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PBDOWN — A Computer Code for Simulating Core 
Material Discharge and Thermal to Mechanical Energy Conversion 

in LMFBR Hypothetical Accidents
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PBDOWN is a computer code that simulates the blowdown of confined boiling materials (’’pools”) 

into a colder upper coolant plenum as time dependent ejection and expansion with consideration 

of a few selected exchange processes. Its application is restricted to situations resulting 

from hypothetical loss of flow (LOF) accidents in LMFBR’s, where enough voiding has occured, 

that in core sodium vapor pressures become negligible. PBDOWN considers one working fluid 

for the discharge process (either fuel or steel) and a maximum of two working fluids (either 

fuel and sodium or steel and sodium) for the expansion process in the upper coolant plenum. 

Entrainment of sodium at the accelerated bubble liquid interfaces is mechanistically calcula­

ted by a Taylor instability entrainment model. Simulation of a hemispherical expansion form 

together with this mechanistic entrainment model gives a new integrated calculation of the 

time dependent sodium mass in the bubble. The paper summarizes the basic equations and assump­

tions of this computer model. Sample results compare different heat transfer and Na entrain­

ment models during steel and fuel driven discharge processes. Mechanistic sodium entrainment 

simulation for SNR-type reactors coupled with a realistic heat transfer model is shown to re­

duce the integral mechanical work potential by a factor of 1.3 to 2.0 over the isentropic ener­

gy of the discharge working fluids.



1. Introduction

Analysis of hypothetical core disruptive accidents (HCDA's) in LMFBR's involves simulation 

of sequences in which confined boiling core materials ("pools") are discharged into the upper 

coolant plenum. Here they expand further, interact with sodium, and solidify before they sett­

le as particulate debris. Both the material discharge and the expansion in the upper plenum 

involve complicated multiphase multicomponent exchange processes. Their integrated simulation 

is very complicated / 1_/. Analyses giving conservative estimates for the resulting mechanical 

energy source term are therefore made for the more effective working fluids fuel, steel, and 

sodium for instance by calculating isentropic expansion energies. PBDOWN (Pool Blow Down) is a 

computer model which simulates this material discharge as a time dependent ejection and expan­

sion with special consideration of a few selected exchange processes. It allows one working 

fluid for the discharge process (either fuel or steel) and a maximum of two working fluids for 

the expansion process in the upper coolant plenum (either fuel and sodium or steel and sodium). 

The model concentrates in particular on simulation of thermal interactions of the entrained 

sodium in the expanding bubble with the discharged core materials, on the pressure vs. time be­

haviour and the resulting mechanical energy potential. The expansion geometry is simple. Upper 

core and upper internal structures above the ejection orifice which can play an important role 

in dissipating energy of the ejected materials are neglected.

2. Overview over Modeling and Assumptions

PBDOWN simulates a boiling pool and an expanding multiphase bubble as two homogeneous zo- 

rifice (fig. 1). The model goes beyond similar earlier 

work of Cho L 2_/ and Corradini L 3_/. Its mass and ener­

gy equations are generalized to the system fuel and steel 

in the pool and fuel, steel, and sodium in the bubble. 

Whenever the pool pressure exceeds the bubble pressure 

pool material is ejected applying quasistationary flow 

correlations. Expansion of the bubble occurs with a step­

ped up constraint model for the acceleration of the cool­

ant in the upper plenum which is adjusted to the SNR-300 

geometry. This model includes a hemispherical expansion 

phase in which a generalized Rayleigh momentum equation 

is solved with a volume source term. The entrained coolant 

volume which can reach considerable liquid volume frac­

tions in the bubble does not add to the pressure volume 

work. The model enforces a compatibility between the ejec­

ted and entrained masses and the available volumes in the 

bubble at the accelerated vapor liquid interfaces with a

nes which are connected through an
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Fig. 1: Basic Features of PBDOWN

bubble. Subcooled sodium enters the

rate that can be determined from different entrainment models. Besides using a parametric mo­

del PBDOWN allows also for a mechanistic entrainment calculation from the coolant acceleration 

based on Corradini's Taylor instability entrainment model L 3_/. Its application in the hemi­

spherical expansion phase can add substantial amounts of sodium before entrainment cut off oc­

