident with pressurization of the expansion tank volume up 
to the safety valve set-point of 5 bar (g). The detailed calculation is given in Ref. [7]. 
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2.6.4.7 Extra Component 

A check valve is installed at the outlet of the IHX to stop any possible back-flow of the 
hot fluid into the IHX. It was concluded from a numerical analysis of the system that the hot 
Diphyl could flow back to the IHX when it was completely bypassed. This was due to the 
fact that the full pressure of the main circulation pump would push the flow back to the exit 
of the IHX, where the pressure was kept low by the small tube connecting (line RZ in Figure 
2.2) to the expansion tank. The first proposal was to install a small pipe cross over the ICL-
TWV to equalize the pressure and stopped the back flow. But the final decision was to use a 
simple check valve instead. The decision was not reported in the design documents of 
Ansaldo [7]. 

2.6.4.8 The Layout of the System 

As mentioned in the Introduction, the whole system must be fitted on a skid with a small 
footprint. The overall layout of the system is present in Figure 2.3. The base plate measures 
2.17x0.97 m (see Figure 2.3.a), that does not include the pipes and the thermal compensator 
extending outward. The overall height is 1.924 m which is the top of the driver of the three-
way-valve (see Figure 2.3.b). The pipes are coiled up in a rather corrugated way to be fitted 
into the skid. 

The pipes and all components are wrapped in a layer of thermal insulation, which is 
meant to reduce the heat loss and for personnel protection. The required insulation 
(Microtherm) thickness is roughly 7.0 cm to limit the overall heat loss to 0.71 kW. The detail 
of the calculation can be found in the Ref [7]. However, Microtherm was not used but 
replaced by another insulation material that had similar properties. 

The main part of the piping (before and after the pump) is heated by trace heaters for 
warming up the Diphyl oil at the start-up. The heater power is limited to avoid over heating, 
which could inflame leaking organic coolant. The power is roughly 450 W and the time 
required to heat up the oil from 20 to 240 °C homogeneously is 7.9 hours (results from Ref. 
[7])-

The interface flanges to and from the THX are a special design, and a matched pair is 
installed on the target head. These flanges are located at bottom left in Figure 2.3.a. The 
seals are Helicoflex metallic O-rings. The other end of the system is connected to a Water 
Cooling Loop (WCL), replacing the original D2O loop mentioned in section 2.4, by a couple 
of standard flanges of DN80 (see the left side of Figure 2.3.a). The system can be easily 
transported and installed, which is one of the requirements for all the ancillary systems 
installed in the TKE. 
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Figure 2.3 The layout of the Intermediate Cooling Loop (ICL); (a) plant view, and (b) front 
view. 
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2.6.5 Safety Measures and Leak Detector 

Safety is the primary drive for all extra measures put into the system. There are few 
different measures devoted to make the system safer. 

1. Fire hazard: The organic coolant is flammable and has an autoignition temperature 
of 381 °C. Leaked fluid is cooled down by the thermal mass of the base plate. A 
collector plate was installed to stop any leak propagating beyond the perimeters. 

2. Leak detection: The base plate is slightly sloped toward the central collection point 
where a leak detector is deployed. Extra leak detectors are installed in the places 
below the target head and the intermediate flange joining the upper and lower target. 

3. Over-pressure: the over-pressure serves two purposes; i) To suppress the possibility 
of the leaking out of the active LBE, and ii) To avoid water ingression, by which the 
ICL would be pressurized by vaporizing the ingress water because the operating 
temperature of ICL is way above the boiling point of the water at 4 bar. 

4. Isolation valve: The ICL is located in the proximity of the target, and has a direct 
connection to the secondary side of the THX. The walls of the THX are also part of 
the primary containment. A pair of isolation valves is installed in hot and cold legs 
to stop any leak if the primary containment fails. 
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Chapter 3 Scientific Support During Design Phase 

This chapter is divided into two main parts. The first part is dealing with the system 
analysis and temperature control, and the second part is dealing with the design of the target 
heat exchanger. The activities went along with the conceptual design, and later with the 
engineering design. Definitions of the system, operating conditions, and the terminology 
were all ambiguous at that moment. A couple of good examples are: 

i. The terms, beam trip and beam interrupt, were not precisely distinguished at that 
moment. Quite often the term beam interrupt was used instead of beam trip for the 
30 s beam shut off and restart, 

ii. The heat deposition in the target was not known definitively. There was a 
disagreement between estimation by extrapolating from the SINQ data and the 
theoretical prediction. The heat deposition ranges from 650 kW to 720 kW for a 
1.74 mA proton beam of 575 MeV. 

Despite all the confusion, there were good studies to show the performance of the system and 
the THX functions through analysis and experiments. 

3.1 System Analysis and Temperature Control 

Since the design was evolving during that period of time, it was a great endeavour for 
CEA and FZK taking up the task of analysing the prospective system. CEA used OASIS, and 
the work was conducted by Tosello [12]. FZK used HETRAF, and the work was conducted 
by Cheng ([13] & [14]). At that moment, not only the design was sketchy, the operating 
conditions were not all that well defined. First of all, what the simulation reported as beam 
trip was actually beam interrupt; i.e. the proton beam was shut off instantly without being 
restarted. Secondly, the targeted operation conditions were quite different from current 
version of the cooling loop. 

The report of Tosello [12] contained detailed descriptions of the system model. It would 
be good that the work could be continued and the model could be improved. The author did 
recognize the shortcomings, or otherwise, it could have been improved to make the study 
useful. The results presented were questionable. For simulating a beam interruption, the 
LBE temperature at the exit of the so called "target", which was the top of the active zone in 
the target, dropped very slowly. In reality, the temperature should drop instantly when the 
heat source was taken off. The objective of this study was not stated clearly. It was believed 
that the simulation was to study how fast the temperatures of the LBE and Diphyl could be 
equalized during a beam interrupt. 

The report of Cheng [13] was short of details about the system, but the results were very 
useful. The results were later reported in the MEGAPIE TRM (Technical Review Meeting) 
[14] in Bolognia, Italy. As mentioned above, the cases reported as beam trip should be beam 
interrupt in correct terminology of SINQ. The system model of the HETRAF study is 
presented in Figure 3.1. There were some important differences from the final design, but the 
model was not completely out of the line of the conceptual system given by Sigg [3]. For 
example, the main circulation pump of the LBE loop was placed after the target heat 
exchanger (THX), while the final design had it before. The model, of course, could not be 
used for the existing system, but the HETRAF simulation provided the important results that 
gave the needed confirmation of the conceptual design at that moment. Unfortunately, the 
effort could not be continued to correct and improve the model for a better prediction. 
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• In the primary loop, lead-bismuth is 
circulated with two EM-pumps, cools 
the beam window and the spallation 
zone and enters the target heat 
exchanger, where heat is transferred 
to the intermediate loop. 

• The nominal flow rate of Pb-Bi is 
41/s. The thermal power released in 
the spallation target is about 650 kW. 

• The target heat exchanger is located 
in the upper part of the target module 
and consists of 12 cooling pins. 

• In the intermediate loop, the organic 
fluid (Diphyl) is used to keep the 
operating pressure in the intermediate 
loop as low as possible (<10bar). 
The nominal flow rate of the organic 
fluid is about 10 1/s. 

• An expansion accumulator tank with 
hot fluid is connected to the loop. 

Figure 3.1: Description and schematic of the MEGAPIE heat removal system used for 
HETRAF simulation[13]. 

The results from the HETRAF simulation are very useful for determining the necessary 
control function during a transient. The basic function of the cooling system is to remove the 
heat of the proton beam, but equally important is to maintain the LBE temperature when the 
proton beam is switched off. With the system's cooling capacity over 700 kW, the LBE can 
be cooled down to freezing in a fairly short time if the cooling is not regulated. Assuming the 
system working in full capacity while the proton beam is shut off, the target is cooled by the 
cooling system. It is fair to look at the local LBE temperature at the exit of THX where it is 
the coldest point in the target. The HETRAF result is presented in Figure 3.2. The time 
required to bring the LBE temperature from 240 °C down to 125 °C is roughly 250 s. Since 
the volume of LBE and the structure are not known for exact, it is rather difficult to judge this 
result. However, this time is long enough for operator intervention if such an incident 
happens. 

Since the target cooling is running on a forced convection mode, a trip of the main 
circulation pump can greatly compromise the target cooling. The target can be easily over
heated due to the heating of the proton beam. The target is a slim, long cylindrical loop 
placed vertically, by which it is favourable for natural convection if the temperature 
difference between the hot and cool parts is large enough. The main EMP trip has been 
studied and the results are presented in Figure 3.3. Apparently, the buoyancy head can 
sustain a significant flow in the target if the proton beam is not switched off. The 
temperature in the active zone is rather tamed and not at a level that threatens a structural 
failure of the outer containers. The reason for the rather mild heat-up (i.e. from 360 to 
450 °C) is that the buoyancy maintains roughly 60 % of the nominal flow, which is about 
24 kg/s. These are critical information for the design team. However, the beam window 
temperature cannot be computed by this 1-D system code; the conclusion cannot be extended 

Efear /. nrlov, 
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to the structure of the beam window. These were critical information for the design team at 
that time. 
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Figure 3.2: The LBE temperature at the exit of THX for a case of unregulated cooling after 
the proton beam is shut off. 
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Figure 3.3: The transient characteristics during the main EMP trip (a) LBE temperature at the 
active zone, and (b) normalized mass flow rate. 

The HETRAF results were later reproduced by Leung et al. ([15] & [16]) and Petrazzini 
et al. [17]. The simulation study with HETRAF served the purpose of confirming the 
conceptual design and gave confidence in the design to move ahead. For more about 
HETRAF simulations, one can refer to the report of Cheng [13]. 
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3.2 Experimental Study and Confirmations 

Once the forced convection ICL was chosen, it became clear that a pin type THX would 
be selected in the final design. The THX was a critical element of all the cooling system. 
Because it was installed inside the target for extracting the heat, it became the task of the 
target design team but it was also closely connected to the ICL. A couple of conceptual 
designs were circulating comprising a double- and a single-wall cooling pin design. The 
double-wall gained favour in the beginning because of the nice feature that the heat transfer 
surface could be regulated by the level of the filling liquid metal between the wall gap. The 
cooling could be shut down when the liquid metal in the gap was drained. This was 
important for the reasons discussed in the section 2.2. However, the single-wall pin was 
finally chosen because of its simplicity, which was also regarded as a more reliable design. 
The idea was also boosted by the availability of an organic coolant that could be obtained at a 
reasonable cost and with known record of industrial applications [3]. 

The X6 activities were then extended to more than just system analysis. An 
experimental campaign was started in ENEA by Agostini et al. [10]. The test was conducted 
in a hot LBE loop coupled with a Diphyl THT cooling loop, which had the exact 
configuration of the expected cooling pin. The test facility is presented in Figure 3.4. The 
detailed pin design and dimension are presented in Figure 3.5. The dimensions are 
prototypical. Seven cases were studied, but none of them reached the prototypical conditions 
(see Table 3.1). The reason was that the pressure loss on the secondary side of the mock-up-
pin was much higher than anticipated; there was not sufficient pump capacity in the Diphyl 
loop of the experimental setup. 

The design power is roughly 54 kW for a single pin in the TFIX. The drawbacks of the 
experiment are that neither the flow rates nor the heating achieved the prototypical conditions 
(see Table 3.1). Judging from the range of the Reynolds numbers, the experiment may fall 
short by a small factor, but they are in the same order of magnitude as that in the nominal 
operation. It is very unlikely that the extrapolated heat transfer coefficient could be much 
different from reality because the thermal-hydraulic regime would not change. 

The experimental results were analyzed by Buono et al. [18]. The mesh details of the 
cooling pin are presented in Figure 3.6. For the details of simulation, local temperatures and 
flow fields, one can refer directly to the CRS4 report [18]. Two sets of representing results 
are summarized in Table 3.2; the inlet and outlet temperatures and the overall heat transfer. 
The difference between the experiments and the numerical simulation was well below 3.5 %, 
which was remarkable. However, all the results indicated that the spiralling would improve 
the heat transfer for a given surface. 

Table 3.1: Experimental conditions of ENEA experiment and prototypical conditions 

Power, kW 
Qoii, 1/s 
loil . im *s 

QLBE, 1/S 

TLBEJIH °C 

ReLBE, xlO4 

PFLBE 

Experimental Conditions 
3.44-27.61 
0.22 ~ 0.57 
131.5-152.0 
0.142-0.175 
226.8-328.0 
1.52-1.81 
0.025 - 0.03 

Prototypic Conditions 
54.2 
0.83 
130 
0.33 
350.0 
2.15 
0.022 
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Figure 3.4 The single-pin test facility (a) side view, (b) top view 
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Figure 3.5 Detail dimensions of the cooling pin of the ENEA single pin experiment. 
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Figure 3.6 The CFD model of a cooling pin in reference to the mock up pin in the 
experiment (a) overall pin model, and (b) details of the meshes. 

Table 3.2: Comparison of experiment and CFD simulation of the single pin test. 

LBE Inlet Temp., °C 
LBE Outlet, Temp., °C 
DTHT Inlet, Temp., °C 
DTHT Outlet Temp., °C 
Power Transfer, kW 
APLBE, kPa 

APDTHT, kPa 

LBE Flow Rate, 1/s 
DTHT Flow Rate, 1/s 

Case 1 
Exp. [101 

305.9 
182.8 
137.0 
163.5 
27.43 
99.9 
189.9 
0.147 
0.563 

CFD[18L 
305.9 
180.0 
137.0 
164.4 
28.32 
134.9 
81.7 

0.147 
0.563 

Case 2 
Exp. [10] 

264.1 
172.7 
136.2 
157.1 
21.59 
101.7 
191.7 
0.155 
0.556 

CFD [181 
264.1 
172.6 
136.2 
157.7 
21.75 
134.6 
82.1 

0.155 
0.556 

Finally, it was investigated how well did the current results compare with the well-
established correlation. A simplified form of the heat transfer correlation given by Dwyer 
[19] for liquid metal in an annulus flow and an updated version given by Subbotin [20] are 
presented in Table 3.3. Then for the Diphyl side, the applicable correlations such as that 
given by Petukhov et al. and by Dittus et al. [21] are also presented in Table 3.3. The 
experimental results are plotted against the correlations and are presented in Figure 3.7. 
Again, the agreement is very good on both the LBE and Diphyl side. The expected nominal 
operation conditions are marked in Figure 3.7. At least, the experimental conditions lie 
within the same order of magnitude as the actual operating point. There should not be any 
change of the flow regime and it is expected that the extrapolated conditions will not be too 
much different from the real case. As a result, it was not necessary to spend the effort to 
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change the test facility in order to make the test at the prototypical conditions. Further 
analysis about the capacity of the THX was also conducted by Sigg [22] and confirmed that 
the required pressure and heat transfer capacity were adequate with the current design. 

Table 3.3 The applicable heat transfer correlations in reduced form for modelling the 
MEGAPIE THX. 

HTC for LBE (Primary) HTC for DTHT (Secondary) 

Derived from Nu = 5 5 9 + o.0616Pea76 

Dwyer(1975) 

Subbotin 
(1989) 

Nu = 
0.0376RePr 

(1.07 + 0.778(Pr2/3-l) 

M/ = 5 + 0.025P<?0-8 Nu = 0.023 Re08 Pr04 

Petukhov et al. 

Dittus and Boelter 

ra 
X 

-Experimental Data 

.Operation Point 

Subbotin 

Reynolds Number, 

(a) 

Dittus-Boelter 

Petukhov et al. 

• Experimenta Results [5] 

Straight Annulus 

Reynolds Numbers, 

(b) 

Figure 3.7: The heat transfer coefficient on the (a) LBE side, (b) DTHT side. 
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Chapter 4. Thermo-Physical Properties of Structures and Coolants 

Determining the material properties is part of the responsibilities of X8 (Liquid Metal 
Technology). It is not the intention here to repeat X8's duties but to provide some good 
information for the different participants so that the differences in modelling the materials' 
and fluids' properties can be easily found. Besides, only those relevant to the thermal 
hydraulic analysis are given. In the thermal analysis, the properties such as density, heat 
capacity, and thermal conductivity are needed for modelling the structures. For modelling a 
fluid, it takes a few more parameters such as the viscosity, Prandtl number, etc. 

4.1 Material Properties 

The important materials used in the system model are 316L stainless steel, T91, AlMg3 
alloy, helium in the insulation gap, and materials used in the EMP. Most of the properties 
can be found in the AAA material handbook [23], except for aluminium. 

Table 4.1: Properties of 316L stainless steel 
Property 

Density 

Specific Heat 
Capacity 
Thermal 
Conductivity 

Symbol 

P 

c p 

X 

Unit 

kg/m3 

J/kg-K 

W/m-K 

Temperature dependence 

8080.2- 0.42 \0T[K] 

185.71+ 1.3318r-0.00164272+7.82 xl0"7r3 

8.1528 + 0.018459r-2.3505xl0"8r2 

-1.2212xlO-10r3|X] 

Table 4.2: Properties of T9 
Property 

Density 

Specific Heat 
Capacity 
Thermal 
Conductivity 

Symbol 

P 

Cp 

X 

I steel (from the AAA Material Handbook [231) 

Unit 

kg/m3 

J/kg-K 

W/m-K 

Temperature dependence 

7832.3 -0.32897/[ K] 

192.04 + 1.3117r-0.0019128r2+1.3167xl0"6r3 

4.4397 + 0.0933847/ + 1.3868 x 10^r2 

+ 9.5081 xl0"87/3-2.7466 xl0-"r4[A:] 

Table 4.3: Aluminium A 
Property 
Density 
Thermal conductivity 
Specific heat 
Linear Expansion 

Hoy (AlMj 
Symbol 

P 
X 
cD 
ß 

»3) (given by Martienssen et al. [24]) 
Unit 
kg/m3 

W/m-K 
J/kg-K 
|j,m/mK 

Value 
2680. 
129. 
879. 
23.8 

As for the EMP system, the material properties are not defined precisely and no quotable 
literature is available. The best that one can come up with is the verified data from IPUL 
[25], who built the system, but not all those who know the materials agreed on the same 
properties (details in Appendix A). It is more like an opinion poll than a set of scientific data. 
Nevertheless, a single value for each property must be selected, and all values used in the 
material model of the EMP system are given in Table 4.4. 
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Table 4.4: The material properties for the EMP system 
Material 

Green Ceramic Insulation 
Quartz Tape 

Pozh-700 (Copper) 
Si-Steel 

Density 
Kg/m* 

1300. 
1300. 
8933. 
7818. 

X 
W/m-K 
0.209 
0.176 
371. 
33. 

T251 

c P 
J/kgK 

900 
700 
417 
582 

4.2 Coolant Properties 

There are three different coolants used in this triple-loop cooling system, namely the 
LBE in the target, Diphyl THT in the ICL, and water in the WCL. The thermo-physical 
properties of water and steam are already implemented in the RELAP5 code, but those of the 
LBE and DTHT must be put in separately. 

