
A FLOWNEX UNCERTAINTYANALYSIS OF A

DEPRESSURISED Loss OF FORCED COOLING EVENT

FOR THE PBMR

MARTIN GLENN SAGE

SSc. Eng. (Chemical)

Dissertation submitted in fulfilment of the requirements for the degree:

Magister Engeneriae (Mechanical Engineering) in the School of

Mechanical and Materials Engineering at the

University of the North West, Potchefstroom Campus

Promoter:

Pretoria

November2006

Prof. M. Kleingeld

-------



-- -

M.Sage ABSTRACT Nov-2006

ABSTRACT

The world is currently experiencing an energy crisis. To cope with the rising demand in

South Africa, nuclear power was identified as a clean, safe and reliable source of electricity.

The Pebble Bed Modular Reactor (PBMR) is an inherently safe, next-generation nuclear

power plant that uses pebble fuel. In the event of a depressurized loss of coolant (DLOFC)

accident, the reactor will passively cool itself, and remain within safe limits.

The main purpose of this dissertation was to perform an uncertainty study on the PBMR

reactorduring a DLOFCaccident to demonstratethis safety feature. An extensive literature

survey was carried out to research the concept of uncertainty, methods for addressing

uncertaintyand to gather the required inputdata to set up a modelof the PBMRreactor.

The model requirements were established by use of a systematic PIRT process. A detailed

model of the reactor was set up in Flownex after making the necessary assumptions and

simplifications. A sensitivity and Monte Carlo sampling platform was set up in conjunction

with Flownex in order to perform the uncertainty study.

During the DLOFC transient, the best-estimate maximum fuel, core-barrel and RPV

temperatures reached 1529, 621 and 490 CCrespectively. Sensitivity studies showed that

the parameters that most strongly influence the results are the power profile, decay heat,

pebble bed effective conductivity and the propertiesof the graphite reflector. Variations in

fluid propertieshad a negligibleinfluenceon the DLOFCresults.

Statistical processing of the Monte Carlo simulation results provided uncertainty bands for

each output. The conclusion was that with 95% confidence, there is a 5% probability of

exceeding maximum fuel, core-barrel and RPV temperatures of 1582, 638 and 503 CC

respectively. All three of these temperatures are below the maximum allowable temperature

for each respective component. Thus all three components will stay within their code cases

during the unlikely event of a DLOFC.

The final effort in this study went to verification and validation (V&V) of the results. This

process included V&V of the input data, software, the calculation and the model

development. These processes included: a detailed internal review; comparison with

analytical solutions; comparison with alternative independent calculations; and comparison

with experiment. The effective pebble bed thermal conductivity is currently being validated

via construction of the Heat Transfer Test Facility (HTTF). The large extent of V&V activities

that have been carried out provides a high level of confidence that the results produced in

this dissertation are satisfactory, if not slightly conservative.
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UITTREKSEL

Die wereld beleef tans 'n energiekrisis. Om voorsiening te maak vir die toenemende

aanvraag in Suid Afrika is kernkrag as 'n skoon, veilige en betroubare bron van elektrisiteit

geidentifiseer. Die Korrelbed Modulere Reaktor (KBMR) is 'n inherent veilige, volgende

generasie kernkragsentrale wat sferiese brandstofballe gebruik. In die geval van 'n

ongelukstoestand,soos n verlies aan aktiewe verkoelling, sal die reaktor vanself passief

verkoelword en binne die ontwerpsveiligheidsgrensebly.

Die hoofdoelvan hierdie skripsie was om 'n onsekerheidstudiete doen op die KBMR tydens

'n verlies aan verkoeling om sodoende hierdie veiligheidseienskap te demonstreer. 'n

Intensiewe literatuurstudie is gedoen oor die konsep van onsekerheid, metodes om

onsekerheidaan te spreek en om voldoendedata daar te stel om 'n modelop te stel van die

KBMA.

Die modelvereistes is saamgestel deur gebruik te maak van 'n sistematiese "PIRT" proses. 'n

Gedetailleerde model van die reaktor is opgestel in Flownex nadat die nodige aannames en

vereenvoudigings aangebring is. 'n Sensitiwiteit- en Monte Carlo-databasis was daargestel

saam met Flownex om die onsekerheidstudie te doen.

Gedurende die verlies aan verkoelingtransient het die beste beraamde maksimum

brandstof-, brandstofomhulsel- en reaktordrukvattemperature 1529, 621 en 490 "C

onderskeidelik bereik. Sensitiwiteitstudies het getoon dat die kragprofiel, latente hitte,

korrelbed effektiewe konduktiwiteit en die grafietreflekteerderdie parameters was wat die

resultate die meeste beinvloed het. Verskeie vloeistofeienskappehet weinig invloed op die

resultategehad.

Statistieseverwerkingvan die Monte Carlo simulasieresultatehet die onsekerheidsgrensevir

elke uitset van die simulasieresultate getoon. Die gevolgtrekking was dat, met 95%

sekerheid, daar 'n 5% waarskynlikheid was om die maksimum brandstof-,

brandstofomhulsel-en reaktordrukvattemperaturevan 1582, 638 en 503 "C onderskeidelik

te oorskrei. AI drie hierdie temperature is laer as die toelaatbare temperature vir elke

individuele komponent. Dus sal temperature van al drie hierdie komponente binne die

aanvaarbareontwerpsgrensebly tydens die onwaarskynlikeverlies aan verkoelingongeluk.

Die finale inset tot hierdie studie het oor die verifikasie en validasie (V&V) van die resultate

gehandel. Hierdie proses het die V&V van die insetdata, sagteware, berekeninge en die

modelontwikkeling ingesluit. Hierdie proses het die gedetailleerde interne nasien, vergelyking
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met analitiese oplossings, vergelyking met ander onafhanklike berekeninge en vergelyking

met eksperimente ingesluit. Die effektiewe korrelbed termiese konduktiwiteit is tans besig om

gevalideer te word via die Hitte Oordrag Toets Fasiliteit (HTTF). 'n Groot deel van die V&V

aktiwiteite wat reeds uitgevoer is, lewer 'n hoe mate van vertroue in die resultate gelewer in

hierdie skripsie en toon ook In mate van konserwatiwiteit.
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1. INTRODUCTION 

1.1 BACKGROUND 

1.1 .I World Energy Crisis 

The world is currently experiencing an energy crisis. Concerns are mounting globally, due to 

rising oil, gas and coal prices. Major influencers have been the 1 1  September 2001 terrorist 

attacks, numerous oil-workers strikes (Venezuela, Nigeria, etc.), the invasion of Iraq in 2003 

with further political instability in the Middle East, and hurricane damage to oil and gas 

infrastructure [I]. All of these have contributed to the record high oil prices in 2006, which is 

one of the many drivers of the global energy crisis. Figure 1 shows the rise in price of Brent 

Crude Oil over the past five years [2] - the effect of a rising global demand and a fragile 

supply. 

Figure 1 : Brent Crude Oil Price 2001-2006 [2] 

Figure 2 shows how heavily the world relies on oil as its primary source of energy [I]. In fact, 

the immense economic growth in China for example, has lead to that country moving from 

being a net exporter to a net importer of oil (Figure 3). With oil demand growing globally, the 

supplies are being depleted as the oil price rises. 

Flownex Uncertainty Analysis of a DLOFC 1 
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Figure 2: Total World Primary Energy Supply
[1]
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Figure 3: Chinese oil demand [1]

The reality is that there is virtually no spare capacityto supply these commoditiesto meet the

expecteddemandsof the fast-growingeconomiesof developingcountriessuch as China and

India. Figure 4 shows how this margin is thinning. It is expected that the supply rate in

consumerregionswill have decreasedby at least 10 percentby 2030 (Figure5).
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Figure 4: Spare world oil output capacity [1]

millionbid
16

12

9

6

3

o
2004 2030_OtherAsia _OECO EtI'opeand Padfic_ Ctlina and India _ OECO North America

Figure 5: Oiloutput In consumer regions [1]

China has already begun experiencing major blackouts as a result of energy shortages. The

deficit in 2004 was estimated at around 30,000 MW, the most severe shortage in 20 years.

As a result, power-cuts are scheduled every day, just to limit consumption [3].

Not only is there a world-wide increase in demand, but stretched, fragile networks are not

making life any easier: When lightningstrucka US power station in August 2003 this caused

a chain reaction of power outages where nine nuclear power reactors were brought down,

leaving 50 million people without electricity stretching across the US and Canada - the

largest poweroutage in US history [4].
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Figure 6: New YorkCity, illuminated only by car lights [4]

1.1.2 Energy Crisis in South Africa

South Africa is not unlike the rest of the world. Blackouts are occurring for the same reasons

- an increasing domestic power demand and an unreliable supply. This is causing severe

downtime and has a negative effect on business and industrial productivity in this country.

Already in 2004 alone there were 121 outages in Gauteng, each one averaging around 3

hours in duration [6].

The Cape is in an even worse situation: Excludingthe southern part, this province has a

peak demandof 5,435 MW but has only one base load powerstation at Koeberg,consisting

of two 920 MW nuclear power reactors. The remainder must come via transmission lines

from coal stations in the north, which are limited to 2,900 MW. This fragile set-up puts the

Cape in jeopardy,with every slight disturbancebringingthe systemdown [7].

Eskom generates about 96% of the electricity used in South Africa and has an installed

capacity of 42,000 MW. Although this is quite substantial when compared to other

developing countries in Africa, the ever-increasing demand for electricity in homes,

businessesand industryin SouthAfrica necessitatesa concertedeffort to ensure that current

and future electricitydemand is both satisfiedand plannedfor. To achievethis, Eskomplans

to increase its capacity by around 1,000 MW per year over the next ten years. Following

this, it is expectedthat 2,000 MW per year will needto be installed[8].

As a first step in achievingthis, Eskom has resortedto re-commissioningmothballedpower

stations. Howevereven this process is behind schedule, leavingthe door open to the ever-

present threat of more outages. Re-commissioningof plants in Ermelo, Grootvlei and

Middelburgis now taking place, with these plants having been out of operation for the past

15 years. The total cost is expected to be in the order of R12-billion,but the process will

place an additional 3,800 MW on the grid. By comparison, a new coal-fired power plant

could produce 4,000 MW but would take eight years to build. Time is running out and it is

Flownex Uncertainty Analysis of a DLOFC 3
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estimated that demand will exceed supply by 2007. Eskom has budgeted R62-billionover

the next five years to increase its capacity by around 5,300 MW. Feasibility studies are

underway to determine which power technologies will nourish this thirst for energy. It has

even been proposed to import excess supply from neighbouringcountries [9], but this is not

easily done,when neighbouringcountrieshave problemsof their own.

Zimbabwe and Mozambique are hardly

viable options due to political turmoil and

high levels of poverty. Namibia is also

experiencing power shortages. In 2004,

the peak demand from Namibia was

392 MW. The country'shydroelectric,coal

and diesel power stations can produce

240, 120 and 24 MW respectively,which is

still not enoughto be self sufficient, even if
there were zero breakdowns. For this

reason, Eskom was tasked to top up

Namibia's local supplier of electricity,

NamPower, with feed lines from South

Africa. However, this has become

increasinglydifficult as SouthAfrica has its

own electricitysupply problems[5].

Figure 7: Transmission lines [5]

It is thus clearly evident that both locally and globally an energy crisis is underway. If

mankind wishes to continue progressive development, corrective action must be taken to

provide for currentand future electricitydemands.

1.1.3 Finding a Solution

Supply VS.Demand

The energy crisis is primarily a function of supply and demand. To solve the energy crisis

either the supply must increase, or the demand must decrease. From the demand

perspective, industry (which accounts for two-thirds of South Africa's national electricity

usage [10]) has the option to downscale its productionand development,but this would only

lead to a regressionin technologyand goes against the natural advancingdirection in which

humankindis moving. We can reduce the demand to a limited degree by reducingwastage

of electricity and improving efficiency, but we must allow the demand for electricity to be

driven by the advancementof technology. A more powerful solution to the energy crisis is

thereforeto improveon the supplyof electricity.
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To ensure that the electricity supply is sufficient, the following is required:

· The supply must at least remain consistent. To achieve this, breakdowns must be

prevented by means of:

o Implementation of better maintenance policies and procedures; and

o Designing more robust systems.

· The capacity to generate electricity must be increased:

o To cope with the ever-increasing domestic demand;

o To maintain operation during maintenance outages and unforeseen

breakdowns; and

o To export power to neighbouring countries (Optional).

Diversity of Energy

Eskom is investigating various options to increase electricity-generating capacity. One of the

five objectives of the South African Energy Policy [11], produced by the Department of

Minerals and Energy is:

"Given increased opportunities for energy trade, particularly within the Southern African

region, government will pursue energy security by encouraging a diversity of both supply

sources and primary energy carriers. "

Thus Eskom also takes on the objective of a diversity of supply. Figure 8 shows how heavily

SA currently relies on coal as its primary source of energy:

Crude 011
10%

Coal
79%

Figure8: PrimaryEnergySupply in 2000[10]
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Alternatives to Coal

To improve on the diversification objective, Eskom is investigating utilizing sources other

than coal. On the renewablesside, various projects have been undertaken. Solar power for

example has been implemented to electrify 45 schools in rural areas in the Eastern Cape.

This was a highlysuccessfulproject althoughfunded by the state [12].

Other examples include the installation of a pilot parabolic trough and central receiver solar

power generating device at the Development Bank of Southern Africa in Midrand, Gauteng.

Although the cost of this 25 kW generator (Figure 9, left) might be reduced if this technology

goes into mass production, the technology remains expensive [13]. A 100 MW plant using

this technology has been proposed in the Northern Cape (Figure 9, right). The feasibility of

this R2.2-billion project is still currently under investigation [14]. Solar is an excellent form of

renewable energy but is very expensive to implement and is not always reliable.

Figure 9: Parabolic trough and Central Receiver Solar Technology [13]

Although less than one percent of South Africa's electricity is generated by hydro-electric

power, it remains a clean and somewhat renewable source of energy. The largest

hydroelectric power plant in South Africa is the 1,000 MW Drakensberg Pumped-Storage

Facility, part of a larger scheme of water management that brings water from the Tugela

River into the Vaal watershed [15]. Hydro is an excellent way to capitalise on the energy

available in falling water, and serves as a useful top-up to account for peak demand, but is
far too small to be factored into SouthAfrica's base load.

Exploring wind power, Eskom's wind-powered generators run at around 15% efficiency,

mostly due to the variability of wind speed and direction. These farms of large spinning

turbines create a threat to the environment; they are a tremendous eyesore; and are

economicallynot viable accordingto the Germangovernment'senergy researchreports [16].
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Figure 10: Wind Turbine [16]

Coal, natural gas and Brent crude oil (whichcan be converted to petrol and diesel) are all

carbon-based commodities that can be used to produce electricity at much higher

efficiencies than wind power, but at the cost of excessive carbon emissions into the

environment. C02 inthe earth's atmosphere absorbs the sun's radiationafter it reflectsfrom

the earth's surface towards outer space. C02 and H20 are the most important of the

greenhouse gases whichare a cause of globalwarming- a great concern to humankind. In

response, the Kyoto Protocol was implemented to mitigate this effect by reduction of

greenhouse emissions. Figure11 shows the C02 emissions invarious countries.
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Figure 11: Carbon Dioxide Emissions per capita [10]

The aforementionedrenewable energies (solar,hydroand windpower) have zero emissions

but are unableto competewiththe large amountsof powerthat can be producedand
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economical viability of the fossil fuel options. However, nuclear power is a superb solution to

these problems for the following reasons:

Nuclear power:

1. Produces zero emissions of greenhouse gases;

2. Provides diversity of supply (alternative to coal-fired power stations);

3. Has a high fuel power density and can produce a significant amount of power;

4. Is not dependent on the variable conditions of the weather (unlike solar and wind);

5. Is not dependent on the seasons (unlike hydro which is dependent on dam water

levels);

6. Is economically viable (After rising commodities prices, cost comparisons are showing

nuclear power to be potentially the cheapest source of electricity);

7. Is safe (especially with the development of new Generation IV technologies. Note

that the purpose of this study is to show this); and

8. Can be used in the application of process heat.

Koeberg (Figure 12) is the only nuclear power station in South Africa, and is responsible for

nearly four percent of South Africa's total electricity supply. It has two 900 MW PWRs

(Pressurized Water Reactors) and runs at an efficiency of 32 % [15].

Figure 12: Koeberg Nuclear Power Station [15]

Eskom is wisely making definite plans to expand on its nuclear facilities to provide for the

ever-increasing domestic demand. In the limelight of these plans is the Generation IV

PebbleBed ModularReactor (PBMR),which is beingdevelopedin SouthAfrica.
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1.1.4 PBMR

The PBMR and its History

The PBMR is an advanced nuclear technology that is being developed in South Africa. It is

classed as a Generation IV nuclear reactor which means that it has numerous inherent

safety features and a high reactor outlet temperature (900 "C) [17].

The "pebble" fuel concept was first conceived in the late 1950s by Germany's Professor'

Rudolf Schulten. By combining the low power density of a pebble bed reactor core with an

effective passive heat removal path, meant that the fuel would not melt even if a "loss of

coolant"accidentwere to occur. This is the key safety featureof the PBMR.

The technologywas first demonstratedby

the design, construction and

commissioning of the 15 MWe AVR in

Julich during the 1960s. This successful

demonstration and operation lead to the

construction of the 300 MWe THTR in

1986. Due to the political turmoil as a

result of the Chernobyl disaster (Figure

13), the AVR and THTR were

decommissioned in 1988 and 1989

respectively.
Figure 13: Chernobyl Disaster [17]

Globally since then, nuclear power has been very unpopular as an option for up-scaling

capacity. However, humankind's hunger for energy has not forgotten the German success in

developing pebble bed reactors in the quest for safe, economical and environmentally-

friendly power generation capacity. In South Africa, one of the key seeds was planted in the

early 1990s when Armscor instructed 1ST to perform a feasibility study of a 5 MWe pebble

bed reactor as a power pack for remote sites. PBMR (Pty) Ltd. was formed as a joint venture

between 1ST and Eskom in October 1997. After much collaboration with the Germans for

knowledge-transfer, plus a laborious share holding debacle, as well as numerous power

upgrades for commercial viability, the PBMR emerged as a 163 MWe design planned for the

Koeberg site, as a demonstration power plant. [17]
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Fuel Design

The PBMRfuel make-upbegins with a 0.5 mm U02fuel kernel (Figure 14). Surroundingthis

there is a porous carbon buffer designed primarily to slow down the fission products. This

carbon buffer is covered by three layers:

1) An inner pyrolyticcarbon layer;

2) A siliconecarbide layer; and

3) Another pyrolyticcarbon layer.

These three layers trap the fission products within the coated particle, which forms the

principalconfinementbarrier in the PBMRdesign.

./ Coated particles imbedded
./ in Graphite Matrix

Dia.60mm

Fuel Sphere
Pyrolytic Carbon 40 mictons

Silicon Carbide Barrier Coating 35mlaons
Inner Pyrolytic Carbon 40 mIctons
Porous Carbon Buffer 95 microns

Section

TRISO
Coated Particle

Approximately 20,000 of these TRISO coated particles are bound together in a graphite

matrix. To account for wear due to mechanical abrasion, the graphite matrix containing the

TRISO particles is surrounded by a 5 mm layer of graphite, resulting in a final fuel element

diameter of 60 mm. This constitutes a single PBMR fuel element, which is referred to as a

fuel sphere or pebble.

Around 450,000 pebbles make up the reactor core. These pebbles are inserted at the top of

the reactor and gravitate downwards through the reactor in a continuous refuelling cycle,

passing though the core 6 times before being transported to the spent fuel tank. The lifetime

of the pebble fuel provides a total energy, or burnup of 80,000 MWd/ton (This equates to one

kilogram of fuel providing the heat of 220 typical household heaters for an entire year).
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Core Design

The core design of the PBMR is "pencil shaped" - long and thin (Figure 15). This implies

more neutron leakage but increased safety due to the long, thin design providing an effective

passive heat removal path in the event of an accident. The core is annular in shape, with a

solid graphite central reflector and side reflectors. The annular shape helps to flatten the

radial flux and temperature profile.

The gas enters at the bottom, travelling upwards through riser channels in the outer side

reflector before flowing downwards through the core whilst being heated by the fuel until it

collects in the outletplenumand exitsvia the core outletpipe.

Reactivity is controlled by means of 24 boron carbide control rods, located in the side

reflector. To ensure cold shutdown in the event that the control rods cannot be inserted, a

redundant system of Small Absorber Spheres (SAS) can be inserted into 8 channels in the

solid central reflector.

RPVid

Reserve Shutdown System
(RSS)

Reactivity Control System
(RCS)

Reactor Pressure Vessel
(RPV)

Core Barrel
(CB)

Core Unloading Device
(CUD)

Figure 15: PBMRCore Design [17]
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PCU Design

The PBMR is helium-cooled,producing 400 MW of thermal power. It operates in a direct

cycle with a single-shaft Power Conversion Unit (PCU) consisting of a power turbine,

recuperator, pre-cooler, low-pressure compressor, intercooler and a high-pressure

compressor (Figure 16). These components provide for power generation by means of a

Braytoncycle.

