












































Air Ingress:  General Description of Air Ingress:  General Description of g pg p
PhenomenaPhenomena

NGNP Methods R&D
Presented by R. R. Schultz



Each VHTR scenario must be Each VHTR scenario must be 
l d i fl d i fevaluated in context of… evaluated in context of… 

Design implications:
Impacts:  Impacts:  
type oftype of

Relevant potential accidents:
Phenomenology & sequence 

timing

Design implications:
Mitigation systems?
Accident management 

procedures?

type of type of 
systemsystem

g
 What happens when?What happens when?
 Influence of geometry, break size , break Influence of geometry, break size , break 

location (orientation)location (orientation)
G hit t t l t i l ( lG hit t t l t i l ( l

procedures?

Nature of system:  Nature of system:  
redundancies, diversities, etcredundancies, diversities, etc

 Graphite structural material (nuclear or Graphite structural material (nuclear or 
nonnon--nuclear)nuclear)

Are there factors that may 
combine to cause unexpected

Credible break sizes:
D i b i ?combine to cause unexpected 

result, e.g., “cliff-edge” behavior 
or unanticipated turn of events?

Design basis?
Beyond design basis?
Best Estimate or conservative 

approach (Appendix K?)
Acceptance criteria?



The Air Ingress Scenario…The Air Ingress Scenario…The Air Ingress Scenario…The Air Ingress Scenario…

Is divided into 2 parts:p

1. Stage 1:  Air moves into lower plenum.

2. Stage 2:  Air moves into core region.

Stage 2Stage 2

Stage 1Stage 1



Stage 1…Stage 1…Stage 1…Stage 1…

 How does the air move into the lower plenum if a leak p
causes the system to depressurize?
•• DensityDensity--gradient stratified flow?  Occurs if break gradient stratified flow?  Occurs if break 

i t ti t k it i d d i t i F di t ti t k it i d d i t i F dorientation meets key criteria and densimetric Froude orientation meets key criteria and densimetric Froude 
number is less than 1.number is less than 1.

•• Or Diffusion?Or Diffusion?Or Diffusion?Or Diffusion?
 Densimetric Froude number is helium velocity (V) Densimetric Froude number is helium velocity (V) 

divided by wave velocity = [g’L]divided by wave velocity = [g’L]1/21/2 where where 
g’ = g g’ = g ((ρρairair -- ρρheliumhelium)/ )/ ρρheliumhelium

 The physics of the air ingress scenario are very similar to The physics of the air ingress scenario are very similar to 
the stratified flow phenomena we’ve been aware of andthe stratified flow phenomena we’ve been aware of andthe stratified flow phenomena we ve been aware of and the stratified flow phenomena we ve been aware of and 
analyzed for advanced LWRsanalyzed for advanced LWRs——since the midsince the mid--90s.  90s.  



Stage 2…Stage 2…Stage 2…Stage 2…

 What causes air to move into the core?  Must consider:
•• Manometric pressure balance between confinement and reactor vessel.Manometric pressure balance between confinement and reactor vessel.
•• Momentum induced by oxidation reactionMomentum induced by oxidation reaction
•• Decreasing density of ingressed gases due to heating.Decreasing density of ingressed gases due to heating.InternalInternal

recirculationrecirculation
•• Chimney effect.Chimney effect.
•• Circulation between core and lower plenum (yes for prismatic but Circulation between core and lower plenum (yes for prismatic but 

probably no for pebbleprobably no for pebble--bed)bed)

recirculationrecirculation

Natural circulationNatural circulation
through risersthrough risers•• DiffusionDiffusion

•• Nondimensional numbers that characterize this portion of scenario:  Nondimensional numbers that characterize this portion of scenario:  
Peclet number and Nusselt number.Peclet number and Nusselt number.

P l t [( h t i ti di i ) V]/[ diff i ffi i t]P l t [( h t i ti di i ) V]/[ diff i ffi i t]

Stage 2Stage 2
through risersthrough risers

 Peclet no = [(characteristic dimension)x V]/[mass diffusion coefficient]Peclet no = [(characteristic dimension)x V]/[mass diffusion coefficient]Stage 1Stage 1



Air Ingress ScenarioAir Ingress Scenario——Air Ingress ScenarioAir Ingress Scenario

 Occurs as part of depressurized conduction cooldown p p
scenario (DCC). 

