
1EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Session 1

Overview of Chemical Dispersion

and Consequence Assessment 

(CDCA) Workshop & Objectives
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EFCOG 2007 Idaho Falls Chemical Dispersion & 

Consequence Analysis Instructor

Carl Mazzola, CCM
ïB.S., M.S., Meteorology

ïMore that 37 Years Experience in:

ÅAtmospheric Transport and Dispersion

ÅNuclear Safety, Chemical Safety

ÅEmergency Management

ÅEnvironmental Compliance

ïShaw Environmental Incorporated

ïPhone:  (706) 955-8804 SRS: (803) 819-2886

ïCell: (865) 548-2354 E-Mail:  carl.mazzola@shawgrp.com
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WORKSHOP OBJECTIVE

Å Introduce Safety Analysts to Principles of Chemical 
Release Phenomenology, Atmospheric Dispersion, and 
Health Effects Criteria

ïSource Term Characterization

ÅVapor Release Phenomenology

ÅLiquid Release Phenomenology

ïAtmospheric Transport & Dispersion Mechanisms

ÅTransport/Dilution:  Wind Speed and Wind Direction

ÅDispersion:  Indicator of Turbulence (Stability Class)

ÅDense/Heavy Gas Dispersion

ïDetermination of Health Effects Criteria

ÅDefinition and Development of AEGLs, ERPGs, and TEELs
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WORKSHOP SESSIONS
1 Overview of Workshop and Objectives

SOURCE TERM CHARACTERIZATION

2 Chemical Source Term Generation Mechanisms

3 Chemical Source Term Calculation I:  Pressurized Vapor Release

4 Chemical Source Term Calculation II:  Pressurized Liquid Release

5 ALOHA/EPICODE: Source Term Characterization

6 Source Term Question & Answer Session
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WORKSHOP SESSIONS (Continued)

ATMOSPHERIC TRANSPORT AND DISPERSION

7 Meteorology/Transport & Dispersion Principles

8 Gaussian Dispersion Modeling & Its Limitations

9 Transport & Dispersion Calculation

10 Dense/Heavy Gas Dispersion Principles

11 ALOHA/EPICODE: Meteorological Parameters

12 Transport & Dispersion Question & Answer Session
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WORKSHOP SESSIONS (Continued)

HEALTH EFFECTS CRITERIA

13 AEGLs, ERPGs and TEELs

14 ALOHA/EPICODE: Health Effects 

Parameters

15 Health Effects Question & Answer Session
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CONDUCT OF WORKSHOP

ÅDesigned to Maximize and Sustain Interest

ï15-Minute Breaks after 60-80 Minutes of Combined 

Lecture-Interactive Discussion

ïInformation Presented is Applicable to Workplace

ÅImplemented to Maximize Informality

ïCasual Presentation Atmosphere

ïNo Quiz at End of Workshop

ÅConducted to Maximize Interactivity

ïFrequent Opportunities to Ask Clarifying Questions
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Session 2

Chemical Source Term 

Generation Mechanisms
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Fundamental Elements of 

Chemical Consequence Analysis

Source Term 

Characterization

Atmospheric 

Transport & 

Dispersion 

Analysis

Human 

Health 

Effects 

Assessment
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Overview of Source Term 

Characterization
ÅChallenges of Source Term Characterization

ïConsideration of Large Number of Variables and Formulae 

ïWorking Level/Expert Knowledge: Fluid Dynamics, Chemistry 
and Mechanical Engineering

ÅComplex Input Data Requirements

ïChemistry: Thermodynamic Properties of Gases and Liquids

ïFacility: SSCs (Mechanical, Structural, Electrical)

ïRelease Phenomenology: Pipe Break, Leak

ÅRelease Mechanisms

ïPure Vapor (Simplest)

ïPure Pressurized Vapor (Choked Flow; Piping Considerations)

ïPure Sub-cooled Liquid (Jet Release; Pool Evaporation)

ïPressurized Liquid (Two-Phase Flow; Superheated Liquid; 
Aerosol Formation; Pool Evaporation)



11EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Overview of Source Term 

Characterization (continued)

ÅPhenomenology & Modeling (Brief Lecture)

ïFlashing of Depressurized Superheated Liquid

ïAerosol Formation of Flashed Liquid

ïLiquid Pool Heat Transfer Mechanisms

ïPool Evaporation Mechanisms

ÅPhenomenology & Modeling (Detailed Study)

ïAppendix A: Outflow Calculations

ïAppendix B: Two-Phase Flow

ïAppendix C: Aerosol Formation

ïAppendix D: Pool Evaporation
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Overview of Source Term 

Characterization (continued)

ÅMulti -Component Release Issues

ïVariable Thermodynamic Properties of Multiple Released 
Chemicals

ïSynergistic and Antagonistic Effects of Multiple Released 
Chemicals

ïChemical Mixture Methodology (Target Organs): HI/HCN

ÅSource Term-Atmospheric Transport & Dispersion 
Interface Issues

ïNear-Field Suspended Aerosol Transport and Deposition

ïDense Gas Effects on Source Term Geometry

ïComplexities of Detonation and Deflagration Energetics
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Challenges of Source 

Term Characterization

ÅSource Term Generation Involves Complex 
Interrelationships Between:

ïMechanical Forces

ïThermodynamic Processes

ïFluid Dynamics

ïChemical Reactivity

ÅSignificantly Affects Consequence Magnitude

ïPotential for Largest Uncertainty in Assessment

ïChemical Consequence Directly Proportional to 
Release Rate
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Challenges of Source 

Term Characterization (continued)
ÅMultitude of Boundary Conditions

ïOperating Conditions: Storage State, Specific Heat, Temperature, 
Pressure

ï Initiating Events : Energetic, Catastrophic Break, Leak, Breach 
Location on Vessel, External Forces on System

ïRelease Boundary Conditions: Dike, Impoundment Basin, Piping 
Configuration, Ground Surface, Temperature

ïMeteorological Conditions:Wind and Temperature During and 
After Release

ïChemical Affinity to Absorb Water: (e.g., Uranium 
Hexafluoride Hydrolysis to Hydrofluoric Acid and Uranyl 
Fluoride)

ÅEach Phenomenology is Both Unique and Complex 
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Complex Input Data Requirements

ÅSource Term Characterization

ïChemical Properties and Thermodynamic Variables

ïRelease Type from Initiating Event (e.g., Pressurized 
Liquid from Catastrophic Break)

ïSource Configuration (Dikes, Drains, Ground Surface)

ÅThermodynamic and Physical Properties

ïVapor Releases (MW, Vapor Heat Capacity)

ïLiquid Releases (MW, Viscosity, BP, Surface Tension)

ÅMeteorological Conditions During Release

ïAffects Evaporation and Aerosolization Rates

ïAffects Superheating Flash Coefficient Magnitude
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Release Mechanisms: Overview

ÅPure Vapor (Gaseous) Release
ïChoked Flow

ïNon-choked Flow

ÅPure Liquid (Sub-Cooled) Release
ïJet Discharge and Liquid Aerosolization

ïPool Formation and Aerodynamic Entrainment

ÅPure Pressurized Liquid (Two-Phase) Release
ïInitial Phase: Jet Discharge (Spray) and Flashing of 

Superheated Liquid

ïPool Formation and Subsequent Evaporative Boiling

ïCarbon Dioxide: Two-Phase Sublimation/Evaporation
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Release Mechanisms: 

