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Abstract

Developed by the U.S. Nuclear Regulatory Commission for assessment of reactor
accidents, Response Technical Manual (RTM) is a paper-based report which contains
simple methods for estimating possible accident scenarios and relevant
consequences for different kinds of radiological events. Based on RTM, a software
called Response Technical Tools (RTT) was developed by Sandia National
Laboratories to convert the paper manual into an automated and easy-to-use code.

In particular, the RTT focuses on the nuclear power plant severe accidents and is
informed by state-of-the-art analyses and software programs, such as MELCOR and
MAAP. RTT evaluations can be used to track and predict, at a very coarse level, the
progression of a severe accident in nuclear power plant. The RTT allows a user to
track the progress of an accident in a nuclear power plant from the point of initiation
through the point of containment breach and release to the environment.
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1 RTT Overview

1.1  Purpose and Objective

Developed by the U.S. Nuclear Regulatory Commission for assessment of reactor accidents,
Response Technical Manual (RTM) is a paper-based report which contains simple methods for
estimating possible accident scenarios and relevant consequences for different kinds of
radiological events. Based on RTM, a software called Response Technical Tools (RTT) was
developed by Sandia National Laboratories to convert the paper manual into an automated and
easy-to-use code. In particular, the RTT focuses on the nuclear power plant severe accidents
and is informed by state-of-the-art analyses and software programs, such as MELCOR and
MAAP. RTT evaluations can be used to track and predict, at a very coarse level, the
progression of a severe accident in nuclear power plant. [1]

As RTT is undergoing further development, the current primary effort is to update old methods
to incorporate modern research and add new predictive features. The latest released revision of
RTT is version 1.3, released on 01/30/2017. This manual covers features that will be
incorporated in RTT version 1.4, which is currently in its beta release.

1.2 General Features

The RTT allows a user to track the progress of an accident in a nuclear power plant from the
point of initiation through the point of containment breach and release to the environment. It is to
be used by reactor safety experts in order to provide an accurate and relevant assessment of
the status of a nuclear power plant a consequence analysis team. The consequence analysis
team, using a tool such as the Radiological Assessment System for Consequence AnalLysis
(RASCAL).

Currently, the program has all operating reactors within the United States pre-programed based
on relevant design data. It is planned to eventually expand the library of reactors to other
reactors around the world and distribute the program to international partners of the USNRC.

1.3 Scope

This document is intended to inform a user on the capabilities of the RTT software program, so
that they may use it to perform an assessment of an accident at a nuclear power plant. This
manual walks the user through each of the panels found within the RTT, and informs them of
communications between panels and assessment steps.

This manual does not cover, in-depth, the physics behind the modeling decisions and
assumptions presented. It is recommended that the user refer to the RTM for a discussion of the
relevant physics. [1]



2 Access and Installation

2.1 USNRC Mandated Non-Disclosure Agreement

In order to obtain and use the RTT, a user must first obtain and sign a non-disclose agreement
(NDA) with the USNRC. This NDA can be obtained from the USNRC Office of Research, Fuel
and Source Term Code Development Branch.

Additionally, a user who requests the software from Sandia National Laboratories (SNL) may be
asked to sign additional agreements specific to the Nuclear Incident Response Program (NIRP)
website. [2]

Distribution of the RTT software to anyone who has not signed the required NDA(S) is
prohibited.

2.2 Accessing and Downloading the Software

The RTT software program can be downloaded from SNL’s NIRP website. This is the same
website that is used to distribute Turbo FRMAC, SHARC, SAFIRE and several other response
programs. In order to download the software, a user account must first be created. Upon

creation a user is able to request to download the RTT software program.

€ @ | hitps://nirp.sandia.gov/Programs.asp c nirp sandia B O % @

@ Sandia National Laboratories

National National

@ Sandia NUGLEAR INGIDENT @ Sandia
Laboratores RESPONSE PROGRAM Laboratores

Software

Accessing software on this site requires you to create a user account. Login or Register when prompted.

Products

# Turbo FRMAC

The Turbo FRMAC (TF) software program is the software implementation of the science and methodologies utilized
by the Federal Radiological Monitoring and Assessment Center (FRMAC). These methods are documented in the
FRMAC Assessment Manual and are utilized in the event of the intentional or accidental release of radioactive material
to guide and govern the response of the Federal, State, Local, and Tribal governments.

My Profile

[=7 Y 7] Turbo FRMAC Factsheet
-
= e View

Turbo FRMAC can be installed on both Windows and Mac or launched over the web using Java Web Start technology.

1 7 Response Technical Tools
The Response Technical Tools (RTT) software was developed to make the Nuclear Regulatory Commission’s (NRC)
Response Technical Manual (RTM) into a software application. The RTM is a publically available document, which
provides a user/reader with a prediction as to the status of a nuclear reactor during a severe accident. The RTM is
based on previous experiments and experience with severe accident phenomena. In particular, this work used section
A of the RTM devoted to an assessment of core damage. The RTM is intended for use during a severe accident. The
goal of this code is to automate the simple, yet very time consuming, calculations that are necessary to evaluate the
status of a reactor during accident. This allows an analyst to spend more time making an evaluation as to the status
of the plant and not performing simple calculations.

Figure 2-1 NIRP Website [2]



Upon approval to access the software, the user is able to download the program and install.
This approval is required in order to access any Sandia-run website. Currently the RTT is able
to run only on Windows-based computers. Depending on customer requirements, this is
something that may change in the future.

NIRP Website: https://nirp.sandia.gov/Default.aspx (See Figure 2-1.) [2]

2.3 Installing the Software

Upon downloading the software installer, the user can open it and install the RTT. See Figure 2-
2. When installing, the user must specify the installation directory and agree to a license
agreement. The default installation location is within the “Program Files” folder. The installation
pop-up for the RTT v1.4 can be seen in Figure 2-2.

Response Technical Tools 1.4

stallAnywhere will guide you through the installation of Response
echnical Tools 1.4.

ltis strqngl_v recommended that you quit all programs before
‘continuing with this installation.

Cancel

Previous

Figure 2-2 Choose Plant
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3 Overview of a Reactor Core Damage Assessment

This chapter of the manual is heavily taken from the NRC’s Response Technical Manual
Section A, which cover a reactor core damage assessment. It is provided for the purpose of
completeness and to introduce a user of the software to the assessment methodology used.
The technical basis for this assessment methodology is found within NUREG-1228. The
Response Technical Manual is the basis for this RTT software program. [1]

In assessing core conditions, do not lose sight of the big picture! Never use just one
instrument as the basis for your assessment.

Core damage assessment is a continual process. The steps in this process are listed
below in the approximate order that the needed information might be available. After
completing any method in this section, the assessor must continue to monitor the core
status for changes and must update core damage assessments for others performing
related assessments.

3.1 Step 1: Assess Critical Safety Systems

Assess the current status of the critical safety functions by answering the following

guestions. These questions are key indicators for the long-term coolability of the reactor core. A
negative response indicates that there is a higher liklihood for a core damage event and release
is higher.

e Is the plant subcritical (shutdown)? How is this confirmed?

e |s the core covered now and will it be in the long term? How is this confirmed?

¢ Is the amount of water being injected into the primary or secondary system sufficient to
remove the decay heat?

¢ Is decay heat being removed to the environment? How is this confirmed?

3.2  Step 2: Core Uncovery Determination

Monitor the following indications, which differ for BWRs and PWRs, for detecting imminent
uncovering of the reactor core. Consider the reliability of the indications or instrument readings
during accident conditions as discussed below.

If there are indications of imminent uncovering of the core, go to Step 3. If not, provide an
assessment of critical safety functions and core status. Continue to monitor plant indicators.

3.2.1 For PWR Assessments

Core exit thermocouple (CET) readings and primary cooling system pressure can be used to
evaluate whether the core will be uncovered. A loss of sub-cooling margin indicates that
sufficient water injection is not being provided to keep the core covered. If the core is
uncovered, the CET readings will continue to rise but will be considerably lower than the actual
average and maximum core temperatures. CET readings are not accurate after core damage.
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In-vessel water level indication system can also be used as an indicator of potential uncovering
of the core. Decreasing water levels can confirm that there is insufficient water injection to keep
the core covered. Water level indications should be used only to detect trends because of the
considerable (up to 30%) uncertainties in the measurements during accident conditions. This
system is not reliable after core damage.