 DCC caused by pipe leak where leak size ranges from small DCC caused by pipe leak where leak size ranges from small 
crack in piping to full pipe rupture (double-ended guillotine).

 DBA presently undefined—may be a small area leak

 Most likely scenario is a crack in piping Most likely scenario is a crack in piping.



Depressurization & Leak Spectrum…Depressurization & Leak Spectrum…Depressurization & Leak Spectrum…Depressurization & Leak Spectrum…

 Scenario begins with depressurization where rate of g p
depressurization is dictated by leak size and geometry.

 System depressurizes to confinement pressure System depressurizes to confinement pressure

 DEGB is well defined and is based on unobstructed blowdown 
through full pipe area of largest pipe or hot duct into 
confinement.  Depressurization is very short.  Air ingress 
initiated earliest point in time.p

 Small flow area leaks will likely be a “crack” in a system pipe.  
Leak may still be horizontally oriented located perhaps onLeak may still be horizontally-oriented—located perhaps on 
hot duct or instrument line at upper elevations.  



Leak Orientation Greatly Leak Orientation Greatly 
I fl Ai I S iI fl Ai I S iInfluences Air Ingress ScenarioInfluences Air Ingress Scenario

L k i t ti d iL k i t ti d i
End view of horizontallyEnd view of horizontally--

i t d ii t d iLeak orientation and size Leak orientation and size 
determines:  determines:  

1 Magnitude and timing of1 Magnitude and timing of

oriented pipe.oriented pipe.

Horizontally-oriented leak 
pipe will have larger rate

LeakLeak

1.  Magnitude and timing of 1.  Magnitude and timing of 
densitydensity--driven driven 
stratified flowstratified flow

pipe will have larger rate 
of air ingress than 
vertically-oriented leak.  
Density-gradient driven 
fl i f f

2.  Dust transport 2.  Dust transport 
characteristicscharacteristics

flow important factor for φ
greater than φoφφ φφoo

Zone where densityZone where density--driven driven 
stratified flow has no stratified flow has no 
influence.influence.



Progression of DCC & Progression of DCC & 
T i i Ai IT i i Ai ITransition to Air IngressTransition to Air Ingress——

 Blowdown is initiated: Leak (break) is choked Blowdown is initiated:  Leak (break) is choked. 

 Depressurization almost over—break unchokes Depressurization almost over break unchokes. 

 Flow influenced more and more by density gradients. Densimetric Flow influenced more and more by density gradients.  Densimetric 
Froude number signals when countercurrent stratified flow may 
begin.  Pressure level near atmospheric.

 For leaks conducive to stratified flow, air will begin moving into vessel 
only a short time after the depressurization is over Rate of aironly a short time after the depressurization is over.  Rate of air 
ingress dictated by break characteristics and orientation.



Quasi-Static Wedge IntrusionQuasi Static Wedge Intrusion

Video by:Video by:
Professor Jim Liou, Professor Jim Liou, 
University of IdahoUniversity of Idaho



Onset of Intrusion 
Momentum Principle

Control volume



Criterion for the Onset of Intrusion

Assume ambient hydrostatic condition…y



Criterion for the Onset of Intrusion (2)( )

1

no intrusion
0.6

0.8

1

Criterion Criterion 
developed by developed by 

intrusion
0.2

0.4

p yp y
Professor Jim Professor Jim 
Liou, University Liou, University 
of Idahoof Idaho

0 0.2 0.4 0.6 0.8
0



Interpretation of the CriterionInterpretation of the Criterion

Wh P d it i ti f f th h li i When PD exceeds unity, no inertia force of the helium is 
needed to prevent intrusion

 As PD decreases toward zero, the required inertia force 
to prevent intrusion increases 

 When PD reaches zero, the inertia force needs to equal 
or exceed gravitational (buoyancy) force of the air in 
order to prevent intrusion

 Since the inertia force is derived from the pressure 
differential, intrusion is inevitable as PD diminishesD 



Intrusion as a Wedge
(A static equilibrium)(A static equilibrium)

DensityVelocity

helium

profileprofile

helium

air

Wedge length LWedge length L



Mechanism of Wedge FormationMechanism of Wedge Formation

 The vessel-to-containment pressure gradient drives the p g
helium flow

 The helium flow exerts a shear stress and pressure on The helium flow exerts a shear stress and pressure on 
the interface