curs due to negative accelerations at the bubble liquid interface resulting at high expansion 

velocities. The treatment of the hemispherical expansion form which has been observed in rela­

ted experiments L 4_/ coupled with a Taylor instability entrainment mechanism provides a new
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integrated simulation of the time dependent sodium mass in the bubble where the thermal inter­

action with the ejected materials can be enhanced due to entrainment interruption L 5_/. Heat 

exchange and vaporization of the entrained sodium is simulated to be condensation controled 

with an instantaneous heat up of the entrained sodium to saturation conditions and a subse­

quent rate dependent radiative and/or conduction controled vaporization L 2_/, or else to . be 

a radiation and vapor diffusion controled rate dependent energy transfer both above and below 

the saturation temperature L 3_/. The evaporated sodium is instantaneously superheated to 

thermal equilibrium with the vapor of the ejected component. The nonequilibrium between sodium 

vapor and liquid is derived from the physical picture of a boundary layer of pure saturated 

sodium vapor around the sodium droplets, so that the Na saturation temperature follows the to­

tal bubble pressure L 2_/. The governing equations for PBDOWN are summarized in appendix A 

which also explains the nomenclature. Besides the general conditions for the model defined 

above the equations are based on the following simplifying assumptions:

1. The specific volume of the liquid phase is negligible compared to that of vapor

2. Heat transfer between fuel and steel is simulated in the bubble while thermal equili­

brium is assumed within the pool. Fuel is treated as a single phase liquid in a fuel 

steel mixture.

3. The vapor components behave as an ideal gas

4. Specific heat, latent heat of vaporization and liquid densities are constant

5. Vapor pressure changes are described by the Clausius Clapeyron equation

The postulated equilibrium condition in the pool exaggerates heat exchange of fuel and steel 

in a steel driven discharge. The ejected fuel in a fuel steel mixture transfers energy to the 

steel with an exchange coefficient taken from ref. L 1_/. It does not interact directly with 

the liquid sodium. The equations from appendix A form a complete set that defines and couples 

the pool, bubble, slug, constraint, and covergas conditions. Numerical integration is per­

formed for tthe increments in temperatures, vapor qualities, and bubble volume using mean va­

lues for the integral quantities over each time step and a time step modification scheme. Com­

patibility of the temperatures and vapor qualities in the bubble with the integral condition 

from eq. (12), after Na saturation also with the nonequilibrium conditions from eqs (8) and 

(25) is enforced for each time step. The increments are corrected with conservation of the 

transfered energy in the sodium and fuel or steel component. Special solutions are applied 

when fuel or steel approach the sodium temperature or for the case where sodium is condensed 

due.to large entrainment rates.

3. Results

A comparison of different heat transfer and Na entrainment models has been made with PBDOWN 

for a steel driven discharge of a fuel-steel mixture after the transition phase of a LOF acci­

dent and for a fuel vapor driven discharge of fuel after an energetic disassembly phase induced 

by sodium voiding in a LOF accident (Fig. 2). A range of initial average pool temperatures was 

investigated which goes far beyond what is mechanistically achievable in such hypothetical ac­

cidents. It demonstrates the relative differences between these models at various temperature 

levels. Compression of the covergas was neglected since analysis showed little influence on 

the overall energy conversion. Discharge was simulated with the blowdown correlation from 

Fauske eq. (21). The total core cross section was used as an ejection orifice which pessimisti-
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cally maximizes the rate of enthalpy transport into the bubble. The masses and geometries are 

representative for SNR-300 type reactors. The fuel mass is slightly less than in the CRBR, for 

which similar fuel vapor driven blowdown calculations have been performed by Corradini L 3_/.