Pure Vapor Release

ÅGenerally the Simplest Phenomenology to Characterize

ÅFluid Mechanics Considerations
ïChoked Flow vs. Non-choked Flow

ï Orifice vs. Small Pipe vs. Large Pipe vs. Pipelines

ÅThermodynamic Considerations
ïHeated Release: Aerosol Droplet Condensation

ï Cooled Release: Condensation of Water Vapor in Air (Dense Gas)

ÅSpecial Chemical Considerations for Anhydrous NH3
ï Positively Buoyant Gas in Vapor Phase

ïDense Gas as an Aerosol
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Pure Vapor Release: Time-Dependent

Vessel Gas Blowdown

ǒEquations 1-6 of Appendix A Provides Time-
Dependent Vessel Gas Blowdown Expressions 

ïApplicable to Gases Released under Choked Flow 
(i.e., Sonic) Conditions 

ïFlow is Sonic when Vessel Pressure Exceeds a 
Critical Pressure

ïInternal Pressure and Temperature Decrease with 
Time (Joule-Thompson Cooling)

ïFlow Becomes Non-Choked Flow (i.e., Subsonic) at 
Some Point in Time After Initiation of Release
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ÅLiquid Jets and Liquid Spills (First Stage)
ïSimplest: Low Volatility Liquid @ Ambient Temperature without 

Aerosol Formation

ïAerosol Formation
ÅMechanical Shear Flow Instabilities at Pipe Exit

ÅSplashing Stresses upon Ground Impact

ÅLiquid Pool Formation (Second Stage)
ïAerosol Formation: Aerodynamic Entrainment from Shear 

Stress/Disruptions Across Surface of Pool

ïPool Evaporation
ÅWind Advection

ÅAtmospheric Diffusion

ÅGround Surface Conduction

Release Mechanisms: 

Sub-Cooled Liquid Release
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Boiling Liquid Pool Heat Transfer

ÅHeat Input Sources into Liquid Pool

ïGround Conduction: Primary Source

ïAtmospheric Convection

ïIncoming Solar Radiation or Insolation

ÅHeat Transfer Resistance Factors

ïThermal Resistance of Bulk Liquid Layer

ïThermal Resistance of Two-Phase Film Layer

ïCryogenic Liquids: Ice Formation at Ground-Pool 

Interface
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Liquid Pool Heat Transfer Mechanisms

Liquid Pool

Ground Conduction

Atmospheric

Convection

Solar

Radiation

Atmospheric

Radiation

Emitted

Radiation

Evaporation

Heat Loss
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Boiling Liquid Evaporation on Land: 

Sutton Correlation 
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Release Mechanisms: 

Pressurized Liquid (Two-Phase) Release

ÅTwo-Phase Jet (Spray) Release (1st Stage)
ïPressurized Liquid Stored Above BP Flashes on Contact

ïAerosols Formation: Entrained within Jet (Spray)

ïNon-aerosolized Liquid and Large Diameter Aerosols 
Fall to Ground Forming Evaporative Pool

ÅBoiling/Evaporative Pool Release (2nd Stage)
ïRapid Boiling Vaporization: Cools Chemical Cloud to 

Ambient Boiling Temperature

ïAirborne Vapor and Aerosols Cool Vapor Cloud: 
Density Increases

ïBoiling Liquid Cools and Transitions to Evaporating 
Pool with Lower Vaporization Rate
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Example of Pressurized Liquid 

(Two-Phase) Release
Pressurized Liquid Releaseof Chlorine

From Hole Near Bottom of Right Cylinder Tank

Without Impoundment Basin
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Pressurized Liquid Flashing Fraction

ÅAdiabatic Reversible Expansion Model

f = flashing fraction (dimensionless)

cp,l = liquid heat capacity at storage temperature

Tl = storage temperature

Tb = nucleate boiling point at ambient pressure

DHv = latent heat of vaporization

ÅHeat Balance Across Outlet Orifice Model
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Source Configuration Effects on

Two-Phase Flow Calculations

ÅSimple Orifice

ïConservative for Short Pipe & Long Pipe Releases

ïSee Appendix Part A: Analytical Methods for 
Outflow Calculations

ÅShort Pipe - Analytical Models

ïSee Appendix Part B: Analytical Methods for Two-
Phase Flow Calculations

ÅLong Pipe - Detailed Computer Modeling

ïFlow Rate Decrease: Energy Losses in Pipe

ïPipe Elevation/Configuration Influence Energy Balance
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Appendix Part A1: Analytical 

Methods for Outflow Calculations

ÅEquations 1-6 of Appendix A1 Provide 

Expressions for Analytical Methods for Five 

Source Configuration Releases

ïTime-Dependent Vessel Gas Blowdown (Eq 1-6)

ïVapor Outflow from Breach of a Pipeline (Eq 7-8)

ïOutflow from a Cylindrical Tank (Eq 9-20)

ïOutflow from a Spherical Tank (Eq 21-27)

ïOutflow from Process Vessels of Other Various Shapes 

(Lee and Sommerfeld (1994)
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Appendix Part A2: Vapor Outflow

from Breach of a Pipeline

Å  Equations 7-8 of Appendix A2 Provide 
Expressions for Vapor Outflow from a 
Pipeline Breach

ïDependent on Mass in Pipeline, Pipe Length and 
Diameter, and Gas Temperature as it Leaves Pipe

ïLocalized Breach in a Self-contained Storage Vessel: 
Liquid Release Rate a function of Upstream Pressure

ïUpstream Pressure: Combination of Vapor Partial 
Pressure, Hydrostatic Head, and Mechanically-
Induced Head 
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Appendix Part A3: Outflow from 

a Cylindrical Tank

ǒEquations 9-20 of Appendix Part A3 Provide 

Expressions for Cylindrical Tank Outflow

ïBased on Bernoulli Equation of an Incompressible 

Fluid

ïMass Flow Rate is a Function of:

ïLiquid Free Surface

ïElevation Above Ground

ïFluid Density

ïPressure at Orifice
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Appendix Part A4: Outflow from 

a Spherical Tank

ǒEquations 21-27 of Appendix Part A4 Provide 

Expressions for Outflow from a Spherical 

Tank

ïSimpler Approach for Average Flow Rate Based on:

ïTotal Mass that Can Flow out of Vessel

ïDivided by Time for Liquid to Fall from Liquid Free Surface 

Elevation to Orifice
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Appendix Part A5: Outflow from Process 

Vessels of Other Various Shapes

ǒThe work of Lee and Sommerfeld (1994)is 

referenced.
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Appendix Part B: Analytical 

Methods for Two-Phase Flow 

Calculations
ÅEquations 28-34 of Appendix Part B1 Provides 

Analytical Methods for Flow from a Short 
Length of Pipe 

ÅAppendix Part B2 Contains References to 
More Detailed Models (e.g., Perry, van der 
Akker)

ïGraphical Comparison of Two Models for Flash 
Vaporization in Superheated Release of Liquid 
Anhydrous Ammonia

ïBibliography of 45 Additional Technical References
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Appendix Part B1: Flow from 

Short Length of Pipe

ǒFor liquids with Boiling Points Below Ambient 

Temperature: Two-phase Flow Calculation 

Required

ǒFlash Fraction Calculation Based on 

Thermodynamic Properties of Liquid

ïJet Release/Spray Results in Initial Aerosol Formation

ïAs Discharge Pressure Relieved, Flashing will 

Continue with Remaining Liquid Forming Either an 

Aerosol or Liquid Pool 
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Appendix Part C: Aerosol Formation, 