For LBE, it has been agreed that the set of properties by Cevolani [26] should be used in 
all the thermal hydraulic simulations in the MEGAPIE project. This set of properties was 
later reviewed by Imbeni et al. [27], and found to agree well with most of the data found in 
the literature. In general, a fluid property is a strong function of temperature. Polynomial fits 
of the thermo-physical properties of liquid LBE (i.e. T > 125 °C) are given in Table 4.5. 
Unfortunately, the LBE property tables implemented in RELAP5/Mod3.2.2 [28] used the 
property model developed by Lawrence Livermore Laboratory [29]. The properties used in 
the RELAP5 model are given in Appendix B. The graphical comparisons between these two 
sets are given in Figure 4.1. There are significant differences in the dynamic viscosity 
around the freezing point (i.e. -125 °C). The differences at operating temperature range of 
MEGAPIE (i.e. from 230 to 400 °C) are less than 10%. The percentage differences of the 
properties are summarized in Table 4.6. 

Table 4.5: The thermo-p 
Property 
Density 
Thermal conductivity 
Specific heat 

Dynamic viscosity 

Surface tension 

Prandtl Nr. 
Melting Temperature 
Heat of Fusion 

lysical properties of liquid LBE [24] 
Symbol 

P 
A 

cD 
M 

a 

Pr 

Tmelt 

t+Fusion 

Unit 
kg/m3 

W/m-K 
J/kg-K 

kg/m-s 

N/m 

[-1 
°C 
kJ/kg 

Correlation 
10737 -1.3757 
7.26 + 0.0123J 
146.5 

3.26 x l 0 " 3 - 6 . 2 6 x l 0 _ 6 r + 4.63 x l0~ 9 r 2 

0.3754 - 9.66 x 10"5 x (T - 700) 

exp(23.509-6.74191nT+0.38296(lnT)2) 
123.5 
856.722 

*note that T is in K. 

Table 4.6 The differences of the LBE properties used in 

Density, [kg/m3] 
Heat Capacity, [J/kgK] 
Viscosity, [N-s/m2] 
Conductivity, fW/ml] 

TLBE=130°C 
Reference 

10558. 
146.5 
2.524xl0"3 

8.859 

Difference, % 
-0.275 
+6.85 
+40.0 
+3.47 

RELAP5 
TLBE = 400°C 

Reference 
10187. 
146.5 
1.497xl0"3 

12.18 

Difference, % 
-0.020 
-0.984 
+2.47 
+5.83 
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Figure 4.1 Comparisons of thermo-physical properties between the reference (Cevolani [26]) 
and RELAP5 ([28]), (a) density, (b) specific heat capacity, (c) dynamic viscosity, and (d) 
thermal conductivity. 

The reference Diphyl-THT properties have been obtained directly from the manufacturer 
(Bayer) and implemented in the RELAP5 code by Ansaldo [30]. The properties table used in 
RELAP5 is given in Appendix C. There is, of course, no significant difference between the 
reference values and the properties model. In Figure 4.2, the properties of Diphyl THT from 
Bayer are plotted. The operating range of the ICL is between 130 and 230 °C. Within this 
range, the thermo-physical properties changes as follows: 

i. Density decrease by 7.0% with the reference value 930 kg/m3, 
ii. Heat Capacity increases by 3.5% with the reference value at 2.194 kJ/kg-K 
iii. Dynamic viscosity decreases by 330%) with the reference value 2.13xl0"3 N-s/m2, 
iv. Vapour pressure rises from almost zero to 45 mbar at 230 °C, 

The changes of density and heat capacity are not significant, but the change of the dynamic 
viscosity is very large (i.e. reduced more than 3 times); that probably has a strong impact on 
the flow and heat transfer characteristics of the cooling system, because the Re and Pr are 
changing with the dynamic viscosity. The vapour pressure is relatively low up to 230 °C, but 
the increase is quite significant. Note that the operation temperature of the ICL is chosen to 
limit the vapour pressure in the ICL. By and large the goal has been achieved. 
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Figure 4.2 The thermo-physical properties of Diphyl THT given by the manufacturer 
(Bayer): (a) liquid density, (b) specific heat capacity, (c) dynamic viscosity, and (d) vapour 
pressure. 
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Chapter 5 System Descriptions and Modelling 

In the baseline document [1], the main goal is more toward guiding the design and 
workout the basic operation of the HRS. The basic has been well taken care of in the 
discussions from conceptual design to engineering design and final manufacturing. As the 
scientific support passes over to operation and system analysis, it is necessary to have a good 
understanding of the system behaviour in both normal and off-normal conditions. Actually, 
the continued works may go beyond the mandate defined in the baseline document, but it is 
not, in more general terms, beyond the confines of the project needs. 

The Safety Report [2] creates some problems by calling the ICL as the HRS. A stand
alone unit cannot represent the whole system because the target is the one to be cooled and 
there is yet another loop to route out the heat to the cooling plant. As for system analysis, it 
makes no sense to look at the ICL without the target and rest of the system. The functions 
and control are all linked together. Especially the ICL is completely controlled by the target 
temperature. Thus, it makes sense to create a model that includes all the loops in order to 
study the system behaviour in different conditions. To avoid confusion, the HRS is now 
called cooling system of MEGAPIE or simply cooling system. Details of the models of all 
the loops and their dimensions are going to be discussed here. 

5.1 A Brief Description of the Target (Primary Cooling Loop) 

Technically speaking, the spallation target is actually the liquid LBE. However, the 
containers and concentric riser loop are often referred to as the target. This report simply 
takes the primary cooling loop as the target. The target material, LBE, also serves as the 
primary coolant. It has gone through elaborated conceptual design studies wherein many 
different options have been considered. The final design of the target is presented in Figure 
5.1. The target is divided into two main parts, namely the upper and the lower target. The 
upper target consists of two submerged Electro-Magnetic Pumps (EMPs) and a 12-pin Target 
Heat eXchanger (THX). The two pumps are the main EMP, that provides the main flow for 
the target cooling, and the bypass EMP, that provides the bypass jet for beam window 
cooling. The lower target consists of the downcomer, beam window, riser, and central rod. 
The downcomer guides the colder fluid from the exit of the THX to the beam window. Once 
the flow passes the beam window, it turns upward into the riser. The proton beam penetrates 
the liquid LBE to a depth of 270 mm. The region heated by the proton beam is called active 
zone. The downcomer and the riser are separated by an un-insulated, thin-walled main flow-
guide tube. A substantial amount of heat is transferred from the riser to the downcomer that 
heats up the LBE in the downcomer before it reaches the beam window. 

The two EMPs are specially designed for the MEGAPIE target. Both are submerged-
type pumps and are built as an integrated part of the target. Specifications of the main and 
bypass EMPs are given in Table 5.1. Since the pumps are installed deep inside the target, it 
is impossible to repair them once they break down. In general, an EMP is more reliable than 
any mechanical pump because it consists of no moving part. The pump system is designed 
and manufactured by IPUL (Institute of Physics, University of Latvia), who has the expertise 
and the experience of building EMP systems for liquid metal applications. First, a theoretical 
design study was performed. Then, a prototype of the main EMP was built and extensive 
tests were conducted to verify the design. The pump design and test activities are 
summarized by Dementjev et al. [31]. An independent assessment of designed EMPs was 
performed by Stieglitz [32] and showed that designs were adequate. 
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S r ^ 
Figure 5.1: The physical dimensions of the target: Upper target on the left and Lower 
target on the right. 
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Table 5.1 Specifications of the EMPs [31 ] 

Parameters 

Pressure head, (bar) 

Flow rate, 1/s 

Power, kVA 

Frequency, Hz 

Current, A 

Magnetic Strength, T 

Main EMP 

0.2 

5 

9.8 

50 

30 

1.2 

Bypass EMP 

0.5 

0.35 

8.14 

50 

30 

1.14 

The design of the lower target geometry relies heavily on the CFD studies. A high-
power proton beam is inserted in the target through the beam window. The steel structure 
can be heated up very quickly if the cooling is not adequate. Coolability of the beam window 
becomes the primary issue of the CFD-studies. Although the basic geometry cannot be 
changed, parameters such as the shape of the main flow guide end, bypass nozzle shape and 
the bypass flow rate are free to be determined. An extensive study was conducted by Dury 
[6], and it led to the design recommendations as follows: 

a. The end of the guide tube should be slanted to create an asymmetric flow across the 
beam window (see Figure 5.1), 

b. A rectangular shape nozzle with the dimensions 10 by 20 mm is recommended, 

c. The bypass flow rate is set at 2.5 kg/s while the main flow rate is set at 40.0 kg/s. 

Actually, the study has been an ongoing work of the design support team. Roubin's study 
[33] has shown different nozzle configurations and their effects on the beam window cooling. 
The latest findings are documented in the X4 summary report by Smith [34]. A brief 
discussion here is just for giving sufficient information for setting up a system analysis. 

5.2 Target Cooling System 

The MEGAPIE target cooling system is a triple-loop, 3-fluid system. The three main 
loops are as follows: 

i. Primary LBE loop (the target itself), 

ii. Intermediate cooling loop (ICL) with Diphyl THT as the coolant, 

iii. Water Cooling loop (WCL) with light water as the coolant, 

The loops are thermally connected by HEXs, which are the THX (or cooling pins) where heat 
is taken out from LBE, the IHX where heat is taken out from the Diphyl oil, and the WHX 
where heat is taken out from the cooling water to the building cooling plant. A schematic of 
the cooling system is presented in Figure 5.2. The model discussed here is built for 
RELAP5/Mod 3.2.2, which is a well known code for analysing the Loss-Of-Coolant-
Accident (LOCA) in a light water reactor (LWR) system [35], the main working fluids of 
which are obviously water and steam. The model of the cooling system was initially 
developed by Petrazzini et al. [36], and the follow-up work was done by Leung et al. [15] and 
[16]. 
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Figure 5.2: A schematic of the MEGAPIE cooling system; the primary loop is the target, and two 
cooling loops are the ICL and WCL. 

5.3 Nodalization of the Cooling System 

Most of the system codes (i.e. RELAP5, OASIS, HETRAF, etc.) are built on a simple 
one-dimensional model. The fluid channels are simply represented by their areas, lengths, 
and hydraulic diameters. The channel walls or structures are simply represented by their 
inner and outer diameters. Any multi-dimension effects of a local region are averaged out in 
a 1-D model. For example, the flow and temperature distribution of the active zone of the 
target is highly inhomogeneous, but the system can give only the average temperature and the 
velocity in the axial direction. The flow channels are often represented by strips or simple 
lines and the detailed geometry is not possible to model with a system code. The meshes are 
often quite large (i.e. in an order of 10s cm). Here the channel numbers and the rough 
location are given. The details are tabulated in tables presented in the Appendix D. 

5.3.1 The Liquid Metal Target (Primary Cooling Loop) 

The original model has been developed by Petrazzini et al. [17]. Much has been 
changed by Leung et al. ([15] & [16]) through the time due to some minor changes in the 
design for different reasons. The model presented in Figure 5.3 is the latest and most precise 
representation of the target. 

The target could be divided into two loops, namely the main circuit for target cooling 
and the bypass for beam window cooling. The main circuit consists of the beam window 
(509), riser (513), pump entrance (517), main EMP (888), THX (503), collector (505) and 
downcomer (507). The bypass circuit is sort of an open loop because it takes in coolant from 
the collector and discharges it at the beam window. It consists of the bypass intake (522), the 
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bypass EMP (889), pump outlet (523), down flow collector pipes (525) and the bypass guide 
(527), which ends with a nozzle. The detail descriptions of different parts in the target are 
given in Table Dl in the Appendix D. 

TolCL *7Ui 
500 

From ICL 

Zx 

X I 

Figure 5.3: RELAP5 nodalization of the MEGAPIE target. 

5.3.2 Intermediate Cooling Loop (ICL) 

Much of the discussion in the previous chapters is about the intermediate loop (ICL). 
Again the two main functions of the loop are to transport the heat from the LBE to the WCL 
and to maintain the target temperature during hot standby. The nodalized model is presented 
in Figure 5.4. The main circulation pump <887> is installed on the hot leg <105> and <106> 
in order to impose a higher pressure to the IHX and THX for safety. A three-way valve 
(TWV), installed upstream of the IHX, distributes the flow between IHX and the bypass 
channel during operation so that the target cooling can be regulated. In the model it is 
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represented by two valves <740> and <741>, because there is no such valve in RELAP5 
model. The stem position of <741>:is a conjugate of the <740>. A check valve <743> is 
installed downstream of the IHX to prevent the backflow to the IHX when it is bypassed. 

An expansion tank (<149> and <150>) installed on the hot leg <106> upstream of the 
pump and with the other pipe <142> to connect to inlet junction of IHX <113>. A small part 
of the hot DTHT is vented back to the expansion tank through <142>. This arrangement 
allows a coolant exchange between the main circuit and the expansion tank. The operating 
pressure is set to roughly 4 bars. 

739 

Figure 5.4 Nodalization of Intermediate Cooling Loop (ICL)/Heat Removal System (HRS) 
in RELAP5 model. 

5.3.3 Water Cooling Loop (WCL) 

There is one extra loop that serves as a buffer between the ICL and the cooling plant of 
the building. The reason for such a loop is to eliminate any possibility of a Diphyl leak into 
the building cooling plant. The design of the loop is almost like a copy of the ICL. It is a 
closed loop transporting heat from the IHX to the WHX, where the building cooling circuit is 
connected to. The size of the main pipe construction is DN80 with a wall thickness of 
3.2 mm. The nominal system is set at about 4 bar in SINQ and it can be raised to about 10 
bar if higher temperature operation is required in some of the Integral Test before the system 
is installed in SINQ. The pump is installed in the hot leg upstream of the WHX in order to 
keep the pressure in the THX as high as possible to avoid boiling. There is no particular 
reason for such an arrangement. Based on the design the cold leg is kept roughly constant at 
40 °C. A three-way valve is installed upstream of the WHX to regulate the bypass flow of 
the HEX, so that the coolant temperature can be regulated at will. 

A nodalized model for RELAP5 is presented in Figure 5.5. Notice that the connecting 
pipes to the IHX are not shown in this drawing. The connection is made between <315> and 
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<338>. There are two different configurations of this piping, namely one for SINQ and one 
for MITS (MEGAPIE Integral Test Stand), and the configurations are different. Those 
connections are going to be discussed in the following section. Details of all the hydraulic 
channels and pipes are given in the corresponding Table D3 in the Appendix D. 

Figure 5.5 The nodalization of the Water Cooling Loop (WCL) in the RELAP5 model. 

5.3.4 Configurations of the Cooling System in MITS and SINQ 

The target, ICL and WCL are operated together as a unit called cooling system of the 
MEGAPIE target. The layout of the loops in the MITS differs from that in the SINQ only by 
the connection pipes between the ICL and WCL, while the ICL connects to the target the 
same way in the MITS and in the SINQ. In the SINQ, the WCL is installed outside the TKE 
on the top of the concrete containment where is at a higher elevation than the target and ICL 
(see Figure 5.6). On the other hand, the WCL is installed underneath the test stand in the 
MITS (see Figure 5.7). Consequently, the pipes connecting the loops are different. The 
dimension and related parameters of those connections are given in Tables 5.2 (in the SINQ) 
and 5.3 (in the MITS). 
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Table 5.2 List of channels of ICL/WCL connection in SINQ. 

Part Nr. 
307 

309 
311 

313 
340 
342 
344 
346 

Channel 
Pipe 

Pipe 
Pipe 
Pipe 

Pipe 
Pipe 
Pipe 
Pipe 

Dimensions/Orientation, mm 

DH 

082.5 

082.5 
082.5 
082.5 

082.5 
082.5 
082.5 
082.5 

Length 
1,000(2) 

2,481(3) 
13,600 (8) 
6,450 (5) 

6,170(5) 
13,600(8) 
1,689(3) 
1,000(2) 

Elevation 
0.0 

-2,481 
0.0 
+6,450 

-6,170 
0 
+1,689 
0 

Descriptions 
Connecting to the outlet of IHX (303 
in Figure 5.4) 
Vertical down 
Horizontal 
Connecting to pipe 315 in Figure 5.5 

Connecting to pipe 338 in Figure 5.5 
Horizontal 
With a 90° bend 
Connecting to the inlet of IHX (303 
in Figure 5.4 

Front View Side View 
Figure 5.6 The connection pipes between the WCL and the ICL in the SINQ configuration, 
the details of the marked pipes are given in Table 5.2. 

Table 5.3 List of channels of ICL/WCL connection in MITS. 

Part Nr. 
307 

309 
311 
340 
342 
344 

Channel 
Pipe 

Pipe 
Pipe 
Pipe 
Pipe 
Pipe 

Dimensions/Orientation, mm 

DH 

0131.7 

0131.7 
0131.7 
0131.7 
0131.7 
0131.7 

Length 
2,132(4) 

7,018(15) 
1,000(2) 
820(2) 
7,438(15) 
1500(3) 

Elevation 
-1332 

0 
-1000 
+820 
0 
+1000 

Descriptions 
Connecting to the outlet of IHX 
(303 in Fig. 5.4) 
With a 90° bend 
Connecting to pipe 315 in Fig. 5.5 
Connecting to pipe 338 in Fig. 5.5 
Horizontal 
Connecting to the inlet of IHX (303 
in Fig. 5.4 
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The Connection 
Pipes 

Figure 5.7 The connection pipes between the WCL and the ICL in the MITS configuration, 
the details of the marked pipes are given in Table 5.3. 

5.4 Detailed Models 

5.4.1 The Heat Exchangers 

The cooling loops are connected thermally through the heat exchangers. The three heat 
exchangers in the systems are the THX, IHX and WHX. The THX is a special design for the 
target. A mock-up model of a single pin has been tested [10], and the corresponding CFD 
study [18] has been discussed in details in chapter 3. Modelling a HEX makes almost no 
difference from any other channels in RELAP5. The only important thing is to remember 
that the coupled channels of the HEX (i.e. the primary and the secondary side) must be 
defined correctly in the input card of the HEX wall. Those parameters for the models are 
given in Tables 5.4. 

Table 5.4 The parameter of describing the THX. 

Names 
Nr. of pins 
Wall material 
Relative coolant flow 

Unit 
[] 
u 
[] 

Wall Thickness, mm 
Coolant 
Hydraulic Diameter 
Coolant volume 
Heat transfer area 

mm 

n 
mm 
litre 
m1 

Parameter 
12 
AISI316 
Counter Current 
Primary 

• 

LBE 
8.0 
4.43 
2.44 

Secondary 
.5 
Diphyl THT 
4.0 
10.5 
2.13 

Summary Report for X6 - 4 8 - Dec. 2005 



PSI-Bericht 05-13 

The IHX and WHX are of the same type of HEX manufactured by Alfa-Laval. The 
model number is TM10 BFG, which is a corrugated plate HEX. It has a flexible modular 
design; depending on the required conditions, modules can be added or subtracted. The IHX 
is a 3-module unit while the WHX uses a 12-module unit. The dimensions and descriptions 
of each HEX are given in Table 5.5. Since they are industrial products, the reliability and the 
heat exchanger characteristics should be well known and well documented. 