 The interface adjusts its shape so that local longitudinal 
gradient of gravitational force in air balances the 
stresses on the interface

 The shape of the wedge is determinable by  the 
t ti i i lmomentum conservation principle



Extent of Wedge IntrusionExtent of Wedge Intrusion

 The extent of intrusion is a function of the The extent of intrusion is a function of the 
densimetric Froude number
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Speed of Wedge IntrusionSpeed of Wedge Intrusion

 The speed of Intrusion depends on the The speed of Intrusion depends on the 
rate of decrease of PD to maintain static 
equilibriumequilibrium

time



Air Ingress ScenariosAir Ingress ScenariosAir Ingress ScenariosAir Ingress Scenarios

Original Scenario: Diffusion Dominated Air IngressOriginal Scenario:  Diffusion Dominated Air Ingress



Air Ingress ScenariosAir Ingress ScenariosAir Ingress ScenariosAir Ingress Scenarios

New Scenario: Stratified Flow DominatedNew Scenario:  Stratified Flow Dominated

Minutes to hoursMinutes to hours



Air Ingress ScenarioAir Ingress Scenario——Key Variables for Key Variables for 
Ai E t D i St tifi d Fl PhAi E t D i St tifi d Fl PhAir Entry During Stratified Flow PhaseAir Entry During Stratified Flow Phase

 Size and orientation of break; horizontally-oriented pipe 
is ideal for stratified flow. 

 Volume of confinement and quantity of air in confinement

 Ratio of reactor vessel volume to confinement volume

Operational conditions of reactor vessel when break Operational conditions of reactor vessel when break 
occurs, e.g., quantity and energy level of helium



Air Ingress ScenarioAir Ingress Scenario——Key Variables for Key Variables for 
Ai E t D i St tifi d Fl PhAi E t D i St tifi d Fl PhAir Entry During Stratified Flow PhaseAir Entry During Stratified Flow Phase (cont)(cont)

 Head of gas volume in confinement, i.e., relative hydrostatic 
heads in confinement vs. reactor vessel

 Confinement relief valve (blowout panels) characteristics, i.e., 
lift pressure, leakage, etc

 Temperature of graphite that interacts with incoming air

 Type of graphite (nonnuclear graphite used in Ft. St. Vrain 
lower plenum—and it is more reactive than nuclear-grade).



Air Ingress ScenarioAir Ingress Scenario——Considering Considering 
Stratified FlowStratified Flow Stage 2Stage 2Stratified FlowStratified Flow——Stage 2Stage 2

 Air entering reactor Chimney effectChimney effect
vessel is heated via 
contact with extremely 
hot graphite surfaces

Level of Level of 
stratified air stratified air 
layerlayer

Chimney effectChimney effect

 Momentum imparted to 
air via exothermic 
oxidation reaction in

layerlayer

oxidation reaction in 
lower plenum and 
heating

 Lower density air and 
oxidation products are 
drawn into core via 
hi ff tchimney effect



Air Ingress ScenarioAir Ingress Scenario——Considering Considering 
Stratified FlowStratified Flow Stage 2Stage 2 (cont)(cont)Stratified FlowStratified Flow——Stage 2 Stage 2 (cont)(cont)

 Sufficient air intrudes into 
core that natural circulationcore that natural circulation 
begins:

a. Within the reactor vessel 
itself and/or

a. Internala. Internal
recirculationrecirculationitself and/or 

b. From lower plenum to 
upper plenum to risers 
and then out into

recirculationrecirculation

b. Natural circulationb. Natural circulation
through risersthrough risersand then out into 

confinement.
 Quasi-steady-state pressure 

balance (equal hydrostatic

Stage 2Stage 2
through risersthrough risers

balance (equal hydrostatic 
heads) achieved between 
confinement and reactor 
vessel

Stage 1Stage 1



Key Considerations that Affect Key Considerations that Affect 
Initiation of Natural CirculationInitiation of Natural CirculationInitiation of Natural Circulation…Initiation of Natural Circulation…

 Level of air layer that has moved into lower plenum:Level of air layer that has moved into lower plenum: The The 
l l i di t t d b f i ti b l d i t t il l i di t t d b f i ti b l d i t t ilevel is dictated by friction balanced against manometric level is dictated by friction balanced against manometric 
head between conditions in confinement and lower density head between conditions in confinement and lower density 
gases in lower plenum and core.  gases in lower plenum and core.  

