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I 

 

Abstract 

 

Egypt Second Research Reactor (ETRR-2) core was modified to irradiate LEU (Low Enriched 

Uranium) plates in two irradiation boxes for fission 99Mo production.  The old core 

comprising 29 fuel elements and one Co Irradiation Device and the new core comprising 27 

fuel elements, one Co Irradiation Device, and two 99Mo production boxes.  The in core 

irradiation has the advantage of no special cooling or irradiation loop is required. The purpose 

of the present work is the analysis of reactivity accidents in ETRR-2 cores. The analysis was 

done to evaluate the accidents from different point of view: 

 - Analysis of the modified core for various Reactor Protection System (RPS) parameters  

-  Comparison between the two cores  

-  Analysis of the 99Mo production boxes  

 

PARET computer code and standard correlations were employed to compute various 

parameters. Initiating events in reactivity-induced accidents involve various modes of 

reactivity insertion, namely, prompt critical condition (ρ=1$), accidental ejection of partial and 

complete cobalt irradiation Device, uncontrolled withdrawal of a control rod accident, and 

sudden cooling of the reactor core. The time histories of reactor power, energy released, and 

maximum clad temperature of fuel and uranium plate were calculated for each of these 

accidents. The results show that the maximum clad temperatures remain well below the clad 

melting in both fuel and uranium plates during almost all of these accidents. It is concluded 

that for the proposed irradiation the reactivity accidents with shutdown system enables will not 

result in fuel or uranium plate failure.  
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Introduction 
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1.1 General  

The analysis of reactivity accident is an important part of safety study in every nuclear reactor. 

By means of it, the maximum power and total energy released, the maximum fuel, clad and 

coolant temperatures, and eventually partial core melting (and consequently, the fission 

product release), may be predicted for every probable case considered [1]. Almost all the 

analysis of reactivity accident is carried out with the help of validated codes that simulate the 

coupled kinetics and thermal-hydraulics of reactor core. A simpler code should be sufficient 

for most calculation and analysis purposes of research reactors [2, 3]. 

 

The objective of the analysis of reactivity induced accidents is to ensure that the clad 

temperature of the fuel is kept below the melting temperature in all postulated accidents. 

Analysis of Reactivity insertion accident is not only required in the safety study of new 

reactors but also when replacement of reactivity control devices, removal or insertion of 

experimental apparatus, and installation of new core components with new characteristics [4] 

as will be seen in the present work. The analysis should take into account conservative 

characteristics of reactor protection system (RPS) and error in measurements of power and 

shutdown margin.  

 

1.2  Main objectives 

Egypt Second Research Reactor (ETRR-2) core was modified to irradiate LEU (Low Enriched 

Uranium) plates in two irradiation boxes for fission 99Mo production.  The old core 

comprising 29 fuel elements and one Cobalt Irradiation  Device (CID)  and the new core 

comprising 27 fuel elements, one CID, and two 99Mo production boxes.  

The intent of this work is to perform analysis for the both ETRR-2 cores with validated and 

simple code. The validated code should be accurate enough and capable of simulating the 

reactivity accident applicable to the ETRR-2 new core configuration with 99Mo production 

boxes.   
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The application includes (1) analysis of the new core for various RPS main parameters (scram 

setting, delay time in instrumentation, and control plate drop time, and shutdown margin), (2) 

comparison with the old core (licensed core) for conservative characteristics of RPS, and (3) 

analysis of the 99Mo Production boxes.  

 

 PARET code was selected for performing the analysis which is designed for use in predicting 

the course and consequences of non-destructive transients in small rector cores [5]. The 

analyzed postulated accidents are: 

1.  Prompt critical condition accident as generic accident; 

2. Accidental ejection of Co Irradiation Device (partial and complete ejection); 

3. Uncontrolled withdrawal of control plate; 

4. Sudden cooling of the reactor core. 

 

 

1.3   Thesis organization 

The thesis fall in six chapters including this introduction  

• Chapter two: literature review of the needs for the analysis of reactivity 

insertion accidents for various material testing reactors. 

• Chapter three: describe ETRR-2 core components (fuel elements, control plates, and 

99Mo production boxes…), core modifications, reactor protection systems, and 

operational regimes. 

• Chapter four: describes   the PARET code model and methodology of analysis, and 

comparison between PARET and RELAP code for SPERT IV experimental data. 

• Chapter five: discusses the obtain results. 

• Chapter six: present the conclusions and recommendation for future work. 

 



 

 

 

 

 

 

CHAPTER 2 

Literature Review 
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Analysis of reactivity insertion accidents is a very important from safety point view.  It is a 

part of Safety Analysis Report of new nuclear reactor, core conversion from HEU to LEU, and 

core modification /upgrading. 

In the present review, six MTR research reactors and ETRR-2 similar system are 

involved: 

- RA-2 Research reactor  

- Massachusetts Institute of Technology Research Reactor (MITR) 

- McMaster Nuclear Reactor (MNR) 

- Pakistan Research Reactor-1 (PARR-1) 

- Greek Research Reactor (GRR-1) 

- IAEA 10 MW benchmark research reactor 

 

R. Waldman and A. Vertullo (1987)   analyzed the reactivity transients in MTR cores with 

LEU (Low Enriched Uranium), and HEU (Highly Enriched Uranium) fuels. The analysis 

includes:  

1. The description of the reactivity accident that happened in the RA-2 critical facility in 1983. 

2. The evaluation of the accident from different point of view: Theoretical and qualitative       

analysis, PARET code calculations, and comparison with experiments. 

3. Differences between LEU and HEU RA-2 cores [1]. 

 

 

Hernan G. Trosman (1994) developed a simulation model for transient analysis of 

Massachusetts Institute of Technology Research Reactor (MITR) loop components. A 

simulation model (TAMLOC) has been developed to simulate several transients for the MIT 

Nuclear Research Reactor. The transients include slow to moderate reactivity insertion, loss of 

heat sink, pump cost down with attendant natural convection, and small loss of coolant 

accidents. The simulation model can be used to analyze operational transients such as power 

maneuvering, start up, and shutdown. The intent of this research is to aid in the studies of an 

upgraded design of the MITR-II reactor Fig (2.1). The simulated results have been validated 
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compared to the available data of a reactor startup, a shutdown, and pump cast down. The 

simulations and results of TAMLOC have been used as a part of a proposed MITR-III design 

[6]. 

 

 

 

 

 

 

Figure2.1. MITR-II core 
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Anwar M. Mirza, Salma Khanam and Nasir M. Mirza (1998) This work aims simulation 

of reactivity induced transients in HEU cores of a typical material test research Reactors 

(MTR) using PARET code Fig (2.2). The transient problem was forced through specification 

of externally inserted reactivity as a function of time. Reactivity insertions are idealized by 

ramps and steps. Super delayed–critical transients, super prompt –critical transients and 

quasistatic transients are selected for the analysis. Ramp and step reactivity functions are 

employed to simulate these perturbations. The effect of the initial power on transient behavior 

has also been investigated. The low enriched uranium core is analyzed for transients without 

scram. The magnitudes of maximum reactivity insertions are chosen to be in the range of $ 

0.05 to 2.0 for different reactivity insertions times. Transient simulation with scram reveals the 

response of both HEU and LEU cores is similar for selected 'ramps' and 'steps'. The difference 

is observed in the peak values of power and coolant, clad and fuel temperatures. Trip level is 

achieved earlier in case of LEU core, the peak temperature clad in both HEU and LUE – cores 

remain below the melting point aluminum clad for the selected reactivity insertions 

.Simulation show that the LEU core is more sensitivity to perturbations at low power as 

compared to transients at full power. For reactivity transients at low power level, power rises 

sharply to a high peak value. In a transient at full power the peak power barely exceeds the trip 

level. The power oscillations after the first peak are observed for transients without scram [7].  

 

Rubina Nasir, Nasir M. Mirza, and Sikander M.Mirza (1999) The sensitivity of various 

safety parameters, affecting the reactivity insertion limits imposed by clad melting temperature 

for a typical pool research reactor ,have been investigated in this work  The analysis was done 

for low enriched uranium (LEU) core with scram disabled conditions . The temperature 

coefficients of fuel and coolant, void/density coefficient and βeff   were individually varied and 

the reactor behavior for different ramp reactivity transients was studied. In this work ramp 

reactivity insertions from 1.6 to 2 $ / 0.5 s were selected and peak power, maximum fuel, clad 

and coolant temperatures were determined. Results show that peak power decreases with an 

increase in the Doppler coefficient of reactivity. However, it rises with an increase in the 

reactivity insertion. Core remains insensitive to the coolant temperature coefficient of 

reactivity for ramps in the range of 1.6-1.9 $ /0.5 s. Peak power decreases with an increase in 
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the void coefficient of reactivity (0.1 $ / % void to 0.8 $ /% void) with a decrease in the void 

coefficient of reactivity, the maximum fuel and clad temperatures show a non-linear rise. 

Power and temperature peaks in the transient are sensitive to the values of βeff. Finally, it can 

be concluded that LEU is a safe core due to its smaller βeff, larger Doppler coefficient and void 

coefficient of reactivity. It is inferred through this work that reactivity insertion limits of LEU 

core are quite insensitive to βeff, the Doppler coefficient and the coolant temperature coefficient 

of reactivity in the core. They are highly sensitive to the change of the void coefficient of 

reactivity in the core [8]. 

 

                                             

 

 

Figure2.2.Vertical Section Of PARR-1. 
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S. E. Day, M. P. Butler, and Wm. J. Garland (2002) described calculations and results in 

support of the HEU to LEU fuel conversion for the McMaster Nuclear Reactor (MNR) Fig 

(2.3). The behavior of the two enrichment fuels was investigated in the context of a protected 

startup transient. The simulation results support the conclusion that the LEU fuel behaves in 

much the same way as the HEU fuel, which it is replacing. The conversion results in no new 

safety issues or significant changes in safety parameters [9]. 

 

 

 

 

Figure 2.3: MNR Mixed HEU/LEU Reference Core 
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C. Housiadas (2002) presented a useful model that permit to predict with simple means the 

transient response of a small research reactor core. The model uses a lumped parameters 

approach for the coupled kinetics (point reactor) and thermal-hydraulics, with continuous 

coolant and fuel feedback reactivites. The model predictions are compared with results of 

detailed simulations of various reactivity insertion transients reported in the literature. Based 

on the comparisons, the model can provide reasonable predictions as long as the exit coolant 

temperature remains below saturation (Tout < Tsat). Hence, the model is applicable to most of 

the transient analysis requirements encountered in practice, excluding those transients 

associated with extreme conditions. The model was applied to the analysis of unprotected 

reactivity transients. Input data used in the model calculations is the data of a typical MTR, 

PARR-1, and GRR-1Fig (2.4). However, the model can be adapted to analyze also other types 

of transient [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: GRR-1 core configuration [10] 
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I.H.Bokhari, M.Israr, S.Pervez (2002) Analysis of reactivity induced accidents in Pakistan 

Research Reactor-1(PARR-1) utilizing low enriched uranium (LEU) fuel, has 

been carried out using standard computer code PARET. The present core comprises of 29 

standard and five control fuel elements. Various modes of reactivity insertions have been 

considered. The events studied include: start-up accident; accidental drop of a fuel element on 

the core; flooding of a beam tube with water; removal of an in-pile experiment during reactor 

operation etc.For each of these transients, time histories of reactor power, energy released and 

clad surface temperature etc.were calculated. The results reveal that the peak clad 

temperatures remain well below the clad melting temperature during these accidents. It is 

concluded that the reactor, which is operated safely at a steady-state power level of 10 MW, 

with coolant flow rate of 950  / h, will also be safe against any possible reactivity induced 

accident and will not result in a fuel failure [11]. 

I. H .Bokhari (2004) The Pakistan Research Reactor-1 (PARR-1) was converted from highly 

enriched uranium (HEU) to low-enriched uranium (LEU) fuel in 1991 Fig (2.5). The reactor is 

running successfully, with an upgraded power level of 10 MW. To save money on the 

purchase of costly fresh LEU fuel elements, the use of less burnt HEU spent fuel elements 

along with the present LEU fuel elements is being considered. The proposal calls for the HEU 

fuel elements to be placed near the thermal column to gain the required excess reactivity. In 

the present study the safety analysis of a proposed mixed-fuel core has been carried out at a 

calculated steady-state power level of 9.8 MW. Standard computer codes and correlations 

were employed to compute various parameters. Initiating events in reactivity-induced 

accidents involve various modes of reactivity insertion, namely, start-up accident, accidental 

drop of a fuel element on the core, flooding of a beam tube with water, and removal of an in-

pile experiment during reactor operation. For each of these transients, time histories of reactor 

power, energy released, temperature, and reactivity were determined [12]. 
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(a) LEU equilibrium core configuration  
(b) Proposed mixed-fuel core configuration. 

 

Figure 2.5. PARR-1 cores configuration 

 

Tewfik Hamidouche, Anis Bousbia-Salah, Martina Adorni, and Franscesco D'Auria 

(2004) performed dynamic calculations of the IAEA safety MTR research reactor benchmark 

problem using RELAP5/3.2 Code Fig(2.6). This work is an attempt to use the thermal 

hydraulic code RELAP5/mode3.2. The exercise consists in performing fast and slow reactivity 

insertion and loss of flow accidents. The RELAP results were compared against previous data 

obtained with other codes. Differences between the two modeling approaches are discussed 

[13].  

 

(a) (b) 
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Figure 2.6. IAEA 10 MW benchmark core configuration. 

 

Anis Bousbia-Salah and Tewfik Hamidouche (2005) performed analysis of the IAEA 

research reactor Benchmark problem by the RETRAC- PC code.  The considered cases 

include the analysis of the core dynamics under ramp positive reactivity insertion and loss of 

flow transients. The results are compared by the other results of similar codes verifying the 

RETRAC- PC code [3].   