Table 5.5 The Dimensions of the plate type HEXs. 

Alfa-Laval PHE Type: 
T M 1 0 B F G 
Nr. of plates 
Nr. of effective HEX plates 
Total heat exchange area, m2 

Plate material 
Plate Thickness, mm 
Relative fluid directions 
Volume of the hot side, dm 
Volume of the cold side, dm 
Flow area of the hot side, m2 

Flow area of the cold side, m2 

Single Module 

10 
8 
2.05 

IHX 

30 
24 
6.2 

WHX 

120 
96 
24.7 

AISI316 
0.6 

Counter-current 
2.48 
3.8 
3.132xl0"3 

4.805xl0"3 

7.44 
11.4 
9.396x103 

1.442xl0"2 

29.8 
45.6 
3.759xl0 -2 

5.767xl0"2 

5.4.2 Characteristics of the System Pumps 

There are totally four pumps in the cooling system; 2 submerged EMPs in the target, and 
a centrifugal one in each cooling loop (i.e. ICL and WCL). For modelling a pump in 
RELAP5, the pump curves in all four quadrants must be given. That is to say the 
combinations of for- and back-ward flow in positive and negative pump head. There is a 
standard model for the normal centrifugal pump for all four quadrants, but not for an EMP. 
As a matter of fact, there is no special model implemented in RELAP5 for EMP. At least in 
the first quadrant (i.e. flow in the direction of applied pump head), it does not need to 
distinguish either pump types. The only difference is that an EMP uses current instead of 
rpm (revolution per minute) for the pump speed. The characteristic curves of all the pumps 
used in the RELAP5 model are given in normalized form in Table 5.6. 

Table 5.6 The pump curves of the target heat removal system 

Main EMP 
Headmax = 0.39 bar 
Current = 35 A 

Q/Qmax 
0.0 
0.190 
0.381 
0.571 
0.762 
0.952 
1.0 

" ' "max 

1.0 
0.974 
0.846 
0.629 
0.436 
0.102 
0.0. 

Bypass EMP 
Headmax = 0.95 bar 
Current = 40 A 

Q/Qmax 
0.0 
0.1 
0.2 
0.3 
0.4 
1.0 

" 1 "max 

1.0 
0.989 
0.947 
0.895 
0737 
0.0 

DTHT Pump (ICL) 
Headmax = 7.1 bar 
rpm = 2850 

Q/Qmax 
0.0 
0.0875 
0.171 
0.257 
0.343 
0.428 
1.0 

" ' " m a x 

1.0 
1.0 
0.95 
0.875 
0.775 
0.662 
0.0 

Water Pump (WCL) 
Headmax = 7.85 bar 
rpm = 3000 

Q/Qmax 
0.0 
0.081 
0.162 
0.240 
0.479 
0.679 
1.0 

" ' " m a x 

1.0 
0.992 
0.979 
0.954 
0.806 
0.563 
0.0 

Summary Report for X6 - 4 9 - Dec. 2005 



PSI-Bericht 05-13 

5.4.3 Heat Losses of the System 

5.4.3.1 The Target 

It is a safety requirement that the target has to be completely enclosed in a second 
containment. There are two pieces of them, namely the Upper and Lower Target Enclosure 
(UTE and LTE). The UTE is just a long steel tube with a flange mounted at the bottom. The 
outer diameter of the UTE tube is 403 mm and has a wall thickness of 6.0 mm. The UTE 
cooling relies on the heat loss to the central tube, which is cooled by circulation of heavy 
water at roughly 40 °C. The LTE, on the other hand, is a double-layer shroud with a 
sandwiched flow channel inside. The LTE hull is cooled by heavy water with an inlet 
temperature of 40 °C. The gap formed between the target and the enclosure is filled by 
0.5 bar of helium as the insulation gas. The gap width varies from 4 mm to 6 mm. Natural 
circulation is suppressed due to too high viscous force: it is based on the analysis that the 
Rayleigh number of the gap is roughly 1500, which is lower than the minimum (i.e. 
Ra > 7000) for natural convection to start. Thus, only conduction and radiation heat transfer 
have to be considered. 

A thorough assessment on the target heat loss was conducted by Sigg [37]. It was 
concluded that it needed a 20 kW heater in the target to compensate the heat loss in the target 
during hot standby. The analysis here is not that much different from Sigg [37], but more 
realistic numbers are given for the needs of operation. 

The conductivity of helium is roughly 10 times higher than that of argon; it is not a good 
insulation gas. Argon should not be used because of the activation by neutrons. The heat 
loss from the target to the enclosure is not negligible. For conduction heat transfer in a 
concentric cylinder, the applicable equation is given as [21]: 

T —T 
q"r=A Ji l2 (5.1) 

rx]n{r2lrx) 

where q"r, A, T, and r are the heat flux, thermal conductivity, temperature, and radius, 
respectively, of the heat transfer medium. The subscript 1 and 2 denote the inner and outer 
surfaces. 

The radiative heat transfer can be computed from the standard expression for a long 
concentric cylindrical annuli as [21] 

°{T?-n) 
qn=-^ F - T (5-2) 

i , i - g 2 a ( 
'2 

£\ £2 \r2j 

where q"2, T, a, e, and r are surface heat flux, temperature, Stefan-Boltzmann constant 
(5.67x10" W/m -K4), emissivity and radius respectively. The subscript 1 denotes the inner, 
hotter surface and subscript 2 denotes the outer colder surface. Depending on condition, the 
emissivity of a metallic surface varies widely; from a highly polished one to a machine 
finished one, the emissivity varies from 0.05 to 0.1, and 0.1 is used for being conservative on 
the estimation. 

With all the assumptions listed above, the heat loss of different parts of the target is 
calculated and the results are presented in Table 5.7. The radiative heat loss is roughly 1.% 
of the conduction heat loss. The total heat loss to the target enclosures is about 16.9 kW, 
which is lower than the earlier estimation of 21 kW by Sigg [37]. The RELAP5 model takes 
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only the conduction heat loss into account, and the heat loss is even lower because the surface 
temperatures of the liquid metal containers are lower than the one used here. Nevertheless, 
the important point is that the target does have sufficient heat sources to compensate the heat 
loss during hot standby. 

Table 5.7: Comparison between the radiation heat loss and conduction 

Upper Target 
Lower Target 
Lower Target 2 
(500 mm from beam window) 

Radius, 
mm 

190.5 
92 
90 

Gap Width 
812, mm 

5.5 
4 
6 

Total 

Heat Loss, kW/m-K 

Radiative 

0.054 
0.087 
0.025 

0.166 

Conductive 

7.83 
7.42 
1.50 

16.75 

5.4.3.2 Heat Loss Through the Un-insulated Pipes 

Based on the design specifications [7], the heat loss of the ICL during hot standby is 
about 710 W, but the problem is that the insulation has been changed and the heat loss is not 
clearly defined at this moment. However, it is expected to be rather low in the nominal 
operating conditions. As a matter of fact, the heat loss below 1.0 kW can be ignored because 
the circulation pump can surely compensate the losses. In the current RELAP5 model, all the 
pipes in the ICL are assumed to be well insulated (i.e. adiabatic wall) until the heat loss is 
clarified. 

The heat loss of the WCL is negligible because it is operated at low temperature (i.e. no 
more than 65 °C). However, there is 44 meter of un-insulated pipes connecting the ICL and 
WCL in the SINQ configuration. Although the heat loss is not significant whatsoever, it is 
good to have the right value for the sake of calculating the overall heat balance. It is assumed 
that the heat is taken up by natural circulation of the air around the pipes, and the ambient air 
temperature is set to be 40 °C. 

For a vertical pipe [19] 

Nu, = — L 3 

A(GrL^ 
1/4 

£(Pr) (5.3) 

where g(Pr) = 
0.75 Pr /2 

(0.609 + 1.221Pr1/2+1.238Pr)1/2' 
(5.4) 

and for a horizontal pipe 

NuD = 0.60 + 
03S7Ra 1/6 

D 

(l + (0.559/Pr)9/16)T27 
(5.5) 

where Nu, Gr, Pr, and Ra are the Nusselt, Grashof, Prandtl, and Rayleigh number, 
respectively. The subscripts L and D denote the evaluation done in length- and diameter-wise 
of the pipe section, respectively. The pipes of concerns are actually those given in Table 5.2. 
The outer diameter is tp 88.5 mm and assuming that the surface temperature is 60 °C. The 
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results of the heat loss of the pipes are given in Table 5.8. They are rather insignificant, but it 
has been implemented in the code. It will become an important heat sink only if the. water is 
being heated up close to boiling (i.e. 130 °C). 

Table 5.8 The computed heat losses of the un-isolated pipes . 

Channel 
Number 

307 
309 
311 
340 
342 
344 

Orientation 
horizontal 

vertical 
horizontal 

vertical 
horizontal 

vertical 

Nusselt Nr., 
NUD/NUL 

14.58 
473.0 
14.58 
936.8 
14.58 
354.7 

Heat Transfer 
Coefficient, W/m2K 

4.471 
3.279 
4.471 
2.611 
4.471 
3.610 

Total heat Loss, 
W 

1.248 
2.272 
16.98 
4.500 
16.98 
1.704 

5.5 Servo-Valve Control Schemes 

One of the important design aspects of the cooling system is the temperature regulation 
in the target. The first attempt to set up a control scheme is by Petrazzini et al. [17]. The 
control objective is to regulate the THX exit LBE temperature at a constant level in all 
conditions. A basic PID (Proportional, Integral, Differential) control algorithm has been 
implemented in RELAP5. This control sequence can be expressed as: 

CV = ApErr + A} \Errdt + AD + FF (5.6) 

where CV denotes the control value which is, in this case, the fraction opening of the three-
way valve (TWV) in either of the ICL and of the WCL, Err is the difference between the 
control variable and the reference level, FF denotes the feed-forward signal, and Ap, Aj, and 
AD are the multiplication factors of the proportional, integral and derivative parts of the 
control, respectively. In this study, the control variable is the LBE temperature at the exit of 
THX, and the reference temperature is 230 °C (i.e. Err = TLBEiOUl - 230 °C). The D part of the 
PID is actually taken from the LBE temperature at the inlet of THX with a 20 second time lag 
(i.e. AD dTiBE,m (t-20)/efr)- m essence, the inlet and outlet LBE temperatures of the THX, and 
their derivatives are fed to an integral controller to actuate the 3-way valve in the ICL to 
bypass the IHX in case of a beam trip. Since the LBE is protected from large temperature 
fluctuation, this thermal transient is called "protected beam trip". The feed forward part is 
not used. The gain coefficients are given as the following: 

Gain Constant 
Valve 

A„ 
0.015 

A, 
0.015 

AD 

0.4 
AFF 

0.0 

It has been found that the above PI control scheme was not very stable at lower power 
and it was difficult to reach a steady position in hot standby conditions. Besides, these 
proposed coefficients could not be used directly to the control setting in the real device. An 
investigation to find a new temperature regulation scheme has been undertaken in SCK-CEN. 
The work is conducted with the SIMULINK program by Dierckx [31]. The thermal-
hydraulic system has been modelled (see Figure 5.8), and the results of the study are 
summarized as follows. 
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Figure 5.8: The schematic of the SIMULINK model of the MEGAPIE cooling system. 

5.5.1 Single PI controller 

The block diagram of the single PI controller is given Figure 5.9 below. The values 
indicated in the boxes are the gain values of the control scheme. 

to0 
*L J C1 

PI controller 

valve 
setpoint 

G1 

H1 

valve 
position 

G2 
TLBE 

Figure 5.9: block diagram single PI controls scheme. 

where CI, Gl, G2, and HI are PI controller, dynamics of the TWV (from valve setpoint to 
real valve position), dynamics of the HRS (from real valve position to temperature of LBE at 
the exit of the THX), dynamics of the LBE temperature measurement (typical low pass filter) 
of the system , respectively. 

The transfer function is programmed in SIMULINK, and Figure 5.10 shows the transfer 
function G1*G2*H1 from valve set point to measured LBE temperature at the exit of the 
THX for different beam powers. It can be seen clearly that for different beam powers the 
transfer functions are not equal. This is due to the fact that different valve positions are 
required in order to keep the temperature of the LBE at the exit of the THX at a constant 
value. These different valve positions change the dynamics of the system. In a first approach 
a fixed parameter controller will be implemented that is able to cover the entire range from 
zero to full beam power. This controller must be designed to be stable in all circumstances. It 
is clear that such a controller is not giving optimal performance over the entire range of 
operating conditions. 
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Frequency (Hz) 

Figure 5.10 The transfer function behaviours of the valve control 

The previous transfer functions can now be used to design the controller. Figure 5.11 shows 
the open-loop transfer function C1*G1*G2*H1 with an optimised digital PI controller CI 
(refresh rate Is). The controller uses one set of fixed parameters for the entire operating 
range. The controlled system is stable (gain margin > 6dB; phase margin > 45°) for all beam 
powers. It can be seen that high beam power operation will lead to lower bandwidth and thus 
lower performance of the control system. 

Bode Diagram 

10 10 

Frequency (Hz) 

Figure 5.11 The behaviour of the transfer function C1*G1*G2*H1. 

Now, lets look at a transient case of a beam interrupt and how the system responds to it. 
At 500 s the 600 kW beam is instantly shut off while only 20 kW central rod heating power is 
maintained. At t = 1500 s the beam is switched on again over a 20 s time ramp. The results 
are presented in Figure 5.12. The actual implementation of this controller is listed below. It 
is important to note that the controller uses a so called "integral-windup" protection. This is 
required to prevent the integral action to fill up indefinitely when the valve is in fully opened 
or closed position. 
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Figure 5.12 LBE temperature and the TWV position during a beam interrupt and restart. 

5.5.2 Improvement of Performance by Adding an Adaptive-Gain 

The problem of lower performance at high beam power can be solved by adding extra 
gain under high beam power conditions. If we use the position of the valve as an indication of 
the total beam power, the following formula can be used to calculate the extra gain. The 
derivation of this formula is given in the Appendix E at the end of this document. 

*Jextra AValve-stem *3.78+l, (5.7) 

where Xvaive-stem goes from 1 (all flow through IHX) to 0 (all flow through bypass). This 
formula must be fine-tuned as soon as the THX properties are measured at the test stand. 
Figure 5.13 shows the general layout of this adaptive control. 

— < -\ fc, K 
L 

C1 

PI controller 

valve 
setpoint 

G1 

H1 

valve 
position 

G2 
TLBE 

Figure 5.13 The block diagram representation of the new adaptive control scheme 

By using this extra gain in the control loop we get the following open loop transfer functions 
(K*C1*G1*G2*H1) (see Figure 5.14). It can be seen that in all cases the loop is stable and 
that now the high beam power operation has the same bandwidth as the low beam power 
operation. 
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Bode Diagram 

Frequency (Hz) 

Figure 5.14 The behaviour of the transfer function K*C1*G1*G2*H1. 

Figure 5.15 shows the system response to a beam interrupt. As reference the previous non-
adaptive controller is also plotted. An increase in performance with respect to the fixed 
parameter controller can be seen. The actual implementation of this controller is listed 
below. Changes with respect to the non adaptive controller are indicated in blue. 
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Figure 5.15 LBE temperature and the TWV position during a beam interrupt and restart. 

5.5.3 General Remarks 

For the simulations in this study, the conditions of the system operation are given as 
follows: 

• LBE in target: 40.6 kg/s 
• DTHT loop: 7.9 kg/s 
• H20 loop: 8.0 kg/s 
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• plant cooling water: 8 kg/s 

Please note that a change in any of these flow rates will change the dynamics of the 
system. Lower flow rates will result in longer system delays which may result in instability 
due to phase loss in the system transfer function. Small changes can be tolerated because of 
the stability margin that is taken into account while designing the controllers. Larger changes 
in flow rate however can not be covered by this margin and will lead to unstable controller 
operation. 

It must also be noted that the given controller parameters are based on calculated 
properties for heat exchangers and valve dynamics. It can be expected that the real properties 
will be different from these calculations. This will lead again to changed loop dynamics and 
thus other optimal controller parameters may be necessary. The digital controllers are 
modeled to work with a 1 second refresh rate. Slower refresh rates will decrease system 
performance and may even lead to unstable situations. 

There are also more results on more advanced schemes of control that have been 
explored in the original report of Dierckx [38]. However, the only scheme ever implemented 
to the RELAP5 model is the one discussed above, and it has been found quite stable and 
adequate for the current applications. No further work will be done unless it is shown by 
experiment that a better control scheme is needed. 

5.5.4 Comparison of Two Control Schemes 

There are few transient cases that can be used for comparing the responses of the TWV 
of ICL. One of the most used cases for comparison is the beam trip which is going to be 
discussed here. The beam trip is defined as a sequence of transients; initiated by an instant 
shut down of the proton beam, then followed by a 10 s delay, and ramping up of the beam to 
full power in 20 s. The resulting temperature transients in the target are presented in Figure 
5.16. The dashed lines plot the results obtained with a PID controller (Ansaldo proposal 
[17]), and the solid lines plot the results of the API controller (Dierckx [38]). After the beam 
trip, the PID controller could not settle the ICL-TWV. As a matter of fact the PID controller 
is tuned to one single heating power, which is 620 kW. Although it is not far from the 
current heating power, which is 581 kW, the controller already shows the instability. On the 
other hand, the API does show a very stable temperature after the transient. To make the PID 
control work better, the gain factors must be changed. However, there is no simple rule that 
can be followed and tried in an ad hoc way to come up with gain factors that can make the 
system more stable. 

Gain Constant 
Valve 

A„ 
0.015 

At 
0.012 

AD 

0.20 
AFF 

0.0 

As a matter of fact, those are the values for all the simulation studies conducted by 
Leung et al. ([15] & [16]). Again, the transient temperatures in the target are plotted in 
Figure 5.17, and the valve position is plotted in Figure 5.18. It is clear that the PID controller 
can respond much faster than the API one. The shutting and opening occurs at a much faster 
pace as that shown in Figure 5.17. One must also notice that the slower API controller gives 
rise to a bit larger temperature fluctuation at the outlet of the THX, but this should not 
impress any higher transient stress on the beam window because the highest temperature drop 
is at the moment when the proton beam is switched off. 
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Figure 5.16 The LBE temperature in the target during a beam trip transient: solid lines 
represent the results with API controller, and dashed lines represent the results with PID 
controller. 
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Figure 5.17 The LBE temperature in the target during a beam trip transient: solid lines 
represent the results with API controller, and dashed lines represent the results with PID 
controller with a new set of gain coefficients. 
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Figure 5.18 The ICL-TWV position during a beam trip transient: solid lines represent the 
results with API controller, and dashed lines represent the results with PID controller. 