Transport and Behavior

ÅAerosols Usually Accompany Flashing Outflow

ïSee Equations 35-47 ofAppendix Part C1: Flashing 

and Aerosol Formation

ÅAerosol Behavior is Function of:

ïDroplet Formation and Size Distribution

ïRainout Due to Gravitational Forces

ïEvaporation of Suspended Aerosol Droplets

ÅAerosol Formation and Transport

ïSee Work of Woodward and Papadourakis
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Appendix Part D: Liquid Pool 

Evaporation Methodology
ÅSteady-State Pool Evaporation (Hand 

Calculations)
ïSutton, Clewel, and TNO Correlations

ïOnly Considers Convective Heat Transfer

ïSignificant Limitations to Methodologies

ÅTime-Dependent Pool Evaporation (Computer 
Code)
ïALOHA

ïHGSYSTEM

ÅSee Appendix D: Equations 48-67
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Appendix Part D: Analytical Methods for 

Pool Boiling and Evaporation Calculations

ÅEquation 48 of Appendix Part D1: Convective Boiling 

ÅEquation 49 of Appendix Part D2: Conductive Boiling

ÅHNO3 Mass Entrainment (see Appendix Part D3 
Equations 50-64)

ÅCCl4 Mass Entrainment (see Appendix Part D4 
Equations 65-67)

ÅComparison of Results for Three Evaporation Models 
Applied to HNO3 and CCl4
ïTable A-1

ïFigures A-2 and A-3
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Appendix Part E: Release of Carbon 

Monoxide from a Vessel

ÅWill be Addressed in More Detail in Session 3 Sample 
Calculation for Pressurized Gas 

ÅEquation 80 Appendix Part E1: Critical (Choked) Flow

ÅEquation 81Appendix Part E2: Release Rate for 
Outflow of Vapor Under Choked Flow Conditions

ÅEquation 82 Appendix Part E3: Effective Jet Diameter 
Following Release

ÅEquation 83 Appendix Part E4: Sub-Critical Outflow

ÅEquation 84 Appendix Part E5:Outflow from a Long 
Length of Pipe
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Appendix Part F: Two-Phase Release of 

Cryogenic Chlorine from a Pipe

ÅWill be Addressed in More Detail in Session 4 

Sample Calculation for Pressurized Liquid 

ÅEquations 85-88 Appendix Part F

ïAntoine Relationship for Saturated Vapor

ïCryogenic Chlorine Under Pressure

ïFlow through Pipe

ïChoked Flow from Depressurization up the Pipe

ïMills and Paine, 1990
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Summary of Release Mechanisms

ÅPure Vapor Release

ïSimplest to Characterize

ïFluid Mechanics Considerations (Choked/Non-choked Flow)

ïThermodynamic Considerations (Droplet Condensation)

ÅSub-Cooled Liquid Release

ïLiquid Jets and Liquid Spills (1st Stage)

ÅSimplest: Low Volatility/Liquid @ Ambient Temperature

ÅAerosols Form: Mechanical Shear Flow Instabilities and Splashing 
Stresses at Ground Impact

ïLiquid Pool Formation (2nd Stage)

ÅAerosols Form/Suspended: Aerodynamic Entrainment from Shear 
Stress and Disruptions Across Surface of Pool

ÅPool Evaporation: Wind Advection/Atmospheric Diffusion/Ground 
Surface
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Summary of Release Mechanisms 

(continued)

ÅTwo-Phase Flow Superheated 
Pressurized Liquid Release
ïTwo-Phase Jet (Spray) Release (1st Stage)
ÅPressurized Liquid Flashes on Contact

ÅLiquid Aerosols Spray within Jet  

ÅLarge Diameter Aerosols Fall to Ground Forming a Pool

ïBoiling/Evaporative Pool Release (2nd Stage)
ÅRapid Boiling Vaporization: Cools Cloud  to Boiling 

Temperature

ÅAirborne Vapor/Aerosols Cool Vapor Cloud: Increases 
Density 

ÅBoiling Liquid Cools/Transitions to Evaporating Pool 
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Source Term Phenomenology Flowchart
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Additional Complexities for Multi -

Component Releases
ÅDifficult Quantification of Source Terms

ïThermodynamic Properties: Complex Function of Each 
Constituent Chemical

ïFlashing Characteristics an Vapor Pressures Span Wide 
Variability with Temperature

ïMost Models Assume Thermo-Physical Equilibrium

ÅHuman Health Assessment Complexities

ïSynergistic and Antagonistic Effects Partially 
Addressed by Chemical Mixture Methodology and 
Health Code Numbers

ïHazard Zones Based on Limiting Constituent Chemical 

ïALOHA 5.2.3 Addresses 953 Pure Chemicals
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Source Term-Atmospheric Transport 

and Dispersion Interface Complexities

ÅPhenomenological Source Term & Atmospheric 
Transport and Dispersion Domain Interface

ïSpatial Definition is Difficult to Ascertain 

ïFlashing Suspended Liquid Aerosol Particles Carried 

Downwind are Hard to Model 

ïRapid Deflagration or Detonation Event Expels 
Chemical Vapors Out of Building

ÅCompartmentalizing Source Term and 
Atmospheric Transport and Dispersion Breeds 
Uncertainties
ÅDiscussed in More Detail in Session 7, ñSource 

Term-Atmosphere Interfaceò
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Some Conclusions

ÅChemical Source Term Characterization

ïDiverse Problem Set

ïComplex Phenomenology

ïVarious Modeling Approaches and Codes Available

ïSource Term Phenomenology Flowchart

ïSite-Specific & Phenomenological Issues Generally  
Not Conducive to Cookbook Type Analysis

ïAnalyst Needs to Likely Treat Problem as Unique

ÅDOE/EH Accident Analysis Guidebook 
Provides Additional Guidance
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Session 3

Chemical Source Term 

Calculation I: Pressurized 

Vapor Release
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Carbon Monoxide (CO) Release 

Phenomenology
ÅAppendix Parts E1-E5

ÅCO Pressurized Storage Vessel
ïHorizontal Cylinder

ïDischarge Pipe Diameter = 10.2 cm  

ÅCO Vessel and Piping Configuration
ïPressurized Storage Vessel
ÅPressure Relief Valve

ÅEffluent Handling System

ÅExternal Nitrogen Supply

ïVertically-Directed Pipe 

ïPipe is Downstream from Pressure Relief Valve
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CO Vessel and Piping Configuration

Nitrogen Supply

Pressure Relief Valve

Effluent Handling System

Storage Vessel
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Critical CO Release Rate 

Phenomenology

ÅCO Inventory (Mass) in Storage Vessel

ÅVessel Orientation with Ground Surface

ÅVessel Internal Pressure/Temperature

ïSystem Pressure 

ÅApplied from External Processes

ÅFunction of Chemical and its Internal Storage Conditions

Å3 Types of Releases (Cases I-III)

ïNo Consideration of External Processes

ïCase I (Simplest): Through Vessel Surface Orifice

ïCase II (More Complex): Through Short Pipe

ïCase III (Most Complex): Through Long Pipe or from 
Pipeline
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CO Release: Vessel Surface Orifice