Figure 16: Main Power System design of the PBMR [17]

This configuration can also be modified by the introduction of an intermediate heat

exchanger to use the 900 IIC reactor outlet temperature as a source of high-temperature

energy in process heat applications.

Figure 17 shows the T-S diagram for the PBMR:
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Specific entrophy in J/kg.K

Figure 17: T-5 Diagram for the PBMR

The operating conditions are as follows: The helium leaves the reactor at 9 MPa and 900 QC.

It then enters the power turbine which drives two compressors and a generator (1 shaft).

Across the turbine the pressure falls to 2.6 MPa and the temperature to 520 QC. It then

passes into the recuperator where the temperature falls to around 150 QC,together with a

slight component pressure drop (as for the pre-cooler and intercooler). The gas then enters

the Pre-cooler where it cools to 33 QC. It is then compressed in the LP compressor to 4.7

MPa and the temperature rises to 130 QCas a result. The Intercooler then cools the gas to

33 QC again before the HP compressor raises the pressure to around 9 MPa with the

temperature rising to around 100 QCin the process. The gas then enters the HP side of the

recuperator where it is pre-heated to 500 QCbefore entering the reactor. The reactor causes

around 0.25 MPa pressure drop while re-heating the gas to 900 QC. The net cycle efficiency

is near 40%.

Module Building

Figure 18 shows the elevation view of the interior of the PBMR module building. The reactor

and PCU are surrounded by a 1 m thick concrete citadel which can withstand aircraft

impacts. The helium inventory initially is made up and stored in the HICS tanks, located on

the outside of the PCU citadel (Power control is achieved by injecting or extracting helium to

and from the MPS). The fuel handling system (FHSS) tanks are for storing used and spent

fuel, also located on the outside of the PCU citadel. This entire configuration with the

generator system is enclosed inside the module building.

13Flownex Uncertainty Analysis of a DLOFC
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Figure 18: Interior of the PBMRModule Building [17]

Safety

In order for the PBMRto be a viablesolution it must be designed to be safe. Ifa breach in

the pressure boundary occurred, the system would begin to depressurize and the Brayton

cycle would collapse, terminating power generation. Assuming both of the core cooling

systems fail to operate, the temperature of the fuel kernels immediatelyattempts to rise due

to the loss of forced cooling. However, due to the immediate effect of the negative

temperature feedback coefficient (neutronic behaviour of the fuel and core structures

assembly) the fission power falls to zero. The only heating that remains is the decay heat

(heat generated due to the decay of fissionproducts).

The passive heat removal path provided by the core and fuel design is initiallynot sufficient

to remove the decay heat. This causes the fuel temperature to begin to rise. As the

temperature rises, the passive heat removal increases as a result of the increased

temperature difference between the fuel and the heat sink (RCCS). Eventually, the

(increasing) heat removal rate exceeds the (decreasing) decay heat generation and the

reactor beginsto cool down, without the need for active systems. This accident is known as

a "DepressurisedLoss of ForcedCooling"or DLOFC (The LWR industry refers to this kind of

accidentas a "Loss of CoolantAccident"or LOCA). Althoughthere are obviously numerous

other safety featureson the plant, this inherentno-core-meltfeature is the fundamentalfocus

area of this researchstudy.
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1.2 PURPOSE OF THE STUDY

The Pebble Bed Modular Reactor uses pebble fuel. These pebbles contain TRISO particles

which will begin to fail more rapidly with increasing temperature. For this reason it is

desirable that the fuel is prevented from reaching excessively high temperatures during

accident conditions. The main outcome of the research will answer the following question:

In the unlikely event of a DLOFCt accident, what will be the maximum fuel temperature in the

reactor and what is the confidence in this result?

Thus, the objective of this research is to perform an uncertainty analysis of a DLOFC

accident for the PBMR. This will include determination of the following:

1. The best estimate values for maximum temperatures experienced by the fuel, core

barrel and reactor pressure vessel during this accident condition.

2. The statistical uncertainty in each of the above as a result of possible variations or

uncertainties in the input parameters.

A spin-off from this research could be the demonstrationof this inherent safety feature by

showing that the acceptance criteria are met with a high level of confidence. The results

from the analysis will also be used in the reactor core structures design, and although the

study will not be used in the formal license applicationof the PBMR,the results will be used

as an alternative calculation for verification and validation of the safety analysis results

producedby the core neutronicsteam.

Eskom, the utility, is the formal license applicant. They require a robust, safe and cost

effective reactor design from PBMR. Other stakeholders include the South African

Government- the majorshareholder. Its objectivesare to providesafe, clean electricityto its

people (whilst at the same time seeking international recognition as a spin-off from the

successfulcompletionof the PBMRproject).

This uncertainty analysis is one of the building blocks in ensuring that these objectives are

met and hence plays an important role in the success of PBMR.

1 The definition of a DLOFC accident is described in Section 1.1.4
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1.3 SCOPE 

A mind map of the dissertation structure is provided in Figure 19: 

Figure 19: Mind Map of Dissertation Structure 

Chapter 1 - Introduction 

The introductory chapter contains the relevant background information describing the global 

energy crisis, the energy crisis in South Africa, possible solutions including alternatives to 

coal, and concludes with nuclear power and the PBMR. A discussion on safety of the PBMR 

is required in order to address the need for the study. The purpose of the study is revealed 

and the scope of what is covered is also included. The scope describes the dissertation 

structure, technical papers that were presented and the context of the study. The early 

identification of issues to be addressed is also included. 

Chapter 2 - Literature Survey 

The Literature Survey is done to obtain the relevant inputs that would be required as well as 

to research various methods for ascertaining uncertainty. Lastly, the literature survey 

investigates what related work has been done in the field of reactor simulation where the 

uncertainty in the result is investigated. Verification and Validation (V&V) works were also 

researched for purposes of Chapter 6. 

Chapter 3 - Methodology 

The Methodology section describes how a model was set up by first identifying the 

phenomena to be modelled and making the required assumptions and simplifications. 
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Software needed to be developed in order to perform the analysis as well as to sample 

inputs from their respective distributions to perform a Monte Carlo simulation. The Flownex 

reactor model is described and how it was used to model the PBMR reactor. 

Chapter 4 - Model Inputs 

Chapter 4 describes the boundary conditions, neutronic inputs, thermophysical properties, 

geometric input simplifications, space and time discretization, plus the uncertainty around 

these inputs to be investigated in the sensitivity analysis and Monte Carlo simulation. 

Chapter 5 - Results and Discussion 

In Chapter 5 the steady state and transient results are shown and discussed. This chapter 

also includes the uncertainty results and the statistical analysis thereof, which provides a 

confidence level in the result. 

Chapter 6 - Verification and Validation 

The Verification and Validation measures taken firstly address Flownex V&V before 

describing a benchmark process that was set up in order to compare Flownex to other 

codes. Finally, the result is compared against alternative calculations that have been done 

using TlNTE (neutronics code) and Fluent (CFD code). A discussion on possible options for 

comparison with experiment is also provided in this chapter. 

Chapter 7 - Summary and Conclusion 

Chapter 7 summarizes and concludes on the main findings of the research, identifies the 

problems experienced and suggestions for possible future work. 

1.4 SUMMARY 

The required background to the study was provided in this introductory Chapter: A global 

energy crisis was identified, and the focus narrowed to the energy crisis in South Africa. In 

order to find a solution to this energy crisis, one must look at both the supply and the 

demand. There is limited scope for reduction of the demand, especially since rising demand 

is a positive result of economic development. Therefore, effort should be focussed on 

increasing the supply. 

Diversity of supply is one of the objectives of the South African government. Thus, since 

coal is already such a major role player, alternatives to coal-fired electricity were 

investigated. Nuclear power was identified as a clean, safe and reliable source of electricity 
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and Koeberg, South Africa's only nuclear power station was briefly discussed. 

The PBMR is an inherently safe, next generation nuclear power plant that uses pebble fuel 

and is cooled by helium in a direct cycle. In the event of a depressurized loss of coolant 

(DLOFC) accident, the reactor will passively cool itself, and remain within safe limits. 

The purpose of the study was identified, i.e. to demonstrate this inherent safety feature of the 

PBMR whilst accounting for uncertainty. The scope of the study was also provided, 

indicating the context of the author's previous work. 
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2. LITERATURE SURVEY 

2.1 INTRODUCTION 

A literature survey was required to fulfil the following five functions: 

1) To provide the reader with a comprehensive background to the study. This includes: the 

global energy crisis; energy crisis in South Africa; possible alternatives to coal as an 

energy source; nuclear power; the PBMR; and finally addresses the need for this study; 

2) To gather the required input information in order to set up the simulation model; 

3) To research the concept of uncertainty, identify the need for uncertainty analysis, and 

investigate various methods of determining the uncertainty for a given model; 

4) To investigate related work and to establish the current status of knowledge in this field of 

study, i.e. whether or not, and to what degree uncertainty analyses have been carried out 

in simulating a depressurized loss of forced coolant (DLOFC) accident for a pebble bed 

reactor; and 

5) To research all relevant documentation that can support the verification and validation 

(V&V) work for this study. This includes both software and model VBV. 

Background information for part (1) was readily available due to the popularity of the topic and 

widespread level of knowledge around the world in these areas. The results from this part of the 

literature study can be found in Section 1.1 which provides the required background information, 

and is well referenced. 

To find the model inputs described in part (2), the relevant literature was consulted within PBMR. 

Information was also acquired via literature review meetings held with PBMR core structures 

design engineers as well as thermohydraulics and core neutronics analysts. This investigation 

revealed information such as: the steady state and transient boundary conditions; neutronic 

inputs (e.g. neutron and gamma heating of the side and central reflector); geometric inputs; 

thermophysical properties of the core structures and of the helium coolant; and of course the 

uncertainty around these inputs. All of these are described in detail and well referenced in 

Cha~ter 4. 

This chapter i.e. Chapter 2, presents the knowledge gained in conducting the research described 

by parts (3) and (4). 

Section 2.2 is entitled "Uncertainty Analysis" and its purpose is to address part (3) 

Section 2.3 is entitled "Related work and its purpose is to address part (4). 

Lastly, part (5)  which includes V&V-related research is comprehensively addressed in Chapter 6. 
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2.2 UNCERTAINTY ANALYSIS 

2.2.1 Types of uncertainty 

There are two main types of uncertainty 1201: 

1. Epistemic uncertainty, which exists because of a lack of knowledge, and is generally 

reducible by improved methods of measurement, research, testing, etc. 

2 Aleatory uncertainty, which exists as a result of natural randomness, and is generally 

irreducible. 

Epistemic Uncertainty 

This uncertainty type can be further sub-divided into known unknowns and unknown 

unknowns. Known unknowns arise when the analyst is aware of the uncertainty in a 

particular phenomenon, but he is unsure of how to account for it. Unknown unknowns exist 

when phenomena come into play, of which the analyst is unaware. These unknown 

unknowns are the cause of what is commonly referred to as completeness uncertainty. 

The uncertainties associated with systematic errors (e.g. calibration errors, instrument drift, 

etc.) are also classed as epistemic uncertainties since they can be reduced by improving the 

relevant technology. Again, these systematic errors and can be anributed to either of the 

known or the unknown categories. 

Software and model uncertainty are also of an epistemic disposition. Software uncertainties 

can include: Software operator errors, solution scheme, discretization (if hard-coded), 

rounding errors, simplification of the physics, empirical correlations, etc. -all of which can be 

reduced by minimising simplifications, improved correlations and by performing benchmark 

comparisons. Model uncertainties arise as a result of simplified geometrical assumptions, 

three dimensional effects, scaling, control and system simplifications, inaccurate data 

libraries, unmodelled processes, discretization simplification (if user input), etc. - all of which 

can be reduced by more comprehensive researching, more detailed modelling techniques, 

comparison with experiment and alternative calculations. 

Aleatory Uncertainty 

Most things naturally exhibit some form of random or fluctuating behaviour. Examples of this 

are: The weather, the size of an animal species, material properties (due to differences in the 

material microstructure), radioactive decay, etc. This natural randomness gives rise to what 

is known as aleatory uncertainty. Wherever randomness is exhibited, multiple samples 

provide information as to how much the parameter can vary and what its behaviour is. Thus, 

statistical methods can be used to understand and quantify this uncertainty type [20]. The 
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methodology employed to address uncertainty in this dissertation is described in Chapter 3. 

Internal and External Uncertainty 

Alternatively, some researchers make use of the terms internal and external uncertainty. 

"internal uncertainty" refers to inaccuracies in the simulation tools or the system models 

whereas the term "external uncertainties" refers to deviations in the input parameters [21]. In 

general (with a few exceptions in the details), internal and external uncertainties fall into the 

epistemic and aleatory uncertainty categories respectively. 

2.2.2 Need for uncertainty analysis 

In order for PBMR to achieve a construction license, it must comply with the licensing 

requirements of the South African National Nuclear Regulator (NNR) 1221. One of these 

requirements is the following: 

"It must be ensured that the quantitative techniques used for the deterministic and 

probabilistic analyses take into account all the potential uncertainties that exist so that an 

estimate can be made of the confidence level to be ascribed to the quantitative results and 

the demonstration of the level of consewatism that exists in them. Comprehensive and 

systematic sensitivity studies and uncertainty analyses must be performed to determine 

those uncertainties that are most important in each case. " 

In the field of uncertainty, mention is frequently made to "demonstration of conservatism". 

The purpose for application of conservatism (i.e. pessimistic with respect to the acceptance 

criterion) is to account for uncertainties in the design and in the anaiyses. Hypothetically, if 

there were zero uncertainties, there would be no purpose for conservatism. Different 

methods of demonstrating conservatism to account for uncertainty are described in Section 

2.2.3. 

The concept of conservatism has been used both in South Africa and internationally. The 

IAEA describes how conservatism accounts for uncertainty and provides margin to the 

acceptance criteria (e.g. fuel cladding temperature), which ensures that nuclear power plants 

operate safely. In the past ten years there has been an increasing tendency to replace 

conservative evaluation model calculations with "best estimate" or "realistic" calculations; 

again, not without consideration for uncertainty [23]: 

"In case of best estimate calculations it is necessary to supplement an uncertainty 

analysis of the code results when determining the safety margin." 
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Figure 20 shows the relationship between uncertainty, safety margin, best-estimate and

conservative calculations.

Safety Umits
Could be Zero Depending on

Regulatory Stipulations

Safety
Margin

Regulatory
AcceptanceCriteria

Value Computed by
Conservative Calculation

~------------_.------
Uncertainty

Value Computed by
Best Estimate Calculation

Figure 20: Illustration of the Context of Uncertainty In Safety Analyses [23]

The US Nuclear Regulatory Commission (NRC) produces regulatory guides to provide a

means of compliance to that country's federal regulations. Regulatory Guide 1.203 [24]

describes the developmentof evaluation models and that they should account for statistical

uncertainty. This stems from the higher level code of federal regulations, 10 CFR Part 50

[25], which states that

"...uncertainties in the analysis method and inputs must be identified and assessed so that

the uncertainty in the calculated results can be estimated. This uncertainty must be

accounted for.....

Thus, it is not an option but rather a requirement that all license applicants account for

uncertaintiesin their accidentanalysesto demonstratethe safety of their plants.
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2.2.3 Methods of Determining and Accounting for Uncertainty 

Although the main purpose of this dissertation is not to research and compare the various 

methods of dealing with uncertainty, a literature review was carried out to acquire the 

necessary background in this regard. Various methods of determining and accounting for 

uncertainty for a given model are discussed in this section. 

PlRT Process 

The Phenomena Identification and Ranking Table (PIRT) Process was developed by the 

NRC [26]. Experts in the specified accident analysis meet to identify all the phenomena 

taking place during the accident and to perform a ranking of their importance in the analysis 

as well as a ranking of the uncertainty in the phenomena. The steps required in this process 

are as follows: 

Obtain a team of experts to participate in ( thePTT ] 

outputs that will be compared to the 
acceptance dteria 

and data 

ldenlify systems, sbuclures and 
components (SSC) lhal are potentially 

involved or affecled and the phenomena 
taking place 

Pmvidea ranking of lhe SSC and 
phenomena and the confidence in the 

ranking 

Figure 21 : Summary of Steps in the PlRT process 

High-ranking phenomena require special attention to ensure that these phenomena are 

modelled adequately. This is done by applying a sufficient, justified level of conservatism or 

improving the modelling capability for that specific phenomenon. Phenomena that have a 

high level of uncertainty in their ranking, require more comprehensive research and/or 

verification and validation (V&V) measures. 
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The PlRT process thus helps to ensure that the important phenomena are identified and 

included in the model, and focuses the V&V efforts on the uncertainties. In this way the 

model uncertainties (described in Section 2.2.1) may be greatly reduced. 

Sensitivity Studies and Conservative analysis 

Section 2.2.2 discussed how demonstrably conservative analyses are required to account for 

uncertainty. This conservatism can be applied and demonstrated in a variety of ways. 

Although more modern, statistical techniques are used nowadays (described in the sections 

that follow), the traditional methodology was to perform sensitivity studies followed by a 

single conservative analysis. PBMR defines conservative analysis according to the NNR 

regulations [22] as follows: 

"The deterministic safety approach requires adequate margins. This is achieved through 

analyses using conservative assumptions and input data without the introduction of a final 

margin. For such analyses input data pessimistic in terms of the analytical results are used 

with the purpose of arriving at a set of safety analysis results that are demonstrably 

pessimistic in comparison with any likely result. " 

In the single conservative run approach: 

1. The key parameters from the sensitivity studies are set to pessimistic values (with 

respect to the acceptance criteria), commensurate with the level of uncertainty in 

each parameter. 

2. Where correlations are used in the software, these are implemented in a pessimistic 

manner. 

3. Where geometric simplifications have been made, these are to be justified, and 

conservatism applied in the simplification, where necessary. 

4. Where phenomena have not been modelled it must be justified either that the 

phenomenon is unimportant to include in the model or that the calculation result is 

made conservative by omitting that phenomenon. 

Although the output obtained from this method is not realistic, it is demonstrably conservative 

and hence the uncertainty is accounted for, with a level of safety margin. 

The NNR [22] also calls for sensitivity studies. The term sensitivity study (sometimes 

referred to as a parametric study) is used to describe the process whereby calculation inputs 

are varied incrementally within an arbitrary predefined range whilst observing their effect on 

one or more calculation outputs. This enables us to learn more about which inputs most 

strongly affect a specific calculation result, as well as its sensitivity towards them. These 

sensitive inputs are known as key parameters. 
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Statistical methods 

SRSS METHOD 

The Square Root of the Sum of the Squares (SRSS) method which is described in any 

standard statistics textbook, is a widely-used statistical method for combining uncertainties in 

input parameters to find the expected uncertainty in the output. A basic derivation is 

provided: 

Assuming that the system behaves in a linear manner, i.e. that the input parameters are 

independent of one another, the principle of superposition applies. This means the overall 

effect on a system of n parts equals the sum of the individual effects, i.e. 

where Vs,,,, is the overall variance of the system and Vi is the variance of the system only 

due to changes in parameter i. 

Uncertainty can be measured by the standard deviation which is related to the variance via 

2 - 
f fs ,mm - "s,,m (2.2) 

Therefore 

where U is the uncertainty or standard deviation (The same subscripts are applicable). Note 

that it can just as easily be shown that U is interchangeable with other measures of 

uncertainty, e.g. 95Ih percent confidence limits (20 values), etc. 

This method allows the user to vary one parameter at a time to find the individual effect of 

each, and to determine the overall uncertainty as a result of the combined effects of all the 

parameters by use of (2.3). Note however that this application is limited to linear systems. 

One way around this is the fact that non-linear systems can still be represented by linear 

approximations near to the point of interest. The accuracy will decrease for larger 

oerturbations however. 
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MONTE CARL0 METHODS 

Monte Carlo methods are stochastic techniques, i.e. they make use of random numbers and 

probability statistics to investigate problems. Simple systems can very often be solved 

analytically and explicitly. However, this becomes nearly impossible as the complexity of the 

system increases. Monte Carlo methods applied in a computing environment can overcome 

this. 

Using Monte Carlo, large and complex systems can be sampled in numerous random 

configurations, and the input and output data can be used to describe the system as a whole. 

Monte Carlo methods can also be used to investigate the probabilistic behaviour of a system. 

In order to do this, each input parameter is assigned a probability distribution function (PDF) 

according to its uncertainty. For each analysis run, the inputs are sampled from their 

respective PDFs by means of a random number generator. The code is run repeatedly 

through numerous analysis runs, recording the results in each case so that an output 

probability distribution function can be established. From this, confidence limits can be 

drawn up for each output. Hence, this is ideal for use in an uncertainty study. Note that this 

usually only covers the aleatory uncertainties (Section 2.2.1) but in many cases the epistemic 

uncertainties also can be included. 