Compared to these calculations for the CRBR two important differences exist however in the geo­

metry for the expansion process, i.e. the cross sectional area of the sodium slug above the 

core is only half as big in the SNR due to the presence of the shield tank and the considered 
3 ...final expansion volume of 70 m is more than 3 times larger. The bigger expansion volume in­

creases the expansion time and the potential of sodium as a working fluid. The smaller slug 

cross section reduces the entrainment surface and decreases the attainable sodium to fuel mass 

ratios for the same expansion time which enhances the work potential, if one compares with the 

CRBR results. The Taylor instability entrainment model with the stepped up constraint phases 

from PBDOWN was applied with four different heat transfer simulations and compared to results 

without entrainment and to the isentropic expansion energies. In case of the fuel-steel mixtu­

re these were pessimistically calculated assuming thermal equilibrium between the two compo­

nents. Besides that results are also given for the Cho model L 2_/ with the most energy enhan­

cing entrainment rate of 0.2 and with blackbody radiation and heat conduction for very small 

Na-droplets of 0.007 cm radius. This last model (cases Si and F1) yields the highest work po­

tentials, although only a small fraction of the core inventory gets involved. Energies can in­

crease by a factor of 1.6-1.7 above 

the isentropic values for the SNR 

geometry. This parametric simula­

tion and the large heat transfer 

rates are unrealistic, however. 

All existing mechanistic entrain­

ment models and the available simu­

lation experiments / 4_/ show much 

larger entrainment rates. Cases S4 

and F4 were defined therefore on 

the basis of the mechanistic Na en­

trainment and sodium droplet radii 

from Corradini’s model. Heat trans­

fer to the liquid sodium was pessi­

mistically simulated with the Cho
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Fig. 2: PBDOWN Work Potentials at 70 m Expansion Volume

model. Heat transfer for sodium vaporization was controled by radiation onto a clean sodium 

surface for which a radiative absorptivity of € = 0.04 was applied. For fuel vapor this so 

called worst case simulation resulted in energies slightly below the isentropic values in Cor­

radini ’s expansion analysis for the CRBR L 3_/. For the SNR geometry it leads to energies ca. 

10% above the isentropic values. Part of this increase comes from the reduced Na entrainment 

in the hemispherical constraint phase, which was not accounted for in the earlier analysis. For 

the steel driven discharge this approach as all the others except the Cho model results in a 

reduction of the work potential over the isentropic value because the thermal contact between 

the fuel and steel is essentially lost after discharge into the upper plenum. The assumption 

that the entrained sodium is raised instantaneously to saturation uses the physical picture of 

a rapid heat transfer due to condensation of fuel or steel vapor on the droplet surfaces. As
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shown in ref. L 3_/ this vapor condensation is inhibited by early sodium vapor generation. A 

gas layer is rapidly built up which acts as a noncondensable gas. It reduces heat transfer to 

the sodium to a diffusion controled condensation with a smaller heat transfer rate than due to 

radiation from the condensed fuel or steel fog around this vapor layer. Both mechanisms are 

combined in a more realistic model from Corradini eq. (19). Using this model in the expansion 

simulation makes the sodium dominantly act as a heat sink, where smaller absorptivities of the 

sodium surface degrade the work potential less. This reasonable heat transfer model with €, = 

0.04 (cases S5 and F5) leads only to a small reduction over the expansion energy without so­

dium entrainment (cases S3 and F3). Using an absorptivity of 0.2, which corresponds to a partly 

dirty droplet surface, transfers more energy to the sodium (cases S6 and F6). Vaporization of 
3 

sodium does occur in this case shortly before reaching the expansion volume of 70 m . Its con­

tribution to the work potential is small. Only for mild discharge processes at low initial fuel 

temperatures and vapor pressures it causes the flattening in case F6. All energies in fig. 2 do 

not drop under the lower limit for the possible degrading effect of sodium entrainment on the 

overall expansion energy (cases S7 and F7). As in ref. L 3_/ this limit was obtained under the 

assumption of an instantaneous sodium heat up to saturation without any vaporization.

4. Conclusions

Time dependent discharge through the maximum available core opening and a mechanistic so­

dium entrainment simulation coupled with a reasonable heat transfer model can altogether reduce 

the energy of blowdown events in the discharge phase of hypothetical LOF accidents in SNR-type 

reactors by a factor of 1.3 to 2.0 compared to the isentropic values. Pessimistic worst case 

calculations, if they are based on a mechanistic entrainment simulation, have only a small poten­

tial for enhancing the expansion energy even if the entrainment rate is intermediately cut down 

during the phase of hemispherical expansion. The pessimistic amplification factor of 1.1 re­

sults in this case to some degree from the large expansion volume in the SNR-300 which allows 

for a greater contribution of the sodiumvapor expansion at lower pressures to the overall work 

potential. The stepped up constraint model and the entrainment surface in PBDOWN have been se­

lected with plausible criteria derived from the SNR-300 vessel geometry. But the calculated en­

trained volume fractions are still lower than what is known from available experiments L 4_/ . 