   

H. Kazeminejad (2006) developed a coupled kinetic–thermal–hydraulic model to investigate 

the course of unprotected reactivity insertion (step and ramp) in MTR research reactor, with 

scram disabled under natural circulation condition. The analyses were carried out for the 10-

MW IAEA MTR research reactor for both low and high-enriched fuel with continuous coolant 

and fuel feedback reactivites. It was found that the power, core flow rate and clad temperature 

under fully established natural circulation are higher for high-enriched fuel than for low 

enriched fuel. This is unlike the case of decay heat removal, where equal clad temperatures are 

reported in the literature for both fuels. The analysis of maximum insertion of positive 

reactivity ($0.73) demonstrated the high inherent safety features of MTR- research reactor. 
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Even in the case of total excess reactivity without scram, the high reactivity feedbacks of fuel 

and moderator temperatures limit the power excursion and avoid escalation of clad 

temperature to the level of onset of nucleate boiling. The use of simple models was shown to 

provide useful capabilities for the analyses of most research reactors encountered in practice 

under transient conditions. Also, the model can also be modified to provide accurate 

capabilities for the analyses of forced convection transients of research reactor [14]. 
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CHAPTER 3 

 

Reactor Description 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

3.1 Description of ETRR-2 Core  

The reactor core is the main component concerned with reactivity induced Accidents. 

Therefore, it is necessary to present a detailed description of the core geometry and its 

composition in order to build the different calculation and simulation models. The basic 

geometric unit in the x-y core array is a square shape of 8.1 x 8.1 cm
2
. It can be used for 

fixing a fuel element, an empty box or an irradiation device. The both cores plan views are 

given in Figure 3.1 and 3.2 [15, 16]. 

 

Figure 3.1: ETRR-2 old core with 29 fuel elements and Cobalt Irradiation Device (CID) 

 

Figure 3.2: ETRR-2 new core with   27 fuel elements with CID and two 
99

Mo production 

boxes 
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From the figure 3.2, the new core consists from four main parameters 

o Fuel elements 

o Control rods 

o Cobalt Irradiation Device (CID) 

o Molybdenum production boxes 

 

3.1.1 ETRR-2 Fuel     

ElementETRR-2 uses MTR type fuel element of a square section of 80*80 mm. Each fuel 

element consists of 19 fuel plates separated between each other by a 2.7 mm coolant 

channel. Fuel plates active zone dimensions are 800 mm height, 64 mm width, and 1.5 mm 

thickness. The cladding is made of Al-6061 alloy of 0.4 mm thickness. Fuel plate meat is 

made of a fine and homogeneous dispersion of U3O8 particles with an enrichment 0f 19.75 

% in weight U
235

 in a continuous matrix of pure commercially aluminum. Fuel elements 

operation data is presented in Table (3.1) . Figure (3.3) shows schematic diagram of the 

fuel element with 19 flat plates inserted in two grooved lateral walls or frames which lead 

to an external section of 8.0x8.0 cm
2
 [15]. 

In order to have an operable core of reasonable excess reactivity and safety margins with 

the same core size of the equilibrium core, the core has been loaded with three different 

types of fuel elements. The distribution of the different types in the reactor core is chosen to 

be as similar as possible to the distribution of U
235

 in the equilibrium core. 

 

    Table 3.1 Main data of ETRR-2 fuel element [15]  

Number of fuel plates: 19 

Enrichment: 19.7 % 

Active length                     (cm) 80.000  

Plate length                        (cm) 84.000  

Plate thickness                   (cm) 0.150  

Meat thickness                   (cm) 0.070  

Meat width                         (cm) 6.400  

plate width                          (cm) 7.000 

Water gap between plates (cm) 0.270 



18 
 

 

Figure 3.3 cross section of fuel element 

 

3.1.2. Control Plates 

Six flat plates are used as a neutron absorber material which can be inserted into the core at 

a high velocity (< 1.6 m/s). There are two guide-plate channels on the grid with three 

absorber plates for each channel arranged in two parallel groups. The channels are made of 

an Al-6061 alloy. The whole control absorber plate assembly consists axially of (from top 

to bottom): a stainless steel plate called the upper cap, the absorber plate itself, another 

stainless steel plate called the lower cap, and the follower rod or coupling rod. The lower 

cap is always inserted in the core as long as the absorber plate is not fully inserted . Figure 

(3.4) is a scheme of the absorber and control plate zone. It is formed of an absorber plate of 

Ag-In-Cd alloy, a gas-filled gap, a stainless steel cladding and two parallel aluminum 

guide-plates [15]. 

 

3.1.3. Cobalt Irradiation Device  

The existing in-core Cobalt Irradiation Device CID for Co-60 production is remained 

in the new core design. The CID is an Irradiation Device with two parts inside 

irradiation box.  Each part has 8 Aluminum rods with Cobalt inside. The box 
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geometry is the same as that of a FE without the fuel plates having a nozzle with an 

inlet diameter allows maximum coolant velocity of 1.4 m/s through the device. The 

lower and upper caps of the box have four holes as shown in Figure 3.5 [15].  

 

 

Figure 3.4 Scheme of the absorber and control plate zone  
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Figure 3.5 Description of Cobalt Irradiation Device in ETRR-2 Core 

 

3.1.4. Molybdenum production boxes 

Two boxes are placed inside the core for the purpose of Mo-99 production replacing 

two fuel elements. Each box contains two holders where a maximum of 6 Low Enriched 

Uranium (LEU) plates can be loaded in each holder as shown in Figure 3.6.  

 

A special restrictor of 30 mm diameter was designed at the entrance of the irradiation box 

to allow the coolant velocity about 6 m/s, and plug to prevent LEU plates during irradiation 

or primary pump operation. Table 3.2 summaries the main data for molybdenum 

production box [16]. The in-core irradiation has the advantage of no special cooling or 

irradiation loop is required. The irradiation boxes will be loaded into or removed from the 

core while the reactor is shutdown.   
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Figure 3.6 Molybdenum irradiation box 

 

Table 3.2.Main data for Molybdenum production box   

Total  length                                            (mm) 130 

Active length                                           (mm) 115 

Total width                                              (mm) 32 

Active width                                            (mm) 30 

Plate thickness                                         (mm) 1.4 

cladding thickness                                   (mm) 0.35 

Number of plates in each box  6 

Coolant channel                                       (mm) 2.33 

Floe area of the box                                 (mm
2
) 522 

Coolant  velocity                                     (m/sec) 6 

Coolant inlet temperature                        (
o
C) 20-40 

Conductivity of meat                               W/cm 
o
C 0.48  

Conductivity of the cladding                   W/cm 
o
C 1.65  

 

3.2 The Reactor Protection System (RPS) [17] 

The Reactor Protection System (RPS) of ETRR-2 is responsible for the initiation signals 

that trigger the protective actions in case of anticipated operational occurrences or accident 

conditions. Another important function of the RPS is the control of interlocks that prevent 

erroneous changes in the status or operational configurations of the safety system. 

 

3.2.1  description RPS main components                                            

From figure 3.7 explain the main components for RPS in a rsearch 

reactor.following is  the brief   description of  each components . 

 

• The power channel (Compensated ionization chamber (CIC)): 

The power channel measures the evolution of neutron flux during power operation range. 
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The operating range of the power channel covers the neutron flux level from 10
8
 nv to 

more than 10
14

 nv. This range allows neutron flux monitoring beyond 1.5 times Full Power 

(FP).Three redundant and independent power channels are included in the Reactor 

Protection System. To ensure a continuous monitoring of the neutron flux level, the power 

channel overlaps the measurement of the startup channel. The overlapping of both types of 

measurement channels is reached in the region of 10
8
 to 10

9
 nv.                                                                                                                

The detector is a compensated ionization chamber (CIC). It consists of two chambers 

allocated in the same enclosure; one which is sensitive to gamma radiation only and the 

other sensitive to both thermal neutron and gamma radiation. Both chambers are polarized 

with opposite voltages obtaining individual currents that are subtracted one from the other. 

The resulting current is therefore proportional only to the thermal neutron flux 

(Figure 3.8). 

• Conditioning modules (C.M):                                                                                                     

The conditioning modules are electronic devices that perform the interface between the 

detector and the digital/analog instrumentation system. Three redundant and independent 

Conditioning modules are included in the Reactor Protection System.  

 

• Trip Unit (T.U):                                                                                                     

The Trip Unit is a microprocessor based data acquisition and comparison device that 

acquires the safety variables and compares them with the preset Safety System Settings 

(SSS). Three redundant and independent Trip Units are included in the Reactor Protection 

System. 

• Voting system  

Individual trip outputs, for each safety variable, are fed by the Trip Unit into the voting 

logic in order to initiate a protective action accordingly; voting system takes action only if 

two out of three signals are achieved. Two redundant and independent Voting systems are 

included in the Reactor Protection System. 
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Figure 3.7 RPS (reactor protection system) block diagram 

 

 

Figure 3.8.Compensated ionization chamber (CIC). 
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• Final actuation logic (FAL): 

Reactor protection system includes two final actuation logic, Final actuating logic one 

(FAL1) include Scram (Safety Control Rod Axe Man) action, and Final actuating logic two 

(FAL2) which include Gadolinium injection, Chimney water injection, and Evacuation 

alarm action.  

• Safety Control Rod Axe Man (SCRAM): 

If the FAL1 take scram actuation will send two signals to FSS (first shutdown system), the 

first signal release the electromagnetic field which connect between the control rod and 

step motor, and second signal will open the air pass by release electromagnetic field for 

solenoid valves, thus Fast insertion of neutron absorbing plates inside the core in the 

certain time called dropping time (DT), and with negative reactivity or shutdown margin 

(SM). 

 

3.3 Shutdown System   

3.3.1 General 

The reactivity control system of the MPR reactor consists of two in-core elements: guide 

box and neutron absorber plates. Each guide box has the function of housing three neutron 

absorber plates, ensuring that they are guided all the path, guarantying the right 

performance in normal operation and also in case of an accident. It is localized by two 

lateral guides, longitudinally placed in two opposed walls of the chimney, it rests in the 

upper part of the core grid and it is fixed in its upper end by a bolt. 

A nipple allows transmitting the upward-downward movements to the control absorber 

plates, as it is jointed to the upper piston of the rod movement device, which moves the 

plates. 

3.3.2 Design criteria 

Control rod drives comply with the following requirements: 

• The drives are located at the lower part of the reactor, with passing stems through 

the bottom of the tank. 

  



25 
 

• Rod insertion system for fast shutdown at a speed of 0.7 sec for 80 % of their total 

run. 

• Low maintenance, fast maneuvers and simple assembling and disassembling 

operations. 

• Safe rod insertion, if faced with a failure in the fast reactor shutdown system. 

 

 

Figure 3.9.First Shutdown System 
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3.4  Operational Regimes [18] 

3.4.1 General 

The multi-purpose reactor core cooling system divided itself into two independent circuits 

with one pump and one heat exchanger. For that reason two different, steady state, forced 

convection Operational Regimes (ORs) can be defined while a third OR is possible, too, in 

steady state natural convection. 

So, for the reactor in the steady state normal operation, the three different ORs are: 

o OR 0: Low power and natural convection regime. 

o OR І:   50% power and 1 pump. 

o OR ІІ: 100% power and 2 pumps. 

3.4.2 Operational Regime 0 

A maximum power of 400 Kw is set, based on operative experience. This power can be 

removed properly by coolant in the natural convective regime. In this cooling regime, the 

primary system pumps are all switched off; therefore the primary system flapper valves are 

open. A natural circulation loop is established, the water will flow driven by the density 

differences between the cold leg (primary piping) and the hot leg (core and chimney above 

the core) (Figure 3.10).The water path is: 

o The pool cold water enters the primary system piping through the flapper valves. 

o The cold water then flows through the primary system piping in a downwards 

direction till reaching the core inlet plenum. 

o The cold water enters the core where its temperature is raised by the decay power 

delivered at the core. 

o The hot water exits the core and flows in an upwards direction through the chimney 

that extends above the core. 

o The hot water reaches the upper end of the core chimney and mixes with the water 

inside the reactor tank.     

3.4.3 Operational Regime І 

This operational regime corresponds to one of the core cooling system pumps (1000 m
3
/hr) 

operation and 50% of full power, i.e., 11MW. Figure 3.11 shows a simplified scheme of 

this loop. 
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Figure 3.10 OR 0- Natural convection loop 

 

3.4.4 Operational Regime ІІ 

Full power- 22 MW- and both core cooling system pumps running (2000 m
3
/hr) are 

the characteristics of this operational regime. Figure 3.11 is a scheme of this OR.  

 

 

 

Figure 3.11 forced convection loop (ORs І& ІІ) 
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4.1. PARET Code 

PARET (Program for the Analysis of REactor Transients.) is a code developed by Argonne 

National Laboratory to provide a coupled thermal, hydrodynamic and point kinetics capability 

specifically for use in predicting the course of and consequence of nondestructive accidents in 

research and test reactor cores [5]. 

PARET is not applicable to either destructive excursions or situations in which there are 

space-time variations in the neutron flux. The program is limited in its prediction of a thermal 

crisis by the fact that it employs steady state heat transfer correlation. Also, it employs 

incompressible hydrodynamics model and simplified void generation equation so it is limited 

to accurately describe the hydraulic instability [5, 19]                                                                      

The PARET code is more accurate in predicting research reactor parameters in RIA [20, 21, 

and 22].  A Comparison of the RELAP5/MOD3 and PARET/ANL Codes with the 

Experimental Transient Data from the SPERT-IV D-12/25 Series is shown in figure 4.1 and 

4.2 [22]. 

 

Figure 4.1: Comparisons with SPERT-IV Data for peak power  



30 

 

  

Figure 4.2: Comparisons with SPERT-IV Data for peak clad temperature  

 

4.1.1. Modeling  

The PARET code is built basically on three models as shown in Figure 4.3. A description of 

the modeling approach used in the present simulations is given next.  