Monte Carlo methods all follow the same principle but begin to differ where different 

sampling techniques are used. The traditional Monte Carlo sampling technique is completely 

random; known as Simple Random Sampling (SRS). This sometimes requires a large 

number of calculation runs before the solution is well described, i.e. before the solution has 

converged. To improve computational efficiency, more logic can be applied to the sampling 

scheme: 

MCKAY [27] showed that Latin Hypercube Sampling (LHS) is faster and more accurate than 

SRS in uncertainty analysis of computer models. The LHS method divides the uncertainty 

range of each parameter into intervals of equal probability. More even sampling of a 

multidimensional problem is achieved by avoiding sampling the same interval number for any 

two parameters in any particular run. 

VASQUEZ [28] used Equal Probability Sampling (EPS) in an uncertainty analysis of 

thermodynamic models. This approach stratifies the parameter space into equal probability 

intervals or shells that are sampled routinely. This method is a powerful tool to more evenly 

sample the parameter space in order to reduce computation time. It was found that where 

inputs are highly correlated this method provides more accurate results than the LHS and 

shifted Hammersley sampling methods. The EPS method reduces to the LHS method for 

non-correlated input parameters. 
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Orthogonal sampling adds the requirement onto LHS that the entire sample space must be 

sampled evenly. To achieve this all random samples must be generated simultaneously, 

thus this is a rather difficult method to implement. The advantage of this method is that the 

set of random numbers generated is a very good representative of the real variability of the 

parameters. Taguchi methods (often referred to as the Robust Design Techniques) are an 

application of orthogonal arrays. For example, XlAOPlNG [21] used these methods to 

establish a methodology for managing the effect of uncertainty in simulation based design. 

He illustrated the techniques for propagating the effect of uncertainties across a design 

system comprising interrelated subsystem analyses, and showed the benefits of applying a 

Taguchi method to making reliable design decisions where uncertainties were present. 

The uncertainty study presented in this dissertation is essentially also a design problem since 

should the results prove unacceptable, alternative design decisions may have to be made to 

bring the results within the limits. 

2.3 RELATED WORK 

The previous section (2.2) provided a theoretical overview of the concept of uncertainty. It 

dealt with the need for uncertainty analyses, types of uncertainty and the methods used to 

address it. This section (2.3) summarizes the findings on how various institutions around the 

world have made use of the techniques (described in Section 2.2.3) for consideration of 

uncertainty in DLOFCZ analyses, where applicable. 

2.3.1 PBMR 

VAN DER LINDE [29] undertook an uncertainty study on the PBMR turbo machines. The 

objective of the study was to perform an uncertainty study around the PBMR turbo machine 

design. The study is applicable to this dissertation since it includes a simplified PBMR 

reactor model and is also a thermohydraulic uncertainty study by nature. Analogous to this 

dissertation, the study used the same SRS Monte Carlo method (Refer to Section 2.2.3). 

However, there are several fundamental differences between the two studies. The main 

differences between the study in [29] and this dissertation are outlined in Table 1. 

The DLOFC accident is described at the end of Section 1.1.4 

Flownex Uncertainty Analysis of a DLOFC 27 



M. Sage LITERATURE SURVEY Nov-2006 

STRYDOM [30] performed detailed reactor modelling for the PBMR reactor using the TlNTE 

(Tlme-dependent Neutronics and TEmperatures) code. In that study, the SRSS approach 

(Section 2.2.3) was used to investigate the uncertainty of the maximum fuel temperature 

(MFT) during a DLOFC accident. The results from this study are comparable and can thus 

be used for V&V purposes. These are presented in Chapter 6. 

Table 1 : Fundamental Differences between the study in [29] and this Dissertation 

STRYDOM [31] also performed a second study using an SRS Monte Carlo approach 

(Section 2.2.3). This study had the same purpose as above, i.e. to investigate the 

uncertainty of the MFT during a DLOFC accident. Again, the results from this study are 

comparable and can thus be used for V&V purposes. These are presented in Chapter 6. 

Focus 
(acceptance 
criteria) 
Modelling 

Mode 

KOSTER [32] provided a basis for the calculation of MFTs during accident conditions, 

including error margins. This approach uses the SRSS method (Section 2.2.3) for estimating 

uncertainty. Longer-term uncertainties, e.g. pebble flow and mixing zone dimensions are not 

regarded as having statistical variations and it is recommended that these be calculated 

separately as an abnormal condition. The approach is based on the HTR-Modul 

methodology adopted by SIEMENS. 

VAN STADEN [33] and PBMR's team of CFD experts have also carried out extensive work to 

simulate the DLOFC accident for the PBMR using CFD codes. Although uncertainty has not 

been largely addressed in this work, the CFD comparisons serve as a useful comparison of 

the expectedresult. This result is presented in Chapter 6. 

Turbo Machine Uncertainty Study 
[29] 

Turbo machinery design 
parameters, e.g. rotation speed, 
surge margin, grid power, etc 
Turbo machines, simplified reactor 
model plus other MPS components 
Steady State: Full Power Operation 

2.3.2 JAERI 

Reactor DLOFC Uncertainty 
Study (This Dlssertation) 

Maximum fuel temperature (MFT), 
core barrel temperature and RPV 
temperature 
Detailed reactor model 

Accident Condition: DLOFC 
transient 

KATANlSHl [34] used a conservative analysis to account for uncertainty in Japan's Gas 

Turbine High Temperature Reactor of around 300 MW (GTHTR300). Japan Atomic Energy 

Research Institute (JAERI) is developing this reactor. It is similar to the PBMR (Section 

1.1.4) in that it uses helium coolant in a direct cycle with the turbine connected to a graphite 

moderated reactor, housed in a confinement building. This reactor also uses TRlSO fuel 

particles but these are constructed into fuel rods rather than pebbles. The plant layout and 
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Coated Fuel Particle (CFP) fuel structure are shown in Figure 22 and Figure 23 respectively.

Figure 22: Plant layout of the GTHTR300[34]

[ Cooledfuel pal1icll

COlt....

I Fuelcompact

I F.- rod I
Figure 23: Schematic of CFP and Fuel Rod in the GTHTR300[34]

The same DLOFC event has been analysed by this team of experts, only in this case it is

referred to as a "Depressurization Accident". As for the PBMR, the event is hypothetically

initiated by the postulation of a large break in the piping system. The analysts made use of

the RELAP5/MOD3 code, which predicted a maximum fuel temperature (MFT) of no more

than 1422 ce. An acceptancecriterion of 1600 ce was imposed (although> 1600 ce does

not necessarily imply any cliff-edge effect). The result can not be compared to the PBMR

study presented in this dissertation due to the difference in power levels of the two reactors

(300 vs. 400 MW). What is interesting is the approach to addressing uncertainty:

To address uncertainty, the conservative approach was used, as described in Section 2.2.3.

This is a more traditional approach as opposed to the more modern (statistical) Monte Carlo

method employed in this dissertation.
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2.3.3 SIEMENS

SIEMENS [35] used the SRSS approach (Section 2.2.3) in the license application for the

HTR Modul in Germany. The HTR Modulwas an 80 MWedesign with a reactor operating in

an indirect steam cycle. The methodology was used for the same DLOFC accident

presented in this dissertation, to find the maximum fuel temperature,whilst accounting for

model and input uncertainties. This study made use of the SRSS method for the random

uncertaintiesbut for the systematicuncertaintiesthe inputswere biased explicitly.

2.3.4 Westinghouse

Westinghouse has designed two new LWRs in the past two decades - The AP600 and

AP1000. The "AP" refers to the "AdvancedPassive"safety features of these plants. Figure

24 shows a schematicof the containmentand reactorcoolant systemdesign.