As a brief summary, the original PID controller was basically tuned to a single heating 
power. Any change of the operating conditions of the system requires a new set of gain 
factors, but there is no guideline how those gain factors can be obtained. In short, the PID 
implementation lacks theoretical basis and is rather restrictive. On the other hand, the API is 
a more systematic way to approach the problem. The gain factors are all derived 
systematically from the SIMULINK simulations. It has also been proved by the RELAP5 
simulation. Confidence does build on the good performance presented in the simulations. 
However, how the API controller will perform in the real system still remains to be seen. 
The problem is that the required parameters of time delay, hydraulic feedbacks, and other 
characteristics cannot be simulated by either SIMULINK or RELAP5. 

5.6 Benchmark of the System Analysis 

The work presented here is much less than what can be done in benchmarking any 
system code. First of all, there is no experimental data available at this point for comparison. 
This will be improved when the tests on MITS will have started. Secondly, there are major 
differences in the modelling of the geometries. Last but not the least, different sets of LBE 
properties are used in the codes of comparison. Furthermore, the benchmark can be a lengthy 
process of iterating on the same issues, but the time for this work was rather short. All that 
can be done in this short piece of work is to compare results of different codes, and find out 
the major differences, then move on to the next phase - pre-test analysis of the MITS test. 

RELAP5/Mod3.2.2 is the reference code for this project, because there are constant 
efforts to improve the model throughout the whole time of this project. However, it also has 
its shortcomings and constraints. First of all, the source code is not available for any change, 
such as the heat-transfer correlations, because only the compiled code is available. If it is 
necessary to change any heat transfer correlation, it must be made in the source code. 
Secondly, a change of the fluid properties is a difficulty task. It requires the inputs of all the 
liquid and vapour properties in a wide range of temperature and pressure, so on and so forth. 
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A second code that has more flexibility is surely a welcome thing for the project. A 
parametric study could be done with a reasonable effort. FZK does have a few in-house 
codes for such tasks. HETRAF has been used before by X. Cheng [10] for analyzing the 
target during the conceptual design phase. Unfortunately, the effort could not be continued. 
A new system code, ATHLET has been offered for system analysis during the test phase of 
the MEGAPIE project. The source code has been modified for multi-fluid systems that 
include liquid-metals such as LBE and renamed to be ATHLET-MF. 

5.6.1 A Brief Description of ATHLET-MF 

The code ATHLET (Analysis of Thermal-hydraulics of LEaks and Transients) was 
developed for the simulation of design basis and beyond design basis accidents (without core 
degradation) in light water reactors, including W E R and RBMK reactors. The code features 
a highly modular structure and separation between physical models and numerical methods, 
which makes it easy to implement different physical models. 

In order to apply the ATHLET code to LBE cooled ADS target systems, the code has 
been modified to include the thermodynamic properties of LBE and Diphyl THT as well as 
the physical models for various fluids. The structure of the code is modified in such a way 
that it is applicable to multi-fluid systems. 

Due to the lack of data of the vapour properties of LBE and Diphyl THT, only the 
properties of the liquid LBE and liquid DTHT are implemented in the code. In the present 
work, the liquid LBE physical properties summarized in the report of Cevolani [26] (also see 
Table 4.5 in this report) are employed. The properties of Diphyl THT have been 
implemented into the code as polynomial equations, which are fitted by Chen et al. [39] 
based on the data provided by the manufacturer Bayer. The results of the polynomial fit are 
summarized in Table 5.9 for the temperature range of 20°C to 400°C. 

Table 5.9 Thermal physical properties of Diphyl THT 

Property 
Density 

Thermal conductivity 

Specific heat 

Dynamic viscosity 

Surface tension 

Unit 
kg/m3 

W/(m°C) 

J/(kg°C) 

kg/(ms) 

N/m 

Correlation 
p = 1013.5-0.6457 

A = 0.1101-2.769xl0"5r 
C^ =1451.5 + 3.527' 

ju = (48.5 • e~
Tll%2 + 4.223 • e~

T/95-S + 0.241) x 10"3 

a- = 0.0462 -1.451 x 1 0 ^ 7 + 9.22 x 10"8r2 

The same heat transfer correlations are applied for single-phase convective heat transfer 
of Diphyl THT as those applied for water (i.e. Austregesilo [40]). For LBE single-phase 
convective heat transfer, the correlation used (Dwyer [20]) is of the same form used in the 
RELAP5 model (see Table 3.3). There is no difference in the heat transfer correlation at least 
on the LBE side. The coolant mass in each loop in the RELAP5 and ATHLET-MF models 
are given in Table 5.10. 
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Table 5.10 The volume and mass of each loop in the cooling system 

Target 
ICL 
WCL 

RELAP5 
Coolant/litre 

86.3 
108.5 
412.2 

Structures/kg 
400 
336 
1517 

ATHLET-MF 
Coolant/litre 

82. 
80 
80 

Structures/kg 
351 
182 
179 

5.6.2 Case for Code Benchmark 

As time advanced, the operating conditions became clear and settled to a set of values. 
The steady state operating conditions are given in Table 5.11. These are the expected nominal 
conditions for SINQ operation. The heat deposition is based on the results of the neutronic 
calculation. 

Table 5.11 The nominal operating conditions for the benchmark study 

Target 

ICL 

WCL 

Proton beam heat deposition on the target 
Mass flow rate of Main EMP in the target 
Mass flow rate of the Bypass EMP 
Temperature regulated at THX exit 
Mass flow rate 
THX (secondary side) inlet temperature 
Mass flow rate 
IHX (secondary side) inlet temperature 

581 kW 
40.0 kg/s 
2.5 kg/s 
230 °C 
8.0 kg/s 
138 °C 
8.0 kg/s 
50 °C 

The steady-state results generated by RELAP5 and ATHLET-MF are given in Table 
5.12. The operating condition within the target, the predicted temperature and flow rate 
differences are within 2%, which is an excellent agreement. Note that the flow through the 
THX is less than 40 kg/s with the RELAP calculation, because a small amount of LBE is 
flowing through the EMP gap, which is modelled in RELAP but not in ATHLET. A small 
temperature difference at the exit of the THX can be explained by the different properties 
used in RELAP5 and ATHLET. RELAP5 used a variable heat capacity model, while 
ATHLET-MF used the fixed value 146.5 J/kg-K. Further, Chen et al. [39] fixed the top LBE 
temperature at the inlet of the THX rather than the one at the exit region. 

Table 5.12 Steady state operating conditions 

Target Flow rate, kg/s 

Temperature, 
°C 

Heat Transfer 
Through 

Main Circuit 
Bypass Circuit 
THX inlet 
THX outlet 
End of Downcomer 
Top of active zone 
MFG, kW 
Bypass tube, kW 

RELAP5 
39.5 
2.5 
329.5 
230.0 
250.2 
344.7 
114.3 
1.05 

ATHLET-
MF 
40.0 
2.5 

326.6 
226.1 
245.3 
339.5 
92.2 
1.5 

Percentage 
Difference 

1.266 
0.000 
-0.880 
-1.696 
-1.958 
-1.509 
-19.34 
42.86 
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Table 5.12 continue.... 

ICL 

WCL 

Flow rate, kg/s 

Temperature, 
°C 

Flow rate, kg/s 

Temperature, 
°C 

Through THX 
Through IHX 
Through Bypass 
THX inlet 
THX outlet 
IHX inlet 
IHX outlet 
Through IHX 
Through WHX 
Through Bypass 
IHX inlet 
IHX outlet 
WHX inlet 
WHX outlet 

RELAP5 
7.91 
4.64 
3.27 
136.5 
174.5 
175.2 
110.4 
7.96 
6.46 
1.54 
50.5 
68.9 

69.6 
46.7 

ATHLET-
MF 
7.90 

4.621 
3.276 
147.0 
175.7 
175.8 
124.8 
8.0 

6.616 
1.384 
52.0 
69.7 
69.8 
48.3 

Percentage 
Difference 

-0.126 
-0.409 
0.183 
7.692 
0.688 
0.342 
13.043 
0.503 
2.415 

-10.130 
2.970 
1.161 
0.287 
3.426 

As for the transient cases, only the "protected" and "unprotected" beam trips are 
compared over here. Regulation of the TWVs in ICL and WCL are defined by FZK. The 
valve positions during the transient of a protected beam trip are given in Figure 5.19. The 
results of RELAP5 and ATHLET-MF are presented in the Figures 5.20 and 5.21 for the 
protected and unprotected trips, respectively. ATHLET gives a lower LBE outlet 
temperature due to the different heat capacities used as mentioned before. The temperature 
drop is also deeper with ATHLET during a beam trip transient. This may also be attributed 
to the heat capacity. Furthermore, the thermal mass of the target is also different in both 
models (i.e. with RELAP5 and ATHLET). The basic transient characteristics, however, are 
the same for both codes. That is to say the temperature drop is limited by the regulation of 
the TWV in the ICL. 
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Figure 5.19: The ICL-TWV (red) and WCL-TWV (blue) positions during a protected beam 
trip. 
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Solid Lines: RELAP5 

ash Lines: ATHLET-MF 
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Figure 5.20 The LBE temperatures at inlet and outlet during an unprotected beam-trip; 
simulated by RELAP5 (solid lined) and ATHLET-MF (dashed lines). 
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Figure 5.21 The LBE temperatures at inlet and outlet during an unprotected beam-trip; 
simulated by RELAP5 (solid lined) and ATHLET-MF (dashed lines). 
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Chapter 6 Assessment of the System in Normal Operation 

Although SINQ is a continuous spallation neutron source for material research, the 
proton beam is not running continuously without interruption, because an ultra-sensitive 
trigger shuts down the beam quite often whenever a fault signal in the injector or along the 
beamline is detected. There are two different types of interruptions, namely the beam trip 
and beam interrupt. The beam trip is a short interruption of the proton beam, i.e. the beam is 
shut off instantly, followed by a 10 s down time, and then switched back to full power in a 
20 s ramp. This event happens quite often; roughly 50 times a day. As for the beam 
interrupt, the proton beam is shut off instantly but without a recovery for an extended period 
of time (i.e. > 30 s). The duration of a beam shut off can last between several minutes to a 
few hours. This sort of interruption happens less frequently; roughly a couple of times each 
week. 

When the proton beam is shut off, the target must be put to a steady state of hot-standby. 
In this state, the target is kept warm by the 22 kW heater imbedded in the central rod and 
cooling regulates the LBE temperature precisely at 230 °C. Thus, two steady states in normal 
operation are the nominal conditions with the full power proton beam and the hot standby 
without the beam. The three transients are the beam trip, beam interrupt and restart from hot 
standby. Details of these operating conditions are given in the following sections. 

It is expected that the ICL may need service or repairing from time to time. During this 
period of time, the target must be isolated from any opening to the TKE. The THX 
connection to the ICL is regarded as the secondary barrier against the release of the active 
LBE. Whenever the ICL needs to be opened or drained, the isolation valves must be shut as a 
safety precaution. Furthermore, target isolation may happen in case of valve failure or faulty 
signals. Once the isolation valves are shut, the target is left without the support of the cooling 
and must be regulating itself to maintain the LBE liquid. The restart transient is also of 
interest in the system analysis. The last part in this section is devoted to this problem. 

The results discussed here have been first reported in the paper of Leung et al. [15] and 
[16]. The work reported here is based on the latest work of Leung et al. [41]. 

6.1 Bi-Level Steady State of Target Operation 

As mentioned previously, there are two main steady states in the target operation, 
namely the hot stand-by and the beam power. As for the hot standby condition, the heat 
sources and sinks are well defined. The heat sources are the central rod heater, which gives 
off roughly 22 kW, and the heat generated by the EMP system (roughly 4.2 kW from the 
main, and 3.2 kW from the bypass). The heat sinks are basically the heat transfer through the 
THX, which is regulated to maintain the LBE temperature, and the loss to the target 
enclosure. Between target and the enclosure, there is a 5 mm insulation gap filled with 0.5 
bar of helium. The heat loss through this insulation gap is roughly 4.6 kW. 

On the other hand, the beam power conditions are not as well defined for a few different 
reasons: 

i. The proton current is not completely steady all the time, there are always some small 
shifts in a long term operation, 

ii. There is a target station for muon production installed in the beamline before the 
SINQ. There are two different target thicknesses (i.e. 40 or 60 mm) for this station. 
The beam current is dropped by 30% if the 40 mm target is used and by 40% if the 
60 mm target is used. In addition, the beam energy is reduced from 590 MeV 
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before hitting target E to 575 MeV with the 40 mm target and to 570 MeV with the 
60 mm target,, 

iii. During the startup, the beam current is raised gradually from few uA to the full 
power of 1.4 mA in a period of a few days, 

iv. The estimated heat deposition is based on the results of the Monte Carlo particle 
transport code. There are no experimental verifications. The heat deposition has 
also been estimated from heat balance data from the current operating solid target in 
the SINQ. When it is extrapolated from the SINQ data, the proton heating is roughly 
496 kW for the 1.4 mA beam. That is 15% lower than the Monte Carlo results. 

In light of what has been discussed above, the automatic control must be flexible to cope with 
different levels of beam power during the irradiation test of the MEGAPIE target. This is a 
good case to test the newly implemented control algorithm. The RELAP5 simulation is run 
on the conditions as follows: 

i. The pumps in ICL and WCL are regulated at a constant flow rate in each loop, 

ii. The main EMP flow rate in the target is fixed at 40 kg/s, while that in the bypass is 
fixed at 2.5 kg/s. (For a fixed pump current in the main EMP, the flow rate varies 
with the beam current because the buoyancy head changes with the heat deposition.) 

The results of this study are summarized in Table 6.1. Apparently, the cooling system 
copes well with all different beam currents. However, one must note that only 5% of the 
flow goes through the IHX when the beam current goes down to 0.24 mA. It is not realistic 
that the TWV can regulate the flow continuously down to infinitesimally small flow. In 
reality, there is hardly any flow when the valve is shut below 1% due to the high friction loss. 
It is then advisable to reduce the ICL-pump speed to change the valve to a more operable 
range. 

Table 6.1: Nominal pump heads, pump powers and flow rates of each loop in the HRS 

Proton Beam Current, mA 
Heating Power, kW 

Mass Flow 
Rate, kg/s 

Pressure 
Head, bar 

Target 
Heat 
Exchanger 
(THX) 

LBE Target Main 
Bypass 

ICL-DTHT 

Main, 
LBE 

APfi-ic 

A/Vv 
APen/APftfc 

Bypass, LBE, &Pmmp 

ICL-DTHT, APpump 

Primary 
(LBE) 

Secondary 
(DTHT) 

mmx, kg/s 
T °C 
1 int ^ T °C 
1 ouh *-• 
mmx, kg/s 
T °C 
T °C 
1 ouh v-' 

Nominal 
1.4 
581 496* 

0.24 
100 

0.12 
50 

40 
2.5 
8.0 

0.214 
0.037 
0.173 
0.191 
4.80 
39.5 
329.5 
230.0 
7.91 
136.5 
174.5 

0.214 
0.032 
0.150 
0.191 
4.72 
39.5 
315.2 
230.0 
7.91 
153.5 
185.5 

0.213 
0.007 
0.033 
0.191 
4.81 
39.5 
249.1 
230.0 
7.92 
214.1 
221.1 

0.213 
0.004 
0.017 
0.191 
4.83 
39.5 
240.9 
230.0 
7.91 
220.8 
224.8 

HS 
0 
0 
37.3 
2.5 
8.0 
0.186 
~ 

0. 
0.191 
4.84 
36.8 
232.5 
230.0 
7.91 
227.6 
228.6 
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ICL Heat 
Exchanger 
(IHX) 

Primary 
(DTHT) 

Secondary 
(Water) 

miHx, kg/s 
T °C 
1mi ^ T °C 

1 OUh ^ 

mmx, kg/s 
T °C 
T °C 
-* ouh ^ 

4.82 
175.2 
110.4 
7.96 
50.5 
68.9 

3.47 
186.1 
109.4 
7.96 
49.5 
65.3 

0.432 
221.8 
65.5 
7.96 
49.5 
53.5 

0.248 
225.5 
54.74 
7.96 
49.5 
52.0 

0.088 
229.3 
50.5 
8.0 
49.5 
50.5 

6.2 Normal Transients 

Normal transients are related to the normal proton beam interruptions, and also the 
scheduled shut down for servicing the SINQ facility. One must notice that the normal 
transients can only be controlled when the cooling system is fully functioning. As a matter of 
fact, it must be that way, because in some conditions the transient may lead to some 
undesirable consequences if one of the components fails. Those cases will be discussed in 
the next section in this report. A new aspect of the transient based on the average 
temperatures of different parts of the target is going to be presented too. The temperature is 
averaged over the total mass, which is given as: 

&, 4n r n n p , n n 
(6.1) 

where p, 3, Cp, and T are the density, volume, specific heat, and temperature, respectively, of 
the nth mesh. Let's discuss the normal transients defined in the beginning of this section one 
by one. 

6.2.1 Beam Trip 

A beam trip has been studied in great depth in the previous papers (Leung et al. [15] & 
[16]), and also in the section 5.6.2 and is not repeated here. The beam trip is well under 
control no matter it is a "protected" or "unprotected" one. The new presentation over here is 
that the transient is presented in average temperature in a protected beam trip. The average 
temperature changes of the main EMP, target structures, and LBE are presented in Figure 6.1. 

In a normal beam-on condition, the average temperature of the structures is always 
lower than that of the LBE, because there is no heat source in the structures except for the 
small region of the beam window and the EMPs. In all cases, the LBE responds promptly to 
changes of the proton beam, because the proton beam deposits its energy directly in the LBE. 
The temperature response of the structure is always lagging behind the LBE, because the 
structures are being cooled down or heated up mainly by the LBE. In other words, the 
thermal inertia of the structures always slows down the changes of the LBE. Since the main 
EMP is heated by the driving current in the coils and cooled by the LBE, its operating 
temperature is always higher than the surrounding LBE. The low conductivity and large 
thermal mass also keep the transient relatively slow. It takes almost 1000 s to reach a steady 
state while heating up. On the other hand, cooling down the EMP takes only 500 s to reach a 
new steady state. 
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Figure 6.1. The average temperatures of LBE, target structures, and the Main EMP (a) 
during beam trip 

6.2.2 Beam Interrupt 

A beam interrupt can be caused by a simple unwanted shut down of the proton beam or 
possibly a scheduled shut down. The key is that the proton beam stays off after the initial 
shut off. The period of the down time is not known. The target must be kept warm to avoid 
freezing of the LBE in the target. These cases have been studied during the conceptual 
design by Cheng [14] and also later Petrazzini et al [17], and Leung et al. [15] & [16]. It has 
been shown that the temperature of the system can converge to hot standby in a fairly short 
period of time; roughly 100-200 s. Figure 6.2 presents the temperatures of the LBE and 
Diphyl at the inlet and outlet of the THX. A PID controller is used in that study and the ICL-
TVW does oscillate quite frequently in search of a position to settle in. It was necessary to 
set it deliberately to a position to obtain a stable result. There is no better mean to illustrate 
the unstable control of the PID by the position of both TWVs as that presented in Figure 6.3. 