 

4.1.2.1 Kinetics model 

The reactor dynamics have been modeled using the point reactor equations with continuous 

reactivity feedback from the thermal and hydrodynamic model in the PARET code [5, 19]. 

The point reactor assumption has been found valid especially for small cores. The governing 

dynamics equations for the reactor power, P, and number of precursors in the reactor, C, are: 
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Figure 4.3 Block diagram of PARET model 

 

 

                                   (4.1)                                   

                     

                     (4.2) 

Where 
 
and  are the total and the  th group delayed neutron fractions respectively;  is the 

neutron generation time and  is the decay constant for the  th delayed group precursor. It 

may be noted here that for the super-prompt critical transients studied here, the delayed 
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neutrons play only a minor role and under the prompt critical approximation, the above system 

of dynamical equations reduces to: 

 

                                        (4.3) 

For the neutronic model, six groups of delayed neutron have been used in this study. The 

respective values of reactivity coefficient  

 

The time dependent reactivity   appearing in both Eq.1 and 3 is composed of (a) the 

externally controlled reactivity  and (b) reactivity feed back . The following 

equations explain that  

                                                                            (4.4) 

             Reactivity feedback is calculated as the sum of that fed back through the mechanisms 

of fuel rod expansion, moderator density changes, and fuel temperature changes (including 

Doppler broadening of resonance cross sections).[] 

The total compensated reactivity, , at time, <, is given by 

                                                     (4.5) 

Where   = the total reactivity feedback due to fuel rod expansion;  = the total 

reactivity feedback due to moderator density changes, and = the total reactivity 

feedback due to fuel temperature changes (primarily Doppler broadening) []. 

The PARET code uses the modified Runge-Kutta method for the point kinetic equations [5, 8] 
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4.1.2.2. Thermal model 

Thermal-hydraulic modeling is based on the equations of conservation of mass, momentum 

and energy, formulated for a one-dimensional flow along the axial direction [23]. Heat transfer 

in each fuel element is determined on the basis of a one-dimensional conduction solution in 

each of up to a maximum of 20 axial sections (21 axial node points). Axial subdivision is 

illustrated in figure 4.4. Each axial section can be further subdivision into a maximum of 43 

radial sections (44 radial node points, figure 4.5) for purposes of heat transfer calculations [5]. 

For present calculations, the core was subdivided into 21 axial and 7 radial nodes per channel.  

 

 

Figure 4.4 Example of subdivision of core into regions and axial sections. 
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Figure 4.5 Example of radial sub sectioning for heat transfer calculations 

 

4.1.2.3. Void Model 

The vapor volume fraction is estimated in the former case according to a simplified form of 

zuber’s equation [5] 

 

                                   (4.6) 

Where Vapor volume fraction, Position variable, Time variable,  fluid linear 

velocity, Surface heat flux, Constant, the fraction of the clad surface heat flux 

which is utilized in producing vapor during boiling,   constant, bubble collapse time,  

Constant, and  Constant. 
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4.2. Methodology  

COUDVAP code [24] results were employed for determination of velocity distribution and 

flow rate through different coolant channels of the core as shown in Table 4.1. 

PARET code was employed to carry out study reactivity induced accident simulation/ 

calculations for the ETRR-2 cores and 99Mo production boxes. The code supports a selection 

of heat transfer correlations. For the current analysis, in order to have conservative estimates, 

Seider-Tate, and Mc-Adams were selected for the single phase and two phases heat transfer, 

respectively. The use of latter is a better choice fully developed nucleate boiling conditions 

and has been found to give realistic estimates for pool type research reactors [19]. The main 

data used for both cores are summarized in table 4.2. 

Table 4.1 velocity distribution for the both cores 

Coolant velocity  Core-29 Core-27 

fuel channel (m/s) 4.8 5.1 

Co irradiation Device (m/s) 1.3 1.4 

Coolant velocity in 99Mo production box (m/s) NA 6 
 

Two channel models were adopted in the code, one assumes to have the hottest fuel plate other 

being an average plate and flow channel. PARET is restricted to a single geometry of 

channels. The new core has two types of fuel geometries since fuel elements and LEU plates 

differ in dimension, material, and channel spacing. Estimation of the LEU plates maximum 

power and clad temperature has been done by performing two separate runs. The first run is 

for the core parameters calculation with reactivity input. The resulting power history was 

taken as a input to the second run   for LEU irradiation box (99Mo production boxes) parameter 

calculations. The input power to the second run is a percentage (0.27 %) of resulting core 

power from reactivity insertion.  

Axial power distribution along the plate has been represented by 21 mesh points. The fuel 

plate has peak to average ratio of 1.355. The radial peaking factor of 3 was defined as the 

maximum peaking factor.  The LEU plate has a uniform power distribution in axial direction  
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and maximum heat generation of 10 kw per plate [16].  The hottest LEU plate is the first plate 

in the LEU plate holder.   

Analysis of Reactivity Insertion Accidents for various Protection System parameters is done 

by varying one parameter individually and keeping the others constant. In all simulation runs 

it is assumed that all the control rods are out of core and the only scarm due to over power is 

enable.   

Table 4.2 Main neutronic and thermal-hydraulic data for the old and new cores. 

 

Parameter 

 

Core-29 

 

Core-27 

Neutronic data 

Delay neutron fraction, (β) 0.00705 0.00720 

Prompt neutrons fraction,(λ) (sec) 75×10-6 75×10-6 

Volume of fuel (m3) .019747840 .018385920 

Reactivity feedback coefficients 

Coolant temperature ($/oC) -0.01400 -0.0154 

Void                          ($/oC) -0.3300 -0.241 

Fuel temperature       ($/oC)  -.0028570 -0.002482 

Thermal-hydraulic data 

Hot channel peaking factor  3 

Fuel heat capacity  (J/ok/m3) (T in oC) 1638T+1632×103 

3clad heat capacity  (J/ok/m3) (T in oC) 1242T+2069×103 

3Fuel thermal conductivity  W/(mK) 15 

Clad thermal conductivity  W/(mK) 180 

Coolant channel                      (mm) 2.7 

Total cross section flow area (m2) .10562670 .098000 
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4.3. Modeling of Reactivity Insertions 

4.3. 1. Prompt critical condition accident (ρ =1$) 

This hypothetical transient represents any general accident can be add reactivity sufficient to 

bring the reactor to be prompt critical (ρ=1 $). This insertion taken with ramp 1 $/sec (Figure 

4.6), inlet temperature 20 oc, the reactor initially critical at power 1 watt, transient time 9 

second.  

 

Figure 4.6 reactivity insertion ramp for Prompt critical condition accident 

 

4.3.2. Accidental Ejection of a Cobalt Irradiation Device 

As the cobalt is neutron absorber, the accidental ejection of the cobalt irradiation box by the 

primary coolant will introduce positive reactivity in the core. The complete ejection is 

equivalent to a reactivity insertion of 1160 pcm (1.65$) [27].  

The cobalt irradiation box load is divided in two parts, one of them occupies the bottom of the 

box and other one the upper zone. Therefore, Accidental ejection of cobalt irradiation box has 

been has been analyzed in two cases: partial and complete ejection. On the other hand the 
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maximum possible ejection velocity, neglecting the box weight and considering no friction as 

a conservative assumption, is the fluid velocity. It was found to be approximately 1.4 m/sec.  

                                              (4.7) 

Where time of insertion, length of  CID, and   the fluid velocity in CID. 

In case of complete ejection, the insertion time = 0.572 sec thus, total of insertion 1.65 $ thus, 

ramp of insertion is 1.65 $/0.572 sec, the resultant equivalent ramp is 2.885 $/sec. (Figure 4.7)   

In case of partial ejection, the insertion time = 0.286 sec, total of insertion= 0.825 $ thus,   

ramp of insertion is 0.825 $/0.0.286 sec, the resultant equivalent also ramp is 2.885 

$/sec.  

Figure 4.7 reactivity insertions ramp for partial and complete cobalt ejection accidents 

 

4.3. 3. Uncontrolled withdrawal of a control rod 

In case of failure of the control module of one of the driving control rod motors, there could 

occur an uncontrolled withdrawal of the rod. Considering the system that generates the pulses 

that feed the mechanism motor and the filter for pulses provided, the maximum expected 

plate’s withdrawal velocity is limited to values smaller than 4 mm/sec. 
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In order to be very conservative and cover any uncertainties due to system operation, analysis 

will be presented on maximum withdrawal velocities of 16 cm/sec even if they are beyond 

design basis [27]. The control rod worth in an equilibrium cold core at the beginning of the 

cycle is estimated to be 3300 pcm[27]. 

In this transient the effect of considering the “S” shape of reactivity worth versus insertion 

position for control plate (4.8) has been analyzed. 

 

 

Fig  (4.8) the worth of a partially inserted control rod as a function of its distance of insertion.   

As it was stated, the total reactivity shutdown margin with single failure is 3300 pcm, which is 

 4.7$. It is assumed that the control plate is almost 80% inserted. So, it was simulated an 

insertion of reactivity due to the extraction of an 80% inserted control plate.  

The following equation represents the mathematical S curve model [28]:   

                            (4.8) 

Model worth 

Measured worth             
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Where  represents the complete extraction position;   represents position at any time of 

extraction;  represents the reactivity at   position;   reactivity at   

position. Because  represent withdrawal velocity, and   withdrawal time then  

                                                                                                        (4.9) 

by substituting  equation 4.9  in equation 4.8  we obtain on the mathematical model(equation 

4.10) represents reactivity inserted as function in time) : 

                            (4.10)  

 

 

Fig (4.9). Reactivity inserted by the extraction of an 80% inserted control plate with maximum 

withdrawal velocities of 16 cm/sec. 
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Table 4.3 ‘’S’’ shape of reactivity worth versus insertion position and time for a control plate. 

Time Extraction a Reactivity b 

[sec] [%] [cm] [$] 

0 20% 16 0 

1 40% 32 1.211 

2 60% 48 3.031 

3 80% 64 4.244 

4 100% 80 4.474 

            (a): percentage of extraction of the control plate.                                                                                                              

(b): reactivity inserted with the control plate when it is extracted from the 80% inserted position 

 

4.3.4. Sudden cooling of the core inlet water 

Sudden cooling can be occurring due to many reasons and the most important reasons are:  

1. Start up of the forced cooling during natural convection (start up the first pump at the 

transition from power regime zero to power regime one). 

2. Start up of the other branch of the primary circuit when operating with one pump and 

one heat exchanger (start up the first pump at the transition from power regime one to 

power regime two).                                                                                      

The mathematical model for the flow rates of the core pumps represented by equation 4.11. 

Figure (4.10) explain the measured and model flow rates for the core pumps.  

                                       (4.11) 

           Where = time, coolant flow rate in the core at time ,  reference flow 

rate value, and <= response time for the core pumps where determined experimentally (5 sec). 
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Fig ( 4.10) model and measured normalized flow rate for ETRR-2 

No external insertion of reactivity, but this accident completely depend on reactivity feed 

backs generated due to sudden cooling. The present work introduced the analysis for the two 

cases of such sudden cooling transients. 

 

4.4. Comparison with NRI Experiment 

PARET calculations result have been compared with negative reactivity insertion 

experiment     

The reactor was operated at steady state power 22 MW when one control rod dropped in the 

core from extraction level = 56.5 %. The total control rod worth is given as well as plant 

operation conditions. The results are the normalized reactor power and outlet core temperature 

with time.   
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Input:                                                                                                                                                         

Drop time of the rod (by gravity) =1225 ms form fully extracted level, neutronic and thermal 

hydraulic data summarized in table (4.2), control rod worth given in table(4.4) 

 

Table 4.4 Control plate worth versus its position 

Extraction % Control rod worth ($) 

0 0 

20.2 0.2241407 

27.7 0.4410302 

34.1 0.6832204 

36.2 0.7916608 

41 1.0372399 

45.4 1.2884701 

49.7 1.5581474 

53.4 1.8009049 

56.7 2.0267162 

60.4 2.2686845 

63.9 2.5069915 

67.8 2.7503053 

71.4 2.9897603 

75.1 3.2196334 

79.8 3.453759 

84.8 3.6760046 

90.3 3.8847913 

97.1 4.0762997 

100 4.121958 
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The temperatures measured with PT -100 RTD specified in accordance to DIN 43760 Class A. 

Permitted deviations better than ± 0.8 
o
C and response time is 5 sec.  
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 Figure 4.11: Comparisons with ETRR-2 Data for peak power  

 

 

 

 

 

 

 

 

 Figure 4.12: Comparisons with ETRR-2 Data for outlet coolant temperature  
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PART ONE: 

5.1. Analysis of the new core for various RPS parameters  

From previous illustration for RPS of ETRR-2 Block diagram in chapter 3, four main 

important parameters have been studies:    

1- SCRAM settings (power setting). 

2- I&C delay time. 

3- Dropping time for FSS. 

4- Shut down margin for FSS. 

The following sections introduce study of the reactor behavior (power, and clad temperature) 

simulated by PARET, with respect to the variation of RPS main parameters.  

5.1.1 Variation of  scram setting 

During power transients, RPS received power signal and compare it with reference setting 

signal, If this signal exceeds the reference signal, RPS will be transmitted signals to triggering 

FSS (this consequence is the same for all safety parameters), so every scram setting get closed 

to maximum operation power, RPS will be compensated the accident early and prevent its 

propagation.                

The study of effect the variation scram setting (power setting) on the peak power ,and 

max clad temperature has been done for various accidents (slow and fast reactivity insertion) 

by varying its value from setting 105% to 145% .However other parameters were kept 

constant . 