3.2.2 For BWR Assessments

Water level can be used under some accident conditions to confirm that insufficient water is
being injected to protect the core and to estimate the time at which the core will be uncovered.
Consider the following limitations:

e The lower limit of the water measurement system is at or above the level at which core
heat-up begins (20% uncovered).

¢ High drywell temperature (e.g., LOCA) can cause the BWR reactor water level to read
erroneously high.

e During low pressure accidents, the BWR water level can read erroneously high.

¢ Mechanical Yarway instruments may indicate a false on-scale water level at about 1 ft
above the top of core if the actual water level fell below the lower end of the instrument
range.

3.3 Step 3: Estimate Timing of Core Damage

If core is projected to be uncovered or there are indications that this is imminent, use relevant
methods to determine projected times for the following core damage states: (1) time to gap
release from fuel, and (2) time to in-vessel core melt.

If actual or projected core damage is detected, the accident should be classified as a General
Emergency and protective actions should be considered. Do not wait for core damage to be
confirmed.

3.4  Step 4: Assess Core Damage State

Monitor the radiation levels to attempt initial confirmation of core damage. Detection of very
large increases (orders of magnitude) in radiation levels by radiation monitors (e.g.,
containment) can confirm actual core damage. If the release is into the containment, assess the
level of damage. Compare with core damage estimate from Step 3. The following possibilities
should be considered:

o The release may bypass the monitor.

e Monitors may be influenced by a source not intended to be monitored.
e Areas monitored may not be representative of the entire containment.

e Calibration assumptions may not match accident conditions.

e Shielding or other design factors may have been incorrectly considered.
e Monitor may show high, low, or center range if it fails.

e Monitor may be read incorrectly.
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If actual or projected core damage is detected, the accident should be classified as a General
Emergency and protective actions should be considered.

3.5  Step 5: Deflagration

As part of any reactor assessment, it is often necessary to determine the flammability of the
primary containment, secondary containment or reactor buildings. This stand-alone assessment
is performed as required in order to support an analyst as they move through the previous four
steps of the assessment.

3.6 Step 6: Continued Assessments and Monitoring

After the core is uncovered, continue to evaluate the amount of core damage using the available
information. The following methods may be used:

e Evaluate core once uncovered
e Evaluate containment radiation
e Evaluate coolant concentrations
e Evaluate containment hydrogen

If actual or projected core damage is detected, the accident should be classified as a General
Emergency and protective actions should be considered. Note that these methods for
estimating core damage can be time-consuming and may be unreliable. Do not delay protective
actions by waiting for confirmation of core damage.
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4 Reactor Incident Setup and Key Features
Presented in this chapter is a description of how a user would setup a reactor incident in the

RTT software. Subsequent to this chapter, a walkthrough of performing an assessment is
provided. Key features of the RTT are then presented and described to the user.

4.1  Setting up an Incident

After installing the RTT, the user is taken to the initial screen where they are able to setup the
program for the analysis of the accident currently being monitored.

4.1.1 Choose Plant and Incident Type

Upon entering the RTT application to start an incident, the analyst first chooses a plant from the
pick list of the inventory of operating reactors in the US fleet shown in Figure 4-1.

’. Response Technical Tools - O X
N & &' Local Time: Wed Oct 4 10:17:38 )
L
| NEWINCIDENT | TOOLS  HELP  Installer Buid 924 A

p

Start
Over

Actions

Response Technical Tools is currently a Development (beta) version of the software. Development versions of this software should NOT be ®
distributed or used for a Response.

Start Your Incident ‘ Choose the type of Incident you wish to assess.

¥ Choc Choo cident Type

' +, Click here and choose a plant.
- #

GOVERNMENT USE ONLY

‘Developmentlnsblersuild 924‘1 Window Size (DEV) w| || Memory w|Usage: 2% [

Figure 4-1 Choose Plant

13



After identifying the plant, the analyst will choose either a reactor incident or a spent fuel
incident, as shown in Figure 4-2. This chapter and the next will further cover how to setup a
reactor accident, while Chapter 6 will cover a spent fuel pool incident.

Reactor Incident
: Create a new Reactor Incident for the selected Plant.

Browns Ferry 1 -
) . Spent Fuel Incident
Region Jl BWR, 3458 MWth, when running at 100%. Create a new Spent Fuel Incident for the selected Plant.

Mark-1 Containment,
General Electric Type 4.

Figure 4-2 Incident Type
4.1.2 Reactor Incident Initial Conditions

After selecting Reactor Incident, an initial conditions form will appear prompting the analyst to
input specific knowledge regarding the incident as shown in Figure 4-3. The analyst enters
known information, which may be very little at this stage of the incident, and then clicks Start
Reactor Assessment. The default initial conditions are available and the analyst may select
Start Reactor Assessment at any time.

Initial Conditions

Enter an average of the last 48 hours. =
100 I % v b ' Start Reactor Assessment

Reactor Thermal Power History: Do, ‘ Create a Reactor Incdent with this initial state.

Plant Characteristics

Top of Vessel:
(-2.00€3, 2.00€3) These inputs represent default Plant-specific

Top of Active Fuel: i information. They should only be modified if
(TaF) (-2.003, 2.00E3) an akernate operating condtion is known.

Bottom of Active Fuel: i These values can be updated in the relevant
(BAF) (-2.00€3, 2.00E3) Steps of this Incident.

Bottom of Vessel:
-2.00E3, 2.00E3]

Primary System Operating Pressure:
[-14.7, 3.18€3]

Containment Design Pressure:
[-14.7, 3.18€3]

Secondary System Operating Pressure: psig v
[-14.7, 3.18€3]

Total Coolant Inventory: m R
0.0, 1.00E8]

Other Known Conditions

Addi | Informaton

Figure 4-3 Default Parameters Screen
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4.1.3 Setting Shutdown Time

As a first step in any incident, the analyst must input a shutdown time for the reactor incident.
This is done by clicking on the Set Shutdown Time tab. A small window will pop up, as shown
in Figure 4-4 allowing the analyst to enter the date and time of the plant shutdown. The analyst
can also change the time zones if desired. When the plant shutdown time is saved, time since
shutdown is calculated by the code, instead of being a user input. Also the “Refresh” button for
calculating plant state since shutdown is enabled (shown below many panels), for example, in
“Water Injection” calculation.

Note: It is important that analysts in the Operations Centers use the same plant
shutdown time.

[ Edit the Plant Shutdown Time =
. Shutdown
d Time . i i
SetShutdown  Needed Shutdown Time: |Ul_-'10_f201? | |15:13 | MST/PDT (UTC-07:00) ~ |
Time 5 :
| Save | [ Clear ] [ Cancel l
| Shutdown Time |

Figure 4-4 Shutdown Time Tab and Edit the Plant Shutdown Time Pop-up

4.2 Key Features

This section covers several of the key features of the RTT software. Of particular note are the
“Tools Tab,” the “Help Tab” and the ability to submit a bug to the development team at SNL and
the USNRC.

4.2.1 Reactor Incident Menu Options

Upon selecting “Start Reactor Assessment” the analyst enters the analysis portion of the tool.
The RTT main ribbon as shown in Figure 4-5 is along the top of the screen (under the “Home
Tab”) and functions like a toolbar. Data from the “Initial Knowledge State” screen will populate
within the tool, and can be changed at any time as updated information is received.

) %] Local Time: Tue Jan 10 12:30:08
\ D e
N\ | HOME | TOOLS  HELP
I Ba o ; Shutdown = 3 ) ||
owns Ferry 1 a S 2 \) 4) R
E  Region I BWR, 3458 MWth, when running 2t 100.0%. Ui ) E) =y g ;
Edit Thermal 0. 0 | Containment Set Shutdown Needed Assess Critical Core Uncovery  Estimate Timing Assess Core Deflagration  Show All Switch
Power Genieral Blecinic Tvpe‘ N Time Safety Systems Determination of Core Damage Damage State Steps Incidents v
Plant | Shutdown Time | Damage Assessment | Window

Figure 4-5 Menu Options Ribbon

A few administrative features may be found under the gold reactor icon in the top left-hand side
of the screen as shown in Figure 4-6.
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@ Initial Knowledge State

Mew

Open

Recent >

S

Save

Save As

) d]

Duplicate

Cloze

Close All

Options

B = %%

Exit

Figure 3-6 RTT Menu

Under this icon, the analyst may open a new incident, review the “Initial Knowledge State”
information, open a previous project or save a current project, or close the incident, which saves
the RTT file (*.rttx) to a designated location. There are also some icons on the quick access
toolbar at the top left-hand side of the screen. Multiple cases can be created for different plants
and different incidents. Use Switch Incidents in the menu options shown in Figure 4-5 to switch
to a different currently open incident. Under the RTT menu, the user has the ability to fully
duplicate the current incident. This allows the user to perform “what if” analysis of the current
scenario.