Since the API is expected to be more stable, it is not a bad idea to run the case again 
with the new controller. The result of the latest simulation of beam interrupt is presented in 
Figure 6.4. The temperatures in the plot are averaged by Eq. (6.1). It takes roughly 450 s 
after the beam shut off to reach a new steady state - hot standby. This is due to the API 
controller which is much slower. In Figure 6.4, it is not difficult to see that the LBE 
temperature drops below the 230 °C mark before recovering with the central rod heating. 
The combined average temperature of the target and ICL (coolant and structures) is actually 
below 230 °C. It is necessary to have some extra heating to make up the small temperature 
difference to reach the hot standby. 
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Figure 6.2: The THX temperature transients from full proton beam power to hot standby; the 
primary coolant is LBE and secondary coolant is DTHT. 

Time, s 

Figure 6.3. The time plots of 3WV-ICL (red) and 3WV-WCL (blue) when the target is kept 
at hot standby. 
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Figure 6.4: Average temperatures of the LBE, target structures, and the main EMP during a 
beam interrupt transient. 

6.2.3 Beam Start-Up 

In normal conditions, the target is put to hot standby during the beam-off operation. 
There is possibly a list of automatic checks of the system functions by the control system 
before the beam can be switched on. In the process, the control must be able to switch on all 
the necessary cooling to cope with the power increase during the start up. In a normal 
routine, the proton beam power is ramping up to full power in 20 s. The central rod heater is 
switched off once the full power beam is established. The latest suggestion is operated from 
the heater even in full power, but this simulation assumes the heat is switched off 50 s after 
the full power beam on. The average temperatures of the LBE, target structures and the main 
EMP are presented in Figure 6.5. 
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Figure 6.5: The average temperature of the LBE, target and main EMP during the proton is 
being switched on. 
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6.2.4 Target Isolation Case and Restart 

There is a good possibility that the target is isolated during operation in the SINQ. This 
may be caused by deliberate shut-down, by major power failure, or by isolation valve failure, 
etc. No matter what the cause is, it is necessary to maintain the target liquid and warm, but 
not over heated, for recovery after the problem is eliminated. Without the cooling system, the 
target's own heat sources can easily over power the heat loss to the target enclosure and heat 
up the target gradually. The choice of the heating to balance out the heat loss should also 
take into consideration of making the LBE temperature more homogeneous for the future 
restart. The best choice is to use the main EMP to circulate the LBE in the target. The pump 
power should be sufficient to compensate the heat loss to the target enclosure. Depending on 
the heat loss, the pump must be adjusted and the central rod heater can also be used if more 
power is needed. 

Once the target is isolated, the only path for the heat to escape from the target is through 
the losses to the target enclosure. The central heaters and the bypass pump must be switched 
off to avoid over heating the target. The main EMP current must also be reduced to 20.73 A 
(the nominal value is 26.7 A). The target still has a slight heat imbalance and cools down 
slowly. However, the central rod heater can be switched on or even the main EMP current 
can be adjusted to compensate for the heat loss. At this moment, there is no precise 
procedure to fix the operating conditions, and the final decision will not be made until the 
actual heat loss can be evaluated precisely during the Integral Test. It is better to use the 
main EMP to maintain a more homogeneous temperature. If only the CR heaters are used, 
the temperature gradient in the target will be much higher at all points. The operation 
conditions in isolation are summarized in Table 6.4. The WCL must be operated in nominal 
condition in order to avoid boiling of the water in the IHX. 

Table 6.4 The operating conditions during the target isolation 
Component State Control 
Target (average temperature ~ 230 °C) 
Main EMP 
Bypass EMP 
Central Rod Heater 

ON 
OFF 
Regulated 

Constant Current 
N/A 
Temperature 

ICL (temperature depends on the heat loss) 
Circulation Pump 

Trace Heater 
TWV 

Isolation Valve 

OFF 

Regulated 
OFF 

Closed 

N/A 

Temperature 
N/A 

Manual 

WCL (average temperature ~ 40 °C) 
Circulation Pump 
TWV 

ON 
Regulated 

RPM 
Temperature 

Value/Remarks 

20.73 A (pump heat ~ 4.6 kW) 
0.0 A 
Not used in the simulation 

Restarts only after Isolation Valves 
are open again. 
To compensate the heat loss 
It is recommended to put in the 
position of 50% bypass. 
It may be deployed automatically, but 
must be switched open manually. 

Constant flow rate of 8 kg/s 
Maintained at about 40 °C 

The state of the ICL is the most uncertain after a long period of shutdown. The original 
design is that the trace heater can maintain a homogeneous temperature in the ICL without 
the recirculation pump (i.e. the isolation case) for an extended period of time (i.e. days). 
However, there is a question about the actual performance of the trace heating because it 
produced a very inhomogeneous temperature distribution during the start-up and had never 
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been tested again. Without the trace heating to compensate the heat loss, the ICL can cool 
down to ambient temperature in roughly a day. Furthermore, it is also possible that the 
Diphyl oil has to be changed after a service or repair, and is quite possible that the new oil is 
charged into the loop at ambient temperature while the target remains hot (i.e. 230 °C). The 
cold Diphyl oil then enters the target in a matter of a second and can create a strong thermal 
shock on the THX wall. This case is simulated with RELAP5. The Diphyl temperature is set 
at 50 °C; except for that in the section of the THX, which still remains roughly at 230 °C. 
The start-up conditions are assumed as follows: 

i. The main and bypass EMPs are switched to nominal power in 5 seconds, 

ii. The isolation valves are opened in 4 seconds (starts with the EMPs), 

iii. The TWV regulation in the ICL is switched on at time 0, 

iv. The recirculation pump of the ICL starts at 6th second, and runs at nominal speed 
after 4 seconds. 

The simulation results are presented in Figures 6.6 and 6.7. The Diphyl oil reaches the 
coldest point at the top of THX in roughly 12.5 s after the start-up (or 2.5 s after the 
recirculation pump reaches nominal speed). The temperature difference reaches the 
maximum of 137.3 °C, at the top of the THX pin. The Diphyl temperature recovers to over 
200 °C in about 4 s. The LBE is not cooled down too much during the process. Figure 6.7 
shows the LBE THX inlet temperature in a longer time scale. The temperature reaches its 
lowest point (214 °C) in about 100 s and recovers to hot standby temperature in about 730 s. 
There is no need to worry about freezing of the LBE even though the Diphyl oil inlet 
temperature started way below the freezing point of LBE. On the other hand, the thermal 
shock on the THX may be of concern, but it requires a structure mechanic assessment to 
determine whether it is really a problem. However, it is not recommended to start the ICL at 
ambient temperature; the Diphyl oil must be heated up to a more reasonable level (i.e. > 
130 °C) before starting the ICL recirculation pump. The start-up procedures after isolation 
will be investigated at the MITS during the Integral Test. 
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Chapter 7 Assessment of the System Behaviour in Off-Normal Transients 

Any active component may fail sometimes no matter how reliable it is. It is, however, 
beyond the scope of this report to discuss the reliability of the components, but it is rather to 
ask what happens if one of them fails. The active components are: 

i. The Three-Way Valves (TWVs) for bypassing the HEX in the ICL and WCL, 

ii. Isolation Valves in the ICL as a barrier of active LBE, 

iii. All the re-circulation pumps in the target and cooling loops (totally 4 of them). 

Failing one of those components does greatly compromise the capacity of the system. 
However, a single component failure does not necessarily mean the end of the irradiation test. 
If the failed component is located outside the active region (e.g. in the ICL and WCL), there 
is a good chance that it can be repaired or replaced. Every effort must be made to ensure a 
component failure does not develop further so that the system stands a better chance to be 
recovered. The current study is not to elaborate on the failure mode propagation analysis, but 
it is rather a limited scope analysis on the consequential state of the system if a single active 
component failure goes undetected, i.e. the proton beam is not tripped. 

As for safety concerns, containing the active LBE inside the containments is the primary 
issue for all the off-normal safety studies. If the thermal transient does not over stress the 
containment vessels, there will be no chance that the containment vessel will fail. Only safe
guarding the vessels' integrity, however, does not help to recover the system from failure. 
Additional criteria must be defined to keep a failure from propagation. Those limits are as 
follows: 

a. The temperature of the Diphyl oil should not exceed 341 °C, which is the upper limit 
of the operating temperature of the coolant. Furthermore, pyrolysis of the oil 
increases dramatically once the temperature goes over 350 °C, 

b. The operating temperature of the WCL should not exceed the boiling point of the 
water at 3 bar (roughly 140 °C), because boiling may damage the corrugated plates 
in the HEX, 

c. The LBE must remain in liquid state all the time (i.e. LBE must stay above 125 °C), 
because it is impossible to re-melt the LBE without risk of breaking the outer 
container due to thermal expansion. 

In general the hottest part in the whole system is the target itself. The steel structures and the 
LBE can withstand a higher temperature than what has been discussed over here. However, 
the target should not be operated at temperature higher than 500 °C. 

7.1 A Recirculation Pump Trip 

The design of the MEGAPIE cooling system is based on forced convection loops. 
Failing of any of the re-circulation pumps could greatly compromise the cooling capacity of 
the system. There are totally four pumps in the system; the main and bypass EMP in the 
target and a normal centrifuge pump in each of the cooling loops (i.e. the ICL and the WCL). 

7.1.1 Main or Bypass EMP Trip 

Both the main and bypass EMP failures have been studied by Leung et al. [15]. Before 
that study, it was thought that the target could not afford the failing of either of the EMPs, 
because the target structure might be damaged by the intense proton heating if the cooling 
was not effective. Predicting whether the structure could fail requires the knowledge of local 
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temperature and stress. Smith et al. [42] have studied the EMP trip by CFD and FEM 
analysis. They found that the transient stress was not high enough to threaten the integrity of 
the target in both cases. 

Here the simulation of the main EMP trip is repeated, because some changes have been 
made in the pump channel geometry.. First of all, the buoyancy contribution to the driving 
head is 17.8% instead of 22.8% predicted in previous work (Leung et al. [15]). This is due to 
the fact that the friction loss is higher in the narrower pump channel of the new model. The 
LBE flow rate finally settles to a new value of 21.3 kg/s which is a little lower than the 
23.2 kg/s predicted in the previous study, even though the buoyancy head is 6.93 kPa which 
is higher than before (i.e. 5.93 kPa, Leung, [16]). Finally, the average temperature of LBE in 
the hot and cold legs of the target are plotted in Figure 7.1(a) and the average and local 
temperatures of the Diphyl oil in the ICL are presented in Figure 7.1(b). Although the natural 
circulation can sustain the flow in the target and keep the target temperature low enough, the 
temperature difference between the riser and the downcomer is at least two times of that in 
the nominal case. The large temperature difference may impose a very high stress in the 
internal structure of the upper target and cause a failure. However, there is no structure 
mechanic study following up on this issue. As for the lower target, the thin wall structures do 
not have a problem to sustain the high temperature difference. 
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Figure 7.1: The transient of the main EMP trip (a) the average temperature of inner and outer 
target and the buoyancy head, and (b) the average and local temperature of Diphyl THT in the 
ICL. 

As for the bypass EMP trip, it is not presented here, because there is almost no 
observable change in the rest of the cooling system. Without the bypass EMP, the bypass 
flow decreases rapidly to roughly 0.9 kg/s. The main changes are the local flow and 
temperature at the beam window region, which must be analyzed by CFD and FEM 
simulations. One of the analysis results is that the transient stress is raised to roughly 120 
MPa but that is not enough to fail the outer container. For more details, one can refer to the 
paper of Smith et al. [42]. 
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7.1.2 ICL Circulating Pump Trip 

It takes a substantial pump head (i.e. 4.8 bar) to keep the Diphyl flowing in the ICL. 
Once the pump is tripped, the coolant flow reduces dramatically if it does not come to a halt. 
Without the cooling, the target surely heats up in a similar way as that in the case of loss of 
heat sink. The simulation results of RELAP5 are presented in Figure 7.2. At least in the 
initial phase, the temperature rises roughly at 0.63 °C/s. It levels off at around 550 °C at 400 
s after the pump trip. The orientation of the ICL supports natural circulation because the 
hottest part of the loop is the lowest point as well (i.e. the THX), but the stationary impeller 
of the pump could block the flow completely. Nonetheless, a low level flow is maintained at 
roughly 0.2 kg/s right after the pump trip. It increases gradually to roughly 0.6 kg/s at 400 s. 
Surely, the flow is far from sufficient to remove the heat from the target without significantly 
raising the Diphyl temperature. Though the average Diphyl temperature increases at a much 
slower pace, the local Diphyl temperature at the exit of THX rises rather rapidly as shown in 
Figure 7.2(b). The average Diphyl temperature can be kept below the temperature limit due 
to the fact that the cooling of the WCL is still effective. The Diphyl temperature at the exit of 
the IHX is cooled to below 60 °C in the first 100 s. Eventually, the Diphyl temperature at the 
exit of the THX reaches 341.0 °C in 292 s after the pump trip, and reaches the boiling point 
in 470 s. The cooling by the ICL is inadequate and the proton beam must be switched off 
before the Diphyl oil reaches the limiting temperature (i.e. 341 °C) to avoid degrading the 
coolant though it is not very critical to do so. 
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Figure 7.2: The ICL-pump trip (a) the average temperatures of the LBE, target structures, 
and main EMP, and (b) the average temperature of IC and the THX outlet and IHX outlet. 

7.1.3 WCL Circulating Pump Trip 

Similarly, the WCL-pump is critical for the cooling. One thing different from the ICL is 
that the pipes connecting between IHX and WCL are very long and un-insulated (roughly 
26 m to and 24.5 m from the IHX). The heat loss could probably kill off the global natural 
circulation. In Figure 7.3, the average temperatures of the target and the LBE are presented. 
The total heat capacity of the target and the ICL sum up to 933 kW/°C. If there is no heat 
loss in these two systems, the heat-up rate is roughly 0.622 °C/s. The linear part of the LBE 
temperature curve is approximately 0.568 °C/s from the RELAP5 simulation (see Figure 
7.3(a)). The reason for a shallower slope is the significant heat losses through the liquid 
metal containers of the target and the heat transfer through the IHX. As a matter of fact, 
water in the IHX starts to boil within 50 s after the WCL pump trips. The sporadic boiling 
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and condensation take out between 5~40 kW of heat and the cooling is oscillating between 
these two values (see Figure 7.3(b)). Even with the boiling, it is not possible to establish a 
steady cooling of the target. The LBE temperature keeps rising continuously. To compound 
the problem, the Diphyl oil starts boiling at a temperatme of 452 °C in the THX. Two main 
problems of this transient are that the heating up is unbounded (at least in this range) and the 
water reaches the boiling point in a relatively short time. Action must be taken within 50 s in 
order to avoid boiling of the water in the IHX. 
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Figure 7.3: The transient of WCL-Pump trip; (a) The average temperatures of LBE, Main 
EMP, and Structure, (b) the heat loss and void fraction in the inlet and outlet pipes of the IHX. 

7.2 Failing of a Valve 

The TWV (in both ICL and WCL) is the only device for regulating the coolant 
temperature because all the pumps are running at a constant speed. Since there is no preset 
"fail-safe" position, a failing TWV can be stopped at any possible position that follows: 

i. Sticking in an intermediate position (most likely the nominal position), 

ii. Completely open to the HEX, 

iii. Completely bypass the HEX, 

As for the isolation valves, they are designed to be closed in their fail-safe position. This 
choice has been made because the target must be kept isolated in case of an accident to avoid 
releasing any active material. Thus, the only failure mode of an isolation valve always results 
in cutting off of the ICL at both the inlet and outlet of the THX. 

7.2.1 Unregulated Cooling 

The system would not be able to operate in the pre-defined conditions if one of the 
TWVs fails to respond to the control. However, failing of a TWV is definitely not meaning 
the end of the experiment. In some cases, the target may not even feel the difference. As a 
matter of fact, there is no effect on the target operation if the WCL-TWV is jammed at any 
position that lets more than 30% of the flow go through the WHX. The operating 
temperature of the target goes up close to 10 °C when the WHX flow is reduced to 20%. The 
reason is that the target temperature is by and large controlled by the ICL-TWV. The ICL 
has sufficient capacity and flexibility to absorb the changes in the WCL until all of its 
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capacity is spent. There may not be sufficient cooling to the system if the flow through the 
WHX is reduced to below 20%. 

The system is less tolerant to faults in the ICL, because the operating temperatures of the 
target and ICL are the direct consequence of the ICL-TWV manipulation. The operating 
conditions at different valve positions are presented in Figure 7.4. The operating 
temperatures of the target and the ICL go up as the flow through the IHX decreases. What is 
not anticipated is the log-mean temperature difference (ATim) of the THX goes up with the 
increase of flow through the IHX: whereas the operating temperatures of LBE and Diphyl go 
down. In other words, the overall heat transfer coefficient of the THX goes down with the 
fluid operating temperature. The fluid temperature changes more than 120 °C from full to 
20% of the flow through the IHX (i.e. TLBE-average= 264-386 °C, and T^yi-mr = 125 
-285 °C). In this temperature range, the property changes in either fluid are substantial. For 
example, the dynamic viscosity of the Diphyl decreases more than a factor of 3 (i.e. from 
0.72xl0"3 to 0.23 xlO"3 N-s/m). Since the mass flow rate is kept constant, the Reynolds 
number of Diphyl goes up more than a factor of 3. Without working out the details, it is not a 
surprise that the overall heat transfer coefficient goes up by a factor of 1.4 in this temperature 
range. 
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Figure 7.4 Operating temperatures of the target, THX, and ICL versus the fraction of flow 
through the IHX in the ICL. 

In steady state, no critical limit is violated with full beam power if one of the TWV fails. 
Now, let's move on to study the beam transients. If the ICL-TWV is stuck in the nominal 
position during a beam trip, it does not affect the transients very much. As a matter of fact, 
such a case has been studied before as an "unprotected beam trip" (Petrazzini et al., [17], and 
Leung, et al. [16]). If the cooling is not regulated in such a short time (i.e. 30 s), it costs a 
few more degree drop which has no impact on the operation. The only case needed to be 
considered is the beam interrupt or shut off. If the proton beam heating is switched off, the 
unregulated cooling is capable to take out more than half of a MJ per second. It will not take 
long to cool the LBE down to freezing. The cooling down process after a beam interrupt has 
been simulated with the RELAP5 code. Two cases of unregulated cooling, namely the 100% 
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and 20% flow through the IHX, are presented in Figure 7.5. It takes about 230 s for the 
former case and 900 s for latter case to cool the LBE to freezing. If the valve is stuck at the 
nominal position (i.e. -67% flow through IHX), it takes roughly about 300 s to cool the LBE 
down to freezing. To stop the cooling, the only possible action is to switch off the ICL-
pump. The beam trip for each case is also presented in the same figure (i.e. Figure 7.5). As 
aforementioned, the unregulated beam trip looks quite similar to the regulated one (see Figure 
6.1). Note that the cooling curves are cut off at roughly 130 °C. The RELAP5 calculation 
does not make sense because there is no solid phase model in the coolant properties. 
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Figure 7.5 Average LBE temperature in proton beam transients; green lines are the cooling 
curves after a beam interrupt and the blue lines are the transient curves during a beam trip; 
solid lines represent the case of 100% flow through the IHX and dashed lines represent the 
20% flow through the IHX. 