For all studied accidents, the results show that the primary peak power increases 

approximately linearly with the increasing in the scram setting. Also the maximum clad 

temperature behavior similar to the peak power behavior except nonlinearities is observed for 

uncontrolled withdrawal of control rod accident. The results of the peak power and maximum 

clad temperature respect to the scram setting (power setting) for typical MTR are given in 

table 5.1. 
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The results show that for the partial cobalt ejection accident in the new core, the peak power 

increases by 37.8%, and the maximum clad temperature showed 23.7%. The results show for 

prompt critical condition accident, the peak power increases by 37.2%, and the maximum clad 

temperature showed 24.6%. The results show for the complete cobalt ejection accidents in the 

new core, the peak power increases by 23.6, and the maximum clad temperature showed 

11.7%. The results show for uncontrolled withdrawal of control rod accident, the peak power 

increases by 23%, and the maximum clad temperature showed 35%.Thus, the new core is 

sensitive to variation RPS scram setting for all postulated accidents. The peak power and 

maximum clad temperature results are illustrated in figs5.1 and 5.2.  

Table 5.1 the peak power and peak clad temperature response to scram setting for 

different accidents 

Accident Parameter 105% 110% 115% 120% 125% 130% 135% 140% 145% 

peak power (MW) 23.23 24.33 25.43 26.53 27.62 28.72 29.8 30.9 32 
partial 

cobalt 

ejection 

accident 
peak clad temp (CO) 79.7 82.15 84.6 87 89.34 91.7 94 96.3 98.6 

peak power (MW) 23.44 24.52 25.62 26.7 27.8 28.9 30 31 32.15 
Prompt 

critical 

condition 

accident 
peak clad temp (CO) 78.63 81.28 83.63 86.22 88.5 91 93.3 95.7 98 

peak power (MW) 186.4 193.5 198.4 204.7 210 215.4 220.4 225.5 230.4 
complete 

cobalt  

ejection 

accident 
peak clad temp (CO) 147.2 148 148.2 148.7 150 153.4 156.6 158.6 164.4 

peak power (MW) 285.6 294.5 303 311.3 319.3 327 334.6 341 351 
Uncontrolled  

Withdrawal 

of C.R 

accident 
peak clad temp (CO) 227.5 239 249.6 263 270 276.3 290.1 295.8 307.4 
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Figure 5.1 Peak power with variation scram setting for different accidents. 

 

Figure 5.2 Peak clad temperature with variation RPS setting for different accidents. 

Prompt condition & partial Co ejection 

Comp. Co ejection 

C.R ejection 

C.R ejection 

Comp. Co ejection accident 

Prompt condition & partial Co ejection 
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5.1.2 Variation of  I&C (instrumentation and control) delay time  

The time required for a signal to travel from one point to another called delay time, so 

at the power signal transmitted from power channel to RPS passing through many points and 

then scram signal (if exceed SSS ) transmitted to FSS many delay times required as well as the 

time required to open the solenoid valves of air tanks, the summation of these delay times 

called the total delay time for I&C system. So as delay time is small as possible, RPS become 

more effective against accidents. 

The instrumentation and control delay time was changed from 10 ms to 70 ms for 

different accidents, keeping other main parameters of RPS and FSS constant. The effect of this 

variation on the peak power and the max clad temperature for different accidents were studied. 

 Peak power shows an increasing trend with an increasing in the delay time, but by different 

behaviors. Those behaviors depend accident type (total and rate of insertion reactivity which 

added by the accident). 

 The results show that, for the partial ejection cobalt accident, and prompt critical 

condition accident; the peak power, and maximum clad temperature seem to remain 

unaffected by the change of the delay time. For complete cobalt ejection accident the results 

show that 397% increasing in peak power, and the max clad temperature showed 309%. For 

uncontrolled withdrawal of control rod accident the results show that 390% increasing in peak 

power, and the max clad temperature showed 254%. The results of the peak power and 

maximum clad temperature respect to the variation of delay time for typical MTR are given in 

table 5.1. 

From the previous results for various accidents, the new core is not sensitive to I&C 

delay time for partial ejection cobalt accident and prompt critical condition accident (slow & 

prompt critical); but the new core is very sensitive to I&C delay time for complete cobalt 

ejection accident, and the uncontrolled withdrawal of control rod accident (super prompt 

critical accidents). 
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Figure 5.3 Peak power with variation I & C delay time for different accidents. 

 

Figure 5.4 Peak clad temperature with variation I & C delay time for different accidents.  

Prompt condition & partial 

Co  

Comp. Co ejection 

C.R ejection 

C.R ejection 

Comp. Co ejection 

Prompt condition & partial Co  

Ejection accidents 
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Table 5.2 the peak power and peak clad temperature response to RPS variation delay time for 
different accidents 

Accident Parameter 
10.0

ms 

17.5

ms 

25.0

ms 

32.5

ms 

40.0

ms 

47.5

ms 

55.0

ms 

62.5

ms 

70.0

ms 

peak power (MW) 24.25 24.3 24.33 24.4 24.4 24.45 24.5 24.53 24.57 
Partial     

cobalt 

ejection 

accident 
peak clad temp (CO) 82 82.1 82.15 82.2 82.33 82.4 82.5 82.6 82.7 

peak power (MW) 24.3 24.4 24.52 24.6 24.7 24.8 25 25 25.05 
Prompt 

critical 

condition 

accident 
peak clad temp (CO) 80.8 81 81.28 81.5 81.7 81.9 82.1 82.4 82.6 

peak power (MW) 99.24 141.1 193.5 255 321.6 387.2 444.7 485.1 493.2 
complete 

cobalt  

ejection 

accident 
peak clad temp (CO) 116.5 142 148 190.4 270.6 375.3 404.4 458.6 476.2 

peak power (MW) 140 208 294.5 397.5 503.5 607.7 671 685 685 
Uncontrolled  

Withdrawal 

of C.R 

accident 
peak clad temp (CO) 142 149.3 239 357.2 437.3 478.3 482 491.4 502 

 

5.1.3 Variation of dropping time  

Dropping time (DT) is the time of insertion the total control rods into the core, or by another 

view the time required to insert the total shutdown margin (SM) into the core, so this time 

controls in the negative reactivity insertion rate (IR) equation (4.7).  

IR = SM / DT                                                                                   (4.7) 

The study of the variation dropping time on the peak power, and the maximum clad 

temperature has been done for different accident by varying its value from 0.1 sec to 0.9 sec. 

However other parameters were kept constant. 
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For the dropping time will be increases the peak power and maximum clad temperature will be 

increases. By varying the dropping time from 0.1 sec to 0.9 sec, the results show that the peak 

power and the maximum clad temperature for the partial cobalt ejection accident and prompt 

critical condition accident approximately remain unaffected during variation of the dropping 

time. For the complete cobalt ejection accident the peak power will increase by 112%, the 

result in maximum clad temperature 121.3%. For uncontrolled withdrawal of control rod 

accident The results show that the peak power will increase by 161.4%, and the maximum 

clad temperature showed 245.3% increases. 

However, the core is not sensitive to the dropping time for partial cobalt rejection accident and 

prompt critical condition accident (slow & prompt critical accidents); but new the core is very 

sensitive to the dropping time for complete cobalt rejection accident, and uncontrolled 

withdrawal of control rod accident (super prompt critical accidents). 

Table 5.3 the peak power and peak clad temperature response to FSS variation dropping time 

for different accidents 

Accident Parameter 0.1 S 0.2 S 0.3 S 0.4 S 0.5 S 0.6 S 0.7 S 0.8 S 0.9 S 

peak power (MW) 24.33 24.33 24.33 24.33 24.33 24.33 24.33 24.33 24.33 
Partial   

cobalt 

ejection 

accident 
peak clad temp (CO) 82.12 82.13 82.14 82.15 82.15 82.16 82.16 82.17 82.17 

peak power (MW) 24.52 24.52 24.52 24.52 24.52 24.52 24.52 24.52 24.52 
Prompt 

critical 

condition 

accident 
peak clad temp (CO) 81.16 81.19 81.23 81.26 81.28 81.3 81.32 81.33 81.35 

peak power (MW) 120.8 138.8 157.1 175.6 193.5 210.6 226.7 241.7 255.7 
Complete 

cobalt  

ejection 

accident 
peak clad temp (CO) 101.1 126.3 142 145.8 148 153.5 174.1 213.2 223.7 

peak power (MW) 156 190.5 224.3 261.6 294.5 328.3 356.2 384.5 408.5 
Uncontrolled  

Withdrawal 

of C.R 

accident 
peak clad temp (CO) 119.3 144.5 148.8 186 239 326.3 338 411.5 411.8 
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 Figure 5.5 Peak power with variation dropping time for different accidents.  

  

 

 

 

 

 

 

 

 

 

Figure 5.6 Peak clad temperature with variation dropping time for different accidents.  
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5.1.4 Variation of shut down margin 

Shutdown margin (SM) the negative reactivity provided in addition to that necessary to 

maintain the reactor in a subcritical condition without time limit and all fixed and non –fixed 

irradiation rigs in their most reactive condition. Shut down margin is the difference between 

total control rods worth (CRw) and the total excess reactivity (Rexc) for the core [15]: 

SM = CRw – Rexc                                                               (4.8) 

One of the most important safety requirements is the value of total control worth equals one 

and half the value of excess reactivity as a minimum [16]: 

CRW ≥ 1.5 Rexc                                                                   (4.9) 

In this section the study the effect of shutdown margin variation on the peak power, and 

maximum clad temperature has been done for different accidents by varying its value from 4$ 

to 12$ . However other parameters were kept constant. 

The results show that, the peak power and maximum clad temperature remain constant during 

the increasing shutdown margin for the partial cobalt ejection accident, and prompt critical 

condition accident. 

For the complete cobalt ejection accident, and the uncontrolled withdrawal of control rod 

accident the Peak power shows non linear decreasing trend with an increasing in the shutdown 

margin. The results show that, for the complete cobalt ejection accident that the peak power 

will decrease by 39.7% in the primary peak power, the maximum clad showed 58% decrease 

in the primary value. For the uncontrolled withdrawal of control rod accident the peak power 

will decrease by 44% in the primary peak power, the maximum clad showed 59.7% decrease 

in the primary value. However, the new core is not sensitive to increasing in shutdown margin 

for partial cobalt ejection accident and prompt critical condition accident (Slow, and prompt 

critical accidents), but the new core is sensitive to increasing in shutdown margin for complete 

cobalt ejection accident, and the uncontrolled withdrawal of control rod accident (super 

prompt critical accidents). 
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 Figure 5.7 Peak power with variation shutdown margin for different accidents.  

 

 

 

 

 

 

 

 

 

Figure 5.8 Peak clad temperature with variation shutdown margin for different accidents. 

C.R ejection 

Comp. Co ejection 

Prompt condition & partial Co ejection 
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Table 5.4 the peak power and peak clad temperature response to FSS variation shutdown 

margin for different accidents 

Accident Parameter 4$ 5$ 6$ 7$ 8$ 9$ 10$ 11$ 12$ 

peak power (MW) 24.33 24.33 24.33 24.33 24.33 24.33 24.33 24.33 24.33 
Partial   

cobalt 

ejection 

accident 
peak clad temp (CO) 82.18 82.17 82.16 82.16 82.16 82.16 82.15 82.15 82.15 

peak power (MW) 24.52 24.52 24.52 24.52 24.52 24.52 24.52 24.52 24.52 
Prompt 

critical 

condition 

accident 
peak clad temp (CO) 81.38 81.36 81.34 81.32 81.3 81.29 81.28 81.26 81.25 

peak power (MW) 296 268.3 246.4 228.8 214.4 203.1 193.5 185.5 178.5 
Complete 

cobalt  

ejection 

accident 
peak clad temp (CO) 349 249.1 202.2 177.3 155.8 149.5 148 147.2 146.4 

peak power (MW) 474.1 430 391.3 361.6 334.4 314.3 294.5 280.7 266 
Uncontrolled  

Withdrawal 

of C.R 

accident 
peak clad temp (CO) 477 416.2 385.3 350 310.2 273.5 239 215.4 192.4 
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PART TWO: 

 5.2. Accidents Analysis for old and new cores  

The analysis were performed for the reactivity insertions as envelope cases, considering the 

running of the primary cooling system pumps and actuating of the first shutdown system or 

not. The second Shutdown System was not considered in the analyses. The accidents that 

have been studied in case of actuating first shutdown system (with scram) are: 

• Prompt critical condition accident (1$); 

• Accidental ejection of a cobalt irradiation box  (fixed experiment); 

o Accidental ejection of partial cobalt irradiation box; 

o Accidental ejection of complete cobalt irradiation box; 

• Uncontrolled withdrawal of a control rod. 

The accidents that have been studied in case of the first shutdown system is disabling 

(transients without scram): 

• Prompt critical condition accident (1$); 

• Accidental ejection of a cobalt irradiation box ; 

o Accidental ejection of partial cobalt irradiation box. 

o Accidental ejection of complete cobalt irradiation box. 

• Uncontrolled withdrawal of a control rod; 

• Sudden cooling accidents;   

o The transition from regime zero to one. 

o The transition from regime one to two. 

5.2.1. Transients with scram 

The following sections present the results for all reactivity insertions considering the actuation 

of the first shutdown system. Only the trip signal due to high power was considered for the 

present analysis. This is a conservative assumption as the high rate trip signal would trigger 

first. 
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Table 5.6.The parameters adopted for the trip of the first shutdown system                                                                                                                                

SCRAM setting (MW) (%) 26.4 (120%) 

Delay after shut down (ms)                 40      

  Control rod insertion time (s)                 0.5  

      Control rod worth    4$ 
     

Various parameters of interest have been compared and are given for old and new cores in 

Table 5.7, Time histories for transients with scram of power, reactivity, fuel temperature, clad 

temperature, coolant temperature, and energy released are illustrated for each accident in 

Figures 5.9; 5.10; 5.11, and 5.12. 

5.2.1. 1. Prompt critical condition accident (ρ =1$) 

The results show (see figure 5.9) that the reactor period for the new core is slightly smaller 

than the reactor period for the old core, so the peak power, peak fuel temperature, and peak 

clad temperature for the new core are slightly larger than the peaks in the old core but the peak 

coolant temperature for the new core is smaller than the peak coolant temperature for the old 

core.  This is due to the mass flow flux for the new core is larger than the mass flow flux for 

the old core.   