4.2.2 Reactor Core Damage Assessment Tabs

RTT uses the reactor core damage assessment to evaluate the condition of a light water core
reactor for use in classifying an accident, projecting possible consequences, and informing the
Protective Measures Team (PMT). The assessment tabs as shown in Figure 4-7 are the major
navigation options. Steps 1 through 5 are available to the analyst in any order. In other words,
the analyst does not have to start assessment from step 1, although information from an earlier
step is often needed for a subsequent step. An option exists for the analyst to show all of the
steps, allowing the analyst to scroll and access all the steps in the program.
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Assess Critical Core Uncovery Estimate Timing Assess Core Deflagration  Show All
Safety Systems Determination of Core Damage Damage State Steps

Damage Assessment

Figure 4-7 Reactor Core Damage Assessment Tabs
4.2.3 Plant State

On the bottom left corner of the screen there is a scroll down menu that shows the plant state
since shutdown as shown in Figure 4-8. It covers main items for the reactor incident, providing
the analyst with a different option of navigation. The analyst can click on the item and the
program will take the analyst there. The icon to the left of the category will also show the
warning in the assessment. The plant state will be different between a BWR and PWR. A PWR
contains an extra step which is the core boiling as shown in Figure 4-8.

Plant State

Time Since Shutdown:

,E:L Primary Injection

,E:L Steam Generator Status v .

II_::L Core Cooling Capability - II_’__:! Water Injection

nl.:l Core Status = ,E:! Core Status -
ll.:] System Pressure 3 ,E:! System Pressure -
-l.:l Gap Releases - ,E:! Gap Releases -
II_::L Fuel Currently Intact - II::! Fuel Currently Intact -
.l_:l Hydrogen Deflagration ,E:! Hydrogen Deflagration

Figure 4-8 Plant State Menu for a PWR (Left) and a PWR (Right)

If the icon is red then it means that the item needs to be fixed. If the icon is yellow then it means
that there might be an error in the data in that particular area. If the icon is green then it means
that the program has accepted the data. The reactor icons for each of the plant state items are
grey prior to the analysis. These warning indications are described in Figure 4-9, along with a
blown-up BWR PWR plant state menu.
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Help

Flant State Legend

Plant State Legend

E!_| Okay

_':: Failure

s Warning

Status is good; no
neg ctor
conditions are
indicated.

Megative reactor
conditions are
indicated or are

likely.

c tor

2 Shutdown:
,I-._J Water Injection
,I-.:J Core Status

B User Selection

Q User-Defined Time

B Water Level Data

L} source Range Data
,I-.:J Systemn Pressure
,I-.:J Gap Releases

B Estimated Core Temp

L} Drywell Radiation

£l Wetwell Radiation

Q Coolant Concentration

ions may be
g Hydrogen Concentration

EEahie ok ,I-._J Fuel Currently Intact -

! Unknown presently be
determined.

L} Estimated Core Temp
£l Drywell Radiation
Ll wetwell Radiztion
LUser has chosen
to ignore this
status. | £} Hydrogen Concentration

B Coolant Concentration

@ Ignore

,I.._J Hydrogen Deflagration v

Figure 4-9 Plant State Legend (Left) and Expanded Plant State for a BWR (Right)
4.2.4 Plant Information Tab

The Plant Information Tab on the main ribbon provides basic information on the selected plant
as shown in Figure 4-10. Included is the thermal power, containment type, plant type and
containment volume.

| Browns Ferry 1
egion th, when running at 0%.
m Region JI BWR, 3458 MWth, wh ing at 100.0%
Edit Thermal

Mark-I Containment,
General Electric Type 4.
Plant

Power

Figure 4-10 Plant Information
4.2.5 Tools Tab
A unit converter and screen capture capability are provided in the tools tab, as shown in Figure
4-11. The analyst can also view settings from this location. Here the analyst can perform

backups for their program, change their database settings, display settings, and warning
settings.
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= Local Time:
@ HOME | Toows | Hep
D PR

Unit Screen Refresh  Message MNumeric More
Converter Capture Rate View Format Options
Tools || Settings |

Figure 4-11 TOOLS Tab

Administrative options are available for the analyst to perform backups, change their database
settings, message view, and the refresh rate as shown in Figure 4-12.

Edit the general options and preferences for the application.

Option Database Settings
[ Database Settings This application uses a local database to store settings.

%, Message View Choose the folder location for the local database to reside:

e e few | [change Folder...]
%, Mumeric Format QOpen Folder

* Additional folders will be created under this location to facilidate the data structure.
* This location affects ALL applications using SNL code base 3.0 o later. This version is 331,
JE Any changes made to these settings requires a RESTART of the application to take effect.

Settings for All Applications
', Settings for Response Technical Toals Only

Reset to Defaults...

.

Figure 4-12 Administrative Options
4.2.6 Help Tab

Under the help tab, the analyst may see the “about” page of the software, review the response
technical manual, and contact software developers for feedback as shown in Figure 4-13.

@. L@ = Local Time: Wed
HOME  TOOLS | HELP |

v T B | O

About Response  Release Response Technical Submit Check For
Technical Tools MNotes Manual Feedback Updates
About i References I Contact Us |

Figure 4-13 HELP Tab
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In addition to the “Help Tab,” the analyst may click on the “Help” button located at the top right
corner of each analysis method and information appears explaining the step as shown in Figure
4-14.

Help
User-Defined Core Uncovery

User-Defined Core Uncovery
Enter the time after shutdown at which

the core became uncovered. Estimates

for this uncovery time may also be

entered in the Water Level Data and
Source Range Data panels.

Figure 4-14 Individual Help Option

The “Submit Feedback,” in Figure 5-15, button allows the user to submit feedback to the
developers at SNL. The user is able to send it via email with a screen shot included.

‘g Submit Feedback X

o \We appredate your feedback. Is there something we can do better?

Subject:

Message:

Edit Screen Capture

Include Error Logs
Prepare Email
[~ Send Now ':_’ Continue to prepare the
<. | Send your message now. jﬂ message in your default

email dient.

Alternatively, you can send an email to pirp-fogbugz @sandia.gov,

Thank you for taking the time to send us feedback.
“You will receive an email confirmation shortly containing a tracking ID for your submission.

Close

Figure 4-15 Individual Help Option
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4.2.7 Warnings

Warnings are located throughout RTT to alert the analyst of important anomalies. The warnings
appear at the bottom of the assessment form as shown in Figure 4-16 and on the method steps
on the left hand side of the screen as shown in Figure 4-17.

Y ——_—_—_—_—_—m——~, A [ Help.»

Is the Plant subcritical (succesfully shut down)?  [7] Yes Nci

Enter the steps taken to reach this conclusion,

/A According to Yes/No settings, the plant is not subcritical.

Figure 4-16 Warning in the Assessment Form

S re———
Core Coverage

........................................

Figure 4-17 Warnings on the Scroll Down Menu

Warnings may be viewed at the top of the reactor incident as shown in Figure 4-18. This is
where the analyst can see how many warnings there are in the assessment and if there are any
errors. The analyst clicks on “view warnings” to see specific warning messages and the
associated steps in which those warnings appear.

'fé a You have 0 Errors to resolve.

View Warnings
/1% You have & Warnings to review. rew e v

Figure 4-18 View Warnings Banner
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5 Reactor Incident Walkthrough

Presented in this chapter is a walkthrough of how a user would proceed through the RTT to
make an actual assessment during an accident scenario. This walkthrough is not to be seen as
a substitute for training by severe accident and operations experts on how to use the
information within the code to make an assessment.

5.1 Step 1: Assess Critical Safety Systems

Step 1 includes four parts shown in Figure 5-1 used for the analyst to input data related to
critical safety systems. The analyst may select the desired part on the left side of the screen, or
may scroll down the screen where the parts are available in sequential order. As the analyst
inputs data throughout the RTT assessment, a continuous Plant State is provided.