Natural conWlction
air cli8charge __

~~~ ~;::.vlty draln--.....

Walerfibn evaporation

OUtside cooling air intake

Steel conIBirvnent vessel ./'

Air baffle

Figure 24: AP1000Containment and Reactor Coolant System Design [36]

To prove that the plant is safe, Westinghouse must submit (amongst others) an application

for design certification in the form of a Design Control Document (DCD) to the NRC. This is

similar to the way in which PBMR must submit a Safety Analysis Report (SAR) to the NNR.

WINTERS [36] explains in Chapter 15 of this DCD, which is entitled "Accident Analysis", how

uncertainty has been accounted for in the AP1000 design. Consideration was made for the

uncertainty of measurement errors due to instrumentation drift, calorimetric errors, power

range neutron flux and decay heat. The accident under consideration is called a Loss of

Coolant Accident (LOCA), which is the LWR equivalent of a DLOFC, usually initiated by a

hypothetical catastrophic pipe break. [36] explains how a conservative methodology is used

for the small-break LOCA analysis and a "best estimate", Le. Monte Carlo methodology is

used for the large-break LOCA analysis.
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The use of Monte Carlo extends beyond simply calculating maximum cladding temperatures 

or MFTs during accident conditions. For example, POWERS [37] used this technique to 

model aerosol behaviour in the AP600 reactor containment. This would typically form part of 

the analysis chain two steps down from calculating fuel temperatures. 

In an example where fuel temperatures were coupled directly to fuel releases, ROLLIG [38] 

performed an uncertainty analysis of the Radioactive Release during DLOFC accidents for 

the PBMR (Westinghouse was contracted to perform this analysis). This involved use of the 

VSOP code to determine the steady state conditions and temperatures, TlNTE to determine 

the fuel temperatures during the DLOFC transient, and finally GElTER to determine the 

fission product release from the fuel. An SRSS method (Section 2.2.3) was used to estimate 

the uncertainty down the analysis chain. The results from the first part of this study involve 

calculation of the MFT and its uncertainty, and are presented for V&V purposes in Chapter 6. 

2.3.5 AREVA 

The French are also researching high temperature gas reactors to advance their already 

well-established nuclear industry. MAYS [39] investigated the effect of normal operating 

temperature on MFT for AREVA's high temperature reactor program. This conceptual design 

study considered various normal operating ratios between inlet and outlet gas temperature 

and the effect that this has on MFTs during a DLOFC. However, the study was applicable to 

an HTR using prismatic fuel rather than pebble fuel. 

2.3.6 IAEA and NRC 

The International Atomic Energy Association (IAEA) was established in 1957 to create and 

apply international safeguards consistent with the peaceful uses of atomic energy. This 

international organisation compiles collaborative reports on various topics in the nuclear 

industry. A detailed, stepwise approach to addressing and minimising uncertainty (applicable 

to DLOFC and other reactor analysis) is available from the IAEA [40]. Recommendation is 

made to combine uncertainty in a statistical approach, either by SRSS or Monte Carlo using 

LHS (Section 2.2.3) for LOCA analysis. 

The Nuclear Regulatory Commission (NRC) is the regulating body in the US. They have 

progressed through several methods of dealing with uncertainty in LOCA analyses over the 

past few decades. In the 19705s, the initial methodology prescribed by the NRC for LOCA 

analyses was conservative analysis (Section 2.2.3) due to the limited extent of V&V. This 

approach is described in 10 CFR 50, Appendix K [25]. As many man-years of operating 

experience were gained since then, the level of knowledge and understanding improved, and 
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hence the level of V&V was greatly increased. This enabled license applicants to move to a 

best-estimate methodology and the Code Scaling Applicability and Uncertainty (CSAU) 

method was approved for this purpose by the NRC in 1988 (411. This method uses a Monte 

Carlo approach (Section 2.2.3) that uses a response surface. However, the use of a 

response surface instead of the detailed reactor simulation code introduces an error that 

needs to be accounted for. With the advancement in computing power, this method was 

further improved upon by use of the detailed reactor simulation code instead of using 

response surfaces. This method uses non-parametric orders statistics and is known as the 

Advanced Statistical Treatment of Uncertainty Method (ASTRUM). This method was 

approved in 1992. In the ASTRUM method, choosing the worst simulation run from a 

calculated minimum number of Monte Carlo runs represents the 95Ih percentile condition. 

These methods are all specifically applicable to the LOCA analyses. 

2.4 SUMMARY 

A literature survey was undertaken to fulfil five objectives: The first was to gather 

background information leading up to the need for the study. This was covered in Chapter 1 

with references. The second was to acquire input data in order to set up the simulation 

model. This will be covered in Chapter 4. The fifth objective of the literature survey was to 

research all relevant documentation that can support the verification and validation (V&V) 

work for this study. The results of this will be presented in Chapter 6. 

This chapter has addressed the third and fourth objectives of the literature survey. The third 

objective: To research the concept of uncertainty, identify the need for uncertainty analysis, 

and investigate various methods of determining the uncertainty for a given model. The PlRT 

process was identified and discussed. This method can be used to reduce model 

uncertainties. Irreducible uncertainties are generally accounted for in one of two basic 

approaches: The first approach is to perform conservative analyses, i.e. making pessimistic 

assumptions with respect to the acceptance criteria. Sensitivity Studies are also described 

which enable one to learn more about which inputs most strongly affect a specific calculation 

result, as well as its sensitivity towards them. 

The second approach is to make use of statistical methods to establish the level of 

uncertainty. These statistical methods usually use either an SRSS approach (which 

assumes a linear system) or a Monte Carlo approach (which can be used on any system). 

Various optimizations can be made on the sampling scheme of a Monte Carlo simulation to 

reduce computation time, e.g. LHS, EPS, shifted Hammersley, orthogonal arrays (e.g. 

Taguchi methods), etc. It seems the Monte Carlo approach is the most advanced and is the 
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most suitable for achieving accurate results. The sampling strategies appear to be useful but 

require more time to program sampling algorithms and prepare inputs. 

The fourth objective was to investigate related work. The contributions from various 

institutions around the world were summarized: PBMR has used both SRSS and Monte 

Carlo techniques to perform uncertainty studies using the TlNTE code and have performed 

alternative analyses using detailed CFD calculations for comparison of the expectedvalues. 

Various other contributions from Japan, Germany, USA and France were studied. A detailed 

literature survey reveals that much work has been done in the field of DLOFC (or LOCA) 

accidents on nuclear reactors. The conservative method, sensitivity studies, SRSS and 

Monte Carlo methods have all been used internationally, but a Monte Carlo uncertainty study 

has not yet been done for the PBMR using the Flownex code. This indicates that the work 

presented in this dissertation is unique. 
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3. METHODOLOGY 
- - 

3.1 INTRODUCTION 

The purpose of this Chapter is to describe the stepwise procedure that was used to: 

Establish the modelling requirement; 

Develop a model that represents the PBMR reactor; 

Simulate the accident scenario to observe the outcome; and 

Address the uncertainty in the result. 

A PlRT process is executed in order to establish the model requirement, i.e. to define the 

accident scenario and establish what phenomena need to be modelled in it. This also 

highlights where emphasis should be placed, i.e. on high ranking phenomena andior 

phenomena that are not well understood. 

Once the PlRT is complete, appropriate software can be identified to model the phenomena 

that were identified in the PIRT. Any software development requirements can also be 

identified at this stage. 

3.2 ESTABLISHING THE MODEL REQUIREMENTS 

The model requirements are established by use of a PlRT process (summarized in Section 

2.2.3 as part of the literature survey). The primary purpose of the PlRT is to systematically 

identify and rank the phenomena taking place in order to know what to account for when 

developing the model. The effect of this is that model uncertainties are reduced as a result 

of rigorous review of the relevant phenomena by the experts. Since the PlRT is essentially a 

detailed study on its own, only the main results from the PlRT are summarized in this 

dissertation as follows: 

Accident Scenario Definition and time phases 

The first key step in the PlRT process is to define the accident scenario: The power plant is 

running at 100% of normal full power operation. Instantaneously, a medium to large sized 

break (230 - 2300 mm) occurs in the helium pressure boundary. This is termed the 

"Initiating Event". The MPS depressurizes to atmospheric pressure very quickly (ranging 

from 1 second and 20 minutes), depending on the size of the break. The depressurization 

causes the Brayton Cycle to collapse, thus losing forced cooling of the reactor. Because this 

event is classed as a "Design Basis Accident", the deterministic analysis rules require that no 

credit is taken for non-safety-grade equipment. Thus, it is assumed that the Core 
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Conditioning System (CCS) is not available for cooling. The fuel and core structures 

temperatures begin to rise due to the production of decay heat plus the loss of cooling. The 

temperature reaches a maximum when the heat removal due to conduction, radiation and 

natural convection equals the decay heat generated in the core. The fuel and core structures 

slowly cool down again as the decay heat diminishes. 

Three distinct time phases are identified: 

1. Normal 100% power operation before the initiating event 

2. Depressurization phase as a result of the break 

3. Core heat-up and cool-down phase 

Figures of Merit 

The Figures of Merit are the required outputs from the model which would be compared 

against their respective acceptance criteria. Of particular importance in this accident 

analysis is the release of radionuclides. There are numerous phenomena that can be 

identified in this regard, e.g. the release of the circulating activity in the helium; the release of 

a portion of the re-suspended radioactive dust; the release of a portion of the plated-out 

fission products, radionuclide transport mechanisms, etc. However, the purpose of this 

model is to evaluate fuel temperatures, and not to determine the release of radionuclides. 

Thus, the Figure of Merit for this study is "fuel temperature". 

Identification of SSC 

This step involves the identification of Systems, Structures or Components (SSC) whose 

characteristics or performance could potentially impact the Figure of Merit during this 

accident. The identified SSC are: 

a. Fuel kernel & coatings 

b. Pebbles (fuel spheres) 

c. Pebble bed (including helium that surrounds the pebbles) 

d. Bottom reflector 

e. Fixed Central Reflector 

f. Side reflector 

g. Helium volume inside the core barrel, between the side reflector and the core 

barrel 

h. Core barrel 

i. Helium volume within CBCS, between the core barrel and the reactor pressure 

vessel 

j. Reactor pressure vessel 

k. Reactor cavity volume, air1 helium mixture 
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I. HVAC removing heat from the reactor cavity 

m. Reactor Cavity Cooling System 

n. Concrete which forms the reactor cavity 

The methodology and assumptions employed to model these SSC are described in Section 

3.5. 

Phenomena identification 

Due to the voluminous information generated during this step, only the high-level results are 

summarized here. A detailed report [42] provides the phenomena and ranking per SSC, per 

time phase with justification and references. The important phenomena to be included in the 

model are listed below: 

a. Core temperature profile 

b. Core power profile 

c. Helium mass flow and leakage flows 

d. Heat generation in the fuel (decay heat) 

e. Neutron and gamma heating in the central and side reflector 

f. Heat transfer through solids via conduction 

g. Heat transfer through gases via natural convection 

h. Heat transfer from solid surfaces due to radiation 

I. Gas thermophysical properties (helium; air) 

j. Solids thermophysical properties (pebble fuel; c 

barrel; reactor pressure vessel) 

and side reflector: core 

3.3 SOFMlARE USED 

The previous section established the model requirements by use of a PlRT process. Now 

that the SSC, time phases and phenomena have been identified, the appropriate software to 

be used can be selected or developed. Standard practices are recommended when 

developing and implementing computer software in the nuclear industry, e.g. the American 

Nuclear Society Standard on portability of scientific and engineering software [43]. 

Taking this into consideration, the software and programming tools selected for this study are 

summarized in Table 2. Following this, a description of each software product is provided, 

with justification for its selection. 
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Table 2: Software Used for this Study 

3.3.1 Flownex Nuclear version 6.348 

Software Name 

Flownex Nuclear Console 
Flownex Analyser 
Flownexpost 
Matlab 
EES (Engineering Equation Solver) 

Background 

Version 

6.348 

V2.03 

3.7 

6.5 

6.737 

Flownex is a Computational Fluid Dynamics (CFD) analysis code used for solving thermal- 

fluid systems. It uses the fundamental conservation equations (mass, energy and 

momentum) to solve for flow, temperature and pressure in any user-defined system of 

components. Flownex can handle a wide variety of components, e.g. pipes, pumps, orifices, 

heat exchangers, compressors, turbines, controllers and valves. 

Flownex is capable of modelling (amongst others) the following typical requirements: steady- 

state and transient event sequences; incompressible and compressible flow (up to a Mach 

number of 1); laminar and turbulent flow; conductive, convective and radiative heat transfer; 

thermal capacitance; heat exchangers, turbo machinery, reactors, reservoirs, etc. With this 

vast repertoire of capabilities combined with limitless flexibility to construct user-defined 

networks, Flownex becomes a powerful tool in a variety of industries. These include: 

The mining industry, e.g. heat recovery systems, air ventilation systems, chilled water 

networks, compressed air networks, etc.; 

The aircraft industry, e.g. turbo engine combustion chambers, fuel distribution 

systems, air conditioning systems, etc.; 

The power generation industry, e.g. gas turbine networks, etc.; and 

A wide variety of general applications, e.g. the sizing of pumps and fans, modelling 

city gas networks and water reticulation systems, water hammer problems, etc [45]. 

Flownex Nuclear 

Selecting a Code for this Dissertation 

6.348 

Various other thermohydraulic computer codes are available, some developed specifically for 

gas reactors. For example, GAS-PASSIH is a simulation code developed at the Department 

of Nuclear Engineering, Texas University and was used in safety analysis and control studies 

for a gas cooled fast reactor [44]. However, for the study presented in this dissertation, the 

Flownex Nuclear thermohydraulic analysis code was already available and in use, with a 

reactor modelling capability designed specifically for the PBMR, and having a growing user 
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requirement specification (This includes the requirements generated in Section 3.2). 

In addition, an active user support system is in place for purposes of anomaly reporting and 

rectification, as well as for continual improvement and development. This infrastructure has 

facilitated the development of a highly user-friendly code, with an advanced level of maturity. 

Lastly, computation time becomes important when performing multiple runs in a statistical 

simulation. Flownex' implicit solver allows for fast run times, making it an attractive option. 

For these reasons, Flownex Nuclear was identified as an ideal analysis tool for the study. 

3.3.2 Flownex Nuclear Console version 6.348 

Flownex Nuclear Console is a standalone solver that solves Flownex networks using only the 

code fundamentals, i.e. excluding the Graphical User Interface (GUI). This allows for 

executing Flownex runs from e.g. an alternative simulation platform. 

3.3.3 Flownex Analyser version V2.03 

Flownex currently does not have the functionality to perform a series of multiple runs, i.e. the 

user must separately initiate each simulation run. Flownex Analyser is a Matlab code that 

was written to allow the user to perform multiple analyses without the intervention of the user 

in between runs (This requires the use of Flownex Nuclear Console described in Section 

3.3.2). Flownex Analyser thus becomes a useful tool for sensitivity analyses or for 

performing numerous statistical runs. 

3.3.4 Flownexpost version 3.7 

Flownexpost is a Matlab code that was written to allow for more detailed post-processing, 

data manipulation, unit conversion, graphing, etc. of Flownex input and output data. 

3.3.5 Matlab version 6.5 

Matlab is a powerful, high level programming tool with a vast number of built-in 

mathematical, statistical and engineering functions. This software platform was used to run 

the Flownex Analyser which initiates each Flownex analysis as well as to run Flownexpost. 

3.3.6 Engineering Equation Solver (EES) version 6.737 

EES is a generic program that is able to solve a given set of user-defined simultaneous 

equations. It also has built-in functions, data libraries, graphing capabilities and a GUI. This 

program was used to perform some of the V&V work presented in Chapter 6. 
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3.4 FLOWNEX REACTOR MODEL

The Flownex reactor model is a 2-dimensional axi-symmetrical model that is based on

various configurationsof "primitive"elements. These primitive elementsare essentially the

fundamentalequations that representflow and heat transfer in the reactor. There are four

primitiveelements,namely:

1. Flowelements(satisfy conservationof mass and momentum)

2. Conductionelements(allowfor transferof energyacrosssolids)

3. Convectionelements (allowfor transferof energybetweenfluids and solids)

4. Radiation elements (allow for transfer of energy across cavities, between solid

surfaces)

These primitive elements are the building blocks of various zone types. The various zone

types allowthe followingconfigurationsto be modelled:

. A solid materialwith 1D horizontalflow;

. A solid materialwith 1D vertical flow;
· A solid materialwith 2D mixedflow;
· A solid materialwith 2D unmixedflow;
· A solid materialwith no flow;
· A horizontalcavity with flow;
· A verticalcavitywith flow;
· A singlecavity (the entranceto a cavity);and
· A pebble bed

Each zone type is made up of the applicable primitive elements, Le. phenomena that are

being modelledin that zone. For example,a solid with 1D vertical flow is made up of vertical

flow elements,plus conductionand convectionelementsas shownin Figure25.

(2) Flowelement

o Conduction

o Convection

Figure 25: Solid with 1DVertical Flow Represented by Primitive Elements [45]
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The pebble bed zone is constructed using pebbles, whereby each pebble is essentially

representedby the appropriateconfigurationof conductionand convection elements. Each

pebble is discretized (layered) with four control volumes plus half-control volumes on the

outer surface and at the centre. Two different material types can be specified if required.

Figure26 illustrateshow this is implementedfor the PBMRpebble fuel.

CoatedUOz particles in
innergraphitematrix

Fuelfreegraphitelayer

Figure 26: Schematic of Fuel Sphere and its Discretization [45]

~
I' ~-- -- ../':\.

, x"r\. -~ HI (1

Figure 27: Pebble Bed Represented by Primitive Elements [45]
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A high-levelexplanation of the theory has been provided. The Flownex User Manual [45]

provides the full detail on the theory and governing equations for each element.

DUTOIT C. ETAL [46] describes the development of the detailed Flownex reactor model

with a comprehensivederivationof the governingequations.

3.5 MODELLING THE PBMR REACTOR USING FLOWN EX

3.5.1 Geometric Simplifications

Top and Bottom Structures

Due to the insulation that is present at the top and bottom of the core barrel and the fact that

there is far more surface area for heat transfer in the radial direction than in the vertical

direction, only the section of the core structures that includes the length of the core barrel is

considered. The heat dissipated through the top and the bottom sections is neglected. In

any case, this assumption is conservative since higher fuel temperatures will be predicted

during the DLOFC accident. Figure 28 shows this simplification. The right-hand figure is a

scaled representation of the PBMR reactor using the various Flownex zone types. These are

described later, in Figure 30 and Figure 31.

Pebblebed

Horizontal
inlet slots

Core barrel

Figure 28: Flownex model geometric simplification (centre: [45])

Control rod
channels

Central
reflector Vertical

riser
channels
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Reactor Cavity Cooling System (RCCS)

Figure 29 shows a more detailed representation of the core structures layout, with specific

emphasis on the orientation of the RCCS pipes:

Concrete around reador cavity

RCCS pipes

~ ControlrodsSAS canisters

RPV

Top reflector

Side reftedor

Corebarrel

Outletslots

Centre reftedor

RPV support structure

Bottom reftedor

Figure 29: Core Structures Layout Showing RCCSOrientation [47]

The RCCS pipes were not modelled in this amount of detail. Instead, only a fixed surface

temperature was specified as a boundary condition (methodology shown below in Figure 30).

Chapter 5 will show that sensitivity studies indicated that changes in this temperature have a

very small effect on the results (Section 5.3.1). Therefore, this simplification in modelling the

RCCS is adequate.

Use of Flownex Zones to Represent Regions in the Core

The PBMR reactor model was implemented into Flownex using the geometry provided from

the applicable core structures drawings [48]. The different material types and flow regions in

the PBMR reactor are represented by axial and radial zones in Flownex. These are placed

into a mesh structure as shown in Figure 30. Refer also to Figure 31, which is the key to the

zone types:
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Inlet plennum

Core barrel annulusControl rod channels

Riser channels
Core barrel

Side reflector

Pebble bed
CBCS cavity

Central reflector RPV

Central reflector cooling

Reactor cavity

Outlet slots
RCCS Boundary conditions

Outlet plennum
12

I"tl
Iliit

RCCS

Figure 30: Flownex Representation of PBMR Reactor

Description
Solid: 1D horizontal flow
Solid: 1D vertical flow
Solid: 2D mixed flow
Solid: 2D unmixed flow
SOTId

Horizontal cavity
Vertical cavity
Single cavity
Pebble bed

Figure 31: Key to Flownex Zone Types [45]

The axial and radial dimensions for the reactor model were obtained from [49]. Various

assumptionsand simplificationswere required(Section3.6) to keep computationtimes small

but still ensure the model is still realistic and sufficiently representativeof the geometry.

Table 3 summarizesthe zone dimensionsand discretization:
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Table 3: PBMR Reactor Zone Dimensions in Flownex

For each zone in the model, various detailed inputs are required, depending on the zone

type. These include: material type, material surface emissivity, permeability, hydraulic

diameter, heat transfer correlations and reactor heat input. Calculations of the geometric

inputs, e.g. permeability,hydraulicdiameterand heat transfer correlationsfor the input zones

are provided in Appendix 8.1. Material types, emissivities, etc. are covered in Chapter 4:

Model Inputs.
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T'
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- . . .
Diameter Zone Delta Dlscre-

tisatlon
[mm] [m]

Centre line 0 1 0.940 1

Insideof central reflectorcooling slot (alsogamma 1880 2 0.060 0
heatinazone)
Central reflectoroutside . 2000 3 0.850 6
Side reflectorinside 3700 4 0.072 0

Control rods inside (alsogamma heatingzone) 3844 5 0.130 0
Control rods outside 4104 6 0.384 1
Riserchannels inside 4872 7 0.170 0
Riserchannelsoutside 5212 8 0.144 0
Side reflectoroutside 5500 9 0.125 0
Core barrel inside 5750 10 0.050 3
Core barreloutside 5850 11 0.175 0
RPV inside 6200 12 0.180 3
RPVoutside 6560 13 1.150 0
RCCS inside 8860 14 0.010 0
RCCSoutside 8880

_!AL:zQ!ieJiine!Ij::d'='O_ ._ .. '. "'d

0' - 0 __ .'_ ...., u, ...> . - ,- "'-_. .
-.' 0' ... .",'-.'

Height Zone Height 0
[mm] [m]

Inlets 10 1 0.01 0
Top reflector (1700mm - 10mmfor inlets) 1690 2 1.69 0