 Natural circulation of the air layer:Natural circulation of the air layer: It will be induced by It will be induced by 
heating from hot structures and environmental heat losses heating from hot structures and environmental heat losses 
considering the buoyancy forces.  Also of potential considering the buoyancy forces.  Also of potential g y y pg y y p
importance is the oxidation reaction and the potential to importance is the oxidation reaction and the potential to 
impart momentum to the contact gases.impart momentum to the contact gases.

N t l i l ti f th h liN t l i l ti f th h li Th hi ff tTh hi ff t Natural circulation of the helium:Natural circulation of the helium: The chimney effect, The chimney effect, 
caused by heating of the helium will draw gases  into the caused by heating of the helium will draw gases  into the 
core from the lower plenum.  Air near the lower reflector will core from the lower plenum.  Air near the lower reflector will 
be drawn into core.be drawn into core.be d a to co ebe d a to co e



Chang will Quantify Stages 1 & 2 for Chang will Quantify Stages 1 & 2 for 
a Small Leak & DEGB scenarioa Small Leak & DEGB scenarioa Small Leak & DEGB scenario…a Small Leak & DEGB scenario…

 By giving:

A comparison of a hand calc to some of the CFDA comparison of a hand calc to some of the CFD•• A comparison of a hand calc to some of the CFD A comparison of a hand calc to some of the CFD 
output.output.

Gi l ti it d f t i h d dGi l ti it d f t i h d d•• Give relative magnitudes of manometric heads and Give relative magnitudes of manometric heads and 
time scales.time scales.



NGNP Technology Integration Review Process Meeting
March 31, April 1, 2009

Current INL R&D Activities on VHTRCurrent INL R&D Activities on VHTR-
Air-Ingress Accident Analysis

Presented by
Chang Oh 



Overview
1. Introduction

2. Past Understanding on Air-ingress Accident Scenario2. Past Understanding on Air ingress Accident Scenario

3. Current Understanding on Air-ingress Accident Scenario

4 Densit Gradient Dri en Stratified Flo4. Density- Gradient Driven Stratified Flow

5. Analytical Models: Qualitative Understanding

6. CFD Simulations (2-D and 3-D): Quantitative Assessment

7. Summary



2. Past Understanding on Air2. Past Understanding on Air--ingress Scenarioingress Scenario

Most of the previous analyses to date are based 
on the molecular diffusion dominated air-ingress scenario.

“ GA-911128 [2008], Reactor containment, Embedment depth, and Building Functions Study”



3. Current Understanding on Air3. Current Understanding on Air--ingress Scenarioingress Scenario

1. Depressurization 2. Stratified Flow (Stage 1) 3. Stratified Flow (Stage 2)

Density gradient between reactor inside and outside will drive 
convective flow much faster than molecular diffusion in GT-MHR

Air Helium Air Helium Air

Helium

Stratified Flow
Stage-1: Initially density gradient is 
driven by a factor of 26 and temperature Helium

4. Natural Convection

driven by a factor of 26 and temperature 
(250 C vs. 9000 C (7500 C considered later).
Stage-2: Air moves up into the reactor 
core and initiates the Onset of Natural

Air

core and initiates the Onset of Natural 
Convection.



3. Current Understanding on Air3. Current Understanding on Air--ingress Scenario ingress Scenario 
Dependent on GeometryDependent on Geometry (Cont.) (Cont.) 

Molecular diffusion experiments conducted by Duncan & Toor using 
a 2 mm tube were compared with CFX Code simulations with a 2 mm 
tube and a 16 mm tube.