7.2.2 Loss of Heat Sink 

The HEX of each loop is the only passage to route out heat in the system. The valve 
employed for regulating the cooling or for isolating the active part can also cut off the heat 
transfer path. If one of HEXs is completely cut off without tripping the proton beam, the rest 
of the system can be heated up rather rapidly by the high power proton beam. The rate of the 
target heat-up depends on where the cut-off occurs. There are three different locations where 
this can happen: 

i. The ICL isolation valve(s) shut off the THX on the secondary side, 

The ICL-TWV bypasses the IHX, 

The WCL-TWV bypasses the WHX, 

l i . 

in. 

There are two isolation valves installed at the inlet and outlet pipes on the secondary side of 
the THX. Failing of any one of those two is enough to shut off the target's heat sink. 
Without any simulation, one can easily work out the target heat-up rate. The total thermal 
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capacity of the target is 524 kJ/°C (i.e. LBE + EMP system + structures). With 581 kW of 
proton beam heating, the temperature of the target rises by more than 1°C per second. 

If the cut-off point moves out to the ICL-TWV, there are 108.5 litre of Diphyl THT 
coolant and all the thermal mass of the steel pipes and structures in addition to the target. 
The total heat capacity of the oil loop is about 409 kJ/°C. Including the thermal inertia of the 
oil loop, the average temperature rises at a rate of 0.62 °C/s under the full-power proton 
beam. The simulation results of RELAP5 showed in Figure 7.6 gives a steeper heat up slope 
(i.e. 0.693 °C/s), because the IHX part is bypassed and does not participate in the transient. 
Since the target is heated up homogeneously and gradually, transient stresses are not expected 
to be high. If the flow over the beam window region is not disturbed, the beam window 
temperature increase should not incur any extra stress. Thus, the determining factor of 
response time is on the temperature limit of Diphyl. The Diphyl temperature reaches its limit 
in about 176 s (not shown in the figure), which comes much sooner than the main EMP 
reaches its limit (in about 400 s; see solid lines in Figure 7.6). That should be sufficient time 
to shut down the system in a duly way. 

Considering now the cut off point in the WCL-TWV, it is obvious that the heating up is 
much slower than that in the previous cases due to the fact that a larger thermal mass with the 
ICL and WCL is involved in the transient. One interesting observation is that it takes roughly 
180 s before the temperature of the LBE responds to the changes (see the dashed lines in 
Figure 7.6). This delay is partly due to the time required to heat up the system and partly due 
to the fact that the ICL-TWV's regulation changes the dynamics of the system. The heating 
up is relatively mild and brings no risk of high transient stress or over heating of neither the 
target nor the ICL. The only critical issue is then the water boiling in the WCL (which is 
roughly ~ 140 °C for 4 bar over pressure). That condition comes at roughly 220 s after the 
WHX is bypassed. Nonetheless, no boiling is found in the WCL even when the temperature 
reaches 140 °C, because the local pressure of the water is 5.3 bar due to the pump head. 
Nonetheless, it is a good mark to shut down the system to protect the IHX. 
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Figure 7.6 The rising of average temperatures of LBE, target structures, and main EMP in the 
cases of bypassed IHX (the solid lines) and bypassed WHX (dashed lines). 
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7.3 Discussions 

In the event of a single component failure, there is no critical transient that requires a 
quick response to safeguard the target. The allowable time to for a safe shut down is in the 
order 10s to 100s seconds. Even the main or bypass EMP failure that once was considered to 
be catastrophic produces no critical condition that demands a rapid response. The FEM 
analysis of EMP trips (Smith et al. [40]) shows that the transient stress at the beam window is 
50 MPa and 120 MPa for the main and bypass EMP trip, respectively, and none of them is 
critical. A summary of all the studied cases is listed in Table 7.1. The critical events give the 
guides to what signal must be probed for diagnosing a failure. One cannot hardwire all those 
critical signals to a beam trip trigger, because too many signals that can shut the proton beam 
down could make the target un-operable. Instead, this list is the first step to create a safety 
strategy for the shut down of the proton beam. The simulated states are also important for the 
diagnostic procedure to spot a failure and conduct an appropriate repair or re-initialize the 
system for a re-start. 

Table 7.1 Summary of all the failure cases and critical events investigj 

Loop 
Target 

ICL 

WCL 

N/C = N 

Failure 
Main EMP Trip 

Bypass EMP Trip 
Pump Trip 

TWV 
Stuck 
Bypass IHX 
100% IHX 

Isolation Valve Shut 
Pump Trip 

TWV 

ot Critica 

Stuck 
Bypass WHX 
100% WHX 

1; N/A = NotAi 

Critical Event 
Structure Stress 

Beam window cooling 
Diphyl limit/boiling 
Freezing LBE 
Diphyl limit 
Freezing LBE 
Diphyl limit 
Water boiling 
N/A 
Water boiling 
No effect 

>plicable; and N/E = NoEf 

ited 

Proton Beam 
ON 

Nat. 
Cir. 
N/C 
341s 
N/C 
176 s 
N/C 
51s 
-50 s 
N/E 
220 s 
N/C 

feet 

OFF 
N/A 

N/C 
N/C 
-300 s 
N/C 
~200s 
N/C 
N/C 
N/E 
N/C 
N/C 

TRIP 
N/C 

-

N/A 
N/C 
N/A 
N/C 
N/A 
N/A 
N/E 
N/A 
N/C 
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Chapter 8 The MEGAPIE Integral Test 

Target and ancillary systems are each of them first of their kind and have not even been 
tested as separate systems. A control system is being developed independently for integrated 
operation of the combined system. There are needs for testing the component functions in the 
system and the combined functions of the target systems. Furthermore, it is necessary to 
prove to the safety authority as well as to the PSI-intemal responsible body that the target and 
the ancillary systems are reliably operable as single systems and in combination. In this light, 
the Integral Tests are being planned. Very extensive tests will be conducted to investigate the 
main functions of the target system. It is however beyond the scope of this paper to discuss 
the details of the test plan, which can be found in the report of MEGAPIE Test [43]. The 
focus here is on the thermal-hydraulic experiments that will be conducted in the in the 
Integral Test. The work reported here is based on the earlier paper of Leung et al. [44]. 

A special test facility, called the MEGAPIE Integral Test Stand (MITS), has been built 
to house the target system. Figure 8.1 is a 3-D sketch of the target system configuration on 
MITS. Note that this configuration is an exact replica of the system layout for SINQ, except 
for the HRS. The HRS has the WCL on the main floor that is below the Target Head and the 
ICL, but in SINQ, the WCL will be situated above the ICL. Furthermore, the pipes 
connecting the WCL to the IHX are much shorter in MITS than in SINQ, but pipe volumes 
are equal in both configurations. 

Figure 8.1 The configuration of target and ancillary systems mounted MITS 
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An important part of the Integral Test is the thermal-hydraulic experiments on the HRS. 
Since the electric heater cannot achieve the high power density of the proton beam, the 
heating power must either be reduced or the lower target has to be enlarged to accommodate 
sufficient heaters for making up the total power of the beam. Arguments put forth for 
determining the heater power are summarized in Table 8.1. 

Table 8.1: The Options of LMC Heater. 

Heater 
Power (kW) 

>500 

250-500 

150-250 

Configuration/Extra 
LBE Vol. 

External Heater 
Container/ 
+ 23.4 liter 

External Heater 
Container/ 
+ 14.7 liter 

In Main Flow Guide / 
- 3.8 liter 

Scaling Factors of 
Mass flow rate/ 
Temperature Rise 

0.95-1.0/ 
0.90-1.0 

0.75-0.95 / 
0.57-0.90 

0.64-0.75 / 
0.41-0.57 

Time distortion in 
transient events 

Due to increased LBE 
volume 

Increase due to 
increased volume and 
reduced velocity of 
LBE 

Increase due to reduced 
LBE velocity 

It is clear that the mid-range is some kind of worse choice, because the time scale 
distortion is complicated by both the volume increase and velocity reduction. If full power 
cannot be realized, the second best is the 150-250 kW range. Note that a heater power below 
150 kW is not considered, because it is too low for any meaningful heated experiment. The 
lowest range has been selected because it entails the least distortion to the lower target 
geometry. A design of the heater is presented in Figure 8.2.a. It is a 19-pin bundle arranged 
in a hexagonal array with a pitch (between the pins) of 24 mm. The heater pins measure 
16 mm in diameter and 600 mm in total length with 100 mm non-heated length. 

Since the heater is attached to the bottom of the lower Liquid-Metal Container (LMC), it 
is called LMC Heater. The lower LMC must be modified; a new a double-flanged lower 
LMC replaces the original one. A flanged connection is made so that the LMC Heater can be 
inserted from the bottom. A small semi-spherical calotte is fitted to the bottom when the 
heater is removed. In this way, the original geometry can be restored for the hydraulic test of 
the system. The LMC Heater design and the lower target configuration with and without the 
LMC Heater during the Integral Test are presented in Figure 8.2. 
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The LMC Heater 
Nr. of Pins: 19 
Pin Diameter: 16 mm 
Pitch: 24 mm 

Without LMC Heater 

(a) 
With LMC Heater 

(b) 

Figure: 8.2 The LMC heater design and the insertion in the lower target (a) The iso and top 
views of the LMC Heater, and (b) the configurations of the lower LMC Integral Test without 
and with the LMC Heater. 

8.1 Scaling Rationale and Resulting Test Condition in MITS 

The proton beam heating is simulated by an electric heater attached to the bottom of the 
LMC. This electric heater cannot reach the power density of the proton beam, unless the 
lower target is expanded to a much larger tank. The question is whether the experiments 
conducted at a much lower heating power are relevant to the nominal operation at the proton 
beam. It is difficult to answer this question, because numerous parameters are distorted when 
heating and flow rates are changed. Since the target is operated in a mixed convection mode 
(i.e. the buoyancy has a significant contribution to the driving head), it has been decided to 
scale the operating conditions in such a way that the relative contribution of the buoyancy 
head is preserved. The reasoning goes as follows: 

i. The buoyancy head, APgn,, is proportional to the temperature difference AT 
(Boussinesq approximation), 

ii. The temperature difference, AT, is directly proportional to the power input, Q, but 
inversely proportional to the mass flow rate m, 

iii. The flow resistance, APfric which counteracts the buoyancy, is proportional to the 
square of the mass flow rate, m2 

iv. All put together, the flow rate and the temperature can be scaled as: 

^ " 3 AT-, s _ 
AT„ 

'a/2 '3 

ß» 
m •s _ 

Qn 

In order to determine the operating conditions of scaled-down experiments, the nominal 
conditions in SINQ must be specified first. Taking nominal operating conditions for 581 kW 
of proton beam heating from the study of Leung [12], the scale- down conditions for 200kW 
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in MITS can be computed. Note that the total power of the LMC Heater has yet to be fixed, 
but 200 kW is not too far from reality. This gives a power ratio of 0.34. Using the above 
relationships of flow rate and power, one can obtain the scaled-conditions for the 200 kW 
operation. The scaling results are summarized in Table 8.2.a and b. One problem is that the 
operating temperature of the water loop becomes higher than the boiling point at the design 
pressure. To avoid boiling, the WCL must be pressurized to roughly 8-10 bars. Based on 
these results, the scaling achieved the primary objective; the buoyancy contribution is kept at 
around 20 % of the main flow. A small difference may be due to the heat transfer through the 
HEX not being correctly modelled. 

Table 8.2.a: Nominal and scaled pump heads, pump powers and flow rates of each loop 

Heating Power, kW 

Mass Flow Rate, 
kg/s 

Pump Current 
/Speed 

Pressure Head, 
bar 

LBE Target Main 
Bypass 

ICL-DTHT 
WCL-H20 
LBE Target, A Main 

Bypass 
ICL-DTHT, rpm 
WCL-H20, rpm 

Main, LBE 
*-" pump 

APerv 

APen/APfric 
Bypass, LBE, APmmp 

ICL-DTHT, APoumD 

WCL-H20, APmmD 

SINQ 581 
40.0 
2.5 
8.0 
8.0 
22.8 
17.8 
2749. 
2390. 
.116 
.0343 
.228 
0.175 
5.21 
2.47 

MITS 200 
28.03 
1.75 
5.61 
5.61 
16.5 
12.7 
2196. 
2047. 
.0623 
.0166 
.210 
0.089 
2.83 
0.735 

Table 8.2.b: Nominal and scaled flow rates, and inlet and outlet conditions of the IHX 

Heating Power, kW 

Target Heat 
Exchanger 
(THX) 

Intermediate Heat 
Exchanger 
(IHX) 

Water Heat 
Exchanger 
(WHX) 

Hot Side 
LBE 

Cold Side 
DTHT 

Hot Side, 
DTHT 

Cold Side, 
H20 

Hot Side, 
H20 

Cold Side, 
H20 

Flow Rate, kg/s 
T °C 
1 int ^ 
1 ouh V' 

Flow Rate, kg/s 
T °C 
T °C 
± ouh ^ 
Flow Rate, kg/s 
T °C 
1 mi *-> 
T °r 
1 ouh ^ Flow Rate, kg/s 
T °C 
T °C 
1 ouh ^ 
Flow Rate, kg/s 
T °C 
1 im ^ 
T °r 
•* ouh ^ Flow Rate, kg/s 
T °C 
T °C 
•* ouh *^ 

SINQ 581 
40. 
327.2 
230.0 
7.90 
137.6 
174.4 
4.62 
175.2 
109.4 
7.96 
49.5 
67.4 
6.62 
67.9 
46.3 
8.00 
30.0 
47.9 

MITS 200 
28.03 
272.6 
230.0 
5.61 
199.2 
215.2 
3.24 
215.2 
186.1 
5.58 
157.8 
165.6 
4.64 
153.7 
105.5 
5.61 
30.0 
39.13 
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8.2 Thermal Hydraulic Transient: Protected beam Trip 

The initial conditions and the input files are obtained from the steady-state calculations. 
In other words, the results presented in Table 8.2 are the initial conditions for these transient 
calculations. A normal beam trip transient is defined as follows: 

i. Beam power falls instantly to zero, 

ii. Beam is shut down for 10 seconds, 

iii. Proton beam ramps up to full power in 20 seconds time, 

These transient times are given for the actual proton beam transient in SINQ. For the scaled 
case of 200 kW, those times are prolonged because of the reduced flow rate. Then, the beam 
trip transient times become 14.3 second shut down and 28.5 second power ramp. It has been 
argued that the control function should be scaled in a similar way, but it is not clear at this 
point how this can be done. The CV is a function of the Err and the gain factors (i.e. Ap, Aj, 
AD and AFF)- Furthermore, it is a function of the sampling time because the control function 
is going to be implemented by a digital system (i.e. discretized Err, and its derivative and 
integrate). In RELAP5, the sampling time is merely the time step, which is determined by 
the program itself. All the gain factors are set according to the sampling time, and cannot be 
changed independently. Besides, studying of the control system is beyond the scope of this 
report. 

In order to simulate the beam trip in the Integral Test, the LMC Heater must be 
installed in the target. The heater structure absorbs/releases heat during a thermal transient. 
The thermal inertia of the heater thus affects the temperature transient in the liquid. In this 
computation experiment, the following two models of heater are used: 

a. The heater structure has no thermal inertia and the heater channels are not modelled 
(i.e. the original lower target geometry is used), 

b. The heater structure is modelled as a bundle of solid stainless steel rods and the heater 
channels are also modelled. 

The results of case A are compared with the nominal beam trip in SINQ. The temperature 
transients in the target and IHX, and the 3WV regulating history during a beam trip are 
presented in Figures 8.3 to 8.5. The (a)s represent the results of the nominal case and the (b)s 
represent the results of the scaled case. The observations are summarized in the following 
paragraphs. 

Figure 8.3 presents the LBE temperature transients during a beam trip for both nominal 
and scaled cases. One must remember that the time in the scaled case is stretched by a factor 
of 1.43. Within the period of beam trip, the temperature transient at the top of the active zone 
{TAT) and at the entrance of THX (TLBE,™) are similar and in proportion between the nominal 
and scaled cases. Taking the recovery time as the time to reach 98% of the original 
temperature, it takes a little longer for TLBEM to recover in the scaled case. There are some 
observable differences in the TAZ and TLBEM curves between two cases beyond the period of 
beam trip. These are possibly due to the feedback from the cooling loops. It becomes more 
obvious in the temperature transient at the exit of THX (TLBE.OUI)- The TiBE.out curve of the 
scaled case has double peaks that is not found in the nominal curve. 
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To examine differences further, it is necessary to investigate what happens downstream 
of the THX. The transient curves of the TWVs are presented in Figure 8.4. The TWV-ICL 
curved in Figure 8.4.b is very different from the corresponding curve in Figure 8.4.a. The 
feedback from the WCL is quite different. This becomes much clearer in the temperature 
transients in IHX that are shown in Figure 8.5. One of the possible reasons is that a much 
smaller HEX is used instead of the WHX in the scaled case. The reason of using a smaller 
HEX is that the oversized WHX does not allow a large temperature difference to be obtained 
between the hot and cold side. While the building cooling plant is working at a constant 
temperature of 30 °C, it is impossible to operate the WCL at higher temperatures than 
required by the scaled condition (see Table 8.2.b). This small HEX does modify the transient 
conditions. 

For case (B), the heater is modelled as solid steel. This probably exaggerates the effect 
quite a bit, but in this way the differences become more prominent. The scaled beam trip 
case is re-run and the results are presented along with the previous case in Figures 8.6 and 
8.7. It clearly shows that the temperature transient at the top of the active zone is smoothed 
out quite a lot by the thermal inertia of the heater (see Figure 8.6). This effect propagates 
upward to the inlet of the THX. A more diffuse change of TLBEJH is felt by the control that 
regulates the ICL-TWV at a slower pace. This effect propagates downstream from the THX 
to the cooling loops. The temperature transients in the IHX are all shifted accordingly. The 
temperature transient in the IHX does show the shifts due to a more diffuse transient of 
TiBE.m- Of course the shift of the temperature transient in the ICL feeds back to the target 
through the THX and modifies TLBE.OUU 

Obviously, the thermal inertia of the heater and the changed size of the WHX modify the 
transient in a beam trip. The effect of the two components on the system behaviour can 
however be visualized by comparing the numerical results of the different transients. 
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Figure 8.6: The target temperature transients during a scaled beam trip; the solid lines 
represent the heater without thermal inertia and the dashed line the heater modelled as steel 
rod bundle. 
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Figure 8.7: The temperature transients in the IHX during a scaled beam trip; the solid lines 
represent the heater without thermal inertia and the dashed line the heater modelled as steel 
rod bundle. 
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Chapter 9 Conclusions and Remarks 

The design of the Intermediate Cooling Loop (ICL) took most of the effort of the X6 
group activities while the target, as the primary loop, was the responsibility of a separate 
group of designers. The only extension of X6 activity into the target design was the THX 
design. Experiments were conducted with a mock-up cooling pin and proved that the 
spiralling path on the secondary side could indeed increase the heat transfer and the pin had 
sufficient capacity for the defined operation conditions. The design was also taking into 
consideration that the system would be operated in an active environment. All the installed 
equipment had to meet the radiation resistance standard (i.e. 1.8x103 Gy gamma and 
1.2><103Gy neutron for a year operation). There was also a requirement that all the 
components could be operated for 10,000 cycles of thermal fluctuation within a year. 