Case I:  CO Release Through Vessel Surface Orifice

ïBehaves as an Ideal Gas

ïSystem is Adiabatic: Reasonably Valid for Large 
Vessels

ïChoked Flow: Release Rate for Vapor Outflow

ïEffective Jet Diameter Following Release

ïChoked Flow and Sub-Critical Flow as Function of 
Time

ïReduction of Internal Pressure Versus Time

ïJoule-Thompson Cooling Effects Versus Time
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CO Release: Pipes and Pipelines

Case II: CO Release Through Short Pipe

ïInitial Jet Radius Affected by Pipe Outlet Configuration

ïAdiabatic Assumption Shaky due to Small Frictional Energy 
Losses

Case III: CO Release Through Long Pipe or Pipeline

ïPipeline Release is Non-Adiabatic, Approaching Isothermal

ïGas Expansion Cooling Compensated by

ÅFrictional Heating within Pipe

ÅHeat Transfer through Pipe Walls
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Appendix Part E: Sample Problem 

for Release of CO from a Vessel

ÅEq. 80: Critical (Choked) Outflow

ÅEq. 81: Release Rate for Outflow of Vapor Under 

Choked Flow Conditions

ÅEq. 82: Effective Jet Diameter Immediately 

Following Release

ÅEq. 83: Sub-Critical Outflow

ÅEq. 84: Outflow from Long Length of Pipe (Refer 

Eq. 7)
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Case I: CO Release 

Through Vessel Surface Orifice

ÅAssumption: Closely Exhibits Behavior as Ideal 
Gas

ÅVariables Affecting CO Discharge Rate
ïInternal Vessel Pressure

ïSpecific Heat Ratio of CO

ÅSystem Pressure (Psys)/Critical Pressure (Pc) 
Comparison
ïSub-Critical Flow: Psys < Pc

ïCritical or Choked Flow: Psys >=  Pc

ïEq. 80 Algorithm Determines Flow Type

ïEq. 81 Algorithm Calculates Release Rate for Outflowof 
Vapor under Choked Flow Conditions
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Case I: CO Release 

Through Vessel Surface Orifice

ÅCO Jet Downstream Pressure and Effective 

Radius

ïDownstream of Orifice, Pressure Reduced by Oblique 

Shock Waves (Common to Supersonic  Flows) 

ïEffective Radius of CO Jet Increases as Function of:

ÅCoefficient of Discharge

ÅUpstream Vapor Pressure/Ambient Pressure

ÅFinal Temperature/Fluid Storage Temperature

ïEq. 82 Algorithm Quantifies CO Jet Effective Radius
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OBLIQUE SHOCK WAVES

Å When object moves through a gas, gas molecules are deflected around 
it. If object speed is much less than speed of sound, gas density 
remains constant and gas flow can be described by conserving mass, 
momentum and energy. 

Å As object speed approaches the speed of sound, compressibility effects 
on gas occur. 

Å When object moves faster than the speed of sound, there is an abrupt 
decrease in flow area, and shock waves (very small regions in gas 
where its properties change by a large amount) are generated in flow.

Å When shock wave is inclined to flow direction it is an oblique shock 
wave. 
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Case I: CO Release Through 

Vessel Surface Orifice

ÅOther Considerations

ïInternal Vessel Pressure and Temperature (i.e., Joule-

Thompson Cooling) Decreases with Time as CO Inventory 

is Released

ïPressure Variation Function of Release Environment:

ÅIsothermal (Long Pipe)

ÅAdiabatic (Orifice/Short Pipe/Most Relatively Large Vessels)

ïPressure Reduction Estimation Requires Computerized 

Iterative Mass Balance Calculation



56EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Case I: CO Release Through 

Vessel Surface Orifice

Å Internal Vessel Pressure Versus Time
ï Vessel Pressure Decreases with Time

ÅJoule-Thompson Cooling of Vessel
ïCO Temperature Decreases with Decreasing Pressure

ÅHeat Energy Losses due to Friction

ÅThermal Expansion of Fluids

ÅAdditional Analytical Considerations

ïRelease Density Sensitive to Cooling Effects

ï Jet Radius Insensitive to Temperature Decrease

ï As Pressure Decreases with Time:

ÅChoked Flow No Longer Applies

ÅFlow Becomes Sub-Critical 

ïUse Eq. 83 Algorithm to Estimate Sub-Critical Outflow
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Case II: CO Release Through Short Pipe

ÅAdiabatic Assumption Becomes Shaky Due to Small Frictional 

Energy Losses in Pipe

Å Initial Jet Radius Affected by Pipe Outlet Configuration

Å Complex Algorithms and Large Computers Become Necessary

Å Simplest Approach: Neglect Presence of Pipe and Revert to 

Orifice Methodology
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Case III: CO Release Through

Long Pipe or from Pipeline

ÅFor Downstream Leak Point Sufficiently 

Distant from Tank (i.e., Pipe Length 

much Greater than Pipe Diameter)

ïUse Closed Form Expression to Quantify Time-

Dependent Release Rate

ïApply Eq. 7 Pipeline Release Algorithm
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Case III: CO Release Through 

Long Pipe or from Pipeline

ÅLong Pipe Versus Orifice and Short Pipe 

Phenomenology

ïIn contrast to Adiabatic Vessel Release, Pipeline 

Release is Isothermal 

ïExpansion Cooling Compensated by:

ÅFrictional Heating

ÅHeat Transfer through Pipe Walls

ÅOutflow from Long Length of Pipe (Eq. 7)
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Session 4

Chemical Source Term 

Calculation II: Pressurized 

Liquid Release
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Pressurized Chlorine Release Scenario

ÅAppendix Part F

ÅTank Contents and Storage Parameters
ïMass: 20,000 Pounds of Chlorine

ïTemperature: 293 degrees K (20 degrees C) 

ïPressure: 7.0 Atmospheres (Saturation)

ïStored State: Pressurized Liquid

ÅTank Size and Orientation and Other System Features
ïType: Vertical Right Circular Cylinder

ïDiameter: 5 feet

ïHeight: 14 feet

ïImpoundment Basin and Dike
Å13-Ft Diameter Basin

Å2-Ft Depth Concrete Dike

ïShort Pipe: 7.62 cm Diameter Located Near Tank Base
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Chlorine Release Scenario

ÅInitiating Accident Event

ïGuillotine Break of Short Pipe Attached to Tank

ÅSubsequent Events and Phenomenology

ïChlorine Releases from Tank through Short Pipe

ïNon-Flashed Chlorine Captured in Impoundment Basin

ïChlorine Release is Two-Phase Flashing Flow

ÅGaseous Puff Due to Flashing

ÅLiquid Pool Plume upon Evaporation of Pool

ÅTreatment of Aerosols most Confounding
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Illustration of Chlorine Release

Chlorine
Tank

Concrete
Dike

Liquid
Pool

Guillotine
Pipe Break

Two-Phase
Flashing Flow
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Simplifying Assumptions

ÅAssumptions

ïConditions Approximate Ideal Gases

ïAdiabatic: No External Sources of Heat 

ïNo Frictional Losses in Pipe

ïSaturated Vapor Pressure Estimated by Antoine 
Relationship

Ålog P = A ïBT + C

ÅA, B, and C are Antoine Coefficients Varying from 
Substance to Substance
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Chlorine Release Results in 