%, "Byron - Unit 1 Reactor Incident - Response Technical Tools = o X
b aa Local Teme: Wed Oct 4 11:29:11
HOME | TOOLS  HEWP A
L yron-unit1 G Shutdown | @ @ O 2 O) —_— @
. . | 4 <) =) J
Region lil PWR, 3645 MWth, when running at 100.0%. Time _J) 4 ~/ G L_#
EdtThermal b smbient Containment, SetShutdown ~Needed AssessCritcl | CoreUncovery EstmateTimingof  AssessCore  Defiagration  Show Switch
| Power WQﬂmghouu Fgul-Logo. I Tlne ) I VSI!!lySys!uns Determination CoreDamaoe VDanaoeShm Alv lnodens v
Plant | Shutdown Time | Damage Assessment Window
1 A, Step 2->Sub-Coolng Margrr. Sub-<Cooling Margn calaulation requires entry of the Reactor Pressure Vessel Pressure. Enter Pressure readings on the System Pressure panel.

A Subcritical State

Is the Plant subcritcal (succesflly shutdown)?  [JYes [JNo £ Don'tKnow Yet
Check ol that apply:

[ Al rods fully insested

[[] Source range monitor count trend decreasing

[[] Boration in progress

Enter the steps taken to reach these condhusions.

A Core Coverage
15 the core covered now? [Oves [ONo [ Don'tknow Yet
= A - Wil the core remain covered in the long-term? Yes No  [7] Don't Know Yet
% | Primary Injection
Enter the steps taken to reach this condusion.
' | Steam Generator Status

\J Core Cooling Capability

g Core Status

»._J System Pressure A Water Injection
Is sufficent water being injected to remove the decayheat? [JYes [JNo [ Don'tKnow Yet

' | Gap Releases

\J Fuel Currently Intact Confirm your assessment of the water injection.

\;‘ Hydrogen Deflagration

Water Injection Recommendation

Time Srce Shutdown: By,
[0.0, 8.77E3]

Mnimum Required Water Injection™: g v /mn v

#a The Water for the Steam would be shightly less, due to

<

Development Installer Build 924 Window Size (DEV) v Memory W Usage:

Figure 5-1 Step One Elements and Plant State
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In Step 1, the analyst assesses the current status of the critical safety functions by answering
designated questions identified in the forms in this step. If any of the critical safety functions are
not being met or are degraded, the core may not be coolable. If this is the case, the analyst
then moves on to Steps 2 and 3. Even if the assessments in Step 1 indicate that the coore may
be adequately cooled through injection, an analyst should still perform the analyses in Step 2 in
order to verify conclusions reached in Step 1.

5.1.1 Plant Shutdown and Core Uncovery State

The analyst identifies the status of plant shutdown and describes the steps taken to justify this
decision. Similarly, the analyst identifies the state of core coverage and describes the steps
taken to justify this decision. The analyst may add justification as shown in Figures 5-2 and 5-3.

A Subcritical State [[Iskip 3] Help
Is the Plant subcritical {succesfully shut down)? [ Yes [ Mo Don't Know Vet
Check all that apply:
[ Al rods fully inserted
[ Source range menitor count trend decreasing

[7] Boraticn in progress

Enter the steps taken to reach these conclusions.

- [X
Figure 5-2 Subcritical State Panel
M  Core Coverage [Cskip  [Z] Help
Is the core covered now? [ Yes [ No Don't Know Yet
Will the core remain covered in the long-term? es No Don't Know Yet
Enter the steps taken to reach this conclusion.
X

Figure 5-3 Core Coverage Panel
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5.1.2 Water Injection in Primary and Secondary Systems

Next, the analyst determines if the amount of water being injected into the primary and
secondary systems is sufficient to remove decay heat. The analyst identifies if sufficient water
is being injected and describes the steps taken to justify this decision as shown in Figure 5-4.
The analyst then inputs data for the required water injection. The analyst will enter the time
since shutdown. When a time is entered, RTT will calculate the minimum required water
injection. The calculation is based on the equation:

o o MW (O)piant
injectpiant = iMjectzooo X —— = @

Where:
inject;g9o = amount of injected water for 3000 MWth plant
MW (t)piant = plant specific power from RTT database in MW(t) [MW(t) = 3 x MW(e)]

injectyan: = amount of injected water needed for this plant

The analyst then enters the actual water injection and any leakage. Following this, the RTT will
determine if enough water is being injected to remove all decay heat.

A Water Injection [CIskip [Z] Help
Is sufficient water being injected to remove the decay heat? [ Yes [0 No Don't Know Yet

Confirm your assessment of the water injection.

m|

Water Injection Recommendation

Time Since Shutdown:

[0.0, 8.77E3]
Minimum Required Water Injection™ gal = /imin »

a The Minimum Required Water Injection for the Steam Generator would be slightly less, due to
heat losses; so this is considered to be a conservaiive estimate for the Steam Generator.

Primary Injection (Vessel)

|0.G | gal - |//min ¥
[0.0, 1.00E5]

Actual Water Injection:

| | gal = /min w

[0.0, 1.00E6]

Known Leak Rate:

Effective Water Injection: 0.0 gal = |/|min w  (Actual Injection - Known Leak Rate)

Secondary Injection (Steam Generator)

|0.G | gal - |/lmin ¥

[0.0, 1.00E6]

Actual Water Injection:

| | gal = |/imin »

[0.0, 1.00E6]

Known Leak Rate:

Effective Water Injection: 00 gal v /imin v | [Actual Injection - Known Leak Rate)

Figure 5-4 Water Injection Panel, Input Data
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The actual water injection is plotted as shown in Figure 5-5. The black curve shows the
projected minimum water injection and the blue lines represent the minimum required water
injection at the current time since shutdown. If the actual exceeds the minimum, a green line
representing the actual injection will be plotted above the Projected Minimum Water Injection
line. If the actual is less than the minimum, the line will appear in red, indicating that insufficient
water is being injected.

If plant shutdown time has been input by the user, then the time since shutdown is calculated by
the code. Use Refresh button to update the water injection graph for results at the current time
since shutdown.

450

o

TR Y
-1 o P
moo& i

Minimurm Required Water Injection {gal / min)

0.00 0.25 0.50 075 100 125 150 175 2.00 235 250 275 3.00 335 350 375

Time Since Shutdown (hour)

Projected Min Water Injection i Regquired Injection I EfeciveWStErInjSction
*Recommendation is based on this 3458 MWth plant, recently running at 100.0%.
If the core has been uncovered for 15-30 minutes or longer, '@ Refresh

increase the Minimum Required Water by a factor of 2to 3,

Figure 5-5 Water Injection Panel, Results Graph
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5.1.3 Decay Heat Removal

Next, the analyst identifies whether decay heat is being removed to the environment and
describes the steps taken to justify how this has been confirmed (see Figure 5-6).

M  Decay Heat [7] Skip
Is the decay heat being removed to the envirenment? Yes [ No [ Don't Know Yet
Check all ways that decay heat is being removed:
Pressurizer relief valve / safety valve
[7] Steam Generater relief valve / safety valve
[7] Condenser

Enter the steps taken to reach these conclusions.

[Z] Help

m

Figure 5-6 Decay Heat Panel
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5.2  Step 2: Core Uncovery Determination

In Step 2, the analyst monitors indications for detecting imminent uncovering of the reactor core.
This section provides a description of the core uncovery assessments that are performed within
the RTT framework. These assessments are addresses more in-depth in the relevent sub-
sections. Many of these assessments require the user to interpret reading from instruments. A
screen shot of the appearance of Step 2 to the user can be seen in Figure 5-7.

Note: The analyst should consider the reliability of the indications or instrument
readings during accident conditions.

%, *Byron - Unit 1 Reactor Incident - Response Technical Tools - o X
& @ Local Time: Wed Oct 4 11:29:40
HOME | ToOLS  HEP ) 7 7~
i Byron - Unit 1 @ Shutdown ) \’) @ 7 3 \)) — &
4 4 3 = |
fpwi § Region fll PWR, 3645 MWth, when running at 100.0%. Thme & @ \ ‘) 2/ \ e
EdtThermal b Ambient Containment SetShutdown  Needed || accesccritical | CoreUncovery | Estmate Tmingof  AssessCore  Deflagration  Show Switch
Westinghouse Four-Loop, I Time Safety Systems | Determnation Core Damage Damage State Al [ lrodm§ v
Plant | Shutdown Time I Damage Assessment Window

1 A Step 2->Sub-Coolng Margrz. Sub-Cooling Margin calaulation requires entry of the Reactor Pressure Vessel Pressure. Enter Pressure readings on the System Pressure panel.