A general assessment of the target performance in nominal and off-normal conditions 
has been conducted. The RELAP5 model has been updated to the latest geometry. 
Narrowing the main EMP channel raises the flow resistance, and, thus, the overall friction 
loss increases to 0.212 bar from the 0.173 bar predicted with the old geometry. 
Consequently, the buoyancy contribution to the driving head is reduced from 22.8% to 
17.8%. The normal transients, such as the beam trip, beam interrupt and beam start-up 
transients can be regulated automatically by the control. Note that the study has been 
conducted under the conditions that the central rod heater is switched on after the proton 
beam is tripped and stayed off during.the nominal full beam power operation. The newly 
implemented API (Adaptive Proportional, Integral) control algorithm works well at all power 
levels without changing the control parameters. 

As for the off-normal case, failing of a single active component has been considered. 
Complete accounts of the possible failures of the valves and of the circulation pumps in the 
cooling system have been examined. The target cooling can be cut off quite easily by a 
failure of the isolation valves in the ICL or the TWV in either the ICL or WCL, i.e. the TWV 
is switched to completely bypass the corresponding HEX. A simple principle is that the 
closer the cut-off point from the target, the shorter the time that the operator has to respond. 
For example, action must be taken within 51 seconds if the cooling is cut off by the isolation 
valve, while the critical temperature will not be reached till 220 s if the WHX is bypassed. 
Nonetheless, all those critical points are set by the operation limits of the coolant rather than 
the over-heating of the target. 

The other type of valve failure is the un-regulated cooling while the proton beam is 
taken out of service. This event happens when the ICL-TWV is either stuck in a position or 
is switched all the flow to the IHX. It has no effect on the target if the failure is on the WCL-
TWV. If the cooling cannot be cut while the beam heating is off, the target can easily be 
cooled down to the freezing point of the LBE. It takes roughly 200 to 300 seconds to reach 
this critical point. 

Failure of a circulation pump can surely compromise the cooling capacity of the system. 
However, failure of the main EMP does not mean that the target cannot be cooled. It is 
because the natural circulation can keep the cooling system going. Though the target must be 
operated at a high temperature and temperature difference, the integrity of the target outer 
containers is not threatened by the elevated temperature. The temperature difference between 
inner and outer target is, however, too high and certain parts of the target structure may be 
exposed to excessive stresses. As for the failure of the circulation pump in either the ICL or 
the WCL, the limiting condition is again determined by the operating limit of the coolant. In 
case of the WCL-pump failure, water at the IHX reaches its boiling point in roughly 50 s, 
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while the Diphyl oil takes much longer to reach its limiting temperature of 341 °C after the 
WCL-pump failure. 

The derived limiting time for the response is not to say that the system should be left to 
run on after a failure, but it is rather to show that there is enough time for duly shutting down 
the system to protect the target. The thermal hydraulic assessment is the first step by which 
the critical issue is defined. Further work must be done on deriving and implementing safe 
shutdown procedures in case a failure is detected. 
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Nomenclatures 

A 
Cv 

c D 
cP 
Cv 
tifunsion 

D 
DH 

M 
Nu 
P 
Pr 
Q 
q" 
Re 
T 
V 

C
O

. 

8 

X 

n 
p 
a 

Cross section area, [m2] 
Flow coefficient 
Discharge coefficient 
Specific heat capacity, [J/kgK] 
Flow Coefficient 
Heat of fusion, [J/kg] 
Pipe diameter, [m] 
Hydraulic diameter, [m] 
Mass flow rate, [kg/s] 
Nusselt number 
Pressure, [kPa or bar] 
Prandtl number 
Volumetric flow rate, [1/s] 
Surface heat fkux, [W/m2] 
Reynolds number 
Temperature, [°C] 
Volume, [1] 
Linear thermal expansion coefficient, [uxn/m-K] 
Emissivity, 
Thermal conductivity, [W/m] 
Dynamic viscosity, [kg/ms] 
Density, [kg/m3] 
Stefan-Boltzmann constant, [5.67xl08 W/m2-K4] 

Abbreviations 

ADS Accelerator Driven System 
DTHT Diphyl THT 
EMP Electro-Magnetic Pump 
ICL Intermediate Cooling Loop 
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THX Target Heat Exchanger 
TKE Target Head Enclosure (in German) 
WCL Water Cooling Loop 
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APPENDIX A 

The material properties for the Electromagnetic Pump System 

Material 

Compound OC-52-1 (green compound) mixed 
with quartz wool for cavities filling 

Frame insulation of coils consisting of quartz tape 
impregnated with green compound. Thickness is ~ 
1mm and mark-to-space-ratio ~ 0.75. 

Electrical insulating pressboard for slot insulation, 
thickness 0.7mm. 

Transformer wire, POZH-700: conductor material 
is alloy 204 (BpXH6 0.4-0.25) in Russian 
classification (Cu99% Cr Ni). 
Transformer wire, POZH-700, insulation: 1 layer -
fiber-glass insulation ynC6-13.8xl(150)-76; 2 
layer - BC-6.8xlx2-80; impregnation- OC-82-05; 
surface protection-silicone claque KO-916. 
Thickness of insulation - 0.2mm 

Silicone steel 3413 

Density 
(kg/m3) 

1300 
1300 
1300 
1500 
1500 

1500 
1300 

8933 
8910 
8900 

• 1500 

1200 

7650 

7650 

7800 

Thermal 
Conductivity 

(W/m-K) 

0.2 
0.2 
0.2 
0.18 
0.18 
0.18 
0.2 
0.2 
0.2 
371 
370 
371 

0.209 

0.209 

0.209 

20.2 (200 °C) 
24.5 (400 °C) 
17.8 (200 °C) 
21.0 (400 °C) 

Specific 
Heat 

(J/kg-K) 

1000 
1000 

1000 
890 

1000 
700 

417 
440 
417 
1000 

750 

460 

535 

Reference 
Person 

S. Ivanov 
A. Poznaks 
S. Krysko 
S. Ivanov 
A. Poznaks 
S. Krysko 
S. Ivanov 
A. Poznaks 
S. Krysko 
S. Ivanov 
A. Poznaks 
S. Krysko 
S.Ivanov 

A. Poznaks 

S. Krysko 

S. Ivanov 

A. Poznaks 

S. Krysko 
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APPENDIX B 

tpfpbbi vers. 1.1.1, tables of thermodynamic properties of Pb-Bi eutectic 

52 Temperatures as follows: 
400. 
540. 
640. 
740. 
840. 

2500. 

450. 
550. 
650. 
750. 
850. 
3000. 

460 
560 
660 
760 
860 

460. 470. 480. 490. 500. 510. 520. 530. 
570. 580. 590. 600. 610. 620. 630. 

660. 670. 680. 690. 700. 710. 720. 730. 
770. 780. 790. 800. 810. 820. 830. 
870 880. 890. 900. 1000. 1500. 2000. 

19 pressures as follows: 
2.15601e-15 
I.eOO I.eOl l.e02 l.e03 l.e04 l.e05 
2.e05 3.e05 5.e05 10.e05 15.e05 20.e05 
25.e05 30.e05 40.e05 50.e05 60.e05 90.e05 

Table Bl: Saturation Properties of Lead-Bismuth Eutectic (Temperature vs. 

Temperature 
(K) 

4.0000E+02 

4.5000E+02 

4.6000E+02 

4.7000E+02 

4.8000E+02 

4.9000E+02 

5.0000E+02 

5.1000E+02 

5.2000E+02 

5.3000E+02 

5.4000E+02 

5.5000E+02 

5.6000E+02 

5.7000E+02 

Pressure 
(Pa) 

2.1560E-15 

1.2522E-12 

3.7875E-12 

1.0929E-11 

3.0176E-11 

7.9933E-11 

2.0364E-10 

5.0012E-10 

1.1865E-09 

2.7248E-09 

6.0674E-09 

1.3123E-08 

2.7612E-08 

5.6602E-08 

State 

liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 

Specific 
Volume 
(m3/kg) 

9.4944E-05 
7.4096E+18 
9.5548E-05 
1.4353E+16 
9.5668E-05 

4.8505E+15 
9.5787E-05 
1.7175E+15 
9.5907E-05 
6.3528E+14 
9.6026E-05 
2.4483E+14 
9.6145E-05 
9.8060E+13 
9.6264E-05 

4.0727E+13 
9.6383E-05 
1.7503E+13 
9.6501E-05 
7.7684E+12 
9.6620E-05 
3.5545E+12 
9.6738E-05 
1.6738E+12 
9.6856E-05 
8.0998E+11 
9.6974E-05 
4.0219E+11 

Internal 
Energy 
(J/kg-K) 
7.7927E+04 
9.4507E+05 
8.5687E+04 
9.4807E+05 
8.7222E+04 
9.4867E+05 
8.8751E+04 
9.4927E+05 
9.0276E+04 
9.4987E+05 
9.1795E+04 
9.5046E+05 
9.3310E+04 
9.5106E+05 
9.4821E+04 
9.5166E+05 
9.6327E+04 
9.5226E+05 
9.7828E+04 
9.5286E+05 
9.9326E+04 
9.5346E+05 
1.0082E+05 
9.5406E+05 
1.0231E+05 
9.5466E+05 
1.0379E+05 
9.5526E+05 

Specific 
Heat 

(J/kg-K) 
1.5672E+02 
9.9845E+01 
1.5376E+02 
9.9845E+01 
1.5322E+02 
9.9845E+01 
1.5271E+02 
9.9845E+01 
1.5221E+02 
9.9845E+01 
1.5173E+02 
9.9845E+01 
1.5126E+02 
9.9845E+01 
1.5081E+02 
9.9845E+01 
1.5037E+02 
9.9845E+01 
1.4995E+02 
9.9845E+01 
1.4954E+02 
9.9845E+01 
1.4914E+02 
9.9845E+01 
1.4875E+02 
9.9845E+01 
1.4837E+02 
9.9845E+01 

Pressure) 

Entropy 
(J/kg-K) 
3.1602E+02 
2.6806E+03 
3.3430E+02 
2.4381E+03 
3.3768E+02 
2.3961E+03 
3.4097E+02 
2.3559E+03 
3.4418E+02 
2.3175E+03 
3.4731E+02 
2.2806E+03 
3.5037E+02 
2.2453E+03 
3.5336E+02 
2.2114E+03 
3.5629E+02 
2.1788E+03 
3.5915E+02 
2.1475E+03 
3.6195E+02 
2.1174E+03 
3.6469E+02 
2.0885E+03 
3.6737E+02 
2.0605E+03 
3.7000E+02 
2.0336E+03 
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Table Bl. {continue...) 

Temperature 
(K) 

5.8000E+02 

5.9000E+02 

6.0000E+02 

6.1000E+02 

6.2000E+02 

6.3000E+02 

6.4000E+02 

6.5000E+02 

6.6000E+02 

6.7000E+02 

Pressure 
(Pa) 

1.1319E-07 

2.2110E-07 

4.2235E-07 

7.8984E-07 

1.4476E-06 

2.6025E-06 

4.5938E-06 

7.9683E-06 

1.3593E-05 

2.2821E-05 

State 

liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 
liquid 
vapor-
liquid 
vapor 
liquid 
vapor 
liquid 
vapor 

Speciflc 
Volume 
(m3/kg) 

9.7092E-05 
2.0465E+11 
9.7210E-05 
1.0657E+11 
9.7328E-05 
5.6737E+10 
9.7445E-05 
3.0844E+10 
9.7563E-05 
1.7106E+10 
9.7681E-05 
9.6680E+09 
9.7798E-05 
5.5640E+09 
9.7916E-05 
3.2578E+09 
9.8033E-05 
1.9392E+09 
9.8151E-05 
1.1725E+09 

Internal 
Energy 
(J/kg-K) 
1.0528E+05 
9.5586E+05 
1.0675E+05 
9.5646E+05 
1.0823E+05 
9.5705E+05 
1.0970E+05 
9.5765E+05 
1.1117E+05 
9.5825E+05 
1.1263E+05 
9.5885E+05 
1.1410E+O5 
9.5945E+05 
1.1555E+05 
9.6005E+05 
1.1701E+05 
9.6065E+05 
1.1846E+05 
9.6125E+05 

Speciflc 
Heat 

(J/kg-K) 
1.4801E+02 
9.9845E+01 
1.4765E+02 
9.9845E+01 
1.4731E+02 
9.9845E+01 
1.4697E+02 
9.9845E+01 
1.4665E+02 
9.9845E+01 
1.4633E+02 
9.9845E+01 
1.4602E+02 
9.9845E+01 
1.4572E+02 
9.9845E+01 
1.4543E+02 
9.9845E+01 
1.4515E+02 
9.9845E+01 

Entropy 
(J/kg-K) 
3.7258E+02 
2.0077E+03 
3.7510E+02 
1.9827E+03 
3.7758E+02 
1.9585E+03 
3.8001E+02 
1.9351E+03 
3.8240E+02 
1.9126E+03 
3.8475E+02 
1.8907E+03 
3.8705E+02 

1.8696E+03 
3.8931E+02 
1.8492E+03 
3.9153E+02 
1.8294E+03 
3.9372E+02 
1.8102E+03 

Table B2: Thermodynamic properties of Lead-Bismuth Eutectic at 1.0 xio5 Pa Pressure 

Temperature 
4.0000E+02 
4.5000E+02 
4.6000E+02 
4.7000E+02 
4.8000E+02 
4.9000E+02 
5.0000E+02 
5.1000E+02 
5.2000E+02 
5.3000E+02 
5.4000E+02 
5.5000E+02 
5.6000E+02 
5.7000E+02 
5.8000E+02 
5.9000E+02 
6.0000E+02 

Speciflc 
Volume 

9.4944E-05 
9.5547E-05 
9.5667E-05 
9.5787E-05 
9.5906E-05 
9.6026E-05 
9.6145E-05 
9.6263E-05 
9.6382E-05 
9.6501E-05 
9.6619E-05 
9.6737E-05 
9.6856E-05 
9.6974E-05 
9.7092E-05 
9.7209E-05 
9.7327E-05 

Internal 
Energy 

7.7927E+04 
8.5686E+04 
8.7221E+04 
8.8751E+04 
9.0275E+04 
9.1795E+04 
9.3310E+04 
9.4820E+04 
9.6326E+04 
9.7828E+04 
9.9325E+04 
1.0082E+05 
1.0231E+05 
1.0379E+05 
1.0528E+05 
1.0675E+05 
1.0823E+05 

Thermal 
Expansion 
1.2799E-04 
1.2562E-04 
1.2521E-04 
1.2482E-04 
1.2444E-04 
1.2407E-04 
1.2373E-04 
1.2339E-04 
1.2308E-04 
1.2277E-04 
1.2248E-04 
1.2220E-04 
1.2193E-04 
1.2167E-04 
1.2142E-04 
1.2119E-04 
1.2096E-04 

Isothermal 
Compression 

6.0009E-11 
6.1359E-11 
6.1631E-11 
6.1902E-11 
6.2175E-11 
6.2448E-11 
6.2721E-11 
6.2995E-11 
6.3270E-11 
6.3545E-11 
6.3821E-11 
6.4098E-11 
6.4375E-11 
6.4653E-11 
6.4932E-11 
6.5212E-11 
6.5492E-11 

Speciflc 
Heat 

1.5672E+02 
1.5376E+02 
1.5322E+02 
1.5271E+02 
1.5221E+02 
1.5173E+02 
1.5126E+02 
1.5081E+02 
1.5037E+02 
1.4995E+02 
1.4954E+02 
1.4914E+02 
1.4875E+02 
1.4837E+02 
1.4801E+02 
1.4765E+02 
1.4731E+02 

Entropy 
3.1602E+02 
3.3430E+02 
3.3768E+02 
3.4097E+02 
3.4418E+02 
3.4731E+02 
3.5037E+02 
3.5336E+02 
3.5629E+02 
3.5915E+02 
3.6195E+02 
3.6469E+02 
3.6737E+02 
3.7000E+02 
3.7258E+02 
3.7510E+02 
3.7758E+02 
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Table: B2. Continue... 

Temperature 
6.1000E+02 
6.200QE+02 
6.3000E+02 
6.4000E+02 
6.5000E+02 
6.6Q00E+02 
6.7000E+02 
6.8000E+02 
6.9000E+02 
7.0000E+02 
8.0000E+02 
8.1000E+O2 
8.2000E+02 
8.3000E+02 
8.4000E+02 
8.5000E+02 

Specific 
Volume 

9.7445E-05 
9.7562E-05 
9.7680E-05 
9.7798E-05 
9.7915E-05 
9.8033E-05 
9.8150E-05 
9.8267E-05 
9.8385E-05 
9.8502E-05 
9.9677E-05 
9.9795E-05 
9.9913E-05 
1.0003E-04 
1.0015E-04 
1.0027E-04 

Internal 
Energy 

1.0970E+05 
1.1117E+05 
1.1263E+05 
1.1409E+05 
1.1555E+05 
1.1701E+05 
1.1846E+05 
1.1991E+05 
1.2136E+05 
1.2280E+05 
1.3712E+05 
1.3854E+05 
1.3996E+05 
1.4137E+05 
1.4279E+05 
1.4420E+05 

Thermal 
Expansion 
1.2074E-04 
1.2054E-04 
1.2034E-04 
1.2015E-04 
1.1997E-04 
1.1979E-04 
1.1963E-04 
1.1947E-04 
1.1932E-04 
1.1918E-04 
1.1810E-04 
1.1803E-04 
1.1796E-04 
1.1789E-04 
1.1783E-04 
1.1777E-04 

Isothermal 
Compression 

6.5774E-11 
6.6056E-11 
6.6339E-11 
6.6623E-11 
6.6909E-11 
6.7195E-11 
6.7481E-11 
6.7769E-11 
6.8058E-11 
6.8348E-11 
7.1309E-11 
7.1612E-11 
7.1916E-11 
7.2221E-11 
7.2527E-11 
7.2835E-11 

Specific 
Heat 

1.4697E+02 
1.4665E+02 
1.4633E+02 
1.4602E+02 
1.4572E+02 
1.4543E-K)2 
1.4515E+02 
1.4487E+02 
1.4460E+02 
1.4434E+02 
1.4206E-H)2 
1.4186E+02 
1.4167E+02 
1.4148E+02 
1.4130E+02 
1.4112E+02 

Entropy 
3.8001E+02 
3.8240E+02 
3.8474E+02 
3.8705E+02 
3.8931E+02 
3.9153E+02 
3.9372E+02 
3.9586E+02 
3.9798E+02 
4.0006E+02 
4.1917E+02 
4.2094E+02 
4.2268E+02 
4.2439E+02 
4.2609E+02 
4.2776E+02 
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APPENDIX C 

Thermodynamic Properties of Liquid Diphyl-THT at 4.0 xlO5 Pa Pressure. 