As the reactor period for the new core is smaller than the reactor period for old core, the trip 

time (time of actuating first shutdown system) for the new core will be smaller than the trip 

time for the old core, and this lead to the energy released for the new core is smaller than the 

energy released for the old core. 

In this transient, the peak clad temperatures for the both cores are well below the melting point 

(582 oC) [21]. No boiling occurred in the both cores. This shows that the both cores have a 

large safety margin against any accident achieve the prompt critical condition.   
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Fig(5.9) Transient responses  to prompt critical condition accident.(a) power; (b) reactivity; (c) fuel 

temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released. 
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5.2.1.2. Accidental ejection of a cobalt irradiation box 

5.2.1.2.1. Accidental ejection of partial cobalt irradiation box 

transient time 24 second, Similar to the pervious accident the results show (see figure 5.10) 

that, the peak power, fuel, and clad temperatures for  the old core are slightly smaller than the 

peaks in the new core but the peak coolant temperature and the energy released for the old 

core are larger than the new core. The clad temperature in the new, and old cores reached in 

this transient TC= 96.2 
oC, TC= 96 

oC respectively, so the clad temperatures in the both cores 

are well below the melting point (582 oC). No boiling occurred in the both cores. This shows 

that the both cores have a large safety against the worst foreseeable ejection of a partial cobalt 

irradiation box accident. 

5.2.1.2.2. Accidental ejection of complete cobalt irradiation box 

This insertion (1.65$) taken for both cores with ramp 2.885 $/sec, inlet temperature 20 oc, the 

reactor initially critical at power 1 watt, transient time 2 second.  

This problem of super prompt criticality has been analyzed. The results study shows that the 

reactor period for the both cores is the same (see figure 5.11), so the both cores have the same 

trip time. Due to the new core have the feedbacks smaller than the feedbacks for the old core, 

the peak power, fuel, and clad temperatures for the new core are higher than the peaks in the 

old core, but the peak coolant temperature for the new core is smaller than the peak coolant 

temperature for the old core. 

On the other hand due to the trip time is the same for both cores and the difference in the peak 

power appear for the very small time, the energy released for the both approximately the same. 

The peak clad temperatures for the new and old cores are TC= 400 
oC, TC= 375.5 

oC 

respectively,  which is below the melting point, but the boiling occurred in the both cores 

within time 0.75 second from the starting point. 
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Fig ( 5.10). Transient responses  to accidental ejection of partial cobalt irradiation box. (a) power; (b) 

reactivity; (c) fuel temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released. 
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Fig (5.11). Transient responses  to accidental ejection of complete cobalt irradiation box (a)power; 

(b)reactivity; (c) fuel temperature; (d) clad temperature; (e) Coolant Temperature, and (F) Energy 

released. 
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5.2.1. 3. Uncontrolled withdrawal of a control rod 

Similar to the preceding accident, the results show (see figure 5.12) that the both cores have 

the same period, trip time, and released energy.  

The results show that, the values of peak power, peak clad, and fuel temperatures for the new 

core are higher than the values for the old core. The coolant temperature for the new core is 

smaller than the coolant temperature in the old core. Noteworthy, the reactivity history is 

rising again after scram because of the positive reactivity induced by the decreasing of the fuel 

temperature, this rising in reactivity lead to the power almost get stable within a tiny time, and 

this lead to make another peak in fuel temperature history. The peak clad temperatures for the 

new and old cores are TC= 533.5 
oC, TC= 476.5 

oC respectively, which are below the melting 

point, but the boiling occurred in the both cores within time 1.32 second from the starting 

point. 
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Fig (5.12). Transient responses  to uncontrolled withdrawal of a control rod. .(a) power; (b) reactivity;       

(c) fuel temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released.
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(e (f) 
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a
 The quantinties in parentheses are the times (in secondes) at which the corresponding values occurred. 

 

  Table 5.7 Transient response to reactivity induced accidents with scram  

 Prompt condition   partial cobalt ejection 
complete cobalt  

ejection 
control rod  ejection 

 parameter  

 core-29   core-27   core-29   core-27   core-29   core-27   core-29   core-27  

 initial power (MW)  1*10-6 1*10-6 1*10-6 1*10-6 1*10-6 1*10-6 1*10-6 1*10-6 

 Reactivity inserted ($)  1.0000 1.0000 0.8250 0.8250 1.650 1.650 4.4740 4.4740 

 Minimum period (S)  
0.10843 

(1.0021)
a 

0.10891 
(1.0048) 

0.11099 
(0.2899) 

0.11088 
(0.2846) 

0.0162 
(0.57986) 

0.0162 
(0.58082) 

0.01507 
(1.2892) 

0.01504 
(1.29) 

 Trip time (S)  4.7174 4.5407 16.5318 16.1271 0.6904 0.6904 1.2829 1.2829 

 Peak power (MW)  

        
26.765 
(4.7542) 

       
26.841  
(4.5789) 

          
26.571 
(16.572) 

         
26.594  
(16.167) 

        
386.41 
(0.752) 

        
400.32 
(0.7525) 

          
595.2 
(1.342) 

      
611.42 
(1.341) 

 Peak temperature (oC)  
        

     Fuel center line 113.39 
(4.7667) 

115.0  
(4.5905) 

114.3  
(16.575) 

115.96  
(16.171) 

439.55 
(0.770) 

475.2  
(0.7695) 

552.41     
(1.351) 

589.35  
(1.350) 

Clad surface 95.093 
(4.773) 

95.355    
(4.5962) 

95.869 
(16.581) 

96.161    
(1.6177) 

375.46 
(.8254) 

399.91 
(0.794) 

476.48      
(1.4799) 

533.46      
(1.595) 

   Coolant outlet 47.414    
(4.7918) 

47.085      
(4.6193) 

48.146   
(16.605) 

47.848      
(16.199) 

112.77    
(0.88388) 

107.85    
(0.81212) 

100.44     
(1.394) 

97.87    
(1.388) 

 Nucleate boiling  
- - - - 0.7415 0.7374 1.32530 1.32430 

 Bulk boiling  

                   
-    

                   
-    

                     
-    

                     
-    

                   
-    

                   
-    

                   
-    

                   
-    



66 

 

5.2.2. Self-limiting transients 

The following transients are analyzed within the frame of Beyond Design Basis Accidents as 

both shutdown systems, the first and the second shutdown systems are assumed to fail. 

Various parameters of interest have been compared and are given in table 5.8 Time histories 

for transients without scram of power, reactivity, fuel temperature, clad temperature, coolant 

temperature, and energy released are illustrated for each accident in figures 5.13; 5.14; 5.15; 

5.16; 5.17, and 5.18. 

5.2.2.1. Prompt critical condition accident (1$) 

As mentioned in the previously this insertion taken with ramp 1 $/sec, inlet temperature 20 oc, 

the reactor initially critical at power 1 watt, but with transient time 35 second. 

the results show that, the general behavior for this transient increase very fast at first (10 sec) 

then, it gets slowly (after 10 sec) (see figure 5.13). 

All parameters history for the new core is higher than the parameters which belong to the old 

core except the reactivity parameter. The reactivity history for the both cores approximately 

the same. 

Due to the onset from the bulk boiling is slowly. In the start, the bubbles appear and disappear 

and this make the fluctuation in the mass flow flux, also this affect in the heat which transfer 

from the clad surface to the coolant and this of course affect in the clad temperature by making 

fluctuation in its surface temperature.  Frequently, this affect in the fuel temperature, but the 

fluctuation is small. These fluctuations effect directly on the reactivity feed backs and also it 

appears in the power history which affect on the fuel temperature and so on. 

The clad temperature for the new and old cores are 163.6 oC , 158.7 oC  respectively  which is 

below the melting point, but the bulk boiling occurs for the both cores. 
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Fig (5.13). Transient responses  to prompt critical condition accident. .(a) power; (b) reactivity; (c) fuel 

temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released 
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(e (f) 
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Noteworthy, due to the coolant temperature in the new core is higher than the coolant 

temperature in the old core, so the fluctuation in the new core appear early than in the old core 

and it’s interval in the new core take time smaller than in the old core and because of that the 

bulk point appear very fast in the new core (9 sec before appearing in the old core).  

         

5.2.2.2. Accidental ejection of a cobalt irradiation box 

As mentioned previously the irradiation device unloading is performed in two steps: 

5.2.2.2.1. Accidental ejection of partial cobalt irradiation box 

This insertion taken with ramp 2.885 $/sec but with half of total insertion, inlet temperature 20 

oC, the reactor initially critical at power 1 watt, transient time 9 second. 

Similar to the preceding accident, the results show (see figure 5.14) that all parameters history 

of the new core are higher than the parameters in the old core except the reactivity parameter, 

the reactivity history for both cores exactly the same. 

The clad temperature for the new and old cores are 160 oC , 158 oC respectively  which are 

below the melting point, but boiling occurs around at 10 seconds for the both cores, no bulk 

boiling occurs in the both cores. 

5.2.2.2.2. Accidental ejection of complete cobalt irradiation box 

as mentioned previously This insertion taken with ramp 2.885 $/sec, inlet temperature 20 oC, 

the reactor initially critical at power 1 watt, transient time 1 second. 

The results show that  the peak temperatures of fuel, and clad for the new core ( Tf= 754.85 

oC, and Tc   exceeds melting temperature) and for old core (Tf= 651 
oC, and Tc   exceeds melting 

temperature). the power behavior increasing for the both cores is the same in the start (see 

figure 5.15), but this behavior will be different at the peak power (the peak power for the new 

core is higher than the peak power in the old core) and this increasing in power lead to 

increasing in the fuel and clad temperatures then, a large negative reactivity will be generated       
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Fig ( 5.14). Transient responses  to accidental ejection of partial cobalt irradiation box. .(a) power;(b) 

reactivity; (c) fuel temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released 
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and because of that a rapid decrease in power occurs. This rapid decrease affect on the fuel 

and clad temperatures and a positive reactivity will be generated. Again the positive reactivity 

will increase the power, but the power increasing rate for the new core is larger than the power 

increasing rate for the old core, again this lead to increasing in fuel and clad temperature, but 

at this time the clad temperatures for both cores will reach to the melting point and also the 

coolant temperature will reach to the bulk boiling point.         

 

5.2.2.3. Uncontrolled withdrawal of a control plate 

The results show (see figure 5.16) that, the general behavior of all parameters is similar to the 

behavior of the parameters which belong to the preceding accident. In this accident, the results 

show that a high power peaks are achieved for the new and old cores and these values are 

685Mw and 674Mw respectively. Frequently, this lead to a high fuel and clad temperatures for 

the both cores and because of that a large negative reactivity will generate (-3$), this will 

affect on the peaks power values which will decrease rapidly and the peak clad and fuel 

temperatures will decrease. Positive reactivity will generate and increase the power, so the 

peak clad and fuel temperatures will increase. Noteworthy, the clad temperature for the both 

cores will exceed the melting point (582 oC )  

 

5.2.2.4. Sudden cooling of the core inlet water 

5.2.2.4.1. The transition from power regime zero to power regime one 

In this case the reactor operate at regime zero and due to increase in power the reactor cooling  

must be increases, so the first pump must be operate and thus, the  coolant velocity increase 

from natural velocity to forced velocity.  

The inlet temperature is taken with 40 oc, the reactor initially critical at power 400 KW, 

transient time 9 second. The slow reactivity insertion power peaks and maximum temperatures 

are quite below the fast reactivity insertions values. No damage it expected for neither case. So 

they will be bounded by the consequences of the fast reactivity insertion cases.  
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   Fig ( 5.15). Transient responses  to accidental ejection of complete CID. .(a) power;  (b) reactivity; 

(c) fuel temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released 
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Fig ( 5.16). Transient responses  to uncontrolled withdrawal of a control rod. .(a) power; (b) reactivity; 

(c) fuel temperature; (d) clad temperature; (e) coolant temperature, and (F) energy released 
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The results show (see figure 5.17) that at the first milliseconds the parameters (power, 

reactivity, fuel temperature, and clad temperature) will behave in an unexpected way, where 

the power and the reactivity decrease with time instead of increasing. Also, the fuel and clad 

temperatures increase with time instead of decreasing. This unexpected behavior occurs 

because of the mass flow flux of the core pump is exponential and the out put mass flow flux 

is small within a few milliseconds, this lead to a small heat transfer from clad surface to the 

coolant and the same event occurs for the fuel and clad, so the fuel and clad temperatures will 

increase.  

This increasing in the fuel and clad temperatures lead to generate a negative reactivity thus, 

the power will decrease. After that the mass flow flux will increase rapidly with time and this 

lead to a rapid decrease in the fuel and clad temperatures, positive reactivity will be generated 

and thus the power will increase.  

The power and reactivity values for the new core are smaller than the values in the old core 

because of the feed backs for the old core are higher than the feed backs for the new core. Due 

to the power in the old core is higher than the power in the new core, the energy released is 

higher for the old core than in new core.      

5.2.2.4.2. The transition from power regime one to power regime two 

In this case the reactor operate at regime  one and due to increase in power, the reactor cooling  

must be increases, so the second pump must be operate thus coolant velocity increase from 

velocity corresponded to one pump to velocity corresponded to two pump. 

 As mentioned in the previously the insertion taken with ramp zero $/sec, inlet temperature 40 

oC, the reactor initially critical at power 11 megawatt, transient time 9 second, this accident 

analyzed without scram .  

The results show (see figure 5.18) that the power and reactivity values for the new core are 

smaller than the values of the old core and this due to the feedbacks reactivity for old core 

higher than for new core.   
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Fig (5.17).Transient responses  to sudden cooling of the core inlet water due to transition from power 

regime zero to power regime one. (a) power; (b) reactivity; (c) fuel temperature; (d) clad temperature; 

(e) coolant temperature; (F) energy released 
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The coolant temperature values for the new core are smaller than the values of the old core 

because the mass flow flux for the new core is higher than the mass flow flux for the old core. 