Void abovecore and inlet slots (328mm+457mm- 700 3 0.7 0
85mm)
Void abovecore 2 (80mm) 80 4 0.08 0
Void above core 3 (5mm) 5 5 0.005 0
Reactorcore 11000 6 11 4
BetweenPB bottomand inlet plenumtop 2020 7 2.02 0
(1420mm+600mm)
Inletplenum 600 8 0.6 0
Betweenplenums (2000mm-600/2mm-1200/2mm) 1100 9 1.1 0
Outlet plenum 1200 10 1.2 0
Outlet plenumto insulationbottom 1190 11 1.19 0
Outlets 10 12 0.01 0
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Figure 32 shows the Flownex network layout. The square in the middle is the reactor model

supernode that includes all the detail of the reactor depicted in Figure 30. The pipe elements

connecting to this supernode from the outside represent the mass flows through the

applicable flow zones. From right to left these are: Reactor cavity air flow; CBCS helium

flow; Core barrel annulus flow; Normal operation helium flow; Central reflector and control

rod cooling flow; and Core bypass flow. For more information, these elements are described

in detail in Appendix 8.1 .

3.6 ASSUMPTIONS AND SIMPLIFICATIONS

The high-level assumptions and simplifications regarding geometry have been distinguished

from those regarding phenomena. These are summarized as follows:

3.6.1 Geometric simplifications

1) The SAS channels are not modelled.

2) The in-core delivery system hole through the middle of the centre reflector is not

modelled.

3) No materials above the top or below the bottom of the core barrel were modelled; the

top and the bottom planes are assumed as perfect insulators.

4) The RCCS is modelled by a fixed temperature boundary condition (discussed in

Section 3.5.1).

Flownex Uncertainty Analysis of a DLOFC 45



M. Sage METHODOLOGY NOV-ZOO6 

3.6.2 Phenomenological simplifications and assumptions 

1) No convection is modelled in the reflector-to-core-barrel and the core-barrel-to-RPV 

cavities 

2) Equal flow distribution is assumed in the riser channels during normal operation 

3) No HVAC in the reactor cavity is modelled (conservative) 

4) No secondary losses were modelled (bends, dumps, contractions, etc.) 

5) The heat generated in the central and side reflector is assumed to be a constant 

fraction of the total heat generated within the core (normal or decay heat) 

6) Simplified bypass flow elements were included to account for bypass flows 

7) Reactor pressure drop is not modelled in detail and is currently under-predicted 

during normal power operation. However, this effect will not be significant for the 

modelling of the DLOFC accident 

3.7 SIMULATING THE TRANSIENT EVENT 

To simulate the DLOFC event, the following transient steps are executed: 

An initial condition of 100% normal full power operation is assumed 

The mass flow is decreased (linearly) to zero over the first 200 seconds3 

The pressure is decreased (linearly) to 100 kPa over the first 200 seconds 

The decay heat curve is initiated at the start of the transient 

3.8 IMPLEMENTATION OF MODEL INPUTS 

Once the Flownex model has been set up to represent the PBMR reactor, the model inputs 

must be implemented, i.e. those inputs that affect the result of the analysis but do not 

specifically form part of the model, e.g. decay heat, thermophysical properties, etc. Since 

this is a detailed process with voluminous information, Chapter 4 is designated for this 

purpose. 

3.9 ADDRESSING UNCERTAINTY 

Chapter 2, Section 2.2.1 discussed various types of uncertainty. For purposes of this 

dissertation the terms internal uncertainty and external uncertainty are preferred. 

Section 3.8 identified that some inputs are specifically part of setting up the model whilst 

others are not. These terms are now contextualized: 

Section 3.2 described the depressurization as taking between 1 second and 20 minutes. This corresponds to a 
break size of between 230 mm and 2300 rnm. 200 seconds was chosen arbitrarily but is convenient for numerical 
stability. Sensitivity studies have shown that the effect of this assumption ranges from negligible to sl~ghlly 
conservative. 
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3.9.1 Addressing Internal Uncertainty 

Internal uncertainty refers to all built-in uncertainties or possible inaccuracies in the 

simulation tools or the system models. These include: 

Phenomenological uncertainty, i.e. Are the important phenomena included and 

modelled appropriately? 

Geometric inputs and simplifications, i.e. Are the geometric inputs accurately 

implemented and what is the uncertainty due to the geometric simplifications? 

Discretization, time steps and convergence parameters 

In this study, phenomenological uncertainty is minimized by use of the PlRT process 

described in Section 3.2. Geometric inputs are assumed to be correct and no further 

attention is given to them. Geometric simplifications can be addressed using sensitivity 

studies and hand calculations although this study uses conservatism to address these, 

where possible. Discretization, time steps and convergence parameters are addressed by 

sensitivity studies (Refer to Chapter 4). In general, the internal uncertainties are addressed 

as a whole, by performing V&V actions to verify and validate the software and the model 

(Refer to Chapter 6). 

3.9.2 Addressing External Uncertainty 

Apart from modelling the expected MFT, the main focus of this dissertation is on evaluating 

the external uncertainty in this result. External uncertainty refers to deviations in the model 

input parameters. These include all inputs that affect the result of the analysis but do not 

specifically form part of the model. Some examples include: 

The power profile of the reactor during normal power operation (This is obtained from 

a separate neutronics calculation); 

The decay heat; 

Thermophysical properties of fluids; and 

Thermophysical properties of solids 

(Note that these inputs are discussed in detail in Chapter 4). Wherever possible, the external 

uncertainties have been included in both sensitivity studies and in statistical uncertainty 

analyses. The reason for performing statistical uncertainty analyses here, is because 

external uncertainties usually arise from aleatory uncertainties (Section 2.2.1), i.e. they 

exhibit a natural randomness, which can be addressed in a statistical manner. 

The statistical method chosen was to perform simple random sampling (SRS) using a Monte 

Carlo approach. The reasons and advantages of this are: 

Ample computation power available, therefore no (time-consuming) optimised 
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sampling technique was required; and 

SRSS method was not used since the model is not necessarily linear in nature. Thus, 

avoiding the error which would be introduced using this method. 

Sensitivity studies were performed for parameters that could not be sampled in the Monte 

Carlo anaiysis. 

3.9.3 Sensitivity and Monte Carlo Simulation Methodology 

Sensitivity and Monte Carlo Analyses 

The Flownex Analyser code (Section 3.3.3) was written to enable Monte Carlo simulation, 

but it also has the functionality to perform sensitivity studies. The user can specify how many 

sensitivity or Monte Carlo runs should be executed. By use of lookup tables, the parameters 

are defined a minimum value, a best-estimate value and a maximum value. 

During a sensitivity study, Flownex Analyser divides the range of the specified parameter into 

equally spaced increments. A separate simulation is performed for each increment. In each 

run the other parameters are held at their respective best-estimate values. 

During a Monte Carlo analysis, a Gaussian distribution is assumed for each input parameter. 

In this mode, the minimum and maximum values represent the 95% confidence limits, 

indicated by 20 uncertainty bands. Future research on the input parameters could reveal 

skewed distributions, e.g. when more accurate information or experimental results become 

available. In any case, Flownex analyser randomly samples all the parameters from their 

respective probability distribution functions for each analysis run, and the output is recorded. 

For the Monte Carlo analysis, 50 runs are assumed to be sufficient in order to capture a wide 

range of possible input parameter variations and their cumulative effects. Section 5.4 

investigates the adequacy of this assumption. 

95% probability limits with 95% confidence 

Before the results from the Monte Carlo analysis are discussed in Chapter 5, an explanation 

of how to interpret the results is required: 95% probability limits can be established using the 

basic equation of normal Gaussian statistics (two-tailed): 

Limits,,, = p _+ 1.96. a (3.1) 

- where p is the mean and o is the standard deviation 

However in some examples, only the upper value is of importance, therefore a one-tailed 

limit is required: 
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Limit,,, = p +1.645. u (3.2) 

In this study we are only interested in the upper temperature limits and not the lower ones. 

We thus make use of Equation (3.2). The one-tailed 95% limit can also be referred to as the 

value at which the probability of exceedance (POE) is 5%. 

Now that the POE is established, the confidence with which the POE is 5% must also be 

stipulated. Confidence limits on the mean and standard deviation can also be established 

from the sample set. The 95% confidence limit on the mean and standard deviation is used 

in equation (3.2) to generate results with 95% confidence. We thus find a 5% POE for the 

MFT with 95% confidence: 

MFTSS.959o = P"pp,per9s90 + 1.645. ~ , p d s ,  (3.3) 

The difference between this upper (5% 95%) value and the nominal or best-estimate result 

is referred to as the uncertainty4. 

3.1 0 SUMMARY 

This Chapter has addressed the methodology used in order to model the PBMR reactor 

during a DLOFC accident and includes how uncertainty will be addressed. 

Firstly, the phenomenological model requirements were established by use of a systematic 

PlRT process. 

Flownex Nuclear was identified as an excellent tool for this purpose since: it is already in use 

and is being developed in-house; it meets the requirements specification; it has an active 

anomaly reporting and change request support base; it is user-friendly and at an advanced 

level of maturity; and it uses an implicit solving technique making it faster than many other 

codes thus reducing computation times. Various other pieces of software are also required 

for statistical evaluations, etc. Following this, a detailed model of the PBMR reactor was set 

up in Flownex after making the necessary assumptions and simplifications. 

Finally, the methods for addressing internal and external uncertainties were described. This 

includes consewatisms where necessary, but primarily sensitivity studies in conjunction with 

an SRS Monte Carlo method. 

I Section 2.2 describes the concept of uncertainty, uncertainty analyses, various types of uncertainty, the need for 
uncertainty analyses, as well as methods for accounting for uncertainty. 
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4. MODEL INPUTS 
-- - - 

4.1 INTRODUCTION 

Chapter 3 described how the model was set up using Flownex. This included model-specific 

inputs such as geometries, simplification assumptions, transient conditions, etc. The 

purpose of Chapter 4 is to address the inputs to the reactor model that affect the results of 

the analyses but do not specifically form part of the model. A high-level summary is provided 

for each input as well as the required assumptions, where applicable. Statistical variations 

and their application in the Monte Carlo analysis are also presented. 

The scope of this chapter covers the following main model inputs: 

Model boundary conditions 

Neutronic inputs (neutron and gamma heating, power profiles and decay heat) 

Fuel thermophysical properties 

Core structures thermophysical properties 

Helium coolant thermophysical properties 

Other model inputs (mesh spacing, time step size) 

Note that due to the large volume of information surrounding the thermophysical properties, 

only selected properties of interest are presented in this document. For the remaining 

properties, a reference is provided. 

4.2 MODEL BOUNDARY CONDITIONS 

4.2.1 Main Helium Flow Reactor Inlet Conditions 

The inlet boundary conditions for the main helium flow through the reactor during normal 

100% power operation were obtained from [50]. These are the initial conditions of the 

reactor before the DLOFC accident occurs. These are shown in Table 4: 
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Table 4: Helium mass flow Boundary Conditions during Normal Power Operation 

Boundary condition 
Reactor inlet mass flow 
Reactor inlet temperature 
Reactor inlet pressure 

Units 
kgls 
"C 
kPa 

Value 
185 
488 

8,915 
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4.2.2 Reactor Bypass, Leakage and Helium Cooling Flows

A simplifiedheliummass flowdistributionthroughthe core has been determined in [47]. This

is shownin Figure33.

Centre of core=144.9 kg/s(78.2%

Annulusflowattopofcore=7.4kg/s(4.0%)

Verticalleakage=13.1kg/s(7.1%)

Annulusflowatcentre=4.7kgls(2.5%)

Centrereflectorcooling=1.7kgls(0.9% Controlrods=3.1kg/s(1.7%)

Risers:177.2kg/s(95.6%)

Bottomofcore=161.8kg/s(87.3%
:rotalleakagefrominletplenum=8.2kg/s(4.4%)

:rotalflowin=185.3kg/s(100%)

Figure 33: Simplified mass flow distribution through the reactor [47]

The bypass and leakage mass flows that were used as input to the Flownex reactor model

were derived from the figure and summarized in Table 5:

Table 5: Reactor B ass and Coolant Flows
Bounda condition Units

Inlet mass flow
Control rod mass flow
Central reflector cooling flow
Mass flow through centre of core
BVDassmass flow

Value
185.3

3.1
1.7

145
35.5

To account for uncertainty in these inputs, a sensitivity study was performed. Chapter 5
shows the results.
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4.2.3 Core Barrel Conditioning System (CBCS) mass flow

The CBCS boundary conditions were obtained from [47] and are summarized in Table 6:

Table 6: CBCS Bounda Conditions
Bounda condition Units

CBCS inlet massflow k /s
CBCSinlettem erature "C

CBCS inlet cressure kPa

Value
18

290
8914.7

These boundary conditions were not included in the uncertainty analysis since they have a

small effect on the final result. This is due to the mass flow being reduced to zero at the start

of the transient. These values are essentially only responsible for setting up the initial

temperature of the CBCS cavity which does not playa major role.

4.2.4 Reactor Cavity Cooling System (RCCS)Heat Sink Temperature

The modelling of the RCCS was described in the previous chapter, Section 3.5.1. A

boundaryconditionof 40 "C was specified as the RCCStemperature. This correspondsto a

reasonable estimate of the cooling water temperature with the RCCS running in active mode.

If in the unlikely event that the RCCS pumps were non-operational, the RCCS would be

running in the passive mode of operation. In this mode, boiling occurs in the tubes and the

temperature in the tubes would be around 140 "C as a result of the pressurecreated by the

hydrostatic head (Results from sensitivity studies performed on this RCCS boundary

condition are presented in the following chapter, Section 5.3.1).

4.3 NEUTRONIC INPUTS

4.3.1 Point Kinetics Model

A point kinetics model was implemented in the Flownex reactor model to simulate the

neutronic feedback effect of temperature on fission power during power transients and

reactivitytransients. Becausethe reactorgoes sub-criticalalmost instantaneouslyas a result

of the loss of coolant, it is assumed that the decay power (described in the next section)

becomes effective immediately. Thus the point kinetics model has no further relevance to

the DLOFCaccident. More informationis availablein [51].

4.3.2 Decay heat

The decay heat data (as a function of time) was generated using MCNP [52]. This data was

previously implemented into Flownex using the following equation which makes use of 6

constants: 131,132,133,1\1,1\2 and 1\3 [51]:
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(4.1)

At the time of this study, this equation functionality was unavailable in Flownex. However, a

more suitable "Modified Power fit" of the data was produced:

~ot(t) = a(b+tY + d (4.2)

Figure 34 compares these two fits (Appendix 8.2 provides the constants, etc.):

25000
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20000

§: 15000
~

i.c
>-

~ 10000

o
o 12 24 36 48 60 72 84 96

Time [hours]

Figure 34: Decay heat Beta Lambda and ModifiedPower fits

The modified power fit was more suitable for the following reasons:

1. From a functionality perspective, the Modified Power fit could be implemented into

Flownex whereas the Beta lambda fit could not;

2. Refer to Figure 35 which shows a comparison of the errors in the integral decay heat

for the two fits. For the first 40 hours, the "Beta lambda fit" was optimistic rather than

conservative. It is important to correct this since the maximum fuel temperature is

reached after 41 hours (This result is shown in Chapter 5). The Modified Power fit

produces an equal maximum error to the Beta lambda fit, Le. 6%; however the
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Modified Power fit is conservative rather than optimistic during these crucial hours.

3. The Modified Power fit has less error in the integral decay heat during the first 3 hours

(This is important since the decay heat is comparatively large during this time).

4. After 72 hours, which is the proposed accident duration, the Modified Power fit is

more accurate (lower error in the integral).

5. When varying the decay heat in the Monte Carlo analysis, a 20" value of 5.7% was

implemented [55]. To do this, the coefficients5 a and d in equation (4.2) could be

varied to adjust the total decay heat, Ptotby the required factor. This would not have

been functionally possible using equation (4.1).

8%

- Beta Lambda fit
6% ~. - -- ---------------

- ModifiedPowerfit

4%

e 2%CI
S
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.5 0%

g
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~
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Figure 35: Comparison of Error in Integral Decay Heat for Each Fit

4.3.3 Neutron and gamma heating

Table 7 shows the distribution of the neutron and gamma heating in the central and side

reflector[52]:

5 The coefficients for the fits in equations (4.1) and (4.2) are provided in Appendix 8.2, Table 19
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Table 7: Percentage Power Distribution (%)

Duringthe DLOFCevent the only heat generated in the reactor is the decay heat. It was

thus assumed that only the decay photon contribution(highlightedin bold text) represents

the amountof decay heat deposited inthe central and side reflectorsduringthe DLOFC.

Note: Table 7 shows that the amount of heat generated in the central reflector and the side

reflector change from 0.9% and 1.5% to 0.1% and 0.2% respectively from normal operation

to a DLOFC. At the time of this study this change could not be included in the Flownex

transient set. Therefore, the DLOFCfractions were assumedfor both normal operation and

for the DLOFC transient. It is expected that this is a conservative assumption for fuel

temperatures but optimistic for core barrel and RPV temperatures. Chapter 5 shows a

sensitivitystudy on this assumption. The input valuesfor Flownexare shown in Table 8:

Tabl FI N dG H

4.3.4 Axial Power Distribution

Figure36 shows the radially-averaged axial power profiles down the reactor for three modes:

normal operation, control rods inserted and control rods extracted [53]. These curves were

normalized for use in Flownex using 3rdorder polynomial fits, shown in Figure 37. It is clear

that more accurate fits are required for use in Flownex. To account for this, sensitivity

studies were performed on the power profile in Chapter 5.

Future research should investigate the error due to averaging the power distribution in the

radial direction.
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Contribution Central Column Core Side Reflector Total per Heat
from: Source

Neutrons 0.2 90.1 0.3 90.6

Fission Photons 0.6 5.0 1.0 6.6

Decay Photons 0.1 2.5 0.2 2.8

Total Per Region 0.9 97.6 1.5 100

u -- - - - - - ---- --- -

Neutron and gamma heating location 0/0 Flownex Fraction Used

Central reflector 0.1 0.001
Side reflector 0.2 0.002
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Figure 36: Radially-averaged AxialPower Profile [53]

0.05

y =2.194E-01x"- 3.827E-G1x'+ 1.630Eo01x+ 5.814Eo03

y =1.834E-01x3 -2.732Eo01x' + 7.177E-02x + 2.380E-02

y =1.072E-02x3 -1.058Eo01x' + 9.780Eo02x -1.615Eo03
. Control normal operation.Controlinserted
A Controlextracted

- Poly. (Control normal operation)

- Poly. (Control inserted)

- Poly. (Control extracted)

0.04

0.01

0.03
1ii-
o
~
D. 0.02

o
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

H I Htatal

Figure 37: Normalised Power Distribution curves for use In Flownex

4.4 FUEL THERMOPHYSICAL PROPERTIES

This section addresses the implementation of thermophysical properties of the pebble fuel.

4.4.1 Pebble conductivity

The pebble conductivity is a function of both temperature and neutron fluence. Each pebble

makes a total of 6 passes through the reactor in its lifetime. In each pass it could fall into a

number of different radial channels, thus affecting the level of fluence that it sees. Figure 38

shows various fits of pebble conductivity versus temperature for each of these 6 passes [53].

The average pebble (with respect to neutron fluence) was selected for the temperature-
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dependent pebble conductivity.
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Figure 38: Pebble Sphere Graphite Thermal Conductivity [53]

This was adapted for use in Flownex by adjusting the units to (W / m.K) and (degrees K) as

shown in Figure 39:

26.0
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,g 18.0
~
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12.0 y = -8.9452E-10x3 + 5.5014E-06x2 - 1.4127E-02x + 3.0018E+01
R2= 1.0000E+OO

10.0
o 500 1000 1500 2000 2500

T [I<]

Figure 39: Pebble Sphere Thermal Conductivity adapted for Flownex Use

When varying the pebble sphere thermal conductivity in the Monte Carlo or sensitivity

analyses, all the coefficients were varied as a group. This ensures that the shape of the

curve remains constant and that the resulting thermal conductivity is varied by the correct

factor. A 2a value of 7% was implementedaroundthis curve [55].
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4.4.2 Pebble bed conductivity

The heat transfer acrossthe pebble bed is a functionof:

· Conduction(pebble-to-pebble)

· Radiation(pebble-to-pebble)

· Convection(pebble-to-helium-to-pebble)

A complex study was performed to model this combination of heat transfer mechanisms

across a randomly-packedbed of spheres [53]. The overall heat transfer is modelled in

Flownexas an "effective"pebble bed conductivity,as shownin Figure40:

30
x TINTE (mesh average)

-Power (TINTE (mesh average»
25

5

y = 6.8259E-04x 1.3931E+OO

20-
~
E 15

~
10

o
o 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature [K]

Figure 40: Effective pebble bed conductivity

When varying the effective pebble bed thermal conductivity in the Monte Carlo analysis, a 2a

value of 10% was implemented around this curve [55].

4.5 CORE STRUCTURES THERMOPHYSICAL PROPERTIES

This section summarizes the thermophysical properties of the solid materials in the reactor

other than the fuel. These include the side reflector, core barrel and reactor pressure vessel

properties (Helium properties are covered in Section 4.6).

For the densities of these materials, a constant was used plus a 2a uncertainty variation

factor. Future research should include variation of density as a function of temperature to

improveaccuracy.

Flownex Uncertainty Analysis of a DLOFC 58

---- -----



--- --- --

M.Sage MODEL INPUTS Nov-2006

Polynomial relationships (Le. as a function of temperature) were used to implement the

thermal conductivity and specific heat of each material. When varying these properties in the

Monte Carlo or sensitivity analyses, all the coefficients were varied as a group for each run to

ensure that the function of consistency and to ensure that the overall property in each case

was varied by the correct factor. The fits for these properties are available in [54].

Table 9 provides the density, thermal conductivity, specific heat and emissivity of these core

structures materials:
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Table 9: Core Structures Thermophyslcal Properties

Flownex Uncertainty Analysis of a DLOFC 60

Material Name Thermophyslcal Properties [54] and [56]
Uncertainty

Component
(2a) [55]

Core structure graphite SGL virgin graphite p = 1790 kg/m3 5%

(except directly next to core) k = 5.4982E-05T2 -1.7322E-01T + 1.7937E+02W/m.K 10%

Cp = 2.4536E-07 T3 - 1.4970E-03 T2+ 3.0706E+00 T - 3.6058E+01 Jlkg.K 10%

E= 0.8 7%

Core structure graphite (side SGL irradiated graphite These properties are the same as SGL virgin graphite, except as above
and central reflector directly k = 40 W/m.K
next to core)

Core barrel Stainless steel 316 p =8000 kg/m3 7%

k = -3.0917E-06 T2 + 1.7456E-02 T + 8.4330 W/m.K 5%

Cp = 4.0617E-07 T3 - 9.7517E-04 T2 + 9.1998E-01 T + 255.55 Jlkg.K 5%

E= 0.85 7%

RPV and RCCS pipes SA 508 steel p = 7830 kg/m3 7%

k = 3.7116E-08 T3 - 8.5707E-05 T2 + 4.5276E-02 T + 33.87 W/m.K 5%

Cp = 6.1731 E-04 T2 - 2.2720E-01 T + 4.8452E+02 JlkgX 5%

E= 0.91 7%

Pebble fuel and graphite Generic These properties are the same as SGL virgin graphite, except 7%

k = as per Section 4.4.1

Pebble bed Pebble bed effective k = as per Section 4.4.2 10%
conductivity
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4.6 HELIUM THERMOPHYSICAL PROPERTIES