Two-Phase Flow

ÅStorage T/P of Liquid Chlorine Results in Two-

Phase Flow Release Through Short Pipe

ïFlashing: Rapid Phase Change of Superheated Liquid to 

Vapor Due to its Sudden Depressurization

ïAerosolization: Portion of Remaining Liquid Becomes 

an Aerosol

ïNon-Aerosolized Liquid: Falls to Ground Forming Pool

ÅLarge-Diameter Aerosols: Falls to Ground Into Pool

ÅSmall-Diameter Aerosols: Carried by Atmosphere and 

Ultimately Evaporate
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Chlorine Release: Immediate Flashing

Å Immediate Flashing Occurs Since Chlorine is Stored at 
Temperature Above Its Boiling Point

ïSlightly Conservative Assumption

ïFor Chemicals with Low Boiling Points Entire Inventory Flashes for 
High Superheating Levels

ÅRefer to Appendix Part B Equations 28-34 for 
Methodology to Estimate Two-Phase Flow from Short 
Pipe

ÅConversion of Liquid to Vapor Upstream of Pipe Outlet 

Results in Release Parameter Changes (VMF)

ïDecrease in Mass Release Rate 

ïIncrease in Release Velocity

ïDecrease in Density
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Vapor Mass Fraction (VMF): Orifice

ÅSource Type: Orifice on Side of Vessel

ïPrimarily Liquid Release [VMF ­ 0]

ïHigh Pure Liquid Mass Flow Rate

ïFlashing Occurs in Jet Flow Outside Vessel

ÅConservative Phenomenology Assumptions

ïMass Flow Rate for Liquid Release [VMF = 0]

ïLiquid Immediately Flashes to Vapor Upon Encounter 
with Atmosphere
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Vapor Mass Fraction (VMF): Pipe

ÅSource Type: Small Diameter Pipe

ïPrimarily Vapor Release [VMF ­ 1]

ïFlashing Occurs Inside PipeBefore Discharge 

ïChoked Flow Occurs: Limits Mass Release Rate

ïHighly Complex Time-Dependent Process

ÅFluid Near Discharge Experiences Pressure Drop and Flashes

ÅFluid Upstream does not ñSenseò Break, Stays in Liquid Form

ÅOblique Pressure Wave Travels Upstream Resulting in 
Greater Fraction of Liquid Inside PipeFlashing

ÅRefer to Mills and Paine 1990 Upstream VMF 
Calculations in Appendix Part F
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Mills and Paine: Results for Various 

Upstream VMFs

 

 

Mills and Paine, 1990 

 

VMF 

 [Liquid, 

Orifice =0] 
[Gas, Pipe =1] 

Mass 

Release 

Rate 
(kg/s) 

Release 

Velocity 

(m/s) 

Initialization 

Temperature 

(K) 

Density 

(kg/m
3
) 

Effective 

Jet 

Diameter 
(m) 

0.1 81.8 71 239 11.8 0.352 

0.2 63.3 101 239 9.2 0.295 

0.3 51.8 120 239 7.5 0.270 

0.4 43.8 134 239 6.3 0.256 

0.5 38.0 144 239 5.5 0.247 

0.6 33.6 152 239 4.8 0.241 

0.7 30.1 158 239 4.3 0.236 

0.8 27.3 163 243 3.9 0.233 

0.9 24.9 167 >243 3.6 0.231 
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Chlorine Release: Immediate Flashing

ÅConversion of Chlorine Liquid to Vapor 
Within the Pipe Causes:
ïReduction in Mass Release Rate

ïIncrease in Outflow Velocity

ïReduction in Density

ïDecrease in Effective Diameter as VMF Increases

ïIncrease in Release Velocity as VMF Increases: Limited 
by Choked Flow

ïEvaporative Cooling Causes Release Temperature to 
Remain at Boiling Point for VMF¢0.8
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Chlorine Release: Aerosolization of 

Remaining Unflashed Liquid
ÅPortion of Unflashed Liquid Forms Airborne 

Liquid Aerosol Component

ïLimited Computer Modeling Resources for Evaluating 
Aerosol Behavior in Atmosphere

ïConservative Approach: Assume All Aerosols 
Evaporate Before Falling to Ground 

ÅAppendix Part C Presents Several Aerosol 
Behavior Models

ÅSee Appendix Part F, ñSample Problem of 
Two-Phase Release of Chlorine from a Pipeò 
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Session 5

ALOHA/EPICODE: 

Chemical Source Term 

Characterization
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Selection of Chemical

ÅChemical Library

ïALOHA Version 5.2.3 (953 Chemicals)

ïEPICODE 7.0 (600+ Chemicals)

ÅInput Chemical to get these Parameters

ïMolecular Weight

ïBoiling Point

ïVapor Pressure at Ambient Temperature

ïOther Physical Constants
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Source Configurations

ÅDirect Source [ALOHA, EPIcode]

ïGas release (continuous or term)

ÅPuddle Source [ALOHA, EPIcode]

ïLiquid release

ÅTank Discharge [ALOHA]

ïGas, liquid, or two-phase flow release

ÅPipe Discharge [ALOHA]

ïGas release
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Source Configurations (cont.)

ÅFire Release [EPICODE]

ïGas release with plume rise

ÅExplosive Release [EPICODE]

ïGas release with plume rise
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Direct Source

ÅSpatial Configuration

ïPoint Source [ALOHA, EPIcode] 

ïArea Source[EPIcode]

ÅSource Height [ALOHA, EPIcode]

ÅAirborne Release Quantification

ïContinuous Release [EPIcode]

ÅEnter airborne release rate (g/s)

ïTerm Release

ÅEnter quantity released (g) and duration (s)[EPIcode]

ÅEnter release rate (g/s) and duration (s) [ALOHA]



77EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Direct Source (continued)

ÅPlume Rise Parameters[EPIcode]

ïStack diameter

ïExit velocity

ïEffluent and ambient temperatures

ïWind speed and stability class

ÅALOHA Jet High Pressure Release

ïDoes not Simulate Effect of Jets/High Pressure 
Releases

ïAssumes Dispersion Dominated by Atmospheric 
Turbulent Diffusion in the Near-Field
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Liquid Puddle Boiling/Evaporation

ÅArea Spill of Evaporating or Boiling 
Liquid

ïPuddle mass, volume, or depth

ÅEPIcode only accepts mass or volume

ïPuddle surface dimensions (area or diameter) 

ÅEPIcode only accepts surface area

ïPuddle temperature [ALOHA, EPIcode]

ïGround temperature [ALOHA]

ïGround type (concrete, sandy, moist) [ALOHA]
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Tank Discharge: Geometry and Size

ÅTank geometry [ALOHA]

ïVertical cylinder

ïHorizontal cylinder

ïSphere

ÅTank size[ALOHA]

ïLength 

ïDiameter

ïVolume
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Tank Discharge:  Chemical Properties

ÅChemical State [ALOHA]

ïLiquid

ïGas

ïLiquefied gas 

ÅChemical Inventory [ALOHA]

ïLiquids: Mass, volume or chemical level in tank

ïGases: Mass, volume or tank pressure

ÅTemperature of Chemical in Tank 
[ALOHA]
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Tank Discharge:  Leak Characteristics

ÅLeak Configuration [ALOHA]

ïThrough short pipe or valve

ïThrough hole in tank (i.e., orifice release)

ÅHeight of Leak [ALOHA]

ïLiquid inventory

ïLiquefied gas inventory

ÅLeak Opening Shape [ALOHA]