The clad temperature values for the new core are higher than the values of the old core at the 

first few seconds (6 sec), but after that the clad temperature for the new core becomes smaller 

than the clad temperature in the old core.   

The energy released values are the same in both cores for the first few seconds (6 sec), but 

after that the energy released for the old core becomes slightly higher than the energy released 

for the new core. 

Note worthy, because of the coolant flow rate enters the core with exponentially shape ( ), 

and the cooling inverse proportional to fuel, clad, and coolant temperatures, and direct 

proportional to the feedbacks reactivity, so the general behavior for fuel, clad, and coolant 

temperatures is inverse exponentially ( ) shape, and the general behavior for reactivity is 

exponentially ( ) shape.      
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Fig (5.18).Transient responses  to sudden cooling of the core inlet water due to transition from power 

regime one to power regime two. (a) power; (b) reactivity; (c) fuel temperature; (d) clad temperature; 

(e) coolant temperature; (F) energy released 
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(c (d

(a

(f) 
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Table 5.8 Transient response to reactivity induced accidents without scram 

 Prompt critical 

condition  

 partial cobalt 

ejection 

complete cobalt  

ejection 

control rod  

ejection 
sudden cooling-01 sudden cooling-12 

parameter  

 core-29   core-27   core-29   core-27   core-29   core-27   core-29   core-27   core-29   core-27   core-29   core-27  

 initial power (MW)  1*10-6     1*10-6  1*10-6  1*10-6  1*10-6  1*10-6  1*10-6  1*10-6 0.40 0.40 11.00 11.00 

 Reactivity inserted($)  1.000    1.000   0.825   0.825   1.650   1.650   4.474   4.474  
                
-    

                
-    

                
-    

                
-    

 Minimum period (S)  

                   
0.10843 

(1.0021)
a
  

       
0.10891 
(1.0048)  

     
0.11099 
(0.2899)  

     
0.11088 
(0.2846)  

    
0.016196 
(0.58)  

  
0.016196 
(0.581)  

                  
0.0151 
(1.289)  

    
0.01505 
(1.288)  

        
9.885   
(1.14)  

         
10.355   
(1.06)  

         
24.67   
(0.286)  

             
27.52    
(0.330)  

 Peak power (MW)  

 
 97.5         
(50.0)  

  
107.2     
(48.64)  

 
 82.24         
(95)  

  
90.2         
(95)  

 
 478.4         
(0.7575)  

 
 493         

(0.756)  

  
 673.7         
(1.342)  

 
 685.3         
(1.341)  

  
0.600         
(21.00)  

 
 0.580         
(21.00)  

 
 13.558         
(16.00)  

 
 13.330         
(16.00)  

 Peak temperature(
o
c)   

 
          

          Fuel center line   227.5          
(50.0)  

 244.5     
(48.64)  

 216.05          
(95)  

 228.16          
(95)  

 650.0          
(1.00)  

 755.0          
(1.00)  

 808.4          
(1.517)  

 813.3          
(1.5075)  

 54.84          
(0.43)  

 55.0          
(0.42)  

 94.66          
(0.00)  

 95.57          
(0.00)  

          Clad surface   158.73      
(50.0)  

 163.6     
(48.64)  

 158.06       
(95)  

 160.0       
(95)  

melting       
(0.9943) 

melting       
(0.9263) 

melting 
(1.476) 

melting 
(1.475) 

 54.7          
(0.42)  

 54.842          
(0.41)  

 87.11          
(0.00)  

 87.47          
(0.00)  

          Coolant outlet   119.72    
(31.5)  

 119.72      
(22.455)  

 108.92    
(95.00)  

 115.67    
(95.00)  

 119.72    
(1.019)  

 119.72    
(0.847)  

 119.72    
(1.455)  

 119.72    
(1.418)  

 53.55    
(0.01)  

 53.64    
(0.01)  

 61.51      
(00.0)  

 61.43      
(0.00)  

 Nucleate boiling  

   
8.0943 

  
 7.3470  

       
21.105 

       
19.978 

       
0.7415  

       
0.7374  

       
1.3250  

       
1.3238  

 
-                                                                             

 
- 

 
- 

 
- 

 Bulk boiling  

 
31.500 

  
22.455           

 
-               - 

       
1.0190 

       
0.8470  

       
1.4550  

       
1.4180  

 
- 

 
- 

- - 

a
 The quantinties in parentheses are the times (in secondes) at which the corresponding values occurred. 
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PART THREE:  

 

5.3 Analysis of Molybdenum production box 

 

The objective of this section is study the behavior of molybdenum parameters during the 

different accidents which studied in the preceding section.   

As mentioned previously the new core for ETRR-2 consists from 27 fuel elements and 2 

molybdenum boxes, the preceding section introduced study the behavior of the fuel 

elements during various accidents, and this study section introduced the same study but 

for molybdenum boxes. 

The analysis will concerned for super critical accidents (ejection of complete cobalt 

irradiation box & Uncontrolled withdrawal of a control rod), but we analyzed the prompt 

critical accident for make validation purposes.  

These calculations based on the geometry already defined for the molybdenum box in 

table (3.2). Table 5.9 presents comparison between PARET and RELAB results for 

prompt critical condition accident. 

 

   

Table 5.9 the comparison between PARET and RELAB results   

Main parameters PARET RELAP [29] 

 
peak peak power (MW) 
 
Peak temperature (oC) 
 
          Fuel center line 
 
          Clad surface 
 
          Coolant outlet 

 
26.8                         

(4.57) 
 
 

107                              
(4.54)  
96.7                                  

(4.54)  
26.6                         

(4.55)                                     

 
26.5 
(3) 

 
 

114  
(3.0) 
103 
(3.0) 
27.1 
(3.0) 
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4.3.1 Prompt critical condition accident (ρ=1$) 

The power obtained from new core during prompt critical condition accident used as 

input parameter to molybdenum input file. 

Based on the power input (peak power reach to 73.3 KW) and thermal- hydraulic data for 

molybdenum box the results show that the peak clad temperature reaches 93 oC. No 

boiling occurred in the molybdenum box. This shows that the molybdenum box has a 

large safety margin against the worst foreseeable prompt critical accident.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig ( 5.19).Transient responses for molybdenum box due to prompt critical condition accident.                      

(a) power; (b) fuel temperature; (c) clad temperaturem, and (d) coolant temperature.
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4.3.2 Accidental ejection of complete cobalt irradiation box 

The power obtained from new core during ejection of complete cobalt irradiation box 

accident used as input to molybdenum analysis after scaling for it. The peak power for 

molybdenum box during ejection of complete cobalt irradiation box accident reach to 912 

KW, the results show that the peak clad temperature reaches 183.5 oC, which below the 

melting point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig (5.20).Transient responses for molybdenum box due to accidental ejection of complete cobalt 

irradiation box. (a) power; (b) fuel temperature; (c) clad temperature, and (d) coolant temperature.
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4.3.1 Uncontrolled withdrawal of a control rod 

The power obtained from new core during uncontrolled withdrawal of a control rod 

accident used as input to molybdenum analysis after scaling for it. 

The peak power for molybdenum box during ejection of Uncontrolled withdrawal of a 

control rod accident reach to 1424 KW, the results show that the temperatures fuel center 

line and clad surface are 381 and 191.5 oC, respectively  , which below are the melting 

point, but boiling appear at 1.3 second.   

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig (5.21).Transient responses for molybdenum box due to uncontrolled withdrawal of a control 

rod (a) power; (b) fuel temperature; (c) clad temperature, and (d) coolant temperature.
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Table 5.10 response of main molybdenum parameters to reactivity induced accidents  

Main parameters ρ= 1 $ complete cobalt control rod 

 
Peak power (KW) 
 
Peak temperature (oC) 
 
          Fuel center line 
 
          Clad surface 
 
          Coolant outlet 

 
77.0                         

(4.544)
a
 

 
 

107                              
(4.54)  
96.7                

(4.54)  
26.6                          

(4.55)                                     

 
912                         

(0.745) 
 
 

304.8                              
(0.745)  
183.6                                  

(0.745) 
91.7                      

(0.754)                                     

 
1424                         
(1.34) 

 
 

381                              
(1.34)  
192                                  

(1.34) 
119                          

(1.345)                                     
a
 The quantinties in parentheses are the times (in secondes) at which the corresponding values occurred. 
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CHAPTER 6 

 

Conclusions  
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Reactivity Insertion Accident has been analyzed for ETRR-2 cores and 99Mo production 

boxes using PARET code. The reference core has 29 fuel elements and one cobalt box.  

The modified core has 27 fuel elements, one cobalt box, and two 99Mo production boxes. 

First the modified core has been analyzed for various RPS parameters including: scram 

setting, instrumentation delay time, rod dropping time, and shutdown margin. Second, both 

cores were analyzed and compared with and without scram for each postulated RIA at 

ETRR-2. Finally the 99Mo production boxes have been analyzed too demonstrating the safe 

irradiation of LEU plated in the modified core. The results of analysis are discussed for 

each postulated accident reaching the following conclusions: 

 

1. For insertions ≤ 1$ (partial cobalt ejection and prompt critical condition), the scram 

setting is the only parameter affecting the maximum power and peak clad 

temperature. Instrumentation delay time is the most effective parameter for the 

insertions > 1$ (complete cobalt ejection and accidental control rod withdrawal). In 

all cases no damage is produced to the fuel elements due to the timely and effective 

actuation of the Reactor Protection System of ETRR-2. 

2.   The comparisons between the two cores show that, for insertions ≤ 1$, the peak 

power and peak temperatures are much closed in cases with and without scram.  

For the insertions > 1$ (complete cobalt ejection and accidental control rod 

withdraw) with scram no melting occurs, and the maximum difference between 

fuel, clad and coolant temperatures for both cores are 37oC (6.7%), 57 oC (12%), 

and 5oC (- 4.4%) respectively, but without scram, melting will occur in the both 

cores. Thus the new core can be safely operated without compromising on safety. 

 

3. It is possible to use PARET code for analysis of cores with two different fuel 

geometries using the presented methodology. The analysis of molybdenum boxes 

show that for the proposed irradiation of LEU plates, the reactivity accidents with 

scram enable will not result in plate failure.  
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Appendix   

A1. PARET:  NEW CORE, PROMPT CRITICAL CONDITION $1.0/1.0 S RAMP. 

1001,     -2    21     7     0     1     1 

1002,      1     0     6    -1     0    10 

1003,    1.00000-6  .018385920   198984.00   -20.0000   7.50000-4 

1004,    3.50000-4   3.50000-4   7.10000-2   6.40000-2  0.8000     0.015 

1005,   0.1         0.0070500     75.000-6   9.80664   0.010516 

1006,   09.0        0.8000       1.0        998.00       0.0 

1007,    2.48200-3    0.0        0.0         0.0         1.0       0.001 

1008,   0.0           0.0005     0.001       0.03        0.05      0.05 

1009,   1.4           0.30 

1111,   .098000000  1.00        1.00 

1112,      0     1     1     0     0        4.200000+5 

1113,     1.6       0.040       26.4        0.0 

1114,    0.0        0.0 

2001,   0.0         0.0         15.00       0.0         0.0 

2002,   0.0          1.63800+3   1.63200+6   0.0        0.0 

2003,   0.0        0.0          180.0       0.0         0.0 

2004,   0.0          1.24200+3   2.06910+6   0.0        0.0 

3001,    8.75000-5     5     1   0.955 

3002,    2.00000-4     7     2   0.0 

4001,    3.80952-2    21 

5100,      1     0   0.0021000  0.00195      0.65       0.55       1.0 

5100,  1.0         0.2410         0.015390 

5101,   0.0         0.0         0.2900        0.2900  

5102,   0.97488      1.0         1.0         1.0 

5103,   1.46015      1.0         1.0         1.0 

5104,   1.75923      1.0         1.0         1.0 
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5105,   2.03358      1.0         1.0         1.0 

5106,   2.27977      1.0         1.0         1.0 

5107,   2.49412      1.0         1.0         1.0 

5108,   2.67366      1.0         1.0         1.0 

5109,   2.81610      1.0         1.0         1.0 

5110,   2.91755      1.0         1.0         1.0 

5111,   2.98168      1.0         1.0         1.0 

5112,   3.00000      1.0         1.0         1.0 

5113,   2.98168      1.0         1.0         1.0 

5114,   2.91755      1.0         1.0         1.0 

5115,   2.81610      1.0         1.0         1.0 

5116,   2.67366      1.0         1.0         1.0 

5117,   2.49412      1.0         1.0         1.0 

5118,   2.27977      1.0         1.0         1.0 

5119,   2.03358      1.0         1.0         1.0 

5120,   1.75923      1.0         1.0         1.0 

5121,   1.46015      1.0         1.0         1.0 

5122,   0.97488      1.0         1.0         1.0 

5200,      1     0   0.0021000  0.99805      0.55       0.65       1.0 

5200,  1.0         0.2410         0.015390 

5201,   0.0         0.0         0.2900      0.2900 

5202,   0.4257      1.0         1.0         1.0 

5203,   0.6376      1.0         1.0         1.0 

5204,   0.7682      1.0         1.0         1.0 

5205,   0.8880      1.0         1.0         1.0 

5206,   0.9955      1.0         1.0         1.0 

5207,   1.0891      1.0         1.0         1.0 

5208,   1.1675      1.0         1.0         1.0 
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5209,   1.2297      1.0         1.0         1.0 

5210,   1.2747      1.0         1.0         1.0 

5211,   1.3020      1.0         1.0         1.0 

5212,   1.3111      1.0         1.0         1.0 

5213,   1.3020      1.0         1.0         1.0 

5214,   1.2747      1.0         1.0         1.0 

5215,   1.2297      1.0         1.0         1.0 

5216,   1.1675      1.0         1.0         1.0 

5217,   1.0891      1.0         1.0         1.0 

5218,   0.9955      1.0         1.0         1.0 

5219,   0.8880      1.0         1.0         1.0 

5220,   0.7682      1.0         1.0         1.0 

5221,   0.6376      1.0         1.0         1.0 

5222,   0.4257      1.0         1.0         1.0 

6001,    3.30000-2   1.24000-2   2.19000-1   3.0500-2    1.9600-1   1.11000-1 

6002,    3.95000-1   3.01000-1   1.15000-1   1.140000    0.042000   3.0100 

9000,      3 

9001    0.00        0.0        1.00         1.00       1.00          100.0 

10000,     2 

10001,   5.09000+3   0.0         5.09000+3   100.0 

11000,    16 

11001,   0.0        00.0        0.0000      293.15     0.07668       323.15  

11002,   0.1406     348.15      0.2045      393.15     0.33230       423.15 

11003,   0.4601     473.15      0.5879      523.15     0.71570       573.15 

11004,   0.8435     623.15      0.9713      673.15     1.09910       723.15 

11005,   1.2269     793.15      1.3291      823.15     1.48250       873.15 

11006,   1.7381     973.15  

12000,     2 
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12001,   0.0        0.0         0.0         0.0 

14000,     6 

14001,   0.10       0.00        0.0100      1.5000       0.0100      6.0000 

14002,   0.010      7.00        0.0100      8.0000       0.0100      9.0000   

16000,     4 

16001,   0.500         5        0.0         0.200         1          5.000 

16002,   0.50          5        08.0        0.50          10         15.00 

17000,     2 

17001,    1.0       0.0          1.0      500. 