Bulb 2

Bulb 1
with CO2 and N2

(1) 2 mm horizontal pipe (exp & sim ) (2) 16 mm horizontal pipe (sim only)

Bulb 1
with CO2 and N2

Bulb 2
with H2 and N2

Bulb 2
with H2 and N2

0 5

0.6

(1) 2 mm horizontal pipe (exp. & sim.) (2) 16 mm horizontal pipe (sim. only)

(1)

L/D = 44.5 L/D = 5.5

0.3

0.4

0.5

e 
Fr

ac
tio

n Diffusion dominant

Convection dominant

( )

(2)

0.1

0.2M
ol

e

16mm  : CFD Bulb#1 (CO2)  
 2mm   : CFD Bulb#1 (CO2)
 2mm   : Exp Bulb#1 (CO2)
 16mm : CFD Bulb#2 (H2)
 2mm   : CFD Bulb#2 (H2)
 2mm   : Exp Bulb#2 (H2) 16 mm horizontal pipe

0 50 100 150 200
0.0

Time (sec.)

p ( ) 16 mm horizontal pipe



4. Density Gradient Driven Stratified Flow4. Density Gradient Driven Stratified Flow

Stratified Flow
• Density-gradient stratified flow known

Salt water water

Density gradient stratified flow known 
as gravity current can happen when a 
heavy fluid intrudes into lighter fluid.

f• After depressurization, a large density 
gradient exists between reactor inside 
(Helium) and outside (Air).

•The gravity current flow can  
accelerate the air-ingress process.

D it di t d i fl i• Density gradient driven flow is very 
common phenomena which can be 
observed in the PWR.

Density gradient driven stratified flow 
experiment with a lock gate (Shin et alexperiment with a lock gate (Shin et al. 
[2004]) 



5. Analytical Estimation on Stratified Flow5. Analytical Estimation on Stratified Flow

Air velocity to the lower plenum was estimated from Lowe’s gravity 
current experiment.
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5. Analytical Estimation on Stratified Flow (Cont.) 5. Analytical Estimation on Stratified Flow (Cont.) 
TimeTime--scale Comparisons in Stage 1scale Comparisons in Stage 1

(1) Time-scale for stratified flow

Time-scales of stratified flow and diffusion were compared to determine 
the dominant process.

Stage 1. Stratified Flow 
by Air and Helium Density Differences

(1) Time-scale for stratified flow 
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In the Stage 1, time-scale of the stratified flow is much smaller than that of diffusion so that the 
diffusion can be neglected.



5. Analytical Estimation on Stratified Flow (Cont.) 5. Analytical Estimation on Stratified Flow (Cont.) 
Momentum Conservation in Stage 2Momentum Conservation in Stage 2
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5. Analytical Estimation on Stratified Flow (Cont.) 5. Analytical Estimation on Stratified Flow (Cont.) 
Criteria for Stage 2Criteria for Stage 2

• Temperature gradient drives cold air into the lower plenum.

Stage 2 - Stratified Flow

• Cold air expands in the lower plenum by heating.
• If the pressure build-up by the expansion is larger than the static 
head of the core, air can move into the core.head of the core, air can move into the core.

dP > Static Head : Convection Dominant
dP < Static Head : Diffusion Dominant

GT-MHR NACOK

Air DensitydP < Static Head : Diffusion Dominant


Pressure Build-up [Pascal]:

Air Density 
Ratio (γ) 0.253 0.323

Pipe Diameter 
(D) 1.5 m 0.125 m

( )( ) 






 −⋅⋅⋅−⋅= 111
8
1

3γ
γρ DgdP

dS )(
Static Pressure [Pascal]:

Core Height 
(Hv)

11 m 7.334 m

Pressure 
Build-up (dP) 24.18 Pa 1.101 Pa

vrisercore HgHeadStatic ⋅⋅−= )( ρρ Static Head 10.01 Pa 9.6 Pa



5. Analytical Estimation on Stratified Flow (Cont.) 5. Analytical Estimation on Stratified Flow (Cont.) 
TimeTime--scale Comparisons in Stage 2scale Comparisons in Stage 2

Hv
Hair

u2

Helium

L

H AirD

GT-MHR 600 MWt
Channel Depth (D) (m) 1.5

C H i ht (H ) ( ) 11

Calculation of timescales for GT-MHR  (Stage 2)

Core Height (Hv) (m) 11

Average core flow velocity (m/s) 0.26
Convection Timescale (tc) (sec)

(within Hair)
42( air)

Diffusion Timescale (td) (sec) 2.70e4

td / tc 642



5. Analytical Estimation on Stratified Flow5. Analytical Estimation on Stratified Flow

(1) Depressurization (2) Onset-of Flow (3) Density-driven Flow
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6. CFD Simulations for Air-ingress Accident
-- Double Ended Guillotine BreakDouble Ended Guillotine Break

In the previous 1-D/2-D/3-D air-ingress analyses by other researchers, 
interactions between the confinement and  the reactor vessel were not 
considered.