ïCircular

ïRectangular

ÅLeak Dimensions [ALOHA]

ïDiameter

ïLength & width
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Tank Discharge:  Additional Inputs

ÅLiquid releases only[ALOHA]

ïGround type

ïGround temperature

ïMaximum puddle diameter
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Pipe Discharge

ÅSource Configuration [ALOHA]

ïInfinite tank source

ïClosed-off valve

ÅPressure & Temperature Inside Pipe [ALOHA]

ÅPipe Dimensions [ALOHA]

ïInside diameter

ïLength

ÅSurface Roughness [ALOHA]

ÅLeak Diameter [ALOHA]
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Fire Release

ÅBuoyant Plume Rise [EPIcode]

ïHeat Emission Rate 

ÅFuel quantity

ÅFuel heat of combustion

ÅBurn duration

ïAmbient Conditions 

ÅTemperature

ÅWind speed and stability class
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Explosive Release

ÅTNT Equivalent of Explosion [EPICode]

ïInitial plume rise

ïInitial dispersal



86

Session 6

Chemical Source Term 

Question & Answer Session
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Meteorology/Transport 

& Dispersion Principles



88EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Generalized Vapor Transport and 

Dispersion Regions

ÅRelease Stabilization Region

ïVicinity of release where gaseous source term stabilizes 

with atmospheric flows

ÅNear-Field Transport & Dispersion Region

ïRelease stabilization region (generally 100 m) to 

approximately 2 km ñdownwindò

ÅFar-Field Transport & Dispersion Region

ïBeyond 2 km ñdownwindò
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Release Stabilization Region

Definition

Region, very close to release point/area, where:

ïphysical effects (release energetics)

ïchemical effects (dense gas)

ïthermodynamic effects (phase change)

Dominate initial source redistribution



90EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Release Stabilization Region

ÅExamples of Physical, Chemical, and 
Thermodynamic Effects in this Region

ïMomentum-Dominated Plumes (Jets)

ïSub-cooled Leaks/Spills & Liquid Jets

ïSuperheated Liquid Jets/Spills & Two-Phase Releases

ïParticulate/Aerosol Dry Deposition & Resuspension

ïDense Gas Effects of Plume Configuration

ïChemical Transformations (e.g., Uranium 
Hexafluoride)

ïStack Tip Downwash
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Release Stabilization Region

Radiological Releases

Physical, chemical and thermodynamic effects 

essentially negligible due to generalized nature of 

accident sequence (i.e., Containment Building 

Leak of Gaseous Radionuclides)



92EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Release Stabilization Region

Hazardous Chemical Releases

ÅTypically very important in determining initial source term 
reconfiguration in near-field atmosphere

ÅMost chemical consequence models do not do well in this 
region

ÅSuperior chemical consequence models adequately address 
release stabilization region physics and thermodynamics

ïDEGADIS

ïHGSYSTEM
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Source Term and Atmospheric Dispersion 

Dichotomy in Release Stabilization Region

ÅMeteorological Conditions that Maximize Source Term 
Release Occasionally do NOT Maximize Downwind 
Concentrations

ïWind Speed

ÅIncreases Pool Evaporation, BUT ALSO

ÅDecreases Downwind Concentrations

ïWarmer Temperatures

ÅIncreases Pool Evaporation BUT ALSO

ÅTypical of Unstable Conditions (Higher Dispersion)
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Source Term and Atmospheric Dispersion 

Dichotomy in Release Stabilization Region

Å Upwardly -Directed Vapor Jet Analysis Requires Examination of an 
Ensemble of Wind Speed/Stability Cases to Determine Maximum 
Downwind Ground-Level Concentrations

ï Higher Wind Speeds

Å Reduces downwind distance at which jet bends over 

Å Reduces plume rise

Å Increases pool evaporation

Å Increases plume dilution

ï More Unstable Conditions

Å Increases magnitude of vertical turbulence, bringing effective plume height plume closer 
to ground

Å Increases plume dispersion

Å All of These Forces are Active in the Release Stabilization Region
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Source Term and Atmospheric Dispersion in 

Release Stabilization Region

Release Stabilization Region is a Region

ïOf Enormous Physical and Mathematical Complexity 

ïContaining Source Term - Downwind Concentration 

Non-Linearities

ïWhere most Chemical Consequence Codes fail to 

Effectively Address Physical Phenomena

ïWhere Largest Errors are Introduced into the Analysis

ïWhere much Research & Development is Needed to 

Improve Consequence Assessment Results
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Near-Field Transport & 

Dispersion Region

Definition

Region with the following boundary conditions:

ïJust beyond source term reconfiguration establishment 

region (typically 100 m) TO

ïApproximately 2 km from release point
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Important Factors Affecting Near-

Field Transport & Dispersion
ÅAerodynamic Effects of Buildings and Terrain 

on Atmospheric Transport & Dispersion

ïAirflow Separation (Building wake, Cavity region)

ïStack-tip Downwash

ÅMomentum and Buoyancy Effects of Effluent 

Release Parameters

ïMomentum Plume Rise (Vertical Jet, Efflux Velocity)

ïBuoyancy Plume Rise (Ambient/Effluent temperature 

difference)
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Important Factors Affecting Near-

Field Transport & Dispersion

Å Dense Gas Transport (See Session 10)

ïTerrain near release (e.g., depression)

ïPancake-type plume

ÅDecreased vertical dispersion

ÅIncreased horizontal entrainment of clean air

ÅMeander Factor (Lateral Turbulence)

ïVery stable conditions/light winds

Å Urban Heat Island

ïIncreased roughness and mechanical turbulence

ïChanges in stability class to more unstable conditions
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Far-field Transport & Dispersion Region

Definition 

ÅRegion of atmospheric transport and dispersion 
from approximately 2 km and extending to 
furthest receptor of interest

ïUsually 50-mile population dose receptor

ïWell beyond 1-km confidence limit of dispersion 
parameters (sigma-y and sigma-z)

ïTerrain-induced airflow trajectory reversals in regions 
of complex terrain



100EFCOG 2007 Idaho Falls Chemical Dispersion and Consequence Analysis (CDCA)

Far-field Transport & Dispersion Region

ÅImportant Factors to Consider in this Region
ïSpatial changes in 3-dimensional wind field

ÅMountain-valley winds (up to 8 diurnal changes)

ÅLand breeze/sea breeze (also temporally variant)

ïTemporal changes in wind field

ÅFrontal passages

ÅWind shifts

ïMesoscale systems and wave motions

ÅThunderstorms

ÅTornadoes

ÅMesocyclones
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Fundamental Basis of Chemical 

Transport & Dispersion Models

ÅWhat does a model need to effectively represent hazardous 
chemical redistribution in all 3 regions?

ïaerosolization? -dilution?

ïchem. transform.? -cavity & building wake?

ïdense gas effects? -complex air flow regimes?

ïresuspension? -topographic impaction?

ïwet/dry deposition? -momentum/buoyancy?

ïdispersion? -terrain type & roughness?

ïtransport? -urban effects?