18000,     2 

18001,    0.0       0.0         -04.02      0.8 

 

A2. PARET:  NEW CORE, COBALET EJECTION BOX $1.65/0.572 S RAMP     

1001,     -2    21     7     0     1     1 

1002,      1     0     6    -1     0    10 

1003,    1.00000-6  .018385920   198984.00   -20.0000   7.50000-4 

1004,    3.50000-4   3.50000-4   7.10000-2   6.40000-2  0.8000     0.015 

1005,   0.1         0.0070500     75.000-6   9.80664   0.010516 

1006,   02.0        0.8000       1.0        998.00       0.0 

1007,    2.48200-3    0.0        0.0         0.0         1.0       0.001 

1008,   0.0           0.0005     0.001       0.03        0.05      0.05 

1009,   1.4           0.30 

1111,   .098000000  1.00        1.00 

1112,      1     2     1     0     0        4.200000+5 

1113,     1.6       0.040       26.4        0.0 

1114,    0.0        0.0 

2001,   0.0         0.0         15.00       0.0         0.0 

2002,   0.0          1.63800+3   1.63200+6   0.0        0.0 
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2003,   0.0        0.0          180.0       0.0         0.0 

2004,   0.0          1.24200+3   2.06910+6   0.0        0.0 

3001,    8.75000-5     5     1   0.955 

3002,    2.00000-4     7     2   0.0 

4001,    3.80952-2    21 

5100,      1     0   0.0021000  0.00195      0.65       0.55       1.0 

5100,  1.0         0.2410         0.015390 

5101,   0.0         0.0         0.2900        0.2900  

5102,   0.97488      1.0         1.0         1.0 

5103,   1.46015      1.0         1.0         1.0 

5104,   1.75923      1.0         1.0         1.0 

5105,   2.03358      1.0         1.0         1.0 

5106,   2.27977      1.0         1.0         1.0 

5107,   2.49412      1.0         1.0         1.0 

5108,   2.67366      1.0         1.0         1.0 

5109,   2.81610      1.0         1.0         1.0 

5110,   2.91755      1.0         1.0         1.0 

5111,   2.98168      1.0         1.0         1.0 

5112,   3.00000      1.0         1.0         1.0 

5113,   2.98168      1.0         1.0         1.0 

5114,   2.91755      1.0         1.0         1.0 

5115,   2.81610      1.0         1.0         1.0 

5116,   2.67366      1.0         1.0         1.0 

5117,   2.49412      1.0         1.0         1.0 

5118,   2.27977      1.0         1.0         1.0 

5119,   2.03358      1.0         1.0         1.0 

5120,   1.75923      1.0         1.0         1.0 

5121,   1.46015      1.0         1.0         1.0 
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5122,   0.97488      1.0         1.0         1.0 

5200,      1     0   0.0021000  0.99805      0.55       0.65       1.0 

5200,  1.0         0.2410         0.015390 

5201,   0.0         0.0         0.2900      0.2900 

5202,   0.4257      1.0         1.0         1.0 

5203,   0.6376      1.0         1.0         1.0 

5204,   0.7682      1.0         1.0         1.0 

5205,   0.8880      1.0         1.0         1.0 

5206,   0.9955      1.0         1.0         1.0 

5207,   1.0891      1.0         1.0         1.0 

5208,   1.1675      1.0         1.0         1.0 

5209,   1.2297      1.0         1.0         1.0 

5210,   1.2747      1.0         1.0         1.0 

5211,   1.3020      1.0         1.0         1.0 

5212,   1.3111      1.0         1.0         1.0 

5213,   1.3020      1.0         1.0         1.0 

5214,   1.2747      1.0         1.0         1.0 

5215,   1.2297      1.0         1.0         1.0 

5216,   1.1675      1.0         1.0         1.0 

5217,   1.0891      1.0         1.0         1.0 

5218,   0.9955      1.0         1.0         1.0 

5219,   0.8880      1.0         1.0         1.0 

5220,   0.7682      1.0         1.0         1.0 

5221,   0.6376      1.0         1.0         1.0 

5222,   0.4257      1.0         1.0         1.0 

6001,    3.30000-2   1.24000-2   2.19000-1   3.0500-2    1.9600-1   1.11000-1 

6002,    3.95000-1   3.01000-1   1.15000-1   1.140000    0.042000   3.0100 

9000,      3 
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9001    0.00        0.0        1.650      0.572       1.650       100.0 

10000,     2 

10001,   5.09000+3   0.0         5.09000+3   100.0 

11000,    16 

11001,   0.0        00.0        0.0000      293.15     0.07668       323.15  

11002,   0.1406     348.15      0.2045      393.15     0.33230       423.15 

11003,   0.4601     473.15      0.5879      523.15     0.71570       573.15 

11004,   0.8435     623.15      0.9713      673.15     1.09910       723.15 

11005,   1.2269     793.15      1.3291      823.15     1.48250       873.15 

11006,   1.7381     973.15  

12000,     2 

12001,   0.0        0.0         0.0         0.0 

14000,     6 

14001,   0.100      0.00        0.10000      0.3000       0.10000      0.4000 

14002,   0.001      0.65        0.00001      0.7500       0.00010      0.9000   

16000,     4 

16001,   0.500         5        0.0         0.500         5          0.650 

16002,   0.50          1        10.0        0.50          5          39.00 

17000,     2 

17001,    1.0       0.0          1.0      500. 

18000,     2 

18001,    0.0       0.0         -04.02      0.8 

 

A3. PARET:  NEW CORE, UNCONTROL WITHDRAW PLATE EJECTION S CURVE.     

1001,     -2    21     7     0     1     1 

1002,      1     0     6    -1     0    10 

1003,    1.00000-6  .018385920   198984.00   -20.0000   7.50000-4 

1004,    3.50000-4   3.50000-4   7.10000-2   6.40000-2  0.8000     0.015 
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1005,   0.1         0.0070500     75.000-6   9.80664   0.010516 

1006,   04.0        0.8000       1.0        998.00       0.0 

1007,    2.48200-3    0.0        0.0         0.0         1.0       0.001 

1008,   0.0           0.0005     0.001       0.03        0.05      0.05 

1009,   1.4           0.30 

1111,   .098000000  1.00        1.00 

1112,      1     2     1     0     0        4.200000+5 

1113,     1.6       0.040       26.40        0.0 

1114,   0.0        0.0 

2001,   0.0         0.0         15.00       0.0         0.0 

2002,   0.0          1.63800+3   1.63200+6   0.0        0.0 

2003,   0.0        0.0          180.0       0.0         0.0 

2004,   0.0          1.24200+3   2.06910+6   0.0        0.0 

3001,    8.75000-5     5     1   0.955 

3002,    2.00000-4     7     2   0.0 

4001,    3.80952-2    21 

5100,      1     0   0.0021000  0.00195      0.65       0.55       1.0 

5100,  1.0         0.2410         0.015390 

5101,   0.0         0.0         0.2900        0.2900  

5102,   0.97488      1.0         1.0         1.0 

5103,   1.46015      1.0         1.0         1.0 

5104,   1.75923      1.0         1.0         1.0 

5105,   2.03358      1.0         1.0         1.0 

5106,   2.27977      1.0         1.0         1.0 

5107,   2.49412      1.0         1.0         1.0 

5108,   2.67366      1.0         1.0         1.0 

5109,   2.81610      1.0         1.0         1.0 

5110,   2.91755      1.0         1.0         1.0 
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5111,   2.98168      1.0         1.0         1.0 

5112,   3.00000      1.0         1.0         1.0 

5113,   2.98168      1.0         1.0         1.0 

5114,   2.91755      1.0         1.0         1.0 

5115,   2.81610      1.0         1.0         1.0 

5116,   2.67366      1.0         1.0         1.0 

5117,   2.49412      1.0         1.0         1.0 

5118,   2.27977      1.0         1.0         1.0 

5119,   2.03358      1.0         1.0         1.0 

5120,   1.75923      1.0         1.0         1.0 

5121,   1.46015      1.0         1.0         1.0 

5122,   0.97488      1.0         1.0         1.0 

5200,      1     0   0.0021000  0.99805      0.55       0.65       1.0 

5200,  1.0         0.2410         0.015390 

5201,   0.0         0.0         0.2900      0.2900 

5202,   0.4257      1.0         1.0         1.0 

5203,   0.6376      1.0         1.0         1.0 

5204,   0.7682      1.0         1.0         1.0 

5205,   0.8880      1.0         1.0         1.0 

5206,   0.9955      1.0         1.0         1.0 

5207,   1.0891      1.0         1.0         1.0 

5208,   1.1675      1.0         1.0         1.0 

5209,   1.2297      1.0         1.0         1.0 

5210,   1.2747      1.0         1.0         1.0 

5211,   1.3020      1.0         1.0         1.0 

5212,   1.3111      1.0         1.0         1.0 

5213,   1.3020      1.0         1.0         1.0 

5214,   1.2747      1.0         1.0         1.0 
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5215,   1.2297      1.0         1.0         1.0 

5216,   1.1675      1.0         1.0         1.0 

5217,   1.0891      1.0         1.0         1.0 

5218,   0.9955      1.0         1.0         1.0 

5219,   0.8880      1.0         1.0         1.0 

5220,   0.7682      1.0         1.0         1.0 

5221,   0.6376      1.0         1.0         1.0 

5222,   0.4257      1.0         1.0         1.0 

6001,    3.30000-2   1.24000-2   2.19000-1   3.0500-2    1.9600-1   1.11000-1 

6002,    3.95000-1   3.01000-1   1.15000-1   1.140000    0.042000   3.0100 

9000,     41 

9001,   0.0000      0.0        0.0705       0.1        0.1527        0.2          

9002,   0.2466      0.3        0.3523       0.4        0.4696        0.5  

9003,   0.5981      0.6        0.7373       0.7        0.8864        0.8 

9004,   1.0446      0.9        1.2109       1.0        1.3842        1.1   

9005,   1.5631      1.2        1.7464       1.3        1.9327        1.4 

9006,   2.1204      1.5        2.3082       1.6        2.4945        1.7   

9007,   2.6779      1.8        2.8569       1.9        3.0303        2.0 

9008,   3.1968      2.1        3.3553       2.2        3.5047        2.3         

9009,   3.6441      2.4        3.7729       2.5        3.8904        2.6 

9010,   3.9964      2.7        4.0906       2.8        4.1731        2.9  

 

9011,   4.2440      3.0        4.3036       3.1        4.3526        3.2   

9012,   4.3916      3.3        4.4214       3.4        4.4432        3.5  

9013,   4.4581      3.6        4.4672       3.7        4.4719        3.8   

9014,   4.4737      3.9        4.4740       4.0 

10000,     2 

10001,   5.09000+3   0.0         5.09000+3   100.0 

11000,    16 
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11001,   0.0        00.0        0.0000      293.15     0.07668       323.15  

11002,   0.1406     348.15      0.2045      393.15     0.33230       423.15 

11003,   0.4601     473.15      0.5879      523.15     0.71570       573.15 

11004,   0.8435     623.15      0.9713      673.15     1.09910       723.15 

11005,   1.2269     793.15      1.3291      823.15     1.48250       873.15 

11006,   1.7381     973.15  

12000,     2 

12001,   0.0        0.0         0.0         0.0 

14000,     6 

14001,   0.1000      0.00        0.1000       0.3000       0.100000       0.5000 

14002,   0.100       0.50        0.1000       0.7000       0.000100       1.2200   

16000,     4 

16001,   0.200         1        0.0         0.200         1          0.300 

16002,   0.20          1        10.0        0.50          1          39.00 

17000,     2 

17001,    1.0       0.0          1.0      500. 

18000,     2 

18001,    0.0       0.0         -4.02      0.8 

 

A4. PARET:  NEW CORE, SUDDEN COOLING, NO EXTERNAL REACTIVITY.  