A Sub-Cooling Margin

Primary System Pressure: psig v

T v

Primary Coolant Temperature: )
Sub-Cooling Margin [4.006-10, 5.0063)

Saturation Temperature: * v

Hot/Cold Leg Delta T Sub-Cooling Margin: i

Enter the Prima: 'em Pressure and Coolant Temperature to find the Sub-Cooling Ma
User-Defined Core Uncovery o Y Sr o

Reactor Vessel Water Levels
SEE—— ———— A Sub-Cooling Margin calculation requires entry of the Reactor Pressure Vessel Pressure. Enter Pressure readings on the System Pressure panel,
Steam Generator Water Levels A Hot/Cold Leg Delta T

Hot Leg Temperature:
System Pressure [-4.60€2, oo

Cold Leg Temperature:
Source Range Data 8602, )
[ VY Are Reactor Coolant Pumps Operating? []Yes [JNo [ Don'tKnow Yet

Temperature Difference: F v

imary Injection ) Enter a Shutdown Time (see Ribbon) and all inputs on this panel to view the Temperature Difference results.
% | Steam Generator Status

' | Core Cooling Capability

g Core Status

% | System Pressure A User-Defined Core Uncovery

Spedfy reasoning for the User-Defined Start Point for Core Uncovery,
i | Gap Releases

| Fuel Currently Intact

' | Hydrogen Deflagration

v

>
Development Installer Build 924 WindowSize 0EV) v Memory v Usage: %

Figure 5-7 Step Two Elements and Plant State

5.2.1 Sub-Cooling Margin and Hot/Cold Leg Delta T
For a PWR, complete the required fields for the sub-cooling margin (see Figure 5-8). Enter the

primary system pressure and saturation coolant temperature, and RTT will calculate the
saturation temperature and sub-cooling margin. These field will not populate for a BWR since
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the instrumentation is different. Core exit thermocouple (CET) readings, inlet temperature
readings and primary cooling system pressure can be used to evaluate whether the core will be
uncovered. Two separate assessments can be performed with this information, the first is to
evaluate the sub-cooling margin and the second is to predict uncovery based on the change in
water temperature from core inlet to outlet.

Note: CET readings are not accurate after core damage.

A loss of sub-cooling margin indicates that sufficient water injection is not being provided to
keep the core covered. If the core is uncovered, the CET readings will continue to rise but will
be considerably lower than the actual average and maximum core temperatures.

This calculation is based on the equation:
sub cooling margin = tempg,: — temppyr 2

The hot and cold leg temperature difference is an indicator to the user the effectiveness of
coolant flowing through the core in removing decay heat. It provides the user warning if the total
amount of heat removed from the core is too high (indicating insufficient cooling and injection
rate) or if the injection rate is too low (indicating an error in the system). Options are provided to
the user as to whether or not circulation pumps in the primary system are operating.

Note: It is important to remember that a negative sub-cooling margin in a PWR indicates
that water is boiling in the reactor vessel and that the core may be uncovered.

#  Syb-Cooling Margin Skip  Help
Primary System Pressure: | | psa ¥
[0.0, 1.00E4]
: | | ~
Primary Coolant Temperature:
[-4.00E-10, 5.00E3]
Saturation Temperature: F -
Sub-Cooling Margin: F -

{3 Enter the Primary System Pressure and Coolant Temperature to find the Sub-Cooling Margin.

A Hot/Cold Leg Delta T Skip  Help

| |~

Hot Leg Temperature:
[-4,60E2, ca]
| |F -

Cold Leg Temperature:
[-4.60E2, ea]

Are Reactor Coclant Pumps Operating? Yes No [¥| Don't Know Yet

Temperature Difference: F -

{3 Enter a Shutdown Time (see Ribbon) and all inputs on this panel to view the Temperature Difference results.

Figure 5-8 Sub-cooling Margin and Hot/Cold Leg Delta T Panels
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5.2.2 User-Defined Core Uncovery

If sufficient information has been provided to the user, then it may be possible for the analyst to
estimates the time since shutdown of projected core uncovery. Upon doing this, sufficient
justification is required (see Figure 5-9).

#  User-Defined Core Uncovery skip  [%] Help
Specify reasoning for the User-Defined Start Point for Core Uncovery.

User-Defined Start Point for Core Uncove... ‘ | Bt )| Since Shutdown

[0.0, 8.77E3]

h - i
User—DeﬁnedStartPointforCDreReco\rer}r:‘ | ! SEis Shuloun

[0.0, 8.77E3]

Figure 5-9 User-defined Core Uncovery Panel
5.2.3 Reactor Vessel Water Levels

Next, evaluate the water level starting with the input of the bottom of active fuel (BAF) and the
top of active fuel (TAF).

Note: The in-vessel water level indication system is not reliable affter core damage.

The in-vessel water level indication system can also be used as an indicator of the potential
uncovery of the core. Decreasing water levels can confirm that there is insufficient water
injection to keep the core covered. Water level indications should be used only to detect trends
because of the consderable (up to 30%) uncertainty in the measurements during accident
conditions.

The analyst inputs time since shutdown and water level readings to track the progression of
water level (see Figure 5-10). The number of entries is unlimited and the plot adjusts the scale
accordingly. The red lines in the graph represent BAF and TAF levels input by the analyst. All
water level readings recorded in the table should be relative to the bottom of the RPV. The
panel provides both a plot of the water level and a graphic of the current water level relative to
BAF and TAF.

Determine, based on water level readings, whether there are indications that core uncovery is
imminent and describe the reasoning for this assessment. Lastly, input the estimated time of
core uncovery and the estimated time of core recovery, if applicable. An estimation of uncovery
timing can is provided by the RTT if two or more data points are inputted into the tool.
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NOTE: A severely damaged core may not be in a coolable state, even if it is re-covered
with water. Core temperature (core exit thermocouple) and primary system water
temperature (delta T) indications cannot confirm a coolable core.

A Reactor Vessel Water Levels Oskp [3] Hebp
Top of Active Fuel: [lin ~ Bottom of Active Fuel: in v
(TAF) (-2.00E3, 2.00E3) (BAF) (-2.00€3, 2.0063)

Top of Vessel: E A L Bottom of Vessel: =t SN
(-2.00E3, 2.00E3) (-2.00€3, 2.00E3)
Time Since Shutdown = 2 hr v \ Chart Graphic
Water Level 290 in z Reactor Vessel Water Level
New Add
Time Since Water Distance Percent... .
Shutdown Level from TAF Full S
0.0 3.5E2 74 ;:’ )_\0\’
2
1 3.3E2 54 S T
3
2 29E2 14 &
£ oA
2 3 4 5 6 7 8
Time Since Shutdown (hour)
Water Level [l Vessel |l Fuel ll Uncovery lRec:
Clear Al = & [Recovery|
Predict Core Uncovery Using: O Al Points @ Last | 3} Points
Core Uncovery
Based on water level readings, are there indications that core uncovery isimminent? []JYes [JNo [~]Don'tKnow Yet
Confirm your assessment of imminent core uncovery. -
A |X
|
|
Estimated Start Point for Core Uncovery: 2.59 hr v Since Shutdown
Estimated Start Point for Core Recovery: hr ~ | Since Shutdown

Figure 5-10 Reactor Vessel Water Levels Panel
5.2.4 Steam Generator Water Levels

A user is also prompted to enter the water level of the steam generators for PWRs. Separate
tables are provided for each of the steam generators in the plant. These are listed in the top left
of the water level table. Similar to the reactor pressure vessel water level tool, an estimation of
the time at which the steam generator will dry out is provided based on a linear interpolation
(see Figure 5-11).
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M Steam Generator Water Levels Clskip @ [T] Help
A B | C|D
in w in e
Top of Generator: Bottom of Generator:
(-2.00E3, 2.00E3) {-2.00E3, 2.00E3)
Time Since Shutdown | 3 hr A
Qi=t=glecel | 20 | i - Steam Generator Water Level
Mew Add a0
Time Since Water Percentage o
Shutdown Level Full
1 50 0
2 40
. 60
3 20 S
f 50
o
&
i
5 40
B
= 0
o
0.0 0.5 i} 5 2.0 25 i} .5 4.0 45
Time Since Shutdown (hour)
Water Level [l Generator il Steam Generator Dryout
Clear Al Generator =
Predict Steam Generator Dryout Using: () All Points (@ Last | 25 Points
Steam Generator Dryout
Estimated Start Point for Steam Generator Dryout: 4,00 hr | Since Shutdown