Å The more features the model has the better chance it will 
yield meaningful results
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Types of Atmospheric Transport 

& Dispersion Models
ÅGaussian

ïStraight-line or segmented plume (ALOHA, EPICODE, 
DEGADIS, HGSYSTEM)

ïStatistical puff (NUATMOS/CITPUFF)

ÅSimilarity

ïPlume 

ïPuff

ÅStochastic

ïMonte Carlo

ïLatin Hypercube (RATCHET)

ïRandom Walk (CASRAM)
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Types of Atmospheric Transport 

& Dispersion Models (continued)

ÅGradient Transport/K -Theory

ïHOTMAC/RAPTAD

ïSCIPUFF

ïHPAC

ÅParticle-In-Cell

ïCG-MATHEW/ADPIC

ïCAPARS
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Types of Atmospheric Transport 

& Dispersion Models (continued)

ÅBox

ÅTurbulent Kinetic Energy -Driven

ïOMEGA/ADM

ïMM5

ÅParticle

ÅOthers
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Types of Atmospheric Transport 

& Dispersion Models (continued)

ÅFrames of Reference

ïEulerian

ÅPoint receptor waiting for plume

ïLagrangian

ÅReceptor moving along airflow trajectory

ïHybrid Eulerian-Lagrangian
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Meteorological Data and the Chemical 

Consequence Assessment Process

ÅMeteorological Data Applications

ïEstablishes Affected Receptors (WD)

ïDetermines  Plume Transport Time  (WS)

ïDrives Atmospheric Transport & Dispersion Models 

ÅRedistributes Source Term in Atmosphere

ÅEstimates Atmospheric Dilution and Dispersion Processes

ÅEstimates Dry/Wet Deposition and Resuspension Processes

ÅCalculates Chemical Concentrations for Health Effects 
Comparisons and Protective Actions

ïPlume Exposure (Shelter, Evacuation)

ïIngestion Exposure (Food Interdiction)
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Important Meteorological Variables

Å Wind Direction

ï Transport of source term material

ï Whereis it going and what is the trajectory?

Å Wind Speed

ï Source dilution and plume arrival time

ïWhatis immediate dilution and how long will it take to get there?

Å Indicator of Atmospheric Stability

ï Source dispersion

ï How much lateral and vertical turbulence will disperse the diluted source? 

ï Whatis the receptor concentration whenit gets there?)
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Atmospheric Physics Definitions

ÅTransport : Movement of source material as a 

single entity without changes in distribution of 

substance

ÅDilution : Immediate reduction in concentration of 

source material by action of mean wind speed

ÅDispersion:  Time-dependent redistribution of 

source material by action of molecular and 

turbulent eddies
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Meteorological Parameter Effect on 

Transport and Concentration

Met. Parameter Transport Concentration

Wind Direction Determines Plume

Trajectory

No Effect

Wind Speed Determines Arrival

Time

Immediate Dilution

of Release

Stability Class No Effect Dispersion of

Diluted Release,

Increasing with

Time of Transport
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Less Important Meteorological 

Variables

ÅAmbient Temperature

ïPool Evaporation and Aerosolization Rates

ïFlash Coefficients

ÅRelative Humidity

ïMoisture Entrained in Source Term (e.g., NH3)

ÅPrecipitation Rate

ïWet Deposition of Source Material (Especially Particulates)

ÅBarometric Pressure

ïCan Affect Initial Redistribution of Pressurized Releases
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Job Description: Wind Direction

ÅWind Direction

ïEstablishes Initial Trajectory of Plume or Puff

ïHas no Effect on Downwind Concentration

ïOriented 180 Degrees from Transport Direction

ÅSE Wind Direction Transports Effluentsto NW

ÅNE Wind Direction Transports Effluentsto SW

Å16 Cardinal Compass Sectors Centered on N (Zero 

Degrees Azimuth)
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Wind 

Direction
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Job Description: Wind Speed

ÅWind Speed

ïImmediately dilutes source material by mixing clean air at release 

point

ïEstablishes plume arrival time at receptor 

ÅAffects deposition location and rate

ïDetermines transport time from source to receptor 

ÅEstablishes decay and daughter ingrowth of radionuclide releases

ÅEstablished rate of transformation of certain chemical species

ïAffects stability class

ÅFaster winds result in more complete mixing (adiabatic)
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Job Description: Indicator of 

Atmospheric Stability

ÅIndicator of Atmospheric Stability

ïDetermines plume concentration at receptor 

ïDisperses source material by random 

turbulence (infinite degrees of freedom)

ïGaussian approximation and P-G-T curves 

commonly used

ïLateral meander factor under very stable-light 

wind conditions
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Indicator of Atmospheric Stability

ÅSix Discrete Classes (A-F) [P-G-T System]

ïInferred from Measurements

ÅTemperature Difference (DT/Dz)

ÅHorizontal Wind Direction Fluctuations (sq)

ÅVertical Wind Direction Fluctuations (sj)

ÅRoughness Length/Monin-Obukhov Scaling (zo/L)

ÅRichardson Number (Ri)

ÅSTAR (Cloud Cover, Cloud Ceiling, W/S, Solar Angle)

ïInferred from General Observable Weather Conditions

ÅWind Speed

ÅCloud Cover

ÅTime of Day
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Stability Class 

Inferred from 

Measurements
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Stability Class 

Inferred from 

Measurements
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Stability Class from Generally 

Observable Weather Conditions

ÅA-C Unstable Daytime

ÅD Neutral Day or Night

ÅE-F Stable Nighttime

ÅCloud Cover Stable/Unstable to Neutral

ÅStrong WS Stable/Unstable to Neutral
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F

E

D

C
B
A
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Other Meteorological Variables

ÅTemperature (oF)

ïImportant for Quantifying Sub-cooling and Superheating 

Thermodynamics, Especially for Cryogenic and Pressurized 

Releases

ÅRelative Humidity (%)

ïImportant for Moisture Entrainment for Efflorescent 

Chemicals (e.g., HF, NH3, SO2, NO2) and for Atmospheric 

Chemistry (i.e., Chemical Transformation)

ÅPrecipitation Rate (in/hr)

ïImportant for Precipitation Scavenging Rates (i.e., rainout, 

snowout) and Chemical Transformation
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Meteorological Data for ISMS 

and EPHA Applications

ñWorst Caseò Meteorology

Å95% c/Q Value from JFD of Wind 

Direction, Wind Speed, and Stability Class 

(Generally F Stability @ 1.0-1.5 m/sec)

ÅYou need all three parameters to attempt 

a calculation
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Meteorological Data for ISMS 

and EPHA Applications (Cont.)

ñAverageò Meteorology

Å50% c/Q Value from JFD of Wind 

Direction, Wind speed, and Stability Class 

(Generally D Stability @ 4.0-4.5 m/sec)

ÅYou need all three parameters to attempt 

a calculation
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Meteorological Data for AB 

Documentation (Cont.)