For an improved analysis that takes credit from the expected larger entrainment rates one must 

wait till results from scaled experiments for this geometry become available to which the open 

model parameters such as constraint sequences and entrainment mechanisms can be adjusted.
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Appendix A: Governing Equations

1. Energy of Material in the Pool

ale.(teu+Go-&-($lnrp."]* ».",])4 6e($, 9* C %) < i >
Eq. (1) was rewritten in terms of core temperature and vapor mass fraction and the continuity relation G = -G, for the mass c D
change by ejection was used to give:

(Gorle,-Sx2)7+ L(L,-R,T)*s =.% RsTeXsc+(*e9f (2)

2. Continuity Equation and EOS for Vapor Mass Fraction in the Core

A dlv - 4 dGb 
vdkGedt " 3 }

Rewriting eq.(3) with assumptions 1-5 yields:

€l-al*-*-4 0)
3. Energy of the non Boiling f-Component in the Bubble

sd[647=1d. (ert 1.0) + 1G4(9—4(T - 5)) <S>
Using the relation between enthalpy and internal energy and rearranging leads to the energy equation for the non boiling 

f-camponent in the bubble in terms of temperature for this component:

q*=&pc(T-T6)+9-u(T-1.) (6)

4. Energy of the boiling s-component in the bubble

E&[A,e]-Is, (o + P.%) + % 6, “4l— T)) - 4. — 4 & (6.6,",) (7)

Using assumptions 1, 3, 4, and applying the non equilibrium condition that the liquid sodium saturation temperature always 

follows the'total bubble pressure, once it has reached the saturation line

Tx-4.c) - *300
and with the definition of eq. (17) for the heat exchange 2INa between the s-component and the entrained sodium 

one obtains a modified energy equation in terms of bubble temperatures and vapor mass fractions:

c,+L,84-Xa8,7564",,+Swe(T.-)s=A=-[c,(%-t)-L,(Xse-x,)]+ <91
Ne <5 96 Pb " 7 i Is bb - / J

5. Energy Equation for the Entrained Sodium in the Bubble

& (6w.€..) Geu,+ Ss,w % & (G"%) (10)

Using the same assumptions as for eq. (9) energy equation of sodium can be rewritten in terms of bubble temperatures and 

vapor masses:

X, & + Cm) f +[-- X8w+qu+R„"#] t +[Lt R„(T.,-T.)] •= ■ Gax (6,+%m (- .))+C.. (™. - %..) + 2 an
6. EOS and Continuity Equation for the s-Vapor Component in the Bubble

%. y= X $ G R, T 1121

with the gas volume in the bubble determined from the bubble volume by subtracting the liquid content:

v,- (sr + 1.(+-x,) v) 64 - (4-x„).6. as
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Using the Clausius Clapeyron equation for the vapor pressure change in the s-component in the time derivative of eq. (12) 
yields:

*( v,sv)ia fss Y [z* 9e29+f.(4-Xs)] : (4- Xw.) %. :
y 4b ) Wa885 J

7. EOS and Continuity Equation for both Vapor Components in the Bubble

P. V,a= (x %, G,R, + Rwa) T = GRe 5 (15)

Rearraning eq. (15) in the same way as eq. (12) and introducing the sodium temperature from eq. (8) for the bubble pressure 
yields:

4*-( v)1,6,3,+#fi.-(k v)6„8.. _ LXks £20+$s(-x6)6]:
Vgas Vgas n LGRe#

(4-xwo).] AVgas J -Wa (16)

8. Heat Exchange between the s-component and the Entrained Sodium

^5^ &+d. &, + & (%wa (Ts Tm)

Cho-Epstein Model

This model from ref. / 2_/ instantaneously raises the entrained sodium droplet to saturation, vaporizes it rate dependent 

by radiation and conduction and instantaneously superheats the vapor to thermal equilibrium with the s-component. The first 

two components are summarized as 21 with

6c. (t.,- 26-27"),, [e. s, t:)+8;(.-t)]
Corrad’irii Model

This model from ref. / 3_/ simulates heat transfer also to the subcooled entrained sodium as a rate dependent process and 

simulates vaporization by a diffusion controled condensation of the s-component on the droplet surface, sodium vapor is 

again instantaneously superheated to thermal equilibrium with the s-component.