Figure 5-11 Steam Generator Water Levels Panel
5.2.5 System Pressure

The system pressure is a key indicator of the progression of a severe accident. It was not
included as a predictor of core damage in the original RTM here. [1] However, properly
capturing the primary, secondary and containment pressure is key to predicting a release. For
instance, if a containment pressure drops from a high value to one near atmospheric, it
indicates than a venting or a containment break may have happened. Relevant warnings for
these pressures are hardwired into the code to assist the user. The panel is shown in Figure 5-
12. If a BWR accident is being examined, then there is no “Secondary System” panel. Primary
and secondary system operating pressures, as well as containment design pressures are based
on typical operating conditions. It is necessary to check values against the actual plant limiting
values.
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M System Pressure [Jskip  Help

Select system pressure values

J Reactor Pressure Vessel || Primary Containment Vessel ” Secondary System
Primary System Operating Pressure: psg &
[-14.7, 3.18E3]
Time Since Shutdown hr -
Pressure psig - Reactor Pressure Vessel Pressure
2,500
Time Since Shutdown Pressure =

n
E

[
i
=1

=]
3
=

No content in table

wn
)

i

Fressure (pound per squareinch gauge)

ra
i
=1

00 01 02 03 04 05 06 OV 083 09 10 11

Time Since Shutdown (hour)

Operating Pressure [Waming Level

Figure 5-12 System Pressure Panel
5.2.6 Source Range Monitors

RTT uses the evaluation of source range counts to determine if and when the core has been
uncovered. Source range instruments provide a measurement of the neuron flux in and around
the reactor core when the reactor is shut down. The analyst inputs time since shutdown and
counts per second (see Figure 5-13).

Note: BWR source range moniters are located within the core region and will detect
fewer neutrons when voiding occurs. A fully voided core may indicate as much as two
orders of magnituge less than would otherwise be expected.

Note: PWR source range moniters are located outside the core region and will detect
more neutrons when voiding occurs. A fully voided core may indicate as much as two
orders of magnituge higher than would otherwise be expected.

The graph shows the data input as a black line. The green line represents the BWR/PWR 100%
voided. The light blue line represents Homogeneous voiding and the dark blue line represents
the normal trend. The analyst may turn the voiding comparison lines off by clicking on the
appropriate button. Having reviewed and interpreted the Source Range Data plot, input the
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estimated time of core uncovery and core recovery, if applicable. The trends for 100% voided
and homogeneous voiding differ for BWRs and PWRs as shown in Figure 5-14.

Time Since
Shutdown

Counts per
Second
00 1.00E4
1.00 2.50E2
4.00 100
5.00 55.0/

BWR

| ¥ Source Range Data

Help »

[ Clear Al

Core Uncovery

1.00
[0.0, 8.77E3]

Estimated Time of Core Uncovery:

400
[0.0, 8.77E3)

Estimated Time of Core Recovery:

Time Since  Counts per Counts per Second vs. Time Since Shutdown
Shutdown Second
00 1.00E4
100 2,50E2
400 100 E
500 33.0
=
2
g1E3
@
w
4
S1E2 q——
c
]
o
1E1
1E0-
T T T T T T T T T 1
o 05 10 15 20 25 30 40 45 50 55 &0
Time Since Shutdown (hour)
BWR 100% Voided §BWR Homog Voiding | BWR Mormal
hr -

e BWR source range monitors detect fewer neutrons when significant voiding occurs.
Readings may be up to 2 orders of magnitude less than otherwise expected.

hr = | Since Shutdown

hr  + | Since Shutdown

Figure 5-13 Source Range Data

Counts per Second vs. Time Since Shutdown

7

Counts per Second

4

T T T T T T T T T T T 1
5 5 20 25 30 35 40 45 50 55 &0
Time Since Shutdown (hour)

BWR 100% Voided §BWR Homog Voiding | BWR Normal

Time Since
Shutdown

Counts per
Second
00 1.00E4
100 2.50E2
400 100/
500 55.0

PWR

Counts per Second vs. Time Since Shutdown

Counts per Second
o B

0

T T T T T T T T T T T 1
5 5 20 25 30 35 40 45 50 55 &0
Time Since Shutdown (hour)

PWR 100% Voided || PWR Homog Vaidingl| Pk Normal

Figure 5-14 Source Range Data Graph Comparison

At this point, if there are indications of imminent uncovering of the core, the analyst should
proceed to Step 3. If not, provide an assessment of critical safety functions and core status to
those assessing the emergency classification, assessing early phase protective actions, or
projecting consequences. Continue to monitor plant indicators in Steps 1 and 2.
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5.3 Step 3: Estimate Timing of Core Damage

Step three allows the analyst to estimate core temperature and damage progression once the
core is uncovered. The initial “Step 3” screen, before anything is inputted, can be seen in Figure
5-14. Core damage estimations are based on three separate assumptions for uncovery and
recovery timings. The first is a “user-defined” value. The second is based on water level entries.
The third is based on source range estimations. The scientific assumptions in the RTT are
covered briefly here and are primarily based on the RTM.

L *Byron - Unit 1 Reactor Incident - Response Technical Tools - (m] X

,- LW Local Time: Wed Oct 4 11:29:53

= [hove | Toos  rae Lol

i Byron - Unit 1 T @ Shutdown \) @ 7 = \j) = =
4 s s =)

rwe g Region Il PWR, 3645 MWth when running at 100.0%, Time Jj @ \:J 4/ L_F

EdtThermal o Ambient Containment, SetShutdown Needed AssessCritcal  CoreUncovery |EstmateTimingof | AssessCore  Deflagration  Show Swntch
Power Westinghouse Four-Loop. Time Safety Systems Determination Core Damage Damage State Al v Inddents v
Plant Shutdown Time |‘ Damage Assessment | Window 1

1 Ay Step 2->Sub-Cooling Margie. Sub-Cooling Margin calaulation requires entry of the Reactor Pressure Vessel Pressure, Enter Pressure readings on the System Pressure pandd,

A Core Damage Projections

Core Uncovery Time (from Step 2): Uncovery Time:

@sdegucueuwv«...

Core Recovery:
et
Core Damage Projections Teme Since Core Uncovered: .y,

P— Rate of Core Temperature Change™: 200 * s v
Estimated Core Damage S

Estmated Core Temperature: i KV

*The default Rate of Core Temperature Change is 2 °F/sec, based on the RTM recommendation of
1-2 Ffsec, This value should be used uniess 3 different rate of temperature change is known.

/ Temperature Thresholds...

% | Primary Injection

' | Steam Generator Status Core Damage P
Time Untl Gap Releases from Fuel: mn v

% | Core Cooling Capability

Time Until Local Fuel Relocation: mn v
% | Core Status

Time Until Melt-Through of Vessel: mn v

oMawmmﬂmdmm(mmxcmmwm(mﬁwn
and Rate of Core Temperature Change.

Q_) System Pressure
»‘;J‘ Gap Releases
\;J‘ Fuel Currently Intact

| Hydrogen Deflagration

(O RTM Table A-3 Uncovery Tmes

(O Time based on RTT Input for Rate of Temperature Change

o&mmmummmkmtomﬂwmhmmh
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>
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Figure 5-14 Step Three Elements and Plant State

5.3.1 RTM Assumptions

The RTT takes its main assumptions from the RTM. The core damage thresholds used in the
RTM are shown in Figure 5-15. The RTT assumes that the lowest number in the core damage
range is the point at which fuel relocation begins to occur. It also assumes that fuel damage has
fully ended by the time the core temperature reaches maximum in the range. So core damage
linearly increases as the core temperature increases from 2400 to 4200 F. The RTM
recommends assuming that fuel temperature increases from 1 to 2 F. [1] The lower end of this
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range corresponds to a boil-off in which there is water in the core during the fuel damage event.
The higher end corresponds to less, almost no water. Fuel heatup in PWR is assumed to occur
when the TAF is reached. Fuel damage in a BWR is assumed to begin after water level has
reached 80% of TAF; this is a conservative assumption, and MELCOR analysis performed in
the SOARCA analysis indicate that this occurs closer to 66% TAF. Core damage thresholds can
be changed by the analyst in the “Core Damage Temperature Thresholds” pop-up.