Temperature 
K 

2.7316E+02 
2.7750E+02 
2.8000E+02 
2.8500E+02 
2.9000E+02 

2.9500E+02 
3.0000E+02 
3.0500E+02 
3.1000E+02 
3.1500E+02 
3.2000E+02 
3.3000E+02 
3.4000E+02 
3.5000E+02 
3.6000E+02 
3.8000E+02 
4.0000E+02 
4.2000E+02 
4.5000E+02 
4.6000E+02 
4.8000E+02 
5.0000E+02 
5.1000E+O2 
5.2000E+02 
5.3000E+02 
5.4000E+02 
5.5000E+02 
5.6000E+02 
5.7000E+02 
5.8000E+02 
5.9000E+02 
5.9500E+02 
6.0000E+02 
6.0500E+02 
6.1000E+02 
6.1500E+02 
6.2000E+02 
6.2500E+02 
6.3000E+02 
6.3500E+02 
6.4000E+02 
6.4200E+02 
6.4400E+02 
6.4500E+02 

Specific 
Volume 

m/kg 
9.8651E-04 
9.8889E-04 
9.9029E-04 
9.9317E-04 
9.9612E-04 
9.9914E-04 
1.0022E-03 
1.0054E-03 
1.0086E-03 
1.0118E-03 
1.0151E-03 
1.0217E-03 
1.0284E-03 
1.0352E-03 
1.0421E-03 
1.0560E-03 
1.0699E-03 
1.0840E-03 
1.1056E-03 
1.1130E-03 
1.1283E-03 
1.1442E-03 
1.1525E-03 
1.1610E-03 
1.1698E-03 
1.1789E-03 
1.1882E-03 
1.1979E-03 
1.2080E-03 
1.2184E-03 
1.2291E-03 
1.2347E-03 
1.2403E-03 
1.2460E-03 
1.2518E-03 
1.2577E-03 
1.2638E-03 
1.2699E-03 
1.2761E-03 
1.2825E-03 
1.2889E-03 
1.2915E-03 
1.2942E-03 
1.2955E-03 

Internal 
Energy 
J/kg-K 

4.4356E+01 
6.4023E+03 
1.0142E+04 
1.7682E+04 
2.5300E+04 
3.2999E+04 
4.0780E+04 
4.8642E+04 
5.6587E+04 
6.4616E+04 
7.2728E+04 
8.9205E+04 
1.0602E+05 
1.2317E+05 
1.4067E+05 
1.7667E+05 
2.1402E+05 
2.5272E+05 
3.1330E+05 
3.3417E+05 
3.7694E+05 
4.2109E+05 
4.4370E+05 
4.6666E+05 
4.8998E+05 
5.1366E+05 
5.3771E+05 
5.6212E+05 
5.8689E+05 
6.1203E+05 
6.3754E+05 
6.5043E+05 
6.6341E+05 
6.7648E+05 
6.8964E+05 
7.0289E+05 
7.1622E+05 
7.2965E+05 
7.4316E+05 
7.5676E+05 
7.7045E+05 
7.7595E+05 
7.8146E+05 
7.8423E+05 

Thermal 
Expansion 

1/K 
5.4835E-04 
5.6361E-04 
5.7172E-04 
5.8656E-04 
5.9963E-04 
6.1107E-04 
6.2100E-04 
6.2953E-04 
6.3677E-04 
6.4285E-04 
6.4786E-04 
6.5508E-04 
6.5921E-04 
6.6098E-04 
6.6103E-04 
6.5833E-04 
6.5522E-04 
6.5488E-04 
6.6425E-04 
6.7066E-04 
6.8881E-04 
7.1396E-04 
7.2900E-04 
7.4553E-04 
7.6343E-04 
7.8254E-04 
8.0271E-04 
8.2377E-04 
8.4557E-04 
8.6797E-04 
8.9085E-04 
9.0243E-04 
9.1410E-04 
9.2585E-04 
9.3767E-04 
9.4958E-04 
9.6157E-04 
9.7365E-04 
9.8584E-04 
9.9815E-04 
1.0106E-03 
1.0157E-03 
1.0207E-03 
1.0233E-03 

Isothermal 
Compression 

3.1554E-10 
3.2638E-10 
3.3278E-10 
3.4590E-10 
3.5948E-10 
3.7353E-10 
3.8806E-10 
4.0310E-10 
4.1865E-10 
4.3474E-10 
4.5137E-10 
4.8636E-10 
5.2376E-10 
5.6373E-10 
6.0644E-10 
7.0084E-10 
8.0867E-10 
9.3203E-10 
1.1520E-09 
1.2363E-09 
1.4245E-09 
1.6431E-09 
1.7657E-09 
1.8985E-09 
2.0425E-09 
2.1989E-09 
2.3692E-09 
2.5548E-09 
2.7576E-09 
2.9795E-09 
3.2230E-09 
3.3536E-09 
3.4907E-09 
3.6345E-09 
3.7856E-09 
3.9444E-09 
4.1114E-09 
4.2872E-09 
4.4723E-09 
4.6674E-09 
4.8732E-09 
4.9586E-09 
5.0460E-09 
5.0904E-09 

Specific Heat 
J/kg-K 

1.4789E+03 
1.4924E+03 
1.5002E+03 
1.5160E+03 
1.5320E+03 
1.5482E+03 
1.5645E+03 
1.5810E+03 
1.5976E+03 
1.6143E+03 
1.6311E+03 
1.6648E+03 
1.6987E+03 
1.7327E+03 
1.7666E+03 
1.8343E+03 
1.9016E+03 
1.9689E+03 
2.0702E+03 
2.1043E+03 
2.1732E+03 
2.2433E+03 
2.2787E+03 
2.3145E+03 
2.3505E+03 
2.3867E+03 
2.4231E+03 
2.4596E+03 
2.4962E+03 
2.5327E+03 
2.5691E+03 
2.5873E+03 
2.6054E+03 
2.6234E+03 
2.6413E+03 
2.6592E+03 
2.6769E+03 
2.6945E+03 
2.7120E+03 
2.7294E+03 
2.7467E+03 
2.7536E+03 
2.7604E+03 
2.7638E+03 

Entropy 
J/kg-K 

-1.6247E-01 
2.3256E+01 
3.6675E+01 
6.3366E+01 
8.9870E+01 
1.1620E+02 
1.4235E+02 
1.6835E+02 
1.9419E+02 
2.1989E+02 
2.4544E+02 
2.9615E+02 
3.4635E+02 
3.9608E+02 
4.4537E+02 
5.4270E+02 
6.3850E+02 
7.3290E+02 
8.7219E+02 
9.1807E+02 
1.0091E+03 
1.0992E+03 
1.1440E+03 
1.1886E+03 
1.2330E+03 
1.2773E+03 
1.3214E+03 
1.3654E+03 
1.4093E+03 
1.4530E+03 
1.4966E+03 
1.5183E+03 
1.5401E+03 
1.5618E+03 
1.5834E+03 
1.6051E+03 
1.6267E+03 
1.6482E+03 
1.6698E+03 
1.6913E+03 
1.7128E+03 
1.7213E+03 
1.7299E+03 
1.7342E+03 
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APPENDIX D 

Table Dl: List of the hydraulic channels of the MEGAPIE liquid Metal Target 

Part 
Nr. 

500 
503 
505 
507 
509 
513 

517 

888 
520 
550 
522 
889 
523 
525 

527 
600 

Channel 
Branch 
Annulus 
N Junction 
Annulus 
N junction 
Pipe 
Annulus 
Annulus 
Annulus 

Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Pipe 
Pipe 

Pipe 
tank 

Dimensions and C 
I.D. 

0.0 
54.0 

O.D. 
296.4 
62.0 

A=8742 mm2 

125 196 
A=1.205xl0"2m2 

0 
25 
58 
60 

95 
95 

50 
68 

122 
122 
122 
98 

125 
125 

55 
73 

DH=12.S mm 
DH= 30.15 mm 
DH= 13.33 mm 

0 

orientation, mm 
Length 
100 
1212 
114.39 
2295 
99 
299.34 
199.56 
1496.7 
606 

101 
505 

202 
404 
606 
2195 
100 

-

Elevation 
-100 
-1212 
0.0 
-2295 
0 
+299.34 
+199.56 
+1496.7 
+606 

+101 
+505 

+202 
+404 
-606 
-2195 
-100 

-

Remarks 

One of 12 pins THX 
Plenum of THX exit 
Down comer 
BW hemisphere 
Active zone 
Riser 
Riser 
Entrance of Main 

EMP 
MainEMP 
Exit of Main EMP 

Intake of Bypass 
Bypass EMP 
3 triangular tubes 
Oval bypass pipe 
Nozzle 

Gas space 
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Table D2 List of the hydraulic channels of the ICL (HRS) 

Part Nr. 
100 
101 
103 

104 
174 
176 
105 
739 
106 
107 
887 
108 

no 
740 
111 
112 
113 
114 
115 
743 
116 
117 
118 
742 
119 
171 
173 
741 

120 
140 
141 
149 
150 

Channel 
N-Junction 
pipe 
annulus 

N-Junction 
Pipe 
Pip 
pipe 
valve 
Pipe 
Branch 
Oil pump 
Pipe 
Pipe 
Valve 
Pipe 
Branch 
IHX 
Branch 
Pipe 
Valve 
Pipe 
N-Junction 
Pipe 
Valve 
Pipe 
Pipe 
Pipe 
2nd -3way 

Pipe 
Pipe 
Pipe 
N. Junction 
Junction 

Dimension/Orientation, mm 
Diameter 
<l)216 

<ZU8 
4>41iA. 
<M9o.d . 

«*276 

4>56.3 

d)56.3 

(2)66.1 

4>66.\\ 

4>66.\ 

«*66.1 
^ 6 6 . 1 
4>66.\ 

«466.1 
«*66.1 
«*66.1 

«466.1 
«42.46 
«H00 
«466.1 
«466.1 

«466.1 
«466.1 

^ 6 6 . 1 
«466.1 
«4 66.1 

«456.3 
«456.3 
<f>66.1 

4>66.1 

(1)6.0 
4>6.0 
4>63,.2 

«463.2 

Length 
51 
1292 
1212 

51 
716 
350 
2511(3) 

1284 
-
0.375 
1.074 
930 
-
1.058 
635 
792 
630 
217 
-
468.0 
-
960 
-
2345 
350 
636 
-

1359 
2000 
2000 
545 
500 

Elevation 
51 
1292 
1212 

51 
+716 
+247.4 
0 

0 
-
+0.375 
+294 
0 
-
0 
0 
-792 
0 
0 
-
0 
-
0 
-
0 
-247.4 
-636 
-

-669 
400 
276 
545 
500 

Remarks 
DTHT distribution box 
Inlet tube of cooling pin (x 12) 
The spiral of 28.9° from the 
horizontal (x 12), 
DTHT outlet distribution box 
THX out; 2 mm wall thickness 
45° pipe connect to ICL 
Normal Pipe, 5 mm wall 
Isolation valve of the ICL 
Pipe lead to the pump inlet 
Branch to the expansion tank 
Centrifuge pump 
Pump outlet 
Normal Pipe, 5 mm wall 
Cvs = 60.0; 1 of 3-way valve 
Normal Pipe, 5 mm wall 
Inlet of the IHX 
flow area = 9.397xl0"3m2 

Outlet of IHX 
Normal Pipe, 5 mm wall 
Check valve 
Normal Pipe, 5 mm wall 
Connect IHX and bypass 
Normal Pipe, 5 mm wall 
Isolation Valve 
Normal Pipe, 5 mm wall 
45° pipe connect to THX 
Inlet pipe of THX, 2 mm WT 
The 2nd channel of the 3-way 
valve 
Bypass pipe 
Tube connecting to 107 
Tube connecting to 113 
Expansion tank 
Gas space 
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Table D3. List of the hydraulic channels of the WCL 

Part 
Nr. 
303 
307 
309 
311 
313 
315 
316 
317 
750 
318 
886 
319 
323 
751 
324 
326 
753 
328 

330 
332 

333 
334 
335 
336 
337 

755 
338 
340 
342 
344 
752 
350 

352 
354 
756 
355 
360 
361 
370 
371 

Channel 
IHX 
Pipe 
Pipe 
Pipe 
Pipe 
Pipe 
pipe 
pipe 
valve 
pipe 
Pump 
Pipe 
Branch 
valve 
Pipe 
Pipe 
valve 
Pipe 

tube 
Pipe 

Pipe 
Valve 
Pipe 
Junction 
Pipe 

valve 
Pipe 
Pipe 
Pipe 
Pipe 
valve 
Pipe 

Pipe 
Pipe 
valve 
Pipe 
Pipe 
Pipe 
Tank 
Plenum 

Dimensions/Orientation, mm 

DH 

24.6 
082.5 
«*82.5 
082.5 
082.5 
(Z5 8 2 . 5 
082.5 
082.5 

Length 
984 
1000(2) 
2418(4) 
13600 (8) 
6450(5) 
4.353 (4) 
-
1280 (3) 

Elevation 
-984 
0.0 
-2418 
0.0 
6450 
0.0 
-

«»82.5 
082.5 
^66.1 
054.5 
054.5 
046.7 
082.5 
082.5 
082.5 
082.5 
0107.1 
02.42 
0107.1 
082.5 
082.5 
082.5 
082.5 
082.5 
082.5 
054.5 
082.5 
082.5 
082.5 
082.5 
082.5 
082.5 
082.5 
054.5 
082.5 
082.5 
082.5 
082.5 
082.5 
08.0 
08.0 
0200 
0200 

750 (3) 
180(1) 
850 (4) 
200 (2) 

840 (4) 
735 (3) 
-
735 (3) 
250(1) 
792 (4) 
500 (2) 
300 
900 (4) 
-
1460 (6) 
-
500(2) 
500(2) 
250(1) 

-
400 (4) 
6170(5) 
13600(8) 
1689 (2) 
-
500 
250 
300 (2) 
400 (2) 
-
470(2) 
400 (2) 
680 
545 (1) 
500 

-750 
180 
850 
0 
0 
0 
0 
0 
-735 
0.0 
792 
0 
300 
900 
0 
0 
0 
0 
0 
0 

0 
0 
-6170 
0 
1689 
0 
-500 
-250 
0 
400 
0 
470 
400 
680 
545 
680 

Descriptions 
Flow area = 5.767x10"2 

Connecting pipe 
Vertical down 
Horizontal 
Vertical up 
Beginning of the WCL 
Tee-junction (branch to prz) 
Vertical down 
KVS = 120. Isolation valve 
Vertical down 
Vertical up 
Lead to 3-way valve 751 & 752 
Horizontal 
srwlv (motorized valve) 
Horizontal 
Vertical down 
Flow regulation / shut off 
Vertical to horizontal 
(Inlet pipe of WHX) 
WHX channel (flow area) 
A pipe with 90° bend upward 

Vertical up 
Check valve 
Horizontal 
Join with the bypass 
The exit pipe of the water loop p 

KVs = 90 isolation valev 
ExitofWCLtoIHX 
Vertical down 
Horizontal 
Vertical up 
2nd 3-way valve to the bypass 
Bypass pipe 

Horizontal 
Vertical upward 
KVs = 90 (flow isolation) 
Vertical up (end of bypass) 
To the pressurizer 
To the pressurizer 
Expansion tank 
Gas space 
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APPENDIX E 

Adaptive gain and feed forward relationships 

The Table El shows the steady state temperatures for different beam powers. This table will 
be used to define the adaptive gain and feed forward relationships. 

Table El 

power 
rkwi 
600 
500 
400 
300 
200 
100 
5 

The TWV position 

valve 
pos. 

n 
0.7328 
0.5051 
0.2984 
0.1553 
0.0826 
0.0358 
0.0017 

temp 
LBE 

THX in 
r°c] 

331.6 
314.7 
297.7 
280.8 
263.9 
246.9 
230.8 

at different 
temp 

DTHT 
mix 
r°ci 
121.7 
139.7 
157.8 
175.8 
193.9 
211.9 
229.1 

leating power 
temp 

DTHT 
IHX out 

r°ci 
107.9 
108.9 
98.6 
73.2 
54.2 
42.9 
41.5 

temp 
DHT 

bypass 
r°ci 
159.4 
171.1 
182.9 
194.7 
206.5 
218.2 
229.4 

temp 
LBE 

THX out 
[°ci 
230 
230 
230 
230 
230 
230 
230 

temp 
H20 

IHX in 

r°ci 
40 
40 
40 
40 
40 
40 
40 

Adaptive gain 

The temperature after the mixing point is determined by three parameters: valve position, 
temperature of the fluid in the bypass tube and temperature of the fluid after cooling in the 
heat exchanger: 

Tmix =x-T c o o l e d+(l-x)-T, bypass 

The system gain is defined as the ratio between change in mixing point temperature wrt 
change in valve position. 

AT 
system Ax 

= T cooled bypass 

From this formula it can be seen that the gain will change whenever the temperatures of the 
mixing fluids change. Next figure plots this temperature difference as function of beam 
power (taken from previous table with steady state temperatures). The gain will change by 
260% when going from full beam power to beam off. However in control system design it is 
important to have a gain that is independent of the operation condition. This allows the design 
of a simple controller with equivalent performance in every operating condition. 
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E-
X 
f -
Q 

ZDV -

0 -

" - \ i 

100 200 300 400 500 600 

beam power [kW] 

It was proposed to add extra gain that is function of beam power. The 3way valve will be 
used as an indicator of this beam power. The aim is to get the product of extra gain and 
system gain as constant as possible over the entire operating range. That is why it is chosen to 
implement the extra gain as the inverse of the system gain. Next figure shows the inverse of 
the system gain in function of the valve position. It can be seen that the required extra gain is 
almost a linear function of the valve position. 

u 

X ° ' 0 1 5 " 
Q 

£ 

< 0,005 J 

0 -

1 —̂— 

1^—-"" '^ 

0,1 0,2 0,3 0,4 0,5 

valve position 

0,6 0,7 

This linear relationship is multiplied by a constant factor to get a extra gain of 1 when the 
valve position is 0 (full bypass). 

t -

ga
in

 
ex

tr
a 

0 - 1 

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 

valve position 

The needed extra gain is thus given by the following equation. 

extragain = valveposition*3.78+l 

Next figure shows the variation of overall gain for different operating conditions when using 
this additional gain. The overall gain will change only 11% compared to 260% without extra 
gain. 
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250 

600 

beam power [kW] 

Feed Forward 

Next graph is based on previous table of steady state temperatures. A clear linear relationship 
between LBE temperature at the entrance of the THX and required DTHT mixing point 
temperature can be seen. This DTHT mixing point temperature is required to keep the LBE 
temperature at the exit of the THX at a constant 230°C. 

220 240 260 280 300 320 340 

LBE temperature at the entrance of THX [°C] 

This linear relationship can easily be used as feed forward signal: 

required_DTHTmix_temp=230 
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