BANERJEA [58] provided the thermophysical properties of helium as well as the standard

deviation in the measurement of these properties. This section describes how this

information was implemented for this study using 99% confidence intervals (Note that it is

arbitrary whether 95% or 99% confidence intervals are used, so long as the parameter is

sampled accordingly). In many cases conservative simplifications are made since the

standard deviation is a function of temperature and pressure:

4.6.1 Helium Density

The standard deviation in the density of helium is only a function of pressure and is greatest

at high pressures. A conservative simplification is to evaluate and fix the standard deviation

at pressurized conditions.

99% confidence corresponds to 2.577cr. Thus, the helium density band at 99% confidence

[58]:

p = P
(

1+ 2.577(0.03.J P .10-5 )

J2077 .27 . T
(
1+ 0.4446.10-5 .~

)
- 100

T1.2
(4.3)

At 9000 kPa this amounts to a density variation of 0.7%. The density is varied by

manipulating the R-value in the gas equation by a multiplication factor. Therefore the

nominalR-valuefor helium(2077.27J/kg.K) is varied by 0.7%with 99% confidence.

4.6.2 Helium Viscosity

Helium viscosity band at 99% confidence [58]:

.u = 3.674 .10-7 .TO.7 .
(

1+ 2.577(0.0015. T )
)100

(4.4)

Figure 41 shows how the maximumdeviation occurs at high temperatures. At 1300 K the

uncertainty is 5.0% with 99% confidence. Therefore the entire curve was conservatively

varied as such, by 5.0%.
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Figure 41: 99% Confidence Band for Helium Viscosity vs. Temperature

4.6.3 Helium Thermal conductivity

The thermal conductivity is a stronger function of temperature than of pressure. We thus fix

the pressure and vary temperature.

Helium thermal conductivity band at 99% confidence [58]:

k = 2.682.10-3. Toon(I-2.IO-9.P).(1+ 1.123.10-8. P).(1:t 2.577(~~035. T))
(4.1)

Figure 42: 99% Confidence Band for HeliumThermal Conductivity vs. Temperature
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Figure 42 shows how the maximum deviation occurs at high temperatures. At 1300 K the

uncertainty is 11.7% with 99% confidence. Therefore the entire curve was conservatively

varied by this factor of 11.7%.

4.6.4 Helium Specific Heat

Helium specific heat band at 99% confidence [58]:

(

2 S
06 O.J.T

J

Cp=5I9S. I:t . 77.0.0S.P' 273.16
tOO {4.1}

This band is largest at high pressures and low temperatures. Thus as a conservative

simplification, the uncertainty band was evaluated at 90 bar and 773 K and implemented as

though it was independent of pressure. This amounts to a 99% confidence band of 0.54%

variation. In Flownex this variation was implemented on the helium enthalpy rather than the

specific heat.

4.7 OTHER MODEL INPUTS

4.7.1 Optimization of Discretization (Mesh Spacing) and ,!ime step size

For the best-estimate simulation, refinement on the grid size and time step was performed.

The effect of increased refinement on the best-estimate model was negligible. These inputs,

their variations and their effects are presented in Section 5.3.1. Secondly, the time step for

most of the transient is 60 seconds. A reduction of the time step to 10 seconds had no

significant effect on the maximum temperatures.

4.7.2 Convergence criteria

The following convergence criteria were chosen:

Convergence criteria for steady state: 0.001

Convergence criteria for transient: 0.01

These are sufficient for the DLOFC which is a slow transient. This was confirmed by refining

both convergence criteria by one order of magnitude, which changed the MFT by only 0.1 ce.
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4.8 SUMMARY

This Chapter has shown the main input parameters and how they were implemented into the

Flownex reactor model. These include boundary conditions, neutronics inputs, fuel and core

structures thermophysical properties, helium thermophysical properties and other model

inputs such as discretization, time steps and convergence criteria. Each input has a nominal

(or best estimate) value and an uncertainty range around it (specified as a 2cr value), which

can be sampled in the Monte Carlo simulation.
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5. RESULTS AND DISCUSSION

5.1 INTRODUCTION

The previous two chapters addressed how the PBMR Flownex Reactor Model was set up

and how the model inputs were implemented. This Chapter summarizes firstly the best-

estimate results obtained from the model for both steady state (normal full power operation)

and the transient (DLOFC accident). The second part of this chapter addresses the results

from the uncertainty analysis. The uncertainty analysis results comprise two parts, namely: a

sensitivity study and a Monte Carlo analysis. Finally, a statistical evaluation of the Monte

Carlo results is carried out and conclusions drawn from this.

5.2 BEST-ESTIMATE RESULTS

The best-estimateresults are the resultsobtainedwhen using the nominal inputs, Le. before

accounting for uncertainty using sensitivity studies and/or statistical input parameter
variations.

5.2.1 Steady state results

Figure 43 shows the radial temperature profile through the reactor for the best-estimate

simulation at the steady state condition before the start of the transient. The spatial

temperatureresultsare summarisedin Table 10.

o
o 0.5 1.5 2 2.5 3 3.5 4 4.5

Radial distance [m]

Figure 43: Steady State Radial Temperature Profile through Reactor
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Table 10 showsthat during normalfull poweroperation,the peaktemperaturesin the fuel, core-barreland RPVare:
M~ =1ro1~

Max Core-barrelTemp = 397 ~

Max RPVTemp = 299 ~

Table 10: Steady State Solid Temperatures through the Reactor

Note 1: In the Flownex model, the height is measured from the top of the core barrel bottom plate.
Note 2: The two rows of zeros in the fuel region are as a result of not calculating the solid temperatures over a 7 mm inlet port, which has a negligible effect.
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Central reflector Fuel realon Side reflector Core barrel I RPV I RCes I
Heightfrom

2.9251 3.1bottomIml o 0.47 0.94 1 1.142 1.283 1.425 1.567 1.708 1.85 1.922 2.052 2.244 2.436 2.606 2.75 2.875 2.892 2.908 3.16 3.22 3.28 4.43 4.44
2Q.43 467 463 457 456 454 451 449 4'16 '142 '13\1 437 433 426 419 412 406 307 306 304 303
20.41 467 463 457 456 454 451 449 . -446 , 442 ,A39 437 433 426 419 412 406 308 306 304 303 iW8JL
18.73 504 501 495 494 49.1;8 :":S8 !-:.;A1!' ...';:';'1I1lZ. .488 488 488 486 478 462 453 356 354 352 350 raa !D Bm6.6 IIIQ5i
18.02 536 539 542 542. "0 > ,,(3 1;':\D .. O ..;,'t ?\5J2 511 498 494 492 474 464 360 358 355 353
17.95 539 542 549 547 ' -0 t. : ";a '!:.. ",,-v::,O :;. "#!.l .67 552 519 504 495 483 464 360 358 355 353

17.94 539 543 550 550 576 , 577 " 577 . 578 , '578 572 555 520 504 495 483 464 360 358 355 353 ]15.19 668 669 669 728 828 831 ., 832 .t' 832 "1e'Sl <8tl 760 640 569 504 485 465 359 357 355 352
12.44 774 775 777 855 986 ; ..992, .993 '.. .:993 92. '{S58 881 713 606 508 486 465 357 355 353 350 i@ ; GI

:is
9.69 82B 828 828 888 .,to:t6 i02J '1025 f".1025 ii>V2a. rttW 897 730 614 508 486 465 355 353 351 348 .a

GI
6.94 B6B 865 860 89B " 1'QJfb f:.\'1i029 ' ,i:1O'jf. ';;,fQB.1:1' 73 891 730 612 510 487 472 356 353 351 348 a..

4.92 971 980 994 994 " ...gin ',a'l5 .-, 9.5;3.'91'!I ... aMi ..;.,728 675 641 564 493 485 474 355 352 350 347
4.32 961 971 982 984 QlJ6 .9!} ;- 'j'ZQ . . ,.; ;'90]:1 26 795 721 662 618 570 547 387 383 378 374
3.22 889 912 954 962 -:9'811"'.989 - 9SG: -9Z3 '''935 ;':838 802 746 681 630 594 568 397 392 387 382 IIJ8
2.02 650 634 607 602 5.82. :&66. 55.3':: ,,542. ,53 .25 523 518 507 494 481 470 348 .346 343 340
0.83 583 568 547 544 537 829 . 5zf 613- "505 '"197 493 486 474 462 451 442 314 312 309 307 g lite
0.83 583 568 547 544 537 529 521 5'13 505 497 493 486 474 462 451 442 313 312 309 30B ,11Q 1ft661255
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5.2.2 Transient results

Figures 44 to 46 show the best-estimate transient simulation results for the MFT, maximum

core barrel and RPV temperatures respectively. The peak temperatures in the fuel, core-

barrel and RPV were:

MFT

Max Core-barrelTemp

Max RPVTemp

= 1529 OC

= 621 "C

= 490 "C

These maximum temperatures were reached at 41,53 and 55 hours respectively.
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Figure 44: MFTduring Best-estimate Analysis
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Figure 46: Maximum RPVTemperature for Best-estimate Analysis

Figure 47 shows the radial temperature profile through the reactor for the best-estimate

simulation at the time when the fuel reaches the maximum temperature, Le. 41 hours. The

figure does not show the MFT of 1529 'C since this temperature occurs at a location between

the core centre and core top positions.
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Figure 47: Radial temperature profile through reactor @ T=Tmax
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The spatial results are summarised in Table 11 which shows that the MFT lies adjacent to the central reflector at a height of 15 m.
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Table 11 : Solid Temperatures through Reactor @ T=Tmax

Central reflector Fuel region Side reflector Core barrel I RPV 1 RCCS J
Height from

3.1J 3.221 3.281 4.431 4.44bottom Im1 o 0.47 0.94 1 1.142 1.283 1.425 1.567 1.708 1.85 1.922 2.052 2.244 2.436 2.606 2.75 2.875 2.892 2.908 2.925 3.1

20.43 532 519 503 501 95 490 'rB4 ;, 79 4n 468 465 460 453 445 438 432 361 359 358 357 j

20.41 532 519 503 501 " 4!J .49.0 48:4, ..?.9 " 'f7g 468 465 460 453 445 438 432 361 359 358 357 . .6.

18.73 658 636 598 591 ,j51.::1,.. ,,5,5. S4- ". -531. .-62.2'J:.5 512 505 496 486 473 485 389 388 386 384 " i 9

18.02 853 867 889 889 F' .' £0 '-'7:ID'}i ,cQ ',,:Q, ",,:/'§J 6§ 663 612 592 575 516 506 426 424 422 420 .'0-"2' 'e. 'q2

17.95 875 895 935 918 'If.:' ';;;q;"'::;1'Q t:r:Q G.

.':it
92 676 636 601 572 530 511 431 429 426 424 1!if.2-2II11aG9:llI'ZSa ,0'.i,"'>i.'

17.94 876 896 939 949 "';93 !P'Q2''t-:SI -rJ;!19 -..:0 . rr'695 677 637 602 572 531 511 431 429 426 424 rs:$ 1118:S:.d! E?a
15.19 1470 1489 1520 1525 '29 .;Q94 ' ,'f!i5 "'i1f37 " >i'16J' ![ftb6 1069 992 910 837 753 708 616 611 605 599 La -

12.44 1376 1385 1399 1401 ;/'113!J7':=-f3]g ";,'Jt9 245 t;jj:11iI!:;'Q;03 974 911 844 782 711 672 583 578 573 568 16!6: '98 113
CD:s

9.69 1001 998 990 988 ,,.2;92 4i1 1f'.lHd1;: g85,1, r3 {6.96 683 657 625 595 559 537 457 455 452 450 :@: ,g

6.94 695 688 670 667 ".!i mQ.QS JjQ'ii!57.,1 565 552 536 521 501 490 416 414 412 410 E!f6.I"']j1
CDc.

4.92 585 581 571 569 "'':563 '.' J555":, ::5471i*'538 {t528 518 514 504 494 485 470 463 392 391 389 387 12!m:'
4.32 557 551 535 532 .;. 522 s.,t.3,Z'!.505 ::....498 ,,'49 ,.485 483 477 471 463 453 447 379 377 376 374 ,'EGI._jf.9:r!1
3.22 524 521 514 512 .505.,. 0498 ..;!f490 .i<;.!18,1,.. :473 ,,;;464 462 458 451 445 438 433 365 364 362 361 _.fiB!
2.02 494 490 481 480 :47,;$ "''f6 F86;t: 56 :;;:,":;oi5J1 J445 443 440 435 429 424 419 352 351 350 348

0.83 483 479 471 470 '""'46.6 ?i!6'3 l":'fJ459.145.!1 .F50 46 444 440 434 428 423 418 353 351 350 3491'G."61E&'i'1iiJ
0.83 483 479 471 470 '466 "463, 'i4,5, ""455 ,'. 450 '>446 444 440 434 428 423 418 352 351 350 34w.!Q\i!24317:IfI]-

The same notes as per Table 10 are applicable.
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5.3 UNCERTAINTY ANALYSIS RESULTS

The uncertainty analysis is comprised of a sensitivity study followed by a Monte Carlo

analysis. A total of 34 input variables were manipulated in this study (Some of these

contribute to internal uncertainty and the remainder to external uncertainty). Sensitivity

analyses were done on all 34 variables in order to generate a good understanding of the

effect that each variable has on the output. However, due to equation and transient

functionality in Flownex, it was only possible to vary 20 of these inputs in the Monte Carlo

analysis. The resultsfrom each study are presentedseparately.

5.3.1 Sensitivity Study Results

Table 12 and Table 13 present the sensitivity study results where individual input variables

were varied within a predefined range. In both tables the results were ranked according to

the change in MFT caused by the variation in input values.

Sensitivity results for the Main 20 Input Parameters

Table 12 shows the ranked sensitivity results for the 20 variables that could be automatically

manipulated using the Flownex Analyser. Each variable is independently set to its high,

nominal (best-estimate) and low value according to the input parameter ranges specified in

Chapter 4.

As expected, Table 12 shows that the ranking of parameters according to MFT does not

necessarilyfollow that same order as rankingaccordingto core-barrelor RPVtemperature.

Note: for the sensitivity studies the 2cr confidence limits were used as the input values. This

ignores the 5 percent probability that the parameter could lie outside of these limits. This is

one of the limitations of a sensitivity study. However, the Monte Carlo analysis (Section

5.3.2) accounts for this problem.

One outstanding issue is that at the time of this study, the functionality to compute the upper

limit on the pebble bed Nusselt number and pressure loss coefficient was not yet available.

These two results have thus been excluded. The implication of this is that the confidence in

the results decreases due to the Nusselt number being an important parameter in the

modelling of the natural convection phenomenon. However, not including uncertainty in the

pressure loss coefficient should have negligible impact.
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Table 12: Sensitivity Results for Main 20 Input Parameters
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VariationIn parameter Maximum Temperatures ("C) Deviation Irom Nominal ("C)
Parameter

Description
How the parameter was

Ranking varied

Mln case I Nominal I Max case

Fuel CB RPV Fuel CB RPV
%

Mln case Max case Mln case Max case Mln case Max case Mln case Max case Mln case Max case Mln case Max case

1 Decayheat Varymultiplecoefficients 5 as per Chapter4 1490.2 1568.1 608.3 634.4 478.0 501.4 -39.1 38.7 -13.1 12.9 -11.8 11.7

by thesamefactor
2 Pebblebed effectivek Varya singlecoefficlentln 10 as per Chapter4 1557.3 1505.6 618.6 623.7 487.3 491.9 28.0 -23.8 -2.8 2.3 -2.5 2.1

the equation
3 ReflectorCp Varymultiplecoefficients 10 as per Chapter4 1549.3 1510.9 627.8 615.5 495.4 484.5 19.9 -18.5 6.4 -5.9 5.7 -5.2

by thesamefactor
4 Reflectork Va as a constant 10 as oer Chaoter4 1547.4 1514.2 617.6 624.5 486.4 492.5 18.1 -15.1 -3.8 3.1 -3.4 2.7

5 ReflectorDensilv Varv as a constant 5 as oer Chanter4 1539.1 1519.9 624.5 618.4 492.6 487.1 9.8 -9.4 3.1 -3.0 2.8 -2.7

6 Corebypassandleak flowsVarythediameterof 30
0.08500 10.10255 10.11800

1522.8 1537.3 619.2 624.1 487.8 492.1 -6.6 8.0 -2.2 2.7 -2.0 2.3

b""ass nI"" element
7 FuelCp Varymultiplecoefficients 10 as per Chapter4 1537.0 1521.9 623.8 619.1 491.9 487.8 7.7 -7.4 2.3 -2.3 2.1 -2.0

by the samefactor
8 CB emissivilv Va'" as a constant 7 as ""r Chanter4 1531.8 1527.1 626.3 617.1 488.3 491.1 2.5 -2.2 4.9 -4.3 -1.5 1.3

9 PB Nu numberuncertainty Varyas a constant 20 0.8
P p.2

1530.9 621.9 490.3 1.5 0.5 0.5

coefficient
10 Reflectoremlssivilv va;vas a constant 7 as oer Chanter4 153o.e 1528.0 620.6 622.1 489.0 490.5 1.5 -1.3 -0.8 0.7 -0.8 0.7
11 Pebblegraphitek Vary multiplecoefficients 10 as per Chapter4 1530.2 1528.6 621.7 621.2 490.0 489.6 0.9 -0.7 0.3 -0.2 0.2 -0.2

by the samelactor
12 Heliumk Varymultiplecoefficients 11.7 as per Chapter4 1530.1 1528.7 621.8 621.1 490.1 489.5 0.8 -0.6 0.4 -0.3 0.3 -0.3

by thesamefactor

13 G&N heaUnaIcentral Varvas a constant 100 0 10.001 10.002 1528.6 1530.1 621.3 621.5 489.7 489.9 -0.7 0.7 -0.1 0.1 -0.1 0.1

14 G&N heatinnIslde\ Varvas a constant 100 0 0.002 10.004 1530.0 1528.7 621.4 621.4 489.8 489.8 0.6 -0.6 0.0 0.0 0.0 0.0
15 Controlrod bypassflow Varythediameter01 30 0.0104

10.0128 10.0148
1529.4 1528.9 621.4 621.2 489.8 489.6 0.1 -0.4 0.0 -0.2 0.0 -0.2

b""ass nJ"" element
16 CBk Varymultiplecoefficients 5 as per Chapter4 1529.7 1529.0 624.0 619.0 494.1 485.8 0.4 -0.3 2.6 -2.4 4.3 -4.0

by thesamefactor
17 Centralcolumnbypassflow Varythediameterof 30 0.0827

10.0980 10.1098
1529.5 1529.2 621.5 621.4 489.8 489.8 0.2 -0.1 0.0 0.0 0.0 0.0

"""ass nl"" element
18 CB Densllv Va'" as a constant 7 as oer Chanter4 1529.5 1529.2 621.6 621.2 490.0 489.6 0.2 -0.1 0.2 -0.2 0.2 -0.2
19 CBCp Varymultiplecoefflclents 5 as per Chapter4 1529.5 1529.2 621.6 621.2 490.0 489.6 0.2 -0.1 0.2 -0.2 0.2 -0.2

by thesamefactor

20 PB Pressureloss Varyas a constant 20 0.8
P 11.2

1529.3 621.4 489.8 -0.1 0.0 0.0

uncertalntv coefficient
21 Nominaltransientresult 1529.3 621.4 489.8
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Figure 48 plots the relative contributions of these main 20 input parameters:

Decay heat

Pebble bed effective k

Reflector Cp

Reflector k

Reflector Density

Core bypass and leak flows

FuelCp

CB emissivity

PB Nu number uncertainty coefficient

Reflector emissivity

Pebble graphite k

Helium k

G&N heating (central)

G&N heating (side)

Control rod bypass flow

CB k

Central column bypass flow

CB Density

CBCp

PB Pressure loss uncertainty coefficient

o 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Absolute deviation from Nominal rC)

30 32 34 36 38 40 42

Figure 48: Relative MFTContributions from Main20 Input Parameters
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Sensitivity results for the remaining 14 input parameters

Sensitivity analyses that were not included in the Monte Carlo analysis are presented in Table 13 (excluding Helium thermophysical properties

presented separately). The purpose of these analyses was to determine the effect of changing some properties from values that were

previously used, and to determine whether some of the assumptions are realistic (geometry, discretization and convergence criteria). These

parameters generally could not be varied automatically using the Flownex Analyser:

Table 13: Sensitivity Results for the Remaining Parameters
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Parameter Description Purpose for Sensitivity Study How the parameter was Maximum Deviation from Conclusion

Ranking varied Fuel CB RPV Fuel CB RPV

1 Powerprofile: Control rods There is uncertaintyabout the power profile According to the curve In 1619.7 652.5 518.2 90.2 31.1 28.4 The effect is significant (90 C on MFT). However,
extracted variationdue to changes In the control rod Chapter 4 the variationthat was analysedwas far to

positions (see Figure36) conservativeto be realisticsince It assumedthat
the normal poweroperation profile could vary all

<!Powerprofile: Control rods Accordingto the curve In 1454 598.6 468.7 -75.6 -22.8 -21.1 the way from "control rods Inserted"to "control
rods withdrawn". This parametershould beInserted Chapter 4
Investigatedwith moreaccuracy in future research

3 Virgin graphite Determineeffect of using virgin graphite instead Use SGLvirgin graphite 1486.7 627.3 495 -42.8 5.9 5.3 Effectof virgin grapMe Is noted
of irradiatedgraphite

4 Pebble bed effectivek Determineeffect of using the neweffective Previously: 1491.3 625. 493.3 -38.3 3.9 3.5 Significanteffect
(OLD) pebble bed conductivitycorrelation (Chapter4) k= 0.OOO12673*T1.64

5 Old pebble conductivity Determineeffect of using the new pebble Previously: 1526.4 620.5 489 -3.1 -0.9 -0.6 Effectof new pebble conductivitycorrelation Is
conductivitycorrelation (Chapter4) kgropMe= 24.7 [W/m.K] small. This might not be the case for normal

Previously:
.

operation

klael=47.4 [W/m.K]

6 Only radiation in RCCS Effect of assuming only radiation heat transfer in Convectioncoefficientzero 1531.1 629.6 502.6 1.6 8.2 12.6Small effect on fuel temperature.Largereffect on
cavity the RCCScavity CB and RPVtemperature
RPV m*cp Increased Effect of assumptionthat no massabove and The densityof the RPV 1528.8 620./ 489.2 -0.7 -0.7 -o.eSmall effect, good assumption

belowthe core barrel needs to be modelled.This material is increasedby 30%
assumption neglectsa large portionof the RPV
mass

e Neutronand Gamma Effect of high neutron and gamma heating The neutronand gamma 1530.1 622.5 490.8 0.5 1.1 1 Effectsmall (confirm this in future models)
heating * 10 heating fractionsare

increased

9 Increase sink temperature Effect of assumptionthat RCCScan be The RCCSsink temperature is 1530 623.3 492.8 0.5 1.9 Small effect, good assumption
representedby a heat sink with a constant increasedfrom 40'C to 60'C
temperatureof 40'C

1CFiner convergencecriteria Effect of the convergencecriteria on accuracy Convergencecriteria reduced 1529.5 621.4 489.8 -0.1 0 Smalleffect, good assumption
by factor 10

11 Increase CB & RPV Effect of CB and RPVnumericaldlscretisatlon The number of increments in 1529.5 621.4 489.8 0 C ( Small effect for chosenvalues: goodassumption
discretisatlon the CB and RPVwere

Increasedfrom 3 to 4
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Figure 49 shows the relative contributions from this sensitivity study:

Power profile: control rods extracted

Power profile: control rods Inserted

Virgin graphite

Pebble bed effective k (OLD)

Old pebble conductivity I

Only radiation In RCes cavity

RPV m*cp Increased

Neutron and Gamma heating * 10

Increase sink temperature

Finer convergence criteria

Increase CB & RPV dlscretlsatlon

-100.0 -80.0 -60.0 -40.0 -20.0 0.0 20.0 40.0 60.0 80.0 100.0

Variance from Nominal rCJ

Figure 49: Relative MFT Contributions from Remaining 11 Parameters

The thermophysical properties of helium were investigated in a separate sensitivity study as

follows:

Helium viscosity

The helium viscosity as per Chapter 4 varies very slightly. A rounding error caused the

problem that the sensitivity effects could not be observed. For this reason it became

necessary to conduct manual sensitivitiesfor heliumviscosity independently. These results

are shownseparatelyin Figure50 to Figure52:

1530

-+- VIlemOl
VIlenom

-+- VIlemax

1529

1529.8

~1!528.8

i 1529.4

!
1529.2

1!528.8

~ ~ ~ ~ ~ Q C ~ ~ ~ ~
TIme In hours

Figure 50: MFTSensitivity to Helium Viscosity
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Figure 51: MaximumCore-barrel Temperature Sensitivity to HeliumViscosity
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Figure 52: MaximumRPVTemperatures Sensitivity to HeliumViscosity

The effectof variationinthe heliumviscosity(on the fuel, core-barreland RPVtemperatures

during a DLOFC)is very small « 1 "C).For this reason, no further studies were conducted

on heliumviscosity.

Helium Density

The heliumdensitywas varied in a sensitivitystudy accordingto the uncertaintyinthe helium

density (Section4.6.1). The results of this preliminarystudy showed variations in maximum

fuel temperatures of less than 0.01 cC. The same applies to the maximumcore barrel and

RPVtemperature. Forthis reason, no furtherstudies were conducted on heliumdensity.
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Helium Cp

The helium specific heat was varied in a sensitivity study according to the uncertainty in the

helium specific heat (Section 4.6.1). The results from this preliminary study showed that the

uncertainty in the helium specific heat is not large enough to have a significant effect on the

maximum temperatures « 1 "C). For this reason, no further studies were conducted on

helium specific heat.

5.3.2 Monte Carlo analysis results

Section 3.9.3 described how the results are statistically processed and reported as well as

the meaning of the terms. Figure 53, Figure 54 and Figure 55 below show maximum fuel,

core-barrel and RPV temperatures respectively for the 50-run Monte Carlo simulation.

Statistical analyses of these results are presented in Section 5.4.

Figure 53 shows that the MFT results from the Monte Carlo simulation peak at around 40

hours in the region of 1480 to 1580 "C. The sharp dip within the first few minutes of the

transient is as a resultof the rapiddepressurizationand convectivecooling.
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Figure 53: MFTResults from the Monte Carlo Simulation
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Figure 54 shows how the maximum core-barrel temperatures peak at around 52 hours in the

region of 605 to 640 "C.
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Figure 54: Maximum Core-barrel Temperature

Figure 55 shows how the maximum RPV temperatures peak at around 55 hours in the region

of 450 to 505 "C.
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Figure55:MaximumRPVTemperatureResultsfromMonteCarloSimulation
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5.4 STATISTICALANALYSES

5.4.1 Best-estimate plus Uncertainty Results

Figure56 displays a normal probability plot for the Monte Carlo analysis. The linear nature of

the plot indicates that the data corresponds to a normal distribution and can thus be treated

as such.
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Figure 56: Normal probability plot for Monte Carlo analysis

Section 3.9.3 describes the theoretical methodology as to how to interpret the Monte Carlo

results. After statistically evaluating the mean and standard deviation plus the confidence

limits around these parameters, the uncertainty in the maximum fuel, CB and RPV

temperaturescould be establishedas well as the final 5% POE value with 95% confidence.

This was done for both normal operation (Table 14) as well as during the DLOFC transient

(Table 15). Maximum allowable temperatures [59] determined whether the DLOFC

temperatureswere acceptable or not.

Table 14: Best-estlmate plus Uncertainty Results (Normal Operation)

6 Section 3.9.3 describes the theory behind the term uncertainty
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Uncertalnty6
Value @ 5%Best-estimate POE with 95%

['C] ['C] confidence ['C]
Fuel 1140 41 1178
CB 360 2 362

RPV 293 1 294