Time PWR or 20% of
BWR active core is Core temperature
uncovered
(h) (°F) (°C) Possible core damage
0 >600 >315 ¢ None
0.5100.75 1800-2400 980-1300 * Local fuel melting
* Buming of cladding with steam
production (exothermic Zr-H,0
reaction with rapid H, generation)
* Rapid fuel cladding failure (gap
release from the core”)
05t01.5 2400-4200 1300-2300 ¢ Rapid release of volatile fission
products (in-vessel severe core
damage release from core?)
® Possible relocation (slump) of molten
core
* Possible uncoolable core
1to3+ >4200 >2300 ® Melt-through of vessel with possible
containment failure and release of
additional less-volatile fission
products

Figure 5-15 Core Damage Thresholds, Taken from Table A-3 of the RTM [1]

', Core Damage Termnperature Thresholds *

Care Damage Temperature Thresholds

Set the temperature threshold values to be used for Core Damage Projections.

H
£

6.00E2

i Initial Core Temperature:
[-4.60E2, 8.31E3]

1.80E3 F oo
[-4.60E2, 8.31E3)]

= Gap Release Threshold:

2,40E3 I
[-4.60E2, B.31E3)]

B Fuel Relocation Threshald:

4,20E3 F o~
[4.60E2, 8.31E3]

B Melt-Through Threshold:

Thresholds are listed in order of increasing severity, Values must also increase, from a low of
Initial Core Temperature to a high of Melt-Through Threshold.

Figure 5-16 Default Core Damage Thresholds within the RTT

w

5



5.3.2 Core Damage Estimation

The first action a user must take in the third step is to select a core uncovery timing (see Figure
5-17 and Figure 5-18) There are three separate options a user can select. These three options
are from the analyses performed in Step 2.

e User-Defined Input
e Water Level Estimate
e Source Range Estimate

RTT then automatically populates the data from the selected option and begins projecting the
current amount of core damage. This damage amount is based on time since shutdown. The
temperature thresholds for damage and the rate of core temperature change can both be edited
on this first panel.

A Core Damage Projections [[]skip  Help

Core Uncovery Time (from Step 2): Uncovery Time:

@ Select a Core Uncovery Time...

Core Recovery:

Time Since Core Uncovered: min «
. °F
Rate of Core Temperature Change™ L v."{_s o
[0.0, 4.20E3]
Estimated Core Temperature: F -

*The default Rate of Core Temperature Change is 2 °F/sec, based on the RTM recommendation of
1-2 °F/sec. This value should be used unless a different rate of temperature change is known.

’/ Temperature Thresholds...

Figure 5-17 Core Damage Projections Panel, Input Portion

', Core Uncovery/Recovery Times — x

Select a set of uncovery/recovery times for use in these calculations. o

Lelect Incovery Time Recovery Time

User Defined Input:
Water Level Estimate: 155.16 min
Source Range Estimate:

Cancel

Figure 5-18 Core Uncovery/Recovery Times Pop-up Panel

RTT then populates the timing of gap release, fuel relocation, and melt through of vessel, as
shown in Figure 5-19.
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Core Damage Projections

Time Until Gap Releases from Fuel: min *
Tirme Until Local Fuel Relocation: min -
Time Until Melt-Through of Vessel: min

a These calculations require entry of Shutdown Time (see Ribbon), Core Uncovery Time (see Step 2),
and Rate of Core Temperature Change.

Figure 5-19 Core Damage Projections Panel, Time until Fuel Damage Events

A plot of core temperature rise is then provided to the user, as seen in Figure 5-20. The timings
of all key events can be seen on this plot. The plot also takes into account the halt in core
damage progression that occurs that after the core has been reflooded/recovered.

Core Damage Projections

Time Until Gap Releases from Fuel: 0.0 min v~
Time Until Local Fuel Relocation: 0.0 min v~
Time Until Melt-Through of Vessel: 1.65 min v~

5,000

4,500

4,000

3,500

3,000

2,500

2,000

1,500

1,000

Core Temperature (Fahrenheit)

500

0

-500

-1,000

0 10 20 30 40 50 60 70 80 90 100 110 120
Time Since Shutdown (minute)
Core Temperature Fuel RelocationiMelt-Through
@ Refresh

4 The Estimated Core Temperature indicates that Local Fuel Relocation has occurred.

Figure 5-20 Core Damage Projections Part 3
The tool also provides an estimation of the percentage of gap release and fuel damage that

have occurred. These damage projections can be based on the RTM uncovery timings or the
input in the RTT. This can be seen in Figure 5-21. [1]
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#~ Estimated Core Damage

Calculate damage using: ®RTM Table A-3 Uncovery Times

(OTime based on RTT Input for Rate of Temperature Change

Percent Cladding Damage: 100%.
i T
0 10 20

Figure 5-21 Estimated Core Damage
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5.4  Step 4: Assess Core Damage State
In this step, the user analyzes the core damage state based on:

e Containment Radiation
e Containment Release

e Coolant Concentration

¢ Hydrogen Concentration

A screenshot of this fourth step can be seen in Figure 5-22. All four of these core damage
assessments provide the analyst with a confirmation as to the total amount of core damage that
hass occurred thus far during an incident. Each of these four assessments provide feedback to
the relevent Plant State warning on the lower left hand side of the screen. If two of these
independent assessments indicate that core damage occurred, then this is likely the case.

%, *Byron - Unit 1 Reactor Incident - Response Technical Tools - o X
NS @ & Local Time: Wed Oct 4 11:30:04
HOME TOOLS Hew A
et @~ @ 06 O 0 v & I -°
ad ) )

@I Region il PWR, 3645 MWth, when running at 100.0%. Time J) 4 2/ z L_F

EdtThermal b Ambient Containment, SetShutdown Needed || acgecccritical  CoreUncovery  Estmate Tmingof | AssessCore | Deflagration  Show Switch
Westinghouse Four-L0op. Tlne ) 1 Safety Systems Determination i CaeDuMoe i Damage State Alv lnodmm v
Plant | _ Shutdown Time Damage Assessment Window J

1 Ay Step 2->Sub-Coolng Margirr. Sub-Cooling Margn calaulation requires entry of the Reactor Pressure Vessel Pressure. Enter Pressure readings on the System Pressure panel,

Normel Radiation Readng™: |20
6.0, 1.0068)

Containment Radiation Reported Radiation Moritor Reading:
[0.0, 1.00€8)

A — ’ Absolute Radation Rate:
Containment Release

v
[0.0, 8.773]
Have sprays been on during/after core damage? [TJYes [JNo [ Don'tKnow Yet

Coolant Concentration Time Snce Shutdown:

Hydrogen Concentration

*The default Normal Radiation Reading i SR /ir, This value should be used uniess a different normal
readng s known.

Release to Containment

% | Primary Injection {3 Enter all inputs on this panel to view the Containment Release results.
\s | Steam Generator Status

g Core Cooling Capability

\;)‘ Core Status

% | System Pressure

' | Gap Releases

g Fuel Currently Intact

| Hydrogen Deflagration

K 1131

2.51ES
[0.0, 1.00€8)

Current Coolant Inventory™:

Cnolant Cancentratinn:
<

Figure 5-22 Step Three Elements and Plant State
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5.4.1 Containment Radiation

For a BWR, select either drywell or wetwell values. This wetwell option does not exist for the
PWR. The user then inputs the normal radiation reading (see Figure 5-23) and then the reported
radiation monitor reading

The absolute ratiaion rate is then shown. The calcuations in this question are based the
equation:

absolute radiation rate = reported moniter reading — normal radiation moniter reading
Next, input the time of reading relative to shutdown time.

Finally, for a PWR or the drywell of a BWR, identify whether the sprays have been on during or
after core damage.

RTT then provides release percents for in-vessel core melt, the gap activity, and the normal
coolant activity.