ÅJOINT FREQUENCY DISTRIBUTION (JFD)

ïWind Speed, Wind Direction, Stability Class

ïANSI/ANS-3.11 (2000) Table 2

ïTemporal Representativeness Considerations

ÅIdeal Case:  Long-Term Climatology (134 years)

ÅñNormalò Climatology (30 years)

ÅLargest Licensing:  Watts Bar (25 years)

ÅSmallest Recommended:  At Least 5 Years

ÅRecommended:  All Available Data that is Quality-Assured
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CONCLUSIONS
ÅMeteorological Parameters to Drive Straight-

Line Gaussian Models
ïPrimary: Wind Direction, Wind Speed, Indicator of 

Turbulence

ïSecondary: Temperature, Relative Humidity, 
Precipitation, Barometric Pressure

ÅMeteorological Parameters to Drive 3-
Dimensional Lagrangian Models
ïHorizontal:  Primary and Secondary Met. Parameters (Up 

to 50 locations in region)

ïVertical: LIDAR, SODAR, or Rawinsonde Data (Up to 16 
separate levels)
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CONCLUSIONS (CONTINUED)

ÅMETEOROLOGICAL DATA STATISTICS 

AND PERIOD

ïStatistics (Joint Frequency Distribution)

Å95% ñWorstò Case (F @ 1.0-1.5 m/sec)

Å50% ñAverageò Case (D @ 4.0-4.5 m/sec)

ïPeriod

ÅDemonstrate Temporal Representativeness

ÅMinimally: 5-year JFD

ÅIdeally:  30+-year JFD

ÅPractically:  All available data accrued at site
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Stability

Class

Gaussian Model

Buoyancy 

Flux &

Momentum 

Flux
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Plume Rise
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Gaussian Plume Diffusion
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Simple Gaussian Model Equations

Å Receptor at Any Point in ïxyz Space

ïConcentration at any point in downwind space 

Å Ground-Level Receptor

ïConcentration at ground level at any point in downwind space 

Å Ground-Level Receptor at Plume Centerline

ïConcentration at ground level along plume centerlineat any point 
in downwind space 

Å Ground-Level Receptor at Plume Centerline for Ground-Level 
Release

ïConcentration at ground level along plume centerline at any 
distance downwind with no effective plume height
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Simple Gaussian Model Equations
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Simple Gaussian Model Equations

ÅGround-Level Receptor
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Simple Gaussian Model Equations

ÅGround-Level Receptor at Plume 

Centerline
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Simple Gaussian Model Equations

ÅGround-Level Receptor at Plume 

Centerline for Ground-Level Release
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Lateral Dispersion of Neutrally Buoyant 

and Dense Gas Plumes

Neutrally Buoyant Plume

Dense Gas Plume

y

y

x

x
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Graphical Gaussian Plume Representations

ÅGraph 1:  Normal Distribution

ÅGraph 2: Downwind Distribution
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Normal Distribution

Downwind Distribution

Graphical Gaussian Plume Representations
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Gaussian Model Inputs

ÅQ: Source term (g/sec)

Åx:  Distance to receptor (m)

Åy:  Distance from plume Centerline(m)

Åz:  Receptor height above ground(m)

ÅH:  Effective release height (m)
ïhs:  Stack height

ïhpr:  Plume rise

ïht:  Topographic height of receptor
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Gaussian Model Inputs (Cont.)

u:  Mean wind speed (m/sec)

sy: Lateral dispersion coefficient (m)

sz: Vertical dispersion coefficient (m)

NOTE:  Wind direction is a vector and 

does not affect the numerical result
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Dispersion Coefficients for Gaussian Models

ÅTyping turbulence into ñstability classesò

ïtemperature difference - sigma theta

ïsigma phi - Richardson number

ïMonin-Obukhov scaling length

ïSTAR (WS, cloud cover, cloud ceiling)

ïSRDT (Solar radiation/temperature difference)

ÅDispersion coefficients (distance/stability)

ïLateral (sy)

ïVertical (sz)
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Gaussian Model Output

c (x,y,z)

Concentration at each receptor of interest

(mg/m3 or ppmV)
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Limitations of Gaussian Model

ÅLocation limitations
ïRelatively flat terrain

ïNo complex airflow patterns

ïSimple building obstacles

ÅOnly simplistically addresses aerodynamic 
building wake and cavity effects

ÅRegion of release non-steady state chemistry, 
physics and thermodynamics generally beyond 
modelôs capability
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Additional Limitations of Gaussian 

Model
ÅCan not address spatial windfield variability

ïcomplex-land:  Mountain-valley flows

ïcomplex-water:  Seabreeze flows

ÅGenerally limited to receptors no closer than 
100 meters

ïNote: ARCON96 limitation is 10 meters

ÅCan not easily accommodate source term 
changes with time
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DOE Facilities/Operations Offices in 

Regions of Complex Flows
Complex-Land Complex-Water

Rocky FlatsETS Brookhaven NL

Oak Ridge Reservation SPRO

Los AlamosNL Ashtabula

Lawrence Livermore NL Oakland

Sandia NL-Albuquerque

Idaho National EEL

Hanford Reservation

Nevada Test Site
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CONCLUSIONS

ÅGaussian Models used to Describe Vapor 

Transport Phenomenology have a 

Limited Spectrum of Applications

ïLimited in describing release stabilization 

region chemistry, physics and thermodynamics

ïLimited in describing near-field aerodynamic 

effects of obstacles and topography

ïLimited in describing far-field complex flows 
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CONCLUSIONS (CONT.)

ÅGaussian models are easy to use but have 

limited utility in real-world applications

ÅSome models are better and applicable to a 

wider range of real-world applications

ÅAPAC WG 6 comprehensively studied 25 

chemical consequence models to provide 

deeper insight into ñgood practicesò
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Scenario Description

ÅRelease Parameters

ï20 g/sec from Nitric Oxide (NO) Cylinder on Third 

Floor of Building Under Construction (Q = 20 g/sec)

ïRelease Height of 8.3 m (hs = 8.3 m)

ïAmbient Temperature yields no plume rise (hpr = 0 m)

ÅOffsite Receptor Coordinates

ïx (downwind) = 500 m ht (terrain height) = 1 m

ïy (crosswind) = 100 m

ïz (height) = 0 m
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Scenario Description

ÅParameters from Site Meteorological 
Program
ïWind direction: 316 degrees azimuth (resulting in 

plume centerline within 100 m of receptor)

ïWind speed:  6.3 mph = 2.8 m/sec

ïIndicator of Atmospheric Stability:  Temperature 
Difference Method: 0.1 degree F/60 meters = Class 
D (Neutral)

ïTemperature: 76 degrees F

ïRelative Humidity: 41%

ïPrecipitation: 0.02 in (during last 15-minutes)
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Calculation Cases

ÅCalculate c(Concentration at Receptor) 

in mg/m3 for 2 Cases

ïCase I:  Scenario Conditions

ïCase II:  Wind Direction Shifts Plume 

Centerline Over Receptor (y = 0)
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Case I:  Scenario Conditions

c = Q [(p)(u)(sy)(sz)]
-1exp-1/2 [y/sy]

2exp-1/2[H/sz]
2

D stability @ 500 m:  sy = 40m;  sz = 18m

c = (20) g/sec [ (3.1415975) (2.8)m/sec (40) m (18) m]-1  

[exp -1/2 (100/40)2 ]  [exp -1/2 (7.3/18)2 ] 

c = (0.003158) (0.0439) (0.921)= 0.0001276 g/m3

c = 127.6 mg/m3
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Case II:  Scenario Conditions with 

Receptor on Plume Centerline

c = Q [(p)(u)(sy)(sz)]
-1exp-1/2 [y/sy]

2exp-1/2[H/sz]
2

D stability @ 500 m:  sy = 40m;  sz = 18m

c = (20) g/sec [ (3.1415975) (2.8)m/sec (40) m (18) m]-1  

[exp -1/2 (0/40)2 ]  [exp -1/2 (7.3/18)2 ] 

c = (0.003158) (1.00) (0.921)= 0.0029085 g/m3

c= 2,908.5 mg/m3

(Note:  Centerline Concentration is factor of 22.78 larger)