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Table 15: Best-estimate plus Uncertainty Results (DLOFCTransient)

Table 15 shows that none of the temperature limits were exceeded implying that all the

materials are within their code case during the unlikely event of a DLOFC (These results

correspondsto a 5% POE with 95% confidence). Note: even the previousfuel temperature

limitof 1600"C wasnotexceeded- Thislimitwaspreviouslyusedby SIEMENS[35]before
newfuel failuredata becameavailable.

Figure 57 illustrates how the methodology described in Section 3.9.3 was applied to the MFT

in order to obtain the results presented in Table 15:
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Figure 57: Probability Distribution Function showing 5% POEwith 95% Confidence

5.4.2 Number of simulations required

The confidence in the statistics of any group of results increases as the number of sample

results increases. In general, for non-correlated inputs, a sample size of more than 23

results is usually considered to be representative of a population.

7 Section3.9.3describesthetheorybehindthetermuncertainty
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Best-estimate Uncertalnty7
Value @ 5% Max allowable

POE with 95% Acceptable?[OC] [OC] confidence [OC] [OC]

Fuel 1529 53 1582 1800 Yes
CB 621 17 638 816 Yes
RPV 490 13 503 427 for 3000 hrs Yes

538 for 1000 hrs
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In this study, the computation time to analyze 72 hours of real time per simulation run is

around 20 minutes. Therefore it was decided to perform 50 runs since these would take a

total Monte Carlo computation time of less than 1 day, and these well-exceed the 23-run

minimum requirement.

The adequacyof choosing a total of 50 runs in the Monte Carlo analysiswas investigatedby

performing an additional 50 runs and investigating the convergence of the statistical

parameters. Figure 58 shows the convergence of the MFT mean and standard deviation

plotted against the cumulativenumberof runs performed. This is done for both the MFT and

for the for the 95% confidencevalue in each case. The results from these plots show that

when comparing 50 runs to 100 runs both the standard deviation and the mean are within

2 °C from convergence. This indicates that for the level of accuracy required, 50-runs are

sufficient.
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Figure 58: MFT Mean and Standard Deviation VS.Number of Runs

5.5 SUMMARY

Best-estimate results were presented for both normal operation and the DLOFC transient.

The MFT was the key figure of merit but the maximum core-barrel and RPV temperatures

were also of importance.

The best-estimate maximum temperatures during normal power operation were found to be

1031, 397 and 299 'C in the fuel, core-barrel and RPV respectively. During the DLOFC

transient, these maximum temperatures rose to 1529, 621 and 490 'C.

To account for uncertainty, a comprehensive sensitivity study was performed on both internal
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and external uncertainties. In addition a 50-run Monte Carlo analysis was performed to

observethe combinedeffectof the input parameteruncertainties.

The sensitivity studies showed that the most influential parameters were (in decreasing order

of importance): decay heat; pebble bed effective conductivity; reflector specific heat; reflector

conductivity; reflector density; core bypass and leak flows and fuel specific heat. Changing

the power profile had a significant effect on the MFT but the range allowed for in the

sensitivity study was too conservative to be meaningful.

The Monte Carlo simulation showed that for normal operation, the uncertainties on the

maximum fuel, core-barrel and RPV temperatureswere 41, 2 and 1 "C respectively. The

uncertainties on these components during the DLOFC transient at the time of maximum

temperature were 53, 17 and 13 "C. When adding these uncertainties to the best-estimate

results none of the temperature limits were exceeded. This implies that all the materials will

stay within their code case during the unlikely event of a DLOFC.

When investigating the convergence of the statistical parameters as the number of Monte

Carlo runs increases, 50 runs were shown to be sufficient.
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6. VERIFICATION AND VALIDATION 

6.1 INTRODUCTION 

Verification and Validation (V&V) are checks that are performed for the purpose of quality 

assurance. There are several specific definitions of these terms available, but in general: 

Verification is the process whereby inspection and reviews are carried out to ensure that 

requirements were addressed and that objectives were met; 

Validation is the process whereby testing and comparisons are carried out to ensure that 

the results are applicable to the initial intention and that they are accurate. 

In theory, in order to perform V&V of a calculation result, V&V work must be performed on 

the following: 

1. The input data; 

2. The software used; 

3. The calculation model that was created; and 

4. The calculation that was performed using the model 

Although a large amount of information is available on the detail of these four activities, this 

is too voluminous for the scope of this dissertation. For this reason, this chapter briefly 

addresses (1) and (2), but the main focus of attention is on activities (3) and (4). Secondly, 

(3) and (4) are more applicable to the author's contribution to the V&V work in this study, 

rather than other parties' contributions. 

Activity (3) usually addresses the model's functionality and applicability to model a range of 

different events. However, this dissertation is only applicable to one event, i.e. the DLOFC 

accident. Therefore, this dissertation addresses (3) and (4) together. This includes 

simultaneously addressing whether the event was modelled appropriately and whether an 

applicable calculation model was used. 

In order to undertake these activities, the definitions provided above indicate that review, 

comparison and testing are required. All three of these actions are performed where 

applicable. 
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6.2 INPUT DATA V&V 

V&V of input data is usually concerned more with verification of the acquired data than with 

validation. The validation of input data would be checking that the data used was actually 

applicable to what was being modelled. Instead, this task could be viewed as calculation 

V&V. 

The input data verification step has been addressed in a number of ways: 

Each input is well-referenced. This provides traceability of the information. 

The input data discussed in this dissertation is largely acquired from PBMR reports. 

These reports are subject to PBMR's internal quality assurance procedures, which 

comply with international standards such as ISO-9001. 

This dissertation itself has been subject to internal comments and independent review 

and inspection since it was created from a PBMR analysis document. 

The effective pebble bed conductivity is an input to the reactor model. The V&V work 

is being done for this important input by means of the Heat Transfer Test Facility 

(HTTF) -refer to Section 6.4.4. 

The Flownex software used in this dissertation has acquired international recognition 

(Section 3.3.1). In order to achieve this, a concerted and comprehensive effort has been 

made by the software supplier (M-Tech Industrial) in the V&V of Flownex. 

This began with a Flownex Software V&V Plan [60]. The activities performed in order to 

complete this V&V are described below: 

Theory manuals were prepared, reviewed and approved that contain theoretical 

derivation, modelling capabilities, limits of applicability, etc. of the various software 

components; 

Software testing was performed, comparing results to previously verified and 

validated results (This is done for each update of the Flownex software); 

Comparison was made with experimental results produced at North West University's 

experimental facilities. These include: a transient volume blow-down experiment; a 

transient heat exchanger experiment; a fast transient pipe network experiment; a 

steady-state complex pipe network experiment; a shell-and-tube heat exchanger 

experiment; and finally an integrated effects test on the Pebble Bed Micro Model, 

which demonstrates the PBMR use of the Brayton Cycle; 

Comparison was made with other calculation methods. This involved comparison 
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with another independently developed code, XNet; 

Comparisons with analytical solutions were made. EES is a commercial off-the-shelf 

software package that was used to compare the numerical solution of sets of 

algebraic engineering equations; and 

Comparisons with alternative models and peer review. This included international 

benchmarking programs, e.g. CRP-5 1611. 

All the results from these V&V activities are available in the Flownex Software Final V&V 

Report [61]. 

Papers have also been written on Flownex V&V describing the overall process and V&V 

strategy, deriving acceptance criteria for the comparisons, as well as providing results from 

comparison with experiment. Figure 59 shows this the Flownex Software V&V Process [62]. 

Figure 59: Flownex Software V&V Process [62] 

V&V reports specifically dedicated to the Flownex reactor modelling capability are also 

available [63]. A separate V&V report is created for each reactor zone (Zones described in 

Section 3.5). These zones have been verified and validated using alternative calculation 

methods, i.e. the XNet code. Lastly, V&V was completed by an integrated effects test - 

comparing results from SANA experimental data (A reactor heat-up and cool-down facility in 

Germany). 
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6.4 CALCULATION AND MODEL V&V 

6.4.1 Check for Robustness 

RD-0018 (221 requires that models are robust. Robustness is essentially that the model is 

stable and has a sufficiently wide range of applicability. In this way the model is not so 

sensitive that it falls over if there are slight changes in inputs. An ideal way of checking for 

this is to perform an uncertainty study, either by individual sensitivity studies or Monte Carlo 

simulation. Thus, any model V&V plan should include an uncertainty study. The uncertainty 

study presented in this dissertation has essentially fulfilled this requirement. 

6.4.2 Comparison with Analytical Methods 

This section summarizes the development of an analytical method used to support the V&V 

of the model. This method involves setting up a heat transfer model using the EES software 

(described in 3.3.6) and performing two simple benchmarks for comparison with the Flownex 

model. 

Part 1 - EES Model 

Using EES, a simple 1-dimensional model was created to account for the heat transfer from 

the riser channels to the RCCS via conduction, radiation and convection. The model 

calculates both a steady state and transient response for a step change in the temperature 

on the inside wall of the graphite side reflector. 

The following assumptions are made: 

1. This is a one-dimensional model and thus heat transfer occurs in the radial direction 

only. 

2. Forced convection is assumed in the cavities between the graphite side reflector and 

the core barrel, and between the core barrel and the reactor pressure vessel. 

3. Natural convection is assumed in the air cavity between the reactor pressure vessel 

and the RCCS. Constant properties were used for both solids and fluids. 

4. The temperature profile across the fluid is set up instantaneously (see steady state 

calculation below), i.e. there is no accumulation of energy in the fluid. 

5. The heat transfer into the helium in the second cavity occurs at the average gas 

temperature within this cavity. (A good assumption since the helium temperature only 

changes by around 0.6 "C). 

The heat transfer mechanisms across the respective solid and fluid layers are briefly 

explained in Figure 60 and Table 16: 

Flownex Uncertainty Analysis of a DLOFC 85 



M.Sage VERIFICATION AND VALIDATION Nov-2006

I I
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convection

rad ia tio n

Figure 60: Heat transfer mechanisms

d rad"

Variables (in order of appearance):

Q = heat transfer rate, Le. power.
k = thermal conductivity
L = length of the wall (Le. the reactor height)
To = temperature at the outer radius
Tj = temperature at the inner radius
T, = average fluid temperature
r0 = radiusat outerwall
rj = radius at inner wall
h = convection heat transfer coefficient
a = Stefan-Boltzmann constant
A = heat transfer area across applicable solid surface
A1 = heat transfer area across surface 1
A2 = heat transfer area across surface 2
T1 = temperature at surface 1
T2 = temperatureat surface2
£1= emissivity of surface 1
£2= emissivity of surface 2
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Figure 61 shows the heat transfer path across solid surfaces and cavities that are

considered:

RCCS

Cavity 3 (air)

RPV

Cavity 2 (Helium)

Core barrel

Cavity I (Helium)

Graphite side
reflector

Outsideof
riser
channels

Figure 61: Schematic Top view: Riser channels to RCCS

Each solid wall was divided into four spatial increments (Le. five nodes) to improve accuracy

in calculation of transient responses (Figure 62). In this way the temperature profile through

each wall during a transient response is approximated by four (steady state) temperature

profiles. In the cavities however, it was assumed that the temperature profile is set up

instantaneously (see steady state calculation below), Le. there is no accumulation of energy

in the fluid.

Figure 62: Atypical control volume

For the transient response the implicit formulation was implemented where temperatures are

solved for in the next time step, rather than the previous. This method allows larger time

steps than the explicit method, and thus requires fewer variables (The EES professional

version limits the user to 10000 variables).

Steady state calculation

The calculation begins with the heat transfer through the first solid wall, Le. the graphite side

reflector. At steady state the heat transfer rate must be consistent through each increment

through the solid. Use of the conduction equation given in Table 16 gives 7 equations with 8

unknowns.
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Next, we look at the heat transfer through the first cavity, Le. between the graphite side

reflector and the core barrel: An inlet fluid temperature is specified as a constant, whilst the

outlet fluid temperature is left as a variable. The convective and radiative heat transfer

equations Table 16 are applied within (and across) the cavity and the average fluid

temperature is used.

An energy balance for the fluid reveals requires that:

<Jconvective_G- <Jconvective_CB = IDctofCPfluid"(Tfluid_outlet - Tfluid_inled

- where the G subscript implies heat transfer from the graphite to the fluid, and CB implies

the heat transfer from the fluid to the core barrel; mdotrefers to the mass flow rate of the fluid

through the cavity.

Lastly, the convective and radiative heat transfer leaving the graphite wall is equated to the

conductive heat transfer through the last increment in this wall. Similarly, the convective and

radiative heat transfer entering the core barrel is equated to the conductive heat transfer

through the first increment in the core barrel at each interface. Overall, for a cavity we have

7 equations with 7 unknowns. This equation set-up is repeated for each respective layer, as

required, until reaching the RCCS. To solve for the entire system of 3 solids and 3 cavities,

we require 2 boundary conditions. These were taken as fixed temperatures on the inside of

the graphite side reflector, Le. the riser channels, and on the inside of the RCCS. This

enables solution of the steady state problem, modelled at time: t = Os.

Transient response

In this case, the steady state equations apply for each increment as before, however the

whole system is no longer at equilibrium and the heat transfer rate is not consistent across all

increments. For the transient response it is assumed that the new temperature profile within

the cavities is set up instantaneously every time increment, Le. there is no accumulation of

energy or unsteady behaviour within the fluid in the cavity. This is generally a good

assumption since the density of the fluid in the cavity is far less than that of the solid. This

means that effectively the unsteady behaviour will only be observed in the solid.

For the transient response through the solid we have that the heat transfer rate into control

volume less the accumulation rate within the control volume equals the heat transfer rate out

of the control volume, Le.
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Now using a time increment, At we have: dT2 _ T2(i) - T2(i - I)

dT At

Q12-Q23 = poCpo7tHo(R 2_ R 2) T2(i)-T2(i-I)
23 12 0

At
which leads to:

The half control volumes are treated by the same principle, but the heat flux at the interface

between the solid and the fluid, Le. 01 and 05 is equal to the sum of the convective and

radiative fluxes to or from the fluid. In this way, the thermal capacitance of the half control

volumes on the sides is also accounted for during a transient. One exception however, is the

first half control volume of the graphite surface only: The thermal capacitance of this has not

been taken into account since in order to do this, one must either make an approximation for

the transient heat flux on the boundary condition, or employ some other boundary condition

model. Instead, this mass is discarded. Note that the error in this approximation approaches

zero as the discretization becomes finer. (A separate study on discretization of the graphite

layer showed that four increments are sufficient for accurate results).

A time step study (Figure 63) showed that 10 second time steps were required for accurate

results.

101-------------.------------

100 200 3D .uJJ

Tim. tit

500 6(1) 700 101

Figure 63: Time Step Study -Side Reflector Outside Temperature

Part 2 - Benchmark comparisons using analytical EES model

Two benchmark analyses were done to validate the heat transfer path from the riser

channels in the side reflector to the RCCS. Benchmark 1 was to only model the heat transfer

due to conduction and radiation, whereas Benchmark 2 also included the effects of

convection. The steady state and transient results from Flownex and the EES model would

be compared to support the validation of the Flownex model.
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Appendix 8.3 provides the steady state and transient analyses scenarios (Le. a step change

in riser channel temperature from 500 to 900°C) as well as the required inputs for this

benchmark analyses.

Steady state results

Figure 64 and Figure 65 show this steady state calculation output from the EES model for

Benchmarks 1 and 2 respectively (Subscripts 1 to 5 represent the radial increments from the

inside to the outside of each solid volume).
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Figure 64: Steady state Output from EES Model (Benchmark 1)
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Figure 65: Steady State Output from EES Model (Benchmark 2)

The results for Benchmark 1 are shown as a radial temperature profile with comparison to

the Flownex results in Figure 66 and Table 17 below:
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Figure 66: Benchmark 1 Radial temperature profile (EES and Flownex)

The radial profile generated in Flownex cannot be seen because it lies behind the curve

generatedin EES.

Table 17: Benchmark 1 Steady state wall temperature results

Radial dimension (m) 4.430
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The results for Benchmark 2 are also shown as a radial temperature profile in Figure 67 and

Table 18 below:
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Figure67: Benchmark2 Radialtemperature profile(EESand Flownex)

The radial profile generated in Flownex cannot be seen because it lies behind the curve

generated in EES.

Table 18: Benchmark 2 Steady state wall temperature results

Transient Results

Figure 68 shows the results to the transient scenario in Benchmark 1. The EES results

include the inside and outside temperaturesof each structure,whilst the available Flownex

results include only the outside of the graphite, the inside of the CB and the inside of the

RPV. The availableFlownexcurves lie almostdirectly on top of the EEScurves.
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Wall temperature results (OC)

Flownex 500.0 492.3 417.2 407.0 300.1 283.5 40.0

EES 500.0 492.3 417.2 407.0 300.1 283.5 40.0
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Wall temperature results (oC)

Radial dimension (m) 2.606 2.750 2.875 2.925 3.100 3.280 4.430

Flownex 500.0 487.5 343.8 327.0 258.9 246.7 40.0

EES 500.0 487.4 342.8 326.0 258.4 246.2 40.0
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Figure 68: Benchmark 1 Transient Response

Figure 69 shows the results to the transient scenario in Benchmark 2. These results

compare very well, Le. within a few °C. The fact that the Flownextemperatures are very

slightlyelevatedcan be explainedby the fact that the Flownexheat transfer coefficientswere

slightly lower. As can be seen from the graph, the difference in the results is effectively

negligible.
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Figure 69: Benchmark 2 Transient Response
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Conclusions Drawn from Comparison with Analytical Solutions

The analytical EES Model that was set up was a useful benchmarking tool for comparison

with Flownex results. Comparison of the results showed negligible differences (both in the

steady state comparisons and the transient comparisons). Therefore, it can be concluded

that the heat removal path modelled in Flownex is valid.

6.4.3 Comparison with Alternative Calculations

The literature survey (Chapter 2) showed that a handful of the related references are

sufficiently applicable to this dissertation and could thus be used as alternative calculations in

support of the V&V effort. The results from these applicable studies are listed here for brief

comparison purposes:

STRYDOM [30] performed detailed reactor modelling for the PBMR reactor using the TINTE

(Time-dependent Neutronics and TEmperatures) code. In that study, the SRSS approach

(Section 2.2.3) was used to investigate the uncertainty of the MFT during a DLOFC accident.

The results from this study only indicated a normalized MFT with time (protecting the base

case or best-estimate information). However, the uncertainty band results were indicated as

59°C variation using the SRSS method. Similar input parameter variations were assumed.

Chapter 5 of this dissertation indicated an uncertainty band of 48°C using the SRS Monte

Carlo method as the basic variation due to the standard deviation in the results. After

allowing for a 95% confidence fit to the data, this was increased to 53°C. Thus when

comparing the two studies, only a 6 °C difference in the uncertainty bands remains. This

indicates excellent agreement between the two results. What is also interesting is that past

experience indicated that the SRSS method is slightly more conservative than the more

advanced Monte Carlo methods. The same basic trend is also demonstrated in this

comparison. Note: [30] indicated a band of 107°C when allowing for a biased (non-

statistical) initial operational power of 105%. This is not justifiable since operational tech

specs usually prevent power exceeding 100%. However, some error in initial power should

be accounted for due to measurement error, but a portion of this should be considered as

random (statistical) error and a portion as systematic error, e.g. due to calibration.

STRYDOM [31] performed a second study in TINTE using a Monte Carlo analysis instead of

the previously-used SRSS method. This study indicated that the MFT would be 1593 DC,

with a 2(1band of 54°C, in comparison to this dissertation which indicated 1529 °C and a 2(1

band of 48°C. The main difference is in the best-estimate values, Le. 63°C higher in [31].

Although there can be numerous reasons for the difference, a detailed investigation to

resolve this difference is outside the scope of this report. As a percentage in degrees Kelvin,
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the error amounts to a mere 3%.

ROLLIG [38] used TINTE with a biased SRSS approach to show PBMR's MFT during a

DLOFC accident moving from a best-estimate of 1506 DC to a plus-2a value of 1626 DC.

Flownex' best estimate over-predicts this result by 23 DC,a small margin of error. However,

the great difference in the upper limit is as a result a conservative non-statistical biasing of

the initial reactor power. The general approach in this study seems somewhat simplistic, so

the result should not carry much weight.

VAN STADEN [33] has not performed uncertainty studies, but showed using STAR-CD that

the best-estimate MFT is no more than 1500 DC (Flownex over-predicting this by 29 DC).

This study is important since the reactor is modelled 3D and in a very high level of detail from

the fundamental Navier Stokes equations. One main difference is that CFD can model the

central column and side reflector cooling flows during normal operation to a higher level of

detail. This results in lower normal-operating core structures temperatures. The result of this

is that the core structures have more capacity to store the decay heat released during the

accident. This explains why the temperatures are lower. Figure 70 shows this result.
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Figure 70: Transient Temperatures for DLOFCevent [33]