#  Containment Radiation Skip  Help
Select Drywell or Wetwell values,

Drywell | Wetwell

MNormal Radiation Reading™ ‘5'00 ‘ R /(e
[0.0, 1.00E&]
- . . ‘ ‘ R * /lhr =
Reported Radiation Monitor Reading:
[0.0, 1.00E8]
Absolute Radiation Rate: R * [lhr -
- = hr -
Tirne Since Shutdown:
[0.0, 8.77E3]
Have sprays been on during/after core damage? Yes Mo V] Den't Know Yet

*The default Normal Radiation Reading is 5R/hr. This value should be used unless a different normal
reading is known.

Release to Containment

ﬁ Enter all inputs on this panel to view the Containment Release results.

Figure 5-23 Drywell Containment Release
5.4.2 Containment Release

Based on the inputs shown in Figure 5-23, containment release plots are generated as shown in
Figure 5-24.
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A Containment Release

Drywell - Sprays: OFF (Core Melt) Drywell - Sprays: OFF (Gap Activity) Drywell - Sprays: OFF (Normal Coclant)

w
5

1E5 -

w
i

1E4 -

w
iy

=
o

1E2

=
L

/

Containment Radiation Reading (roentgen / hour)
=

[~ o
1EL - 1E1 1E-5
T T T T T T
1EL 1E2 1EL 1E2 1EL 1E2
Time Since Shutdown (hour) Time Since Shutdown (hour) Time Since Shutdown (hour)
#  Containment Release Help »
Sprays: ON (Core Melt) Sprays: ON (Gap Activity) Sprays: ON (Normal Coolant)
1E4 -
oIS
E
— 1E-1
c
o
14 100% 15 T
= 100%
=
5 1E-2
T1E3
= 1E2 -
c
=]
=
£
f: 1E2 - 1% = 1E-3 -
o 1E1 -
E 1% 3
£ %
Sre
1E-4
T \ 180 T T T ‘
1E1 1E2 1E1 1E2 1EL 1E2
Time Since Shutdown (hour) Time Since Shutdown (hour) Time Since Shutdown (hour)

Figure 5-24 Containment Release Graphs, with Sprays Off (Top) and Sprays On
(Bottom)

5.4.3 Coolant Concentration

This tool allows the user to estimate core damage progression through the concentration of key
radionuclides in the coolant. The user selects the nuclide of interest in the drop-down list and
then inputs the reactor coolant inventory (a default value is pre-populated and based on reactor
power). The user then inputs the coolant concentration. This value is adjusted to the time of
reactor shutdown, so that the correct comparison is performed.

RTT plots the normal coolant concentration, the after transient spike release, the after 100%

gap relaese, and the after 100% in-vessel melt against the current coolant concentration
normalized to the shutdown time. This is shown in Figure 5-25.
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M  Coolant Concentration sk 4 Help

Mudlide: s -

Current Coolant Inventory™®; 2.51E5 kg ~
[0.0, 1.00E8]

Coolant Concentration: Wi vi/jg v
[0.0, 1.00E8]

Coolant Concentration at Shutdown: 39.5 pci ~|flg

*The default inventory in the RTM is 2.5E5 ka. This value should be used unless
the actual reactor inventory is known. Using another value will lead to a ratio
applied to the concentration levels for core damage.

Coolant Concentration and Core Damage State

Coolant Concentration:

| |
0.199 19.9 2,99E2 2.99E3 2.99E4 1.99E5

39.5 pCi/g

MNormal After After After After After
Coolant Transient 1% 10% 100% 100%

Concentration Spike Gap Gap Gap In-Vessel
Release Release Release Release Melt

Coolant Concentration (pCifg)
@ Core Damage State is based on the Coolant Concentration at Shutdown.

/8, The Coolant Concentration level indicates that a Transient Spike Release has oocurred,

Figure 5-25 Coolant Concentration Analysis Tool

5.4.4 Hydrogen Concentration

In this tool, the user inputs the hydrogen concentration and the RTT plots the metal-water
reaction and core damage state as shown in Figure 5-26.

# Hydrogen Concentration Help »
: % -
Hydrogen Concentration:
[0.0, 100]

Metal-Water Reaction and Core Damage State

Metal-Water Reaction: 3.03%

| | |
3% 10% 20% 30%

Clad Start Passible Possible
Failure Fuel Uncoolable Melt-Through
Melt Core

Figure 5-26 Hydrogen Concentration and Metal-water Reaction Analysis Tool
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5.5 Step 5: Deflagration

In Step 5 potential for deflagration is assessed. Default values for the flammability region on a
Shapiro diagram are provided to the analyst. These values may be altered with appropriate
justification. The user then inputs the current hydrogen concentration and is provided with a line
indicating the flammability of the mitxture. Figure 5-27 shows the full Step 5 analysis.

£, *Byron - Unit 1 Reactor Incident - Response Technical Tools - o X
: NG @ & Local Time: Wed Oct 4 11:30:17
=/ [ nove | Toos  raw A
i Byron - Unit 1 ‘ @ Shutdown D \) @ O = \_}) g 5
. 4 3 A2
@I Region il PWR, 3645 MWth, when running at 100.0%. | Time Y 2 &2 =~/ —
EdtThermal o Ambient Containment, SetShutdown Needed Assess Critical ~ CoreUncovery  Estmate Tmingof  AssessCore | Deflagration | Show Switch
Power Westinghouse Four-Loop. Tme Safety Systems Determination Core Damage Damage State ANl v Incdents v
Plant } Shutdown Time i Damage Assessment [ Window
1 1, Step 2->Sub-Coolng Margrr. Sub-Cooling Margn calaulation requires entry of the Reactor Pressure Vessel Pressure. Enter Pressure readings on the System Pressure panel.

A Deflagration

I

Ar Uimit: 150
0.0, 100]
|10.0

0.0, 100] Hydrogen Concentrab...

Hydrogen Limit: L
[0.0, 100)

|50.0

Steam Limit: e
0.0, 100]

% | Primary Injection
' | Steam Generator Status

' | Core Cooling Capability

% | Core Status 30

% | System Pressure 40 Steam +
% | Gap Releases 50 CO2 Vol. %
% | Fuel Currently Intact

.:) Hydrogen Deflagration

70 60 50 40 30 20 10
H2 + CO Vol.%

Figure 5-27 Step Three Elements and Plant State

5.6 Show All Steps

This tab is located at the top of the screen along with all five steps to the damage assessment.
This tab will allow the analyst to view and edit all the data for all five steps. So if the analyst
needs to navigate through certain parts in certain steps then they can do that quickly and easily.
When the analyst clicks on the tab, RTT will then have a scroll down menu on the left hand side
of the screen appear. This menu will show all the parts to every step so that the analyst can
quickly navigate through the steps that need edited or revision. The analyst will also be able to
scroll down on the main screen to navigate through the steps. This scroll down menu will be
different depending on what reactor type the analyst chose.
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6 Spent Fuel Incident
6.1 Boil-Off Estimation

Develop a boil-off estimate of the spent fuel pool by first selecting one third core or a full core as
shown in Figure 6-1. The user input the time since shutdown of last discharged core.

RTT then estimates the time to heat to boiling and time to boil away all inventory. The analyst

may then input the make-up water flow rate and the estimated or known leak rate. If these values
are known or can be estimated.

RTT provides the flow rate of water needed to make up boil off. If the make-up water flow rate
IS not greater than the needed water, RTT will give a warning that boil-off and loss of pool
inventory may be occurring.

A Boil-Off Estimation Help
Muost Recent Offload: One Third of Core
. ; - d -
Time Since Shutdown of Last Discharged Core:
[5.00, 3.65E2]
Time to Heat to Boiling: hr -
Time to Boil Away all Inventory: hr -

*These values are for a 3000 MWth reactor with a 32,000 ft* water inventory.
Mo Corrections have been made for power level or pool size.
The values are only valid if there are no leaks or make-up water added.

Make-Up Water Rates

| = /lmin =
Make-Up Water Flow Rate: 92 /|
(0.0, =]
Known Leak Rate: gal v |/|min ¥
[0.,0, ea]
Meeded Water to Make Up Boil-Off: gal = |/ min =

@‘ Enter the Time Since Shutdown of Last Discharged Core to view the Needed Water to Make Up Boil-Off.

Figure 6-1 Boil-off Estimation Panel
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