- ' r / — 4) Naka A.4,s (r.)77

In the Corradini Model TNa can be lower than saturation conditions. In this case the saturation pressure from s becomes 

the bubble pressure, eqs. (9) and (11) simplify and eq. (16) is- not solved at all.

9. Ejection Rate from the Pool into the Bubble

when % < Pe 
when P,2 n

(20)

Two different models can be applied for the quasistationary blow down of the core materials

Fauske ref. / 7 7 :

Homogeneous frozen flow 

ref. A 27 :

3-C ^c - P) wifh *=max(o.ss*,%) 

,. Ms*8n— u 1./2) rZ

(f,% + £.((4-x,.) v + Xse Rs 7 1)) (22)

10. Contraint Models

Slug Expansion:

Hemispherical

Expansion:

i, - As (i- u‘^ " 2 - 27. s.
0,-27-4 wih*=AAP-34,2-Me(4a+4u,)]+ib - "a -

Volume increase by entrainment is accounted for in eq. (2 3) and (24) which required some generalization of the Rayleigh 

equation. Traftsition from one constraint model to the other either with constant kinetic energy of sodium or constant ex­
pansion rate of the bubble.
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11. Bubble Pressure

P= p i ( 1) + XNa KNa 75bb 5 56)1 v‘ 1285

12. Covergas Pressure
4.667

A= P (—) 
v V4-

13. Sodium Entrainment

Cho ref L 27 : Gx== G6 non mechanistic with entrainmentparamenter w as input

Corradini ( __  Q , J AX for slug expansion--- -AAae2ref / 2L : —l g for hemispherical expansion

u, = C’ "max (Acc o)] will, C= 4 65 27y97
- - SNa

(25)

(26)

(27)

(28)

(29)

ACC is the acceleration at the vapor liquid interface of the bubble. For slug expansion

/- 'Pt
ACC = -------------

2/8.. (30)

For hemispherical expansion ACC is determined implicitly from the transcendent equation

F (ACC) = % A - 3 1,2+ C , ACC + 4 C Acc2 ~ +, Acc = o 3N " e
14. Nomenclature

(31)

Indices

b = bubble region

c = pool or core region

e = entrainment

f = f-component used only if steel is working fluid 

Na = sodium

s = s-component (working fluid for blow-down)

t = covergas

o = initial value

‘ = saturated liquid

" = saturated vapor

Symbols

ACC = Acceleration at the bubble liquid interface 

AE = ejection orifice from the pool

AX = Accelerated slug cross section 

C = Corradini constant 

c = specific heat of liquid 

Cg = specific heat of gas 

e = specific internal energy 

G = mass

GREF= effective absolute gas constant in bubble 

H = constant in sodium vapor pressure equation 

heff= effective heat exhange coefficient between f- and 
. ,, s componentj = blow down mass flux

K = constant in sodium vapor pressure equation 

KgNa= thermal conductivity of sodium vapor

L = latent heat of vaporization 

p = pressure

Q1 = heat rate for heating up and vaporizing subcooled sodium 

9 = heat rate for superheating of sodium vapor
Q

s,Na= rate of heat exchange between s-component and entrained 

q = power density per unit mass

R = special gas constant

= average radius of entrained sodium droplets

= bubble radius

T = Temperature 

t = time

U. = entrainment velocity

V = volume

v = specific volume

w = entrainment parameter

x = vapor quality

ZI = inertial length of sodium slug 

z = coordinate for slug motion 

“gNa” thermal diffusivity of sodium vapor 
Y = isentropic exponent for vapor of s-component 

c, = radiative absorptivity of the sodium droplet surface 

6 = mass fraction relative to G> or G.

J = density 

o = surface tension of sodium 

0, = Stephan Boltzmann constant
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