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6.4.4 Comparison with Experiments 

This section summarizes what has been done, and what is still to be done in terms of 

experiments, to further validate the PBMR Flownex Reactor Model and the results that it 

produces. 

Section 6.3 described how the SANA experimental data from Germany was used to validate 

the Flownex Reactor Model [61]. Currently, a High Temperature Test Facility (HTTF) is 

under construction at North West University. This is made up of an HTPU and an HTTU 

which are the Heat Transfer Pressure Unit and Heat Transfer Temperature Units 

respectively. These facilities will help to validate the heat transfer across the pebble bed 

under high pressure and high temperature conditions (V&V of input data), and can also 

contribute towards software V&V although the V&V of the Flownex software reactor model is 

essentially complete. The results could also be scaled to represent PBMR conditions. 

Although not applicable to the PBMR, it is interesting to note that the Japanese have 

performed safety demonstration tests on their HTTR (which uses block fuel) including 

anticipated transients without SCRAM and DLOFC accidents [64]. It would be ideal if a full- 

scale PBMR DLOFC accident could be performed experimentally for the PBMR model V&V, 

but this is currently not possible for the following reasons: 

1. The PBMR has yet to be built (currently in the design phase); 

2. The entire investment could be compromised as a result of severe temperature 

conditions; and 

3. This could impact on nuclear safety, possibly causing a radiological dose to the 

public. 

Once the PBMR is built however, it is planned to perform PLOFCs (Pressurized loss of 

forced cooling) at low power. The higher pressure results in better natural convection and 

thus a higher heat removal capability. The low power means the decay heat input during the 

transient will be lower. These two changes should not compromise the investment, or the 

safety. Although they are not the same as the DLOFC after full power, the heat removal path 

can be evaluated and compared with analyses. 

Flownex Uncertainty Analysis of a DLOFC 96 



M. Sage VERIFICATION AND VALIDATION Nov-2006 

6.5 SUMMARY 

In order to complete the V&V for this dissertation, the following was required: V&V of the 

input data; V&V of the Flownex Software code; and V&V of the DLOFC calculation and 

Flownex PBMR Reactor Model. 

All of the above have been either satisfactorily completed or planned for: The input data has 

been well verified by means of an internal review process. The effective pebble bed thermal 

conductivity is currently being validated via construction of the HTTF. 

Extensive V&V work has been performed on the Flownex software. This includes creation of 

user manuals with detailed derivation of the theory. A detailed comparison with analytical 

solutions has been made. Alternative calculations have been used for comparison and 

excellent work has been done in comparison with the SANA experiment. 

In validating the Flownex model of the PBMR reactor, robustness was demonstrated by use 

of the Monte Carlo analysis (no cliff-edge effects). In addition, an analytical method was 

developed by creation of an EES model, which models the PBMR heat removal path from 

the riser channels to the RCCS. The EES Model was used to perform two PBMR-specific 

benchmarks for comparison with the PBMR Flownex Model. An excellent comparison was 

achieved, with results varying from exact to within a few degrees of one another. 

Comparison with alternative calculations was also made. When compared to an SRSS 

method using TINTE, the Flownex result showed uncertainty bands being less conservative 

against MFT by as little as 6 "C. In a second comparison, the Flownex result under-predicted 

a TINTE Monte Carlo best-estimate result by 63 "C (or 3%) but showed an almost identical 

uncertainty band. Previous experience has indicated that the TINTE result is somewhat 

conservative. A detailed reactor model using a CFD code confirmed this, indicating that 

Flownex (which produced a lower result than TINTE) is over-predicting the MFT by in the 

order of 23 "C. 

Various comparisons with experiment were discussed: The SANA experiment was used for 

the Flownex Software V&V; the HTTF is busy being built to validate the pebble bed effective 

conductivity; the HTTR-15 has performed DLOFC demonstration tests; PBMR once built, will 

perform low power PLOFCs to further validate the model in a safe operating range. 

The large extent of V&V activities that have been carried out provides a high level of 

confidence that the results produced in this dissertation are satisfactory. 
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7. SUMMARY AND CONCLUSION 

7.1 INTRODUCTION 

This Chapter provides an overall summary and conclusion to this dissertation. The scope of 

the chapter is as follows: Firstly, the key findings from the study are summarized. Following 

this, the unresolved assumptions and problems that were experienced are highlighted in 

order to identify the possible shortcomings in the study and to identify suggestions for future 

research. 

7.2 KEY FINDINGS FROM THE STUDY 

The introductory chapter showed how the world is currently experiencing an energy crisis. 

To cope with the rising demand in South Africa, Eskom plans to increase its capacity by 

around 1.000 MW per year over the next ten years. To do this, nuclear power was identified 

as a clean, safe and reliable source of electricity that fulfils the South African government's 

objective of diversity of supply. One option is the PBMR which is an inherently safe, next- 

generation nuclear power plant that uses pebble fuel. In the event of a DLOFC accident, the 

reactor will passively cool itself, and remain within safe limits. 

The main purpose of this dissertation was to perform an uncertainty study on the PBMR 

reactor during a DLOFC accident. A possible spin-off from this is the demonstration of this 

inherent safety feature by showing that the acceptance criteria are met. A literature survey 

was carried out to gather the required input data; to research the concept of uncertainty and 

methods for addressing it; to investigate related work and to assist in the required V&V work 

for the study. The relevant literature showed that although some work has been done in this 

field of study, a Monte Carlo uncertainty analysis has not yet been done for the PBMR 

DLOFC using the Flownex code. This indicates that the work presented in this dissertation is 

unique. 

The model requirements were established by use of a systematic PlRT process and Flownex 

was identified as a valuable tool for thermohydraulic modelling. A detailed model of the 

PBMR reactor was set up in Flownex after making the necessary assumptions and 

simplifications. A sensitivity and Monte Carlo sampling platform was set up in conjunction 

with Flownex in order to perform the uncertainty study. 

The main input parameters to the Flownex reactor model are the mass flow, temperature and 

pressure boundary conditions; neutronics inputs; fuel and core structures thermophysical 

properties; helium thermophysical properties and other model inputs such as discretization, 
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time steps and convergence criteria. Each input has a best-estimate value and an 

uncertainty range around it which can be sampled in the Monte Carlo simulation. 

It was shown in Chapter 5 that during the DLOFC transient, the best-estimate maximum fuel, 

core-barrel and RPV temperatures reached 1529, 621 and 490 "C respectively. Sensitivity 

studies showed that the parameters that most strongly influence the results are the decay 

heat, the pebble bed effective conductivity and the properties of the graphite reflector. 

Changing the power profile also had a significant effect on the MFT but the range allowed for 

in the sensitivity study was too conservative to be meaningful (future work is identified in this 

regard). Lastly, variations in fluid properties had a negligible influence on the DLOFC results. 

The Monte Carlo simulation provided uncertainty bands after statistical analysis of the 

results. The conclusion was that with 95% confidence, there is a 5% probability of exceeding 

maximum fuel, core-barrel and RPV temperatures of 1582, 638 and 503 @ respectively. All 

three of these temperatures are below the maximum allowable temperature for each 

respective component. Thus all three components will stay within their code cases during 

the unlikely event of a DLOFC. 

The final effort in this study went to V&V. The purpose of a V&V step in any process is for 

quality assurance. More specifically to this study, the level of V&V determines the level of 

confidence that can be attributed to the correctness of the results. The input data has been 

well verified by means of an internal review process. The effective pebble bed thermal 

conductivity is currently being validated via construction of the HTTF. From a software 

perspective, extensive V&V work has been performed on Flownex, including detailed 

comparisons with analytical solutions, alternative calculations and with experiment. In 

validating the Flownex model of the PBMR reactor that was created for this study. 

robustness was demonstrated by use of the Monte Carlo analysis (no cliff-edge effects). In 

addition, an analytical method was developed by creation of an EES model, which models 

the PBMR heat removal path from the riser channels to the RCCS. An excellent comparison 

was achieved, with results varying from exact to within a few degrees of one another. 

Comparison with various alternative independent calculations showed good agreement with 

less than 3% relative error. If the results have inaccuracies in them, it is preferred that the 

results should be rather conservative than optimistic. A detailed reactor model using a CFD 

code indicated that Flownex is over-predicting the MFT by in the order of 23 "C. . 

The large extent of V&V activities that have been carried out provides a high level of 

confidence that the results produced in this dissertation are satisfactory, if not slightly 

conservative. Conservatisms were introduced in the following ways: The decay heat input is 
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inherently conservative; the mass on the top and bottom of the core were neglected; the 

graphite near to the fuel was assumed to be heavily irradiated. Although these 

conservatisms are not accounted for in the statistics, it provides confidence that the MFT 

would be lower than calculated. 

The main purpose of this dissertation was to perform an uncertainty study on the PBMR 

reactor during a DLOFC accident. Not only was this goal successfully achieved, but the 

results also demonstrated the inherent safety of the reactor by results falling within the 

acceptance criteria of the fuel and core structures. 

7.3 PROBLEMS EXPERIENCED AND FUTURE RESEARCH 

At the time of the study, Flownex could only perform single-run thermohydraulic analyses. A 

simulation platform was required in the form of a Matlab code to perform multiple analyses in 

the form of sensitivity and Monte Carlo simulation. As part of the development plan, Flownex 

should be updated to provide this functionality. 

A significant difference in fuel temperature was found when using virgin graphite instead of 

irradiated graphite in the reflector (This is a function of the uncertainty as to when in the plant 

life the accident occurred, which could not be included in the Monte Carlo analysis). Virgin 

graphite implies a 43 "C lower MFT. This means that the uncertainty in the irradiated 

graphite thermal conductivity should be carefully scrutinised in future research. 

Changes in the power profile had the largest effect on the fuel temperature (90 "C). This 

result should be treated with caution however, since the power distribution curves for cases 

other than the normal operation still need to be verified. More importantly, it is unrealistic to 

assume that the normal power operation profile could vary as much as from a profile 

equivalent to control rods inserted to control rods withdrawn. Future research should include 

a detailed investigation of realistic variations in the axial power profile. In addition, Flownex 

should be updated to allow for a changing power profile with time. In this way, separate 

power profiles could be implemented for normal operation and the DLOFC transient. Finally, 

the axial power profile is currently radially-averaged and only allows for a second order 

polynomial fit. Although less important, an investigation should also be carried out to 

account for the radial power profile and provide for a better polynomial fit. This would also 

require a Flownex update. 

Apart from the power profile, the uncertainty in the decay heat caused the greatest 

uncertainty in MFT (5% variation affects the MFT by around 39 "C). This large effect calls for 
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more detailed V&V of the decay heat input parameter. Note also that the accuracy of the 

decay heat fit was not taken into account in this study and should be investigated in future. 

In addition, the initial power before the start of the transient could contain a systematic 

measurement error. This should also be accounted for. Note that operational tech specs 

ensure that the measured integrated power is no more that 100% over 8 hours. 

During normal operation, the reactor inlet temperature and mass flow rate determine the 

initial fuel temperatures. Uncertainties in these boundary conditions could not be accounted 

for and the effect of this should be investigated in future research. Also, the break size 

determines the depressurization time which determines the degree of cooling at the start of 

the DLOFC transient. This could not be accounted for in this study but would be interesting 

for future research. 

Another difficulty was that at the time of this study, the functionality to compute the upper 

limits on the pebble bed Nusselt number and pressure loss coefficient was not yet available. 

These two uncertainties should also be accounted for in the next Flownex update. Future 

research should also include a study on natural convection in pebble beds to improve the 

accuracy of the results. 

The porosity of the pebble bed varies across the reactor, mainly due to wall effects. The 

uncertainty in this parameter could not be accounted for at the time of this study. Future 

research should address this. 

The neutron and gamma heating in the central reflector and the side reflector change from 

0.9% and 1.5% to 0.1% and 0.2% respectively from normal operation to a DLOFC. At the 

time of this study this change could not be included in the Flownex transient set. Therefore, 

the DLOFC fractions were assumed for both normal operation and for the DLOFC transient. 

It is expected that this is a conservative assumption for fuel temperatures but optimistic for 

core barrel and RPV temperatures. Although the effects are small, future research could 

quite easily address this by implementing this functionality into the Flownex transient set. 

Heat losses through top and bottom plates were conservatively neglected by use of the 

assumption that these are perfect insulators. For more accurate results, an investigation 

should be undertaken to observe the effect of this. 

The effects of thermal expansion could not be taken into account due to a fixed geometrical 

input. The effect of this is expected to be small but this would make for interesting research 

in the future. 
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Because the PBMR has not yet been built, no full scale results were available for comparison 

with plant data. This is not a problem since such a large amount of V&V work has already 

been carried out. However, once the PBMR is built, a low power PLOFC (pressurized 

condition) should be carried out in order to further validate the model in a safe operating 

range. In addition, this study has showed that the effective pebble bed conductivity has a 

significant effect on the maximum fuel temperature (10% implies a deviation of up to 28 "C). 

Thus future work at the HTTF will validate this important input parameter. 

The results provided in this dissertation are a function of the correctness of the probability 

distributions of the input parameters. As part of a continual improvement process, the 

integrity of the uncertainty of the input parameters should be continually challenged as new 

data becomes available. 
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8. APPENDICES 

8.1 REACTOR MODEL ZONE INPUT CALCULATIONS 

This Appendix provides more detailed information on the implementation of the PBMR 

Reactor Model into Flownex (Section 3.5). 

8.1.1 General terminology and inputs for the Flownex model 

DW - Darcy-Weisbach pipe 

PB - Pebble Bed Reactor 

RD - Restrictor with loss coefficient 

SN - Super node - advanced reactor model 

The Nusselt number for turbulent flow is calculated for the Dittus-Boelter equation: 

Nu =0.023Reo8 Prn 

Where: 

n = 0.4 for heating; and 
n = 0.3 for cooling 

8.1.2 Advanced reactor model inputs 

Riser channels 

Entity . Number Description , I Parameter Value I I 
Lones: I Vertical hydraulic diameter [m] 1 0.17 (from [57]) 1 

Convection option 

,adial 7 axial 4 to 
.adial 7 axial 7 

Vertical permeability [ I  

Y-Pipe Roughness [pm] 

Parameter /Calculations 
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0.30345 

30 

Number of parallel riser channels 

Calculation 

input 

36 

FN input 

Total flow area of flow paths [m2] = TI ' 0.17' ' 36 0.02271 1 
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Control rod channels 
- 
Entity 

0.30345 

Total area of the zone where the risers are [m2] = n'(5.2122-4.8722)14 

Permeability [ I  = flow area I total zone area 

2.693 

1 Vertical flow equation I Darcy-Weisbach I 

Value Number 1 Description 

1 Convection option 1 Dittus-Boelter I 

Parameter 

3 

Laminar Nusselt 

C (Nu=C.Rem) 0.023 

M (Nu=C.Rem) 

Zones: 

radial 5 axial 4 to Vertical permeability [ I  
radial 5 axial 7 

l ~ o t a l  flow area of flow paths [rnZ] = n * 0.13' ' 24 1 0.318561 1 

Parameter I Calculations 

Number of parallel control rod channels 

I Total area of the zone where the control rod channels are [m2] = 

n'(4.104~-3.844')/4 I 
l~ermeabi l i t~ [ I  =flow area I total zone area 1 1 0.196275791 

Calculation 

input 

24 

8.1.3 Central reflector cooling slots 

FN input 

Entity 

I Y-Pipe Roughness [pm] 1 30 1 
I Vertical flow equation I Darcy-Weisbach ( 

Number 

3 

I Convection option I Dittus-Boelter / 
Laminar Nusselt 

C (Nu=C.Rem) 0.023 

M (Nu=C.Rem) 

Description 

Zones: 

radial 2 axial 6 to 

radial 2 axial 7 
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Parameter 

Vertical hydraulic diameter [m] 

Vertical permeability [ I  

Parameter I Calculations 

Value 

0.02 (from [57]) 

,032 

Calculation 

input 

FN input 
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I I 

Total area of the zone where the cooling slots are [m2] = n'(12- 0.94') 1 0.366 

Number of parallel channels 

Width of channel [m] 

Depth of channel [m] 

Total flow area of flow paths [m2] = 16 ' 0.01 2 0.06 

I I 

Permeability [ I  = flow area 1 total zone area 0.032 1 

16 

0.012 

0.06 

0.0125 

I I 

lHydraulic diameter [m] = CNcirc 1 0.021 I 

Circumference of flow slot = (0.012+0.06)'2 
I I 

Reactor inlet slots 

0.144 

Area per flow slot = (0.012'0.06) [m2] 

Entity 
- 

SN 

0.00072 

Number Description 

Zones: 

radial 6 axial 3 and 

radial 4 axial 3 

Parameter Value 

Vertical hydraulic diameter [m] 1 0.1 approximate 

Vertical permeability [ I  1 0.1 approximate I 
Y-Pipe Roughness [ ~ m ]  / 30 

Vertical flow equation / Darcy-Weisbach I 
Convection option / Dittus-Boelter I 
Laminar Nusselt 14 I 

(parameter / Calculations l~alculat ion IFN input 

input 

Number of parallel slots 

Width (w) [m] 

Height (h) [m] 

lHydrauiic diameter [m] = 4*Ncirc I I 0.071 

24 

0.04 

0.7 
I I 

(Horizontal permeability [ I  I I 0.071 

Circumference = 2*(w + h) [m] 

Reactor outlet slots 

1.48 
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Entity 

SN 

Number 

3 

Description 

Zones: 

radial axial ' and 

Parameter 

Vertical hydraulic diameter [m] 

Vertical permeability [ I  

Value 

0.70206677 

0.10154381 
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adial 3 axial 9 Y-Pipe Roughness [pm] 30 

I Vertical flow equation / Darcy-Weisbach I 
I Convection option I Dinus-Boelter I 

Laminar Nusselt 4 

C (Nu=C.Rem) / 0.023 

arameter I Calculations 

( Hydraulic diameter 1 0.7020671 
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8.1.4 Flownex network inputs 

Reactor bypass flow restrictor 

Entity Number Description 

Reactor bypass flow restrictor 

kgls as given in paragraph 0. 

Control rod bypass flow restrictor 

Parameter Value 

Length [m] 1 

Diameter [rn] 0.10255 

Roughness [prn] 0 

ZKI 0 

ZKb 0 

NumParall 1 

Numlnc 1 

Roughness [pn] 

Entity 

DW 

u 
There are 24 control rods 

I Nurnlnc I 1  

The length was chosen arbitrarily, while the diameter was sized to give a bypass flow of 3.1 

kgls as given in paragraph 0. 

Number 

Central reflector cooling flow restrictor 

Parameter Description 

I Entity I Number I Description Parameter I value I 

Value 

12 

Length [rn] 

Diameter [rn] 

Control rod bypass flow restrictor 

10 

Roughness [pm] 

Central reflector bypass flow 

restrictor 

NumParall 

Length [m] 

Flownex Uncertainty Analysis of a DLOFC 111 

0.1 



M. Sage APPENDICES NOV-2006 

kgls as given in paragraph 0. 

Flownex network connection pipes to the advanced reactor super node 

Numlnc 

iGzZl- Description 

1 

1 1 Reactor inlet connection 

There are 12 central reflector cooling slots along the length of the central reflector. 

The length was chosen arbitrarily, while the diameter was sized to give a bypass flow of 3.1 

2 1 Reactor outlet connection 

Side-reflector-to-CB cavity inlet 

connection 

Side-reflector-to-CB cavity outlet 

connection 

5 ( CB-to-RPV cavity inlet connection 

CB-to-RPV cavity inlet connection 

Reactor cavity inlet connection 

Reactor cavity inlet connection 

Parameter I value 

Diameter [m] 1 0.3 

Diameter [m] 1 0.4 

Diameter [m] 

Diameter [m] loS 
Diameter [m] 1 0.2 

Diameter [m] 1 0.5 

Diameter [m] 

Numlnc l 1  
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8.2 DECAY HEAT FIT DATA 

This Appendix follows on from Section 4.3.2 which shows the appropriateness of the decay heat fits. The decay heat fit data is provided in 

Table 19: 

Table 19: Decay heat fit data 
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8.3 BENCHMARK ANALYSES FOR FLOWNEX VALIDATION 

This Appendix provides the additional information required in the context of the Validation 

Section 6.4.2. Table 20 and Table 21 provide the input requirements for the modelling of 

Benchmark 1 and Benchmark 2 respectively. These are used in the EES model and the 

Flownex model for validation purposes. 

Table 20: Numerical inputs for Benchmark 1 

I Geometry 

Helium thermal conductivity [Wlm.K] ' 0.23 

Steady state 
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GRLHS temperature ["C] 

i 
Radiation and conduction only (no convection) 

Helium specific heat [J/kg.K] ' 

500 

Flow in cavity A (helium) ' 

5187 

RCCSLHS temperature [%I ( 40 

18kgls. 500°C. SOOOkPa, downward flow 

Model parameters 

Radial increments in each solid 

Axial increments 

Time step [seconds] 

4 

6 

User optimises 

Operation 
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Steady state 

Surface temperatures [@I 

Transient 

Flow in cavity B (helium) ' 

Flow in cavity C (air) ' 

Transient 

1 Surface temperatures of GRLHS and RPVRHS [@I I 

18 kgls, 270@, 9000kPa, downward flow 

18kg/s, 150@, IOOkPa, upward flow 

I I 
' Arbitrary Flownex inputs 

Instantaneously increase the temperature GR LHS to 900% 

Results to compare 

Table 21: Numerical inputs for Benchmark 2 

I Geometry 

Lengthlheight [m] 

GR inside radius [m] 

GR outside radius [m] 

CB inside radius [m] 

CB outside radius [m] 

RPV inside radius [rn] 

RPV outside radius [m] 

1 

2.606 

2.750 

2.875 

2.925 

3.100 

3.280 
I 

RCCS inside radius [m] 

RPV specific heat [J/kg.U 

GR thermal conductivity [W/mK] 

CB thermal conductivity [W/mK] 

RPV thermal conductivity [WImK] 

4.430 

550 

78.3 

18.8 

38.0 

GR emissivity (both surfaces) [ I  

CB emissivity (both surfaces) [ I  

RPV emissivity (both surfaces) [ ] 

RCCS emissivity (both surfaces) [ I  

GR density [kg/m4] 

CB density [kg/mJ] 

RPV density [kg/md] 

Helium density [kg/mJ] 

Helium viscosity [kg/m.s] 

Helium thermal conductivity [W/m.K] 

I 
0.77 

0.75 

0.80 

0.80 

1790 

8000 

7830 

8 

2.94e-05 

0.23 

Helium specific heat [J/kg.K] 

Flownex Uncertainty Analysis of a DLOFC 115 

Properties 

5187 

Axial increments in each material 

GR specific heat [J/kg.K] 

Model parameters 

Radial increments in each solid 1 4  
6 

1565 

Time step [seconds] I User optimises 

Operation 

Steady state 

CB specific heat [J/kg.K] 1 556 
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GR Upstream temperature [@I 

RPVCS Upstream temperature [%I 

Heat transfer mechanisms 

Flow in cavity A (helium) 

Results to compare 
Sleady slale 
Surface temperatures [%I -At centre node or cell 
Translenl for 11000 seconds 
Surface temperatures [%I -At centre node or cell 

500 

40 

Radiation, conduction and convection. 

0 kgls, 500%, 9000kPa, downward flow 

Flow in cavity B (helium) 

Flow in cavity C (air) 

Translent 

Flownex Uncertainty Analysis of a DLOFC 116 

18 kgls, 270%, 9000kPa, downward flow 

0 kgls, 150@, 100kPa, upward flow 

lnstantaneausly increase the tempera!ure GRLHS to 900% 