6.8m

0.5 m

5.4 m

23.7 m

11.0 m

2.4 m
0.4 m

0
1.5 m

25.2 m

4.5 m

12.1 m

0.4 m

GT-MHR 600 MWt



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Small Break Small Break 

Break Size = 86 cm2

Case 1. top break
Break was assumed 
at the top of the 
steam generator.g

Initial air mass fraction 
in the confinement was 
assumed to be 1.0 as 
part of parametric 
studies



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Small Break (top break)Small Break (top break)-- 22--D FLUENT CFD ModelD FLUENT CFD Model

Flow was assumed to be laminar.

(a) air mass fraction

(b)

(b) y-velocitymass fraction (air)

(a)

10 sec
- Simulation was started after depressurization.
- Initial air mass fraction in the reactor outside 
was assumed to be 1.0 as a parametric scoping 

l i Th i t ti d d thanalysis. The air concentration depends on the 
size of the confinement.



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Small Break (top break)Small Break (top break)-- 22--D FLUENT CFD ModelD FLUENT CFD Model

(a) y-velocity
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6. CFD Simulations for Air-ingress Accident (Cont.)
-- Small Break (top break)Small Break (top break)

10 sec 20 sec 30 sec 40 sec 50 sec

0 1Air Mass Fraction

60 sec 80 sec 100 sec 200 sec 1000 sec



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Small Break (top break)Small Break (top break)

Average Air Mass Fraction in the Core and the Lower Plenum
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6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- DEGB (3DEGB (3--D Model)D Model)

Top View of Rx Vessel

Coolant

12.1 m

Core

Reflector
Coolant 

Riser

25 2 m
Reflector

25.2 m

6.80 m
4.78 m
2.90 m

7.80 m



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- DEGB (3DEGB (3--D Model)D Model)

Upper Plenum Upper
Courtesy of 
FLUENT for the Upper Plenum Upper 

Plenum

C l t

GT-MHR lower 
plenum

Core Block 

He Coolant 
Riser

Lower Plenum

(Porous Media)
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Cold Leg
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6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- DEGB (3DEGB (3--D Model) D Model) 

Comparison of core pressure drop to ensure the hydraulic resistance during 
normal operation: Design vs. CFX Calculation at steady-state conditions

Pressure (Pa)
Pressure

Conceptual
Design Data

CFX
Results

I R V l

Drop Results

In Rx Vessel
(CL → HL)

71 kPa 78.8 kPa

Active Core 51 kPa 50.9 kPa

CFD Analysis Conditions
- He mass flow rate : 320 kg/s

He temp (inlet/outlet) : 500 / 900oC- He temp. (inlet/outlet) : 500 / 900oC
- Porous condition in Core

+ Volume porosity : 0.185
+ Permeability : 9.706E-4 m2y
+ Resistance loss coefficient : 1.367 m-1



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- CFX Version 12CFX Version 12

Wall Temp. of      
Core Block Surface
= 863 ~ 1276 K

Symmetry Condition
(180o Plane)

 863  1276 K

W ll T fWall Temp. of      
Support Block Surface
= 900 K

Wall Temp. of
Rx Vessel Surface
= 763 K



Air Ingress Accident Air Ingress Accident –– Results of Air Mass Fraction Calculations Results of Air Mass Fraction Calculations 
following Depressurizationfollowing Depressurization

Air 
Mass Fraction

0.56 sec 0.97 sec 1.97 sec 3.97 sec 5.97 sec

(*Contour on y = 0.01 m)



Air Ingress AccidentAir Ingress Accident –– Results of Air Mass FractionResults of Air Mass Fraction

Air 
Mass Fraction

9.86 sec

Comparison of

15.86 sec 20.06 sec 27.56 sec

Comparison of 
2-D calculation  
at 10 sec

(*Contour on y = 0.01 m)



Air Ingress AccidentAir Ingress Accident –– Results of Air Mass FractionResults of Air Mass Fraction

Lower Plenum
Volume Averaged 

Air Mass Fraction = 0.48

17.86 sec

y = 0.01m

x

z

Lower plenum bottom
x

y



Air Ingress Accident Air Ingress Accident –– Results of Air Mass FractionResults of Air Mass Fraction