1001,     -2    21     7     0     1     1 

1002,      1     0     6    -1     0    10 

1003,    0.4000000  .018385920   198984.00   -40.0000   7.50000-4 

1004,    3.50000-4   3.50000-4   7.10000-2   6.40000-2  0.8000     0.015 

1005,   0.1         0.0070500     75.000-6   9.80664   0.010516 

1006,   25.00        0.8000       1.0        998.00       0.0 

1007,    2.48200-3    0.0        0.0         0.0         1.0       0.001 

1008,   0.0           0.0005     0.001       0.03        0.05      0.05 
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1009,   1.4           0.30 

1111,   .098000000  1.00        1.00 

1112,      0     1     1     0     0        4.200000+5 

1113,     1.6       0.040       99.4        0.0 

1114,    0.0        0.0 

2001,   0.0         0.0         15.00       0.0         0.0 

2002,   0.0          1.63800+3   1.63200+6   0.0        0.0 

2003,   0.0        0.0          180.0       0.0         0.0 

2004,   0.0          1.24200+3   2.06910+6   0.0        0.0 

3001,    8.75000-5     5     1   0.955 

3002,    2.00000-4     7     2   0.0 

4001,    3.80952-2    21 

5100,      1     0   0.0021000  0.00195      0.65       0.55       1.0 

5100,  1.0         0.2410         0.015390 

5101,   0.0         0.0         0.2900        0.2900  

5102,   0.97488      1.0         1.0         1.0 

5103,   1.46015      1.0         1.0         1.0 

5104,   1.75923      1.0         1.0         1.0 

5105,   2.03358      1.0         1.0         1.0 

5106,   2.27977      1.0         1.0         1.0 

5107,   2.49412      1.0         1.0         1.0 

5108,   2.67366      1.0         1.0         1.0 

5109,   2.81610      1.0         1.0         1.0 

5110,   2.91755      1.0         1.0         1.0 

5111,   2.98168      1.0         1.0         1.0 

5112,   3.00000      1.0         1.0         1.0 

5113,   2.98168      1.0         1.0         1.0 

5114,   2.91755      1.0         1.0         1.0 
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5115,   2.81610      1.0         1.0         1.0 

5116,   2.67366      1.0         1.0         1.0 

5117,   2.49412      1.0         1.0         1.0 

5118,   2.27977      1.0         1.0         1.0 

5119,   2.03358      1.0         1.0         1.0 

5120,   1.75923      1.0         1.0         1.0 

5121,   1.46015      1.0         1.0         1.0 

5122,   0.97488      1.0         1.0         1.0 

5200,      1     0   0.0021000  0.99805      0.55       0.65       1.0 

5200,  1.0         0.2410         0.015390 

5201,   0.0         0.0         0.2900      0.2900 

5202,   0.4257      1.0         1.0         1.0 

5203,   0.6376      1.0         1.0         1.0 

5204,   0.7682      1.0         1.0         1.0 

5205,   0.8880      1.0         1.0         1.0 

5206,   0.9955      1.0         1.0         1.0 

5207,   1.0891      1.0         1.0         1.0 

5208,   1.1675      1.0         1.0         1.0 

5209,   1.2297      1.0         1.0         1.0 

5210,   1.2747      1.0         1.0         1.0 

5211,   1.3020      1.0         1.0         1.0 

5212,   1.3111      1.0         1.0         1.0 

5213,   1.3020      1.0         1.0         1.0 

5214,   1.2747      1.0         1.0         1.0 

5215,   1.2297      1.0         1.0         1.0 

5216,   1.1675      1.0         1.0         1.0 

5217,   1.0891      1.0         1.0         1.0 

5218,   0.9955      1.0         1.0         1.0 
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5219,   0.8880      1.0         1.0         1.0 

5220,   0.7682      1.0         1.0         1.0 

5221,   0.6376      1.0         1.0         1.0 

5222,   0.4257      1.0         1.0         1.0 

6001,    3.30000-2   1.24000-2   2.19000-1   3.0500-2    1.9600-1   1.11000-1 

6002,    3.95000-1   3.01000-1   1.15000-1   1.140000    0.042000   3.0100 

9000,      3 

9001    0.00        0.0        0.00         1.00       0.00          100.0 

10000,   42 

10001,   1.624+2    0.000+0     5.080+2    5.000-1     8.130+2    1.00+0 

10002,   1.082+3    1.500+0     1.319+3    2.000+0     1.529+3    2.50+0 

10003,   1.714+3    3.000+0     1.877+3    3.500+0     2.021+3    4.00+0 

10004,   2.148+3    4.500+0     2.261+3    5.000+0     2.359+3    5.50+0 

10005,   2.447+3    6.000+0     2.524+3    6.500+0     2.592+3    7.00+0 

10006,   2.652+3    7.500+0     2.705+3    8.000+0     2.752+3    8.50+0 

10007,   2.793+3    9.000+0     2.829+3    9.500+0     2.862+3    1.00+1 

10008,   2.890+3    1.050+1     2.915+3    1.100+1     2.937+3    1.15+1 

10009,   2.956+3    1.200+1     2.974+3    1.250+1     2.989+3    1.30+1 

10010,   3.002+3    1.350+1     3.014+3    1.400+1     3.024+3    1.45+1 

10011,   3.034+3    1.500+1     3.042+3    1.550+1     3.049+3    1.60+1 

10012,   3.055+3    1.650+1     3.061+3    1.700+1     3.066+3    1.75+1 

10013,   3.070+3    1.800+1     3.074+3    1.850+1     3.077+3    1.90+1 

10014,   3.080+3    1.950+1     3.080+3    2.000+1     3.080+3    2.25+1 

11000,    16 

11001,   0.0        00.0        0.0000      293.15     0.07668       323.15  

11002,   0.1406     348.15      0.2045      393.15     0.33230       423.15 

11003,   0.4601     473.15      0.5879      523.15     0.71570       573.15 

11004,   0.8435     623.15      0.9713      673.15     1.09910       723.15 
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11005,   1.2269     793.15      1.3291      823.15     1.48250       873.15 

11006,   1.7381     973.15  

12000,     2 

12001,   0.0        0.0         0.0         0.0 

14000,     6 

14001,   0.01       0.00        0.0100      0.3000       0.0100      0.4000 

14002,   0.010      0.50        0.0100      0.7000       0.0100      0.8000   

16000,     4 

16001,   0.500         1        0.0         0.500         1          0.300 

16002,   0.50          1        10.0        0.50          1          39.00 

17000,     2 

17001,    1.0       0.0          1.0      500. 

18000,     2 

18001,    0.0       0.0         -4.02      0.8 

 

A5. PARET:  99Mo PRODUCTION BOX, POWER WITH HISTORY INPUT (CARD 9000). 

1001,     -2    21     7     0     0     1 

1002,      1     0     6    -1     0    10 

1003,    1.00000-6  .0144900-3   198984.00   -20.0000   7.00000-4 

1004,    3.50000-4   3.50000-4   3.20000-2   3.00000-2  0.1150     0.015 

1005,   .015         0.0705000     75.000-6   9.80664   0.010516 

1006,   09.0        0.8000       1.0        998.00       0.0 

1007,    2.48200-3    0.0        0.0         0.0         1.0       0.001 

1008,   0.0           0.0005     0.001       0.03        0.05      0.05 

1009,   1.4           0.30 

1111,   0.52200-3  1.00        1.00 

1112,     0     1     1     0      4        4.200000+2 

1113,     1.6       0.040       24.2        0.0 
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1114,    0.0        0.0 

2001,   0.0         0.0         48.00       0.0         0.0 

2002,   0.0          1.10000+0   2.45100+3    0.0        0.0 

2003,   0.0        0.0          165.0       0.0         0.0 

2004,   0.0          0.00000+0   2.42700+3    0.0        0.0 

3001,    8.75000-5    5     1     0.955 

3002,    1.75000-4    7     2     0.0 

4001,    5.47619-3    21         

5100,      1     0   0.00186500  0.16666      0.65       0.55       1.0 

5100,  1.0         0.2410         0.015390 

5101,   0.0         0.0         0.0400        0.0400  

5102,   1.00000      1.0         1.0         1.0 

5103,   1.00000      1.0         1.0         1.0 

5104,   1.00000      1.0         1.0         1.0 

5105,   1.00000      1.0         1.0         1.0 

5106,   1.00000      1.0         1.0         1.0 

5107,   1.00000      1.0         1.0         1.0 

5108,   1.00000      1.0         1.0         1.0 

5109,   1.00000      1.0         1.0         1.0 

5110,   1.00000      1.0         1.0         1.0 

5111,   1.00000      1.0         1.0         1.0 

5112,   1.00000      1.0         1.0         1.0 

5113,   1.00000      1.0         1.0         1.0 

5114,   1.00000      1.0         1.0         1.0 

5115,   1.00000      1.0         1.0         1.0 

5116,   1.00000      1.0         1.0         1.0 

5117,   1.00000      1.0         1.0         1.0 

5118,   1.00000      1.0         1.0         1.0 
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5119,   1.00000      1.0         1.0         1.0 

5120,   1.00000      1.0         1.0         1.0 

5121,   1.00000      1.0         1.0         1.0 

5122,   1.00000      1.0         1.0         1.0 

5200,      1     0   0.00186500  0.83333      0.55       0.65       1.0 

5200,  1.0         0.2410         0.015390 

5201,   0.0         0.0         0.0400      0.0400 

5202,   1.00000      1.0         1.0         1.0 

5203,   1.00000      1.0         1.0         1.0 

5204,   1.00000      1.0         1.0         1.0 

5205,   1.00000      1.0         1.0         1.0 

5206,   1.00000      1.0         1.0         1.0 

5207,   1.00000      1.0         1.0         1.0 

5208,   1.00000      1.0         1.0         1.0 

5209,   1.00000      1.0         1.0         1.0 

5210,   1.00000      1.0         1.0         1.0 

5211,   1.00000      1.0         1.0         1.0 

5212,   1.00000      1.0         1.0         1.0 

5213,   1.00000      1.0         1.0         1.0 

5214,   1.00000      1.0         1.0         1.0 

5215,   1.00000      1.0         1.0         1.0 

5216,   1.00000      1.0         1.0         1.0 

5217,   1.00000      1.0         1.0         1.0 

5218,   1.00000      1.0         1.0         1.0 

5219,   1.00000      1.0         1.0         1.0 

5220,   1.00000      1.0         1.0         1.0 

5221,   1.00000      1.0         1.0         1.0 

5222,   1.00000      1.0         1.0         1.0 
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9000,    90 

9001,     2.731-9     0.000      3.755-9     0.2904     6.451-9     5.808E-1 

9002,     1.898-8     0.871      1.520-7     1.1620     8.085-7     1.4520 

9003,     4.115-6     1.743      1.508-5     1.9750     5.890-5     2.2190 

9004,     8.145-5     2.277      1.126-4     2.3350     1.557-4     2.3930 

9005,     2.151-4     2.451      2.972-4     2.5090     4.102-4     2.5670 

9006,     5.658-4     2.625      7.796-4     2.6830     1.072-3     2.7420 

9007,     1.472-3     2.800      2.014-3     2.8580     2.746-3     2.9160 

9008,     3.721-3     2.974      5.007-3     3.0320     6.672-3     3.0900 

9009,     8.780-3     3.148      1.137-2     3.2060     1.444-2     3.2640 

9010,     1.793-2     3.322      2.171-2     3.3800     2.557-2     3.4380 

9011,     2.934-2     3.496      3.287-2     3.5540     3.610-2     3.6120 

9012,     3.905-2     3.670      4.181-2     3.7280     4.443-2     3.7860 

9013,     4.696-2     3.844      4.943-2     3.9020     5.185-2     3.9600 

9014,     5.422-2     4.018      5.653-2     4.0760     5.878-2     4.1340 

9015,     6.098-2     4.191      6.312-2     4.2490     6.522-2     4.3070 

9016,     6.727-2     4.365      6.928-2     4.4230     7.125-2     4.4810 

9017,     7.318-2     4.538      7.330-2     4.5440     7.223-2     4.5490 

9018,     3.034-2     4.608      1.495-2     4.6660     1.012-2     4.7240 

9019,     7.522-3     4.782      5.884-3     4.8400     4.764-3     4.8980 

9020,     3.958-3     4.956      3.353-3     5.0140     3.040-3     5.0720 

9021,     2.945-3     5.130      2.856-3     5.1880     2.774-3     5.2460 

9022,     2.696-3     5.304      2.624-3     5.3620     2.556-3     5.4210 

9023,     2.492-3     5.479      2.431-3     5.5370     2.374-3     5.5950 

9024,     2.320-3     5.653      2.269-3     5.7110     2.218-3     5.7690 

9025,     2.172-3     5.827      2.154-3     5.8500     2.137-3     5.8740 

9026,     2.094-3     5.932      2.053-3     5.9900     2.014-3     6.0480 

9027,     1.977-3     6.106      1.941-3     6.1640     1.906-3     6.2220 
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9028,     1.797-3     6.419      1.700-3     6.6170     1.613-3     6.8140 

9029,     1.534-3     7.012      1.462-3     7.2090     1.396-3     7.4070 

9030,     1.336-3     7.604      1.279-3     7.8020     1.215-3     8.0460 

10000,     2 

10001,   6.00000+3   0.0         6.00000+3   100.0 

11000,    16 

11001,   0.0        00.0        0.0000      293.15     0.07668       323.15  

11002,   0.1406     348.15      0.2045      393.15     0.33230       423.15 

11003,   0.4601     473.15      0.5879      523.15     0.71570       573.15 

11004,   0.8435     623.15      0.9713      673.15     1.09910       723.15 

11005,   1.2269     793.15      1.3291      823.15     1.48250       873.15 

11006,   1.7381     973.15  

12000,     2 

12001,   0.0        0.0         0.0         0.0 

14000,     6 

14001,   0.010      0.00        0.0100      0.4000       0.0001      0.5000 

14002,   0.001      0.60        0.0001      0.7000       0.0001      15.000   

16000,     4 

16001,   0.010         1        0.00        0.010          1          0.200 

16002,   0.01          1        05.0        0.1000         1          15.00 

17000,     2 

17001,    1.0       0.0          1.0      500. 

18000,     2 

18001,    0.0       0.0         -4.02      0.8 
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