Core Block
Volume Averaged 

Air Mass Fraction = 0.174

17.86 sec

Z = 3.4 m from the 
core bottomcore bottom
MFair = 0.27

Z = 0.3 m
(Core Bottom : 0 m)

z

(Core Bottom : 0 m)
x

y



Air Ingress Accident Air Ingress Accident –– Voulme averaged air mass fractionVoulme averaged air mass fraction
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Air Ingress AccidentAir Ingress Accident –– Buoyancy ForceBuoyancy Force

Lower Plenum
Volume Integrated 

Buoyancy Force = 155 N
Time = 17.86 secForce / Volume

( N / m3)
y = 0.01 m

Buoyancy Force = 155 N

y 0 0

z

x
y Lower plenum bottom



Air Ingress AccidentAir Ingress Accident –– Force of helium injection at Force of helium injection at 
the top of GTHTR 300the top of GTHTR 300

F 0 062 N t

Xing L. Yan et al, “A Study of Air Ingress and Its Prevention in HTGR”, 
Nuclear Technology, Vol.163, Sep. 2008

 Mass Flow Rate : 0.2 kg/hr
- Yan [2008] used this flow rate.

Force : 0.062 Newton

Yan [2008] used this flow rate.

 Orifice Flow Area : 0.011 mm2

- Diameter : 0.12 mm

 Calculated Mass Flow Rate

1
1

1
21 −

+







⋅⋅⋅⋅=

k
k

o kTR
kPAm

= 0.23 kg/hr

 Momentum : 

1 +⋅o kTR

Newton062.0Vm =



-- GTHTR 300 design and modelingGTHTR 300 design and modeling

Yan Xing, 2008
Assumed 
to be axi-symmetric

Modified for 
matching 
surface area

GT-HTR 300 CFD Modeling



Air Ingress AccidentAir Ingress Accident –– Velocity VectorVelocity Vector

Time = 5.97 sec
y = 0.19 m

Velocity (m/s)
y

(y = 0.0 m : Symmetry Plane)

x

z

Support Block

y



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Double Ended Guillotine Break (2Double Ended Guillotine Break (2--D Modeling) Using FLUENTD Modeling) Using FLUENT

0 0.5Air Mass Fraction

1 sec 3 sec 5 sec 10 sec 20 sec

30 sec 60 sec 110 sec 160 sec 210 sec



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Double Ended Guillotine Break (2Double Ended Guillotine Break (2--D Modeling)D Modeling)

0.5

Velocity Vector

0
Air Mass Fraction (20 sec)

Pathlines



6. CFD Simulations for Air-ingress Accident (Cont.)(Cont.)
-- Double Ended Guillotine Break (Chemical Reaction)Double Ended Guillotine Break (Chemical Reaction)

0.67 0.160.1150.385

Buoyancy parameter of various fluids at 20 oC and 1 atm in earth gravity

CO mass fraction
(At higher than 800 C

0
CO2 mass fraction

00 0
O2 mass fractionN2 mass 

fraction
2.4e6Helium

1 5e8Air

gβ/ν2, K-1 m-3Fluid

2.4e6Helium

1 5e8Air

gβ/ν2, K-1 m-3Fluid

1
(At higher than 800 C
the CO ratio is higher
than CO2)

fraction
1

Time = 13 sec

2.0e9Water

5.3e8Carbon Dioxide

1.5e8Air

2.0e9Water

5.3e8Carbon Dioxide

1.5e8Air

He mass fraction
(with reaction)

He mass fraction
(without reaction)

0.5 0.5



Summary

1. Density-Gradient Driven Stratified Flow is the Dominant Air Ingress 
Mechanism for Large Breaks and Some Small Leaks

2. Air Ingress is Location, Size, and Orientation Dependent

3. Density-Gradient Driven Stratified Flow moves Air into the Reactor 
Vessel much Faster than Molecular Diffusion

4. Natural Convection occurs shortly after Air moves into the Lower 
PlenumPlenum

5. Air Ingress Experiments are needed for Code Validation and for 
Additional Phenomena Clarification

R d tiRecommendations
• Air ingress experiments
• Develop air ingress mitigation methods using the validated CFD code 

(inert gas injection from the lower plenum)(inert gas injection from the lower plenum)
• Detailed stress analyses and experiments (silicone carbide coating) 

on the lower plenum graphite



Questions & Answers


